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Abstract. The formation of organic nitrates and sec- petrochemicalsGuenther et al.1995. Furthermore, in the
ondary organic aerosol (SOA) were monitored during atmosphere, many of these compounds are rapidly oxidized
the NG; +limonene reaction in the atmosphere simulation and likely to form condensable produc@r(ffin et al,, 1999.
chamber SAPHIR at Research Centétich. The 24-h  Among these compounds, monoterpenes are known to be im-
run began in a purged, dry, particle-free chamber and comportant sources of secondary organic aerosol (S@HId-
prised two injections of limonene and oxidants, such thatstein and Galbally2007 Eerdekens et gl.2009 Tunved

the first experiment measured SOA yield in the absence okt al, 2006 Slowik et al, 2010 Hallquist et al, 1999.

seed aerosol, and the second experiment yields in the pres- If NOs-initiated aerosol formation from biogenic VOCs is

ence of 10 ug m* seed organic aerosol. After each injection, a significant contribution to organic aerosol loading in the at-

two se_parate INCTEases In aero sol mass were observed, Corrl%'osphere, this would provide a potential resolution to a para-
sponding to sequential oxidation of the two limonene double

bonds. Analvsis of th dNO duct ni dox noted in the SOA literaturé*C measurements show the
onds. Analysis ot the measure Bl monene, productni= — carpon in organic aerosol to be primarily modern, which is
trate concentrations, and aerosol properties provides mecn:haracteristic of natural emissions, from urbar50%) to
anistic insight and constrains rate constants, branching raz, .o oreac (80-100%$¢hichtel e’t al.2008. However

:'0? andl(;/?por ?\Iresiul_res of the_ prgg(;ctS_l._h Tgeozrganlc M5erosol loading in both urban and rural areas is observed to
rate yield from N@ + limonene 1s~30%. The Mass  pe correlated to aging in anthropogenic emissions plumes

yield was observed to be 25-40%. The first injection is re-(de Gouw et al. 2005 Quinn et al, 2006 Weber et al.
produced by a kinetic model. PMF analysis of the aerosolzoo./)_ NOz produced BVOC SOA r'esolves the paradox by
compositiop sugggsts. that much of the aerosol mass resuhi’l';tzquiring both an anthropogenic oxidant “trigger” and bio-
f_rom comblne_d oxidation by both £and NQ, e.g., oxida- genic VOC to form aerosoHoyle et al, 2011). This mech-
tlpn Of NOs + limonene prod_ucts by© Further, later aerosol ism of SOA formation is expected to be most significant
nitrate mass seems ta derve from heterogeneous uptake forested areas downwind of urban centers or power plants,
NOj onto unreacted aerosol alkene. where NQ is high and biogenic VOCs are abundaRtlyé

et al, 2010. Because the nitrate radical is photolabile, this
mechanism is also expected to be most important at night or
1 Introduction within a shaded forest canopy.

Biogenic volatile organic compounds (BVOCS) make up a  Limonene is of interest as a representative BVOC
large fraction of gas-phase organic compounds emitted tOth due to its high emission rate among monoterpenes
the atmosphere: on a global scale, vegetation emissions dfakulyanontvittaya et al2008 and its possession of two

VOCs are an order of magnitude greater than those fronflouble bonds. These two reactive sites for oxidation give
limonene a rapid and direct route to the types of low-

vapor pressure oxidized products that are likely to form sec-

Correspondence taR. C. Cohen ondary organic aerosol. As a consequence, limonene may
BY (rccohen@berkeley.edu) contribute disproportionately to total SOA relative to other
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terpenoidsl(ane et al. 2008 Maksymiuk et al, 2009. Fur- mixing of constituents within the chamber. Due to the replen-
ther, limonene’s frequent use in household cleaning prodishment flow of 10-15 fyh all gases were diluted by a rate
ucts and air fresheners makes it a common source of indooof ~ 4-5.5%/h. The shutter system was closed throughout
air pollution when its oxidation results in aerosol formation the experiment, keeping the chamber in darkness.
(Wainman et al.2000. Aerosol formation from the reac- The trace gases (NQethane, and limonene) were added
tion of NOs with limonene has been the subject of a previousto the rep|enishment flow. Ozone;6 %) was produced by
chamber studySpittler et al, 2008; in excess limonene and - sjlent discharge in pure oxygen and injected into the cham-
no O3, organic nitrates were formed in high yield (67%), ac- per. Before the reaction started, 500 ppm of CO was added
companied by immediate SOA formation. to the chamber in order to scavenge any OH formed.

Here we report chamber measurements and kinetic model-
ing of gas- and aerosol-phase chemistry during SOA forma- » NOs, N2Os, and NO,; measurements
tion initiated by the N@+ limonene reaction under excess

xidants. . . . . .
oxidants During the intercomparison campaign several instruments

measuring N@ and NOs concentrations were operated at
SAPHIR Dorn et al, 2011, Apodaca et a).2011). Here we
employ the data set from one of the instruments, the Cav-
ity Ring-Down Spectrometer (CRDS) of the NOAA Earth
System Research Lab tealube et al. 2006 Fuchs et al.

The experiment described below was conducted on 16 and 19008 None of the conclusions of this manuscript depend
June 2007 in the atmospheric simulation chamber SAPHIRSLONGlY on the choice of the N> N2Os measurement, as
at Research Centeiilich as part of the intercomparison cam- 2/l measurements agreed to within 20%.
paign of NQ (Dorn et al, 2011, N,Os (Apodaca et a). NO, was measured by laser-induced fluorescence (LIF)
2011, and NG (Fuchs et al.2009 measurements. The and total peroxynitratesXIPNs), total alkyl and multi-
SAPHIR chamber is a large (27®ncylindrical chamber ~ functional nitrates £ANs), and nitric acid (HN@) were
with double walls made from FEP film. It is equipped with determined using thermal dissociation to N@ heated
an automated shuttering system to enable simulation of dagiuartz ovens held at different temperatures (‘ND-LIF")
or night conditions. The chamber and its operation dur-(Thornton et al.200Q Day et al, 2003. Details of this in-
ing simulation experiments has been described in detail (e.gStrument are described Wooldridge et al(2019.
Rohrer et al.2005 Bohn and Zilken2005 Wegener et a). Briefly, the NG-TD-LIF instrument sampled at 3 stan-
2007. The chamber was used for large instrument intercom-dard liters per minute (slpm) from ca. 10 cm above the floor
parison campaigns (e.@\pel et al, 2008 Schlosser et al.  of the SAPHIR chamber through a Teflon PFA inlet (40cm
2009 and it was shown to serve as an excellent platform forof 3.2 mm inner diameter tubing). A glass capillary orifice
multi-instrument experiments. Only a brief description of the was used to reduce pressure, and the sample was split to four
chamber instruments and chamber operation is presented ithannels. In the ambient temperature channeb MCde-
the following. tected. The other channels are held at AB0P350°C, and
The chamber has standard instrumentation for measureB00°C,whereXPNs, XANs, and HNQ dissociate to yield
ment of NO (chemiluminescence), NQemperature, pres- NO2. The mixing ratio of each class of nitrate is calculated
sure, humidity, dilution flow, and ©UV-absorption). How-  from the difference in total N9measured in adjacent tem-
ever, during this experiment ozone concentrations were meaperature channels. We expect both gaseous and semivolatile
sured by chemiluminescence in a modified ECO Physicsaerosol-phase nitrates to dissociate completely, while ther-
CLD AL 700 (Ridley et al, 1992. A GC-FID system mally stable salts such as Nai@ill not be detected.
(Perkin-Elmer) was used to verify the cleanness after purging The NQ, concentration in the reduced-pressure sample
and to follow the ethane concentration as an inert tracer of diflow (P~1.5 Torr, 200 Pa) is detected by LIF. Here, we excite
lution. The limonene concentration was measured by Protorwith a 408 nm continuous-wave diode laser at (8 mW, Toptica
Transfer Reaction Mass Spectrometry (PTR-MS, IONICON, Photonics DL100) and collect filtered red-shifted fluores-
Austria; Lindinger et al, 1998. cence [>650 nm) with a photomultiplier tube (PMT, Hama-
Before the experiment, the chamber was purged overnighinatsu H7421-50) mounted at 9 both the laser and sam-
to parts per trillion (ppt) levels of nitrogen oxides, ozone, andple flow. This instrument employed two detection cells, with
hydrocarbons using a large flow 308 th of clean synthetic ~ detection limits of~90 ppt 10s?! for NO, and ~~250 ppt
air (Np, Oy, purity > 99.9999%). During the experiment, the 10s™! for £PNs, ZANs, and HNQ. The lower sensitivity
pressure was maintained at 30—50 hPa above ambient to préer higher oxides accounts for noise associated with subtrac-
vent contamination. The slight overpressure was held by aion of the up to 40 parts per billion (ppb) NGpresent in
smaller replenishment flow of the same synthetic air as usedhese experiments. Detection limits for this instrument were
for flushing. During the entire experiment a fan provided fastcalculated as described by Day et al. (2002).

2 Experimental

2.1 Atmosphere simulation chamber SAPHIR
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2.3 AMS and other particle instrumentation Aerosol number concentrations were measured with a Wa-
ter Condensation Particle Counter (TSI WCPC model 3785).

An aerosol mass spectrometer (Aerodyne TOF-AMS) wasTo determine aerosol wall loss rate, we use the loss rate de-

operated to measure the aerosol chemical composition. Thgermined by an exponential fit of the decay of CPC-measured

AMS was connected to the SAPHIR chamber via a stainlessierosol number concentration after it has peaked 10h into

steel tube to minimize losses in the sampling line. The AMSthe experiment, after the second limonene injection. The

working principles and modes of operation are explained inpeak concentration was 70000 particlesémafter which

detail elsewhereGanagartna et al2007). In brief, an aero-  decay was steady. This fit gives an effective aerosol loss rate

dynamic lens system at the instrument inlet is used to reof ~7x 10~°s~1, or an effective aerosol chamber lifetime

move gas and supermicron particles from the sample flowpf ~4 h.

while submicron particles are impacted on a tungsten vapor-

izer which is held atx600°C. The resulting vapors are ion-

ized with 70 eV electron impact ionization. A time of flight 3 Results

mass spectrometer is used for high resolution analysis of th%igurel displays an overview of the NG- limonene experi

chemical composition of these ions. ment. It was only possible to conduct this comprehensive ex
For the extraction of chemically resolved mass concentra- : yp P

tions of individual species the AMS raw data are typically perlment once during N_gEomp, the 2007 N@m_stru_m_ent .
evaluated with standard assumptions as describedlllan Intercomparison campaign. We hope our analysis will inspire
et al.(2004. This approach makes use of the reproducibility additional studies of this and related systems.

of mass spectral patterns of typical inorganic aerosol compo- A”rtilrl:en?x\?vi?f Sh;\'r‘rl]n :1” h(cj)uLsmrcg thfob;ggqs'?g Ofntq%
nents such as ammonium, sulphate and nitrate. Subtractin periment, which commenced (hour 0) at 06: 0

from a measured mass spectrum the contributions of inor= uly 2007. The experiment was initiated after the SAPHIR

: . - hamber had been purged overnight with clean, dry air. At
ganic constituents and the contribution of gas phase sampl S : -
which is exclusively composed of INO,, H,O and gases 6min into the experiment (label (a) in Fig), 10 ppb of

with mixing ratios in the ppm range, one obtains the maSSI|monene was introduced to the chamber by adding the ap-

spectrum of the organic aerosol. Due to the non—selectiv%?mp”r?te y()tlume Of.“th?’glong W't.h 2? r;pt;cgfrtifit?eaclt-b |
ionization with electron impact at 70 eV used in the AMS Ve chemistry was initiated approximately =. ater (labe

. N . < .. (D) in Fig. 1) by the addition of NQ to bring the concentra-
and the high fragmentation induced, further identification (. . X .
of individual molecules in a complex organic component tion up to 28 ppb along with 38 ppb ofO After this point,

is not possible. However, positive matrix factorization can NOgtgnd l.\bO5 are produced in the chamber by the following
be employed to obtain information about different chemical reactions.

species (see below). Furthermore the assumptions on iNOINO, + O3 — NO3 + O, (R1)
ganic aerosol fragmentation patterns can be tested explic-
itly and revised where necessary. Inorganic nitrate from e.gNO3s +NO2 — N20s (R2)

NH4NO;3 is detected as NO(m/z30) and Nq (m/z46) with
a typical ratio of N§:NO* of 0.35. In the W-mode (high
mass resolution) of the TOF-AMS, possible interferences onThe sum NOs + NOg is the total NQ reservoir, because as
mass to charge ratios 30 (e.g. &Bi") and 46 (e.qg. CbDj) NOs is depleted, MOs decomposes rapidly to replenish RO
can be identified and accounted for in the further data eval{Reaction R3).

uation. This option has been used for the experiments de- Both O3 and NG react with the limonene, resulting
scribed here to derive the nitrate content and identity of thein complete consumption of limonene within 2.5h. Gas-
SOA. The guantification of the nitrate content of the SOA and aerosol-phase organic nitrates are formed immediately
was performed based on calibrations with D3 aerosol.  upon initiation of this reactive stage of the experiment, with
The observed ratio of Np NOT for SOA was 0.15 +£ 0.02 aerosol-phase nitrates increasing markedly after oxidation of
which is considerably lower than 0.35 throughout the exper-the second double bond (at approximately 5h and 10h for
iments indicating that the aerosol did not contain significantthe two injections). The apparent negative alkyl nitrate ob-
amounts of inorganic nitrate or nitric acid. Nitrate quantifi- servations after the first injection (around hour 3 of the ex-
cation was performed under the following assumptions: theperiment, Figl lower panel) are due to the subtractive mea-
collection efficiency of the aerosol was set to one, in agree-ssurement technique f&ANs. Both gas- and aerosol-phase
ment with previous studies on N@ B-pinene Fry et al, organic nitrate concentrations continue to increase after the
2009 and NG +isoprene Rollins et al, 2009 SOA forma-  limonene is completely consumed. Little nitric acid ppb)

tion. The relative ionization efficiency (RIE) of the organics was observed over this 24-h experiment. After the consump-
was set to 1.4 which is the standard value in AMS analysistion of limonene, N@ and NOs are observed to gradu-
and the RIE of nitrate was set to 1, assuming organic nitrateslly build up in the chamber, as N@&nd & continue to be

are ionized equally efficiently to NHNOs. present in high concentration.

N20s — NO3 + NO, (R3)

www.atmos-chem-phys.net/11/3879/2011/ Atmos. Chem. Phys., 11, 38992011
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gives an instantaneous source of )Guch that during

=1) T T 12
5 3{ v o % | these first minutes, oxidation is largely N@riven.) We
afl b o NG, observed immediate and sustained production of organic
< ethane 48

nitrates and aerosol, with significantly higher ultimate yields
of both, compared to those after the first injection. :\add
N2Os concentrations were again observed to build up in the
chamber after the limonene had been completely consumed.
Then, approximately one hour into this buildup, N@nd

. E i T 50 N2Os decrease again for several hours, corresponding to a
period where the highest organic nitrate concentrations and
highest aerosol mass were observed.

I
=

Oy andNO, mixing mtios (ppb)
=]
S5 ——T—
|
s
Ethane trmcer mixing ratio {pph)

[=]

4 Analysis

Mixing ratios {pph)

4.1 Organic nitrate yield

The organic nitrate yields (=branching ratio of organic
nitrate channel) after oxidation of the two double bonds
e in limonene are different. Following each injection of
limonene, two time-separated sequential increases in or-
ganic nitrate concentration were observed: the first while the
limonene concentration was decreasing, and the second after
all imonene precursor had reacted away. Organic nitrate for-
mation requires N@reaction, as there is not any NO in the
chamber to react with RO During the second increase NO
may be oxidizing products of either the limonenez@ the
limonene + NQ reaction. In the first oxidation step, 50% of
o, T ‘ ‘ the limonene reacted with{0the remainder with N@

I Total alkyl mtrat|5 ] We assume that the endocyclic bond reacts with3NO
o| Total agmenl nitvate 1 about thirty times faster than the exocyclic double bond,
|
|

O total aersol mass |

Mixing ratio (ppb)

Mass loading (W g m'%

based on proxy alkenes (see Sect. 5). To our knowledge,
separate rate constants for Bi@ith the two double bonds in
limonene have not been measured.
The absolute organic nitrate yield of the Bl®limonene
& : T e 5 reaction can be estimated from instantaneous changes in
hourSIeT{eXperiment YRONQO, signal coincident with titration of limonene.
The apparent nitrate yield during limonene consumption
Fig. 1. Overview time series of species monitored. Ethane was use§ A X RONG,/ALimonene) is approximately 15% for both
as an inert dilution tracer. Chamber temperature was between 288monene injections, but this ignores the reaction of 50% of
296K for the duration of this experiment. Dashed vertical lines the [imonene with @. Hence, the initial alkyl nitrate yield

refer to key changes in chamber composition, described in detai{:rom NOs + limonene reactions alone is approximately 30%.
in the text. At(A), first limonene was injected; 4B), oxidative

chemistry was initiated by addition of ozone (&), a second batch The alkyl nitrate yield (including gdditional nitrate. pro-_
of limonene and oxidants was injected. duction after the complete consumption of limonene) is vari-

able between the two injections. The net alkyl nitrate formed
after the first and second injections of 10 ppb limonene were
Four hours following the complete consumption 1 and 3ppb, corresponding to overall nitrate yields of 10%
of limonene, the SAPHIR chamber, now containing and 30%, respectively; however, as discussed below, the later
~10pgnT3 of “seed” organic aerosol, was re-charged, formation of gaseous organic nitrate is complicated.
bringing the NQ concentration to 38 ppb andz@ 60 ppb,
followed by addition of~10 ppb of limonene (label (c) in 4.2 Aerosol mass yield
Fig. 1). (Note: although 10ppb limonene was injected,
a peak of only 7ppb was observed due to slow mixing Aerosol formation was observed after each of two limonene
relative to rapid oxidation. Thermal dissociation 0$®§ injections. To determine aerosol yield, we first correct the

Mixing ratios (ppb)

Atmos. Chem. Phys., 11, 3873894 2011 www.atmos-chem-phys.net/11/3879/2011/
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after the second injection, products of intermediate volatility
could condense onto pre-existing aerosol.

Both limonene injections show relatively low initial gas-
phase nitrate yields, measured as the increase in TD-LIF ob-

T wl _qm servedXRONGQ; divided by the decrease in limonene. This

r losscorrected total asmosal yield . . . . .
g 1% injection e indicates that N@limonene reactions preferentially form
% o | £ the non-nitrate ketone product channels. Nevertheless, these
2 = reactions constitute an efficient pathway for SOA formation.
2 ol 7 On average, 15% of the aerosol mass is constituted of nitrate
ST @ (NOs, mW =62).

5 Interpretation

5.1 Proposed reaction mechanism

dimonene is oxidized by both N9and G, as outlined in

total aerosol yield for the two limonene injections. Increase in yield t.he mechanism shown i_n _Fig- The two double ponds in
after limonene is depleted indicates that reaction at the second douimonene allow the possibility of at least two N@xidation
ble bond in first-generation oxidation products produces aerosol. Steps, each of which can produce an organic nitrate or non-

nitrate; for simplicity we assume that the non-nitrate chan-
nel produces a ketone. This assumption is based on ketones

aerosol mass loading for dilution and wall losses. We thenbeing the highest yield non-nitrate product observed in reac-

calculate the mass yield as:

_ AM
~ AVOC

1)

tions of NO; with a variety of alkenes (Table I11-D-Talvert

et al, 2000. Either double bond can also react with,Ghe
products of which have been determined in other chamber
studies Maksymiuk et al.2009: the major O3LIM product

is a G backbone with a carbonyl and a carboxyl functional

whgreAM i? thﬁ correlcted ae;osol mass 'F’ading (u@;n group added. As the limonene backbone becomes increas-
and AVOC is the total reacted concentration (ug# o ingly oxidized, these products can partition to the aerosol

limonene. The yields are determined relative to each of thephase generating SOA. We construct a mechanism and use
two separate injections of limonene, i.e., SOA formed from q,ce yations to constrain the poorly known parameters, in-
the first injection is simply considered “background” aerosol cluding the relative rates of Noxidation of the first and

for. th2e sec;]ond |n|j(ect|on. lThe final S_OAf %:eld_s obserhvgd second double bond, the branching ratio of organic nitrate
.(F|g'. ) at the pe;)a faer(;]sof.con'cgntrgtlon 0 owcl)ng (:ac r'}”'vs. ketone formation, and the gas-aerosol partitioning of the
jection were 25% for the first injection and 40% after the oxidation products.

second injection, suggesting that the presence in the second
case of 10 ug m® of existing aerosol from the first injection 51 1 Gas-phase kinetics
enhanced partitioning to the aerosol phase.

As seen in Eq.X), thesemass-baseglields are calculated The full reaction scheme shown above (F3yis explicitly
relative to limonene reacted. Hence, it is important in themodeled with rate constants as tabulated in Tabl€Each
interpretation of these yields to recall that oxidation of both double bond reacts with either N@r Oz, at both first and
double bonds in limonene adds significant additional massecond generations of oxidation.
to the molecule. If we assume the average molecular weight In a base case model, we assume the non-specific
of aerosol-forming species is 250 g mole corresponding  rate constant measured for N®limonene was the rate
to limonene (GoH16) with addition of a nitrate group (N§) for the faster reaction at the endocyclic double bond
and hydroxyl group (OH), the yield on a per-molecule basis(1.2x 10-11cm®molecs™1 at 298K, Calvert et al.

would be 14-22%.

(2000, chamber temperature ranged 294-296 K during the

Following the first limonene injection, the relative SOA oxidation, so no temperature dependence was assumed).
yields from two generations of oxidation (the oxidation We apply the ratio of the measured rate constants for
of first the endo-, then the exocyclic double bonds in NO3z with 2-methyl-propene (3. 10-13cm® molec1s1,

limonene) can be observed (FR), separated by their differ-
ing timescale. Oxidation of the first double bond in limonene methyl-2-butene
by Oz and NQ results in a 10% yield of SOA. The neces- for the endocyclic double bond)
sity for very low volatility nucleating species in this initial
aerosol formation contributed to the low mass yield; while bond (4.0x 103 cm® molects™1).

www.atmos-chem-phys.net/11/3879/2011/

proxy for the exocyclic double bond) to NOwith 2-
(9.3 10 2cmPmolects™t,  proxy
to determine the
rate of the slower reaction at the exocyclic double
The measured
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Fig. 3. Reaction scheme of NJand G; oxidation of limonene. Structures (especiallg froducts) are proposed approximations; names
correspond to individual molecular species tracked in model mechanism.

Os + limonene rate of 2.6 10-16cm® molec 1 s~ (Calvert
et al, 2000 is assumed to be the total rate constant for
both double bonds, with the reaction occurring 15% of
the time at exocyclic double bond and 85% of the time at
the endocyclic double bond, followingeungsakul et al.
(2005. Applying instead the factor of 30 between rate

Atmos. Chem. Phys., 11, 3873894 2011

constants at the two double bonds derived by another recent
study Donahue et al.2007) does not significantly affect
results; essentially only the major product channel influences
subsequent chemistry in either case. Reactions PO

NOs with first-generation oxidation products of limonene
are assumed to proceed at the same rate as on limonene

www.atmos-chem-phys.net/11/3879/2011/



J. L. Fry et al.: Secondary organic aerosol from4NGimonene 3885

itself, i.e., oxidation of one double bond does not affect rate  os , : ; : ; : ; :
constants at the other double bond. This is in contrast to o MO, ‘ ’ ‘ : : ’
recent studies on isoprene nitratésckwood et al. 2010, 10 % NOy
which found that the nitrate group to the double bond :
increased its reaction rate withzO Since in this case the
double bonds are separated by three bonds, we assume tr
effect is negligible.

The reaction of N@ with aldehydes produced in early
generations of the chemistry are also important. The rate , ;
constants used here are estimated based on a comprehensi d 1 2
study of the kinetics of N@reaction with a series of aldehy- 1%
des D’Anna et al, 2001).

Wall loss rates of reactive species are determined from the
timescale of N@, Oz, and NOs loss in an earlier VOC-free
chamber experiment, and aerosol loss rates from observet
particle number density decay during this experiment. Values
for the branching ratios for nitrate versus ketone production
at each NQ oxidation step are assumed to be independent of
other functional groups on the molecule. The organic nitrate g
branching ratios are estimated to be 32% at the exo double
bond and 14% at the endo double bond, based on overal
nitrate branching ratios fag- and g-pinene in the Master 81 ENDONOS
Chemical Mechanism v3.55@aunders et gl2003. SHIBET

In this base case model, N@nd NOs are always un- N — :HEEFOS
derpredicted, while organic nitrate is initially over predicted re-vol nitrates
(after the first limonene addition, hours 4—7) and later under-
predicted (hours 9-24). The model/measurement discrep-=
ancy is improved by systematically adjusting a number of : ,
the parameters in the gas phase mechanism, subjectto obse " X »
vational constraints, which are summarized in Table hours of experiment

Since the concentrations of N@nd NoOs are determined
by their source (R1) and sinks, and the source is well conFig. 4. Measured (markers) and modeled (lines) time traces af-
strained, we adjust the modeled §6inks to find the best ter the first limonene injection. Bottom panel shows the major
agreement between modeled and measured &@ NOs products modeled.
after limonene has fully reacted after the first injection (hours
4-7, Fig.4). The primary sinks of N@ are reaction with
limonene and its oxidation products. We find the best agreeproduced in the experimemy(2 ppb) as a constraint, since
ment using rate constants for N@ith limonene and its ox-  these are the sole sources of nitric acid. We find the rate
idation products that are a factor of two lower than the rec-of NOs + TRIKET or DIKETONO3 to be 50 times the rate
ommended value of 1.22 10 M cm3molects1 + 35% of NO3 + HCHO, a reasonable range for a larger aldehyde
(Calvert et al. 2000. The literature measurements of this (D’Anna et al, 2001).
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rate constant span the range 9.40 2 to 1.31x 10~ These three constraints result in gas-phase chemistry that
(Atkinson et al, 1984 Barnes et 8).1990 Martinez etal,  eproduces the concentrations after the first limonene in-
1999; however, our fit value of 6.8 10~1?is lower than all jection reasonably well (Figd). However, we note that
previous measurements. the model overestimates NGnd that the second pulse of

~ During the first limonene oxidation event, consumption of geroso nitrate is overpredicted by about 30% before the sec-
limonene by @ was appreciable relative to N®xidation 54 limonene injection (at hour 9).

(approximately 50% of the limonene is consumed by ozone),
since the @ was injected after limonene and therefore the
NOj3 +limonene reaction was limited by the N@roduction
rate. We observe organic nitrate products to appear immedi-
ately in both gas and aerosol phase.

Finally, we tune the unknown rate constant of the largerWe model the gas-aerosol partitioning of the limonene oxi-
aldehydes formed in the oxidation mechanism, TRIKET, dation products using the equilibrium absorptive partitioning
G203 and DIKETONO3, with Ngusing the total HN@ formalism, following Pankow and Capoud?gnkow 1994

5.1.2 Modeling aerosol partitioning of
condensing species
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Table 1. Parameters that were tuned in this model to best fit the observational data, along with the observational constraints used to
determine best fit.

Tuned parameter Observational constraint Value used in model

Rate of NG + LIM Limonene decay; total N@+ N,Os, hours 4—7 6.810 12cm® molec 1571

Rate of NG + O3LIM Alkyl nitrate formation after 1st injection 0

Ratio of rates of NQ+endo vs. exo C=C  Overall N§IN-Os shape after 1st injection 30

Rate of NG + later-gen. aldehydes HNroduction 50x NO3 + HCHO rate

Tuning factors for all pap Gas/aerosol partitioning of nitrate after 1st injection; See Table
organic/nitrate aerosol loading

YNO3—aerosol Gaslaerosol partitioning of nitrate after 2nd injection 0.2

Table 2. Reaction rate constants and branching ratios used in gas-phase portion of kinetics box model. For structures corresponding to
variable names, see reaction scheme figure.

Reaction Branching ratio  Rate constant Reference/Notes
(cm3molecule1s~1, 298K
unless otherwise indicated)

NO, + O3—NO3 JPL T-dependent rate;3<10~17  JPL Kinetics Eval 15, July 2007
NO3 +NOy—N>Og JPL T-dependent rate;ax10~12  JPL Kinetics Eval 15, July 2007
N2O5—NO3 + NO» 2.13x 10727 x exp (11025/T) Based on equilibrium constant measured at Juelich, July 2007
NO3 +LIM —ENDONO3 0.14 @Ox10712 Calvert et al., 20004 2)
NO3 +LIM —ENDOLIM + NO2 0.86 60x10-12 ibid.
NO3 +LIM —-EXONO3 0.32 0x10~13 Above - 30, see text
NO3 +LIM —LIMONE + HCHO 0.68 20x10-13 ibid.
NO3 + EXONO3—DINO3 0.14 60x10~12 Same as rate at endo bond in bare limonene
NO3 + EXONO3—DIKETONO3 0.86 60x 1012 ibid.
NO3 + LIMONE—KETONO3 0.14 60x 1012 ibid.
NO3 + LIMONE—TRIKET 0.86 60x 1012 ibid.
NO3 + ENDONO3-DINO3 0.32 20x10°13 Same as rate at exo bond in bare limonene
NO3 + ENDONO3-KETONO3+HCHO +NO2 0.68 Px10°13 ibid.
NO3 +ENDOLIM— DIKETONO3 0.32 20x10-13 ibid.
NO3+ENDOLIM—TRIKET 0.68 20x10°13 ibid.
NO3 + TRIKET—GS3KET + HNO3 29x 1014 50 x rate of NGy + HCHO; see text
NOz + G203 G303 + HNO3 2x10714 ibid.
NOz + DIKETONO3— G3NO3 + HNO3 2x10°14 ibid.
O3+ LIM—O3LIM (endo) 17x10716 85% of total Gy + LIM, Calvert et al., 2000
O3+ LIM—03LIM2 (exo) 30x10°17 15% of total G + LIM, Calvert et al., 2000
O3+03LIM—G203=TRIKET 30x10°17 Same as rate at exo bond in bare limonene
O3 +03LIM2—>G203=TRIKET 17x10°16 Same as rate at endo bond in bare limonene
NO3 + O3LIM— O3LIMNO3 <4.0x10715 Rate of NG + LIM (exo) = 50 is upper limit; see text
NO3 + O3LIM2— O3LIM2NO3 = KETONO3 <1.2x10°13 Rate of NG + LIM (endo) 50 is upper limit; see text
03+ ENDONO3-03LIM2NO3 = KETONO3 30x10~17 Same as rate at exo bond in bare limonene
03 +ENDOLIM—G203=TRIKET 30x10~17 Same as rate at exo bond in bare limonene
03+ EXONO3—03LIMNO3 = DIKETONO3 17x10°16 Same as rate at endo bond in bare limonene
O3+ LIMONE—G203=TRIKET 17x10°16 Same as rate at endo bond in bare limonene
NOj3 +walls— 6.0x104 from NOgs loss timescale in VOC-free chamber
N2Os + walls— 7.2x107° from N»Os loss timescale in VOC-free chamber
O3 +walls— 39x10°6 from O3 loss timescale in VOC-free chamber
limonene oxidation products + wals 1.8x10°5 fit to later alkyl nitrate decay
Capouet and Nller, 2006): centration of total suspended particulate matter. In the sec-

F/TSP 760.R.T ond expression showing the equilibrium constant in terms of
p= / - "R-T - fom 2) thermodynamic propertieR is the universal gas constant
A MWon-10°-¢ - pyap (8.314Jmot1K~1=8.206x 10 Satmn¥K-tmolY), T

is temperature (K)fom is the weight fraction of organic mat-

F and A are the total aerosol-phase and gaseous concer)- - .
trations of the compound of interest, and TSP is the conr-ler in the total aerosol (=1 for these experiments), bis
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the average molecular weight of the absorbing organic mate- s
rial (g mol~1), ¢ is the activity coefficient of the compound of O organic i
interest in the condensed phase (assumed =1 for these expe o nitmte |
iments), antpyap is the subcooled vapor pressure of the com-
pound of interest (Torr); 760 (Torr atmh) and 16 (ugg™)

are conversion factors. This givé&s, in units of m? pg1.

We explicitly model the equilibrium gas/aerosol parti-
tioning of 11 condensable species: EXONO3/ENDONO3
(samepyap), DINO3, KETONO3/O3LIM2NO3 (sam@yap),
DIKETONO3/O3LIMNO3 (samepyap), TRIKET, G203,
and O3LIM/O3LIM2 (samepyap assumed for @ product
from either double bond). For each, we calculajg, based
on the proposed product structures shown in Bignd the
group contribution method oPankow and Ashef2008.
These calculated values and the tuned values used in th
present model are reported in TaBl€To initiate aerosol for- hourlorExpenment
mation, a small amount of “seed” aerosol is injected in the
model at the moment of ozone injection into the limonene;Fig- 5. Change in measurement/model agreement of AMS-
the seed does not affect ultimate aerosol yield in this equi_measureq aerosol organic a.md ae.rosol nlt.rate mass loading before
librium model. Partitioning is implemented by determin- (dashed lines) and after (solid) tuning predicted vapor pressures.
ing the gas-phase and aerosol fractions of each species at
each time step, assuming that this partitioning is effectively5 5
instantaneous. '

As has been noted in previous studiesyngsakul et aJ.

2095 Fry et al, 2009, the predicted Vapor pressures under- Kinetic modeling captures limonene consumption by
estimates the aerosol produced. This suggests that the aCtl,ﬁL)

£l idati q th 3 and Q, initial alkyl nitrate yields, overall aerosol yield
structures oflimonene oxidation products are either more ox, 4 organic to nitrate ratio of the aerosol produced. However,

idized or oligomerized forms of the proposed SIUCIUTeS, Ol o 4greement between model and experimental observations
that the group contnbutlon_ me_thod overestimates vapor presgg NOs shown in Fig.4 does not persist through the second
sure. Beqause the bulk ox@atlon state of the modgled SPecigi onene injection. Without further changes, the gas-phase
agrees with AM.S obser_vatl_o ns (see Sect. 5'3?’ It seems un6rganic nitrate from hour 10 onwards is drastically underpre-
likely that additional oxidation is the explanation for these dicted, while NQ is overpredicted. Because the maximum
un\t/j\/eresﬂmlates.h b q loadi ; , ddiscrepancy coincides with the highest aerosol loading, re-
Ve empioy It fe 0 SﬁrveAMn;ass oa”mg 0 horgabnlc andaction of NG on the surface of the organic aerosol to pro-
nitrate aerosol from the as well as the observedy .o o RON®@ species that is more volatile than its parent

gas/aerospll partltlonlng of organic nitrate 'after the first aerosol-bound VOC is suggested. We model the aerosol up-
limonene injection as constraints to determine tuning fac- o of NQ using:

tors to apply to the values glyap Used in the model. The
shape of the time trace allows distinction between first- and ¥ vNos SA
second-generation oxidation products. Measurement/modeiuptake= ——,—— (3)
agreement on the organic and nitrate aerosol loading before
and after tuning vapor pressures are shown in BigAfter wherey is the unitless uptake coefficieniyo, is the molec-
determining the tuning factors that best approximate the exular speed of N@ (cms™1), and SA is the total aerosol sur-
perimental data, the same group contribution method can béace area per volume (¢em—23) calculated from the mod-
used to rationalize those factors applied. Most striking is theeled aerosol mass, assumed density (1.6 TcHry et al,
need for both first- and second-generationgN¥Poducts to 2009 and measured mode particle radius (AMS). For the
have significantly lower volatility. purposes of this modeling, we assume the limiting case: that
Initially, only one-fifth the observed aerosol nitrate after every organic nitrate produced by this reaction evaporates
the first limonene injection was produced in the model. Theto the gas phase. We multiply SA by the (modeled) frac-
vapor pressures were fit to the first nine hours of observedion of aerosol containing unsaturated double bonds to more
gas and aerosol phase nitrates, greatly improving measuresasily enable comparison to uptake measurements on well-
ment/model agreement (Fid). This is a function both of  defined hydrocarbon surfaces. With the observed and mod-
the reduced vapor pressures of the nitrates themselves, araled aerosol surface area peaking abd 8% cm? cm3, an
of having in general more organic aerosol mass onto whichuptake coefficient of N@onto the fraction of the aerosol that
organic nitrates can partition. contains double bonds gf~ 5 x 10~1 provides the best fit

Interpreting nitrate and aerosol formation after
second limonene injection
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Table 3. Parameters used in gas-aerosol partitioning portion of the kinetics box model. Calculated vapor pressures were determined using
the formalism ofPankow and Ashe2008. For reference, the\gp determined for a pinene monohydroxynitrate wa>410~° Torr (Fry
et al, 2009.

Parameter Calculated value  Adjusted value
(Torr) (Torr)

pvap(EXONO3 and ENDONO3) 29107° 5.8x10 7
pvap(DINO3) 8.2x10°10 8.2x10711
prap(KETONO3) 9.6<10°6 9.6x10~7
pvap(DIKETONO3 and O3LIMNO3)  5.610°7 5.0x107°
Pvap(TRIKET) 5.8x10°3 5.8x10°3
Pvap(O3LIM) 7.4x107° 7.4x1076
Pvap(G203) 3.x107° 3.1x10°6

to the gas/aerosol nitrate partitioning after the 2nd limonene 45 : : : :
injection (Fig.6). This uptake coefficient was determined i s R |
using observed N§) the figure shows the resulting improve- : 5 &% ’

ment of fit in the full model using thig. In this experiment,

the double-bond containing fraction of the aerosol ranges be-
tween 10% and 40%, meaning the uptake coefficient on the
total aerosol formed in the SAPHIR chamber ranged between
y =0.05-0.2.

The availability of these aerosol-phase double bonds for
heterogeneous reaction with N@elies on their not being
rapidly consumed by © This was found to be the case
by Zhang et al.(2006, who observed rapid ozone uptake
by limonene SOA under low-NQconditions, butnot un-

der high-NQ conditions. Hence, in the present experiments, i g 1iD 1i5 QiD
without ozone scavenging, the unsaturated aerosol-phase or- hours of experiment
ganics remain available for NQuptake.
The derived value of N@uptake coefficient= 0.05— Fig. 6. Change in measurement/model agreement of aerosol and

total nitrate without (dashed lines) and with (solid) inclusion in the
model of NG uptake and revolatilization of organic nitrate. An up-
take coefficient ofy = 0.5 onto the double-bond containing fraction

3t aerosol gives the best agreement, equivalent to an overall uptake
1 : : ,
2% 107 for a mono-unsaturated carboxylic acid. Under the coefficient on this aerosol gf =0.05-0.2. While the addition of

dry conditions of the present experiment, heterogeneous Upnis uptake process does not appreciably change the modeled ni-
take of N:Os was expected to be negligible. In our previous trate aerosol, it does drops peak organic aerosol concentrations by
study on SOA formation from N+ B-pinene Fry et al, about 5 ug 3, from 26 to 21 ug 3. The optimized model traces
2009, we found that we did not need to include any hetero-in Fig. 5 include this uptake process.

geneous chemistry to explain observations. This is reason-

able, since in that study the aerosol formed bysN€@action

with the monounsaturated alkene would not have containe@®f NOs oxidation of isopreneNg et al, 2008. The exis-
double bonds. Given the low aerosol surface area in thatence of double bonds in the aerosol phase leads to a higher
study and using the measured uptake coefficient fos IO  uptake coefficient in this case and significant heterogeneous
saturated alkanes of around‘f(XGross et al.2009 Moise NOj3 uptake.

et al, 2002, the heterogeneous loss rate of N®as neg- Given the underpredicted aerosol formation from our raw
ligibly small. In contrast, in this limonene experiment the reaction mechanism, this model is almost certainly incom-
aerosol contains some unsaturated double bonds, as shovptete in terms of later oxidation steps. Therefore, it is pos-
in our proposed mechanism. In addition to the chemistry wesible that a late-peaking gas-phase species is instead respon-
have outlined, it is possible that efficient RORO, chem- sible for this very efficient observed conversion of N®

istry leads to formation of condensable unsaturated organiwolatile organic nitrate; however, as will be shown below,
peroxides, such as those observed by Ng et al. in the casthere is additional evidence in the AMS data for consumption

0.2) is in general agreement with the resultsGrbss et al.
(2009, who measured uptake coefficients around 20-3
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Fig. 7. Measurement/model agreement of fl@nhd N>Osg after the

second limonene injection. No reasonable permutations of model

parameters achieved better agreement with thg Ni(". Table 1 summarizes all tuned parameters in the gas and
aerosol model and the observations used to constrain each.

of organic aerosol that bolsters this hypothesis of heteroge‘ts'3 Aerosol chemical composition

neous N@ reactions. As in previous investigations of the SOA formation from re-

Despite the improvement in modeling gas/aerosol parti-actions of NQ with biogenic VOCs g-pinene,Fry et al.
tioning of organic nitrate with this heterogeneous process in{2009 and isopreneRollins et al, 2009, the main charac-
cluded, no reasonable permutations on the rate constants @ristic feature of the organic nitrates is a low NM&IO}L
partitioning constants of mechanism described thus far canatio. In addition, them/z 76 (CI—bNOéF) ion fragment
fully reproduce the major unique feature of this “second ex-again appears as an indicator for the presence of organic
periment™: the pronounced dip in NCand NOs around  pjtrates. Beyond this, the AMS observations diverge from
12h. This dip was observed by multiple instruments. Fig- previous experiments somewhat. Here, a heavifr184
ure7 shows the measured and modeledN@d NOs with  (C4H14NOF) fragment is clearly present throughout the ex-
the complete model described here. A slight dip appeargeriment (Fig.8). The increase in this fragment over the
due to the heterogeneous uptake ofdNOut not nearly as  course of the experiment suggests that larger nitrates are in-
abrupt nor with as dramatic a recovery as observed in theorporated into the aerosol via later-generation chemistry.
data. We have attempted increasing the rate of that process, comparison of bulk atomic composition of the SOA ob-
as well as all other N@sinks in the present mechanism. In gepyed by the AMSAiken et al, 2008 to calculated compo-
all cases, this further depletes M8I0s everywhere rather  jtion hased on the surrogate model compounds reveals broad
than simply deepening the dip. What appears to be necésygreement on the level of oxidation of the aerosol compo-
sary is a chemical process that is activated only at hour 1hents, Both measurement and model have an average O/C
and ceases at hour 13. Hour 12 of the experiment COreratig of about 0.4, increasing gradually over the course of the
sponds to 18:00 UTC, but continuous measurements of NQyperiment (observed O/C rises from about 0.3 to 0.45). This

show no change during this time period, ruling out the possi-g,ggests that the model chemistry at least accurately captures
bility that low-angle sunlight leaked into the chamber. This {he pulk oxidation level of the condensing species.

NOs dip remains a major gap in the modeling of this system, |, e to further assess SOA chemistry (ozonolysis ver-

which we have not been able to resolve with the mechanisny,s N oxidation sources, first versus second generation ox-

described here. idation), the AMS organic aerosol fraction was analysed us-
It is notable that the remaining discrepancy between meaing positive matrix factorization (PMFP@atero and Tapper

sured and modeled alkyl nitrate (Fi§).green data and solid 1994 Paaterp1997). This analysis was performed entirely
line) is essentially identical in magnitude, opposite in sign, independent of the above described kinetics modeling. The
and synchronous in time with the discrepancy between meaPMF analysis applied principles and utilized code as intro-
sured and modeled 05 (Fig. 7, blue traces). What re- duced byUlbrich et al.(2009. The number of factors used
mains mysterious is what process could induce timpo-  to describe the total aerosol formed was selected based on the
rary source of volatile alkyl nitrate intermediate. residuals both in MS and time space. Since the sources for
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Fig. 10. Mass spectra of the three factors derived from PMF analysis with inserts showing expanded views. Factor one (black) is characterized
by a large contribution frorm/z43 and significant 30 and 46. Factor two (red) has a significant sigmalo#d and 39, suggesting oxidized
organics, and has no contribution from the nitrate masses. Factor three (green) has the largest relative contribution from nitrate masses an
larger contributions om/z>100 than factor 1.

aerosol formation were reactions of limonene with {46d The resolved PMF components (Fit0) can be inter-

Og, the nitrate that was observed in the course of the experipreted based upon the correlation of their time derivatives

ment was included in the PMF analysis. Three factors werewith rates of selected processes based on modeled species.

found to describe the measured data with residuals below 2%actor 1 has high nitrate contembfz 30 and 46 contribute

at all times (Fig9). 12% to the factor 1 mass), and the ratio of 46/30 is 0.13,
well below the typical ratio observed for NNOs. It is also
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