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Abstract. The chemical mechanism leading to SOA forma- 1 Introduction

tion and ageing is expected to be a multigenerational process,

i.e. a successive formation of organic compounds with higher _ _ o
oxidation degree and lower vapor pressure. This process ifossil fuel and biomass combustion leads to the emission of
here investigated with the explicit oxidation model GECKO- 10ng carbon chain hydrocarbons () in the atmosphere.

A (Generator of Explicit Chemistry and Kinetics of Organics A large fraction of these Intermediate Volatility Organic
in the Atmosphere). Gas phase oxidation schemes are genérompounds (IVOC) is expected to be first emitted in the
ated for the G-Cy4 Series ofi-alkanes. Simulations are con- condensed phase and rapidly volatilized by atmospheric dilu-
ducted to explore the time evolution of organic compoundstion (Robinson et al., 2007). IVOC are expected to be major
and the behavior of secondary organic aerosol (SOA) for-Precursors of secondary organic aerosols (SOA) (Robinson
mation for various preexisting organic aerosol concentratioret al., 2007; Grieshop et al., 2009). The SOA formation po-
(Coa). As expected, simulation results show that (i) SOA tential was recently examined in laboratory studies for few
yield increases with the carbon chain length of the parent VOC precursors, mostly alkanes (Lim and Ziemann, 2009;
hydrocarbon, (i) SOA yield decreases with decreagipg,  Presto et al., 2010), alkenes (Matsunaga et al., 2009), aro-
(iii) SOA production rates increase with increasifigs and ~ Matics (Chan et al., 2009) and oxygenated IVOC (Chacon-
(iv) the number of oxidation steps (i.e. generations) needed/adrid and Donahue, 2011). These experimental studies
to describe SOA formation and evolution grows wH&ga confirmed the high SOA formation potential for such precur-
decreases. The simulated oxidative trajectories are examine¥r's- Furthermore, recent numerical simulations have shown
in a two dimensional space defined by the mean carbon oxithat IVOC are likely a substantial source of SOA in the plume
dation state and the volatility. Most SOA contributors are not°f megacities (e.g. Dzepina etal., 2011; Tsimpidi etal., 2010;
oxidized enough to be categorized as highly oxygenated ortodzic et al., 2010; Li et al.,, 2011; Lee-Taylor et al., 2011)
ganic aerosols (OOA) but reduced enough to be categorize@nd at continental scales (Jathar et al., 2011).

as hydrocarbon like organic aerosols (HOA), suggesting that 1he chemical mechanism leading to SOA formation and
OOA may underestimate SOA. Results show that the modefge€ing is expected to be a multigenerational process, i.e.
is unable to produce highly oxygenated aerosols (OOA) with@ successive formation of organic compounds with higher

large yields. The limitations of the model are discussed. ~ ©Oxidation degree and lower vapor pressure (e.g. Camredon
et al., 2007; Kroll and Seinfeld, 2008). Parameterizations

were recently developed to describe this process in a sim-
plified way. For example, multigenerational oxidation is rep-
resented in the volatility basis set (VBS) approach by a de-
crease in the volatility and an increase of the mass after each
oxidation step (e.g. Robinson et al., 2007; Grieshop et al.,
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2009; Donahue et al., 2006, 2011, 2012). These parametefragmentation route progressively breaks the carbon skele-
izations are developed with an empirical approach, basedon and ultimately leads to CQproduction after several suc-
on laboratory observations. However, major uncertainties recessive oxidation steps. The functionalization route progres-
main concerning these multigenerational processes and, asvely adds functional groups to the carbon backbone and
a result, parameterizations implemented in current models téeads eventually to the formation of species with low va-
account for SOA formation and ageing from IVOC precur- por pressure that may condense onto preexisting aerosol.
sors are weakly constrained. The development of such pafthe GECKO-A protocol was therefore updated to include
rameterizations suffers from a lack of information concern-the recent SAR of Atkinson (2007) for alkoxy radical chem-
ing the chemical mechanism controlling SOA formation and istry. In addition, the SAR of Kwok and Atkinson (1995) im-
evolution in the atmosphere. plemented in GECKO-A for the reaction of aliphatic com-
The aim of this study is to explore SOA formation pounds with OH radicals was updated to include the rec-
from IVOC precursors using an explicit modeling approach. ommendation of Bethel et al. (2001) about the reactive sites
Alkanes are major contributors to anthropogenic emissionsn the vicinity of alcoholic moiety. To our knowledge, the
(Calvertetal., 2008; Lim and Ziemann, 2005) and this chem-schemes generated by GECKO-A are the sole gas phase
ical family was recently used as a substitute for IVOC emis-mechanisms currently available to describe in a detailed way
sions (Lee-Taylor et al., 2011). Here, we develop explicit ox-the oxidation of IVOC in the atmosphere.
idation schemes for the-alkane series (§-Cp4), using the The saturation vapor pressuP¥@ is required to describe
self-generating mechanism GECKO-A (Aumont et al., 2005; phase patrtitioning (Pankow, 1994) for the organic species in-
Camredon et al., 2007). These schemes are used to examirelved in the mechanism. Her®a° was estimated for ev-
the contribution of the multigenerational process to the timeery non-radical species using the Nannoonal et al. (2008)
evolution of the gas and aerosol phases. The modeling toolmethod, coupled with the Nannoonal et al. (2004) SAR to
and simulations are presented in Sect. 2 and results are digstimate the required boiling points. Barley and McFiggans
cussed in Sect. 3. (2010) recently identified this method as one of the most reli-
able SAR to estimat®V@Pin the context of SOA production.
Furthermore, this method was found by Valorso et al. (2011)

2 Model description to provide the best agreement of the simulated SOA vyields
with smog chamber observations. Group contribution val-
2.1 The GECKO-A mechanisms ues not provided by Nannoonal et al. (2004, 2008) were

taken from Compernolle et al. (2010), as described in Val-
The development of explicit oxidation schemes for IVOC orso et al. (2011).
precursors involves millions of reactions and secondary or- Assuming that the gas/particle partitioning is controlled by
ganic species, far exceeding the size of chemical schemesn absorption process (Pankow, 1994), and that the aerosol is
that can be written manually (Aumont et al., 2005; Goldsteina well mixed homogeneous phase, thermodynamic equilib-
and Galbally, 2007; Kroll et al., 2011). Here, gas-phase oxi-rium is described by:
dation schemes were generated automatically using the Gen- vap
erator for Explicit Chemistry and Kinetics of Organics in the Pi = yixi P; (1)

Atmosphere (GECKO-A) (Aumont et al., 2005; Camredon , . .
et al., 2007; Valorso et al., 2011). This tool can be viewegWherex; is the mole fraction of speciésn the aerosol phase,

vap . . . .. . .
as an expert system that mimics the steps by which chemist&i  ItS Saturation vapor pressurg, its activity coefficient

might develop chemical schemes, i.e. writing the list of the@"d £ its equilibrium partial pressure. Phase partitioning
reactions involved in the oxidation of a given species and@s implemented in the model as described by Camredon
their associated rate constants. et al. (2007). Briefly, thermodynamic equilibrium is enforced

GECKO-A generates chemical schemes according At each time gtep, agsuming ideality for the aergsol phase
a prescribed protocol assigning reaction pathways and ki{vi = 1)- Equation (1) is solved for the set of organic species
netics data on the basis of experimental data and Structurd!Sing @ simple iterative method (Pankow, 1994). For the gas
Activity Relationships (SAR). The protocol is the set of rules Phase oxidation, time integration is solved using the 2-step
that lays out the choice of reaction pathways and estimateS°/ver (Verwer and Vanloon, 1994; Verwer et al., 1996). In
the rate coefficients needed in the mechanism based on tHBiS model configuration, no reactions occur in the condensed
species’ molecular structure. The protocol currently imple-Phase-
mented in GECKO-A is described by Aumont et al. (2005).

The chemical fate of alkoxy radicals produced during ox-
idation plays a crucial role in the context of the present
study. These radicals either fragment (i.e. C-C bond break-
ing), functionalize the carbon skeleton by, @action, or

isomerize via an H-shift (e.g. Atkinson and Arey, 2003). The
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2.2 Simulation conditions aliphatic species. Finally, additional reductions of the chem-
ical scheme were still required for long chain alkanes

At thermodynamic equilibrium, the fractian of a species  to remain within the computational limits. For these species,

in the aerosol phase is given by (e.g. Donahue et al., 2006):the number of generation in the oxidation mechanism of

Ni aer the precursor was limited to 6. For hexadecane, simulations

S,.aer= = o showed that increasing the number of generations does not
Ni,aer+ Ni,gas e g . . .
. wa 1 lead to significant changes in the composition and evolution
Mony; P ¢ Cr -1 of the gas and aerosol phases. Table 1 lists the number of
=\1 CoaRT x1 =1+ Con @) species finally included in the mechanisms for the various
_ o precursors.
whereN; ; is the number concentration in phasgmnolecule Oxidation of the IVOC precursors leads to SOA forma-

of speciesi per cn? of air), R is the ideal gas constant tion. This process may obviously contribute to a significant

(atmnPK~tmol~1), T the temperature (K);oa the aerosol  increase in the prescribed aerosol concentrafign. In this

mass concentration (UgTh of air), Moa is the mean or-  study, the initial concentratiofip of the precursor is selected

ganic molar mass in the aerosol (gmb) andC} isaneffec-  to be negligible compared t6oa. The initial mixing ratio

tive saturation mass concentration (ughof air). Beyond  was set to 10 ppt carbon (about 6:3.0-2 ugni3). For such

the pure compound propertieB'@P), Coa appears as a key conditions Co <« Coa), the simulated aerosol concentration

parameter driving the phase distribution of a given organicis proportional toCq or, in other words, the time-dependent

species. Simulations were conducted for fixed aerosol masaerosol yield is independent 6.

concentrations, with values set in the 0.1-1000 fi§ range. The simulations are performed with constant physical con-

This range encompasses typical atmospheric levels and mositions. Temperature is fixed at 298 K. Photolysis frequen-

experiments performed in smog chambers. M, a rea-  cies are computed for mid-latitude and for a solar zenith an-

sonable range might be 100-300 gmbkPankow, 1994). gle of 30 using the TUV model (Madronich and Flocke,

Here, a value of 250 gmot was used. 1997). NQ concentration is held constant at a value of
The number of species included in the oxidation schemel ppb. Finally, an OH source of 210’ radicalscn3s1

generated by GECKO-A grows exponentially with the num- was included to initiate the oxidation of the organic species.

ber of carbon atom of the precursor (Aumont et al., 2005).For these conditions, organic oxidation is almost exclusively

For a G parent compound, the explicit mechanism containsdriven by OH.

about 16 species, close to computational limits for box mod-

eling. Target species in this study are the-Cy4 n-alkanes

and significant reductions are required to bring the schemes ~Results

down to a manageable size. Equatlﬁms{h_ows that species 3.1 Carbon budget

having a vapor pressure below 1§ atm will be almost ex-

clusively in the aerosol phase?: even for a low aerosol contentig re 1 shows the distribution of secondary organic carbon
(6 > 0.99 for Coa > 0.1 ugn7~). Such species can be clas- j, the gerosol and gas phase as well as in the form of the final
sified as non-volatile under atmospheric conditions and their,yiqation products CO or COIn Fig. 1, the simulated time

gas phase oxidation can be considered as insignificant. Thesg gcajed to typical atmospheric conditions. We define here
species are therefore treated as end products during mechg;q photochemical ageas:

nism generation. With this approximation, the computational
limits are reached for $ hydrocarbons (Aumont et al.,
2008). To further decrease the number of species, a lumpy — 1
ing protocol has been implemented in GECKO-A (Aumont [OH]atm
et al., 2008; Valorso et al., 2011; Lee-Taylor et al., 2011).

This lumping protocol is not used in the present study sowhere[OH]am is the typical OH concentration in the atmo-
that the oxidation process described is fully explicit. Instead,sphere (here taken as iolecule cni®), and [OH]sim is

we restricted the mechanism to high N@bnditions, ignor-  the simulated OH concentration. Figure 1 shows that aerosol
ing the cross reactions between peroxy radicals. Formatiolyields grow withCoa and with the chain length of the par-

of hydroperoxides from the RO+ HO; reactions is thus not  ent compound. The opposite trend is found for CO an@ CO
considered in this study. This is a severe approximation, esproduction. After 10 days of atmospheric oxidation, the car-
pecially to examine the chemical evolution on timescalesbon initially present as octane mainly ends up in the form of
exceeding one day for which keeping high N@ hardly  CO and CQ (typically 70 %), the remaining fraction being
representative of atmospheric conditions. Simulations permostly gas phase organic carbon. The aerosol yield for oc-
formed here are clearly exploratory and intended to examtane becomes significant only for conditions representative
ine some, though not all, aspects of SOA formation dur-of some smog chamber experiments (about 15% on a car-
ing the multigenerational oxidation of long carbon chain of bon basis wherCoa =10°ugni3). For tetracosane (G

t
0
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Table 1. Number of species considered in the gas phase oxidation Cavigm ) mtmgm? ) ( m=toomgm? )
mechanism generated with GECKO-A and number of non-radical 1Y)- — T — Kc)- —

)

species for which gas/aerosol equilibrium is accounted.

o
©

o
o

Parent alkane  Number of species  Number of phase
in the mechanism  equilibria

I
IS
T

octane simulation
carbon atom ratio

I
)

* Chemical mechanism generated up to the 6th generation only.

o
n

carbon atom ratio

o
)

Octane 6.4< 10¢ 1.6x 10% U LA
Decane 2.510° 6.5x 10* A o
Dodecane 6.% 10°P 1.8x 10 5§%°
Tetradecane 1.4 10° 4.1x 10° 51500
Hexadecarle 8.6x 10° 2.9x 10° g 5o
Octadecane  1.2x 10° 42x 10° §co2
Eicosan& 1.4x 10° 5.1x 10° ~ o
Docosang  1.5x 1(P 5.3x 10° 5| . oc
Tetracosarie  1.4x 10° 5.3x 10° % 0'6
&

OO

2 4 6 8 0 2 4 6 8

0 2 4 6 8 10
n-alkane), the fraction of the carbon that is ultimately oxi- age (day) age (day) age (day)
dized to CO or C@ is minor for Cop =0.1pgnT3 (about —— parent hydrocarbon —— gas phase secondary organic
10%) and becomes negligible for higher aerosol load. On — 0+ ——aerosol phase secondary organic

a carbon basis, the aerosol yield is close to 1 (see Fig. 1).
However, forCoa =103 ugnm3, the oxidation process be- Fig. 1.Carbqn budget during the oxidation of octane (top line) hex-
comes very slow owing to a strong partitioning of tetracosane?decane (middle line) and tetracosane (bottom lineXioa con-
to the particle phase (represented as inert in this modeientratlon of 0.1 pgm® (1st column), 10 pgm* (2nd column) and
configuration). Hexadecane shows an intermediate behaviof, 0% ugm-? (3rd column). Continuous and dotted black lines in pan-

9 - . . . 3 €ls h and i denote the parent compound in the gas phase and partic-
For atmospheric conditions (i.€oa in the 0.1-10 ygm ulate phase, respectively.
range), the carbon distribution is initially dominated by the '
production of gas-phase intermediates, and subsequently by

particulate or oxidized carbon. After 10days of oxidation, grganic species produced by the first oxidation steps are of
particulate organic carbon is the major fraction (60-75 %), 0w enough volatility to partition to the particles (where fur-
the remaining carbon being mostly GECO, (20-35 %). ther oxidation in not considered in this version of the model).

~ The carbon evolution shown in Fig. 1 is a multigenera- This multigenerational oxidation mechanism is examined in
tional oxidative process. Oxidation leads to progressive funcetail in the section below.

tionalization of the carbon skeleton and produces successive

generations of compounds with lower volatility. Aerosol for- 3.2  The multigenerational oxidation step by step

mation occurs when species with low enough volatility are

produced. This volatility threshold is linked to the aerosol The GECKO-A tool generates the chemical scheme gen-
load Coa (Eq. 2). The functionalization mechanism com- eration after generation. The maximum number of genera-
petes with the fragmentation of the carbon backbone, thdions can be controlled, and can be used to develop chemi-
latter leading to the successive formation of organic inter-cal schemes that include a growing number of species gen-
mediates with higher volatility and ultimately to GONote  erations. Figure 2a, e shows the simulated mass distribu-
that the fragmentation probability increases with the numbertion when the scheme includes one generation only. In this
of organic moieties born by the carbon skeleton (e.g. Atkin-case, first generation organic species are effectively treated as
son, 2007; Calvert et al., 2011; Chacon-Madrid and Don-non reactive compounds that may partition between the vari-
ahue, 2011). For octane oxidation, fragmentation of the carous phases. The parent hydrocarbon examined is hexadecane
bon backbone takes place before sufficient functionalizatiorand the simulation is performed withpa set to 10 ugms.

to allow SOA formation (see also Sect. 3.6) and thus pro-First generation products arejéspecies and include 1-4
gressively leads to the formation of CO and £43 shown in  hydroxy-ketones (49 % on a carbon basis), monofunctional
Fig. 1. For hexadecane, functionalization leads in a few gen-itrates (28%), 1-4 hydroxy-nitrates (21 %), and trifunc-
erations to the formation of non-volatile compounds that par-tional species (2 %), mostly 1-4-7 dihydroxyketone. The car-
tition to the aerosol phase. Fragmentation is however still sigbon atoms of these first generation species partition to the gas
nificant, especially for lowCoa (see Fig. 1). Finally for tetra- and aerosol phases in a ratio of abouti4Figure 2i gives the
cosane, fragmentation appears as a minor mechanism, sinsgmulated volatility distribution of the species after 5 days of
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atmospheric oxidation. For the conditions of the simulation,
a species is equally split between the two phases when itsm

7581

Number of generations in the chemical scheme
1generation | | 6 generations

2 generations |

3 generations

)

1

saturation vapor pressure is Tatm ¢ = 0.5, see Eq. 2).

A species can be considered as semi volatile whisrin the
0.01-0.99 range. This corresponds here to saturation vapo
pressure in the 131-10-" atm range. Most first generation
products have volatilities in that range and thus behave a
semi-volatile compounds (see Fig. 2i). Including a chemical
loss to produce the set of second generation species there
fore removes not only the gas phase species but also thos
absorbed in the aerosol phase due to re-volatilisation of first-
generation products to maintain the thermodynamic equilib-
rium between the particle and gas phases. After gas phas
processing, a fraction of the next generation species return
to the particle phase with an increased oxidation state. This
mechanism has been named “semi-volatile pumping” (Mira-
colo et al., 2010). This behavior is seen in Fig. 2b, f when the
chemical scheme is generated up to the second generatio
species. The carbon distribution between the two phases is
about 5050 after a few days of atmospheric oxidation. The
contribution of first generation species to the aerosol mass o ) ) o
budget does not then exceed a few percent (see Fig. 2b, f ig. 2. Partitioning of organic carbon during hexadecane oxidation
The volatility distribution of the second generation species n the gas phase (Ist row) and the aerosol phase (2nd row) and

volatility distribution of the species (3rd row) given on logarithmi-

spans 14 orders of magnitude. The functionalization of thecally spaced bins. The number of successive generations taken into

carbon backbone leads to species that can here be considergg:ount in the gas-phase mechanism varies from 1 (1st column) to

as non-volatile whe®"?is below 10! atm (i.e.£ > 0.99). 6 (4th column). Colors identify the contribution of the species from

For these species, the gas phase concentration is negligigiven generation to the total carbon budget.

ble and oxidation becomes a minor process. The fragmen-

tation route leads to volatile specieR'gP > 10~ atm) with

a lower number of carbon atoms. The fraction of the secondhecome non-negligible in the mass budget only after the sec-

generation species in the semi-volatile and volatile categonond day of atmospheric oxidation.

will be subject to oxidation if the mechanism is extended to

higher generations as seen in Fig. 2d, h. 3.3 Number of generations and organic aerosol load

This progressive evolution lasts as long as oxidation pro-

duces organic species with high enough volatilities to beFor a given species, the partition ratfois a function of

further oxidized in the gas phase at a rate relevant in theCoa (see Eg. 2). The behavior of a given volatile species

context of atmospheric chemistry. The atmospheric life-may change to semi-volatile or non-volatil&lifa increases.

time of submicron aerosols does not exceed a few weeksThe number of oxidation steps required to saturate the gas

The “re-volatilization — gas phase oxidation” mechanism phase must therefore grow wheélpa decreases. Figure 3

described above is therefore efficient if it occurs with shows the carbon distribution for the hexadecane simula-

a characteristic time lower than this aerosol lifetime. Af- tion with Coa set to 0.1, 10 and 1000 ugth As expected,

ter 5 days of atmospheric processing, the mean (concerspecies produced after many generations contribute more sig-

tration weighted) OH rate constant of the aerosol contrib-nificantly to SOA mass whelfoa decreases. Fo€oa =

utors is 3x 10 cm®s1. For a typical OH concentration 10%pugnm 3, SOA is mostly made of 1st and 2nd generation

of 10° moleculecnt?, a chemical lifetime of about one year products. ForCoa = 0.1 pgnt3, first generation products

may be estimated far = 0.999 (i.e.C* = 1073 Cop). With are negligible in the SOA mass budget even during the first

this model configuration organic matter is thus either pro-day of atmospheric oxidation. For such low organic aerosol

gressively transferred to the particle phase in a form that carontent, species produced after 4 or more generations con-

be considered as a “permanent” non-volatile state or is finallytribute strongly to the SOA budget (up to 50 %, see Fig. 3d).

oxidized to CQ. For hexadecane and the conditions of the The rate of SOA production therefore decreases Wiga

simulation, Fig. 2 shows that about 6 oxidation steps must besince longer timescale are required to produce substantial

taken into account to reach this state. Species contributing tgquantities of the higher generation products. For example,

SOA production are mostly products from the 2nd to the 4thfor Coa = 10° ugnt3, the initial rate of transfer of carbon

generation. Species produced after at least 4 oxidation stepstoms from the precursor (here hexadecane) to the SOA con-
tributors is 73 % per day (see Fig. 3c). This rate drops to 40

gas phase
carbon atom ratio

aerosol phase

carbon atom ratio

.2

0

0 2 4 6 8 0 2 4 6
age (day) age (day)

8 0 2 4 6

age (day)

8 10

®

2 4 6
age (day)
0.5

(k.

°
£ 04

So3

5
02
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g o1

( volatility distribution )
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( _cn=0apgm3 ) ( con=10pgm3 ) (_ Cm=1000pugm3 ) (__Octane oxidation ) (_Hexadecane oxidation ) (_ Tetracosane oxidation )
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Fig. 3. Partitioning of organic carbon during hexadecane oxidation Fig. 4. Partitioning of organic carbon during octane, hexadecane

in the gas and aerosol phases as a functiofigf. Colors identify  and tetracosane oxidation in the gas and aerosol phases. Colors

the contribution of the species from a given generation to the totaligentify the contribution of the species from a given generation to

carbon budget. the total carbon budget. The inset in (d) shows the carbon atom ratio
with an expanded scale.

and 20 % per day fo€oa values of 10 and 0.1 ugm, re-
spectively. ) i

3.5 SOA yield and organic aerosol load
3.4 Precursor chain length and number of generations

Figure 5 shows the maximum carbon atom ratio in the par-
Increasing the number of carbon atoms of the precursor shiftsicle phase as a function @fpa for Cg to Cyo n-alkanes.
toward lower values the vapor pressure of the species inThis maximum ratio is observed after the consumption of
volved in a given oxidative reaction sequence. The numbethe parent hydrocarbon (see Fig. 1). The maximum ratio is
of oxidation steps needed to saturate the gas phase is thuBerefore equivalent to a SOA yieldt expressed on a car-
expected to be smaller when the size of the carbon backbonkon basis. As expectedc grows with the chain length and
increases. Figure 4 shows the organic carbon budget for oowith Coa. For Gg—Cy4 alkanes Y increases by about 10 %
tane, hexadecane, and tetracosane discriminated on a gefor each carbon atom added to backbone. This increase then
erational basis. Simulations are conducted withy, set to  levels off for longer chain length wher: approaches unity
10 pgnt 3. For tetracosane, the first generation products argsee Fig. 5)Yc also shows a logarithmic growth witfioa
almost exclusively in the particle phase and represent aboun the 10-1-10° ugni2 range. For the § to Cie Series,
80 % of the carbon budget. The rate of chemical pumpingthe Yc increase is in the range of 7-10% per decade in
is low, owing to the strong partitioning of the first genera- Coa. The slope is slightly lower for longer carbon chains,
tion species to the particle phase. However, a small fractioras Yc approaches unity. Figure 5 shows significant yields at
still remains in the gas phase at equilibrium. This fraction low Coa concentration even for comparatively small carbon
is subjected to oxidation and produces low volatility secondbackbones. For example, faiop =0.1ugnT3, Yc is 7%
generation products (about 15 %, see Fig. 4c). For octane, thior decane and 41 % for tetradecane. However, the timescale
successive generations of species produced during oxidatioto reach the maximum vyield increases@sa or hydrocar-
remain too volatile to condense with high yield in the particle bon carbon chain length decrease (see Sect. 3.3). For exam-
phase owing to significant fragmentation of the carbon skeleple, the atmospheric oxidation timescale required to reach
ton when the O/C ratio becomes large (see Sect. 3.6). SOAhe maximum yield is about 4 days for tetradecane and ex-
contributors are 3rd and 4th generation species produced ateeds 1 week for decane. These results suggest that a sub-
ter few days of atmospheric oxidation (less than 5% of thestantial fraction of the €—Cy4 anthropogenic hydrocarbons
carbon budget). As expected, Fig. 4 shows that SOA conmay end up as organic aerosols given enough time for oxi-
tributors are produced on average with a growing number ofdation, even under substantial atmospheric dilution (i.e. low
oxidation steps (i.e. made of more oxidized organic speciesoa). Confirming such yields on an experimental basis is
when the carbon backbone of the parent compound decreaseseal challenge, owing to detection limits for such IGwa
in length. Oxidation states of SOA contributors are examinedconditions (below 1 pgm?) and the timescale linked to this
in more detail in Sect. 3.6. gas phase aging process. Furthermore, it should be pointed

Atmos. Chem. Phys., 12, 75777589 2012 www.atmos-chem-phys.net/12/7577/2012/
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be computed for each intermediate. The evolution of the
species inOSc—C* space is given in Fig. 6, where the ox-
idation of octane, hexadecane and tetracosane is examined
for Coa of 10 ugnt 3. Distributions are given for increasing
atmospheric aging times, from 0 to 5 days. Position isomers
having identicalC* andO: are lumped into the same bub-
ble in Fig 6. Overlaps irC* arise when the structure/activity
relationship used to estimafe'@? provides identical values
for distinct position isomers. For clarity, species with a car-
bon atom ratio lower than 1@ are also not considered in the
distributions shown in Fig. 6.

In Fig. 6, species having the number of carbon atom of
the parent compound (gray bubbles) are distinguished from
species with smaller carbon skeletons (red bubbles). The for-
mer delineate the functionalization trajectories only (i.e. in-
creasing number of functional groups on the carbon skeleton)

while the latter draw joint fragmentation/functionalization
trajectories (i.e. bond breaking of the carbon skeleton with
an overall increased carbon oxidation state). As expected,
Fig. 6 shows that fragmentation increases with chemical age
and with shorter parent compound chain lengths (see also
out that most organic intermediates involved in the produc-the CO and C@ budget in Fig. 1). For octane, functional-
tion of the low volatility SOA contributors are expected to ization routes first lead to species with laiQ& after a few
be water soluble and may either be removed through dry an@xidation steps. As already stated, fragmentation probabil-
wet deposition or processed in cloud droplets. ity increases withOX: (see Sect. 3.1). Fragmentation oc-
curs before the functionalization routes can produce large
amount of low volatility species, ultimately leading to €0
(see Fig. 1b). Therefore, SOA yield remains low even after
Various conceptual frameworks have been proposed to exanb days of atmospheric oxidation. Tetracosane shows the op-
ine the oxidation trajectories from the parent organic specieposite behaviorC* values for first generation products lie
down to the ultimate oxidation product GOThese frame-  well below Coa (see Fig. 6). The gas-phase chemical pump
works are 2-dimensional spaces designed to capture botts therefore inefficient an@S: remains below-1.5 for most
volatility and polarity changes during oxidation. For exam- SOA contributors Fragmentation is thus a negligible route in
ple, two-dimensional frameworks proposed for the designthe tetracosane evolution. For hexadecane, there is signifi-
of models include polarity vs. carbon number (Pankow andcant fragmentation of the carbon skeleton, leading to a myr-
Barsanti, 2009; Barsanti et al., 2011), mean carbon oxidaiad of gas-phase products (see Fig. 6). Most fragmentation
tion state Oc) vs. carbon number (Kroll et al., 2011), and products evolve toward the production of CO and qGp-
O (or O/ C) vs. volatility (2-D-VBS, Donahue et al., 2011, per right direction of Fig. 6). After 5days of atmospheric
2012). Note that the degree of oxidation is a key parameteprocessing, 16 % of the hexadecane carbon atoms have been
not only to examine SOA formation and aging but also to converted to CO or C®(see Fig. 1e). In the particle phase,
retrieve aerosol properties like hygroscopicity (e.g. Jimenezpecies with 16 carbon atoms (i.e. derivatives of the parent
et al., 2009). Two metrics that can be measured during laboeompound) contribute to 92% of the SOA carbon budget.
ratory or field experiments have been proposed for the develThe mean number of carbon per species contributing to the
opment of empirical models: the O/C atom ratio @8c) SOA mass is 15.4. The major SOA contributors are there-
and the volatility (Donahue et al., 2012). In this section, we fore produced via the functionalization pathways with only
examine the simulated trajectories for thealkane in the  minor contributions from trajectories including at least one
OSc—C* space described by Donahue et al. (2012). fragmentation step. The overall SOA oxidation state remains
The saturation vapor pressueV® is a fundamental low, most species having @@Sc between—1.0 and—2.0
property estimated for each non-radical organic species bysee Fig. 6k).
GECKO-A. Effective saturation mass concentratigtisare
computed based on Eq. (2), assuming ideality afgh =
250 gmol1. Conversion of P¥3 to C* is straightforward
(e.9. C* =1.0ugnT3 is equivalent toP3 = 10"1%atm).
GECKO-A provides the explicit oxidation schemes (see Atmospheric observations based on aerosol mass spectrom-
Sect. 2) and the mean carbon oxidation state can thereforeter (AMS) measurements show that submicron organic

Fig. 5. Maximum carbon based aerosol yields simulated forthe
alkane series as a function 6pa.

3.6 Trajectories in the OS¢ — volatility space

3.7 Highly oxygenated aerosols (OOA) vs. hydrocarbon
like organic aerosols (HOA)
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Fig. 6. Volatility and mean carbon oxidation state of the species produced during the oxidation of octane (1st column), hexadecane (2nd

column) and tetracosane (3rd column) as a function of aging time. Contribution of a species to the carbon budget is proportional to the

volume of the bubble. Position isomers having identical volatility and oxidation state are lumped into the same bubble. Grey bubbles denote

species having the carbon skeleton of the parent hydrocarbon. Red bubbles denote species with less carbon atoms than the parent compour
The blue dotted lines indicate the organic aerosol concentragnprescribed for the simulation.

aerosols can be categorized into a few components or factorserosols (POA). The expect@: for this HOA factor is
(e.g. Zhang et al., 2005). One of these components consistselow—1.5 (Donahue et al., 2012).

of highly oxygenated organic aerosols (OOA) (Zhang et al., The shaded green area in Fig. 6 marks the OOA do-
2005, 2007) and is characterized by an O/ C ratio larger thaimmain. The tetracosane oxidation simulation yields negligible
0.25 (Jimenez et al., 2009). This OOA component is usu-amounts of species falling in that domain. For octane, the
ally given equivalent status to SORSc can be approxi- simulated SOA contributors match the oxidation state ex-
mated based on the elemental O/C and H/C ratios (Krollpected for OOA but, as discussed above, the aerosol yield
et al., 2011). Analysis of elemental ratios measured for or-is very low (see Fig. 1b). The hexadecane oxidation simu-
ganic aerosols shows that O/C ratio is on average a linealation yields SOA contributors that are mostly too reduced
function of H/C ratio (Heald et al., 2010). The combination to be categorized as OOA (see Fig. 6). The OOA fraction
of these relationships leads to an aver@$e ~ 3(0/C)—2 grows slowly with age but remains a minor component. Af-
(Donahue et al., 2012). OOA can therefore be equivalentiyter 5 days of atmospheric processing, OOA contributes only
characterized by a®@S: greater than about1.25. Another 10 % of the overall SOA production on a carbon atom basis in
often-reported component shows features resembling emighe hexadecane case. The shaded orange area in Fig. 6 marks
sions from motor exhausts and is usually named hydrocarthe HOA domain. Interestingly, most simulated SOA con-
bon like organic aerosols (HOA) (e.g. Zhang et al., 2005).tributors during hexadecane and tetracosane oxidation fall in
This component is commonly ascribed to primary organicthe HOA domain. After 5days of atmospheric processing,
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species in the HOA domain contribute 61 % of the overall 2009). The dotted contours in Fig. 7 delineate the LV-OOA
SOA production in the hexadecane case. Virtually all SOAand SV-OOA envelopes depicted by Jimenez et al. (2009)
contributors fall in the HOA category in the tetracosane sim-and Donahue et al. (2012). No species in our simulations fall
ulation (see Fig. 6). in the LV-OOA domain and the OOA contributors lie in the

Species produced during octane and hexadecane oxidatidower range of SV-OOA oxidation state. The configuration of
border the right and bottom of the OOA domain, respec-the model appears clearly unable to explain the production of
tively, suggesting that-alkanes of intermediate carbon chain LV-OOA from n-alkane parent compounds. This statement
length (i.e. G—Cy5) might produce OOA with greater yields. holds for carbon skeletons of any size and for any aging time
Figure 7 shows the simulated species distribution after 5 dayselevant in the context of atmospheric oxidation.
of atmospheric oxidation for decane, dodecane and tetrade- Figures 6 and 7 show that most SOA contributors are
cane. As expected, the fraction of SOA contributors falling too reduced to be categorized as OOA (i.e. with@&:
in the OOA category decreases with increasing carbon chaigreater than—1.25). Simulated OOA represents therefore
length. On a carbon atom basis, OOA represents 82 %, 49 %gnly a fraction of the SOA produced during the oxidation
22 % of SOA produced after 5 days of atmospheric oxidationof n-alkanes. The OOA contribution to the overall SOA bud-
of decane, dodecane and tetradecane, respectively. The SQfet decreases when the chain length of the parent compound
yield and the OOA fraction show opposite trends, increas-increases, and appears to be a minor componentfog &
ing and decreasing, respectively with the chain length. Foralkanes. According to this model version, the OOA compo-
an aging time of 5days and f@toa =10 pgnt3, the OOA  nent may thus greatly underestimate SOA. On the other hand,
carbon yieIdYgOA (i.e. OOA produced per parent hydrocar- most simulated SOA contributors are reduced enough to be
bon reacted) is greatest for the dodecane oxidation, reachingategorized as HOA (i.e. with @b lower than—1.5). Un-
0.19. Note that the fraction of SOA contributors falling in the like OOA, the simulated HOA contribution to the SOA bud-
HOA domain grows with the chain length (see Fig. 7). For anget increases with the chain length of the parent compound,
aging period of 5 days, HOA represents 8 %, 24 % and 35 %and appears as the major component fog:-alkanes. Ac-
of SOA produced in the simulation of decane, dodecane anaording to this model version, the HOA component may thus
tetradecane, respectively. overestimate POA.

Figure 8 showsy 9" computed for G-Cig n-alkane as
a function of Coa. For the condition explored within this
study, YOOA never exceeds 25 %. For any given precursor,4 Conclusions
YQO* exhibits a bell shaped curve which arises from the
competition between fragmentation and functionalization.Explicit chemical mechanisms reflect the current knowledge
The functionalization pathways dominate the initial oxida- of the transformations occurring in the atmosphere. Explicit
tion steps. For higi€oa content, first generation species par- Schemes were generated fog-Cz4 n-alkanes using the
tition to the aerosol phase. The gas phase chemical pum@ECKO-Atool. Simulations were conducted to explore SOA
efficiency decreases and the OOA fraction remains low, exformation for various concentrations of preexisting aerosol.
plaining the lowyQ©A values even thouglic is large. For I the version of the model examined here, gas-aerosol equi-
low Coa content, many successive oxidation steps are relibrium is assumed at each time step for each species and the
quired to produce species with low enough volatility to con- aerosol phase is assumed to be an inert phase. As expected,
dense. As stated above, fragmentation pathways dominat@imulation results show that (i) SOA yield increases with the
the gas phase oxidation of highly oxygenated species angarbon chain length of the parent hydrocarbon, (ii) SOA yield
most species then evolve toward £@roduction before par-  decreases with decreasinpa, (i) SOA production rates
titioning to the aerosol phase. Bo#P** andYc are there-  are faster with increasingoa, and (iv) the number of ox-
fore low. The maximun¥ QA is observed whe@ox is low idation steps (i.e. generations) needed to describe SOA for-
enough to allow an efficient gas phase production of oxy-mation and evolution grows whefoa decreases. However,

avoid significant fragmentation of the carbon skeleton. Thisdized enough to be categorized as OOA but reduced enough
maximum yield shifts to lowelCoa values as the carbon 10 be categorized as HOA. This trend increases with the car-

chain |ength of the precursor increases (See F|g 8) bon chain |el’lgth of the pal’emalkane. This model version
Two subtypes of OOA can usually be distinguished basedherefore suggests that OOA may underestimate SOA, while
on factor analysis of AMS data, the first being attributed HOA may overestimate POA. The model was unable to pro-
to highly oxidized low-volatile species (LV-OOA) the sec- duce highly oxygenated aerosols (OOA) with large yields. In
ond being attributed to less oxidized semi-volatile speciegParticular, this model configuration did not lead to the pro-
(SV-O0A) (Jimenez et al., 2009). Atmospheric observationsduction of species having carbon oxidation states and volatil-
suggest that SV-OOA is rather fresh OA which evolves to ities matching the LV-OOA subtype usually observed in situ

LV-OOA during photochemical processing (Jimenez et al.,for SOA, even after 10 days of atmospheric processing with
low Coa content. Oxidation ofi-alkanes leads to species
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Fig. 7. Volatility and mean carbon oxidation state of the species produced during the oxidation of decane (1st column), dodecane (2nd
column) and tetradecane (3rd column). Simulations are performedSgiih= 10 pg n 3 and the distributions are given for an aging time

of 5days. See caption of Fig. 6 for the color code of the bubbles.

1999, 2002; El Haddad et al., 2009). Branched and unsatu-

0.25 T rated species may behave differently from thalkanes. For
example, branched alkanes are more prone to fragment in
= 020 — the early stage of the oxidation (e.g. Atkinson, 2007; Atkin-
© o son et al., 2008), leading to lower SOA vyield than their
el (3} | . - . .
c corresponding linear analogue (Lim and Ziemann, 2009)
8 0151 — but likely with an enhanced mean carbon oxidation state.
S Similarly, alkenes yield to higher fragmentation than their
3 510k / | corresponding saturated analogue (e.g. Atkinson and Arey,
= / 2003) but also lead to the production of more oxidized mul-
6‘ o tifunctional species (e.g. dihydroxycarbonyls) as first first-
© 005 % generation products (Matsunaga et al., 2009). It is also pos-
— sible that the explicit schemes generated by GECKO-A are
M not representative of the gas phase oxidation processes ac-
0.00 ool v vl T X R .
_ tually occurring in the atmosphere. The protocol included
10-1 100 101 102 103 . . L .
Con (ug m-3) in GECKO-A to design the oxidation mechanism (Aumont

et al., 2005) is based on the current understanding of at-
mospheric organic chemistry. The chemistry of most oxy-
genated organic molecules investigated so far concerns rather
small carbon chains (typically belowsbearing 1 or 2 func-
tional groups (e.g. Calvert et al., 2011). Empirical SARs
based on this experimental data are extrapolated to infer the

having either too low volatility to activate the gas phase chemistry of species bearing many functional groups. This
chemical pump efficiently (long carbon chain) or too high €xtrapolation may not be appropriate. For example, the func-
O/ C ratio to avoid fragmentation and G@roduction (short ~ tionalization vs. fragmentation pathways directly depend on
carbon chain). Similar behavior has been recently described) Which reactive sites of the molecule react with the OH
by Cappa et al. (2012), based on a kinetic and statistical oxifadical, and (i) the evolution of the alkoxy radicals pro-
dation model. duced during the oxidation (e.g. Atkinson and Arey, 2003;
Atmospheric observations show that the OOA componentCalvert et al.,, 2011). The rates of these 2 key reaction steps
is ubiquitous and define a target for proposed mechanismare strongly modified by neighboring functional groups (e.g.
(Donahue et al., 2012). Various hypotheses can be raised t§Wok and Atkinson, 1995; Atkinson, 2007). Branching ra-
explain why the simulated oxidation of thealkanes does tios may thus be erroneously computed with available SARs
not overwhelmingly reach that target. The first possibility is When applied to the multifunctional species produced beyond
thatn-alkanes are not representative surrogates for the Ivoche first generation. Finally, the assumption made in this ver-
emitted in the atmosphere. These IVOC species constitut§ion of the model that the condensed phase is chemically in-
a complex mixture of linear, branched and cyclic alkanes,ert is clearly crude. For example, a major category of first
alkenes and aromatics (e.g. Fraser et al., 1997; Schauer et apXidation products, hydroxycarbonyls (see Sect. 3.2), were

Fig. 8. Yield of highly oxygenated organic aerosol (OOA) fog-€
C,g n-alkane as a function of pa. Yields are computed for an
aging time of 5 days.
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found to be converted into dihydrofurans by a heterogeneous particles: a modeling approach, J. Atmos. Chem., 35, 59-75,
process (e.g. Atkinson et al., 2008), a likely key transforma- doi:10.1023/a:1006243509842000.

tion in the formation of SOA (Lim and Ziemann, 2009). Fur- Aumont, B., Szopa, S., and Madronich, S.: Modelling the evolution
thermore, oxidative reactions occurring in the aerosol phase ©f organic carbon during its gas-phase tropospheric oxidation:
have been observed for squalane, a branchgdatkane, development of an explicit model based on a self generating ap-
and may play a key role in the aging of organic aerosols gzza;cgbggnggzé(:hem' Phys., 5, 2497-2543;10.5194/acp-5-
(_e.g. Kroll et al., 2009). For e?(ample’ at.mosphe_rlc ObserVa_Aumont, B., Camredon, M., Valorso, R., Lee-Taylor, J., and
tions S'hOW that carboxylic acid is a major functional group . Madronich, S.: Development of systematic reduction techniques
found in aerosols (Sempere and Kawamura, 1994; Decesari 1y describe the SOANVOC/NGIOz system, in: Atmospheric

et al., 2000; Kanakidou et al., 2005) but this group does not  chemical Mechanisms Conference, Air Quality Research Cen-
contribute significantly to the carbon budget simulated with  ter, UC Davis, CA, 10-12 December 2008.

GECKO-A (Lee-Taylor et al., 2011). It is unlikely that a gas Barley, M. H. and McFiggans, G.: The critical assessment of vapour
phase chemical source is efficient enough to account for the pressure estimation methods for use in modelling the formation
measured values (Aumont et al., 2000). The conjunction of of atmospheric organic aerosol, Atmos. Chem. Phys., 10, 749-

C-C bond breaking in the aerosol phase and the production of 767,d0i:10.5194/acp-10-749-2012010.

carboxylic acid at the terminal carbon atom of the fragmen
would lead to production of species falling in the LV-OOA

subtype. Oxidation in the condensed phase is likely a key

process to shift IVOC oxidative trajectories toward the pro-

tBarsanti, K. C., Smith, J. N., and Pankow, J. F.. Appli-

cation of the np plus mP modeling approach for simu-
lating secondary organic particulate matter formation from
alpha-pinene oxidation, Atmos. Environ., 45, 6812-6819,
doi:10.1016/j.atmosenv.2011.01.02811.

duction of organic aerosol with higher mean carbon oxida-gethel, H. L., Atkinson, R., and Arey, J. Kinetics and products of

tion states. Sensitivity studies will be performed to test the
likelihood of these assumptions.

the reactions of selected diols with the OH radical, Int. J. Chem.
Kinet., 33, 310-316, 2001.
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