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Abstract. The chemical mechanism leading to SOA formation and ageing is expected to be a multigenerational process,
i.e. a successive formation of organic compounds with higher
oxidation degree and lower vapor pressure. This process is
here investigated with the explicit oxidation model GECKOA (Generator of Explicit Chemistry and Kinetics of Organics
in the Atmosphere). Gas phase oxidation schemes are generated for the C8 –C24 series of n-alkanes. Simulations are conducted to explore the time evolution of organic compounds
and the behavior of secondary organic aerosol (SOA) formation for various preexisting organic aerosol concentration
(COA ). As expected, simulation results show that (i) SOA
yield increases with the carbon chain length of the parent
hydrocarbon, (ii) SOA yield decreases with decreasing COA ,
(iii) SOA production rates increase with increasing COA and
(iv) the number of oxidation steps (i.e. generations) needed
to describe SOA formation and evolution grows when COA
decreases. The simulated oxidative trajectories are examined
in a two dimensional space defined by the mean carbon oxidation state and the volatility. Most SOA contributors are not
oxidized enough to be categorized as highly oxygenated organic aerosols (OOA) but reduced enough to be categorized
as hydrocarbon like organic aerosols (HOA), suggesting that
OOA may underestimate SOA. Results show that the model
is unable to produce highly oxygenated aerosols (OOA) with
large yields. The limitations of the model are discussed.

1

Introduction

Fossil fuel and biomass combustion leads to the emission of
long carbon chain hydrocarbons (C>10 ) in the atmosphere.
A large fraction of these Intermediate Volatility Organic
Compounds (IVOC) is expected to be first emitted in the
condensed phase and rapidly volatilized by atmospheric dilution (Robinson et al., 2007). IVOC are expected to be major
precursors of secondary organic aerosols (SOA) (Robinson
et al., 2007; Grieshop et al., 2009). The SOA formation potential was recently examined in laboratory studies for few
IVOC precursors, mostly alkanes (Lim and Ziemann, 2009;
Presto et al., 2010), alkenes (Matsunaga et al., 2009), aromatics (Chan et al., 2009) and oxygenated IVOC (ChaconMadrid and Donahue, 2011). These experimental studies
confirmed the high SOA formation potential for such precursors. Furthermore, recent numerical simulations have shown
that IVOC are likely a substantial source of SOA in the plume
of megacities (e.g. Dzepina et al., 2011; Tsimpidi et al., 2010;
Hodzic et al., 2010; Li et al., 2011; Lee-Taylor et al., 2011)
and at continental scales (Jathar et al., 2011).
The chemical mechanism leading to SOA formation and
ageing is expected to be a multigenerational process, i.e.
a successive formation of organic compounds with higher
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 simplified way. For example, multigenerational oxidation is represented in the volatility basis set (VBS) approach by a decrease 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 parameterizations are developed with an empirical approach, based
on laboratory observations. However, major uncertainties remain concerning these multigenerational processes and, as
a result, parameterizations implemented in current models to
account for SOA formation and ageing from IVOC precursors are weakly constrained. The development of such parameterizations suffers from a lack of information concerning the chemical mechanism controlling SOA formation and
evolution in the atmosphere.
The aim of this study is to explore SOA formation
from IVOC precursors using an explicit modeling approach.
Alkanes are major contributors to anthropogenic emissions
(Calvert et al., 2008; Lim and Ziemann, 2005) and this chemical family was recently used as a substitute for IVOC emissions (Lee-Taylor et al., 2011). Here, we develop explicit oxidation schemes for the n-alkane series (C8 –C24 ), using the
self-generating mechanism GECKO-A (Aumont et al., 2005;
Camredon et al., 2007). These schemes are used to examine
the contribution of the multigenerational process to the time
evolution of the gas and aerosol phases. The modeling tools
and simulations are presented in Sect. 2 and results are discussed in Sect. 3.

2
2.1

Model description
The GECKO-A mechanisms

The development of explicit oxidation schemes for IVOC
precursors involves millions of reactions and secondary organic species, far exceeding the size of chemical schemes
that can be written manually (Aumont et al., 2005; Goldstein
and Galbally, 2007; Kroll et al., 2011). Here, gas-phase oxidation schemes were generated automatically using the Generator for Explicit Chemistry and Kinetics of Organics in the
Atmosphere (GECKO-A) (Aumont et al., 2005; Camredon
et al., 2007; Valorso et al., 2011). This tool can be viewed
as an expert system that mimics the steps by which chemists
might develop chemical schemes, i.e. writing the list of the
reactions involved in the oxidation of a given species and
their associated rate constants.
GECKO-A generates chemical schemes according to
a prescribed protocol assigning reaction pathways and kinetics data on the basis of experimental data and StructureActivity Relationships (SAR). The protocol is the set of rules
that lays out the choice of reaction pathways and estimates
the rate coefficients needed in the mechanism based on the
species’ molecular structure. The protocol currently implemented in GECKO-A is described by Aumont et al. (2005).
The chemical fate of alkoxy radicals produced during oxidation plays a crucial role in the context of the present
study. These radicals either fragment (i.e. C-C bond breaking), functionalize the carbon skeleton by O2 reaction, or
isomerize via an H-shift (e.g. Atkinson and Arey, 2003). The
Atmos. Chem. Phys., 12, 7577–7589, 2012

fragmentation route progressively breaks the carbon skeleton and ultimately leads to CO2 production after several successive oxidation steps. The functionalization route progressively adds functional groups to the carbon backbone and
leads eventually to the formation of species with low vapor pressure that may condense onto preexisting aerosol.
The GECKO-A protocol was therefore updated to include
the recent SAR of Atkinson (2007) for alkoxy radical chemistry. In addition, the SAR of Kwok and Atkinson (1995) implemented in GECKO-A for the reaction of aliphatic compounds with OH radicals was updated to include the recommendation of Bethel et al. (2001) about the reactive sites
in the vicinity of alcoholic moiety. To our knowledge, the
schemes generated by GECKO-A are the sole gas phase
mechanisms currently available to describe in a detailed way
the oxidation of IVOC in the atmosphere.
The saturation vapor pressure P vap is required to describe
phase partitioning (Pankow, 1994) for the organic species involved in the mechanism. Here, P vap was estimated for every non-radical species using the Nannoonal et al. (2008)
method, coupled with the Nannoonal et al. (2004) SAR to
estimate the required boiling points. Barley and McFiggans
(2010) recently identified this method as one of the most reliable SAR to estimate P vap in the context of SOA production.
Furthermore, this method was found by Valorso et al. (2011)
to provide the best agreement of the simulated SOA yields
with smog chamber observations. Group contribution values not provided by Nannoonal et al. (2004, 2008) were
taken from Compernolle et al. (2010), as described in Valorso et al. (2011).
Assuming that the gas/particle partitioning is controlled by
an absorption process (Pankow, 1994), and that the aerosol is
a well mixed homogeneous phase, thermodynamic equilibrium is described by:
vap

Pi = γi xi Pi

(1)

where xi is the mole fraction of species i in the aerosol phase,
vap
Pi its saturation vapor pressure, γi its activity coefficient
and Pi its equilibrium partial pressure. Phase partitioning
was implemented in the model as described by Camredon
et al. (2007). Briefly, thermodynamic equilibrium is enforced
at each time step, assuming ideality for the aerosol phase
(γi = 1). Equation (1) is solved for the set of organic species
using a simple iterative method (Pankow, 1994). For the gas
phase oxidation, time integration is solved using the 2-step
solver (Verwer and Vanloon, 1994; Verwer et al., 1996). In
this model configuration, no reactions occur in the condensed
phase.
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Simulation conditions

At thermodynamic equilibrium, the fraction ξi of a species i
in the aerosol phase is given by (e.g. Donahue et al., 2006):
ξiaer =

Ni,aer
Ni,aer + Ni,gas
!−1

vap

= 1+

M OA γi Pi

COA RT

6

× 10



Ci∗ −1
= 1+
COA

(2)

where Ni,j is the number concentration in phase j (molecule
of species i per cm3 of air), R is the ideal gas constant
(atm m3 K−1 mol−1 ), T the temperature (K), COA the aerosol
mass concentration (µg m−3 of air), M OA is the mean organic molar mass in the aerosol (g mol−1 ) and Ci∗ is an effective saturation mass concentration (µg m−3 of air). Beyond
the pure compound properties (P vap ), COA appears as a key
parameter driving the phase distribution of a given organic
species. Simulations were conducted for fixed aerosol mass
concentrations, with values set in the 0.1–1000 µg m−3 range.
This range encompasses typical atmospheric levels and most
experiments performed in smog chambers. For M OA , a reasonable range might be 100–300 g mol−1 (Pankow, 1994).
Here, a value of 250 g mol−1 was used.
The number of species included in the oxidation scheme
generated by GECKO-A grows exponentially with the number of carbon atom of the precursor (Aumont et al., 2005).
For a C8 parent compound, the explicit mechanism contains
about 106 species, close to computational limits for box modeling. Target species in this study are the C8 –C24 n-alkanes
and significant reductions are required to bring the schemes
down to a manageable size. Equation (2) shows that species
having a vapor pressure below 10−13 atm will be almost exclusively in the aerosol phase, even for a low aerosol content
(ξi > 0.99 for COA > 0.1 µg m−3 ). Such species can be classified as non-volatile under atmospheric conditions and their
gas phase oxidation can be considered as insignificant. These
species are therefore treated as end products during mechanism generation. With this approximation, the computational
limits are reached for C12 hydrocarbons (Aumont et al.,
2008). To further decrease the number of species, a lumping protocol has been implemented in GECKO-A (Aumont
et al., 2008; Valorso et al., 2011; Lee-Taylor et al., 2011).
This lumping protocol is not used in the present study so
that the oxidation process described is fully explicit. Instead,
we restricted the mechanism to high NOx conditions, ignoring the cross reactions between peroxy radicals. Formation
of hydroperoxides from the RO2 + HO2 reactions is thus not
considered in this study. This is a severe approximation, especially to examine the chemical evolution on timescales
exceeding one day for which keeping high NOx is hardly
representative of atmospheric conditions. Simulations performed here are clearly exploratory and intended to examine some, though not all, aspects of SOA formation during the multigenerational oxidation of long carbon chain of
www.atmos-chem-phys.net/12/7577/2012/

aliphatic species. Finally, additional reductions of the chemical scheme were still required for long chain alkanes (C>16 )
to remain within the computational limits. For these species,
the number of generation in the oxidation mechanism of
the precursor was limited to 6. For hexadecane, simulations
showed that increasing the number of generations does not
lead to significant changes in the composition and evolution
of the gas and aerosol phases. Table 1 lists the number of
species finally included in the mechanisms for the various
precursors.
Oxidation of the IVOC precursors leads to SOA formation. This process may obviously contribute to a significant
increase in the prescribed aerosol concentration COA . In this
study, the initial concentration C0 of the precursor is selected
to be negligible compared to COA . The initial mixing ratio
was set to 10 ppt carbon (about 6.5 × 10−3 µg m−3 ). For such
conditions (C0  COA ), the simulated aerosol concentration
is proportional to C0 or, in other words, the time-dependent
aerosol yield is independent of C0 .
The simulations are performed with constant physical conditions. Temperature is fixed at 298 K. Photolysis frequencies are computed for mid-latitude and for a solar zenith angle of 30◦ using the TUV model (Madronich and Flocke,
1997). NOx concentration is held constant at a value of
1 ppb. Finally, an OH source of 2 × 107 radicals cm−3 s−1
was included to initiate the oxidation of the organic species.
For these conditions, organic oxidation is almost exclusively
driven by OH.
3
3.1

Results
Carbon budget

Figure 1 shows the distribution of secondary organic carbon
in the aerosol and gas phase as well as in the form of the final
oxidation products CO or CO2 . In Fig. 1, the simulated time
is scaled to typical atmospheric conditions. We define here
the photochemical age τ as:
1
τ=
[OH]atm

Zt
[OH]sim dt

(3)

0

where [OH]atm is the typical OH concentration in the atmosphere (here taken as 106 molecule cm−3 ), and [OH]sim is
the simulated OH concentration. Figure 1 shows that aerosol
yields grow with COA and with the chain length of the parent compound. The opposite trend is found for CO and CO2
production. After 10 days of atmospheric oxidation, the carbon initially present as octane mainly ends up in the form of
CO and CO2 (typically 70 %), the remaining fraction being
mostly gas phase organic carbon. The aerosol yield for octane becomes significant only for conditions representative
of some smog chamber experiments (about 15 % on a carbon basis when COA = 103 µg m−3 ). For tetracosane (C24
Atmos. Chem. Phys., 12, 7577–7589, 2012
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n-alkane), the fraction of the carbon that is ultimately oxidized to CO or CO2 is minor for COA = 0.1 µg m−3 (about
10 %) and becomes negligible for higher aerosol load. On
a carbon basis, the aerosol yield is close to 1 (see Fig. 1).
However, for COA = 103 µg m−3 , the oxidation process becomes very slow owing to a strong partitioning of tetracosane
to the particle phase (represented as inert in this model
configuration). Hexadecane shows an intermediate behavior.
For atmospheric conditions (i.e. COA in the 0.1–10 µg m−3
range), the carbon distribution is initially dominated by the
production of gas-phase intermediates, and subsequently by
particulate or oxidized carbon. After 10 days of oxidation,
particulate organic carbon is the major fraction (60–75 %),
the remaining carbon being mostly CO + CO2 (20–35 %).
The carbon evolution shown in Fig. 1 is a multigenerational oxidative process. Oxidation leads to progressive functionalization of the carbon skeleton and produces successive
generations of compounds with lower volatility. Aerosol formation occurs when species with low enough volatility are
produced. This volatility threshold is linked to the aerosol
load COA (Eq. 2). The functionalization mechanism competes with the fragmentation of the carbon backbone, the
latter leading to the successive formation of organic intermediates with higher volatility and ultimately to CO2 . Note
that the fragmentation probability increases with the number
of organic moieties born by the carbon skeleton (e.g. Atkinson, 2007; Calvert et al., 2011; Chacon-Madrid and Donahue, 2011). For octane oxidation, fragmentation of the carbon backbone takes place before sufficient functionalization
to allow SOA formation (see also Sect. 3.6) and thus progressively leads to the formation of CO and CO2 as shown in
Fig. 1. For hexadecane, functionalization leads in a few generations to the formation of non-volatile compounds that partition to the aerosol phase. Fragmentation is however still significant, especially for low COA (see Fig. 1). Finally for tetracosane, fragmentation appears as a minor mechanism, since

COA = 0.1 µg m-3

0

carbon atom ratio

Number of phase
equilibria

hexadecane simulation

Number of species
in the mechanism

carbon atom ratio

Parent alkane

1

tretracosane simulation

Table 1. Number of species considered in the gas phase oxidation
mechanism generated with GECKO-A and number of non-radical
species for which gas/aerosol equilibrium is accounted.

2

4

6

8

0

age (day)

parent hydrocarbon
CO + CO2

2

4

6

age (day)

8

0

2

4

6

8

10

age (day)

gas phase secondary organic
aerosol phase secondary organic

Fig. 1. Carbon budget during the oxidation of octane (top line) hexFigure 1: Carbon
budget
during
the tetracosane
oxidation of octane
(top line)
hexadecane
(middle
line) and
adecane
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line)
and
(bottom
line)
for COA
contetracosane (bottom line) for
concentration of 0.1 μg m‐3−3
(1st column), 10 μg m‐3 (2nd column) and
−3COA(1st
centration
of
0.1
µg
m
column),
10
µg
m
(2nd
column)
and
1033 μg m‐3 −3
(3rd column). Continuous and dotted black lines in panels h and i denote the parent
10
µg m (3rd column). Continuous and dotted black lines in pancompound in the gas phase and particulate phase, respectively.
els h and i denote the parent compound in the gas phase and particulate phase, respectively.

organic species produced by the first oxidation steps are of
low enough volatility to partition to the particles (where further oxidation in not considered in this
version of the model).
1
This multigenerational oxidation mechanism is examined in
detail in the section below.
3.2

The multigenerational oxidation step by step

The GECKO-A tool generates the chemical scheme generation after generation. The maximum number of generations can be controlled, and can be used to develop chemical schemes that include a growing number of species generations. Figure 2a, e shows the simulated mass distribution when the scheme includes one generation only. In this
case, first generation organic species are effectively treated as
non reactive compounds that may partition between the various phases. The parent hydrocarbon examined is hexadecane
and the simulation is performed with COA set to 10 µg m−3 .
First generation products are C16 species and include 1-4
hydroxy-ketones (49 % on a carbon basis), monofunctional
nitrates (28 %), 1-4 hydroxy-nitrates (21 %), and trifunctional species (2 %), mostly 1-4-7 dihydroxyketone. The carbon atoms of these first generation species partition to the gas
and aerosol phases in a ratio of about 4 : 1. Figure 2i gives the
simulated volatility distribution of the species after 5 days of
www.atmos-chem-phys.net/12/7577/2012/
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atmospheric oxidation. For the conditions of the simulation,
a species is equally split between the two phases when its
saturation vapor pressure is 10−9 atm (ξ = 0.5, see Eq. 2).
A species can be considered as semi volatile when ξ is in the
0.01–0.99 range. This corresponds here to saturation vapor
pressure in the 10−11 –10−7 atm range. Most first generation
products have volatilities in that range and thus behave as
semi-volatile compounds (see Fig. 2i). Including a chemical
loss to produce the set of second generation species therefore removes not only the gas phase species but also those
absorbed in the aerosol phase due to re-volatilisation of firstgeneration products to maintain the thermodynamic equilibrium between the particle and gas phases. After gas phase
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” (Miracolo et al., 2010). This behavior is seen in Fig. 2b, f when the
chemical scheme is generated up to the second generation
species. The carbon distribution between the two phases is
about 50/50 after a few days of atmospheric oxidation. The
contribution of first generation species to the aerosol mass
budget does not then exceed a few percent (see Fig. 2b, f).
The volatility distribution of the second generation species
spans 14 orders of magnitude. The functionalization of the
carbon backbone leads to species that can here be considered
as non-volatile when P vap is below 10−11 atm (i.e. ξ > 0.99).
For these species, the gas phase concentration is negligible and oxidation becomes a minor process. The fragmentation route leads to volatile species (P vap > 10−7 atm) with
a lower number of carbon atoms. The fraction of the second
generation species in the semi-volatile and volatile category
will be subject to oxidation if the mechanism is extended to
higher generations as seen in Fig. 2d, h.
This progressive evolution lasts as long as oxidation produces organic species with high enough volatilities to be
further oxidized in the gas phase at a rate relevant in the
context of atmospheric chemistry. The atmospheric lifetime of submicron aerosols does not exceed a few weeks.
The “re-volatilization – gas phase oxidation” mechanism
described above is therefore efficient if it occurs with
a characteristic time lower than this aerosol lifetime. After 5 days of atmospheric processing, the mean (concentration weighted) OH rate constant of the aerosol contributors is 3 × 10−11 cm3 s−1 . For a typical OH concentration
of 106 molecule cm−3 , a chemical lifetime of about one year
may be estimated for ξ = 0.999 (i.e. C ∗ = 10−3 COA ). With
this model configuration organic matter is thus either progressively transferred to the particle phase in a form that can
be considered as a “permanent” non-volatile state or is finally
oxidized to CO2 . For hexadecane and the conditions of the
simulation, Fig. 2 shows that about 6 oxidation steps must be
taken into account to reach this state. Species contributing to
SOA production are mostly products from the 2nd to the 4th
generation. Species produced after at least 4 oxidation steps
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become non-negligible in the mass budget only after the second day of atmospheric oxidation.
3.3

Number of generations and organic aerosol load

For a given species, the partition ratio ξ is a function of
COA (see Eq. 2). The behavior of a given volatile species
may change to semi-volatile or non-volatile if COA increases.
The number of oxidation steps required to saturate the gas
phase must therefore grow when COA decreases. Figure 3
shows the carbon distribution for the hexadecane simulation with COA set to 0.1, 10 and 1000 µg m−3 . As expected,
species produced after many generations contribute more significantly to SOA mass when COA decreases. For COA =
103 µg m−3 , SOA is mostly made of 1st and 2nd generation
products. For COA = 0.1 µg m−3 , first generation products
are negligible in the SOA mass budget even during the first
day of atmospheric oxidation. For such low organic aerosol
content, species produced after 4 or more generations contribute strongly to the SOA budget (up to 50 %, see Fig. 3d).
The rate of SOA production therefore decreases with COA
since longer timescale are required to produce substantial
quantities of the higher generation products. For example,
for COA = 103 µg m−3 , the initial rate of transfer of carbon
atoms from the precursor (here hexadecane) to the SOA contributors is 73 % per day (see Fig. 3c). This rate drops to 40
Atmos. Chem. Phys., 12, 7577–7589, 2012
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and 20 % per day for COA values of 10 and 0.1 µg m−3 , respectively.
3.4

3.5

SOA yield and organic aerosol load

Precursor chain length and number of generations

Increasing the number of carbon atoms of the precursor shifts
toward lower values the vapor pressure of the species involved in a given oxidative reaction sequence. The number
of oxidation steps needed to saturate the gas phase is thus
expected to be smaller when the size of the carbon backbone
increases. Figure 4 shows the organic carbon budget for octane, hexadecane, and tetracosane discriminated on a generational basis. Simulations are conducted with COA set to
10 µg m−3 . For tetracosane, the first 3generation products are
almost exclusively in the particle phase and represent about
80 % of the carbon budget. The rate of chemical pumping
is low, owing to the strong partitioning of the first generation species to the particle phase. However, a small fraction
still remains in the gas phase at equilibrium. This fraction
is subjected to oxidation and produces low volatility second
generation products (about 15 %, see Fig. 4c). For octane, the
successive generations of species produced during oxidation
remain too volatile to condense with high yield in the particle
phase owing to significant fragmentation of the carbon skeleton when the O / C ratio becomes large (see Sect. 3.6). SOA
contributors are 3rd and 4th generation species produced after few days of atmospheric oxidation (less than 5 % of the
carbon budget). As expected, Fig. 4 shows that SOA contributors are produced on average with a growing number of
oxidation steps (i.e. made of more oxidized organic species)
when the carbon backbone of the parent compound decreases
in length. Oxidation states of SOA contributors are examined
in more detail in Sect. 3.6.
Atmos. Chem. Phys., 12, 7577–7589, 2012

Figure 5 shows the maximum carbon atom ratio in the particle phase as a function of COA for C8 to C20 n-alkanes.
This maximum ratio is observed after the consumption of
the parent hydrocarbon (see Fig. 1). The maximum ratio is
therefore equivalent to a SOA yield YC expressed on a carbon basis. As expected, YC grows with the chain length and
with COA . For C8 –C14 alkanes, YC increases by about 10 %
for each carbon atom added to backbone. This increase then
levels off for longer chain length when YC approaches unity
(see Fig. 5). YC also shows a logarithmic growth with COA
in the 10−1 –103 µg m−3 range. For the C10 to C16 series,
the YC increase is in the range of 7–10 % per decade in
4
COA . The slope is slightly lower for
longer carbon chains,
as YC approaches unity. Figure 5 shows significant yields at
low COA concentration even for comparatively small carbon
backbones. For example, for COA = 0.1 µg m−3 , YC is 7 %
for decane and 41 % for tetradecane. However, the timescale
to reach the maximum yield increases as COA or hydrocarbon carbon chain length decrease (see Sect. 3.3). For example, the atmospheric oxidation timescale required to reach
the maximum yield is about 4 days for tetradecane and exceeds 1 week for decane. These results suggest that a substantial fraction of the C10 –C14 anthropogenic hydrocarbons
may end up as organic aerosols given enough time for oxidation, even under substantial atmospheric dilution (i.e. low
COA ). Confirming such yields on an experimental basis is
a real challenge, owing to detection limits for such low COA
conditions (below 1 µg m−3 ) and the timescale linked to this
gas phase aging process. Furthermore, it should be pointed
www.atmos-chem-phys.net/12/7577/2012/

B. Aumont et al.: Modeling SOA formation

7583

be computed for each intermediate. The evolution of the
species in OSC –C ∗ space is given in Fig. 6, where the oxidation of octane, hexadecane and tetracosane is examined
C-20
0.8
for COA of 10 µg m−3 . Distributions are given for increasing
C-18
atmospheric aging times, from 0 to 5 days. Position isomers
C-16
having identical C ∗ and OSC are lumped into the same bubC-14
0.6
ble in Fig 6. Overlaps in C ∗ arise when the structure/activity
relationship used to estimate P vap provides identical values
C-12
for distinct position isomers. For clarity, species with a car0.4
bon atom ratio lower than 10−4 are also not considered in the
distributions shown in Fig. 6.
C-10
0.2
In Fig. 6, species having the number of carbon atom of
the parent compound (gray bubbles) are distinguished from
C-8
species with smaller carbon skeletons (red bubbles). The for0
mer delineate the functionalization trajectories only (i.e. in10 -1
10 0
10 1
10 2
10 3
creasing number of functional groups on the carbon skeleton)
COA (µg m−3)
while the latter draw joint fragmentation/functionalization
trajectories (i.e. bond breaking of the carbon skeleton with
Fig. 5. Maximum carbon based aerosol yields simulated for the nan overall increased carbon oxidation state). As expected,
alkane series as a function of COA .
5: Maximum carbon based aerosol yields simulated for the n‐alkane series as a function
of COAthat
. fragmentation increases with chemical age
Fig. 6 shows
and with shorter parent compound chain lengths (see also
the CO and CO2 budget in Fig. 1). For octane, functionalout that most organic intermediates involved in the producization routes first lead to species with large OSC after a few
tion of the low volatility SOA contributors are expected to
oxidation steps. As already stated, fragmentation probabilbe water soluble and may either be removed through dry and
ity increases with OSC (see Sect. 3.1). Fragmentation ocwet deposition or processed in cloud droplets.
curs before the functionalization routes can produce large
amount of low volatility species, ultimately leading to CO2
3.6 Trajectories in the OSC – volatility space
(see Fig. 1b). Therefore, SOA yield remains low even after
5 days of atmospheric oxidation. Tetracosane shows the opVarious conceptual frameworks have been proposed to examposite behavior. C ∗ values for first generation products lie
ine the oxidation trajectories from the parent organic species
well below COA (see Fig. 6). The gas-phase chemical pump
down to the ultimate oxidation product CO2 . These frameis therefore inefficient and OSC remains below −1.5 for most
works are 2-dimensional spaces designed to capture both
SOA contributors Fragmentation is thus a negligible route in
volatility and polarity changes during oxidation. For examthe tetracosane evolution. For hexadecane, there is signifiple, two-dimensional frameworks proposed for the design
cant fragmentation of the carbon skeleton, leading to a myrof models include polarity vs. carbon number (Pankow and
iad of gas-phase products (see Fig. 6). Most fragmentation
Barsanti, 2009; Barsanti et al., 2011), mean carbon oxidaproducts evolve toward the production of CO and CO2 (uption state (OSC ) vs. carbon number (Kroll et al., 2011), and
per right direction of Fig. 6). After 5 days of atmospheric
OSC (or O / C) vs. volatility (2-D-VBS, Donahue et al., 2011,
processing, 16 % of the hexadecane carbon atoms have been
2012). Note that the degree of oxidation is a key parameter
converted to CO or CO2 (see Fig. 1e). In the particle phase,
not only to examine SOA formation and aging but also to
species with 16 carbon atoms (i.e. derivatives of the parent
retrieve aerosol properties like hygroscopicity (e.g. Jimenez
compound) contribute to 92 % of the SOA carbon budget.
et al., 2009). Two metrics that can be measured during laboThe mean number of carbon per species contributing to the
ratory or field experiments have been proposed for the develSOA mass is 15.4. The major SOA contributors are thereopment of empirical models: the O / C atom ratio (or OSC )
and the volatility (Donahue et al., 2012). In this section, we
fore produced via the functionalization pathways with only
examine the simulated trajectories for the n-alkane in the
minor contributions from trajectories including at least one
fragmentation step. The overall SOA oxidation state remains
OSC –C ∗ space described by Donahue et al. (2012).
The saturation vapor pressure P vap is a fundamental
low, most species having an OSC between −1.0 and −2.0
property estimated for each non-radical organic species by
(see Fig. 6k).
GECKO-A. Effective saturation mass concentrations C ∗ are
computed based on Eq. (2), assuming ideality and M OA =
3.7 Highly oxygenated aerosols (OOA) vs. hydrocarbon
250 g mol−1 . Conversion of P vap to C ∗ is straightforward
like organic aerosols (HOA)
vap = 10−10 atm).
(e.g. C ∗ = 1.0 µg m−3 is equivalent
to
P
5
Atmospheric observations based on aerosol mass spectromGECKO-A provides the explicit oxidation schemes (see
Sect. 2) and the mean carbon oxidation state can therefore
eter (AMS) measurements show that submicron organic
aerosol yield (carbon basis)

1
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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
Figure 6: Volatility and mean carbon oxidation state of the species produced during the oxidation of
volume of the bubble. Position
isomers having identicalnd volatility and oxidation staterd are lumped into the same bubble. Grey bubbles denote
octane
(1st column),
(2 column)
tetracosane
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a function
of aging
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time.
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The blue dotted lines indicate the organic aerosol concentration COA prescribed for the simulation.
Position isomers having identical volatility and oxidation state are lumped into the same bubble.
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COA prescribed for the simulation.

of highly oxygenated organic aerosols (OOA) (Zhang et al.,
The shaded green area in Fig. 6 marks the OOA do2005, 2007) and is characterized by an O / C ratio larger than
main. The tetracosane oxidation simulation yields negligible
0.25 (Jimenez et al., 2009). This OOA component is usuamounts of species falling in that domain. For octane, the
ally given equivalent status to SOA. OSC can be approxisimulated SOA contributors match the oxidation state exmated based on the elemental O / C and H / C ratios (Kroll
pected for OOA but, as discussed above, the aerosol yield
et al., 2011). Analysis of elemental ratios measured for oris very low (see Fig. 1b). The hexadecane oxidation simuganic aerosols shows that O / C ratio is on average a linear
lation 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 average OSC ≈ 3(O / C)−2 6 grows slowly with age but remains a minor component. Af(Donahue et al., 2012). OOA can therefore be equivalently
ter 5 days of atmospheric processing, OOA contributes only
characterized by an OSC greater than about −1.25. Another
10 % of the overall SOA production on a carbon atom basis in
often-reported component shows features resembling emisthe 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 conbon 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 organic
the HOA domain. After 5 days of atmospheric processing,
Atmos. Chem. Phys., 12, 7577–7589, 2012
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species in the HOA domain contribute 61 % of the overall
SOA production in the hexadecane case. Virtually all SOA
contributors fall in the HOA category in the tetracosane simulation (see Fig. 6).
Species produced during octane and hexadecane oxidation
border the right and bottom of the OOA domain, respectively, suggesting that n-alkanes of intermediate carbon chain
length (i.e. C9 –C15 ) might produce OOA with greater yields.
Figure 7 shows the simulated species distribution after 5 days
of atmospheric oxidation for decane, dodecane and tetradecane. As expected, the fraction of SOA contributors falling
in the OOA category decreases with increasing carbon chain
length. On a carbon atom basis, OOA represents 82 %, 49 %,
22 % of SOA produced after 5 days of atmospheric oxidation
of decane, dodecane and tetradecane, respectively. The SOA
yield and the OOA fraction show opposite trends, increasing and decreasing, respectively with the chain length. For
an aging time of 5 days and for COA = 10 µg m−3 , the OOA
carbon yield YCOOA (i.e. OOA produced per parent hydrocarbon reacted) is greatest for the dodecane oxidation, reaching
0.19. Note that the fraction of SOA contributors falling in the
HOA domain grows with the chain length (see Fig. 7). For an
aging period of 5 days, HOA represents 8 %, 24 % and 35 %
of SOA produced in the simulation of decane, dodecane and
tetradecane, respectively.
Figure 8 shows YCOOA computed for C8 –C18 n-alkane as
a function of COA . For the condition explored within this
study, YCOOA never exceeds 25 %. For any given precursor,
YCOOA exhibits a bell shaped curve which arises from the
competition between fragmentation and functionalization.
The functionalization pathways dominate the initial oxidation steps. For high COA content, first generation species partition to the aerosol phase. The gas phase chemical pump
efficiency decreases and the OOA fraction remains low, explaining the low YCOOA values even though YC is large. For
low COA content, many successive oxidation steps are required to produce species with low enough volatility to condense. As stated above, fragmentation pathways dominate
the gas phase oxidation of highly oxygenated species and
most species then evolve toward CO2 production before partitioning to the aerosol phase. Both YCOAA and YC are therefore low. The maximum YCOOA is observed when COA is low
enough to allow an efficient gas phase production of oxygenated species but high enough to allow condensation and
avoid significant fragmentation of the carbon skeleton. This
maximum yield shifts to lower COA values as the carbon
chain length of the precursor increases (see Fig. 8).
Two subtypes of OOA can usually be distinguished based
on factor analysis of AMS data, the first being attributed
to highly oxidized low-volatile species (LV-OOA) the second being attributed to less oxidized semi-volatile species
(SV-OOA) (Jimenez et al., 2009). Atmospheric observations
suggest that SV-OOA is rather fresh OA which evolves to
LV-OOA during photochemical processing (Jimenez et al.,
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2009). The dotted contours in Fig. 7 delineate the LV-OOA
and SV-OOA envelopes depicted by Jimenez et al. (2009)
and Donahue et al. (2012). No species in our simulations fall
in the LV-OOA domain and the OOA contributors lie in the
lower range of SV-OOA oxidation state. The configuration of
the model appears clearly unable to explain the production of
LV-OOA from n-alkane parent compounds. This statement
holds for carbon skeletons of any size and for any aging time
relevant in the context of atmospheric oxidation.
Figures 6 and 7 show that most SOA contributors are
too reduced to be categorized as OOA (i.e. with an OSC
greater than −1.25). Simulated OOA represents therefore
only a fraction of the SOA produced during the oxidation
of n-alkanes. The OOA contribution to the overall SOA budget decreases when the chain length of the parent compound
increases, and appears to be a minor component for C>16 nalkanes. According to this model version, the OOA component may thus greatly underestimate SOA. On the other hand,
most simulated SOA contributors are reduced enough to be
categorized as HOA (i.e. with an OSC lower than −1.5). Unlike OOA, the simulated HOA contribution to the SOA budget increases with the chain length of the parent compound,
and appears as the major component for C>16 n-alkanes. According to this model version, the HOA component may thus
overestimate POA.

4

Conclusions

Explicit chemical mechanisms reflect the current knowledge
of the transformations occurring in the atmosphere. Explicit
schemes were generated for C8 –C24 n-alkanes using the
GECKO-A tool. Simulations were conducted to explore SOA
formation for various concentrations of preexisting aerosol.
In the version of the model examined here, gas-aerosol equilibrium is assumed at each time step for each species and the
aerosol phase is assumed to be an inert phase. As expected,
simulation results show that (i) SOA yield increases with the
carbon chain length of the parent hydrocarbon, (ii) SOA yield
decreases with decreasing COA , (iii) SOA production rates
are faster with increasing COA , and (iv) the number of oxidation steps (i.e. generations) needed to describe SOA formation and evolution grows when COA decreases. However,
most simulated SOA contributors are found to be not oxidized enough to be categorized as OOA but reduced enough
to be categorized as HOA. This trend increases with the carbon chain length of the parent n-alkane. This model version
therefore suggests that OOA may underestimate SOA, while
HOA may overestimate POA. The model was unable to produce highly oxygenated aerosols (OOA) with large yields. In
particular, this model configuration did not lead to the production of species having carbon oxidation states and volatilities matching the LV-OOA subtype usually observed in situ
for SOA, even after 10 days of atmospheric processing with
low COA content. Oxidation of n-alkanes leads to species
Atmos. Chem. Phys., 12, 7577–7589, 2012
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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 performed with COA = 10 µg m−3 and the distributions are given for an aging time
Figure 7: Volatility and mean carbon oxidation state of the species produced during the oxidation of
of 5 days. See caption
of Fig. 6 for the color code of the bubbles.
decane (1st column), dodecane (2nd column) and tetradecane (3rd column). Simulations are performed
with COA = 10 μg m‐3 and the distributions are given for an aging time of 5 days. See caption of figure
6 for the color code of the bubbles.
1999, 2002; El Haddad et al., 2009). Branched and unsatu-

0.25

OOA yield (carbon basis)

18
C-

rated species may behave differently from the n-alkanes. For
example, branched alkanes are more prone to fragment in
C-12
the early stage of the oxidation (e.g. Atkinson, 2007; Atkin0.20
son et al., 2008), leading to lower SOA yield than their
C-10
corresponding linear analogue (Lim and Ziemann, 2009)
0.15
C-14
but likely with an enhanced mean carbon oxidation state.
Similarly, alkenes yield to higher fragmentation than their
C16
corresponding saturated analogue (e.g. Atkinson and Arey,
0.10
2003) but also lead to the production of more oxidized multifunctional species (e.g. dihydroxycarbonyls) as first firstC-8
generation products (Matsunaga et al., 2009). It is also pos0.05
sible that the explicit schemes generated by GECKO-A are
not representative of the gas phase oxidation processes ac0.00
tually occurring in the atmosphere. The protocol included
10 -1
10 0
10 1
10 2
10 3
in GECKO-A to design the oxidation mechanism (Aumont
−3
COA (µg m )
et al., 2005) is based on the current understanding of atmospheric organic chemistry. The chemistry of most oxyFig. 8. Yield of highly oxygenated organic aerosol (OOA) for C8 –
genated organic molecules investigated so far concerns rather
C18 n-alkane as a function of COA . Yields are computed for an
small carbon chains (typically below C8 ) bearing 1 or 2 funcaging time of 5 days.
tional groups (e.g. Calvert et al., 2011). Empirical SARs
7
8: Yield of highly oxygenated organic aerosol (OOA) for C8‐C18 n‐alkane as a function
of on
COAthis
. experimental data are extrapolated to infer the
based
chemistry of species bearing many functional groups. This
re computedhaving
for an aging
5 days.
eithertime
too oflow
volatility to activate the gas phase
extrapolation may not be appropriate. For example, the funcchemical pump efficiently (long carbon chain) or too high
tionalization vs. fragmentation pathways directly depend on
O / C ratio to avoid fragmentation and CO2 production (short
(i) which reactive sites of the molecule react with the OH
carbon chain). Similar behavior has been recently described
radical, and (ii) the evolution of the alkoxy radicals proby Cappa et al. (2012), based on a kinetic and statistical oxiduced during the oxidation (e.g. Atkinson and Arey, 2003;
dation model.
Calvert et al., 2011). The rates of these 2 key reaction steps
Atmospheric observations show that the OOA component
are strongly modified by neighboring functional groups (e.g.
is ubiquitous and define a target for proposed mechanisms
Kwok and Atkinson, 1995; Atkinson, 2007). Branching ra(Donahue et al., 2012). Various hypotheses can be raised to
tios may thus be erroneously computed with available SARs
explain why the simulated oxidation of the n-alkanes does
when applied to the multifunctional species produced beyond
not overwhelmingly reach that target. The first possibility is
the first generation. Finally, the assumption made in this verthat n-alkanes are not representative surrogates for the IVOC
sion of the model that the condensed phase is chemically inemitted in the atmosphere. These IVOC species constitute
ert is clearly crude. For example, a major category of first
a complex mixture of linear, branched and cyclic alkanes,
oxidation products, hydroxycarbonyls (see Sect. 3.2), were
alkenes and aromatics (e.g. Fraser et al., 1997; Schauer et al.,
Atmos. Chem. Phys., 12, 7577–7589, 2012
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found to be converted into dihydrofurans by a heterogeneous
process (e.g. Atkinson et al., 2008), a likely key transformation in the formation of SOA (Lim and Ziemann, 2009). Furthermore, oxidative reactions occurring in the aerosol phase
have been observed for squalane, a branched C30 alkane,
and may play a key role in the aging of organic aerosols
(e.g. Kroll et al., 2009). For example, atmospheric observations show that carboxylic acid is a major functional group
found in aerosols (Sempere and Kawamura, 1994; Decesari
et al., 2000; Kanakidou et al., 2005) but this group does not
contribute significantly to the carbon budget simulated with
GECKO-A (Lee-Taylor et al., 2011). It is unlikely that a gas
phase chemical source is efficient enough to account for the
measured values (Aumont et al., 2000). The conjunction of
C-C bond breaking in the aerosol phase and the production of
carboxylic acid at the terminal carbon atom of the fragment
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 production of organic aerosol with higher mean carbon oxidation states. Sensitivity studies will be performed to test the
likelihood of these assumptions.
Acknowledgements. NCAR is sponsored by the National Science
Foundation. JLT was supported and SM was supported in part by
a grant from the US Department of Energy, Office of Science, BER,
DE-FG02-ER65323. The support from the French ANR project
MEGAPOLI – PARIS (ANR-09-BLAN-0356) is acknowledged.
The study has been performed in the frame of the PRIMEQUAL
programme of the French Ministry of Ecology, Energy, Sustainable
Development and Sea.
Edited by: J. H. Seinfeld

The publication of this article is financed by CNRS-INSU.

References
Atkinson, R.: Rate constants for the atmospheric reactions of alkoxy
radicals: an updated estimation method, Atmos. Environ., 41,
8468–8485, doi:10.1016/j.atmosenv.2007.07.002, 2007.
Atkinson, R. and Arey, J.: Atmospheric degradation of
volatile organic compounds, Chem. Rev., 103, 4605–4638,
doi:10.1021/cr0206420, 2003.
Atkinson, R., Arey, J., and Aschmann, S. M.: Atmospheric chemistry of alkanes: review and recent developments, Atmos. Environ., 42, 5859–5871, doi:10.1016/j.atmosenv.2007.08.040, 2008.
Aumont, B., Madronich, S., Bey, I., and Tyndall, G. S.: Contribution
of secondary VOC to the composition of aqueous atmospheric

www.atmos-chem-phys.net/12/7577/2012/

7587
particles: a modeling approach, J. Atmos. Chem., 35, 59–75,
doi:10.1023/a:1006243509840, 2000.
Aumont, B., Szopa, S., and Madronich, S.: Modelling the evolution
of organic carbon during its gas-phase tropospheric oxidation:
development of an explicit model based on a self generating approach, Atmos. Chem. Phys., 5, 2497–2517, doi:10.5194/acp-52497-2005, 2005.
Aumont, B., Camredon, M., Valorso, R., Lee-Taylor, J., and
Madronich, S.: Development of systematic reduction techniques
to describe the SOA/VOC/NOx /O3 system, in: Atmospheric
Chemical Mechanisms Conference, Air Quality Research Center, UC Davis, CA, 10–12 December 2008.
Barley, M. H. and McFiggans, G.: The critical assessment of vapour
pressure estimation methods for use in modelling the formation
of atmospheric organic aerosol, Atmos. Chem. Phys., 10, 749–
767, doi:10.5194/acp-10-749-2010, 2010.
Barsanti, K. C., Smith, J. N., and Pankow, J. F.: Application of the np plus mP modeling approach for simulating secondary organic particulate matter formation from
alpha-pinene oxidation, Atmos. Environ., 45, 6812–6819,
doi:10.1016/j.atmosenv.2011.01.038, 2011.
Bethel, H. L., Atkinson, R., and Arey, J.: Kinetics and products of
the reactions of selected diols with the OH radical, Int. J. Chem.
Kinet., 33, 310–316, 2001.
Calvert, J. G., Derwent, R. G., Orlando, J. J., Tyndall, G., and
Wallington, T. J.: The mechanisms of atmospheric oxidation of
the alkanes, Oxford University Press, New York, NY, 2008.
Calvert, J. G., Mellouki, A., Orlando, J. J., Pilling, M. J., and
Wallington, T. J.: The mechanisms of atmospheric oxidation of
the oxygenates, Oxford University Press, New York, NY, 2011.
Camredon, M., Aumont, B., Lee-Taylor, J., and Madronich, S.:
The SOA/VOC/NOx system: an explicit model of secondary organic aerosol formation, Atmos. Chem. Phys., 7, 5599–5610,
doi:10.5194/acp-7-5599-2007, 2007.
Cappa, C. D. and Wilson, K. R.: Multi-generation gas-phase oxidation, equilibrium partitioning, and the formation and evolution
of secondary organic aerosol, Atmos. Chem. Phys. Discuss., 12,
3295–3356, doi:10.5194/acpd-12-3295-2012, 2012.
Chacon-Madrid, H. J. and Donahue, N. M.: Fragmentation vs.
functionalization: chemical aging and organic aerosol formation, Atmos. Chem. Phys., 11, 10553–10563, doi:10.5194/acp11-10553-2011, 2011.
Chan, A. W. H., Kautzman, K. E., Chhabra, P. S., Surratt, J. D.,
Chan, M. N., Crounse, J. D., Kürten, A., Wennberg, P. O.,
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