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Abstract. Organic aerosols (OA) can be separated with fac-space which follows aAH:C/AO:C slope of~ —0.5. This
tor analysis of aerosol mass spectrometer (AMS) data intslope suggests that ambient OOA aging results in net changes
hydrocarbon-like OA (HOA) and oxygenated OA (OOA). in chemical composition that are equivalent to the addition
We develop a new method to parameterize H:C of OOA inof both acidandalcohol/peroxide functional groups without
terms of f43 (ratio of m/z43, mostly GH3O™, to total sig-  fragmentation (i.e. C-C bond breakage), and/or the addition
nal in the component mass spectrum). Such parameterizasf acid groups with fragmentation. These results provide a
tion allows for the transformation of large database of am-framework for linking the bulk aerosol chemical composi-
bient OOA components from th¢4 (mostly CO}, likely tion evolution to molecular-level studies.
from acid groups) vsfs3 space (“triangle plot”) (Ng et al.,
2010) into the Van Krevelen diagram (H:C vs. O:C) (Van
Krevelen, 1950). Heald et al. (2010) examined the evolution] |xtroduction
of total OA in the Van Krevelen diagram. In this work to-
tal OA is deconvolved into components that correspond toThe study of organic aerosols (OA) in the atmosphere is chal-
primary (HOA and others) and secondary (OOA) organiclenging due to the large number of molecular species in-
aerosols. By deconvolving total OA into different compo- volved and the continuous evolution of OA concentration,
nents, we remove physical mixing effects between secondargomposition, and properties (Jimenez et al., 2009). Re-
and primary aerosols which allows for examination of the cently, simplified ways of characterizing the aging of OA
evolution of OOA components alone in the Van Krevelen in the atmosphere from aerosol mass spectrometer (AMS)
space. This provides a unique means of following ambi-datasets have been identified (Ng et al., 2010; Heald et al.,
ent secondary OA evolution that is analogous to and can bg010). Ng et al. (2010) analyzed OA components determined
compared with trends observed in chamber studies of secfrom positive matrix factorization (PMF) analysis of 43 AMS
ondary organic aerosol formation. The triangle plot in Ng etdatasets in the Northern hemisphere (unit mass resolution
al. (2010) indicates thafss4 of OOA components increases mass spectra, UMR, and high resolution, HR). At most sites,
with photochemical age, suggesting the importance of acidDA could be separated into hydrocarbon-like OA (HOA) and
formation in OOA evolution. Once they are transformed oxygenated OA (OOA), and sometimes other primary com-
with the new parameterization, the triangle plot of the OOA ponents. HOA and OOA are good surrogates for primary
components from all sites occupy an area in Van KrevelenOA (POA) and secondary OA (SOA) under most conditions.
OOA can be further deconvolved into semi-volatile OOA
(SV-O0A) and low volatility OOA (LV-OOA) (Jimenez et
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OA evolution is characterized in terms of the changing in- 30 Ambiont dat:
tensities of the two most dominant oxygen-containing ions in = gg’;
the OOA spectram/z44 (mostly Cq in ambient data) and ® LV-O0A

SV-OO0A

m/z43. Them/z43 fragment is mainly gH3O" for the OOA 0.257
component, and §I-|;r for the HOA component. In OOA the

m/z44 ion is thought to be due mostly to acids (Duplissy et (50
al., 2011) or acid-derived species, such as estersnVhé3

(CoH30™) ion is predominantly due to non-acid oxygenates.

Both acid and non-acid oxygenates have been observed ify4 0157
ambient OA (Russell et al., 2011; Decesari et al., 2007).
When fa4 (ratio of m/z44 to total signal in the component
spectrum) is plotted againghs (defined similarly), all OA
components fall within a triangular space (Fig. 1, hereafter
referred to as the “triangle plot”). The HOA components 0057
have f44 < 0.05; SV-OOA and LV-OOA components con-

centrate in the lower and upper halves of the triangle, respec- | |
tively. The base of the triangle encompasses the variability in T T T T 1
HOA and SV-OOA composition. This range decreases with '
increasingfs4 (O:C ratio), suggesting that the aerosols be-
come more chemically similar with increasing aging, largely Fig. 1. Triangle plot (f44 vs. f43) for all the OOA components
independent of the initial source of the material (Jimenez efrom 43 ambient AMS datasets as well as selected laboratory data
al., 2009; Ng et al., 2010). Most SOA produced in the lab- (adapted from Ng et al., 2010). The light green sh_aded area indi-
oratory experiments cluster on the lower half of the tri‘,jmgka,cates the region Whgre most of Iaborato:Ly data fall |ntJ(r). It is noted
indicating that they are not as oxidized as ambient LV-OOA tNat /43 refers to ratio of tota/z43 (GH and GH3zO™) to to-

(Ng et al., 2010). tal signal in the component spectrum for the components. The only

. . exception to this are the squalane data (Kroll et al., 2009). The
Heald et al. (2010) characterized the evolution of total OA squalane data points were obtained by heterogeneous oxidation and

composition using the Van.KreveIen diag_ram (H:C vs. 0O:C) thus f,3 contains contribution from both unreacted squalane as well
(Van Krevelen, 1950). In this approach, high resolution massas oxidized squalane products. In order to follow the production of
spectra were analyzed to obtain bulk H:C and O:C valueshe oxidized materials, we only show the ratio ofHGO™ to to-

(Aiken et al., 2007, 2008). HR-AMS field datasets and lab-tal signal (i.e., §,1,0+) for squalane data to examine its oxidation
oratory studies occupy a narrow range when plotted in thgrends.
Van Krevelen diagram. The authors reported that all the data

cluster along a line with slope —1, consistent with simul-

taneous increases in carbonyl and alcohol moieties, either iRhOtOChem'Cal aging, and different precursor sources affect-

separate carbons or due to the addition of carboxylic acid(g%;\hat _S'Fe'f Eacr('j cor(r;ponzr!t prr]owdes a hs napihot” of t::e
groups. It is suggested that the total OA composition moves asitis formed and aged in the atmosphere, but togetner

along this line with increased aging (Heald et al., 2010). the comp}ogeonpt\s from mul'upll\le Worldlwgglscl)t.eiﬂdeflne a ccin-
Total OA composition is driven by several effects, includ- tinuum o properties (Ng et al., ; Morgan et al.,

ing physical mixing, condensation/evaporation effects, and2010)' We use this integrated analysis of OOA components

photochemical transformation. In this manuscript we decon-© examine the tr_ends in Van _K_revelen space and the |mpl|ed
anges in chemical composition of ambient OOA evolution.

volve total OA into distinct primary (HOA and others) and ch . . . )
secondary (total OOA, SV-OO0A, LV-O0A) components and In t_h|s work, we link the complementa_ry information (.)f
explicitly examine ambient OOA evolution alone in a man- thehtrlangls plot a;d thef Van Kre;]/elgngfgrar? o pr0\_1_|ﬁe
ner that is analogous to and can be compared with chambéHrt er un erStan ing o atmp;p eric (.avo.unon. €
triangle plot provides an empirical way of viewing all new

SOA experiments. By deconvolving total OA into different AMS data in th text of iiable data for ch terizi
components, we remove physical mixing effects between pri- ata in the context ot available data for characterizing

mary and secondary aerosols which allows for examinatiorf”‘e'r;\)l\?losI ag(ijngr; . obltaidned lfrom dt/):th Uhl/lléh(sugh lasé the
of the evolution of OOA components alone. It is noted that Q- and the recently developed Aeroso emical Spe-

some of the OOA evolution may occur through mixing of ciation Monitor, ACSM, Ng et al., 2011) and HR instruments

different types of OOA. Unit mass resolution ambient OOA can be readily plotted in real time in this space. With detailed

components from Ng et al. (2010) are then transformed to théjata processing of HR-AMS data, the added chemical insight

Van Krevelen space using a new parameterization of H:C incontained in the Van Krevelen diagram provides information

terms of f43 that is derived from and is valid for laboratory on the mechanism of evolution of OA composition.
SOA and ambient OOA components. The OOA composi-
tion at any given site is highly dependent on the meteorology,

Laboratory data:

Squalane photooxidation
Methyl chavicol photooxidation
Linalool photooxidation

0.10
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Fig. 2. Parameterization of H:C in terms g3 for SOA/OOA, using OOA components (total OOA, SV-O0A, LV-O0A) obtained from

PMF analysis of HR-AMS ambient datasets and SOA formed in laboratory studies. It is noted that multiple experiments were performed for
each SOA precursor in the laboratory studies. The solid diamonds are the binned laboratory data. The dotted gray-li6é$ &n@m the

fitted line.

2 Methods: parameterization of H:C vs. fa3 OOA. For the H:C parameterization, we explored the use of
m/z43, which is the next most intense ion in OOA compo-
In order to map data from the triangle plofa§ vs. fa3) nent spectra. While the ion at/z43 does not necessarily
onto the Van Krevelen diagram (H:C vs. O:C), both H:C contain a large fraction of measured total hydrogen in OOA,
and O:C must be parameterized using UMR data_ Aiken eﬂt doeS Correlate We” W|th H:C as ShOWﬂ in F|g 2. In th|S
al. (2008) showed that O:C of ambient OA can be estimatecc@se,m/z43 functions as a tracer for H:C analogous to the
from fa4 through a linear parameterization. In this work, Use of feo (fraction of m/z60 to the total signal in the mass
we obtain an analogous parameterization of H:C in terms ofPectrum) as a tracer for biomass burning organic aerosols
fa3 (Fig. 2) for SOA/OOA, using OOA components obtained (BBOA) (e.g., Cubison et al., 2011), even if thez60 ion
from PMF analysis of HR-AMS ambient datasets (Docherty usually represents a small fraction of the actual BBOA.
et al., 2008; Aiken et al., 2009; DeCarlo et al., 2010; Huang The laboratory data are time-dependent data (continuous
et al., 2011, 2010; Sun et al., 2011) and SOA formed in lab-data over the course of each experiment) and account for
oratory studies (Chhabra et al., 2010, 2011). The data usethore points in Fig. 2 than the ambient data. The variabil-
in the parameterization has similgis range as those ob- ity in the chamber data points reflects precursor-dependent
served in ambient OOA components (Fig. 1). It is noted thatdifferences in SOA. In order to weight the laboratory data
multiple experiments were performed for each SOA precur-equally with ambient data, for each laboratory experiment
sor in the laboratory studies. All the data shown are HR, inthe f,3 values are binned with afiy3 increment of 0.02 and
which H:C is determined explicitly by elemental analysis. As the average values for H:C aryfd3 are calculated for each
these are OOA/SOA datd,3 in Fig. 2 is dominated by the bin. The binned averages from each experiment are then
oxygenated fragment am/z43, i.e., GH3O". The labora- used in the parameterization. While both linear and polyno-
tory chamber studies encompass a wide range of precursorsial fits reproduce all the data (both binned laboratory and
(anthropogenic and biogenic) (Chhabra et al., 2010, 2011)ambient data) to within 10 % uncertainly, the polynomial fit
Measured O:C is well parameterized in terms of the ion atis chosen as it reproduces the ambient data better and cap-
m/z44, which accounts for much of the measured oxygen intures the curvature of the ambient data at lovigy values.
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PY 3 Results and discussion

11 —--cccccedeccccnccccccnn [ R R L R R LR R bbby
o o ® 3.1 Field measurements
g 1.0 [ 2 o ®
- I O e e The OOA components in the triangle plot are transformed
> b into the Van Krevelen diagram using the new parameteriza-
‘é sl @ tion, and the results are shown in Fig. 4. The left and right
= 0o sides of the triangle plot become the bottom and top lines
§ 07 Ambient gs?[}g(Dochenyetaluzoog) in 'the Van Krevelen diagram, respectively. Thg light green
E o ° mz:gg g:gﬂgs gn;g;z::iwgsgna(léigggg;al., 2009) pOlntS are SV-OOA which haS |OW€|-' O:C, while the dark
2 el o Mexicofight DeCaro ot a, 2010) green data are LV-QOA whlc_h has hlgh_er O:C. We refe_r to
= @ Beijing (HUang et al., 2010) Fig. 4 as the “VK-triangle” diagram. Histograms showing

05| © Queens (Sunetal, 2011) the distribution of the estimated H:C ratios and the carbon

x x x x x x x y oxidation states@Sc & 2 O/C— H/C) (Kroll et al., 2011)
000005 010 05 020 025 030 03 observed across multiple sites are shown in Fig. 5a and b,
44 respectively. Carbon oxidation state is found to be a use-

Fig. 3. Ratio of (estimated H:C)/(observed H:C) véy for am- ful metric for describing the chemistry of atmospheric or-
bient HR-AMS data (where H:C can be determined directly). The 9anic aerosol (Kroll etal., 2011). SV-OOA components have
solid circles are OOA components and the open circles are HOA andtigher H:C and lower oxidation states than LV-OOA compo-
other primary OA components (local OA, LOA, biomass burning nents for almost all sites, with the separation being clearer
OA, BBOA, and cooking OA, COA). ltis clear that fgiz4 > 0.05, for the oxidation state. These results are consistent with the
the parameterization shown in Fig. 2 can reproduce the observedistributions of O:C for the different components (Jimenez
H:C of the OOA components to withit10 %. et al., 2009). Within each category some variation is ob-
served, reflecting the diversity of sources and degrees of ag-
) . ) .. ing observed in different field sites. For datasets for which
A more detailed evaluation of the linear vs. polynomial fit . total OOA was retrievable, its properties lie in between
can be found in the Supplement. The polynomial fit has any,qqe of SV-O0A and LV-OOA. The variation fiag of the
intercept of 1.01, indicative of the H:C composition of SOA g\, 50 components in the triangle plot is still preserved in
species likely to yieldfa3 =0 under low and high oxidation 4 VK-triangle diagram, with SV-OOA components span-

. . . . +
conditions. The ion am/z43+can arise from either 4&i; ning a range of H:C ratios. Possible reasons for the range
(from alkyl groups) or GHzO™ (from non-acid oxygenates) ot ghserved H:C ratios include the different SOA precur-

fragments. At low levels of oxidation, the most likely SOA ¢ mixes and chemical pathways of SOA formation. For

hydrocarbon skeleton that can yiefds = 0 is an aromatic  jnstance, the chamber data from photooxidation of methy
skeleton without large alkyl groups. Simple aromatics with- chavicol (GoH120) and linalool (GoH10) span the base of

out large alkyl groups have H:C around 1. At high levels of y,q yriangle plot (Fig. 1); these data roughly define the inter-
oxidation, m/z43 andm/z44 are the most prominent peaks cents of the two lines that made up the VK-triangle, which is

in SOA spectra and the/z44 tom/z43 ratio increases with . ngjstent with the H:C ratios of the precursor hydrocarbons

aging (Ng et al., 2010). The iom/z44 is thought mostly  (j ¢ H:C = 1.2 for methyl chavicol, H:C = 1.8 for linalool).

due to acids (Duplissy et al., 2011). Hence, highly aged ] i
SOA s likely to have f43 =0 only if its acid content is Heald et al. (2010) examined the evolution of total OA by

high. The species with the highest acid content observetjjJSing the average OA composition at each site and observed

in the aerosol phase is oxalic acid (HOOCCOOH), which @ Slope of~ —1. Total OA evolution is affected by several
has an H:C of 1 (Kroll et al., 2011). As seen in Fig. 3, the factors including physical mixing and processes such as ox-
H:C of the OOA componentsfks > 0.05) are reproduced to idation, volatilization, and condensation. In this work, by
within +£10 %. It appears that the HOA and other OA compo- deconvolving the total OA into different components, we are

nents (local OA (LOA), biomass burning OA (BBOA), cook- able to separate out.the effect of HOA and OOA mixing and
ing OA (COA)) where @H;r contributes~ 20 % ofm/z43 focus only on the aging of OOA components alone. On aver-

and/or f44 < 0.05 may require a separate parameterizationage’ the transition fr_om less oxidized to more oxidized OOA
(Fig. S4) and warrants future investigation. Thus, we havefOIIOWS a slope that is shallower thafl (~ —0.5). In Heald

not derived H:C values for these primary components fromef[ al. (2010), it is noted that the slope of the Me_xico Cit_y
s, aircraft data (DeCarlo et al., 2010) levels off at higher oxi-

dation. The leveling off of the total OA slope at higher O:C,
when the OOA fraction of OA is highest, is consistent with
the overall trend observed for OOA components alone in this
study.

Atmos. Chem. Phys., 11, 6465474 2011 www.atmos-chem-phys.net/11/6465/2011/
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Fig. 4. Representation of all the OOA components into the VK-triangle diagram. The left and right sides of the triangle plot become
the bottom and top lines in the Van Krevelen diagram, respectively. The light gray shaded region deni&8 ¥heincertainty in the
parameterization. The estimated carbon oxidation st&€gs & 2 O/C— H/C) are shown with the red dotted lines.
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Fig. 5. (a) Histogram showing the distribution of the estimated H:C ratios observed across multiple (i)tdsistogram showing the
distribution of the estimated oxidation stat€&X ~ 2 O/C— H/C) observed across multiple sites. The open circles are HR-AMS ambient

data in which oxidation state are directly calculated from the data.
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Fig. 6. VK-triangle diagram for the OA components from all sites with HR-AMS data and results from the heterogeneous oxidation of
squalane. The light gray shaded region denotestih@% uncertainty in the parameterization. (Note: LOA =local OA; BBOA =biomass
burning OA; COA =cooking OA; NOA = nitrogen-enriched OA).

Other than Mexico City (flight and ground) (Aiken et al., with carbonyl group addition. This corresponds to the hor-
2009; DeCarlo et al., 2010), the OA components from otherizontal movement of the squalane data across the triangle
HR datasets (Riverside, Queens NY, China PRD, Beijing)plot (Fig. 1), with larger increase if43 due to additional
(Docherty et al., 2008, Sun et al., 2011; Huang et al., 2011C,H30™ from non-acid oxygenates (such as carbonyls) and a
2010) have also become available recently. The OA comporelatively small increase iifiy4 (acids). Freshly formed SOA,
nents from all these sites and the results from the heterogerepresented by SV-OOA, evolves in a different way, with a
neous oxidation of squalane (Kroll et al., 2009) are shownshallower slope of- —0.5. It is possible that further aging
in Fig. 6. The OOA components from these HR datasetsof oxidized HOA which has reached the SV-OOA region of
mostly fall into the VK-triangle region defined by the UMR the VK-triangle may also proceed with the shallower slope,
data while the HOA and other primary OA components andas hinted by the change in slope of the evolution of squalane
the squalane data are outside the VK-triangle region. Theoxidation products in Fig. 6. However, this is not definitive
HOA, SV-O0A, and LV-OOA components from Riverside from the available ambient data.
are highlighted in Fig. 6. Once the total OA is deconvolved AN in O-C in the Van K len di . -
into these components, the OOA components in Riverside lie nincrease in L4 1n e van Rrevelen ciagram IS equiv

along a shallower slope in the Van Krevelen diagram than theal.ent toa mpvement up the trlangle plot (mcrea_squ).
total OA. Sincem/z44 is found to be proportional to the acid content

of standard compounds (Duplissy et al., 2011), itis likely that
The composition differences between primary OA com- acid group formation plays an important role in the aging of
ponents (HOA, LOA, BBOA, COA) shown in Fig. 6 could OOA. Addition of carboxylic acid groups alone corresponds
reflect some information about the atmospheric evolution ofto a Van Krevelen slope of1. However, a shallower slope
POA, but are not easily interpretable since they also likelyof ~ —0.5 in the Van Krevelen diagram is consistent with at
represent differences in the initially emitted POA. However, least two systematic OOA chemical transformations mecha-
the squalane data suggest that the initial heterogeneous oxitisms that involve formation of acid groups. If the functional
dation of POA species may follow a steeper slope, consistengroup addition occurs on a GHyroup without C-C bond

Atmos. Chem. Phys., 11, 6465474 2011 www.atmos-chem-phys.net/11/6465/2011/
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Fig. 7. VK-triangle diagram for-pinene photooxidation, including HR-AMS data from both chamber and flow tube experiments. The light
gray shaded region denotes 40 % uncertainty in the parameterization. The numbers correspond to individual molecular products in
a-pinene SOA, with their structures being shown on the right. It is noted that the increasing number correlates with higher O:C and higher
generation of oxidation, but it does not represent literally the order in a reaction chain.

breakage, this slope can be caused by e.g., the addition of 3.2 Laboratory data

OH groups and 1 C=0 group or the addition of 2 OH groups

and 1 COOH group. If formation of peroxide is involved, L ) .

the slope can arise from the addition of 1 OOH group, 1 OH Ph.otoomdatlon ofr-pinene prgwdes a Iaboratory case .study
group, and 1 C=0 group, or the addition of 1 OOH group angto illustrate aerosol composmonj changes in the VK-tnan'gIe
1 COOH group. Formation of peroxides would be expectedSPace for a simpler, globally important, and well-studied

if aging proceeds under low-NGonditions (e.g., Surratt et SOA system (Fig. 7). The data shown in Fig. 7 include
al., 2006). Furthermore, hydroperoxides react readily with 1R-AMS data from both chamber and flow tube experiments

aldehydes (and with ketones under acidic conditions) to form(Chhabra et al., 2011; Massoli et al., 2010). In the chamber

peroxyhemiacetals (and peroxyacetals) (Johnson et al., 200£XPeriments, typical atmospheric OH levels are employed for
2005), which could also explain the additional of carbonyl N0Urs, resulting in moderate oxidation, i.e. O0.3 in the

groups. Therefore, an OOA aging mechanism that is consis® V-OOA range. OH exposures in the flow tube experiments

tent with measurements (laboratory + field data) is that the®"® much higher and lead to highly oxidized aerosols (in the

ensemble average of the transformation involves both the netY"OOA range, with an O:C up to-1). Taken together,
addition of COOHand OH/OOH functional groups. An al- the chamber and flow tube data map out the entire oxidation

ternative explanation for a slope ef0.5 is due to COOH 'ange ok-pinene SOA and span the whole range of O:C ob-
group addition to the site of a C-C bond cleavage. For in_served in ambient measurements. The oxidatiam-pinene

stance, the replacement of-2CH, group with a—COOH follows a slope of~ —0.5 in the Van Krevelen diagram, con-

group at a C-C bond breakage (without loss of oxygen dur_sistent with the observed evolution of SV-OO0A to LV-OOA
in ambient data. The slope for the chamhepinene pho-

ing the fragmentation process) will result in a slope-@f.5 S , X
in the Van Krevelen diagram. Fragmentation is thought totOOX|dat|0n data alone is0.64. It is noted that results from

become increasingly important for already oxidized materiall@Poratory studies of other precursors also have slopes shal-

such as fresh SOA (Kroll et al., 2009, 2011). Ipwer than the slope of-1 expected for acid group addi-
tion alone (Chhabra et al., 2011; Lambe et al., 2011). Also

shown in Fig. 7 are individual compounds (with known H:C
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and O:C) that have been identifieddnapinene SOA (Jaoui
and Kamens, 2001; Szmigielski et al.,, 2007), including

N. L. Ng et al.: Changes in organic aerosol composition

both first-generation and higher generation oxidation prod-Supplementary material related to this
ucts. On average, the composition change based on thesgticle is available online at:

identified products follows a slope ef —0.5, consistent

http://www.atmos-chem-phys.net/11/6465/2011/

with the change in bulk composition measured by the HR-acp-11-6465-2011-supplement.pdf

AMS. For example, cis-pinonic acid {gH1603) is a typical
first-generation product, and its OH oxidation produgGt;-
dimethyltricarballylic acid (@H120s), is a tricarboxylic acid
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