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� Tandem mass spectrometry is used to characterize functional groups in primary and secondary OA.
� Aging increases by one order of magnitude carboxylic and carbonyl functional groups.
� Biomass burning OA and SOA are associated with substantial amounts of alcohol functional groups.
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a b s t r a c t

The quantification of major functional groups in atmospheric organic aerosol (OA) provides a constraint
on the types of compounds emitted and formed in atmospheric conditions. This paper presents func-
tional group composition of organic aerosol from two contrasted urban environments: Marseille during
summer and Grenoble during winter. Functional groups were determined using a tandem mass spec-
trometry approach, enabling the quantification of carboxylic (RCOOH), carbonyl (RCOR0), and nitro
(RNO2) functional groups. Using a multiple regression analysis, absolute concentrations of functional
groups were combined with those of organic carbon derived from different sources in order to infer the
functional group contents of different organic aerosol fractions. These fractions include fossil fuel
combustion emissions, biomass burning emissions and secondary organic aerosol (SOA). Results clearly
highlight the differences between functional group fingerprints of primary and secondary OA fractions.
OA emitted from primary sources is found to be moderately functionalized, as about 20 carbons per 1000
bear one of the functional groups determined here, whereas SOA is much more functionalized, as in
average 94 carbons per 1000 bear a functional group under study. Aging processes appear to increase
both RCOOH and RCOR0 functional group contents by nearly one order of magnitude. Conversely, RNO2

content is found to decrease with photochemical processes. Finally, our results also suggest that other
functional groups significantly contribute to biomass smoke and SOA. In particular, for SOA, the overall
oxygen content, assessed using aerosol mass spectrometer measurements by an O:C ratio of 0.63, is
significantly higher than the apparent O:C* ratio of 0.17 estimated based on functional groups measured
here. A thorough examination of our data suggests that this remaining unexplained oxygen content can
be most probably assigned to alcohol (ROH), organic peroxides (ROOH), organonitrates (RONO2) and/or
organosulfates (ROSO3H).
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1. Introduction of o-xylene is dominated by RCOR0, whereas RCOOH and RNO2
are comparatively preponderant in wood smoke and vehicular
There has been strong interest of late in the organic fraction of
the atmospheric aerosol (OA), particularly its complex composition,
oxidation state, and reactivity (Hallquist et al., 2009 and reference
therein), properties that govern its health and climate impacts.
Recent developments of isotopic (14C) and real-time aerosol mass
spectrometry (e.g. Aerodyne Aerosol Mass Spectrometer, AMS),
together with updated inventories of molecular markers, have
markedly improved our ability to identify different components of
OA including its primary fraction (POA) directly emitted from fossil
fuel combustion (PfOA) or biomass burning (BBOA) and its sec-
ondary fraction (SOA) formed in-situ in the atmosphere (Hallquist
et al., 2009). While it was shown that highly oxygenated organic
aerosol (OOA) constitutes the overwhelming fraction of OA in
nearly all environments (Jimenez et al., 2009), considerable un-
certainties remain in identifying the most significant routes by
which this fraction accumulates and evolves in the atmosphere
(Kroll and Seinfeld, 2008).

Awidespread source of OOA is SOA, whose formation implicates
complex oxidative processes of a myriad of volatile organic com-
pounds (VOC), processes that include both functionalisation and
fragmentation of the parent carbon backbone. As a result, an
immensely complexmatrix of organic compounds is formed, which
remain dynamic through reversible partitioning and ongoing
photochemical aging (Donahue et al., 2009; Kroll et al., 2009).
Despite the complexity of the detailed molecular mechanism of
SOA formation and aging, a relatively small number of functional
groups characterize the oxidized molecules constituting SOA. That
is, given the carbon number and the set of functional groups (Kroll
et al., 2009), the physicochemical properties of SOA components
including their volatility and oxidation state can be estimated and
used for the development of predictive models for SOA production
rates, burden, sinks and interaction with climate (e.g. Valorso et al.,
2011). Ambient AMS measurements suggest that the chemical
composition of SOA is characterized amongst functional groups by
both carbonyls (traced by the fragment at m/z 43) and carboxylic
acids (traced by the fragment at m/z 44), the latter predominating
in aged air masses (Ng et al., 2010). More recently, the application of
Van Krevelen diagrams (H:C vs. O:C ratio) to HR-ToF-AMS data
(High Resolution-Time of Flight-Aerosol Mass Spectrometer) points
out that aging seems to be in line with the formation of carboxylic
(Heald et al., 2010), hydroxylic and peroxylic groups (Ng et al., 2011;
Chhabra et al., 2011). While AMS results seem to be consistent with
the detection of poly-carboxylic acids in OA (often referred to as
HULIS for HUmic LIke Substances), the observations needed to
confirm the functional group composition proposed for SOA remain
currently elusive.

Because functional groups have more chemical specificity than
that in m/z fragments or atomic O:C ratios provided by AMS, their
relative contributions (termed functionalisation rates, RF) are
valuable information to investigate the possible SOA formation and
evolution pathways in the atmosphere. While common analytical
techniques for functional group analysis include Fourier-Transform
InfraRed spectroscopy (FTIR, Liu et al., 2009; Schwartz et al., 2010;
Russell et al., 2011) and nuclear magnetic resonance (NMR,
Tagliavini et al., 2006; Decesari et al., 2007), we recently proposed a
tandem mass spectrometry (MS/MS) approach for the quantitative
analysis of carboxylic (RCOOH), carbonyl (RCOR0), and nitro (RNO2)
functional groups, with high sensitivity and good accuracy (Dron
et al., 2007, 2008a,b). The application of this approach on OA
emitted from different sources has revealed significant differences
in their functional group contents (Dron et al., 2010). It was shown
that laboratory generated SOA produced through photo-oxidation
emissions, respectively. It was hence suggested that these func-
tional group fingerprints offer an interesting potential to discrim-
inate the dominant sources of ambient organic aerosol and its
chemical evolution in the atmosphere. More recently, the same
approach has been applied to examine the impact of aging on
genuine HULIS, clearly showing that such processes increase
significantly the oxidation state of the organic matter (Baduel et al.,
2011). Here, we present results of functional group analyses in two
contrasted urban environments (Marseille in the summer and
Grenoble in the winter), with the aim of characterising the func-
tional group fingerprints of OA arising from different sources in real
ambient conditions and assessing the impact of photochemistry on
these fingerprints.

2. Methods

2.1. PM2.5 collection and characterisation

Results presented below were obtained within the two inten-
sive field campaigns of the FORMES project at two contrasted urban
environments in France, Marseille in summer (31 Junee14 July
2008) and Grenoble in winter (14e29 January 2009). A full
description of the sampling sites and the general conditions
encountered can be found in El Haddad et al. (2011a,b) and Favez
et al. (2010), for Marseille and Grenoble campaigns, respectively.

For both campaigns, particles were continuously collected on a
12 h-basis using high volume samplers (Digitel, DA80) operating at
a flow rate of 30 m3 h�1. The collection took place onto 150 mm-
diameter quartz fibre filters (Whatman QMA), pre-heated at 500 �C
during 3 h (30 samples for Marseille and 30 samples for Grenoble).
Samples were then stored at �18 �C in aluminium foil, sealed in
polyethylene bags until analysis. Six field blank samples were also
prepared following the same procedure.

The collected aerosol was comprehensively characterised, and
data are thoroughly presented and discussed in El Haddad et al.
(2011a,b) and Favez et al. (2010), for Marseille and Grenoble cam-
paigns, respectively. In particular, data used in this study comprise
concentrations of EC and OC, analysed using the thermo-optical
transmission method with a Sunset Lab analyzer and following
EUSAAR2 temperature program proposed by Cavalli et al. (2010).

The same samples were characterised for the functional group
content of the organic carbon, FG [nmol m�3]. As fully presented in
Appendix A, functional group analysis was performed by atmo-
spheric pressure chemical ionization (APCI)-tandem mass spec-
trometry. This technique is based on the ability of the carboxylic
(RCOOH), carbonyl (RCOR0), and nitro (RNO2) functional groups to
lose a specific neutral fragment or to produce a characteristic ion in
the collision cell (Dron et al., 2007, 2008a,b, 2010). It enables the
quantitative determination of these functional groups in aerosol
extracts, based on the analyses of reference mixtures containing
high number of compounds with various chemical structures,
bearing the functional groups of interest. Method uncertainties,
extraction efficiency, detection limit and sampling artefacts are
detailed in Appendix A.

Normalizing the concentration of an individual functional
group, FG [nmol m�3], by the corresponding OC molar content
[mmol m�3] gives access to the functionalisation rate (RF ¼ FG/OC),
expressed in number of functions per one thousand OC [&]. The
reciprocal ratio OC/FG represents the probability that a carbon
bears the functional group of interest (Valorso et al., 2011). Finally,
we define the total functionalisation rate, RFtotal, as the sum of in-
dividual RF determined here.



Table 1
Concentrations of the three functional groups (RCOOH, RCOR0 and RNO2) deter-
mined in the organic aerosol at Marseille and Grenoble, compared to those reported
in other sites.

Sites RCOOHf RCOR0 f RNO2
f OCg WSOCg Analytic method

Marseillea 19.2 (52) 5.9 (16) 0.54 (1.4) 4.6 2.4 APCI-MS/MS
Grenoblea 16.2 (22) 4.7 (5.2) 2.9 (4.2) 8.8 3.1 APCI-MS/MS
Chamonixb 36.3 (20) 7.6 (5.0) 2.0 (1.6) 21 e APCI-MS/MS
SIMAT Milargo

(Mexico)c
67 (120) 3.7 (7.7) e 5.5 e FTIR

Amazon basind 266 e e e 26.4 H-NMR (WSOC)
Riversidee 30 (35) e e 8.4 6.0 LC APCI-MS/MS
Atlantae 4.0 (6) e e 6.7 2.0 LC APCI-MS/MS

a This study.
b Urban site, Dron et al. (2010).
c Urban site, Liu et al. (2009).
d Forested area, Tagliavini et al. (2006).
e Urban sites, Stone et al. (2009).
f nmol m�3.
g mg m�3; between bracts are functionnalisation rates expressed in FG & OC.
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2.2. OC source apportionment e CMB modelling using organic
markers

Available data used here also include source contributions to
organic aerosol, apportioned using a Chemical Mass Balance
(CMB) analysis in conjunction with concentrations of organic
markers, as fully described in El Haddad et al. (2011a,b) and Favez
et al. (2010), for Marseille and Grenoble campaigns, respectively.
Briefly, for both campaigns, three general OA classes can be
distinguished: primary fossil fuel combustion emissions-PfOA
(vehicular emissions þ industrial emissions/shipping in the case
of Marseille and vehicular emissions þ natural gas combustion in
the case of Grenoble), biomass burning smoke-BBOA and sec-
ondary sources-SOA. CMB results reflect the contrast in source
contributions to the organic aerosol at the 2 environments and
can be summarized as follows: In the case of Marseille (summer),
OA is found to be largely dominated by SOA, contributing on
average 78% of the total OC mass; fossil fuel combustion and
biomass burning contribute to 19% and 1%, respectively (El
Haddad et al., 2011a). In contrast, at Grenoble, OA is governed
by biomass smoke contributing 68% of the total OC mass, while
fossil fuel combustion and SOA contribute to 9% and 23%,
respectively (Favez et al., 2010).

2.3. AMS measurements and PMF modelling

A compact time of flight (c-TOF, Tofwerk) Aerodyne Aerosol Mass
Spectrometer (AMS) was employed at both sites, as described in
detail in El Haddad et al. (2012) and Favez et al. (2010), for Marseille
andGrenoble campaigns, respectively. AMSprovidesquantitativeOA
mass spectra by combining thermal vaporization and electron ioni-
zation (for more details see for e.g. Drewnick et al., 2005). Positive
Matrix Factorization (PMF) of OA spectra enables differentiating
several OA components (Jimenez et al., 2009), including particularly
POA and SOA (OOA). OA was deconvolved into 3 components for
Grenoble including traffic emissions, biomass burning and one
average OOA and into 4 components for Marseille including traffic
emissions, industrial emissions and 2 OOAs components comprising
a low volatile highly oxidized fraction (LVOOA) and a semi-volatile
less oxidized fraction (SVOOA). Following Ng et al. (2011) parame-
terisations, AMS data were used here to estimate the H:C and O:C
ratios of OOA in Grenoble and Marseille, based on the m/zm/z 43
andm/zm/z 44 signals in theOOA fractions (f43 and f44 respectively).
(Equations used: H:C ¼ 1.01 þ 6.07 � f43 þ 6.07 � f43

2 ;
O:C ¼ 0.08 þ 3.82 � f44). These estimates are then contrasted to
functional group results to infer the chemical nature and the
amounts of functional groups not measured here.

3. Results and discussion

3.1. OA functional group content at Marseille and Grenoble

Average molar concentrations [nmol m�3] of the three organic
functional groups measured in the aerosol at Marseille and Gre-
noble are reported in Table 1 and compared with concentrations
measured in other environments (Tagliavini et al., 2006; Liu et al.,
2009; Stone et al., 2009). Such a comparison is not always
straightforward as these concentrations are not determined using
the same analytical technique (different analytical techniques give
access to different types of functional groups) and does not refer in
some cases to the same fraction of carbonaceous aerosol. In addi-
tion, with such techniques, where no reference approach is avail-
able, biases in the absolute concentrations are highly probable and
more reliable information can be drawn by examining relative
changes in the functional content of different OA types.
In our case and throughout the periods of measurements, all
samples are found to be dominated by RCOOH with average con-
centrations of 19.2 and 16.2 nmol m�3 for Marseille and Grenoble,
respectively. RCOOH concentrations fall within this range of con-
centrations reported in previous studies (Table 1), with average
values higher than those reported in Atlanta but lower than those
found during Milargo experiment (Mexico), providing some sup-
port to absolute values found here. Lower concentrations of car-
bonyls are measured with averages of 5.9 and 4.7 nmol m�3 for
Marseille and Grenoble, respectively, in agreement with previous
functional group results (Table 1). Finally, RNO2 are the least rep-
resented functional group with concentrations significantly higher
in the aerosol collected in Grenoble (average concentrations of
0.54 nmol m�3 for Marseille and 2.9 nmol m�3 for Grenoble).

In order to assess and compare the functionalisation rates (RF) of
the organic aerosol in Marseille and Grenoble, the functional group
absolute concentrations [nmol m�3] are plotted in Fig. 1 against OC
molar concentrations [mmol m�3]. For comparison purposes, the
functionalisation rates of organic aerosols at emission points are
also shown, including xylene photo-oxidation (Dron et al., 2010),
vehicular emissions (El Haddad et al., 2009; Dron et al., 2010) and
genuine HULIS extracted from biomass smoke (Baduel et al., 2011).
Overall, fairly good correlations between the three functional
groups and OC can be noticed at each of the two sites (R2 > 0.55,
n ¼ 28 for Marseille and n ¼ 24 for Grenoble), implying rather
constant functionalisation rates that can be inferred from the slopes
of the linear regressions. This observation is consistent with the
prevalence of a single dominant source with relatively constant
functionalisation rate impacting the aerosol at each of the sites (i.e.
SOA in Marseille and biomass burning in Grenoble).

Now, comparing the functionalisation rates of the organic car-
bon in Marseille and Grenoble reveals noteworthy differences be-
tween the two environments. Average RCOOH and RCOR0

functionalisation rates in Marseille are significantly higher than
those observed in Grenoble (Fig. 1). In Marseille, 53& and 16& of
the organic carbon bear a RCOOH and RCOR0 group, respectively (1
carbon out of 19 bears a RCOOH group and 1 carbon out of 59 bear a
RCOR0 group), whereas in Grenoble the same functional groups
represent only 20& and 5.8& of OC, respectively (1 carbon out of
50 bears a RCOOH group and 1 carbon out of 170 bear a RCOR0

group). High contents in oxygenated functional groups in Marseille
can be assigned to the active photochemistry and high SOA pro-
portions (El Haddad et al., 2011a,b) in this region during summer-
time (see for comparison the functional content of SOA components
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in Fig. 1, i.e. RCOOH represents 90& of OC for HULIS and RCOR0

represents 75& of OC derived from xylene photo-oxidation).
Conversely, in Grenoble the organic carbon is characterised by

high RNO2 content, representing 4.2 functional groups per one
thousand carbon atoms, whereas in Marseille only 1.4& of the
organic carbon bear a RNO2 group. This significant difference be-
tween the two environments can be most likely related to high in-
puts fromcombustion sources characterised by high RNO2 contents,
in the case of Grenoble. High proportion of RNO2 in combustion
emissions is well known (e.g. Heeb et al., 2008) and is illustrated in
Fig. 1, where this function represents 8.4& and 9.0& of OC from
vehicular emissions and biomass burning HULIS, respectively.
Photochemical decay of RNO2-bearing-compounds in the atmo-
sphere is another possible explanation for its low content in the
samples collected in Marseille. This hypothesis has experimentally
been confirmed for atmospheric HULIS (Baduel et al., 2011).

3.2. Link between functional group contents and emitting sources

3.2.1. Multiple regression analysis
The above comparisons clearly highlight the differences in the

functional group contents of organic aerosols at the two environ-
ments. In order to quantitatively determine these functionalisation
rates (referred to as RFi for functionalisation rate of OA derived from
a considered source i), a multiple regression analysis was used. It
combines measured concentrations of functional groups (FGmeas-

ured, nmol m�3) and OC concentrations derived from specific
sources (OCi, mmol m�3, apportioned by CMB as presented in Sec-
tion 2.2). We seek to determine RFi for three OA fractions, including
fossil fuel combustion emissions-PfOA, biomass smoke-BBOA and
the secondary fraction-SOA. RFi are reported in Table 2 and
employed to reconstruct in Fig. 2 the contribution from the three
different sources to functional group concentrations measured at
Marseille and Grenoble.

Technical details regarding the analysis are fully represented in
Appendix B. Overall, it is found that the calculations are able to
satisfactory achieve closure of measured FG concentrations, as
illustrated in Fig. 2 (with R2 > 0.6 for all FG). Some discrepancies
between calculated and measured concentrations are noteworthy,
particularly in the case of Marseille. These can be related, on the
one hand, to the fact that analysis applied here consider a single
value of RFi for each fraction, while these can be highly variable,
strongly affected by the combustion conditions by which primary
aerosols are emitted (Dron et al., 2010), by the myriad of different
precursors involved in SOA formation (Chhabra et al., 2011) and by
the air masses photochemical age (Donahue et al., 2009). On the
other hand, photochemical decay of functional groups can also
impact the RFi values of both primary and secondary fractions. This



Table 2
Organic carbon functionalisation rates of fossil fuel combustion emissions (PfOA),
biomass burning (BBOA) and SOA estimated by the multiple regression analysis. Pi-
charts present the contribution of each functional group to the total quantified
functions. Based on these rates, the probabilities (OC/FG) of a carbon to bear a
RCOOH, RCOR0 or RNO2 are calculated. Also reported are the inferred partial O:C*
ratios that only refer to functional groups quantified here.

PfOA BBOA SOA

RF [‰ ]
RCOOH
RCOR'
RNO2

8.18.4

3.4

15.6 4.0

3.5
74

20.5

RFtotal [&] 19.9 23.1 94
(OC/FG)total 50 43 11
O:C* [mol mol�1] 0.036 0.042 0.17
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can be clearly noticed in Fig. 2 in the case of RNO2 groups, for which
the regression analysis overestimates the measured summertime
concentrations by a factor of 2.13, corroborating the above-
proposed assumption of RNO2 decay under ambient conditions at
summer time. Such decay by photochemical aging can equally
affect the other two functional groups (e.g. decarboxylation, Baduel
et al., 2011 and references therein). Consequently, the increase of
their RFi values calculated for the summer period with SOA for-
mation (Section 3.1) can only denote the net increase of the RFi of
these groups or said differently a higher steady state (i.e. formation
e decay) reached for these groups. Therefore, RFi determined here
cannot fully represent the multivariate conditions encountered in
the real atmosphere and hence must be regarded as average values
for functionalisation rates of OA derived from direct emissions
(PfOA and BBOA fractions) and photochemical processes (SOA
fraction). The uncertainties associated with average RFi are esti-
mated to range between 5% and 75% (average 20%; Table A2,
Appendix B), depending on the considered functional group and OA
fraction.

3.2.2. Functional group content of PfOA, BBOA and SOA and impact
of aging

Table 2 reports RFi of PfOA, BBOA and SOA estimated by the
multiple regression analysis. Fig. 3 compares these rates in a 2
dimensional space (RCOR0 vs. RCOOH colour scaled by RNO2 rates as
a third dimension) with those measured for ambient aerosol in
Marseille and Grenoble and at emissions (biomass burning HULIS,
aged biomass burning HULIS and Xylene SOA). This diagram high-
lights quite readily the relative differences between functionalisa-
tion rates of primary and secondary aerosol fractions, illustrating
the potential of this approach in discriminating the origins of OA.
Overall, our results show clearly that photochemical aging increase
both RCOOH and RCOR0 contents by nearly one order of magnitude
and with an almost constant RCOR0/RCOOH ratio of 0.3 (between
0.2 and 0.5; Fig. 3). Meanwhile, RNO2 content is found to be mostly
related to primary emissions and to decrease with photochemical
processes.

In the following, we present a comparison between the func-
tional group compositions of different fractions. We also introduce
the partial O:C* ratios calculated based only on functional groups
quantified in this study (Table 2). These ratios are compared with
those reported based on HR-ToF AMSmeasurements (termed AMS-
O:C) for bulk OA of different fractions (Aiken et al., 2007, 2008) to
infer the nature and amounts of functional groups not measured
here. For SOA (OOA) in Marseille and Grenoble, we also estimated
the AMS-O:C ratios, following Ng et al. (2011) parameterisations, as
0.60 (0.33 for SV-OOA and 0.84 for LV-OOA) and 0.67, respectively.
3.2.2.1. Functional group content of PfOA. Emissions from primary
fossil fuel combustion are found to be the least functionalised
fraction of OA, for which RFtotal is about 20&, dominated by RCOOH
(1 carbon out of 50 bears one of the functions quantified here).
Similar low functionalisation rates were also reported based on
FTIR measurements in sites dominated by fossil fuel combustion
(Russell et al., 2011). Partial O:C* ratio calculated based on this
functionalisation rate is 0.036, in agreement with AMS-O:C values
measured for vehicular emissions or for ambient HOA (Hydrocar-
bon like OA, emitted from fossil fuel combustion, Aiken et al., 2008)
predominately composed of saturated and unsaturated linear,
branched and cyclic hydrocarbons (e.g. alkanes, triterpene.).

3.2.2.2. Functional group content of BBOA. Total functionalisation
rate of organic carbon from biomass smoke is estimated by the
analysis as 23&, dominated by RCOOH (RCOOH RFBBOA ¼ 15.6& or
w70% of the total quantified functions). Interestingly, RNO2 is
observed in noteworthy quantities in biomass smoke, with a RNO2
molar ratio of 3.5&. While direct RNO2 emissions from wood
burning cannot be excluded, recent observations report the pres-
ence of methyl-nitrocatechol isomers in aged BBOA plumes (Iinuma
et al., 2010), the aggregate of which is lower than the total RNO2 in
our case, accounting for 0.2 RNO2 & BBOA carbon. Iinuma et al.
(2010) postulated that such compounds are of secondary origin
arising from the photochemical reaction of m-cresol (Iinuma et al.,
2010), contained in biomass smoke at considerable levels. They
estimated that m-cresol SOA comprises up to 11& RNO2, based on
the contribution of methyl-nitrocatechols. In our case, the multi-
regression analysis allocated, perhaps erroneously, RNO2 to BBOA
rather than to SOA. This is because these compounds show some
anti-correlation with SOA, as they chiefly occur simultaneously
with BBOA during winter, and decrease, during summer when SOA
is highest, due to their photochemical decay and the absence of
BBOA VOC precursors. Therefore, the BBOA functional group
composition presented in Fig. 3 and Table 2 describes that of a mix
of fresh and aged biomass smoke.

BBOA Partial O:C* ratio can be estimated as 0.042, significantly
lower than values determined based on HR-ToF-AMS analysis
(0.3 < O: < 0.4; Aiken et al., 2008). This large difference can be
ascribed to functional groups not measured here, including for the
most part alcohols (eOH) and ether groups (eOR) present within
sugar anhydrides (e.g. levoglucosan) and lignin breakdown prod-
ucts. Indeed, such compounds contribute, on the one hand, very
significantly (w30% of OA) to the total BBOA mass (e.g. Fine et al.,
2002) and are characterized, on the other hand, by O:C ratios
near unity. By comparing partial O:C* ratios determined in this
study with AMS-O:C values, the upper limit contribution from al-
cohols/ethers can be very roughly estimated as 270& of total BBOA
(i.e. 1 carbon out w4 bears these functions). This estimated value
seems to make sense, as according to biomass burning organic
profiles (e.g. Fine et al., 2002), contributions from only sugar an-
hydrides in wood smoke range between 70 and 190 alcohol/ether
groups per thousand OC, accounting for a great part (up to 70%) of
the total estimated alcohol/ether contributions.

3.2.2.3. Functional group content of SOA. SOA is found to be the
most functionalised fraction in terms of RCOOH and RCOR0 groups,
which is qualitatively consistent with our general knowledge of this
fraction (Jimenez et al., 2009 and references therein). The total
functionalisation rate of SOA is estimated by the analysis as 94& (1
carbon out of w11 bears one of the functions measured here),
largely dominated by RCOOH groups (Table 2 and Fig. 3). O:C* ratio
inferred from these values is 0.17, much lower than those measured
by AMS in chamber experiments (0.25 < O:C < 0.5; Ng et al., 2011;
Chhabra et al., 2011) and ambient atmospheres (0.3 < O: < 0.9;
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Jimenez et al., 2009) or estimated for OOA inMarseille (0.60� 0.21)
and Grenoble (0.67 � 0.22). Two assumptions can be postulated to
explain these differences:

(1) as for the case of BBOA, unaccounted functions (e.g. alcohols)
might explain a great part of the missing oxygen;

(2) a part of the functional groups measured here (RCOOH and
RCOR0) is transformed in the particle phase to other forms that
were not considered here, trough oligomerisation reactions
(e.g. esterification; Kroll and Seinfeld, 2008 and references
therein).

These assumptions are thoroughly examined in Section 3.3.

3.3. Missing functional groups in SOA

Van Krevelen diagrams can provide additional insights into the
functional groups involved in the formation and evolution of SOA
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estimated for OOA (0.63) enables to estimate the ROH content at 460& OC (or ROOH/
OC of 230& or RSO4H/OC of 115&) or a RCOR0:RCOOH:ROH ratio of 1:3.6:22.6. Based
on this prediction, aging slope is estimated at �0.3 and represented by the dashed
black line (H:C* ¼ �0.3 � O:C* þ 1.51) which seems to characterise very well the H:C
and O:C ratios of OOA. (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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(OOA). In this representation, the increase of O:C ratios vs. H:C
ratios with oxidation follows specific aging lines. The slopes of
these lines are dependent on the functional group added and the
process by which it is added. The interpretation of such diagrams is
not straightforward as many processes can be involved, some of
which are illustrated in Fig. A2 e Appendix C (Evolution of func-
tional groups in Van Krevelen diagram e Theory and examples).

Van Krevelen diagram is applied in Fig. 4 to AMS data to
determine the aging line of the bulk OOA (AMS-line) in Marseille
and Grenoble (data points were determined following Ng et al.
(2011) parameterisations). Also shown is the aging line (FG-line)
determined considering only the addition of the functional groups
measured here (RCOR0 and RCOOH; RNO2 is discarded from this
analysis as it represents very little contribution to SOA). The com-
parison of the slopes of both lines supports once again that func-
tional groups other than RCOR0 and RCOOH are involved in the
formation and aging of OOA: the slope of the AMS-line is �0.3,
much higher than that estimated for the FG-line (�1.22, Fig. 4).
Whilst oligomerisation reactions were previously suggested as a
possible reason for the low RCOOH content in biogenic aerosols
(Russell et al., 2011), such high slope cannot be explained by oli-
gomerisation reactions (e.g. esterification or aldolisation, Appendix
C) that are associatedwith highly negative slopes and relatively low
O:C products. Therefore, the more likely scenario (assumption 1)
implies that the remaining oxygen is attributed to alcohols (ROH),
organic peroxides (ROOH), organonitrates (RONO2) and/or orga-
nosulfates (ROSO3H) (collectively referred to as ROX), groups that
increase the O:C ratio of OOA without decreasing its H:C ratio
(slope¼ 0, Figs. 4 and A2; although other processes cannot be ruled
out, e.g. fragmentation, Appendix C).

Considering the latter scenario, the comparison between the
partial O:C* ratio (0.17) and the average AMS-O:C ratio estimated
for OOA (0.63) enables to estimate the functionalisation rates of
ROH, ROOH, RONO2 or ROSO3H as 460 � 240&, 230 � 120&,
173 � 80& and 115 � 60&, respectively (most of the uncertainties
related to these estimates stems from O:C ratio errors, estimated as
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30% by Aiken et al., 2007). Based on these predictions and the
measured RCOR0 and RCOOH, one can reconstruct a predicted aging
line for OOA (e.g. considering the following functional group pro-
portions RCOR0:RCOOH:ROH of 1:3.6:22.6, dashed black line, Fig. 4).
The slope of this line strongly matches that of the AMS-line
representative of the bulk OOA (�0.3), supporting the considered
scenario and the high proportions of ROX groups. Numerous ob-
servations and model predictions tend to confirm such high pro-
portions. FTIR measurements of functional groups in ambient OA
suggest that ROH can contribute up to 400& (Russell et al., 2011),
especially in marine biogenic environments, like Marseille. These
results are also supported by explicit models of SOA formation (up
to 300& of ROH, Camredon et al., 2007; Valorso et al., 2011) and by
the detection of polyols in many SOA systems (e.g. isoprene and
naphthalene SOA, Surratt et al., 2006; Kautzman et al., 2010).
Furthermore, in Marseille, with the predominance of regional
transport (El Haddad et al., 2012), a part of SOA is expected to be
formed under low NOx conditions, which enhance ROH and ROOH
production (e.g. Kroll and Seinfeld, 2008; Valorso et al., 2011 and
reference therein). Nevertheless, similar to RNO2, ROOH groups are
prone to photochemistry and can decay under summertime con-
ditions, hindering their build up in SOA. In this regard, recent
chamber experiments seem to suggest that under such conditions
ROOH reaches a steady state below 20& (upper limit contribution
of 50& in fresh SOA), depending on the NOx concentrations (Mertes
et al., 2012). Always in the case of Marseille, ROSO3Hwere shown to
potentially constitute a substantial fraction of SOA (El Haddad et al.,
2011b). Conversely, in the case of Grenoble (Favez et al., 2010),
RONO2 is expected to play a major role as most of the aging takes
place under high NOx conditions (Valorso et al., 2011 and reference
therein). Nevertheless, it should be noted that a significant part of
ROSO3H and RONO2 are detected in the AMS as inorganic sulfate
and nitrate, respectively (Farmer et al., 2010) and might not explain
the higher O:C ratios determined by AMS. In light of these results,
quantification of ROX functional groups is of utmost importance,
allowing establishing an oxygen mass balance in OA and in turn
better characterising the processes by which SOA is formed and
evolves in the atmosphere and confirming the outputs of explicit
models (Valorso et al., 2011).
Table A1
Analytical method characteristics.

RCOOH RCOR0 RNO2

Concentration range [mM] 0.01e0.5 0.005e0.25 0.002e0.1
Detection limits [mM] 0.005 0.004 0.001
Estimated uncertaintiesa 12% 19% 15%
Extraction efficiency 83% 66% 70%

a Uncertainties are estimated in Dron et al. (2007, 2008a,b).
Acknowledgement

This work was funded by «Le Ministère de l’Ecologie, du
Développement et de l’Aménagement Durable» and by «l’Agence
gouvernementale De l’Environnement et de la Maîtrise de
l’Energie (ADEME)», under the PRIMEQUAL2 grant n� 0001135
(FORMES project). Imad El Haddad is grateful to the Swiss national
science foundation (SNSF) for the postdoctoral fellowship e

SNSF_SAPMAV_200021_130169.
Appendix A. Functional group analyses

Functional group analysis is carried out, following a recently
developed analytical approach based on atmospheric pressure
chemical ionization-tandemmass spectrometry analysis (APCI-MS/
MS). The approach enables quantitative determination of carbox-
ylic (RCOOH), carbonyls (RCOR0), and nitro (RNO2) functional
groups. It is based on the ability of functional groups to lose a
specific neutral molecular fragment (neutral loss scanning, NL) or
to produce a characteristic fragment ion (precursor ion scanning,
PAR) upon fragmentation in the collision cell. Details regarding the
analytical procedure are fully presented in Dron et al. (2007,
2008a,b, 2010) and the main analytical characteristics are reported
in Table A1.
First, samples are solvent extracted with a methanol/hexane
mix (2/1 v:v) at 100 �C and 100 bars using an accelerated pres-
surized solvent extraction device (ASE 300, Dionex). The extracts
are subsequently concentrated down to 0.5 ml, by the mean of an
automatic concentrator (TurboVap II) and finally diluted in
methanol to a volume of 3.5 ml. This final volume is divided into
several fractions to determine the concentrations of the different
functional groups. The APCI-MS/MS analysis is performed on a
Varian 1200L triple quadrupole mass spectrometer equipped with
an APCI ionisation chamber, a Varian Prostar 410 auto-sampler
and a Varian 210 high-performance liquid chromatography
(HPLC) system. Solutions were directly injected into the APCI at a
flow rate of 0.5 ml min�1, using the HPLC pump and total ion
current (TIC) mass spectra were recorded (between m/z 100 and
m/z 800 for RCOOH and RNO2 and between m/z 200 and m/z 800
for RCOR0).

For the analysis of carboxylic functional groups, a 300 mL fraction
of the extracts is first submitted to derivatisation, in order to
convert the carboxylic groups into their corresponding methyl es-
ters. This was achieved by adding 300 mL of a boron trifluoride
methanolic solution (BF3/methanol 14% v/v) and heating for 2 h at
70 �C. The APCI-MS/MS analysis is performed by scanning in the
positive mode the neutral loss of methanol (CH3OH, 32 amu: NL32)
resulting from the fragmentation of the protonated methyl esters.
Non-derivatized aliquots are also analysed following the same
procedure in order to subtract the residual NL32 signal associated
with interference from non carboxylic moieties (Dron et al., 2007).

For the quantification of carbonyls, i.e. aldehyde and ketone
groups, a second fraction of 450 mL of the initial extract is deriv-
atized for 18 h at room temperature with 150 mL of penta-
fluorophenylhydrazine (PFPH) at 100 mM in methanol. The
derivatized carbonyls (pentafluorophenyl hydrazones) are then
monitored in the positive mode, by detecting the neutral loss of
C6F5N fragment (181 amu: NL181). Another aliquot of 450 mL is
mixed with 150 mL of methanol and analysed in the same mode for
the measurement of NL181 background of the underivatized
extract (Dron et al., 2008a).

The last fraction is directly analysed in the negative mode of the
APCI using the precursor ion scanning of the nitrite fragment ion
(NO2

�, m/z 46: PAR46) to determine nitro functional groups (Dron
et al., 2008b).
As the fragmentation is affected by the compounds molecular
structures, the calibration is based on reference mixtures con-
taining high number of compounds having various chemical
structures and including mono and poly functional molecules (16,
24 and 31 standard compounds for nitro, carbonyl and carboxylic
groups, respectively). For each functional group, 25 reference
mixtures of equal total concentrations in terms of functional
groups are analysed. For each of these mixtures, the individual
compound concentrations were randomly determined. The rela-
tive standard deviations (RSD) of the responses of the different
calibration mixtures are in the range 10e20% (Table A1). This
particular calibration procedure involving a statistical analysis of
reference mixtures attested its reliability when applied to com-
plex mixtures (Dron et al., 2007, 2008a,b, 2010). Calibration
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Fig. A1. Statistical evaluations of multiple regression analysis applied on the RCOOH, RCOR0 and RNO2 functional groups. In the left panels, normal distributions of the residuals are
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samples are analysed within each sequence. Field blank filters
were also analysed following the same procedure and the results
were all below detection limits (0.005 mM, 0.004 mM, and
0.001 mM for RCOOH, RCOR0, and RNO2, respectively, Table A1).
The extraction efficiency of functional groups is assessed by
extracting filters spiked with functional groups standard solutions
with known concentrations. The extraction efficiency of RCOOH,
RCOR0 and RNO2 are 83, 66 and 70%, respectively (Table A1). Data
are all corrected for losses during extraction and sample
concentration.
It should be also noted that high volume sampling is associated
with considerable adsorption and volatilisation artefacts. The net
artefact for OC is positive in our case, estimated for Marseille and
Grenoble, as 28% and 9% respectively based on comparisons be-
tween OC results from filters sampled by lowpressure impactor and
high volume sampler. Functional group and OC data reported here
are not corrected for sampling artefacts. Assuming that these arte-
facts equally affect functional groups (FG) and OC, they will indeed
bias high absolute FG concentrations but would cancel out when FG
are normalized to OC to retrieve functionalisation rates (RF).



Table A2
Organic carbon functionalisation rates of fossil fuel combustion emissions (PfOA),
biomass burning (BBOA) and SOA estimated by the multiple regression analysis for
the three functional groups measured in this study. The uncertainties denote error
estimates by the analysis.

RF [&] PfOA BBOA SOA

RCOOH 8.4 � 1.5 15.6 � 1.4 74.0 � 4.2
RCOR0 3.4 � 0.8 4.0 � 0.5 20.5 � 1.4
RNO2 8.1 � 2.2 3.5 � 0.3 0.4 � 0.3
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Appendix B. Multiple regression analysis e principles,
evaluation and limitations

In order to quantitatively determine functionalisation rates of
organic aerosols emitted or formed via different sources, a multiple
regression analysis is used. It combines measured concentrations of
functional groups (dependant variables) and relative contributions
of the impacting sources to organic aerosol (independent
variables).

In the equations, the concentration of a considered functional
group measured at the receptor site (FGmeasured) can be expressed
as the sum of the concentrations of this functional group derived
from the different sources. This is described in Eq. (1) for a total
number of sources n, where FGi is the concentration of the
considered functional group emitted from source i. The term x

denotes the residual functional group concentration that cannot
be assigned to any of the considered sources. Eq. (1) can be
expressed as a function of the functionalisation rates of OC [&]
emitted from the considered sources (RFi) and the concentrations
[mmol m�3] of OC derived from these sources (OCi), as presented in
Eq. (2). That is, the parameters RFi can be inferred from the
FGmeasured and the OCi matrices included as inputs in the
equations.

FGmeasured ¼ FG1 þ FG2 þ/þ FGn þ x ¼
Xn

i

FGi þ x (1)

FGmeasured ¼ RF1 � OC1 þ RF2 � OC2 þ/þ RFn � OCn þ x

¼
Xn

i

RFi � OCi þ x

(2)

In practice, for each functional group, Eq. (2) is resolved using
a weighted least square solution, where the two datasets of
Grenoble and Marseille are included simultaneously. In our
case, the organic aerosol source contributions (OCi, in mmol m�3)
were apportioned using a CMB model that takes into consider-
ation the three most predominant sources, including fossil fuel
combustion-PfOA, biomass burning-BBOA and secondary
sources-SOA (see El Haddad et al., 2011a for the case of Marseille
and Favez et al., 2010 for the case of Grenoble). For PfOA, the
functionalisation rates RFi determined empirically by tunnel
measurements (El Haddad et al., 2009; Dron et al., 2010) were
integrated in the multiple regression analysis, because the
models were not able to provide statistically significant results
for these parameters (for RCOOH/OCPfOA p ¼ 0.18 and for RNO2/
OCPfOA p ¼ 0.32).

Table A2 presents the functionalisation rates (RFi) of the
different fractions estimated by the multiple regression analysis
and the associated uncertainties, ranging between 5% and 75%
(average 20%) depending on RFi. For all functional groups, the
independent variables are not linearly related and the parameters
RFi associated with BBOA and SOA are all statistically significant.
The constant parameters x for all functional groups are not sta-
tistically different than zero. Assumptions underlying the re-
siduals distributions are examined in Fig. A1. Residuals follow
normal distributions with mean values statistically equal to zero,
implying that errors are homoscedastic (variance ¼ 0) and are not
correlated. Right panels in Fig. A1 show that for all functional
groups the residuals do not show any correlation with the inde-
pendent variables.
Despite the robustness of the regression analysis outputs, in
some cases, the calculation fails to achieve closer and higher re-
siduals are consequently obtained (notably in Marseille’s case),
implying some remaining variability. Indeed, such discrepancies
between measured and calculated concentrations can be partially
assigned to uncertainties associated with FG measurements and/
or CMB estimates and to unconsidered minor contributing sour-
ces. However, the major limitation of the analysis used here
stems, in our opinion, from the fact that it does not account for
potential variability in the functional group fingerprint of OA
derived from the same process. With regards to primary emis-
sions, it was shown, in particular for biomass smoke, that
important variability of the functional group fingerprint can be
observed according to combustion conditions (Dron et al., 2010).
This variability might be even higher for the secondary fraction
whose oxidation state strongly depends on the precursors’
chemical nature (Chhabra et al., 2011), as in Marseille SOA pre-
cursors are dominated by biogenic volatile organic compounds
(El Haddad et al., 2011b), whilst in Grenoble, SOA is more likely to
be generated through aging of primary emissions (Favez et al.,
2010). Additionally, both primary and secondary fractions can
undergo further photochemical processing during atmospheric
transport (Donahue et al., 2009) and variability in photochemical
age of air masses introduce most likely variability in the func-
tional group content of the collected aerosol. Accordingly, RFi
parameters determined here must be regarded as average esti-
mates of functionalisation rates of OA derived from direct emis-
sions (PfOA and BBOA fractions) and photochemical processes
(SOA fraction).

Appendix C. Evolution of functional groups in Van Krevelen
diagram e theory and examples

Recently, Van Krevelen diagrams representing H:C vs. O:C ra-
tios were frequently utilized to investigate the processes involved
in atmospheric aging of particulate organic matter, as these rep-
resentations may help highlighting the type of functional groups
formed (Heald et al., 2010; Chhabra et al., 2011; Ng et al., 2011).
However, the representation of functional group formation in Van
Krevelen diagram is not always straightforward and Fig. A2 il-
lustrates this complexity showing different possible scenarios
representative of atmospheric reactions taken from state of the
art literature (Kroll and Seinfeld, 2008; Hallquist et al., 2009). In
these representations, O:C ratios always increase proportionally
with the increase of functional group rates (see Fig. A2a, b and c)
and one can straightforwardly estimate these ratios by knowing
the type and the amount of functional groups added. Conversely,
H:C ratios cannot be estimated in the same manner as they
depend on the unsaturation rate of the un-functionalised matter
and the process by which the functional group is added to this
matter. The unsaturation rate of the un-functionalised matter was
here represented by an aging starting point considered as the H:C
value at O: ¼ 0 and estimated as 1.51 by fitting the AMS data. This
absolute H:C value has to be regarded with caution as it may not
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reflect the actual starting point and only relative changes in this
ratio can be considered relevant. These changes can be examined
by the slopes of the aging lines and are dependent on the process
by which the functional group is added. Steep negative slopes
indicate a large loss of hydrogen atoms with the addition/for-
mation of functional groups. Examples illustrating these processes
include addition of carbonyls and carboxylic groups on saturated
carbon (Fig. A2a) and the conversion of an alcohol group into a
carbonyl group (Fig. A2.c). In contrast, slopes equal to zero or
positive slopes represent processes by which the addition of the
functional group does not change or increase the amount of
hydrogen atoms in the matter, respectively. These processes
comprise the addition of ROH or ROOH on saturated carbon, the
formation of RCOR0 or RCOOH upon the breakdown of double
bonds (e.g. ozonolysis), the formation of dihydroxy (e.g. methyl-
tetrols), hydroxyl-hydroperoxides and hydroxyl-carbonyls upon
the addition of OH radical on the double bond and the conversion
of a RCOR0 group into a RCOOH group. It should be noted that
owing to the high reactivity of double bonds, processes involving
their oxidation (fragmentation/addition) are expected to prevail
only during the first oxidation steps (i.e. oxidation of unfuntion-
alized olefins/terpenes such as a-pinene) and have less impact on
the aging of secondary particle phase material (e.g. trans-
formation of SVOOA into LVOOA). At this step, other fragmenta-
tion pathways involving the cleavage of CeC simple bonds of
oxygenated compounds are likely to prevail, increasing the O:C
ratios due to a loss of carbon. However, the products resulting
from such mechanisms are expected to be more volatile than their
oxygenated precursors and thus it is unlikely that they signifi-
cantly contribute to LVOOA (Kroll et al., 2009).

Unlike the aforementioned processes, molecular oligomerisa-
tion mechanisms such as esterification, acetal formation or aldol
condensation reduce both H:C and O:C ratios and lead to a decrease
in the overall functional group balance. Fig. A2d illustrates the
evolution of H:C vs. O:C ratios with the esterification of a ROH:R-
COOH 1:1 mix. In the example, the esterification of the total ROH
and RCOOH groups leads to a decrease of the functionalisation rate
and the O:C ratios by a factor of 2 and 1.5, respectively.
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Indeed, processes represented here cannot be considered as
exhaustive and several others can be involved in the formation and
evolution of secondary organic aerosol. In the ambient atmosphere,
a mix between these processes most probably takes place. This can
be translated in Van Krevelen diagrams by an average aging line
weighted by the importance of each process involved.
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