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Abstract. The gas/particle partitioning behaviour of the five compounds were positively or tentatively identified, nine
semi-volatile fraction of secondary organic matter and thebeing in both gaseous and particulate phases; and twelve,
associated multiphase chemistry are key features to accuamong them tricarboxylic acids, hydroxyl dicarboxylic acids
rately evaluate climate and health impacts of secondary orand oxodicarboxylic acids, being detected for the first time.
ganic aerosol (SOA). However, today, the partitioning of
oxygenated secondary species is rarely assessed in exper-
imental SOA studies and SOA modelling is still largely
based on estimated partitioning data. This paper describe$ Introduction
a new analytical approach, solvent-free and easy to use,
to explore the chemical composition of the secondary or-Atmospheric formation of particulate matter from the gas-
ganic matter at a molecular scale in both gas and parto-particle transfer of organics during their atmospheric oxi-
ticulate phases. The method is based on thermal desorlation is now considered as one of the main phenomena in-
tion (TD) of gas and particulate samples, coupled with gasvolved in both air quality and climate issues (IPCC, 2007;
chromatography (GC) and mass spectrometry (MS), withHallquist et al., 2009). A better understanding of the inter-
derivatisation on sampling supports. Gaseous compoundtglated processes and an improved representation in mod-
were trapped on Tenax TA adsorbent tubes pre-coated witlels are still required (Kanakidou et al., 2005). Secondary
pentafluorobenzylhydroxylamine (PFBHA) or N-Methyl-N- organic aerosol (SOA) formation is commonly described
(¢-butyldimethylsilyltrifluoroacetamide (MTBSTFA). Par- by gas-to-particle conversion of semi- and non-volatile sec-
ticulate samples were collected onto quartz or Teflon-quartondary species formed in the gas phase by atmospheric
filters and subsequently subjected to derivatisation with PF-oxidation of volatile organic compound (VOC) precursors
BHA or MTBSTFA before TD-GC/MS analysis. Method de- (e.g. Odum et al., 1996; Seinfeld and Pankow, 2003; Asher
velopment and validation are presented for an atmospheriand Pankow, 2006). However, for SOA formation and evo-
cally relevant range of organic acids and carbonyl and hy-ution pathways, in addition to the initial gas-phase oxida-
droxyl compounds. Application of the method to a limonenetion processes, a significant number of studies in the last
ozonolysis experiment conducted in the EUPHORE simula-decade have pointed out the role of multiphase chemical pro-
tion chamber under simulated atmospheric conditions of lowcesses in the particle phase (e.g. Graber and Rudich, 2006;
concentrations of limonene precursor and relative humidity,Kroll et al., 2007; Healy et al., 2008; Monks et al., 2009)
provides an overview of the method capabilities. Twenty-or at the gas-particle interface (e.g. Rudich, 2003; Rudich et
al., 2007). These processes involve continuous modification
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1460 S. Rossignol et al.: A limonene ozonolysis study

of the chemical composition of SOA and its physicochemi- (e.g. Arp and Goss, 2009; Barley and McFiggans, 2010) and
cal properties and interdependently influence the partitioningusually setsy; to unity, owing to experimental determina-
of semi-volatile organic species (SVOCs) between gaseousion difficulties. This can lead to uncertainties that are sus-
and aerosol phases, thereby consuming or forming SVOCgected to account for observed discrepancies between mod-
(Healy et al., 2008). els and ambient observations in SOA yields. Another likely

Hence, understanding multiphase chemical processes ismajor source of discrepancies could be the poor consider-
today a key issue to assess both aerosol climate imation of multiphase chemical processes as a sink or source
pacts and health effects. It can improve climate impactof SVOCs (Chan et al., 2009). An alternative modelling ap-
evaluation through modelling enhancement of formationproach to the mechanistic description of SOA is the volatil-
and evolution pathways and characterisation of aerosoity basis set (VBS) (Donahue et al., 2006, 2009; Cappa and
physical properties. In terms of health issues, knowledgelimenez, 2010; Farina et al., 2010; Tsimpidi et al., 2010)
of SOA formation pathways and fine particle composi- which is based on distribution of the considered organic mat-
tion in different outdoor/indoor conditions is required for ter mass into volatility classes according to their saturation
toxicological evaluation. mass concentratio@; (corresponding to the inverse of the

In spite of large progress made in recent years (e.g. DonPankow type partitioning coefficient). In this case, the di-
ahue et al., 2006; Camredon et al., 2010; Parikh et al., 2011)ution process and the evolution of particulate mass are the
current SOA formation and evolution modelling often suf- driving features. While the VBS scheme does not directly
fer from discrepancies between modelling results and obintegrate chemical mechanisms, it takes reactivity into ac-
servations (e.g. Volkamer et al., 2007; Chan et al., 2009;count by considering a redistribution of the organic mass
Pankow, 2011), notably revealing gaps in our knowledgefrom one volatility bin to another. VBS consequently re-
of SOA formation and aging pathways. Atmospheric chem-quires data to link atmospherically relevant partitioning be-
istry models integrating SOA formation are usually based onhaviour to the origin of the organic aerosol and its composi-
the parameterisation of SVQ@as-particle partitioning pro- tion. This context highlights the requirement for improving
posed by Pankow (1994). This parameterisation is based onur comprehension of multiphase chemical mechanisms, es-

the definition of an equilibrium partitioning coefficieRt, ; pecially those driving the formation of SVOCs and their con-
(miug™): sumption, and providing atmospherically relevant data on the
partitioning behaviour of SVOCs. There is therefore a strong
o (ng Hgl)particle phase P 1) need to simultaneously explore the molecular composition of
pi =

both gas and particulate phases in SOA studies, and to sys-
tematically determine the observed partitioning of SVOCs.
where P; is the mass concentration (ngrhueir) of the  The related experimental data have to be evaluated not only
SVOG in the particle phasej; is the mass concentration Wwith low-concentration simulation chamber experiments but
(ng m~23 air) of the SVOG in the gas phase arid is the mass ~ also using ambient atmospheres to assess the relevance of the
concentration (g m? air) of the total sorbing particle phase. obtained results.

While Eq. (1) is independent of the nature of the sorption pro- However, since atmospheric secondary organic matter re-
cess — i.e. adsorption or absorption (Lazaridis, 1999) — mossults from complex and successive oxidation processes, it
of the models assume an absorptive gas/liquid partitionings highly functionalised and reactive. It contains oxygenated
of SVOCs. This mechanism is expected to be predominantmoieties such as aldehyde, keto, hydroxyl, and carboxylic
in SOA formation (Pankow, 1994; Odum et al., 1996) and acid groups. Exploring SOA chemical composition and the
links Kp; with the saturation vapour pressure of the SYOC associated gas phase at a molecular scale is consequently

(ng m—s)gas phase B GiM’

through the Eq. (2): a true analytical challenge (Prather et al., 2008). This is
emphasised when the atmospherically relevant constraints
_ 760RT ) of low concentration levels and relative humidity are taken
P 10°MWomyi P2, into account.

Until today, only a few studies have assessed the parti-
whererR (m? atm mol-1 K1) is the ideal gas constarf, (K) tioning of secondary organic compounds through determina-
is temperatureMWon, (g mol1) is the average molecular tion of partitioning coefficients,, for individual secondary
weight of the absorbing particulate materialjs the activity =~ species. Some papers report the use of a thermodenuder (de

coefficient of compound in the particulate phase, aer’l. Gouw and Warneke, 2007; Grieshop et al., 2009; Lee et
(Torr) is the vapour pressure of compounds a pure liquid al., 2011) in order to evaluate the volatility of SOA formed
(subcooled, if necessary). from different precursors without information on the chemi-

SOA modelling based on chemical oxidation schemescal composition. In these studies, SOA formed in simulated
(e.g. Jenkin, 2004; Camredon et al., 2007; Bessagnet et alagtmospheres flows through and evaporates in a temperature-
2008; Chan et al., 2009; Valorso et al., 2011) generally escontrolled tube, previously calibrated with compounds with a
timate the theoretica?fﬁl. using group contribution methods known vapour pressure. By this method SOA mass is divided
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into volatility classes with known vapour pressure ranges,(e.g. Sato et al., 2010). However, complex El mass spec-
providing a volatility distribution. This method is very use- tra resulting from extensive fragmentation do not allow for
ful to provide atmospheric relevant constraints for modelling the unambiguous identification of individual organic com-
based on the Volatility Basis Set (Grieshop et al., 2009) andoounds, which limits the exploration of the composition at
evaluate the semi-volatile and non-volatile fractions of SOA.a molecular scale.
Nevertheless, it remains incomplete as it provides no insights Another interesting in-situ method is thermal desorption
into chemical processes. aerosol gas chromatography (TAG instrument), based on
Studies aiming at elucidating chemical processes focugoupling thermal desorption of the aerosol with gas chro-
on the characterisation of the chemical composition of secimatography/mass spectrometry (GC/MS) or GC-flame ion-
ondary organic matter at a molecular scale. However, whileisation detection (GC-FID) (Williams et al., 2006). Recently
the aerosol phase is most often analysed by chromatographimproved by GCx GC separation (2D-TAG, Goldstein et al.,
off-line methods to explore its highly complex molecular 2008; Isaacman et al., 2011), TAG provides detailed data on
composition, the gas-phase products are most often monithe volatility distribution of the particle components with a
tored by an on-line method providing limited insights into good time resolution (from 1 to 2 h). However, GC separa-
the molecular composition. Today, proton transfer reactiontion limits TAG detection and the identification range to non-
mass spectrometry (PTR-MS) is the most widely employedpolar and mono-functionalised compounds, so that it does
on-line technique for assessing the chemical composition ohot allow to obtain insights into SOA chemistry.
the gas phase (e.g. Blake et al., 2004; Kroll et al., 2006), Off-line chromatographic methods are required to ad-
as it provides continuous molecular information and quan-dress the high complexity of SOA composition. The meth-
tification of gas-phase compounds at very low concentra-ods differ in a first instance by the extraction step. Hays
tion levels (around 10 ppt) without interference of water, and Lavrich (2007) provided an interesting review on
making it usable in the ambient atmosphere. Neverthelesgshermal desorption-gas chromatography/mass spectrometry
PTR-MS is not specific as it does not provide detailed (TD/GC/MS) applied to fine aerosol. TD is a very conve-
structural information. nient extraction method as it can be fully automated and is
Chromatographic methods using an on- or off-line ap-inexpensive, sensitive and solvent-free. However, like on-line
proach, often coupled with thermal desorption, are some-TAG, this technique is limited by the polarity of SOA com-
times applied to elucidate the molecular composition ofponents. To overcome this limitation, an in-situ derivatisa-
the gas phase. However, apart from a few approaches ugion step can be introduced. A few recent studies have in-
ing derivatisation strategies (e.g. Ho and Yu, 2002, 2004 tegrated this principle, exposing sample filters to a derivati-
Temime et al.,, 2007; Pacolay et al., 2008), these techsation reagent for methylation or trimethylsilylation during
nigues are restricted to non-polar or mono-functionalisedthermal desorption for the detection and quantification of
compounds (e.g. Wedel et al., 1998; Xu et al., 2003;mono- and dicarboxylic acids (Beiner et al., 2009; Sheesley
Sinha et al., 2010) with limited applications to secondaryet al., 2010; Orasche et al., 2011). Other extraction tech-
chemistry studies. nigues, more scarcely used, have also been reported. As an
Studies aiming at elucidating the underlying mechanismsexample, supercritical fluid extraction (SFE) couples the ex-
of SOA formation focus on the chemical composition of the traction step directly to the analytical process. Its efficiency
particulate phase. For this purpose, a wider range of powerfor extracting organic compounds from complex matrices
ful analytical methods exists, mainly because of the chemi-has been demonstrated by coupling SFE with GC/MS or
cal complexity of the aerosol and its diversity, which can beliquid chromatography/GC/MS (LC/GC/MS) (Hansen et al.,
divided into on-line and off-line methods (Hallquist et al., 1995; Forstner et al., 1997; Castells et al., 2003). The pro-
2009). Over the past decade, on-line real-time aerosol massess has the advantage in that it allows derivatisation of po-
spectrometry (AMS) has become a technique of choice tdar compounds during the static extraction step (Shimmo et
explore the chemical composition of the aerosol phase withal., 2004; Chiappini et al., 2006). Nevertheless, the large ma-
a high time resolution (Sullivan and Prather, 2005; Cana-jority of studies exploring the chemical composition of fine
garatna et al., 2007). Combining direct thermal extraction oforganic aerosol is based on a first solvent sample extrac-
sampled airborne aerosol (flash vaporisation upon impactiotion step as it provides several possibilities for further an-
on a hot surfacey600°C, under high vacuum) with electron alytical processes. Solvent extraction type and steps to be
ionisation (El) and mass spectrometry, the AMS techniqueconsidered (solvents choice, ultrasonication, Soxhlet, pre-
provides data on the bulk chemical nature of particulate or-concentrations steps, derivatisation, etc.) are selected ac-
ganic matter — sulphate, nitrate, ammonium and chloride coneording to both the fraction of the organic mass studied
tents, and the oxidation state with function type identification (water-soluble organic compounds, polycyclic aromatic hy-
(alcohols, carboxylic acids and carbonyls) — and is consedrocarbons, carbonyl, carboxyl and/or hydroxyl compounds,
qguently a powerful tool for the chemical and physical char- organosulphates, organonitrates, oligomers, humic-like sub-
acterisation of SOA. It has been successfully applied to bottstances, etc.) and the analytical technique employed (GC,
ambient (e.g. Zhang et al., 2011) and simulated atmospherdsC, ion chromatography — IC, electrophoresis, etc.). Mass
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spectrometric analysis is widely used for identification andsation reagents have occasionally been employed, such as
quantification. Among the various possible combinations,the BF-methanol reagent (Jaoui and Kamens, 2003). In
those aiming at analysis of polar and functionalised com-spite of its powerful capacity to identify and quantify indi-
pounds (compounds containing, for example, carbonyl, carvidual species in complex mixtures of poly-functionalised
boxyl and/or hydroxyl groups) are mainly divided between compounds, this procedure presents the disadvantage of sol-
GC/MS analysis with prior derivatisation (e.g. Nolte et al., vent extraction. More recently, the same simultaneous sam-
2001; Claeys et al., 2004, 2007; Edney et al., 2005; Szmigielpling technique of both gas and particulate phases onto a de-
ski et al., 2007; Chan et al., 2010; Vivanco et al., 2011) nuder/filter pack has been improved for carbonyl measure-
and LC/soft ionisation-MS analysis [electrospray ionisa- ments, where PFBHA is used prior to sampling to coat the
tion (ESI-MS) or atmospheric pressure chemical ionisationXAD-4 denuder and impregnate the filter(s) (Temime et al.,
(APCI-MS)] (e.g. Wan and Yu, 2007; @nez-Gonalez et  2007; Healy et al., 2008, 2009; Ortiz et al., 2009). The sam-
al., 2008; Kitanovski et al., 2011). These techniques are conple treatment is thus reduced to a simple extraction of the
stantly being improved and made more complex in ordersampling supports, denuders and filters, possibly followed by
to improve detection limits, enlarge the range of separablea solvent reduction step and/or a filtering step. However, this
species (GG GC, LC x LC), orincrease the structural char- method is reserved to carbonyls and solvent extraction is still
acterisation capability through higher-order MS (MSor required.

high-resolution MS (e.g. ion trap — ITMS, Time of Flight —  In this study, we present a new analytical approach to ex-
ToFMS, Fourier Transform lon Cyclotron Resonance Massplore, simultaneously and in parallel, the chemical composi-
Spectrometry — FTICR-MS) (e.g. Hamilton et al., 2005; tion of both gas and particulate phases, and to quantify the
Pol et al., 2006; Claeys et al., 2009; Yasmeen et al., 2011partitioning of individual and poly-functionalised SVOCs.
Hamilton et al., 2011). Nevertheless, while solvent extrac-Reducing both solvent use and time-consuming sample treat-
tion has proven useful for subsequent quantification and prement steps, the new method is based on thermal desorption of
cise molecular structure identification, related protocols areboth gas and particulate phases sampling supports, coupled
time-consuming, and are prone to contamination and lossesp GC/MS. It involves on-sorbent derivatisation of gas-phase
especially for the semi-volatile fraction, during the different compounds and on-filter derivatisation of particulate-phase
extraction steps. compounds.

Global approaches considering gas and particulate phases The validation of the method is presented as well as its
simultaneously are required to elucidate secondary organiapplication to smog chamber experiments. As to the lat-
matter at a molecular scale for both phases and to proter experiments, two series of simulated atmosphere exper-
vide relevant partitioning data for SVOCs. Most works aim- iments were performed in the EUPHORE European reactor.
ing at studying the partitioning of SVOCs are based onA first series focuses on limonene ozonolysis chemical sys-
off-line chromatographic techniques coupled to mass spectem, whereas a second one focuses on the isoprene photo-
trometry, for both phases. This approach involves simulta-oxidation chemical system. Results from these experiments
neous sampling of both gas and particulate phases. One @fre used here to illustrate the capability of the method to
the most common sampling methods is to trap gas-phasexplore the chemical composition of the secondary organic
compounds on one or more annular glass denuders (XADmatter in both gas and particulate phases.

4 coated) placed in series with a filter collecting the aerosol

phase. This sampling technique has been applied without any

derivatisation step prior to gas GC/MS analysis to investi-2 Materials

gate gas/patrticle partitioning of non-polar compounds — alka-

nes, PAHs (Volckens and Leith, 2003), or small carbonyls2.1  Chemical

in diesel exhaust (Lee et al., 2004; Jakober et al., 2008). In

more specific SOA studies targeting poly-functionalised and2.1.1 Standards

reactive compounds (carbonyls, hydroxyls and carboxyls), a

derivatisation step has been introduced prior to the chromatoThe standards used for the method development were chosen
graphic separation. After solvent extraction of both denuderin order to fulfil the following purposes: (i) represent a wide
and filter, each sample is derivatised, in the liquid phase, byrange of functionalised semi-volatile secondary organic com-
oximation with pentafluorobenzylhydroxylamine (PFBHA). pounds; and (ii) facilitate the identification and quantifica-
Extracts are reduced in volume and blown to dryness betion of secondary products that are expected from limonene
fore reconstitution in a suitable solvent. Double derivatisa-ozonolysis (as this system has been chosen as a model sys-
tion is then performed by additional trimethylsilylation with tem). Each series of compounds used for the different method
N,O-bis(trimethylsilyl)trifluoroacetamide (BSTFA). Subse- characterisation tests is chosen in order to meet both experi-
guently, aliquots of the doubly-derivatised extracts are in-mental requirements and objectives. All chemicals were pur-
jected into the GC/MS instrument (e.g. Woo and Kim, 1999; chased from Sigma-Aldrich Co. (St. Louis, USA) with the
Kalberer et al., 2000; Jaoui et al., 2003). Alternative derivati-exception of 4-oxopentanal, available from Diverchim SA
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Fig. 2. Derivatisation reaction of carboxyl or hydroxyl compounds

Fig. 1. Derivatisation reaction of carbonyl compounds by the PF- by the MTBSTFA reagent.

BHA reagent.

from PerkinElmer, Inc. (Waltham, USA, stainless steel ATD

d for both Wtical devel t and licati f th SPrepacked Sample Tubes, Sorbent: Tenax TA mesh 60/80).
used or both analylical development and application ot th€g ¢, o first yse and after use, adsorbent tubes were condi-

_m?:]hog to IllmonePe ozonolysis, a complete list is proV'dedtioned overnight under a heated helium flow (2€5. Ad-
in the Supplement. sorbent purity is checked before use by TD-GC/MS analysis.

2.1.2 Derivatisation reagents 214 Filters

Derivatisation of oxygenated species blocks the reaCtdiDarticulate phase sampling was achieved on two types of
functions, reduces their polarity and consequently enhance§jiars in order to meet the different requirements of the
GC/MS response factors. Two derivatisation reagents Were, o 4 rivatisations performed, with PFBHA and MTBSTFA.
employed in order to derivatise either carbonyl compounds]-O trap, derivatise with PFBHA and analyse the carbonyl-

or carboxyl and hydroxyl compound®)-(2, 3, 4, 5, 8- ,ntaining fraction of the aerosol phase, high-purity quartz
pentafluorobenzyl)hydroxylamine (PFBHA, purchased frommicrofibre filters (QM-A grade, 47 mm, Whatman, Whatman

Sigma-Aldrich: PFBHA hydorochloride, puriss. p.a., derivati- |ermational Ltd. Maidstone, UK) were used, as quartz fil-
sation grade for GC299.0%) was used to derivatise car- ters are hydrophilic and are the most thermal-resisting filter

bonyl compounds (aldehydes and ketones). The PFBHAyne commercially available. To trap, derivatise with MTB-
derivatisation reaction (Fig. 1) forms oximes that pro- grea and analyse the hydroxyl- and carboxyl-containing
vide characteristic fragmentation in MS and enhance deyaction of the aerosol phase, pure borosilicate glass fibres
tection limits. It is the most frequently used reagent in gyers with fluorocarbon (tetrafluoroethylene, TFE) coating
SOA §tudles to derivatise carbonyl groups for GC/MS (Fiberfilm™, 47 mm, PallFleR, Pall Life Sciences, Port
analysis (e.g. Wu and Hee, 1995; Jaoui et 3"’ 2006;Washington, USA) were used, as TFE coating reduces mois-
Carrasco et al., 2007; Healy et al., 2008; Ortiz et al.,y 1o |9ading during sampling and reactivity of the filter sur-
2009). The reaction is commonly performed in aque-¢ce ang as these filters can be used up to a temperature
ous or water-containing solution (Cancilla and Que Hee,yt 315.c. Thereafter, Fiberfilf" filters are referred to as
1992). N-Methyl-N-(-butyldimethylsilyl)trifluoroacetamide g0 quartz filters. Before use, quartz fibre filters were con-

(MTBSTFA, purchased from Redfs Techr_10|o_gies InC., " itioned by heating at 450 for 5 h and Teflon-quartz filters
MTBSTFA +1 %¢-BDMCS) was used to derivatise carboxyl by heating at 300C for 5 h.

and hydroxyl compounds. MTBSTFA converts hydroxyland "1 a5 particles upstream the Tenax TA sorbent tubes,

carboxyl groups (Fig. 2) to form-butyldimethylsilyl (TB- 5 refion filter (Zefluor PTFE membrane filters, Pall Life
DMS) esters with increased volatility compared to the parents iances. not analysed) was used.

compounds, and consequently extends the range of semi- and

non-volatile compounds observable in GC analysis. BSTFA2 2 Analytical systems

is more widely employed in SOA studies for derivatisation of

hydroxyl and carboxyl groups than MTBSTFA (e.g. Klein- Two analytical systems were used to perform analytical de-

dienst et al., 2004; Jaoui et al., 2006; Pietrogrande andrelopment owing to the large number of samples to be

Bacco, 2011); nevertheless, MTBSTFA was chosen since treated. The TD-GC/MS system was used for constructing

butyldimethylsilyl derivatives formed with MTBSTFA pro- calibration curves, evaluating detection limits and analysing

vide similar fragmentation pathways as trimethylsilyl deriva- simulation chamber samples, while the TD-GC-FID system

tives formed with BSTFA but are less sensitive to hydrolysis.was preferred above the other system for the analytical de-
velopment (method optimisation and characterisation tests),

2.1.3 Adsorbent as FID response stability over time does not require system

o ) recalibration and facilitates comparison of the results. Both

Gas-phase sampling is achieved on adsorbent supporkystems were used with the same analytical conditions. It

Tena® TA was chosen based on three criteria: (1) its chem—goes without saying that only the TD-GC/MS system was

ical inertness, (2) its capacity to trap compounds with aged to apply the developed method.

large range of volatility, and (3) its highly hydrophobic na-

ture. Commercial Ten&TA sorbent tubes were purchased

www.atmos-meas-tech.net/5/1459/2012/ Atmos. Meas. Tech., 5, 1459-1489, 2012
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2.2.1 Thermal desorption — gas chromatography/mass 2.3 Simulation chambers

spectrometry system and procedures
2.3.1 INERIS dynamic simulation chamber

The thermal desorption (TD) system was composed of (1) an

Ultra 50:50 (Markes International, Llantrisant, UK) multi- The INERIS dynamic simulation chamber consists of a
tubes auto-sampler equipped with an injected sample spliporosilicate glass loop (2001 volume) which has been de-
flow automated re-collection system, (2) a Unity 1 (Markes Scribed elsewhere (Martin et al., 2003; Gonzalez-Flesca and
International) platform desorber for single tubes, and (3) anFrezier, 2005). It has been specifically designed to gener-
Air Server (Markes International) used in the mass flow con-ate single or multi-component gaseous species atmospheres
troller mode. Samples were desorbed at 3D@or 15min at ~ at known and stable concentrations (from hours to weeks).
a flow rate of 50 mImin! and were cryogenically trapped Clean and dry air was generated by a zero air genera-
on-Tena® TA (mesh 60/80) adsorbent atl0°C. The trap  tor (Claind, AZ Air purifier 2010) and atmospheres were
was desorbed for GC injection at 300, for 15min in or-  generated by continuous dilution of a concentrated mixture
der to clean the trap, with a split ratio of 1:9. The “re- (typically, standard pollutants gas tanks). The dilution pro-
collection” option of the commercial thermal desorption sys- cess was controlled and monitored by mass flow meters.
tem was used: the split flow from the injected sample is!f required, relative humidity was generated from a pres-
driven through the original, previously desorbed, Téh@a  surised bulb containing ultrapure water (18.2IVElgaPure-

tube (in the case of a gas-phase sample) or through a freshiyab Flex, Veolia water) connected to a heated liquid mass
cleaned TendX TA tube (in the case of the aerosol-phase fil- flow controller system. The temperature in the chamber was
ter samples), allowing the collection, at ambient temperaturefmaintained at around 2Z by circulation of a temperature-

of compounds that otherwise would be lost through the ventconditioned mixture of water/ethylene glycol in the chamber
exit to be subsequently analysed. The gas chromatograph§ouble walls. Temperature, pressure and relative humidity
system was a 6890A type instrument from Agilent Technolo-Were continuously monitored.

gies equipped with an RR5Sil MS column (60 m, 0.25 mm
i.d., film thickness: 0.1 pm, Restek Corporation, Bellefonte,
USA). Samples were chromatographically separated with th
following temperature program: from 40 to 305 with a

2.3.2 CESAM atmospheric simulation chamber

eI'he CESAM atmospheric simulation chamber was used to
perform determination of breakthrough volumes presented in

L9 i
:Zinvzlsrggg%f tl@g ir:é?ruhngf:ggsz Si?eenittl?erzﬁgglosyises Sect. 3.2.4. It has been described in detail elsewhere (Wang et
yb g 9 ‘al., 2011). Briefly, this facility consists of a cylindrical 4.2m

Itwas equipped either with an electron ionisation (E) SOUrCeqtainless steel chamber. The chamber is evacuable using a

(operated at an energy of 70eV), used in the case of the owerful pumping system consisting of a root pump, a rotar
first injections of samples for structural identification and b pumping sy 9 pump, y

quantification, or a chemical ionisation source (Cl in positive pump and a turbomolecular pump which allows the evacu-

. .~ ation down to 8 10~* mbar between each experiment to
mode, methane as reagent gas), used in the case of the injec- . .
minimise the memory effects. Both temperature and relative

tion of the_ re-collgcted samples to provide complementaryhumiolity were measured with a HMP234 Vaiilaumidity
structural information. . . . . .
and temperature transmitter equipped with a capacitive thin-

film polymer sensor Humic&p

Injection of compounds was performed by introducing a
precisely known pressure (in the range 0.1 mbar) via a vac-
The TD-GC-FID system was Composed of a thermal desUum ramp from a frozen pure standard solution into a bulb
orber (TurboMatrix 650, Perkin Elmer, Inc.) coupled to a Of known volume { =1.08321). The bulb content was then
gas chromatograph (Clarus 500, Perkin Elmer, Inc.) andmmediately flushed into the chamber.
equipped with an R#-5Sil MS column (60m, 0.25mm Hydrocarbon products were monitored using a Fourier
i.d., film thickness: 0.1 pm, Restek Corporation, Bellefonte, Transform InfraRed spectrometry (FTIR) instrument from
USA) and a flame ionisation detector. The system was alsd3ruker GmbH. The total optical path length for the in-situ
coupled to a mass spectrometer (Clarus 500, Perkin Elmef; TIR measurement was set to 192 m.
Inc.). The analytical method was the same as that used on ) .
the Markes-Agilent TD-GC/MS system. No re-collection 2-3-3 EUPHORE simulation chamber

was performed for analyticgl deve!opment. Th? S(_:'para([imkimulation chamber experiments on limonene ozonolysis
of the compounds was achieved with the following temper'(Sect.4.) and isoprene photo-oxidation (Sect. 3.3.4) were

i\guorg rﬁg(gg{am. from 40 to 30% with a thermal ramp of conducted in chamber B of the EUphore PHOtoREac-
' tor (EUPHORE) facility in Valencia (Spain), consisting of

~200n? outdoor hemispheric fluorinated ethane/propene

(FEP) bags equipped with high power fans. For limonene

2.2.2 Thermal desorption — gas chromatography —
flame ionisation detection
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Atmosphere
The developed global sampling and analytical method is

summarised in Fig. 3. This method is based on the simul-
PFBHA coated A MTBSTFA coated . p .
Tenax TAsorbent %52 Tenax TAsorbent Quartzfibres Teflon-Quarts taneous sampling of the gaseous phase on Tenax TA sorbent

tubes - — tubes filters fibres filters

= tubes pre-coated with one of the two derivatisation reagents

(PFBHA or MTBSTFA), and the particulate phase on fil-
ters. Gaseous samples pre-coated with MTBSTFA require

| re-exposition to the derivatisation reagent after sampling to

3 Analytical development

3.1 Method overview

Gasphase
sampling

Particulatephase
sampling

l Thermal Extraction

I complete derivatisation. Particulate samples are systemati-
\ GC/MS(EI) analysis + Sample recollection on Tenax TA sorbent tubes | cally exposed to one of the two derivatisation reagents after
[ sampling. The method involves TD-GC/MS analysis of all
[ T“e““‘”‘ljx"““"“ | derivatised samples. Both El and Cl modes analyses could
\ GCIMS(CI) analysis \ be performed for each sample using the sample re-collection
option of the commercial thermal desorber.
Fig. 3. Method overview. For each sample type, Tenax-TA tubes and filters, PFBHA-

and MTBSTFA-derivatised, the thermal desorption effi-

) ) ciency was evaluated for all available standard compounds
ozonolysis experiment the chamber was protected from outfy, the higher mass tested (around 320 ng samipley per-
door conditions (irradiation) by a retractable steel cover t0foming a second TD-GC/MS analysis just after the first one.
achieve dark conditions. Before the experiment, the chamgqr none of the compounds was a signal observed in the
ber was flushed overnight and then filled with clean air from gecong analysis, suggesting a maximal desorption efficiency
an air purification system including an absorption dryer with ,nder our desorption conditions.
molecular sieve. Air volume losses due to sampling were | ahoratory blanks were also tested. Only for methyigly-
compensated by introduction of clean air. Prior to every ex-oxa| and dimethylglyoxal on quartz filters were the observed
periment, an aliquot of Sfwas introduced into the chamber |eyels significant and consequently subtracted for construct-
as an inert tracer to determine the dilution rate. Limonene ofing cajibration curve and estimating detection limits. How-
isoprene was introduced using a heated clean air stream. Relyer, the quartz filter blank reproducibility was not evaluated.
ative humidity was generated by water introduction through - The developed method allows for the use of common
a sprayer. Humidity and temperature were monitored by a&y0Cs denuders upstream of aerosol collection filters. How-

hygrometer model TS-2 (Waltz, Effeltrich, Germany). Pres-eyver, in the present analytical development no denuder
sure was monitored by a barometer model Air DB-VOC 45 tested.

(Sirsa, Madrid, Spain). Ozone was produced by passing clean
air (Linde, purity of 99,999 %) through a bulb equipped 3.2 Carbonyl functions derivatisation in gas phase

with a mercury UV lamp. This in-house system was previ- samples
ously calibrated as producing ozone with a typical rate of
20 ppb mir?, considering the volume of the chamber. For the analysis of carbonyl-bearing molecules in the gas

The terpene concentration was monitored by an on-linephase, the collection of air samples collection was achieved
gas chromatograph coupled with a photoionisation detectoon Tena® TA sorbent tubes pre-coated with PFBHA. As
(Fisons GC-8160, Thermo-Fisher, Waltham, MA, USA) and the derivatisation reaction occurs onto the sorbent of the
equipped with a DB-624 cyano-propylphenylpolysiloxane cartridges, which is not a classical medium for oximation
fused silica capillary column (J&W Scientific, 30m, with PFBHA, one of the key parts of this work was the
0.32mm id, 1.8 um film), operated isothermally at 260  optimisation of this process and its characterisation.
with a total run time of 10min. The total aerosol mass
was continuously monitored by a tapered element oscillating3-2-1 ~ Sorbent coating and derivatisation

microbalance (TEOM, model 1400a, Ruppert and Patash;l_ ® TA . hieved in 20 mi ith .
nick Co. Inc, Albany, USA) with a one minute averaging ena coating was achieved in m|n,_W|t out using
time step. any solvent by sublimation of PFBHA: a nitrogen stream

(100 mImim tube 1) was passed through a glass bulb that
contained solid PFBHA and was connected to one or more
Tenax TA sorbent tubes (max. 8 tubes, Fig. 4). A PFBHA
mass of 330 ug (1.3umol) per tube connected was intro-
duced. For a 12| sample volume (corresponding to a sam-
pling flow rate of 100 mI min? for 2 h), this PFBHA mass
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] N, inlet pling flow rate of 100 mI min’. The results are shown Fig. 6,
- revealing no significant bias linked to humidity variations. A
i | relative humidity of 30 % appears to be sufficient to reach a
i 1 maximum derivatisation yield in these conditions. However,
- Glass Tenax TA a slight repeatability decrease is observed at 80 % RH, prob-
Vo bulb tubes ably due to competition between water and adsorbed organic

| molecules on adsorbent surface sites. Nevertheless, this ob-
servation is consistent with the fact that high humidity levels
are known to affect sampling on classic adsorbents, decreas-
\\, Oven ing breakthrough volumes (Harper, 1993; Loedwyckx and

! Vansant, 2000). The developed method to trap and deriva-
tise gaseous carbonyl compounds can thus be considered as

suitable under realistic sampling conditions.

A3
/
l"x U

| PFBHA
|

Fig. 4. The PFBHA coating process scheme for Tenax TA tubes. 3.2.3 Derivatisation efficiency and standardisation
The derivatisation efficiency was tested by comparing in-
is sufficient to derivatise (i.e. is 10 times higher than) a car-Solution derivatisation and on-TefaxTA derivatisation.
bonyl compound at a concentration of around 1 mgrtior Standard solutions were prepared in a 5/95 water/acetonitrile
an average molecular weight of 100). The glass bulb and sorMiXture at a concentration of 80ngil with 19 car-
bent tubes were kept at 11G in an oven during the coating. bonyl compounds (eleven aldehydes: methacrolein, pentanal,
Similar to Ho and Yu (2002), closed samples were stored ag-éthylbutanal, benzaldehyde, nonanal, ethyl-3-methyl-4-

room temperature after sampling for a minimum of five daysoxocrotonate, citronellal, citral, glyoxal, perillaldehyde and
before TD-GC/MS analysis to allow for full derivatisation. ~ 9lutaraldehyde; seven ketones: butanone, 3-buten-2-one, 4-
heptanone, carvone, 2,3-butadione, 3-methyl-2,4-pentadione

3.2.2  Humidity influence and camphor; and one keto-aldehyde: methylglyoxal). For
in-solution derivatisation, a molar excess of PFBHA corre-
For general purposes, PFBHA derivatisation is usually persponding to ten times the molar concentration of derivatis-
formed in aqueous or water containing solutions (Cancillaable functions was added to 1 ml of each solution. The so-
and Que Hee, 1992) and a molecule of water is formed forlutions were kept at room temperature (around®@p for
each derivatised compound (Fig. 1). A positive influence of24 h. One ul of each of the five derivatised solutions was sub-
the humidity present in the sampled air is consequently exsequently vaporised under a heated helium stream°@y0
pected for the derivatisation process. On the other hand, huand trapped onto five clean TeffaXA tubes just before
midity can disturb the collection of compounds by reduc- TD-GC-FID analysis. The repeatability of the in-solution
ing the adsorption efficiency (Harper, 1993; Loedwyckx and derivatisation protocol was separately evaluated by estimat-
Vansant, 2000). In order to evaluate this humidity influenceing the uncertainty of the analytical response of each in-
a series of aldehydes was sampled from a dry (0% RH)solution derivatised compound from a series of four in-
and wet (50% RH) simulated atmosphere. The experimensolution derivatisation replicates. These uncertainties, corre-
was carried out in the INERIS dynamic simulation cham- sponding to the standard deviation/average value ratio, were
ber. The system was adjusted to generate crotonaldehydéund to be satisfactory for all of the compounds, ranging
benzaldehyde, butanal, pentanal and hexanal at concentrcom 0.3 to 29.7 %. For on-sorbent derivatisation, one pl
tions of 11.7, 17.7, 12.0, 14.3, and 16.7 pghrespectively.  of the non-derivatised solutions was injected onto PFBHA-
Sampling was performed during four hours at a samplingcoated TendX TA tubes by the same procedure. In order
flow rate of 150 mImin!, connecting coated sorbent tubes to expose the tubes to humidity, clean and wet (50 % RH)
to the chamber through a sampling cone. Five and six replizero air was sampled onto the tubes during 30 min at a flow
cates were collected from the 0% RH and 50 % RH atmo-rate of 100 mImirrt. Samples were kept at room tempera-
spheres, respectively. The results are shown in Fig. 5, reveature for 5 days before TD-GC-FID analysis. Two on-Tenax
ing that humidity in the sampled air promotes trapping and/orTA derivatisations per solution were performed. The com-
derivatisation, 1 with an average response ratio of 2.4 beparison of the results is shown in Fig. 7. For aldehydes
tween wet and dry experiments (ranging from 1.9 and 3.6 de{Fig. 7a), on-Tenax TA derivatisation led to derivatisation
pending on compounds). A complementary experiment wafficiency close to or higher than in-solution derivatisation
performed in order to evaluate bias linked with humidity vari- (ratio ranging from 102 to 205 %), except for methacrolein
ations within a realistic relative humidity range. Three sam-(9 %). For ketones (Fig. 7b), on-Tenax TA derivatisation
pling series of three replicates were collected at 30, 50 anded to a derivatisation efficiency lower than for in-solution
80 % RH. Sampling was performed during one hour at a samderivatisation (ratio ranging from 12 to 41 %) (derivatised
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bonyl compound PFBHA derivatisatiofa) aldehydes derivatisa-
tion results,(b) ketone derivatisation results. “Peak Area” refers
to FID chromatogram, in area units. Error bars represerine
standard deviation determined from four replicates of in-solution
derivatisation. On-Tenax TA derivatisation was performed twice.

Derivatised camphor was not detected by both methods.
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Fig. 6. Gaseous carbonyl compounds sampling on simulated atmo-

sphere in realistic relative humidity range (30, 50 and 80 % HR). ) ) o

“Peak Area” refers to the extracted ion chromatogram obtained in Consequently, a calibration curve for quantification can-

the electron ionisation mode, in area units (ion extraction depend$10t be based on standards prepared from in-solution derivati-

on compound). Error bars represenbne standard deviation deter- sation, but has to be made by preparing standards that re-

mined from three replicates. produce real sampling conditions with the method described
just above and used for estimating the on-sorbent derivatisa-
tion yield estimation (by injecting non-derivatised standard

camphor was not observed in both derivatisation processesgolutions onto PFBHA-coated Tenax TA tubes and exposing

Consequently, even if this test does not allow to determinethem to a wet zero air stream to adjust humidity).

relevant on-Tenax TA derivatisation yields, it points out the

fact that the two procedures (in-solution and on-Tenax TA3.2.4 Breakthrough volumes

derivatisations) are not equivalent.

Nevertheless, based on this experiment and previous oneSxperiments to determine breakthrough volumes were per-
(see Sect. 2.2.2), the repeatability of on-Tenax TA derivati-formed in the CESAM smog chamber. The relative humid-
sation was estimated from the standard deviation/mean ratidy was maintained between 65 and 80 % as it was assumed
and determined to be equal to or lower than 10 % for com-that a high relative humidity favours breakthrough and con-
pounds with more than 4 carbons and lower than 20 % forsequently may lead to the determination of a lower limit
compounds with 4 carbons or less (except for the 80 % RHof breakthrough volumes. A temperature of°Z3remained
experiment). Thus, despite the low derivatisation yield for constant during the experiment. Samplings were performed
some compounds, a satisfactory on-Tenax TA derivatisatioron five sampling trains equipped with of two in series identi-
repeatability was observed, allowing quantification. cal PFBHA-coated sorbent tubes and operated at a flow rate
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of 100 ml mirrL. The experiment was performed within five methacroleine perlsldehyde
hours. One sampling was stopped each hour in order to test sow
five sampling volumes. i

The breakthrough volume is defined as the air volume £ ...,
required to completely elute a compound through an ad-* o«
sorbent tube (Baltussen et al., 2002). It defines a limit be- ™" 7
yond which the trapping is no longer fully efficient and e © ety -
where losses may be encountered. It is defined for a given )
compound on a given mass of adsorbent and in given enfig. 8. Evaluation of breakthrough volumes for carbonyl
vironmental conditions of temperature and relative humig-Sompounds on PFBHA-coated Tenax TA sorbent - tubes
ity (CEN, 2005). Breakthrough volumes for PFBHA-coated Sa) methac,r’oleme,(b) hydroxyacetone (c) penllaldehyde. 3

. . “Peak Area” refers to than/z181 extracted ion chromatogram

TenaX’ TA sorbent tubes were evaluated for a §er|es of f'veobtained in the electron ionisation mode, in area units.
carbonyl compounds. A mixture of methacrolein, hydroxy-
acetone, octanal, benzaldehyde, carvone and perillaldehyde

was injected in the CESAM simulation chamber with respec-yalidated (Student's t-test). For the negative intercepts ob-
tive concentrations of 71, 78, 121, 100, 137 and 152 p§m tajned for two compounds (citronellal and citral), no expla-
Absolute quantification of these species was achieved by th@ation could be found. Uncertainties (corresponding:d
method Used for their injeCtion: for eaCh of them, a preCiserstandard errors) are given for a 95% Confidence |eve|. De-
known pressure (in the range 0.1 mbar) was applied via a vacgection limits (corresponding to 3 times the area noise) are
uum ramp from a frozen pure standard solution into a bulbgiyen in absolute mass per sample tube and in concentration
of known volume ¥ =1.08321). The bulb content was then nits for a sampling volume of 121 (i.e. 100 ml nih for
immediately flushed into the chamber. 2h). They range from 0.07 to 6 ng per tube, corresponding
For a given compound, the breakthrough volume istg concentrations ranging from 6 to 500 ng#n(or 1.3 to
reached when measurable quantities of it are found in the segzq ppt). These detection limits are in the same order of mag-
ond coated tube (back-up tube). Results are shown in Fig. &itude or better than those obtained by Ho and Yu (2004)
For most of the compounds the breakthrough was found tgynd Lj et al. (2009), who propose sampling of aldehydes onto
be satisfactory as it fell in the range needed to sample organpFpH (pentafuorophenyl hydrazine)-coated Tenax TA tubes
iCS in air. For methacrolein, the breakthrough Volume WaSand Obtained detection ||m|ts ranging from 0.07to 6 ng sam-
reached within the first hour, corresponding to a samplingpled per tube (corresponding to atmospheric concentrations
volume smaller than 61. It was reached between the firstanging from 6 to 500 ng m? for a 121 sample volume).
and the second hour for hydroxyacetone, corresponding to compared to the classical 2,4-dinitrophenylhydrazine
a breakthrough volume between 6 and 12 1. Nevertheless, fO(DNpH) method involving collection of carbonyls onto
the other compounds — octanal, benzaldehyde, carvone angNpPH-coated silica cartridges before elution and analysis
perillaldehyde — the breakthrough volumes were not reacheghy Hp|.C-UV, the detection limits obtained in the present
within five hours, corresponding to a breakthrough volumestydy correspond to a gain of around one order of magnitude
higher than 301 (results are Only shown for peri”aldEhyde,(Ho and Yu, 2004) They are in the same order of magni_
Fig. 8c). Consequently, when the method was applied, a samyde or higher than those obtained by Chi et al. (2007), which
pllng time between one and five hours was Used, dependin%nge from2to9 ng rns' for a series of mono_carbony' com-
on the atmosphere concentrations but keeping in mind thabounds, by DNPH derivatisation and LC-ESI-MS/MS anal-
carbonyls with a number of carbon inferior to five are sub- ysis. The detection limits in the ppt range provided by the
jected to breakthrough, i.e. employing back-up tubes;f C method are nevertheless more than satisfactory, considering

PeakArea (a.

C4 carbonyl compounds require quantification. the concentration levels of carbonyls which can be reached
_ _ o in the atmosphere. As an exampleiillér et al. (2006) found
3.2.5 Linearity and detection limits concentrations of biogenic carbonyl compounds in a forest

_ . o region to be about hundreds of ppt.
Both linearity and detection limits were evaluated from cal-

ibration curves. A dilution series of five carbonyl com- 3.3 Derivatisation of carboxylic and hydroxyl functions
pounds solutions (nine aldehydes and eight ketones) from 5 in gas-phase samples

to 320 ng ut! was used. Calibration curves were performed

from standards reproducing real on-Tenax TA sampling con+or the analysis of hydroxyl-bearing gaseous molecules, col-
ditions (see SecB.2.3). Results are given in Table 1, includ- lection of the gas phase was performed on T&n&A sor-

ing calibration curve slopes, good correlation coefficientsbent tubes pre-coated with MTBSTFA reagent in order to
(ranging from 0.9883 to 0.9999) and satisfactory detectionanalyse the carboxyl- and hydroxyl-containing fraction of the
limits. The response linearity was evaluated from a specificgaseous organic matter. This reaction requires significantly
m/z ion extraction for each compound and was statistically different experimental conditions compared to derivatisation
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Table 1. Calibration curves slopes, linearities and detection limits for gaseous carbonyl compounds trapped on PFBHA-coated Tenax TA
tubes.

Extracted Calibration Linearity Detection limits
Standard Compound iom(/z) curve slope Y-intercept R?) ngtubel ngm3®  ppt®
Aldehydes
pentanal 181 (8+0.2) 1P 0.9993 0.3 25 7.1
2-ethylbutanal 239 (11+0.03)1¢ 0.9995 0.1 9 2.2
3-methyl-2-butenal 264 (@3+0.01) 1P 0.9999 0.07 6 1.8
heptanal 181 (®+0.1) 1P 0.9998 0.3 25 5.4
ethyl-3-methyl-4-oxocrotonate 140 .er+0.02) 10" 0.9999 0.3 25 4.3
citronellal 168 (701+0.05) 10" —(1.8+0.7) 1¢° 0.9997 3 250 40
citral 69 (188+0.03)1F° —(1.0+0.5) 1P 0.9990 6 500 80
perillaldehyde 164 (®2+0.06) 1¢* 0.9998 0.1 9 15
glutaraldehyde 181 (9+£0.6) 1P 0.9952 0.1 9 2.2
Ketones
3-penten-2-one 264 (31+0.07) 1¢* 0.9997 0.1 9 2.6
3-hydroxy-3-methyl-2-butanone 181 102) 10° 0.9883 1 84 20
2-hexanone 181 (3+0.6) 10t 0.9962 2 167 41
4-heptanone 128 (@8+0.05) 1¢* 0.9988 0.9 75 16
5-hydroxy-2-pentanone 279 .@9+0.04) 16 0.9992 2 167 40
(+)-dihydrocarvone 93 (81+0.08) 1¢* 0.9997 1 84 14
carvone 304 (©+0.4) 10 0.9914 0.09 8 1.3
dimethylglyoxal 476 (66+0.4) 10 0.9970 7.0 584 166
3-methyl-2,4-pentanedione 181 24£0.2) 10° 0.9983 0.4 34 7.3
Keto-aldehydes
methylglyoxal 181 (7 £0.4) 1P 0.9742 0.05 5 1.7
4-oxopentanal 181 (8+0.2) 1P 0.9997 0.02 2 0.5

(*) Given 1 for a sampling volume of 121.

with PFBHA and is known to be sensitive to different pa- cooling to room temperature, the samples had to be rapidly
rameters. In particular, it is sensitive to humidity and, hence,analysed by TD/GC/MS within 5 h to prevent decomposition
required the development of a specific protocol. of the derivatives.

3.3.1 Sorbent coating and post-sampling derivatisation
protocol

3.3.2 Derivatisation yield and standards preparation

Derivatisation yields were estimated comparing in-solution
Similar to the PFBHA procedure, Tenax TA coating with derivatisation and on-Tenax TA derivatisation. In-solution
MTBSTFA was performed without any solvent by vapor- derivatisation was performed at room temperature within
isation of 0.3l pure MTBSTFA 1% TBDMS) under two hours by adding a molar excess of MTBSTFA (corre-
a heated helium stream (270, 30 mimirr?) for only sponding to ten times the molar concentration of derivatis-
8min. A dry purge of 2 min was applied before injec- able functions) to the non-derivatised solution in acetonitrile
tion of MTBSTFA to remove traces of water in the sorbent (80 ng ui1). Derivatised solutions were then evaporated un-
tube. However, as previously mentioned, MTBSTFA and der a heated helium stream and trapped onto clean Tenax TA
MTBSTFA-derivatised compounds are prone to hydrolysis,tubes before TD-GC-FID analysis. On-Tenax TA derivatisa-
especially during sampling of humid ambient or simulatedtion was performed by preparing standard Tenax TA tubes.
atmospheres. Consequently, in order to promote derivatisa€lean Tenax TA tubes were spiked with the non-derivatised
tion, and considering the hydrophobic nature of Tenax TA,solution directly onto the Tenax TA adsorbent with a micro-
samples were re-exposed to MTBSTFA after sampling: samsyringe. Spiked tubes were placed 3 min under a heated he-
ples were opened, 0.3 ul of pure MTBSTFAL % TBDMS) lium stream (270C, 30 mimirr?) in order to elute com-
was applied at each end of the sampling tubes and the rgpounds on the Tenax surface and better represent a real
closed samples were left in a furnace af&0for 5 h. After sampling. Tubes, thereafter referred as carboxyls/hydroxyls
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Fig. 9. Comparison of in-solution and on-Tenax TA car- _. o
boxyl/hydroxyl compound MTBSTFA-derivatisation@) car-  Fi9- 10. Humidity influence on on-Tenax TA carboxyl/hydroxyl
boxylic acids derivatisation resultsb) hydroxyl compounds compounds MTBSTFA derivatisatio(a) ca_rbo>_<yllg acids derivati-
derivatisation results. “Peak Area” refers to FID chromatogram, in Sation results(b) hydroxyl compounds derivatisation results. "Peak
area units. Error bars represenbne standard deviation determined A\ré@” refers to FID chromatogram, in area units. Error bars repre-
from three replicates for on-Tenax TA derivatisation and from two sent+ one standard deviation determined from three replicates.
replicates for in-solution derivatisation (no error bar indicates only

one replicate).

3.3.3 Humidity influence

standard tubes, were then derivatised as previously presentéde influence of humidity on the derivatisation process was
for samples (see Sect. 3.3.1) and analysed by TD-GC-FIDevaluated by humidifying carboxyl/hydroxyl standard tubes
The comparison of the results is shown in Fig. 9. A goodbefore the post-derivatisation process. Two series of three
agreement was found between in-solution and on-Tenaxarboxyls/hydroxyls standard tubes were prepared by spik-
TA derivatisation yields for the acids, whereas significanting one pl of a non-derivatised solution at a concentration
discrepancies were observed for hydoxyl-bearing speciedf 80ngui-t. Wet zero air (50% RH) was sampled for
This is especially true for some alcohols such as phenolthirty minutes at a flow rate of 100 mlmin for the first
t-butyl-4-hydroxy butyrate, 1-nonanol, 4-methoxyphenol — series, while the second series remained closed and in dry
for which decreases larger than 45 % in derivatisation yieldconditions. After the post-derivatisation process, both series
were observed. were analysed by TD-GC-FID. The results are shown in
Thus, despite the low derivatisation yields for some com-Fig. 10, revealing no significant discrepancies between wet
pounds, satisfactory on-Tenax TA derivatisation repeatabilityand dry standards (except for nonanol and phenol) despite a
was observed, allowing quantification. lower repeatability for some compounds in wet conditions.
Consequently, calibration curves for quantification cannotConsequently, the post-derivatisation process is assumed to
be based on standards prepared from in-solution derivatisaevercome the influence of humidity on the analytical proto-
tion, but instead have to be constructed by preparing staneol. Hence, the calibration can be performed using dry car-
dards reproducing real sampling conditions with the methodooxyls/hydroxyls standard tubes.
described just above and used for estimating the on-sorbent From the humidified series of three standards, an estima-
derivatisation yield. tion of the method repeatability can be given. The mean
standard deviation/mean ratio was 25 % for all compounds,
ranging from 12 (-butyl-4-hydroxybutyrate) to 55 % (ethy-
lene glycol) for alcohols and from 1 (crotonic acid) to 79 %
(caffeic acid) for carboxylic acids.
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Table 2. Breakthrough data, in percentage corresponding to the back-up tube/sample tube ratio for the quantified compound, for a series of
hydroxyl 1 and carboxyl compounds identified from an isoprene photo-oxidation experiment vs. compound type, molar mass, MTBSTFA-
derivatised functional groups and retention times (indicatives).

Molecular
Weight (MTBSTFA-
derivatisated
Identified compound Compound type functional groups) RT (min)  Breakthrough (%)
methacrylic acid @ mono acid 86 (1) 11,87 6
crotonic acid @ mono acid 86 (1) 12,80 25
valeric acid @ mono acid 102 (1) 13,36 3
3-ethylbutyric acid @ mono acid 116 (1) 13,75 21
3-methylpentanoic acid £mono acid 116 (1) 14,68 52
levulinic acid G; keto mono acid 116 (1) 15,58 <1
heptanoic acid &mono acid 130 (1) 15,99 0
1-methylcyclohexanecarboxylic a&idl Cg mono acid 142 (1) 16,10 0
glycolic acid G hydroxy acid 76 (2) 16,37 <1
2-hydroxypropanoic acid £hydroxy acid 90 (2) 17,25 <1
oxalic acid G di acid 90 (2) 17,92 <1
maleic acid G di acid 116 (2) 20,25 0
succinic acid G di acid 118 (2) 20,41 <1
glutaric acid G di acid 132 (2) 21,45 0
glycerol G tri alcohol 92 (3) 21,59 0
2,3-dihydroxypropanoic acid 4di hydroxy mono acid 106 (3) 22,34 0
adipic acid G di acid 146 (2) 22,56 0
suberic acid @ di acid 174 (2) 24,48 0
2-hydroxypentanedioic acid ghydroxy di acid 148 (3) 31,23 0
(*) Identified from a limonene ozonolysis experiment (see Sect. 4).
3.3.4 Breakthrough volumes most examined compounds, especially for those bearing sev-

eral functionalities and/or displaying a carbon skeleton with

Given the difficulty to generate stable atmospheres of hy-more than five carbons.

droxyl and carboxyl compounds with low vapour pressures, It must be pointed out that the chamber background pre-
precise breakthrough volumes could not be determined. Arsented contaminations, which were responsible for the detec-
evaluation of the breakthrough of MTBSTFA-coated sorbenttion of compounds with more than five carbons from this iso-
tubes is given here as breakthrough data for a series of caRréne photo-oxidation experiment, were not subtracted here
boxyl and hydroxyl compounds generated in an isopreneSince the purpose was to determlr_le t.he breakthrough vol-
photo-oxidation experiment. This experiment was selected!Me and not to explain isoprene oxidation pathways. All the
because it produced a wider range of volatile oxygenatedletécted compounds were consequently taken into account
species compared to the limonene ozonolysis experimenfOr the evaluation of the breakthrough, contaminations and
and was conducted in the EUPHORE chamber. The initia'SOPrene oxidation products.

isoprene concentration was 55 ppb for an initiald4 con- Slgn|f|c§nt breakthrough was only observed for mono-
centration of 4 ppm. The relative humidity and temperaturer”Ct'O”ahsed compounds with a carbon number less than
were 25 % and 303 K, respectively, during sampling time, af-Seven- If these colmpounds are tgrget'ed, the use of back-up
ter exposing the chamber to sunlight and system stabilisatiorfuP€s is thus required. Poly-functionalised compounds, even
Sampling was performed onto two in series MTBSTFA pre- with only two carbons, do not seem to be affected by break-

coated Tenax TA sorbent tubes at a flow rate of 100 mithin  through under our experimental condi_tions. Their break-
during two hours (sampled volume: 121). The second tubethrough volumes are consequently estimated to be greater

(following air flux) was employed as a “back-up tube” to than 121. When performing measurements in the same sam-

collect the compounds that were not completely trapped ontd’"ilng conditions of sample volume, sampling flow rate, hu-
the first one. The results are shown in Table 2, which gives annidity and temperature, the use of back-up tubes is thus not

evaluation of the breakthrough in %, corresponding to the raJ€guired. When performing measurements in different condi-
tio between the amount of compound measured in the backlions, the determination of breakthrough volumes or the use
up tube and that measured in the sample tube for each exf back-up tubes is recommended.

amined compounds. No breakthrough could be observed for
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Table 3. Calibration curves slopes, linearities and detection limits for gaseous carbonyl compounds trapped on PFBHA-coated Tenax TA
tubes.

Extracted Calibration Linearity Detection limits
Standard Compound iom(/z) curve slope 8% ngtubel ngm3®  ppt®
Alcohols
5-hydroxy-2-pentanone 75 (7+£2)104 0.9769 0.5 42 10
hydroxycyclohexanone 171 1.7+ 0.>4)103 0.9576 5 417 89
t-butyl-4-hydroxybutyrate 161 (9+2 104 0.9830 0.2 17 2.6
(S)-3-butene-1,2-diol 259 (9+3) 102 0.9578 10 834 232
1-nonanol 201 (1.1+0.3) 10° 0.9632 0.08 7 1.2
farnesol 279 (3.7+0.6) 103 0.9840 3 250 28
Carboxylic acids
valeric acid 75 (2.77+0.08) 10P 0.9989 0.09 8 1.9
levulinic acid 75 (1.8+0.1x 10° 0.9977 0.08 7 15
heptanoic acid 75 (1.83+0.0%)10° 0.9983 0.05 5 0.9
monomethyl fumarate 187 (3.6+0.8)10° 0.9941 0.07 6 11
6-oxoheptanoic acid 117 (2.3£0.2)10° 0.9926 0.8 67 11
2,2-dimethyl-3-hydroxypropionic acid 147 (l.2i0>2)105 0.9811 0.5 42 8.7
succinic acid 289 (3.4+0.2) 10° 0.9956 0.07 6 1.2
cis-pinonic acid 171 (3.2+0.3) 10P 0.9941 0.2 17 2.3
perillic acid 223 (3.9+0.3x 10° 0.9947 0.09 8 1.2
8-hydroxyoctanoic acid 331 (5.6 +0.%)10% 0.9861 0.2 17 2.6
D-malic acid 419 (1.1+0.1x 10° 0.9872 0.8 67 12
pinic acid 171 (2.7+£0.2x 10° 0.9913 0.3 25 3.3
4-oxoheptanedioic acid 345 (1.9+0810° 0.9746 2 167 23
3-carboxyhexanedioic acid 475 (5+2010% 0.9368 2 167 21
() Given for a sampling volume of 121.
3.3.5 Linearity and detection limits ranged from 1.2 to 6.8 ng per GC/MS injection for mono- and

dicarboxylic acids in the aerosol phase with prior derivati-
Both linearity and detection limits were evaluated from cali- sation in CQ supercritical fluid or in solution. The detec-
bration curves. A dilution series of five hydroxyl compounds tion limits obtained in the present study, ranging from 1 to
and organic acid solutions (six alcohols and fourteen organi®232 ppt, are more than satisfactory to measure hydroxyl and
acids) from 5 to 320 ng pft was used. Calibration curves carboxyl compounds at lower ambient concentration levels.
were performed from standards reproducing real on-TenaAs an example, the concentration levels of dicarboxylic acids
TA sampling conditions (see Sect. 3.3.2). 1l of carbonylmeasured by Legrand et al. (2005) at altitude sites in France
compound standard solutions were applied onto Tenax TAare a few tens of ppb.
tubes and subsequently derivatised with MTBSTFA at@0
for 5h. Results are shown in Table 3. Response linearity for, L . . .
all compounds was statistically validated (Student’s t—test)g'4 Derivatisation of carbonyl functions in particulate
and uncertainties (corresponding+@® standard errors) are phase samples
given for a 95% confidence level. Detection limits (corre-
sponding to 3 times the area noise) are given in absolut&ollection of the particulate phase for the analysis of car-
mass per sample tube and in concentration units for a sanbonyl compounds was carried out on 47 mm quartz fibre
pling volume of 121 (i.e. 100 mImin! for 2h). They range filters (see Sect. 2.1.4) at a typical flow rate of dhm?
from 0.05 to 10 ng per tube and from 5 to 830 nghThese  (16.7 Imin 1) and was done simultaneously with sampling
detection limits are lower than those obtained by Wu etof the gas phase. The PFBHA post-sampling derivatisa-
al. (2008) for the analysis of volatile fatty acids without tion process was performed by sample introduction into
derivatisation and in the same order of magnitude or lowerstainless-steel tubes suitable for thermal desorption and ex-
than those obtained by Chiappini et al. (2006) or Pietro-position of the sample to the PFBHA reagent. The humid-
grande et al. (2010). The detection limits in the latter studiesity influence on the particulate-phase derivatisation process

Atmos. Meas. Tech., 5, 1459-1489, 2012 www.atmos-meas-tech.net/5/1459/2012/



S. Rossignol et al.: A limonene ozonolysis study 1473

Table 4. Calibration curves slopes, linearities and detection limits for particulate carbonyl compounds trapped on quartz fibres filters and
PFBHA-derivatised.

Extracted Calibration Linearity Detection limit
Standard Compound iom('z) curve slope Y-intercept R?) ngfiterl ngm3®
Aldehydes
pentanal 181 (4.9+0.2 10° 0.9986 0.2 0.1
2-ethylbutanal 239 (7.5+0.0%10* 0.9999 0.04 0.02
3-methyl-2-butenal 264 (4.3+0.2)10% 0.9994 0.09 0.05
heptanal 181 (24+0.2 104 0.9968 3 2
ethyl-3-methyl-4-oxocrotonate 140 (7 +8)10° 0.8625 0.9 0.5
citronellal 168 (7£2) 103 0.9532 6 3
citral 69 (1.2+0.4% 10# 0.9381 2 1
perillaldehyde 164 (1.0£0.2) 103 0.9793 5 3
glutaraldehyde 181 (4+3)10° 0.7846 15 8
Ketones
3-penten-2-one 264 (2.1+0.8)10% 0.8702 0.2 0.1
3-hydroxy-3-methyl-2-butanone 181 2.0+ 0>4).04 0.889 4 2
2-hexanone 181 (1.07 1-0.02)105 0.9998 0.4 0.2
4-heptanone 128 (2.72 10.06)104 0.9996 0.2 0.1
5-hydroxy-2-pentanone 279 (8.8+02101 —(7.0+0.4)x 103 0.9999 120 60
(+)-dihydrocarvone 93 (6.3+0.410° —(1.2+0.7)x 10° 0.9999 23 12
carvone 304 (1.4+0.2) 10* 0.9848 0.2 0.1
dimethylglyoxal 476 (2.1+0.3x 10t 0,9931 0.2 0.1
3-methyl-2,4-pentanedione 181 (6 210 0.9131 2 1
Keto-aldehydes
methylglyoxal 181 (5+2x 10° 0,9811 0.08 0.04
4-oxopentanal 181 (1.79+0.0¥9)10° 0.9984 0.04 0.02

(*)Given for a sampling volume of 2 i)

was expected to be similar to that observed for gas-phas20 h again. Filter sample tubes were then definitely discon-

derivatisation (Sect. 3.2.2). nected, closed and kept at room temperature for a minimum
of 5 days before analysis.

3.4.1 Post-sampling derivatisation protocol

The 47 mm sample filter was divided in four parts and was in—?"4'2 Stgndard preparation, linearity and detection
. . . limits
troduced into a clean stainless steel thermal desorption tube.
After the introduction of each quarter, 2 pl of a saturated PF-
BHA solution (27 mgmt?, 90/10 acetonitrile/ultrapure wa- Standards used to construct calibration curves were prepared
ter mixture) was applied onto the filter part. A glass bulb with and derivatised in the same way as sample filters. Clean
eight outlets was then used to expose in-tube samples to a sajuartz fibre filters were introduced into empty stainless steel
urated PFBHA aqueous solution for 40 h. This duration wasdesorption tubes with application of a PFBHA saturated so-
expected to be sufficient to impregnate a rolled filter with lution, spiked with 1 pl of standard carbonyl compound so-
PFBHA and was convenient for protocol organisation. Fromlutions (five points from 5 to 320 ngph) and left for 40h
one end, the filter sample tubes were connected to the bulbonnected to a stirred glass bulb containing 1 ml of a PF-
outlets while the other end was kept closed. 1 ml of ultrapureBHA saturated aqueous solution (with tube reversion after
water was introduced in the bulb and stirred (500 rounds pef0 h) at room temperature. Both linearity and detection limits
min). 90 mg of pure and solid PFBHA was then added towere evaluated. Results are shown in Table 4, giving for each
the water. The bulb was closed and the system was kept atompound the calibration curve slopes, the correlation co-
room temperature. After 20 h, filter sample tubes were dis-efficients (which are generally good, most are ranging from
connected, reversed, reconnected by the other end and left f@.9131 and 0.9999, except for three compounds displaying
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an R? value ranging from 0.7846 to 0.8890), and the detec-
tion limits, which are satisfactory. m 7 Tube cap

The response linearity for all compounds was statistically
validated (Student’s t-test) and uncertainties (corresponding
to +2 standard errors) are given for a 95 % confidence level.
Detection limits (corresponding to 3 times the area noise) tube
are given in absolute mass per filter and in concentration
units for a sampling volume of 2%n(i.e. 16.7 Imin! for Teflon-quartz
2h). These detection limits, ranging from 0.04 to 120 ng filter
per filter (corresponding to an atmospheric concentration of
0.02 and 60ngm?® for a 2n?¥ sample volume), are more
than sufficient to measure carbonyl compounds in the atmo-
sphere where their concentrations are in the same order of
magnitude (Liggio and McLaren, 2003). MTBSTFA

Stainless steel

3.5 Derivatisation of carboxylic and hydroxyl functions
in particulate-phase samples

Collection of the particulate phase for the analysis of Car'Fig. 11.Particulate-phase MTBSTFA derivatisation scheme.
boxyl and hydroxyl compounds was performed on 47 mm

Teflon-quartz fibres filters (see Sect. 2.1.4) at a typical

_1 P— . .
flow rste of 1 rﬁ’l'h 'I%GIK/IITrggT; A5|mutltane0Lf§ ly (;N't.h i with standard solutions. They were subsequently derivatised
gas-phase sampiing. The post-sampling dervatiz,, oy hosition to MTBSTFA for 24 h at room temperature.

sation procedure was performed after sample IntrOduc"I'he comparison of the results for compound response factors

tion into stainless-steel tubes that are suitable for therma(Ljlre given in Fig. 12. Surprisingly, the response factors were
dei%/rpfllg%ansd exposition of samples to pure IVITBSTFAsignificantly higher for those derivatised onto humidified fil-
(+1% )- ters for 15 standard compounds of the 18 tested. Moreover,
for keto-acids (6-oxoheptanoic acid and cis-pinonic acid),
di-acids (succinic acid and pinic acid) and malic acid, the

The 47 mm sample filter was divided in four parts and was in-compound responses became linear compared to their re-
troduced into a clean stainless steel thermal desorption tub&Ponses on dry filters (not mentioned in Fig. 12). The rea-
MTBSTFA was not applied directly onto the filter. 10 ul of Son why humidity positively influences on-filter derivatisa-
pure MTBSTFA (1% TBDMS) were introduced on the tion is not clear. It might be explained by competition phe-
bottom of one tube cap and the sample filter tube was closeflOmena between water and polar compounds to form bonds
in vertical position above the MTBSTFA (cf. Fig. 11). The with the quartz surface. In this case, moisture loading may
filter was exposed to MTBSTFA at room temperature during positively affect both the derivatisation reaction and the des-
24h. The filter sample tube was then directly analysed byOrPtion capacity limiting the adsorption of polar compounds

3.5.1 Post-sampling derivatisation protocol

TD-GC/MS within 5 h. on the filter surface. Anyway, the positive influence of mois-
ture loading onto filters has two main consequences on the
3.5.2 Humidity influence and standard preparation method: (1) it is not necessary to dry sample filters before

derivatisation with MTBSTFA, and (2) calibration curves
As for gaseous compounds derivatisation on Tenax TA tubeshave to be contructed using humidified Teflon-quartz filters.
humidity was expected to influence the on-filter MTBSTFA
derivatisation process; therefore, Teflon-quartz filters were3.5.3 Linearity and detection limits
chosen to reduce moisture loading during wet air sampling.
Nevertheless, in order to evaluate the influence of this moisBoth linearity and detection limits were evaluated from cal-
ture loading on the derivatisation process, response factoribration curves that were previously used for the evaluation
of a series of standard compounds were compared for drpf the humidity influence. The results are shown in Table 5,
and pre-humidified Teflon-quartz filters. Five point calibra- giving for each compound the calibration curve slopes, cor-
tion curves (from 5 to 320 ngpt) were constructed using relation coefficients (which are satisfactory and range from
filters spiked with standards and prepared and derivatised i9.9433 to 0.9999), and detection limits, which are low.
the same way as sample filters. Wet Teflon-quartz filters were Response linearity was statistically validated (Student’s t-
humidified by sampling wet zero air (50 % RH) at a flow rate test) and uncertainties (correspondingti® standard errors)
of 7Imin~1 for 2h. Clean and dry or wet filters were intro- are given for a 95 % confidence level. Detection limits (corre-
duced into empty stainless-steel desorption tubes and spikesponding to 3 times the area noise) are given in absolute mass
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Table 5. Calibration curves slopes, linearities and detection limits for particulate hydroxyl compounds and organic acids trapped on Teflon-
quartz 1 fibres filters and MTBSTFA-derivatised.

Extracted Calibration  Linearity Detection Limits
Standard Compound iom(/z) curve slope §) ngfiterl ngnr3®
Alcohols
5-hydroxy-2-pentanone 75 (1.0£0210° 0.9837 0.8 0.4
hydroxycyclohexanone 171 (1.8+08)10% 0.9791 0.4 0.2
t-butyl-4-hydroxybutyrate 161 (2.21+0.08)1C° 0.9988 0.04 0.02
(S)-3-butene-1,2-diol 259 (8.5+0.4)10% 0.9967 0.04 0.02
1-nonanof 201 (2.9+0.5x 10° 0.9633 0.04 0.02
farnesol 279 (3.6+0.2 10* 0.9979 0.4 0.2
Carboxylic acids
valeric acid 75 (8.6+0.3x 104 0.9990 0.7 0.4
levulinic acid? 75 (1.2+0.4)x 10° 0.9433 0.9 0.5
heptanoic acid 75 (1.5+0.3)10° 0.9582 1.0 0.5
monomethyl fumarate 187 (3.52 i0.05)105 0.9999 0.2 0.1
6-oxoheptanoic acid 117 (2.15+0.08)L0° 0.9990 0.3 0.2
2,2-dimethyl-3-hydroxypropionic acid 147 (3.5+0:2)10° 0.9966 0.2 0.1
succinic acid 289 (5+2x 10° 0,8861 0.02 0.01
cis-pinonic acid 171 (3.4+£0.5) 10° 0.9863 0.2 0.1
perillic acid 223 (4.32+0.05% 10° 0.9999 0.04 0.02
8-hydroxyoctanoic acid 331 (2.33+0.00)10° 0.9970 0.07 0.04
D-malic acid 419 (1.2+0.3x 10° 0.9623 0.07 0.04
pinic acid 171 (2.6 +0.4x 10° 0.9887 0.3 0.2

(*) Given for a sampling volume of 2 m3. a: 5 points from 80 to 1280 ng. b: 4 points from 160 to 1280 ng.

Table 6. Characteristic fragmentation of PFBHA and MTBSTFA derivatives in El and Cl modes.

PFBHA MTBSTFA

derivatives  Fragments derivatives  Fragments Cl Fragments

El ions m/z) El ions (m/z) ions m/2)

181 [CsFsCHol ™ 73 [Si(CHg)3] T M+1 [M4+H]T

M-181 [M — GsF5CHo] t 75 [HOSI(CH)o] Tt M+29 [M+CoHs]t

M —-197 [M - GsF5CH,0]F M -15 [M—CHg] T M+41 [M+ CgHg]t
M—57 [M—C(CHs)3] ™

M—115 [M — Si(CH;)2C(CHg)3] ™
M- 131 [M — OSi(CH)2C(CHg)3] ™

per filter and in concentration units for a sampling volume limits are significantly better than those obtained by Chiap-
of 2m? (i.e. 16.7 Imir? for 2 h). The linearity was not val-  pini et al. (2006), which range from 1 to 7 ng for an analo-
idated for two standard compounds, i.e. 4-oxoheptanedioigous series of acids, keto-acids and di-acids, using derivati-
acid (keto-di-acid) and 3-carboxyhexanedioic acid (tri-acid), sation with BSTFA during supercritical fluid extraction cou-
which have, besides high detection limits, close to 100 ngpled to GC/MS analysis. The detection limits are more than
per filter sample. Nevertheless, the analytical responses dfatisfactory to measure carboxylic acids in atmospheric par-
these two compounds were linear, as previously tested, byicles since their concentration levels are about a few tens of
on-Tenax TA derivatisation with MTBSTFA. Improvement ng m 3 as measured by Sun and Ariya (2006).

of the developed particulate-phase MTBSTFA derivatisation

protocol is consequently required to specifically quantify

keto-di-acids and tri-acids. Detection limits for all other com-

pounds range from 0.04 to 1.0 ng per filter. These detection
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Table 7. Tentative or positive identification for observed carbonyl compounds, organic acids and hydroxyls compounds from limonene
ozonolysis 1 experiment. MW D.: molecular weight of the derivatised compound. MW non-D.: molecular weight of the non-derivatised
compound. LOD: limit of detection. G: detected in the gas phase. P: detected in the particulate phase.

Compound
number Mass fragments Tentative assignment Phase(s)
Functional
groups
MW D. number MW non-D. Name Structure Assignment
Carbonyls compounds (PFBHA derivatives)
X
P1 El: 181(100), M-18+112, M=293 293 1 98 5-hexene-2-one T\/\ Nist El list Unique to this G-P
Cl: M+1 =294 M429=322, study
M+41=334
P2 El: 42, 95(100), M-18%152, 181, 333 1 138 keto-limonene < > < Proposed from Forester and G
M=333 CI: 95, 181, M-1 =334, mass spectra Wells (2009), Jaoui
M+29=362, M4-41=374 etal. (2006)
%
P3 El: 181(100), M-19#265, M=462 462 2 72  methylglyoxal o Proposed from Forester and G-P
Cl: M+1=463, M+29=491, mass spectra Wells (2009)
M-+41=503
P4 El: 181(100), M-19#279, M=476 476 2 86 dimethylglyoxal [¢) E Standard Unique to this G-P
Cl: M+1=477, MH-29=505, study
M+41=517
Wo
P5 El: 181(100), 279, M-19%293, M- 490 2 100 4-oxopentanal o Standard Forester and G-P
181=309, M=490 Cl: M+1=491, Wells (2009)
M+29=519, M4+-41=531
P6 El: 181(100), 320, 558, M-197361, 558 2 168 limononaldehyde )k/IV Proposed from Leungsakul et G-P
M-181=377, Cl: M+1=559, mass spectra al. (2005b), Jaoui
M+29=587, M4-41=599 etal. (2006)
o
P7 El: 181(100), 305, M-19¥516, 713 3 128 dioxohexanal \'o'/\g/\/ Proposed from Unique to this P
M=713 Cl: <LOD mass spectra study
T o
P8 El: 138, 181(100), 319 M-194530, 727 3 142  3,6-dioxoheptanal 1 Proposed from Leungsakul et P
M=727 Cl: M+1=728 mass spectra al. (2005b)
P9 El: 94, 181(100), 347, M-19¥558, 755 3 170 keto-limononaldehyde /ﬁ\/fo Proposed from Leungsakul et P
M-181=574, M=755 Cl: <LOD mass spectra al. (2005b), Jaoui
etal. (2006)
Hydroxyl and carboxyl compounds (MTBSTFA derivatives)
A
M1 El: 75, 99, 145, M-15-215, M- 230 1 116  levulinic acid i " Standard Jaoui et al. (2006) G
57=173(100) Cl:<LOD
M2 El: 73, 116, 147, M-5%289(100), M- 346 2 118  succinic acid o Standard Jaoui et al. (2006) G-P
15=331 Cl: <LOD
HO\"AH(LOH
M3 El: 73(100), 123, 147, M-5%303, M- 360 2 132 2-methylbutanedioic acid o Nist El list match Unique to this G
15=345Cl: 115, 173, 229, M-5%303, 75% study
M-15=345, M+1=361, M429=389,
M+441=401
o~y
M4 El: 73, 129, 147 M-5%303(100), M- 360 2 132  pentanedioic acid o ] Proposed from Jaoui et al. (2006) G-P
15=345 Cl: 115, 165, 229, M-5%303, mass spectra
M-15=345, M+1=361, M+29=389,
M+41=401
M5 El: 73, 133, 147, 157(100), 185, 215, 374 2 146 a—ketoglutaric acid M Standard Unique to this P
289, M-57% 317, M-15=359 ClI: 215, study
M-57=317, M-15=359, M+1 =375,
M+29=403, M+-41=415
M6 El: 73, 111, 141 M-5%317(100), 374 2 146  hexanedioic acid yDT\/\)L“" Nist El list match Jaoui et al. (2006) G-P

M-15=359 Cl: 257, M-5%317,
M-15=359, M+1=375, M4+29=403,
M-+41=415

92%
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Table 7. Continued.
Compound
number Mass fragments Tentative assignment Phase(s)
Functional
groups
MW D. number MW non-D. Name Structure Assignment

M7 El: 73, 75, 111, 185, 317, M-5¢ 402 2 174  ketonorlimonic acid m Proposed from Jaoui et al. (2006) P
345(100), M-15=387 Cl: <LOD mass spectra

M8 El: 73, 75, 111, 185, 317, M-57 402 2 174  4-oxoheptanedioic acid oy Standard Unique to this P
345(100), M-15-387 Cl: <LOD study

M9 El: 73, 75, 147, M-115299, M- 414 2 186 limonic acid | DO Proposed from Jaoui et G-P
57= 357(100), M-15=399, M=414 mass spectra al. (2006),
Cl: <LOD Leungsakul et

al. (2005b)

M10 El: 73, 75, 147, 185, 331, M-5¢7 416 2 188  ketolimonic acid Yri Proposed from Jaoui et al. (2006) P
359(100), M-15=401 CI: <LOD mass spectra

M11 El: 73(100), 75, 99, 147, 225, 255, M- 442 2 214  3-acetyl-4-methylhept- Yf\/\( Proposed from Unique to this P
57= 385, M-15= 427 Cl: <LOD 3-enedioic acid mass spectra study

o
Ho\rm)l\w

M12 El: 73(100), 115, 147, 287, M- 476 3 134  2-hydroxybutanedioic o on Standard Unique to this P
57=419, M-15=461 Cl: <LOD acid (malic acid) study

M13 El: 73(100), 133, 147, 171, 245, 490 3 148  2-hydroxypentanedioic M Nist El list match Unique to this P
273, 331, M-5%433, M-15=475 Cl: acid 98% study
<LOD

M14 El: 73(100), 115, 133, 147, 171, 273, 504 3 162  3-hydroxyhexanedioic L\W Proposed from Unique to this P
M-57= 447, M-15=489 CI: <LOD acid mass spectra study

M15 El: 73, 147, 301, M-13%387, M- 518 3 176  3-carboxypentanedioic m Proposed from Unique to this P
57=461(100), M-15=503 CI: <LOD acid mass spectra study

M16 El: 73, 147, 269, 301, 385, M- 532 3 190 3-carboxyhexanedioic "Om Standard Unique to this P
131=401, M-57%=475(100), M- acid study

15=517 Cl: <LOD
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Fig. 12. Humidity influence on on-Teflon-quartz filters organic

4 Method application to limonene ozonolysis in a
simulated atmosphere

Limonene is a significant contributor to monoterpene emis-
sions, which accounts for around 11 % of global VOC emis-
sions (Guenther et al., 1995). Moreover, with two double
bonds, itis more reactive and has a higher SOA yield (around
twice, Griffin et al., 1999) compared to mono-unsaturated
monoterpenes, such as and g-pinene, which are emit-

ted in large amounts at a global scale. Limonene is con-
sequently supposed to be a significant contributor to SOA.
Furthermore, limonene is also widely present in indoor en-
vironments as it is largely employed in household clean-
ing products, air fresheners or essential oils (Singer et al.,

acids and hydroxyl compounds MTBSTFA-derivatisation. Compar- 2006). Limonene oxidation in indoor environments, espe-
ison is based on response factors evaluated from 5 point calibratiogi@lly through ozonolysis, has been demonstrated in many
curves (5 to 320 ng). “Response factor” refers to FID chromatogramstudies during the last years, pointing out strong airway ir-
surface peak area per ng of compound, in area units. Error bars repitants and ultrafine particle formation (Clausen et al., 2001;
resentt two standard errors given for a 95 % confidence level.

www.atmos-meas-tech.net/5/1459/2012/

Sarwar and Corsi, 2007; Langer et al., 2008; Coleman et al.,
2008; Forester and Wells, 2009; Jardine et al., 2011).
Therefore, limonene ozonolysis was chosen as a relevant
system to assess the potential of the developed method to
explore the chemical composition of oxygenated secondary

Atmos. Meas. Tech., 5, 1459-1489, 2012
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ter (Zefluor, 47 mm, Pall Life Sciences). Particulate-phase
blanks were sampled in parallel on one quartz filter and one
Teflon-quartz filter at a flow rate of 16.7 I mih. Sampling
was performed during 160 min after ozone introduction and
system stabilisation (aerosol maximum mass reached within
one hour). The gas phase was sampled onto three PFBHA-
and three MTBSTFA-coated Tenax TA tubes at a flow rate
of 100 mImirr! downstream from a Teflon filter. For each
derivatisation reagent, one tube was equipped with a back-up
T S e e o tube (see Sect. 3.2.4) which was coated in the same way to
Time ok} observe possible breakthrough of the sample tubes. The par-
ticulate phase was sampled onto one Teflon-quartz and two
quartz filters at a flow rate of 16.7 | mif. No VOC denuder
was used in this method testing experiment. It is important

organic matter simultaneously in gaseous and particulatd® note that no specific set-up was used to minimise sam-
phases. Moreover, this chemical system is sufficiently wellPling artifact for these experiments, as the main objective of
characterised, allowing us to compare our results to the liter{n€ experiments here was the application of the methodology
ature for method validation purposes (e.g. Leungsakul et al.Presented and characterised in the previous section.

2005a, b; Jaoui et al., 2006; Walser et al., 2007; Forester and All samples were analysed by TD/GC/MS, in both El and
Wells, 2009). Cl modes, as previously described (cf. Sect. 2.2.).

gas and particles
20 blanks sampling

10 P MmN
E

Fig. 13.Evolution of limonene ozonolysis experiment parameters.

4.1 Experimental protocol 4.2 Results

A limonene ozonolysis experiment was conducted in the EU-4.2.1  Aerosol mass yield
PHORE simulation chamber (cf. Sect. 2.3.3) to simulate real

indoor or outdoor atmospheric conditions. Limonene was! € Secondary aerosol growth curve for the limonene
first injected into the chamber at an initial concentration level ©20N0lysis experiment is given in Fig. 14. The aerosol mass

of 100 ppb. Non-acidified sulphate ammonium seeds were inYi€ld corresponds to the time-dependant aerosol mass yield
troduced by nebulisation of a 0.02 M solution at a concen-Y c@lculated from TEOM measurements and is defined as:

tration of 12.5 ugmS. Water was then introduced until an AMo
initial relative humidity of 50 % was reached. Ozone was fi- ¥ = AHC’
nally injected during 5min 16 s, corresponding to an initial

concentration of 105 ppb (see SezB.3). The average tem-  whereA My is the aerosol mass loading (ugrand AHC is
perature during the experiment was 30DK. No hydroxyl  the total reacted limonene (ughm both corrected for dilu-
radical scavenger was introduced as this would stray the exjon and wall losses. The final aerosol mass yield was around
periment from realistic indoor condltlor)s (Docherty and'lee— 20 %. Higher values are usually observed in the same exper-
mann, 2003; Jonsson et al., 2008). Main parameter variationgnental conditions{50 % by Jaoui et al., 2006, Northcross
as monitored during the course of the experiment are giveyng Jang, 2007, Sun et al., 20165 % by Saathoff et al.,
in Fig. 13. . o 2009). The lower value measured here can be explained by
In order to evaluate the fraction of the oxidative chem- the elevated temperature of 300K achieved in the cham-
istry initiated by hydroxyl radicals on limonene — originat- per during our experiment, as demonstrated by Saathoff et

ing from Criegee intermediate decomposition after ozoney|. (2009) who examined the influence of temperature on
addition onto double bonds — a simulation was run usingsoA vyields from limonene ozonolysis.

the Master Chemical Mechanism, MCM v3.2 (Jenkin et al.,

1997; Saunders et al., 2003). Initialising the MCM with 4.2.2 Product detection and identification

our experimental conditions, it was found that around two-

thirds of the initial imonene amount reacts with ozone, while Compound detection and identification were based on char-

one-third is expected to react with hydroxyl radicals. As acteristic fragmentation patterns of PFBHA and MTBSTFA

a result, both ozonolysis and photo-oxidation products ofderivatives (cf. Table 6) in EI and ClI modes. The mass

limonene are likely to be detected and are thus consequentlgpectra of derivatised compounds and their retention time

specifically investigated. were compared to available standard data. Compounds were
Blanks were sampled just before ozone introductionpositively identified in the case where standards are avail-

during 120 min. Gas-phase blanks were sampled on onable. Otherwise, a tentative assignment is proposed based

PFBHA- and one MTBSTFA-coated Tenax TA tubes at aon the comparison of the fragmentation pattern and the re-

flow rate of 100mImin! downstream from a Teflon fil- tention time with surrogate standards. Compounds detected

3
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Table 8.Quantification of observed carbonyl compounds, organic acids and hydroxyl compounds. LOD: limit of detection. 1 nd: not detected.

Particulate
Compound Calibration Gas phase phase concentration
number Compound standard concentration (rTﬁ’)n (ng m-3)
Carbonyl compounds (PFBHA derivatives)
P1 5-hexene-2-one 3-pentene-2-one 166 +4 10+4
P2 keto-limonene dihydrocarvone 1830 +40 <LOD
P3 methylglyoxal methylglyoxal 2500 +600 70 £30
P4 dimethylglyoxal dimethylglyoxal 2500 +200 6.3+0.9
P5 4-oxopentanal 4-oxopentanal 1760 160 5143
P6 limononaldehyde 4-oxopentanal 7 800 +300 640 £30
Hydroxyl compounds and organic acids (MTBSTFA derivatives)
M1 levulinic acid levulinic acid 990 60 nd
M2 succinic acid succinic acid 18 +1 7+3
M3 2-methylbutanedioic acid succinic acid 4.8 +0.3 nd
M4 pentanedioic acid succinic acid 13.9+0.9 4+1
M6 hexanedioic acid succinic acid 29 £2 12 45
M9 limonic acid pinic acid 2903 70 £10
M12 malic acid malic acid nd 12 +3
M13 2-hydroxypentanedioic acid  malic acid nd 6 £2
M14 3-hydroxyhexanedioic acid malic acid nd 17 £5

Table 9. Experimental partitioning coefficierk; (m3 pg~1) compared withk; values (n?f pg~1) estimated from theoretical saturation
vapour pressurestl.) calculated from 3 group contribution methods at 298#. calculation assumes a temperature of 300K, a mean
MWom of 142 g mot-1 and an activity coefficient; of 1.27. MY: Myrdal and Yalkowsky, 1997. NAN: Nannoolal et al., 2008. SIM: Pankow
and Asher, 2008.

Compound
number Compound Experimentk} Estimatedk; values

MY NAN SIM
Carbonyl compounds (PFBHA derivatives)
P1 5-hexene-2-one  1:81073+67% 4.54x10°2 9.14x10° 7.26x107°
P3 methylglyoxal 1.%10°3+84% 2.14x107% 8.77x10°10 6.49x 1079
P4 dimethylglyoxal ~ 7.4 107°+47% 7.11x 102 3.48x10°2 7.00x10°°
P5 4-oxopentanal 6510 4+34% 167x108 1.45x108 4.53x10°8
P6 limononaldehyde 1.9103+34% 454x108 1.35x10% 7.50x10°6
Hydroxyl compounds and organic acids (MTBSTFA derivatives)
M2 succinic acid 3.X102+73% 5.16x10°% 3.00x104 1.04x 1073
M4 pentanedioic acid 7.81073+73% 1.90x10~3  1.08x 1073 2.76x 1073
M6 hexanedioic acid 6.91073+73% 6.49x 102 3.38x 103 6.50x 1073
M9 limonic acid 51x10°1+50% 2.56x10°1 251x10°2 154x10°1

in chamber blanks in the same order of magnitude than ircompounds and from mono- to tri-functionalised species.

samples were removed from the product list. Compounds detected in the gas phase ranged frpmdbio-
Around 30 compounds could be detected in the gas phasearbonyl, G mono-hydroxyl or G mono-acid to Gy di-

as PFBHA or MTBSTFA derivative products (20 PFBHA carbonyl and @ di-hydroxyl or di-acids. In the particulate

derivatives and 10 MTBSTFA derivatives) and around 65 in phase, tri-functionalised compounds were observed in the

the particulate phases (30 PFBHA derivatives and 35 MTB-Cg-Cjg range.

STFA derivatives). These products ranged frog © Cyo-
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o]
o

MTBSTFA samples have to be analysed as soon as possi-

20 e ble after first injection. Unfortunately, this was not possi-
x ble in this study. Other attempts showed that a 24 h delay
%01 L seems to significantly improve detection limits compared to
50 . the presented results for re-collected sample, analysed in the
“ Cl mode within 7 days.

AMo (ug m?)
ey
o

w
o
L

4.2.3 Quantification and estimation of partitioning
coefficients

N
o
L

X

=
o

Among the 30 compounds detected in the gas phase and the
65 compounds detected in the particulate phase with the de-

o

0 50 100 150 200 250 300 350 400 veloped parallel sampling and analysis method, only those
AHC (pg m?) for which a relevant standard calibration in the gas and/or
particulate phases (cf. Tables 1, 3, 4 and 5) could be ob-

Fig. 14.Limonene ozonolysis experiment growth curve. Data cor- M > X ) ¥EE
rected by dilution and wall losses. tained were quantified. This led to the quantification of 18

detected compounds, which are given in Table 8. Values
were corrected from chamber blanks. The mentioned un-
certainties correspond to the statistical uncertainties (Stu-
Among all these detected products, 25 have been posident’s t-test) previously determined for calibration curves.
tively (based on standard mass spectra comparison) or terFhe total quantified products represent around 16 % of the
tatively identified (based on surrogate standard and/or massarbon mass of the reacted limonene. The remaining non-
spectra). An overview of the limonene oxidation products de-quantified mass can be divided in three main groups: (1) non-
tected and tentatively or positively identified in both gas andidentified compounds that were detected here but not quan-
particulate phases is presented in Table 7. Thirteen productdfied, (2) non-derivatisable species, and (3) high molecular
previously identified from limonene oxidation experiments weight compounds such as oligomers.
(Leungsakul et al., 2005a; Jaoui et al., 2006; Forester and For compounds quantified in both the gas and particu-
Wells, 2009) or expected from theoretical oxidation schemedate phases, an experimental partitioning coefficient was cal-
(Leungsakul et al., 2005b) were observed (P2, P3, P5, P&ulated (Table 9). However, as the whole mass of a given
P8, P9, M1, M2, M4, M6, M7, M9 and M10). compound present in the chamber participates to the par-
In addition to these species, twelve other products were, tditioning of this compound, quantifications values used for
the best of our knowledge, detected for the first time (P1, P4partitioning coefficients calculation were not corrected from
P7, M3, M5, M8, M11, M12, M13, M14, M15, and M16). chamber blank values but only from laboratory blank val-
This provides certainly the most comprehensive list of ues. A total aerosol concentration of 82 ug n3 was con-
detected compounds in a single experiment for limonenesidered, which corresponds to the average real aerosol con-
ozonolysis in both gaseous and particulate phases. centration during sampling, not corrected for aerosol losses
This new information shows the potential of the method in the chamber. Uncertainties were calculated on the basis
to explore the chemical composition of the secondary or-of gas-phase, particulate-phase and aerosol mass quantifi-
ganic matter in a relevant range of semi-volatile compoundsgation uncertainties (calibration curves and TEOM uncer-
and, hence, opens the way to new chemical scheme buildainty). As no denuder was used for upstream quartz and
ing for the production of semi-volatile organic species in the Teflon-quartz sample filters to prevent positive artifacts on
limonene ozonolysis system. An example of chromatogramghe particulate-phase compounds quantification, the deter-
is given for the analysis of carbonyl compounds in both mined experimental partitioning coefficients represent the
phases (Fig. 15). best estimates under the conditions applied. In order to illus-
Re-collection (see Sect. 2.2.1) was used here to perforntrate the usefulness of determining experimental partitioning
GC/MS analysis in both the El and the CI modes succes-coefficients and highlight the relevance of the present method
sively for all gas- and particulate-phase samples, as this prodevelopment, the determined experimental partitioning co-
cedure was a convenient way to obtain complementary datafficients were compared to values calculated from theoret-
for compound identification. Nevertheless, it must be indi- ical vapour pressure data estimated for three group contri-
cated here that this approach is affected by an elevated ddsution methods (Myrdal and Yalkowsky, 1997 — MY; Nan-
tection limit obtained in Cl mode for re-collected samples, noolal et al., 2008 — NAN; Pankow and Asher, 2008 — SIM).
especially for MTBSTFA-derivatised samples. The analy- The following parameters were used for these calculations:
sis of the re-collected samples was not validated for quanan experimental temperature of 300K, an average molecu-
tification as the re-collection efficiency was not evaluated.lar weight in the particulate phase (Myy) of 142 g mott
Furthermore, further experiments revealed that re-collectecnd an activity coefficient) of 1.27. These two last values
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Fig. 15. Gas chromatograms of limonene ozonolysis products derivatised by PFBHA, El selectat i@1 chromatogram. Top chro-
matogram: gas phase. Bottom chromatogram: particulate phase.

are taken from simulation results reported by Leungsakulof keto-limononaldehyde. The experimental partitioning co-
et al. (2005a). Besides, when available, experimental partiefficient for limononaldehyde obtained in the present study
tioning coefficients were also compared with other experi-is 3.5x 103 m3ug1, a value which is three orders of mag-
mental values. Limononaldehyde (P6) was the most abunnitude higher than the estimated one by calculation and two
dant product in the gas phase, as observed by Leungsakul etders of magnitude higher than the limononaldehyde exper-
al. (2005a) for limonene ozonolysis experiments. However,imental partitioning coefficients estimated by Leungsakul et
contrary to this previous study, limononaldehyde was alsoal. (2005a) (around & 10-°m3ug™1).

the most abundant product in the particulate phase instead
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The second most abundant products in the gas phasthe adsorbent tubes, this negative artifact is increasing as ex-
were methylglyoxal and dimethylglyoxal, methylglyoxal be- pected when decreasing compound volatility (Volckens and
ing also the second most abundant compound in the parteith, 2003). Thirdly, tri-carbonyl compounds may not be
ticulate phase. The experimental partitioning coefficient for detectable when sampled onto gas collection Tenax TA tubes,
methylglyoxal is also three orders of magnitude higher thanowing to either derivatisation which may not be complete
estimated coefficients. However, it is similar to experimen-or to a limited desorption. Further experiments based on tri-
tal values determined by Ortiz et al. (2010) during field carbonyl standards are required to support or invalidate this
(3.4x 10 2m3ug 1) and toluene oxidation smog chamber last hypothesis.

(1x 104m3ug1) experiments. If this direct comparison  Levulinic acid (M1) was the most important acid ob-
can be affected by different aerosol properties and differenserved in the gas phase. Li and Yu (2005) proposed that
sampling conditions and analytical techniques employed, outevulinic acid is an oxidation product of 4-oxopentanal.
experimental value for the methylglyoxal partitioning coeffi- Limonic acid (M9) was the major acid that could be pre-
cient can be considered as another clue suggesting that thasely quantified in the particulate phase with a concentration
eventually polymerised methylglyoxal concentration in the of 70+ 10ngnT3. A keto-diacid (M10: ketolimonic acid)
particulate phase, under atmospherically relevant conditionsand two tri-dicarboxylic acids (M15 and M16) were also
could be higher than expected from semi-empirical groupidentified in the particulate phase. However, since their stan-
contribution methods. dard or surrogate standards calibration curves were not lin-

Another important product detected in both gas and par-ear, their concentrations were estimated on the basis of pinic
ticulate phases was 4-oxopentanal (P5). This compound waacid for M10 (160 ug m3) and malic acid for M15 and M16
previously detected as a limonene oxidation product only by(100 pg nT3 and 80 ug m?3). The experimental partitioning
Forester and Wells (2009). It was also observed at high leveoefficient of limonic acid was of the same order of magni-
els in a forestal atmosphere, 180-1570 rigmthe gas phase tude than estimation calculation from MY and SIM. How-
and 25-207 ng rhin the particulate phase (Matsunaga et al., ever, it was an order of magnitude higher than NAN estima-
2004), indicating that 4-oxopentanal could be an importanttion calculation and experimental values provided by Yu et
SOA contributor. However, its major source is assumed byal. (1999) for other biogenic di-acids: pinic acid, caric acid
these authors to be the oxidation of 6-methyl-5-heptene-2and sabinic acid, 2.8-3:610"2 pg n3, 3.3x 102 pg 13
one (6-MHO), which originates from squalene oxidation). and 2.7x 10~ ug nv 3, respectively, at 306-308 K. Experi-
However, 6-MHO was not observed in the present study, sugmental partitioning coefficients of hexanedioic acid (M6) and
gesting another pathway for 4-oxopentanal formation, whichpentanedioic acid (M4) were also consistent with theoret-
will not be discussed here. ical calculations. The experimental partitioning coefficient

Experimental partitioning coefficient estimation for 4- of succinic acid (M2) was one or two orders of magnitude
oxopentanal provides a value five orders of magnitude highehigher than theoretical calculations.
than estimation calculation. To conclude, using quantification of compounds in both

Dioxohexanal (P7), 3,6-dioxoheptanal (P8) and keto-gaseous and particulate phases, partitioning coefficients have
limononaldehyde (P9) were only quantified in the particulatebeen calculated. Differences can be observed in compari-
phase, although their estimated partitioning coefficients preson with estimated and other experimental coefficients. Some
dict a gas-phase concentration higher than 100000Tigym hypotheses can be proposed to explain these discrepan-
More realistically, Leungsakul et al. (2005a) provide exper-cies: (i) the estimated partitioning coefficient are calculated
imental partitioning coefficients of keto-limononaldehyde in on the basis of estimations that may be wrong, which is one
the range of 1.41-1.76 10 3m3ug1. From these values of the objectives of this study: providing partitioning coef-
and the keto-limononaldehyde particulate phase concentrdicient obtained under real atmospheric conditions; (i) reac-
tion estimated in the present study, a gas-phase concentréions occurring in the particulate phase can disturb the equi-
tion of around 1400ngm? could be expected, which is librium, leading to different partitioning coefficients than ex-
still largely above detection limits achieved for di-carbonyls pected, which is another objective of our study: identifying
compounds in the gas phase. From this observation, threensuspected reaction pathways; and (iii) sampling positive
hypotheses could be advanced. Firstly, tri-carbonyl com-artifacts upon particulate phase quantification as no denuder
pounds may not exist significantly in the gas phase un-has been used for particulate phase sampling.
der the experimental conditions of this work, and the keto- Artifacts seemed to be less important for di-acids than
limononaldehyde gas-phase concentration quantified by Lefor carbonyl compounds. This was consistent with: (i) the
ungsakul and co-workers was either mainly a positive arti-Teflon-quartz nature of the filter media that is expected to re-
fact due to volatilisation from the particulate phase or linked duce adsorption artifacts compared to quartz filters, even if
to different experimental conditions. Secondly, these com-this feature is not confirmed by Arp et al. (2007), and (i) the
pounds are more prone to a negative artifact upon quantifiartifact tendency expected to decrease compound volatility
cation in the gas phase than di-carbonyl compounds. Owfrom carbonyl compounds to limonic acid (Volckens and
ing to adsorption onto the Teflon filter placed upstream fromLeith, 2003).
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5 Conclusions and perspectives ties to limit (e.g. denuder use) or correct (e.g. backup filter
use) artifacts.

This work has provided a useful new analytical method, Furthermore, derivatisation protocols should be im-

based on thermal desorption coupled with GC/MS, to ex-proved to extend the range of quantifiable species to tri-

plore the secondary organic matter composition at a molecufunctionalised compounds. To improve the confidence in

lar scale from a global point of view in both gas and partic- the experimental determination of partitioning coefficients

ulate phases. Using separately but in parallel two derivati<for tricarbonyl compounds, observed in limonene ozonol-

sation reagents, PFBHA and MTBSTFA, to analyse car-ysis particulate-phase samples, it appears necessary to as-

bonyl compounds and organic acids and hydroxylated comsess detection limits in the gas phase and to provide more

pounds, respectively, the method allows one to explore theelevant calibration curves for the particulate phase. It is

chemical composition up to tri-functionalised species. Fur-demonstrated that ketodiacids and triacids are quantifiable in

thermore, it combines the classical advantages of thermaihe gas phase and can be detected in limonene ozonolysis

desorption — solvent-free, easy to use and fast — to analparticulate phase samples. An adjustment of the derivatisa-

yse the same sample in both ElI and CI modes, providingion protocol for the particulate phase, such as a small in-

complementary structural information through the use of thecrease of the derivatisation temperature, could provide rele-

re-collection option of commercial thermal desorbers. Thevant calibration curves.

potential of the method to determine the partitioning be- In conclusion, the developed method allows to explore

haviour of a wide range of semi-volatile compounds hasthe chemical composition of the semi-volatile fraction of the

been demonstrated. Quantification in both gas and particuexygenated secondary organic matter and to assess its parti-

late phases is indeed validated for mono- and difunction-tioning behaviour from mono to difunctionalised carbonyl,

alised species and for hydroxyl di-acids. This is substantialhydroxyl and organic acids species. Further improvement

progress compared to other techniques designed for concould enlarge the quantifiable species in both gas and par-

pound partitioning studies. Compared to the TAG instru-ticulate phases to trifunctionalised compounds. The method

ment (Isaacman et al., 2011), whose main advantage is basésl applicable to both simulation chamber experiments under

on on-line measurements, the developed method widens thesalistic humidity conditions and field campaigns.

range of detectable species to polar and multi-functionalised

compounds. Compared to denuder/filter techniques (e.g. Le-

ungsakul et al., 2005a; Temime et al., 2007), it provides aSupplementary material related to this article is

simp|er way to Study the partitioning of the Secondary or- available online at: http://WWW.atmos-meas-tech.net/5/

ganic matter, avoiding time-consuming sample work-up pro-1459/2012/amt-5-1459-2012-supplement.pdf.

cedures that are prone to sample losses during solvent ex-

traction steps, with similar detection limits. It is an easy

way to systematically assess, in simulation chamber exper-

imen.ts and in the field, the. partitioning behgviour.of Semi'Acknovvledgements. The authors wish to thank the EuPhoRe
VOIat”? compounds, pI:C?VIdIng a set of data in a wide rangegroup at CEAM, Valencia for their contribution to simulation
of environmental conditions that allow support of a relevant champer experiments. This work was supported by the EC within
integration of partitioning in models. the I3 project “Integrating of European Simulation Chambers for
Application of the method to the study of limonene |nvestigating Atmospheric Processes — II" (EUROCHAMP-2,
ozonolysis demonstrates the potential of the method to exeontract no. 228335).
plore the chemical composition of a complex mixture in both
gas and particulate phases, detecting both compounds afdited by: M. Sipig
ready known as limonene oxidation products as well as a
range of products detected for the first time. In the presen
study, 25 limonene oxidation products were positively or ten-
tatively identified, 9 being in both gaseous and particulate
phases and 12, among them tricarboxylic acids, hydroxy! di-
carboxylic acids and oxodicarboxylic acids, being detected
for the first time.
Quantification and partitioning coefficient estimations 1o publication of this article is financed by CNRS-INSU.
were provided, although as no precautions were taken to
avoid or correct artifacts for the quantification of compounds
in both gas and particulate phases compounds quantifica-
tion, their relevance for atmospheric conclusions are limited
here. Nevertheless, for decoupling gas and particulate sam-
pling, the method allows testing a wide range of possibili-
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