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Abstract. The formation of organic acids during photoox- Dommen et al.2003 Molina et al, 2007 Vega et al.2011).

idation of 1,3,5-trimethylbenzene (TMB) in the presence As a result of their oxidation, products with lower volatility

of NOy was investigated with an online ion chromatogra- are formed, which contribute to the formation of secondary

phy (IC) instrument coupled to a mass spectrometer (MS)organic aerosol (SOAKroll and Seinfeld 2008 Hallquist

at the Paul Scherrer Institute’s smog chamber. Gas anet al, 2009.

aerosol phase were both sampled. Molecular formulas were The organic fraction of the atmospheric aerosol, to which

attributed to 12 compounds with the help of high-resolution SOA contributes, is a complex mixture of many differ-

MS data from filter extracts (two compounds in the gas phaseent compoundsKanakidou et al. 2005 Williams et al,

only, two in the aerosol phase only and eight in both). Sever2007). Decesari et al(2000 reported that 20—70 % of these

of those species could be identified: formic acid, acetic acidcompounds are water-soluble organic compounds (WSOCs).

glycolic acid, butanoic acid, pyruvic acid, lactic acid and However, only 10% of this water-soluble organic fraction

methylmaleic acid. While the organic acid fraction presentof the aerosol can typically be chemically identifi&@hkena

in the aerosol phase does not strongly depend on the precuand Hildemann1996.

sor concentration (6 to 20 %), the presence of $€luces Organic acids represent an important class of atmospheric

this amount to less than 3% for both high and low precur-chemical compound<Chebbi and Carlierl996 and a large

sor concentration scenarios. A large amount of acetic acidraction of WSOCs, and they can be directly emitted into

was injected during one experiment after aerosol formationthe atmosphere by trafficKéwamura et a). 2000, bio-

but no increase of acetic acid particle concentration couldgenic emissionsServant et al.1991) and biomass burning

be observed. This indicates that the unexpected presence ¢Baeggeler et 312008.

volatile organic acids in the particle phase might not be due They can also be produced through chemical reactions of

to partitioning effects, but to reactive uptake or to sampling Criegee intermediates produced by ozonolysis of alkenes:

artefact. either via their unimolecular isomerisation or via their bi-

molecular stabilisation with wateCgalvert and Madronich

1987 Horie et al, 1994). Other reactions have also been sug-

gested as sources of organic acids, such as peroxyacyl nitrate

1 Introduction (PAN) decompositiongurratt et al.2009, or the reaction of
peroxyacetyl radicals (f)O,) with hydroperoxy (HQ) or

Aromatic compounds are ring-containing volatile organic alkylperoxy (RQ) radicals, respectivelyMadronich et al.

compounds (VOCs) emitted into the atmosphere by fueljggq. Additionally, aqueous oxidation in cloud droplets is

combustion and evaporation, where they are oxidised by hyan important source of organic acids in the atmosph&ke (

droxyl radicals (OH) or nitrate radicals (N They play @ tjerj et al, 2008 Lim et al., 2005.
major role in urban areas and can represent 13-44 % of the

total hydrocarbon mass in the atmosphetalyert 2002
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Measurement of organic acids is a challenging task.photolysis rate to 1.5 10-2s~1. Light is reflected by alu-
Offline methods are labour-intensive and offer usually low minium plates covering the inside of the housing walls of the
time resolution, while available online methods with low chamber and is responsible for OH formation, by ozong (O
detection limits can provide high time resolution, such asphotolysis. For the representative experiments described here
chemical ionisation mass spectrometkeres et al. 2011, (Tablel), the ratio VOC : NQ was set to 2. For some exper-
Le Breton et al. 2012 Paulot et al. 2009 de Gouw and iments, approximately 2 ppbv of sulfur dioxide (®Qvere
Warneke 2007). However, both offline and online methods also injected into the chamber in order to enhance the nucle-
are prone to artefacts. Samples on a filter can evaporate, @tion rate, to increase the SOA particle number concentration
other species can condense on it, for instance. Some onlinand to reduce vapour wall losses.
methods, such as proton-transfer-reaction mass spectrometry The standard instrumentation of the smog chamber con-
(PTR-MS) can be sensitive to fragmentation. Additionally, sists of an @ monitor (Environics model S300) and a
low resolution of the mass spectra may hinder the separachemiluminescence trace gas NO-N@QOy analyser 42C
tion of different species, making data analysis and interpre{Thermo Environmental Instruments Inc., USA), a butanol
tation more difficult, but high-resolution techniques (such ascondensation particle counter (CPC, model 3025, TSI Inc.,
time-of-flight MS) have been developed recently to improve USA) with a cut-off of 3nm and a scanning mobility par-
this (Graus et a].201Q Jokinen et al.2012. The ion chro-  ticle sizer (SMPS) for particles with mobility diameter be-
matography (IC) method presented here allows water-solubléween 14 and 698 nm. The SMPS system consists of a long
organic acids (as well as nitrite, nitrate and sulfate) to be sepeolumn differential mobility analyser (model 3071, TSI Inc.,
arated prior to detection. By using a quadrupole mass spedJSA) and a CPC (model 3010, TSI Inc., USA). Additionally,
trometer (MS) as an additional detector, further separatiorm PTR-MS (IONICON Analytik GmbH, Austria) for TMB
based on molar mass can be performed on co-eluting peakaneasurements and an IC coupled to a MS for the selective

Fisseha et al(2004) identified 20 different acids formed analysis of organic acids (Se@.2) were used. The PTR-
during 1,3,5-trimethylbenzene (TMB) photooxidation exper- MS was calibrated with a mixture of gas standards contain-
iments at the Paul Scherrer Institute smog chamber. The maiimg TMB and the IC/MS system was calibrated with organic
goal of this work is to investigate further organic acids for- acid standards (see Se2t5).
mation and evolution over time during TMB photooxidation
(including their partitioning behaviour) under different ex-
perimental conditions. 2.2 lon chromatography system

The sampling of the gas and particle phase for the IC sys-

2 Experimental tem was done with a wet effluent diffusion denuder (WEDD)
and an aerosol collector (AC), respectivelakeuchi et al.
2.1 PSIsmog chamber 2004 2009. The WEDD part is connected with a Teffon

inlet to the smog chamber. It consists of two parallel cel-

A detailed description of the Paul Scherrer Institute smoglulose acetate membranes between which continuous sam-
chamber and its standard instrumentation can be found elsgsling from the smog chamber gas phase occurs. Purified wa-
where Paulsen et al.2009. Experiments are carried out ter flows on the other side of the membranes, allowing gases
in a 27 n¥ transparent fluoroethylene propylene (FEP) bagto dissolve. The AC part is connected by a silcostdalet
placed in a temperature-controlled housing20°C). The  to the smog chamber. An activated charcoal denuder and a
chamber is first humidified to a relative humidity (RH) of WEDD are placed upward of the sampling device, to remove
approximately 50 % before injecting nitrogen oxides (JJO the gas phase compounds. Figtrghows that after placing
A known amount of liquid TMB is then evaporated in a a filter on the sampling line, the measured aerosol concentra-
heated glass sampling bulb (80) and flushed with pure tions return to background level. No breakthrough of the gas
air into the chamber approximately 30 min before the lampsphase to the aerosol collector occurs, even with high precur-
are switched on, to allow homogeneous mixing of all gassor concentrations. The AC consists of a small chamber, the
phase compounds. To simulate the solar spectrum, four 4 kWottom of which is covered by a filter paper placed on a hy-
xenon-arc lamps are used (light spectrt#®280 nm) and di-  drophilic filter. Water is introduced into this chamber through
rected parallel to the chamber walls. a capillary having its tip close to the nozzle where the airflow

Their UV emissions below 300nm are filtered by a enters. A fine mist is formed, which condenses on the filter
borosilicate glass filter (“selected white float glass”, SWF, where the soluble compounds of the particles are dissolved.
Prazisions Glas & Optik GmbH, Germany) and the NO  Fisseha et al2004) estimated the collection efficiency of
photolysis rate is 10°s~1. In selected experiments, supple- the WEDD to be 75 and 85 % for formic and acetic acid, re-
mentary black lights (eighty 100 W tubes, light spectrum be-spectively. Therefore, a correction factor has been applied to
tween 320 and 400 nm, Cleo Performance) were used to inthe reported concentration, assuming an averaged 80 % col-
crease the ultraviolet (UV) light intensity, increasing the]NO lection efficiency. For the AC, mass collection efficiency is
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Table 1. Description of the presented representative 1,3,5-trimethylbenzene (TMB) photooxidation experiments.

Date Nominal concentrations (ppbv) RH Comments

TMB NO NO, SO,
10 Jul 2009 1200 300 300 — ~50% injection of acetic acid (500 uL) after approximately 6 h of photooxidation
27 Jul 2009 600 150 150 — ~50% injection of acetic and formic acids (0.4 pL each) after approximately 5.3 h

of photooxidation
10 Dec 2010 1200 300 300 - ~50%
11 Apr2011 1200 300 300 2 ~50%
13 Apr2011 600 150 150 2 ~50% with black lights

20 Nireac The retention time (RT) of the analytes depends on the
- = -Lactoagd. strength of the ion exchange with the analytical column. De-

protonated organic acids with only one carboxylic functional
group will elute earlier, followed by acids with two and three
carboxylic functional groups at later RTs.

Calibration is performed by direct injection of aqueous
multi-compound standards of different concentrations onto
the analytical column. Non-linear least squares regression of
a power functiony = ax’+-c) is used as calibration curve for
the MS, in order to take into account the slight curvature of
some calibration curves (Fig), as suggested tKirkup and
Mulholland (2004. This is due to the formation of dimers
and aggregates with water during ESI, especially at higher

-05, ) 0 2 i 5 s 0 concentrations, and possibly varying fragmentati®rossert

Flours afterfights on et al, 2009 at different concentration levels. Limits of detec-
Figure 1. No breakthrough of the gas phase to the aerosol collectotion (expressed in ng) have been defined from the calibration
(AC) was observed when a filter was placed 6 h after lights on in thecurves and converted to ngthaccording to the experimen-
aerosol sampling line during a 1200 ppbv 1,3,5-trimethylbenzenetal sampling flows of WEDD and AC for each experiment.
(TMB) photooxidation experiment. Typical limits of detection for organic acids ranged from 0.12
to 5.1 ngnT3.

Due to the presence of numerous unknown compounds, it
over 95% so that the aerosol phase concentrations reported not possible to tune the instrument for each individual sub-
here have not been corrected. stance to prevent the formation of dimers, for example. If a

Effluents from both sampling devices pass through con-molecular formula could be assigned to an unknown com-
centration columns (TAC-LP1, Dionex) where the (organic pound, a surrogate compound with a similar degree of unsat-
and inorganic) anions are retained. Those samples are thejtation (expected similar functionalisation, see S2&.and
eluted alternately to the guard and analytical columns (NG13 similar mass was used for calibration.
and AS11-HC, Dionex) for separation with a flow rate of
0.257mlmin‘_1. The eluent consists of a hydroxide anion , 5 High-resolution MS
(OH™) gradient, generated by an Eluent Generator (EG40,

Dionex) from a potassium cation (K electrolyte reservoir
with the following sequence: 0 min 0.95 mM OH 3 min
0.95mMOH", 18 min 12mMOH, 22min 60 mM OH",

Aerosol concentration [ug/m?]

The high-resolution Orbitrap-MS instrument of the Func-
tional Genomics Centre Zurich is described in detail else-

24min 60MMOH", 24.1min 0.95mMOH and 29min  here Olsen etal.2007. The high mass accuracy (2 ppm)
. allows deduction of the accurate elemental composition of

0.95mM OH". After elution, the OH are suppressed by . . ) .

. . the detected organic acids. From the obtained chemical for-
an anion self-regenerating suppressor (ASRS 300 2mm o . .
. .Mmula, it is then possible to compute their degree of unsatu-
Dionex). The analytes are detected as deprotonated species.. N 7 R
- , . ration (DU), also known as “double bond equivalent”, using
by a conductivity detector (CD) first and, after negative elec-E (1), where C, H and N represent the number of carbon
trospray ionisation ((-)ESI, capillary voltage:1.5kV), by d. &), ' P '

a quadrupole MS (MSQ, Thermo Finnigan) with unit mass hydrogen and nitrogen atoms, respectively:
resolution.

DU=(C+1) — 1)

(H-N)
2
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MS peak area [counts]

Power regression

(y:axb+c)

95% confidence
interval
Detection

limit

Calibration
standards

the ideal gas constant (8:210°> m3atm mol 1 K1), 7 [K]

is the temperatureyWp, is the mean molar mass of the ab-
sorbing material and is assumed here to be 130 gl

is the activity coefficient of the species in the condensed
phase (assumed to be unity) a;a@ (Torr) is the satura-
tion vapour pressure. Estimates tm? can be derived from
structure-based methdd¢Stein and Brown1994 Myrdal
and Yalkowsky 1997 Nannoolal et a].2004 Moller et al,

2008 Nannoolal et al. 2008 Compernolle et al.2011).
The partitioning of organic acids is also influenced by their

: ] dissociation in the particle phase which depends on pH
(—log[H™1). Acid dissociation is not considered faf, val-
ues derived from Eq.3) which is representative for a very
acidic aerosol. Thus for less acidic or neutralised aerosols an
effective partitioning coefficientKp eff) Nneeds to be calcu-

) _ ) lated using dissociation constants of aciés)( determined
This provides the number of double bonds or rings of as,, aqueous solutions, according to

compound and can help for the structure elucidation of an un-

known compound: for example, monocarboxylic acids with Ka
DU > 1 contain a ring structure or a carbon—carbon doubleXP.efti = Kp.i <1+ m>
bond if O=2 (O represents the number of oxygen atoms) ) ) ) )
or may contain one or more ketone or aldehyde function- However, since TMB SOA is only shght'ly hygrosc;opm
alities if O> 2. The deductions are similar for the dicar- (Duplissy et al. 2011, the fraction of water in the particles
boxylic acids with DU> 2. Furthermore, if & 2 for mono- IS only minor.

carboxylic acids with DU=1 or if G- 4 for dicarboxylic
acids with DU =2, the oxygen atoms that are not in the car-
boxylic functional groups are most likely present as aICOhOIWater used for this work was delivered by a Milli-Q water
functional groups. In this study, N=0 is assumed as no everburification system and had a resistivity of 18\ém.

m/z was detected and it is unlikely that species with two ni- Standards were available for formic acid (85 %), acetic
trogen atoms are detected but none with only one N-atom. acid & 99.8%), glycolic acid £99.0%), pyruvic ,acid

For these measurements, SOA particles were collected o[‘g 98%), butanoic acid 3 95%), lactic acid & 95 %)
Teflon filters and extracted with water. The solutions were fi- m_ethylmlalleic acid 98 %) methécrylic acid 99 %) 3.

0 100 200 300 400 500
Amount of analyte [ng]

Figure 2. Example of IC/MS calibration (methylmaleic acid).

(4)

2.5 Chemicals

nally directly injected into the instrument through a capillary butenoic acid ¢ 97 %) andrans-2-butenoic acid: 98 %).
and ionised by electrospray. The measurements ranged from 0"\ - supplied by FlukaX 99.5%). Gas cylinders

50 to 700 amu. were provided by Carbagas: NO2.8 i 80, NGO 1.8 in

2.4 Partitioning theory synthetic air5.0 and S£8.8 in N 5.0.

One important feature of the WEDD/AC-IC/MS setup pre- 3
sented is that it is possible to measure almost simultaneously
gas phase and aerosol concentrations of the organic acidg.1 TMB photooxidation

Therefore, partitioning coefficientsy (m3pg1) can be de-

termined experimentally by Eq2) and estimated theoreti- Figure 3 presents the measured mixing ratios of NO, NO
cally by Eq. @), using partitioning theoryRankow 1994a and G;. Ozone photolysis triggers the formation of OH radi-
b): cals, which oxidise TMB.

Note that N@Q do not play a role in TMB photooxidation

Results and discussion

Kpi= _ k- 2) under these experimental conditions; Ni® rapidly photol-
’ Jm-TSP- A, ysed to NO or NQ@. Oxidation products are formed and when
fm-760-R-T NO has reached low levels, the formation of &rongly in-
Kp,i ) creases. This happens much faster with the stronger black

’ = . 0 . .
MW p( -§ - 10° lights. Figure4b shows the OH concentration derived from

TSP (ug m3) is the total suspended particulate mass andTNIB reacted measured with PTR-MS (Figa), as TMB

Jm represents its absorbing mass fraction (assumed to be Inttp://www.aim.env.uea.ac.uk/aim/ddbst/pcalc_main.plip-

unity for SOA). F; andA; (ug n3) are the measured aerosol AIM) and  http://tropo.aeronomie.be/models/evaporation_run.htm
and gas phase concentrations of spetiesspectivelyR is (EVAPORATION)

Atmos. Chem. Phys., 14, 8668677, 2014 www.atmos-chem-phys.net/14/8665/2014/
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Figure 4. 1,3,5-Trimethylbenzene (TMB) and derived hydroxyl
radicals (OHp) concentrations for the different experiments. Filled
symbols: with S@; open symbols: without S§) red: high conc.;
blue: low conc.

Particles sufficiently large to be detected are formed when
the NO mixing ratio becomes low in the system, similarly to
earlier observationd\g et al, 2007 Wyche et al.2009. The
SOA particles reached mobility diameters up~&00 nm

® Hours afer ghts on during the photooxidation of 1200 ppbv TMB in the absence
_ ) ) ) o of SO,. This is on the edge of the SMPS measurement range
Figure 3. Nitrogen oxide (NOa), nitrogen dioxide (N, b) and ¢4 singly charged particles. Therefore, the particle number

ozone (@, ¢) mixing ratios for the different experiments. High con- - o igtinution was recovered from the raw signal of the
centration experiments: red; low concentration experiments: blue;

without SG: solid lines; with SQ: dashed lines. N@ data are doubly charged particles, which appeared at smaller diam-

missing at the beginning of the high concentration experiments, dugters_wnhlr} the mgasurement rang(?, usmg. a custom-made
to an instrumental limitation. data inversion routine, which works in a similar way as the

standard SMPS data inversiddggen and Alofs1983. The

very narrow size distribution and thus the clear separation
does not react with any other oxidant. As expected, the valpetween singly and multiple charged particles allowed us to
ues using black lights are higher: ca5% 10°cm=3 with  use this approach.
a peak of 7 10° cm~ at the beginning of the experiment,  In the absence of SO(Fig. 5, solid lines), more SOA is
compared to values between°land 16 cm~3 for the other  produced at higher precursor concentration than with a lower
experiments. All values are in the lower range of daytime OHprecursor concentration but its formation starts later and the
concentration in the troposphere. The low concentration exfinal diameter of the particles formed is larger. From the CPC
periment without S@ or black lights is not displayed as no data (not shown), particles larger than 3 nm can be observed
PTR-MS data are available for this experiment. However, asafter approximately 3.2 h after lights on during the experi-
this experiment was performed at similar RH and with the ments with 1200 ppbv TMB while in the case with 600 ppbv
same conditions as the ones with high TMB concentration,nucleation occurs already after 2 h of photooxidatiy¢he

Mixing ratio [ppbv]

the OH concentration is expected to be similar. etal, 2009.
_ The presence of SOncreases the nucleation rate as de-
3.2 SOA formation scribed inMetzger et al(2010: it is possible to observe par-

Phvsical | ties f f . N h ticles in the CPC£3 nm) already after 1 hour of photoox-
Fhysical aerosol properties Irom four experiments aré SNoWRy», (1200 ppbv TMB). The slightly higher final aerosol
in Fig. 5 where low concentration experiments are coloured

i bl d hiah trati ) tsinred. The | mass concentration produced in the presence of &@ing
In biue and high concentration experiments in red. The Iow-y, o high concentration experiments is probably explained by
est panel of Figh presents the aerosol mass concentratio

. ) ) "the earlier particle formation, resulting in lower vapour wall
measured by the SMPS assuming a particle dengtof losses of low-volatility oxidation products.
1.4 gcnt3 (Alfarra et al, 2008.
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750 : ‘ ‘ Fisseha et al2004) did not identify glycolic acid and bu-
tanoic acid, but reported detection of oxalic acid, malonic
acid, succinic acid, malic acid and citric acid, which were not
detected in the present work. The only unknown compounds
detected in both studies are the ones with nominal mass 178,
190 and 234.

Sato et al.(2012 could also identify pyruvic acid as

600 ppbv TMB well as other organic acids with liquid chromatography cou-
pled to a time-of-flight MS. They found several peaks for

600 poby TVB the (deprotonated) masses: 12%KcO5), 161 (GHoO5),
:vfhp;zksfits 215 (GH1105) and 233 (@H1307) as well as single
o peaks of the (deprotonated) masses 18H{0;) and 217
| (CoH130g4 ), each corresponding to an identified peak in this
—— 1200 ppbv TMB study.
While several possible elemental compositions are re-
1200ppby TMB ported in Table2 for these compounds, as it was not pos-

" +2ppbv SO, sible to unambiguously identify which peaks in the high-

resolution spectra corresponded to the unit mass observed

with IC/MS, Sato et al.(2012 report unique elemental

composition for each reported mass. They also report other

masses, which were not found in this work, either because

they do not have a carboxylic acid functional group, or be-

cause the sensitivity of our method was not sufficient to de-
= tect them.

Hours after lights on The Master Chemical Mechanism (MCMenkin et al.

2003 Saunders et gl2003 contains a degradation scheme

for TMB of which Table 3 presents the expected organic

mobility particle sizer (SMPS) measurements. These data are nogC'qg' Ct)]; thse, only acgnc atC|dA?nd pYLUVIC.tﬁCId cgultlzi
corrected for wall losses. High concentration experiments: red; low € ldentmied in our experiments. AlSo acids with- nomina

concentration experiments: blue; without 8Golid lines; with ~ Masses 128, 144 and 160 were detected, but it was not pos-
SO,: dashed lines. sible to assign the species proposed by MCM to IC peaks,
mainly because more than one peak was found for each of
these unit masses and their structure could not be determined.
Black lights increase the nucleation rate the most, dueFormation mechanisms for the other identified organic acids
to the higher OH concentration and faster oxidation of theare not discussed here, as they are mainly low molar mass
gaseous compounds. When the xenon-arc lamps are switchedmpounds and can originate from various oxidation path-
on together with additional black lights, 12 min of photoox- ways as for acetic acid and pyruvic acid. It is also known
idation are sufficient to detect particles with the CPC in thethat the mechanism of later generation products is not well
presence of S® The maximum aerosol mass produced is understoodletzger et al.2009.
higher than for other experiments due to the higher amount Two of the compounds for which a chemical formula
of TMB reacted and the dramatic reduction of the vapourcould be attributed have a DU equal to 4 (DU of TMB),

5001

250 1

Mean mobility diameter [nm]

10000

o
o
o

Particle total number [cm‘a]
S
o

-

n
o
o

o
o

Aerosol mass concentration [pg/ma]

(=]

o
n

Figure 5. Mean diameter, total number concentration and aerosol
mass concentration (assumipg=1.49 cm‘3) from the scanning

wall losses in the early nucleation stage. while 10 have a lower DU. This indicates that fragmenta-
B _ . tion and double bond opening reactions happen on top of the
3.3 Identified organic acids functionalisation with one or two carboxylic groups (1 DU

) . . . for each group).
Table2 gives an overview of the organic acids detected dur-  rigyress and7 show the concentration profiles in the gas

ing TMB photooxidation. Twenty-five mass chromatograms gnq the aerosol phase, respectively, for the main measured
showed one or more peaks. The corresponding masses aggecies: formic acid, acetic acid, glycolic acid, butanoic acid,
listed in Table2 and a chemical formula could be attributed pyruvic acid, lactic acid, methylmaleic acid and an unknown
to 12 of them with the help of the high-resolution MS gicarhoxylic acid with molar mass 234 g mdl (M234). In

data. Chemical formulas containing only one oxygen atoMine aerosol phase the measured concentrations are mostly
were not considered, as carboxylic acids contain at leas{g\er than 1 ug m3, except for M234. Some of these species
two oxygen atoms. Seven compounds could be unambigugere close to the detection limit of the method and therefore

ously identified: formic acid, acetic acid, glycolic acid, bu- 4ans can be observed in the plots. Methylmaleic acid is a
tanoic acid, pyruvic acid, lactic acid and methylmaleic acid.

Atmos. Chem. Phys., 14, 8668677, 2014 www.atmos-chem-phys.net/14/8665/2014/
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Table 2. Organic acids detected with WEDD/AC-IC/MS during 1,3,5-trimethylbenzene (TMB) photooxidation.

Trivial name (IUPAC name) Chemical DU Molarmass Type RT (min) m/z

formula (gmot1) WEDD AC
Formic acid (methanoic acid) Cio, 1 46.03 Mono 11.4-13.3 11.6-134 45
Acetic acid (ethanoic acid) £H40, 1 60.05 Mono 10.5-125 9.5-12.7 59,41
Glycolic acid (hydroxyethanoic acid) #1403 1 76.05 Mono 10.7-12.6 10.5-12.8 75
Unknown 86 ? ? ? ? 15.1-16.4 Pd. 85
Butanoic acid GHgO2 1 88.11 Mono 11.3-13.1 11.6-12.6 87
Pyruvic acid (2-oxopropanoic acid) 368,03 2 88.06 Mono 11.9-13.9 125-14.1 87,105
Lactic acid and hydracrylic acid? C3HgO3 1 90.08 Mono 10.0-12.1 10.9-12.4 89,43
(hydroxypropanoic acid)
Unknown 116 GH404 3 116.07 Di? 16.5-185 16.5-18.4 115
Unknowns 128 several compounds with formukeHz 04, CgHgO3 or C7H1102 127, 83, 101
Methylmaleic/methylfumaric? acid  CgHgO4 3 130.10 Di 23.8-25.1 23.4-25.2 129, 85, 259
((Z/E?)-2-Methylbutenedioic acid)
Unknown 144 several compounds with formulgHgO4 143, 99
Unknowns 148 several compounds with formulsHgOs or C4H30g 147
Unknown 156a @HgO4 4 156.14 Di 17.6-18.9 n.d. 155,111, 83
Unknown 156b GHgO4 4 156.14 Di 18.4-19.7 n.d. 155, 137
Unknown 160 @HgOs or C7H1204 ? ? Mono 10.6-12.8 11.1-12.6 159
Unknown 162a GH 1005 or CsHgOg ? ? Mono 11.9-12.2 11.0-12.4 161,143
Unknown 162b @gH1005 or CsHgOg ? ? Di 21.0-22.7 n.d. 161
Unknown 164 GHgOg 2 164.11 Di n.d. 22.5-24.2 163
Unknowns 178 several compounds with formulgHzOg 177
Unknown 190 GHgOg or CgH1405 ? ? Di n.d. 20.2-21.6 189,171,145
Unknown 208 several compounds with formulaHgG ;07 207, 189
Unknowns 216 several compounds with formulgHgO7 or CgH120g or C1gH1505 215, 153, 113
Unknowns 218 several compounds with formulgHzO7 or CgH140¢ 217,155

18.6-19.1
n.d.

18.7-20.1 233, 117, 115,73
20.5-21.6 249,231

Unknown 234
Unknown 250

CgH1407 or CgH100g ? ? Di
GQH140g 3 250.20 Di

@ Butanoic acid as surrogate.
b Not detected.
¢ Methylmaleic acid as surrogate.

Table 3. Expected organic acids and related species from the Master Chemical Mechanism (MCM) model for the oxidation of 1,3,5-
trimethylbenzene (TMB).

MCM name IUPAC name (trivial name) Formula Molar mass
CH3CO2H Ethanoic acid (acetic acid) 28407 60.05
HCOCO2H Oxoethanoic acid (glyoxylic acid) 28,03 74.04
CH3COCO2H Oxopropanoic acid (pyruvic acid) 31403 88.06
C5CODBCO2H  2-Methyl-4-oxo-pent-2-enoic acid 6ldgO3 128.13
EPXMKTCO2H 3-Acetyl-2-methyloxirane-2-carboxylic acid 68304 144.13
C2303MCO2H  2-((2-oxopropanoyl)oxy)propanoic acid 6HgOg 160.12
TMBCO2H 3,5-Dimethylbenzoic acid ¢H1002 150.17
TM135MUO2H  (Z)-2-Methyl-3-(4-oxopent-2-en-2-yl)oxirane-2-carboxylic acid gHz,O4 184.19
MMALANHY *  3-Methylfuran-2,5-dione (methylmaleic anhydride) 5H; 03 112.08

* Detected as methylmaleic acid.

dicarboxylic acid and is not expected with such high con-detected species may possibly be formed by similar arte-
centrations in the gas phase (without being detected accordacts from other compounds. Butanoic acid, pyruvic acid and
ingly in the aerosol phase at the same time). Most probablymethylmaleic acid gas phase concentrations show a precursor
it is formed from the expected methylmaleic anhydride in concentration dependence, confirming that they are products
the sampling device, as observed ®gto et al.(2007) for of TMB oxidation.

maleic anhydride, succinic anhydride, and citraconic anhy- The glycolic acid concentration, on the other hand, does
dride from toluene photooxidation. This indicates that othernot seem to show such a dependence, but because the

www.atmos-chem-phys.net/14/8665/2014/ Atmos. Chem. Phys., 14, 8@+, 2014
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Figure 6. Gas phase concentration profiles (in pg¥ of eight Figure 7. Aerosol concentration profiles (in pg*rﬁ) of eight mea-
measured organic acids. Filled symbols: with,$@pen symbols:  sured organic acids. See Fijfor symbol explanation.

without SG; red: high conc.; blue: low conc. Error bars in grey are

derived from calibration curves and sampling flow uncertainties.

However, SQ would be able to compete with water

concentration remains small and close to background level¥@Pour only if the reaction rate between Criegee intermedi-

in both gas and aerosol phase, no conclusion can be drawtes and water vapour is at the low end of the measurement
range found in the literature (16°-10-1°cm®s1), due to

on glycolic acid production dependence on TMB levels. \ ) ;
For lactic acid, a marked difference is seen comparing théne orders of gnagnétude dlfferen7t congentratloqs opa0d
water (5x 1019cm~2 and 3x 107 cm~2 respectively). Be-

two 1200 ppbv TMB experiments. The presence ob $6- ~ ' o
creases its concentration by roughly a factor of 3. A similar €2Use of the large uncertainties of these reaction rates, it is
not possible to totally neglect this reaction path.

effect is observed for acetic acid, lactic acid and M234. The i )
Due to the different aerosol mass concentrations produced,

presence of S@decreases the aerosol concentration for these . S ;
species, as they are likely formed in the gas phase. acid fractions were computed by dividing the particle bound
Recent studies show that $Oreacts much faster acid concentration by the aerosol mass concentration mea-

with Criegee radicals than previously reported (13-  Sured with the SMPS. Figuréb and d show a drop of the
101 emBs L Welz et al, 2012 Mauldin 1l et al, 2012 acid fraction of the main acids below 5% if 3@ present,
Boy et al, 2013. The differences in the experiments with while its lower limit lies between 6 and 20 % in the absence

and without SQ@ could be explained by reaction of a precur- of SC; (Fig. 8a and ). This is expected, because less par-

sor Criegee radical with that species, hindering the formatiorfitioning of the organic acids occurs, due to the more acidic
of these acids. This is an indication that these acids would®€"s0! in the presence 0,80, formed from SQ oxida-

form via ozonolysis of primary oxidation products of TMB, tON:

while other acids are generated from TMB oxidation by OH. _ 1he compound M234 in Tabl2 merits particular atten-
tion. It is the most abundant organic acid of the aerosol

phase. It could be detected in small amounts in the gas

Atmos. Chem. Phys., 14, 8668677, 2014 www.atmos-chem-phys.net/14/8665/2014/
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Figure 8. Stacked aerosol concentrations of the main detected organic acids normalised to the aerosol mass concentration (from SMPS) for
the different experimental conditions.

phase and is potentially important for the SOA formation. would be a fragment of a larger one has been ruled out. This
Sato et al(2012 report three compounds with this mass and leaves the possibility thatis-2-butenoic acid was detected,
the chemical formula §H;407, while we could identify only  however this could not be proven due to the lack of a stan-
one peak with this mass and assigned it to a dicarboxylicdard. In that case, one possible explanation for the longer
acid, based on its retention time (18.6—20.1 min). It is possi-RT, compared to the other organic acids with the same molar
ble that the IC/MS instrumentation used in this study eithermass, could be its somewhat more compact shape, due to its
is not sensitive enough to detect the other species, or thatis configuration, allowing it to remain somewhat longer on
these cannot be separated by the chromatographic methothe analytical column.
However, the results presented here suggests that at least oneDue to the remaining uncertainties, more work is needed to
of the compounds identified byato et al(2012 should be  identify the chemical structure of the numerous compounds
a dicarboxylic acid. If the other compounds cannot be septhat are formed during photooxidation of TMB. A combina-
arated, it could be that all three are dicarboxylic acids. It istion of different analytical techniques like gas or liquid chro-
also possible that two of the compounds detectedshjo ~ matography with high-resolution mass spectrometry would
et al. (2012 do not contain a carboxylic functional group be necessary.
and cannot be detected by the IC/MS method used. How-
ever, if they do have at least one such functional group, their3 4 partitioning coefficients, K,
concentration could be below the detection limit of our in-
strumentation.

Another compound from Tabl2 requires some discus-
sion: the unknown compound with molar mass 86£ 85 in

Figure 9 depicts the time-dependefi, values for the pre-

viously discussed species. Due to the alternating gas phase
S S : . and aerosol measurements, linear interpolation or extrapo-
IC/MS). There is a I|m|t_ed aT“"””t of organlc_amds W't_h this lation was performed to estimate the corresponding aerosol
molar mass. methacryhc acid, 3-butenoic acid &mds/cis . or gas phase concentration for a given time. Nevertheless,
2-butenoic acid. The RT of the unknown compound with due to some measurements very close to the detection limit,

moltz;]lr mal_ss 8(.5 dlls?:[ebd tm T"?‘bg'% Iogger tzhgmtthe ones dOf especially in the aerosol phase, some points could not be
methacrylic acid, s-buténoic acid atrans 2-butenoic acid, - oqtimated. In most cases, the experimekgl values for

though. Standards of these compounds were available fhe different conditions are more or less stable during the

comparlsolr(l. I?etﬁgusReTn?hlarger rEalfS ;ﬁaf t?;atected for t(;‘@)(periments. Only for glycolic acid and methylmaleic acid
same peak at this K1, the possibiliy that thiS compoundy, decreasing trend is observed in the earlier stages of the

www.atmos-chem-phys.net/14/8665/2014/ Atmos. Chem. Phys., 14, 8@&&#7, 2014
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periments with S@. In the experiments with 1200 ppbv of
TMB, less glycolic acid was detected in the gas phase. For
the experiments with 600 ppbv of TME,, values are some-
what lower in the presence of $Qwhich is expected from a
more acidic aerosol. However, as discussed earlier, it is more
likely that SGQ influences the formation of organic acids in
the gas phase already, rather thai8By reducing the pH of
the particle phase.

Figure9 also depicts estimated ranges of expedigdal-
ues, derived from species vapour pressw%slerived from
structure-based methods, except for M234, whose structure
is unknown. We ran the vapour pressure estimator of the E-
AIM model and the EVAPORATION method. The outputs
were used to estimat€, and, using pH=4, additionalKp ef
were estimated (except for methylmaleic anhydride) accord-
ing to Eq. @). The plotted ranges cover for each species the
largest and lowest values obtained. Overall, the experimen-
tal K values obtained are much higher than the estimated
values.

Weak acids like acetic and butanoic acid are not much
affected by this assumption, while the theoreti&al range
for stronger acids like formic, glycolic and lactic acid is in-
creased due to the larger deprotonated acid fraction present
in the aerosol at this pH value. Nevertheless, the discrepancy
between the estimatel, values and the ones experimen-
tally derived remains large, supporting the hypothesis of a
measurement artefact or a source of carboxylate ions in the
aerosol phase.

Interestingly, thek, values of methylmaleic acid fall in the
range of the theoretical values for methylmaleic anhydride

m3ug~1). Grey areas represent the expected range of values foflight grey shaded area). This suggests that no methylmaleic
different saturation vapour pressure estimations. See text for discuCid (or a negligible amount) is formed in the chamber. It
sion. The lower limit corresponds to the smallest value estimated fowould also indicate that partitioning is not further driven by
Kp and the upper corresponds to the highest effective partitioninghydrolysis of the anhydride in the aerosol.

coefficientKp eff derived, assuming pH=4. Ifg), the light grey

Neverthelesdiealy et al.(2008 found similar results for

area represents the theoretical value range of methylmaleic anhyy wide range of dicarbonyl products, including glyoxal and
dride.

methylglyoxal. The interpretation given was that reactive up-
take as well as oligomerisation reaction in the particle phase
takes place, shifting the partitioning to the aerosol, which

experiment. This is very likely due to measurements closemay also happen with organic acids, via different mecha-
to the detection limits in the aerosol phase for these speciesiisms, though. Then, because during sampling in water the
so that the decrease mainly reflects the TSP increase in thigsligomers can reverse to their monomeric form, the aerosol
case. concentration is found to be higher than expected.
Aerosol mass spectrometer measurements (not shown) in- During the experiment of 10 July 2009, a very large
dicate that nitric acid is the main inorganic species presentimount of acetic acid~ 18 mgnt3) was injected into the
in the aerosol phase and that it is not neutralised by ammoehamber after roughly 6h of photooxidation. Figut@
nia, whose concentration is much lower. Ammonia was notshows that this results in almost no increase of the aerosol
added deliberately but is an impurity trace gas in the champhase acetic acid concentration, while according to Henry’s
ber, which has also been determined previously for similarlaw (assuming that the aerosol would take up acetic acid as
conditions Kalberer et al.2004. Therefore, the following  water would), concentrations between 170 and 21007 m
discussion holds for these acidic aerosol conditions (assumwould be expected.
ing pH< 4). This means that the amount of water in the aerosol is too
Sulfuric acid (HSQ4) formed from the oxidation of small for reactive uptake. This is another strong indication
2 ppbv SQ could not be detected by IC/MS. Therefore, the that the acetic acid (and probably the other volatile organic
pH of the aerosol is expected to remain similar in the ex-
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this reason, measurementsof with the method presented

—&— Acetic acid gas phase injsction and possibly others need to be considered with care.
of 500 pl acetic acid
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