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Abstract

The heterogeneous reaction of CI' radicals with-mityon palmitic acid (PA) particles was
studied in an aerosol flow tube in the presencendhe absence of OFine particles were
generated by homogeneous condensation of PA vapodrintroduced in the reactor where
chlorine atoms were produced by photolysis of @ing UV lamps surrounding the reactor.
The effective reactive uptake coefficien) has been determined from the rate loss of PA
measured by GC/MS analysis of reacted particles fasction of the chlorine exposure. In
the absence of Dy = 14 + 5 indicates efficient secondary chemistiyolving Ch. GC/MS
analysis have shown the formation of monochlorichaed polychlorinated compounds in the
oxidized particles. Although the PA particles aokéds the complete mass can be consumed.
In the presence of oxygen, the reaction is stilinoi@ated by secondary chemistry but the
propagation chain length is smaller than in theeabe of @ which leads to an uptake
coefficienty = 3 = 1. In the particulate phase, oxocarboxytads and dicarboxylic acids
were identified by GC/MS. Formation of alcohols antbnocarboxylic acids is also
suspected. A reaction pathway for the main prodacis more functionalized species is
proposed. All these results show that solid orggicicles could be efficiently oxidized by
gas-phase radicals not only on their surface, lmat ia bulk by mechanisms which are still
unclear. They help to understand the aging of pymt@pospheric aerosol containing fatty
acids.
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1 Introduction

The concentration of organic matter in marine anvinents exhibits a seasonal behaviour,
which dominates the chemical composition of finetipalate matter during periods of high
biological activity (Yoonet al., 2007;0'Dowdet al., 2004;Cavalliet al., 2004;Sciareet al.,
2008). Cells of living organisms in the oceans depose after their death and the
hydrophobic cellular constituents accumulate on waer surface forming a sea-surface
micro-layer of 1 to 1,000 um thickness (Hardy, 198®&hen sea-salt aerosols (SSA) are
generated by the mechanical ejection of dropletsnfiwaves and winds, these organic
compounds are also ejected, thus becoming a compariethe newly formed particles
(Barger and Garrett, 1976;Gogeual., 1998;Martyet al., 1979). Recent laboratory and field
measurements have shown that the organic masefradtSSA increases from 0.1 to near 1
when the ambient aerosol aerodynamic diameter dsesefrom 1 to 0.1 um (Keeetal.,
2007;Facchiniet al., 2008). The exact mechanism for such large orgarass fraction of

submicron SSA is not well understood.

Chemical analysis of organic compounds sampledSiA Bave allowed to identify fatty acid
(C12-C18) compounds (Martst al., 1979), contributing to up to 10% in mass of tbtalt
organic content of the particles (Mochigtaal., 2002).

Molecular characterizations of sea-salt aerosoleaed in marine air masses have shown
that fatty acids (FA) consist of relatively short@riscon chains (Tervahattet al.,
2002b;Tervahattet al., 2002a;Mochidaet al., 2002;0ros and Simoneit, 2001). Due to the
hydrophobic properties of surfactants, the fattyl@@re thought to form an organic coating
around the inorganic core of the particles (Ellisenal., 1999;Rudich, 2003). When
considering a monolayer coating, the surface coeslkyy FA is estimated to be on the order
of 0.3 to 14% (Tervahattet al., 2005;Mochidaet al., 2002).

Fatty acids are also ubiquitous in airborne pasidampled in urban atmospheres (Olivetira
al., 2007). They were found to contribute to up t&56f identified organic compounds from
emission sources such as biomass burning (Nbke, 2001;Schauest al., 2001;Fineset al.,
2001), cooking (Schauest al., 2002;Heet al., 2004), and automobiles (H# al., 2006).
Among the fatty acids, palmitic acid {g3,0,) is the most abundant
one (Mochideet al., 2002).
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Recent literature reviews have presented the palyaitd chemical processes which occur at
the interface of airborne organic particles (Dosaldand Vaida, 2006;Rudich, 2003;George
and Abbatt, 2010). Many heterogeneous reactioregrabspheric particles involve the main
oxidant of the atmosphere.€ the hydroxyl radical OH’) which chemically altetiseir
surfaces thus aging them. The intensity of thisgglepends on various parameters such as
meteorological conditions, size of the particled dhe chemical composition of the particle
surface and bulk. Consequently, variability of thgsmrameters leads to the observed spatial
and temporal variability of the physical and cheahiproperties of atmospheric aerosols.
These heterogeneous processes affect the optipggipdtopic and reactive properties of
airborne particles thereby making uncertain thedipt®n of their global and regional
atmospheric impact. Although the OH’ radical is phnenary daytime oxidant, halogen atoms
(Cl, Br and 1) may also significantly participate oxidation processes, especially in the
marine boundary layer (MBL). Halogen species arétethfrom anthropogenic sources, but
important sources are also represented by the éamgease from sea-salt aerosols and
associated heterogeneous reactions. ClI' atoms airdyngenerated from the photolysis of
active chlorine species and their concentrations lma up to 19 atom.cn® (Spiceret al.,
1998;Pechtl and von Glasow, 2007).

Recent atmospheric measurements (Ostieofél., 2008) have shown that nitryl chloride

(CINOy) is produced by heterogeneous reactions on seaadicles and accumulates during

the night. At dawn, the photolysis of nitryl chidei produces a peak of CI" with an estimated
rate of formation of 1x10atom cni® s,

This CI' atom source seems modest relative to aikiglants. However, it has been reported
that ClI' reacts faster than OH’ radicals with hydrbon compounds (Spicetral., 1998) and

may represent the major oxidant of the troposphereoastal and industrialized areas,
especially at dawn, when concentrations of OH’ aaldiare low. While sources of reactive
halogen species and halogen chemistry in the tpbpeoe are relatively well studied, detailed

chemical processes are still unknown (George arth#p2010).

Given the high reactivity of CI' atoms with orgamiempounds and the ubiquity of CI" and
fatty acids in the troposphere, especially in thBLMit is obvious that this heterogeneous
reactivity must be considered. However, only a tsyperimental studies between gas-phase
radicals (CI' or OH’) with condensed-phase orgammpounds, including model organic

surfaces, are reported.
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Uptake coefficients of OH" on pure palmitic acidAjRparticles between 0.8 and 1 have been
reported by McNeillet al. (McNeill et al., 2008). The authors also measured uptake

coefficients for thin PA film coatings on solid atiquid NaCl particles, obtaining lower

values than for pure PA experiments (sofid! ~ 0.3 and liquidy°" ~ 0.05). Experiments
with chlorine atoms, generated from, @hotolysis, have also been considered as a model f
radical-initiated oxidation chemistry which avoiti& presence of reactive precursors or side-
products during generation of OH. The reactiveaketof CI' atoms on self-assembled
organic monolayers was studied by Moise and Ruise and Rudich, 2001) using a flow

reactor coupled to a chemical ionization mass spewter. The uptake coefficient, measured

by recording the rate of loss of CI radicals, wasmated to be in the range (0M<1), close

to the diffusion-limited loss rate.

Reactions of CI" radicals in the presence gfh@ve been studied using an aerosol flow tube
to stand as a model of the radical-initiated oxataof liquid phase organic aerosols. In the
case of reactions of CI' radicals with dioctyl sedde (DOS) particles (Heamb al., 2007), in

the presence of Duptake coefficient has been determined by manigothe rate of loss of
DOS species. The uptake coefficient exhibits ae/geater than unitygos-on= 1.7 + 0.3
indicating a radical chain chemistry. Products wasgenly identified in the particles, showing

an inefficient volatilization process.

More recently, heterogeneous reactions betweemtGins and submicron squalane particles
have been investigated in a photochemical aerdgal fube (Liuet al., 2011). Secondary
chain chemistry occurring in the liquid phase hig® #een demonstrated during this study.
The measured uptake coefficient decreases fromue wd ~ 3 for experiments performed
without G, to a value of 0.65 for experiments in the presesic®,. Product formation in

condensed phase is controlled by competitive r@acttes of @and C} with alkyl radicals.

All of these studies of heterogeneous reaction éetwadical species and organic surfaces or
particles as a model for the oxidation of orgamogols clearly emphasize the role of OH" or
CI" in initiating oxidation processesa an H-abstraction pathway. This is followed by aioh
reaction which can accelerate the overall rate aftige transformation. Concerning
experiments with CI' radicals, it was shown thatrenthan 60% of the initial condensed
matter can be consumed by the reactions. Sevepaltigses have been put forth to explain
these surprising observations: (1) a quite rapidase renewal process, (2) an efficient

secondary chain chemistry in the bulk. These psE=#ight readily occur in the case of
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liquid droplets (DOS or squalane) but are limitgdtibe diffusion of the species in the liquid
phase for both reactants and products. In the ohselid particles, surface renewal can be
induced by volatilization. Trapping of species witlihe particle or phase change of the

surface layer cannot be excluded.

Chemical mechanisms adapted from the homogenease gtave been proposed to interpret
the formation of products mainly in the particulatease but reaction pathways still remain
unclear due to the specificity of the condensedseh@microscopic arrangement of the

molecules, diffusion process in liquid/solid phdse.example).

We present here the experimental results of hetaemus reactivity between CI' and PA
within an Aerosol Flow Tube (AFT) where fine palti® generated by homogeneous
condensation of PA vapours are introduced with &l a radical precursor. CI' atoms are
generated by photolysis of the molecular chloriseag UV lamps surrounding the reactor.
Experiments have been conducted with and withqutFOr both cases, uptake coefficients
have been determined by monitoring the decay of WAGC/MS analyses of collected

particles on filters at the exit of the reactorentfication of the reaction products in the
condensed phase have been performed by GC/MS aeraysl has led to the proposal of a
detailed chemical mechanism for oxidation of caghoxacids in particulate matter.

2 Experimental section

2.1 Aerosol flow tube

An atmospheric pressure aerosol flow tube (AFTysed to investigate the heterogeneous
reactivity of PA particles with chlorine atoms (Fit). The AFT is a 1 m long and 10 cm
inner diameter quartz tube surrounded by 8 UV lathpaP, 365 BLB,Amean= 365 nm). The
particles and the gas-phase oxidant precursor rdreduced into the upper flange of the
reactor through two %" stainless steel connectohe total flow, monitored by mass flow
meters, is fixed at 4.0 L mitwhich corresponds to a mean residence path ti8@% in the
AFT.

2.2 Reactant generation

Palmitic acid £ 98%) is purchased from Roth. Chemical purchasedn frAldrich is:
dichloromethane (99.8%). Chemicals from Fluka ae¢radecane> 98%), hexadecane> (
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98%). N,O-Bis (trimethylsilyl) trifluoroacetamideCgH1sFsNOSL - Trimethylchlorosilane
(BSTFA-TMCS) (99%-1%) solution is purchased fromp8igo. Gases are purchased from
Praxair: Synthetic air 3.0, Nitrogen 4.6. Chlor{i€ of Cb in Helium) is purchased from Air
Liquide (99.6%).

Air or N, dilution

Homogenenous Cl,
nucleation source
Air or N, o . .
Q&
Palmitic
Acid (120°C (LDL_Ja1rt(z) :ﬁactor
" @-01m
uv i rd
amps
A =365 nm /
" J Y Me;r:brane
ilter
SMPS /
== »  GC/MS
FTIR

Figure 1. Experimental setup, SMPS (Scanning MuobiRarticle Sizer), FTIR (Fourier
Transform InfraRed spectrometer), GC/MS (Gas Chtography, Mass Spectrometer)

2.3 Particle generation

Palmitic acid particles are generated by homogesmeoaleation in a stream of 1 L riitN,

or N,/O, flowing through a glass vessel containing 5 gramBA. A heating wire wraps the
glass vessel and the PA temperature is kept canstari°C) using a temperature controller.
The flow is diluted with 1 L miit of N, or No/O, and sent to a condensation tube of 1.5 L

volume at room temperature. The size distributibtihe particles is continuously recorded by

6
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a SMPS (model TSI 3080L) every 2 minutes. Palnaiticl particle density was assumed to be
the solid phase density (d=0.852 g 9mDepending on the heating temperature and flows,
mass concentrations between 500 and 1,000 igpfrPA particles are generated. For a
temperature of around 120°C, the setup produceg-adrmal particle size distribution with a
mean surface-weighted diameter of ~ 500 nm andoangic standard deviation of ~ 1.5.
Measuring the aerosol concentration before and #fie AFT has revealed that the mean
diameter is not modified and that at maximum a mass of 10% occurred while passing
through the AFT.

2.4 Atomic chlorine production

The chlorine radicals are generated along the heafjthe AFT by powering all or some of
the 8 UV lamps. The CI concentration can also besteld by controlling the Elinitial

concentration in the AFT.

The chlorine radical concentration is measured d&yopming reference kinetic experiments
with acetone. Molecular chlorine (3 to 20 ppm) awgtone (50 ppm) are introduced in the
reactor and the reaction between acetone and €% fallace with a second order rate constant
(k) Of 2.09x10" cn?® moleculé' s* (Liu et al., 2011;Georgest al., 2007). The loss of
acetone is monitored by Fourier transform infrafi€dIR) spectroscopy by integration of the
absorbance of the C-C stretching band at 1,217 @erelygin and Klimchuk, 1974) between
1,160 and 1,260 cth The loss rate of acetone can be expressed as:

v%k (Acet]Cl] (1)

Integration of Eq (2) leads to determination of thdorine exposure (<Cl* in atom crit s)
which is the product of the reaction time t withethime averaged chlorine radical

concentration along the reac<t€>?i>t where [Acet) and [Acet] are the initial and final

concentrations of acetone measured by FTIR specipysespectively.
[ Acet],

n [Acet], _
- kref

j[cn]dt =(Cl), (2)

As shown in Fig. 2, the chlorine exposuig&i:.t, is linearly proportional to [G] with a

maximum time averaged chlorine concentration 06212 atom cnit. The ratio [C4)/[CI']
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expresses the photodissociation efficiency andreatgr than 3,000 and means that on
average one gbut of 6,000 is dissociated by photolysis and poes 2 CI' radicals.

2.0x10"" 5
1.8x10" i T
1.6x10" —
1.4x10" — T
1.2x10" — *

1.0x10" —
8.0x101°——

6.0x10" -

Cl Exposure (atom.s/cm?)
H

4.0x10" -

2.0x10" =+

0.0

T E I U T L I g I
0 1x10™ 2x10™ 3x10™ 4x10™ 5x10"
[Cl2], (molecule/cm?)

Figure 2.Chlorine exposure as function of the initiab €bncentration in the reactor; Q=
4.0 L mir* and 8 UV lamps powered. Errors bars express th@mim and maximum values

of 4 experiments.

2.5 Analytical procedure

2.5.1 Particle sampling and GC/MS analysis.

At the reactor outlet, the particles are sampledadPTFE (PolyTetraFluoroEthylene) filter
(Millipore FALP, 1.0um, diameter 47 mm) for 10 minutes in order to aili@bout 20 pg of

PA. The filter is then placed in a 1.5 mL vial al@l pL of a solution containing two internal
standards (tetradecane and hexadecane) and 25 alcahmercial mixture 99% BSTFA /
1% TMCS are deposited directly on the membrane n@tasive analysis of carboxylic acids
by gas chromatography requires derivatization ef+8OOH function. Silylation by BSTFA

(N, O-Bis (trimethylsilyl) trifluoroacetamide, d8,sFsNOSk) has been previously used for the
determination of mono- and dicarboxylic acids impées of atmospheric particles collected
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on filters (Docherty and Ziemann, 2001;Waeiaal., 2009;Zuoet al., 2007;Yuet al., 1998).
Trimethylchlorosilane (TMCS) acts as a catalysirmyreasing the silyl donor strength of the
BSTFA. After finally adding a volume of 1 mL of diloromethane, the filter is subjected to
10 minutes of sonication. For the product idergificn, only a volume of 200 pL of
dichloromethane is added before the sonication.TNtfss spectra database (V2.2) is used
for the identification. After the extraction andy&ation steps, 1 pL of the solution is injected
in a Gas Chromatograph Mass Spectrometer (PerkieiElGC Clarus 680). The
chromatographic conditions are as follows: inle0Z5 split mode 5 mL mih constant
column flow 1 mL mift, oven temperature: 50°C for 0.5 min, ramp +20°@ hib the final
temperature 310°C. Separation is provided by ateMS 30 meter long column (diameter
250 um and film thickness 0.5 um). Identificatiorauantification is performed on a Clarus

600C mass spectrometer in 70 eV electron impacemeoth a source temperature of 180°C.

The quantification of palmitic acid is done by ictieg standard solution of known
concentration. The ion fragment corresponding €osityl group Si(CH)3 (m/z=73) is chosen
for the quantification of silylated palmitic acid\ll samples are injected in triplicates in
Selected lon Monitoring (SIM) mode for the quamttion and once in scan mode for
identification. The mass of PA patrticles collectadthe filter for 10 minutes was quantified
by GC/MS and compared to the mass concentratiorsuneg by the SMPS analysis during
the same period. It appears that the mass deneed EC/MS represents 80 % + 10 % of the
mass as determined by the SMPS. These measurehsmsbeen performed without UV
radiations so without CI° radicals in the AFT. Angothe causes that can explain these
differences, we can surely mention: - efficiencytbé& extraction of palmitic acid before
GC/MS analyses, - errors from the SMPS which isoa-absolute technique for mass
determination due to many assumptions introducé¢her SMPS data process (shape and
density of the particles) and other error sourcetha calibration of the particles counter.

2.5.2 FTIR analysis

Gas phase analysis were performed by Fourier wemsihfrared spectroscopy mainly for the
chlorine exposure determination. The FTIR spectea racorded with an Avatar—Thermo
Scientific spectrometer equipped with a 10 m lengthtipath cell. Each spectrum is obtained
while averaging 100 scans in the 400 — 4,000 spectral range with a spectral resolution of
1 cm®. Background spectra are taken before and aftetivigg experiments to make sure that

measured products are not stuck on the mirrorseotell.
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3 Results and discussion

3.1 Chlorine reactivity in Nz

3.1.1 Kinetic measurements

First, we studied the heterogeneous oxidation thipa acid particles by Cl radicals in an

O,-free environment. The classical parameter detaxchinin heterogeneous kinetic

measurements is the reactive uptake coefficienivhich is defined as the fraction of Cl
collisions with the particle leading to the lossQ¥fin the gas-phase. Since the loss of Cl is not

measured in this experiment, the reaction is mositdhrough the reactive loss of palmitic

acid in the particle phadea. The PA loss rate can be expressed as follows:

d{PA

AL oAl @
where k., is the second order rate constant of PA with & (moleculé* s%). [PA] and [CI]
are the time dependent concentrations of the nec(molecule cii). The palmitic 10S®joss

(molecule & cm?) is defined by:

B =< kealCIIPA @)

P

where $ is the particle surface density (cm2&nhand V the volume of the particle. The flux
of collisionsgcor (Molecule & cm®) occurring on the particle surface per seconcjsessed

in the equation 5:

_lei]ra,
4

¢co|| - (5)

whereag is the mean speed of gas-phase Cl (§mEhe integration of equation 3 leads to:

In %PA%O
PA],

[PA]o and [PA] are the initial and final concentrations of pdetiphase PA, respectively, and
measured by GC/MS (molecule &n<Clx.t (atom cnT s) is the exposure obtained by the

reference kinetics measurements &gpgl is experimentally determined from the decay of

10
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palmitic acid as a function of the exposure. MoexoyPA}, can be replaced in the uptake

coefficient expression by:

Ve [opa [N,

PA

[PA], = @)

whereVp is the particle volume density (érom™), Mpa is the molar mass of palmitic acid
(Mpa = 256 g.mof), ppa is the palmitic acid densitypga= 0 852 g.crif) and Nx is the

Avogadro’s number. Finally, the uptake coeffici#gt can be expressed as:

_¢|OSS _4[kPA [Dmean [pPA [NA

Do Wey [6IM ©)

Vea

Dmean is the mean surface-weighted diameter of the g@ardistribution and is calculated by
Vp/Sp = Dmean/6 (Smithet al., 2009). The mean particle diameter is determinge®GRIPS

measurements and is assumed to be constant arld@th&initial mean particle diameter.

The normalized decay of ([PAPA]o) as a function of Cl exposure is shown in FigTBe
decay constaritpa is obtained from an exponential fit to the expenmal measurements for
exposure values ranging from 0 to 4X1@olecule crf s.

1.2 - = Normalized PA mass
—— Exponential fit

1.0 H

0.8

0.6

0.4

G

0.0 - ?

| 8 | E | E | 8 |
0 1x10" 2x10" 3x10" 4x10"

Normalized PA mass

Cl Exposure (atom.s/cm?3)

11



A WO DN P

© 00 ~N o O

10
11
12
13
14
15
16
17

18
19
20
21
22

23
24

25
26
27
28
29
30

Figure 3.Normalized mass of PA remaining in particles caéecon filter during 10 minutes
as a function of the chlorine exposure (squareaghElata point is a mean value obtained
from three GC/MS analyses of two particles sampdesgrs bars represent minimum and

maximum values. The data have been fitted by anreeqtial function (solid line).

Using the rate constanpk(kea = 1 10" moleculé' cn® s* )obtained from the slope of the

exponential fit of kinetic data in Fig. 3, the ialtuptake coefficientpp has been determined
to be equal to 14 £ 5 in an oxygen-free environmélsing the model developed by Fuchs

and Sutugin (Fuchs and Sutugin, 1970), the calomlaif the gas-phase diffusion limitation

leads to a correction of 10% f@rwhich is smaller than the total error from the exment
setup. The high value gfmeans that: (1) the heterogeneous reaction of FAGV radical is
very efficient; (2) the secondary chemistry is iegdthe overall reaction. These results are
similar to those of Litet al. (Liu et al., 2011) who reported = 3 for the uptake coefficient of
chlorine on squalane particles. However, kual. determined the loss of squalane as a
function of the total chlorine radical concentratiohile, in this study, the loss of palmitic
acid is measured as a function of the chlorinecadioncentration produced only from the
photolysis of Cl. As a result, the uptake coefficients cannot bietst compared but both
show the importance of secondary chemistry.

By definition, the initial uptake coefficient, wheaterived from the measurement of the rate
loss of the gas phase oxidant, Ok cannot be greater than 1. Here the uptake coefici
determined from the rate loss of the condensedepliag) is significantly greater than one
(Ypa = 14 £ 5), indicating an efficient secondary hetgmeous chemistry leading the whole
reaction. The chain propagation length is the ragédween the number of palmitic acid

molecules lost and glatoms that react and corresponds to the raiivc. The chain
propagation length is at least equal to 14.

Although, the palmitic acid particles are solide tomplete palmitic acid mass can be almost
completely consumed. This behavior has already bbserved for heterogeneous chemistry
involving liquid compounds where diffusion in thalk can be suggested as an explanation
for fast refreshing of the surface. In the caseadid particles, this surprising observation is
somehow more difficult to discuss. Two hypothesas be put forward: (1) an efficient

volatilization of the products formed at the suefat the particle or, (2) a phase change of the

12
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first layers facilitating diffusion or trapping cfpecies within the particle (McNeidét al.,
2008;Marcolliet al., 2004;Gartoret al., 2000).

3.1.2 Reaction mechanism

The high value of the uptake coefficient confirrhattthe PA consumption is enhanced by
secondary chemistry. Liet al. proposed a catalytic mechanism which can be adapteur

oxidation process.

Cl,> Cly+Cly Cl, photolysis [RO]
RH+ Clg=> R + HCI H-Abstraction [R1]
R+ ChL > RCI + Clp Cl, addition [R2]
RH + Clp, > R + HCI Second H-abstraction [R3]
R + Cl,~> RCI Termination reaction [R4]
R+ Cly=> RCI Termination reaction [R5]
Ch+Cl+M>ClL+M Termination reaction [R6]

Cl 4 is defined as a gas phase ClI' produced fronpl@tolysis. The initiation reaction [R1] is
the heterogeneous reaction betweer &hd particle-phase PA at the surface of the partic
producing an alkyl radical R". A chlorine molecudan be added on the R leading to
formation of a chlorinated product and atomic cimerCl,. This chlorine atom is released
from the surface of the particle and can easilgtreath another hydrocarbon. R4, R5 and R6
are reactions terminating the radical chain propagaR6 could occur heterogeneously via
the collision between GJand Cl, but also can take place in the condensed phasianite
two ClI'p. Such heterogeneous mechanism has already beemvethsin previous studies
performed either on NaCl patrticles (Ciuratual., 2011) or on ammonium sulphate particles
(Ciuraru et al., 2012). The reaction rate of [R1] is defined by thptake coefficient of
chlorine on the particle surfacg,. R2 is a source of Cl allowing the chlorine radlic
concentration to be renewed; moreover the][€ncentration is in excess of [CI'] ([
[CI'] > 3,000).

3.1.3 Change in the particle size distribution

The SMPS data indicate that the initial log-normpaiticle distribution mean diameter shifts
from 520 to 405 nm after a Cl-exposure of 1.25X¥folecule crit s (see Fig. 4). For this

13
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specific exposure, the aerosol mass measured bySStereases by 40% whereas the
GC/MS analysis shows that 80% of the particle-pl&es lost. Chlorinated products have a
higher molar mass than PA and it is assumed tlegt thmain in the condensed phase, thus
changing the density of oxidized particles compacenhitial pure PA particles. The oxidized

particle diameter cannot therefore be rigorouslieeined because the particle diameter is
obtained from electrical mobility of the particlehiwh depends on their density. Assuming
that the change of the mean diameter is only dubealensity variation would indicate that

the particle density would have increased from ®.861.850. This value seems too high for
an organic compound and suggests that the mearetiachange is also due to volatilization

of products. Consequently, the initial mean sur@egyhted particle diameter is considered

in this following kinetic study.
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Figure 4. Mass-weighted particle distribution (natized pg rit) of PA particles before
(filled squares) and after (open squares) a ctéogixposure of 1.25xtbatom cn® s. Each

distribution is an average of eight measurements.
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3.1.4 Particulate-phase product identification

Evidence of presence of monochlorinated palmiticd as found in the mass spectra.
Fragments with m/z=362 and 364 are detected ancspond to the parent peaks of the
silylated monochlorinated palmitic acidg830Cl-COO-Si-(CH)3) with characteristic pattern
for the m/z=35 and 37 isotopic relative abundarmfeshlorine. In those mass spectra, the
presence of the peak m/z=117 (corresponding to -GBE@H;)3) shows that the carboxylic
acid function has not been modified and the chioatom has not been added on the oxygen
atom. Because the hydrogen abstraction by chlarameoccur at 17 different sites, several

monochlorinated products are detected instead @sorgle product.

Dichlorinated palmitic acid molecules are also dieté in the sampled particles. The
formation of different constitutional isomers inésc much smaller peaks than the
monochlorinated ones. The mass spectra of thosgespshows the m/z=396, 398 and 400
amu, indicating the presence of the parent pedl i,oCl,-COO-Si-(Ch); with the natural
abundance of chlorine atoms. The mass spectraoeéthpecies indicates the presence of the
silylated monochlorinated palmitic acid fragment/Za862 and 364) and also the silylated
carboxylic acid function. Polychlorinated palmitacid molecules such as trichlorinated
palmitic acid molecules and more are highly suggkbiut the signal/noise ratios are too low

to get unambiguous identifications.

3.2 Chlorine reactivity in the presence of Oz

3.2.1 Kinetic measurements

The effect of oxygen on the heterogeneous reagtbatween CI' atoms and PA particles has
been explored by using &M, mixture (80%/20%) as a carrier gas for the aerfisal. The
particle-phase PA decay is much slower when oxyigeadded in the chemical system
compared to the measurements without($2e Fig. 5). The uptake coefficientygh= 3 has
been determined and shows that the catalytic sacpmdactions still govern the decay of PA
but the propagation length of the catalytic rearditcs reduced. The decrease of the uptake
coefficient as a function of the oxygen concentratinas been previously observed by &iu

al. (Liu et al., 2011) in the heterogeneous oxidation of squal8qg by chlorine radicals. The
secondary chemistry involving £k considered as insignificant because the ratwéen Q

and C} concentrations is greater than 1,000. In the pesef Q, a new reaction (R* + 4D
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competes with R2, leading to the formation of dylaberoxy radical instead of a chlorinated

radical.
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Figure 5. Normalized mass of PA remaining in thetip@s as a function of the chlorine
exposure in the presence of oxygen (squares) anadiresponding exponential fit (solid
line).

3.2.2 Particulate product identification

The products identification has been performedr dfte derivatization step by collecting the
particles at the AFT outlet during 30 minutes (Eep 6). We were not able to identify any

products on non-derivatized samples.

The main identified products are dicarboxylic acsl oxocarboxylic acids and confirm the
observations by McNeill (McNeikt al., 2008) where oxocarboxylic were detected. This new
study allows to identify and speciate dicarboxydied oxocarboxylic acids. Oxocarboxylic

acids detected are oxopentanoic, oxohexanoic aokemtanoic acid.
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Figure 6. Chromatogram of the silylated-productsrfthe Cl-initiated oxidation of PA in the

presence of &* uncertain identification).

The identification shows that the oxocarboxylicdscare produced on shorter carbon chain
length than the palmitic acid but the C=0 functosition could not be determined in the
mass spectra. Moreover, we suppose that sevenalersoof oxocarboxylic acids can be
produced and that they may have not been sepasgitethe gas chromatography conditions.
Dicarboxylic acids have been detected from the g@megioic acid (C3) to octanedioic acid
(C8). The normalized yields (Fig. 7) are calculabexin the ratio of a specific dicarboxylic
acid chromatographic peak area over the C3 dicgtizoxcid peak area. Those ratios are only
for a comparison purpose and assume that the respooefficients are equals. The
normalized yields are much higher for C3 and Céudioxylic acids (Fig. 7). For that reason,
oxalic acid is suspected to be produced but it i@sbeen detected under our analytical

conditions.
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Figure 7. Normalized yields of the detected dicayfio acids as a function of the carbon

chain length.

Products with hydroxyl functions were also detedtatitheir formal identification cannot be
guaranteed without doubt. Those products are: hyetbanoic acid, hydroxypropanoic acid
and several diols which are consistent with themfidion of hydroxyacid proposed by
McNeill et al. (McNeill et al., 2008). Monocarboxylic acids have also been deteio much
lower quantities. Moreover, the gas-phase prodtisté, CO, and CO have been clearly
identified by FTIR spectroscopy by means of thdiaracteristic fundamental bands in the
case of the maximum chlorine exposure. For lowéreZposure the signal to noise ratio was

not sufficient even when spectra were co-addechdurD minutes.

3.2.3 Chemical mechanism

We propose a reaction mechanism (see Fig. 8) ferréldical initiated oxidation of PA
particles adapted from the mechanism presenteddoyge and Abbatt (George and Abbatt,
2010). We have intentionally reduced the reacti@emanism to the observed pathways based
on the products identified by GC/MS. Because natned carbon yields are suggested in our
study, we cannot determine which reaction path dates. We have chosen to show the
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mechanism with an H-abstraction on fheosition of the carboxylic function. This is for a
better understanding of the mechanism and doesauassarily correspond to a preferential

site of H-abstraction.

As in the case of the experiments without, @e first step leads to the abstraction of a
hydrogen atom by a CI' radical from the aliphati@io (R1) or from the carboxylic acid
group (R’1) (Smith and Ravishankara, 2002;Singletbral., 1989). R7 is the internal
recombination of RCOO" to form GGand the R’ radical. R8 leads to the regeneratfon o
palmitic acid. The radical sHs; formed on R7 will be oxidized to an alcohol, digde or

ultimately to a carboxylic acid.

~C ~Cr R8 -
! VRt — C15Ha,COOH + R* L
C‘_SHZT—CHQ—CHQ—COOH _ C-5H31COO'— propagation
2\ L CiHait  +CO,
\ HCI R7
R1
HCI OI
R9 .92 R10 C-gHg?—C—CHQ—COOH +R'OH
C12H27—"CH-CH;~COOH —— C:3Hz7—~CH-CH,~COOH
*0; +R'0; = C13H27-CH-CH,-COOH +R'O
N\ OH
Q R11 | +RO; ~ 0
C13H27-C—CH,—COOH 5.« RO
cO =
R12 WOz T
/‘\ C13Ha7-CH-CH,~COOH
HO?
4’{_; C-C scission -“\l']“‘*
0=CH-CH-COOH + C1aHa7" R13 (b) " ¢.2H,7CHO + *CH,COOH
l+02 _\ 11—02 \
C12H25CHO < OCH-cooH
R14 o
HOOC-R-HCO — 4 HOOC-R-*CO — 4 HOOC-R-CO; —, HOOC-R-COOH +0,
+ClI* +Oy +R'CH,0% N

R'CHO

Figure 8. Proposal of a reaction mechanism fordhierine radical initiated oxidation of

palmitic acid in the presence 0.0

R10 shows the recombination of RQvith RO, to form an aldehyde and an alcohol. R11
leads to the formation of an alkoxy radical by mabmation of two R@ radicals. This
radical leads, via R12, to the formation of a Ck6aarboxylic acid with the carbonyl group

on the position of the initial H abstraction. THieoxy radical recombines by C-C scission via
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two pathways, R13(a) and (b), to form shorter chaxocarboxylic acids and ketones
Formation of dicarboxylic acid is proposed on Ra4¢tcur from an oxocarboxylic acid via H

abstraction on the carbonyl group and further rdmoation with a second peroxy radical.

The current study suggests that the products cam lé form by any radical-initiated
oxidation of carboxylic acids. Moreover, the propadsnechanism is valid independently of

the radical (OH" or CI') that is involved in theaHstraction.

3.2.4 Discussion of previous results.

The values ofy determined in this work for CI' + PA are signifitly higher than for
previously published paper for the chemical systéin+ Squalane (Sq) and ClI' + DOS
(dioctyl sebacate) heterogeneous reactions (Tgble the presence of oxygen, the reaction
is still dominated by secondary chemistry but theppgation chain length is smaller than in
the absence of Obecause there is no regeneration of Cl'. In ourditmns, the uptake
coefficient decreases by a factor of five when @@ added to the chemical system. This
result confirms the observation made by Eiwal. for squalane reactivity in the presence or
not of G. Hearn and Smith study reports the opposite raghére the rate of DOS loss is
faster in the presence of oxygen.

These comparisons have to be made while keepingnd these following aspects:

- the chemical formula of the molecules are quitkeent. In the case of palmitic acid
(PA), the molecule exhibits a linear carbon chaithva terminal acid function contrary to
DOS and Squalane. As secondary chemistry is higieldyfor each heterogeneous reaction,
the rate of propagation of these chemical reactsimsuld be strongly dependent on the

chemical formula.

- PA is a solid while Squalane and DOS are liquitken if detailed chemical
mechanisms in the condensed phase are steel yrttleaate of elementary processes might

be different for solid and liquid.

- the experimental determination of the uptake fideht was not performed with the
same exact methodology. In previous studies thericl exposure, (&' >t), was measured
using reference kinetics by introducing the refeeenompound (2-butanone or acetone) in
the mixed-phase. For this, it is assumed that themia chlorine produced by the reaction R2
(R + Ch — RCI + CI) stays in the liquid particulate phase and neegurns in the gas

phase. So the loss of the reference compound ysdud to reaction with Cl produced by the
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photolysis of Cl. However, for the case of solid particle (PA), mae made the assumption
that a fraction of chlorine atoms from the reactrRih could return in the gas phase and reacts
with the reference compound (acetone). For thisaieawe decide to measure the chlorine
exposure during an independent experiment wherneamdtone and €hre introduced in the
AFT, so the atomic chlorine exposure determinatisnchlorine only generated by the
photolysis of Cl. While chlorine exposure used in our study arthearange of the previous
cited works, the contact time in the AFT is sigrafitly different, 3 s for CI' + DOS system
and 180 s for our work. But recent results (Renbaumd Smith, 2011) show that radical
concentration and time are interchangeable parameidy if the precursor concentrations are
the same. These discrepancies with previous stwdiesexplain at least part of our higher

uptake values.

Table 1. Summary of measured uptake coefficients higterogeneous reaction systems
involving organic aerosol with the radical speci#s’ and CI'.

Uptake coefficient OH Cl

Yso= 0.3 (Smithet Yso=3iIn N (Liu etal., 2011)
Squalane (geHeo)

al., 2009) Yso= 0.6 in N/O; (Liu et al., 2011)

Yoos = 2.0 (Hearn Ypos = 1.7 in N/O, (Hearnet al.,
and Smith, 2006) 2007)

DOS (CH2)g(COOGH17)2)

0.1 <Y¢ < 1 (Ciuraru, 2010)
-, . Ypa= 0.3 (MCNei”
Palmitic acid (GsH3205) YTea=145Iin N
et al., 2008)

Yea=3%1in N/O,

4 Conclusions and atmospheric implications

Kinetic studies have been performed to measureupitake coefficient of chlorine atom on
palmitic acid particles as a function of chloringpesure formed by photolysis of CIThe

uptake coefficient has been derived from two expental conditions (with and without,}O
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by measuring the palmitic acid lost from the p#etiphase as a function of the chlorine
exposure. First, we have performed these expergnierdn oxygen free environment. In this
case, the uptake coefficient is estimated to bg=14 = 5. Secondly, we determined the
uptake coefficient in a MO, mixture (80/20). It appears that palmitic acidsloste as a

function of the chlorine exposure is lower and = 3 + 1. It must be considered that the
chlorine exposure has been defined as the expdsutize chlorine atom formed only by
photolysis of G and measured during separate experiments. Camsariin the work of
Hearnet al. and Liuet al., reference kinetics were performed simultaneowdly the particle
oxidation considering then the chlorine atoms fadrbg the photolysis but also those formed
as products of Gldissociation due to reactivity with R* radicalshel uptake coefficient
determined in those studies cannot be comparedtlgirevith the uptake coefficients
measured in this work. Under the conditions in #tigly, their uptake coefficient would have
been greater. However, the general behaviour idaginil) the uptake coefficient variation is
a function of Q concentration; (2) the uptake coefficient gredtean 1 explained by a

secondary chemistry involving radicals R".

The heterogeneous reactivity experiments we peddriwithout Q reveal that: (1) an
important secondary chemistry where ; Cis involved; (2) monochlorinated and
polychlorinated compounds are formed with up ta fduorine atoms.

We have observed the formation of HCI, CO and @Qhe gas-phase, while, in the particle-
phase, oxocarboxylic acids and dicarboxylic acigscetected. Alcohols and monocarboxylic
acids were also detected but with no certain ifieation of molecular formula. Dicarboxylic
and oxocarboxylic acids have been measured in #récplate matter by several field
measurement campaigns (Kawamura and Gagosian, Ki@8amura and Gagosian,
1990;Kawamura and lkushima, 1993;Mochatal., 2002;Kawamura and Yasui, 2005;Wang
et al., 2006;S. Kundu, 2010;Pavuluet al., 2010;Hegde and Kawamura, 2012;Mkoma and
Kawamura, 2013) under various environmental cooagi (urban, costal, remote marine,
remote continental). The presence of oxocarboxadids is generally explained by biomass
combustion and the aging of primary organic mat{gawamura and Gagosian,
1987;Kawamura and Gagosian, 1990;Kawamura and Y280b;S. Kundu, 2010;Pavulat

al., 2010;Hegde and Kawamura, 2012;Mkoma and Kawam2®43). In this study, we
observed that the concentration of dicarboxyliadacseemed to decrease with the carbon

chain length. Similar distributions of dicarboxykcids have been observed several times in
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ambient particulate matter during field measuremergmpaigns (Kawamura and Yasui,
2005;S. Kundu, 2010;Pavulurgt al., 2010;Hegde and Kawamura, 2012;Mkoma and
Kawamura, 2013). Those studies correlate the pecesaf dicarboxylic acids with the

oxidation of fatty acids and show that oxalic asidhe main dicarboxylic acid whatever the
origin of the analyzed samples. Those conclusioggeast that a large amount of oxalic acid

mass could have been formed in our experimenté&tsyalthough it has not been detected.

Finally, we have highlighted that there is a sigmaifit fragmentation and functionalization of

the fatty acids by oxidation initiated by radical$is leads to the volatilization of oxygenated
low-molecular weight organic compounds in the atph@se. Moreover, the functionalization

of the primary organic matter leads to the fornratxd more polar compounds at the surface
of the particle and suggests a modification of hilggroscopic properties of the particle. As

fatty acids are the most abundant identified orgaompounds in the marine aerosols, the
aging process of those particles via radical-itetlachemistry may facilitate cloud droplet

activation (Westervekt al., 2012).
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Table 1. Summary of measured uptake coefficients hieterogeneous reaction systems

involving organic aerosol with the radical speci#s’ and CI'.

Uptake coefficient

OH Cl

Squalane (gHe2)

Yso= 0.3 (Smithet Yso=3iIn N (Liu etal., 2011)

al., 2009) Yso = 0.6 in N/O, (Liu et al., 2011)

DOS (CH2)g(COOGH17)2)

Yoos = 2.0 (Hearn Ypos = 1.7 in N/O, (Hearnet al.,
and Smith, 2006) 2007)

Palmitic acid (GsH3205)

0.1 <Y¢ < 1 (Ciuraru, 2010)

Ypa = 0.3 (McNeill 14£5inN
Tpa = +5iIn
et al., 2008) i

YpAzgil in |\b/02
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Air or N, dilution

Homogenenous Cl,
nucleation source

Air or N,
Palmitic
Acid (120°C E)lia{té :ﬁactor
" @-01m
UV lamps rd
A =365nm /
d ) Y Membrane
SMPS filter
== »  GC/MS
FTIR
2

3 Figure 1. Experimental setup, SMPS (Scanning MgbiRarticle Sizer), FTIR (Fourier
4  Transform InfraRed spectrometer), GC/MS (Gas Chtography, Mass Spectrometer)

30



2.0x10"" 5
1.8x10"" T
1.6x10""
1.4x10"" T
1.2x10"" *

1.0x10""
8.0x10"

6.0x10" -

Cl Exposure (atom.s/cm?)
H

4.0x10" -

2.0x10" -

0.0 i ,
0 1x10™

I T I I
2x10™ 3x10™ 4x10™ 5x10"

[Cl2], (molecule/cm?)

Figure 2.Chlorine exposure as function of the initiab, €bncentration in the reactor; Q=
4.0 L.miri* and 8 UV lamps powered. Errors bars express thémim and maximum values
of 4 experiments.
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Figure 3.Normalized mass of PA remaining in the particle§ected on filter during 10
minutes as a function of the chlorine exposure dseg). Each data point is the mean value
obtained from three GC/MS analyses of two partidamples, Errors bars represent the
minimum and maximum values. The data have beerdfity an exponential function (solid

line).
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distribution is an average of eight measurements.
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Figure 8. Reaction mechanism for the chlorine r@diaitiated oxidation of palmitic acid in

the presence of O
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