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Abstract. The reactive uptake of ozone to deliquesced potas-l Introduction

sium iodide aerosol particles coated with linear saturated

fatty acids (@, Ci2, Ci5, C1g and Gg) was studied. The Atmospheric aerosols contain a complex mixture of inor-
experiments were performed in an aerosol flow tube at 293janic and organic compounds. It has been determined that
K and atmospheric pressure. The uptake coefficient on purerganic species represent a significant percentage (20-90%)
deliquesced Kl aerosol wag=(1.10+0.20)x10"2 at 72—  of the total mass fraction of the submicron aerosol varying
75% relative humidity. In presence of organic coatings, thewith source and location (Zhang et al., 2007; Day et al.,
uptake coefficient decreased significantly for long straight2009; Kanakidou et al., 2004; O’Dowd et al., 2004; Putaud
chain surfactants{Cis), while it was only slightly reduced et al., 2004).

for the short ones (§ C12). We linked the kinetic results to Fatty acids come from both anthropogenic (cooking, com-
the monolayer properties of the surfactants, and specificallppustion, traffic emission) and biogenic sources (forests,
to the expected phase state of the monolayer formed (liquighlants, marine biota, biomass burning) (Cheng et al., 2004;
expanded or liquid condensed state). The results showed Hou et al., 2006; Huang et al., 2006; Pio et al., 2001; Robin-
decrease of the uptake coefficient by 30% fqp,B5% for  son et al., 2006; Schauer et al., 2001; Simoneit and Mazurek,
Ci5 and 50% for Gg in presence of a monolayer of a fatty 2007). They are known to act as surfactants in the atmo-
acid at the equilibrium spreading pressure at the air/water insphere (Rudich, 2003; Ellison et al., 1999; Gill et al., 1983).
terface. The variation among:& Cis and Gg follows the  Especially the @,-Cyg straight chain fatty acids contribute
density of the monolayer at equilibrium spreading pressurecontribute significantly to the organic coating of sea salt par-
which is highest for the & fatty acid. We also investigated ticles (Cavalli et al., 2004; Mochida et al., 2002, 2007; Ter-
the effect of organic films to mixed deliquesced aerosol com-vahattu et al., 2002a, b, 2005). Tervahattu et al. (2002),
posed of a variable mixture of KI and NaCl, which allowed have provided evidence that fatty acids are actually located
determining the resistance exerted to & the aqueous sur- at the surface of sea salt particles. We note, however, that
face by the two longer chained surfactants pentadecanoigatty acids form only part of organic matter found in ma-
acid (Gs) and stearic acid (£g). For these, the probabil- rine aerosol, which consists of a wide range of carbohy-
ity that a molecule hitting the surface is actually transferreddrates, protein residues, lipids (Facchini et al., 2008; Aller
to the aqueous phase underneath igs=6.8x 10*and et al., 2005; Kuznetsova et al., 2005; Leck and Bigg, 2005;
Bcig =3.3x 104, respectively. Finally, the effect of two- O’Dowd et al., 2004).

component coatings, consisting of a mixture of long and Recently, several studies have focused on the influence of
short chained surfactants, was studied qualitatively. organic surfactant films at the air/water interface in order
to determine their impact on atmospheric chemistry (Don-
aldson and Vaida, 2006; Smoydzin and von Glasow, 2007,
Gilman et al., 2006). It turns out that an important aspect
of organic coatings may be that they reduce the mass trans-
fer between the gas and particle phases. Organic coatings on
aqueous aerosol particles can also affect the process of CCN
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the ozone and halogen budgets in the marine boundary layedide aerosol particles (Rowrie et al., 2010). From these
several studies have focused on the reactive uptake®§N results, we obtained an average initial uptake coefficiept of
and have shown a decrease of the reactive uptakee®N = (1.10+0.20)x 102 and a bulk accommodation coefficient
in presence of monolayers surfactants (Badger et al., 20065f ap = O.6j:8:g". lodide provides a substantial aqueous phase
Cosman and Bertram, 2008; Cosman et al., 2008; Knopf esink to drive uptake of ozone and is thus ideally suited for the
al., 2007; McNeill et al., 2006; McNeill et al., 2007; Park present investigation. This reaction is also important in halo-
et al., 2007; Riemer et al., 2009; Stewart et al., 2004). Forgen activation processes of the marine boundary layer, as it
example Thornton and Abbatt (2005) demonstrated that thenay initiate halogen activation (Enami et al., 2008). Of some
presence of a monolayer of hexanoic acid inhibig©Obl up- relevance to the present study is the fact that surfactants may
take by a factor of 3 to 4 on deliquesced sea salt aerosolaffect the interfacial distribution of halogenide ions near the
McNeill et al (2006) found that the presence of sodium dode-interface (Tobias and Hemminger, 2008; Krisch et al., 2007;
cyl sulfate (SDS) decreases the®§ reaction probability on  Latif and Brimblecombe, 2004).
deliquesced NaCl particles. Stemmler et al. (2008) studied Even though the fatty acids chosen for the present study do
the effect of surfactants on the uptake of nitric acid HNO not represent the breadth of organic species presentin marine
to deliguesced NaCl aerosol. They showed that the uptakaerosol, they form reasonably well characterized monolay-
coefficient was reduced by a factor of 5-50 when the aerosoérs with predictable properties (Seidl, 2000, and references
was coated with fatty acids. The effect was most pronouncedherein). Once in contact with an agueous solution, they
with pentadecanoic acid and stearic acid, which they ascribegeadily spread over the solution air interface with spread-
to the ability of these fatty acids to spontaneously form rel-ing rates in the seconds range for spatial scales of submicron
atively well ordered, dense films. This indicates the impor- particles (Tabazadeh, 2005). Therefore, they form an ideal
tance of the surface phase state of surfactants in determirmodel system for the present investigation.
ing the phase transfer properties, an observation also made in
conjunction with NOs uptake (Bertram and Thornton, 2009;
Knopf et al., 2007) and with acetic acid uptake (Gilman and2 Experimental section
Vaida, 2006).

However organic coatings can also promote the phasé\ schematic representation of the experimental setup is given
transfer. Experiments by Glass et al. (2006), Burden etin Fig. 1, which has been described in detail by Reuwiet
al. (2009) and Park et al. (2009) have shown that solubleal. (2010). Potassium iodide particles were produced by neb-
surfactants such as butanol or hexanol can enhance the updising an aqueous solution containing 5 g/L of potassium io-
take of HCI into sulfuric acid through specific interactions of dide salt into 5L/min dry M. The aerosol particles emitted
the alcohol head groups with chloride ions. Many uncertain-were dried in a silica gel diffusion dryer, exposed to a bipo-
ties remain with respect to the structure and the phase stater ion source {Kr) to obtain an equilibrium charge distri-
of surfactant films on atmospheric particles and the changebution and then passed through an electrostatic precipitator
to the properties of the aqueous surface and to what degre® remove all charged particles. For hygroscopic characteri-
these properties affect the transfer of trace gases from theation experiments and to quantify the amount of fatty acid
gas to the liquid phase. One way to explore these is to extendondensed on the particles (see below), a first DMA (Differ-
the range of gas molecules to a less soluble species, one ehtial Mobility Analyzer) could be placed after the ion source
the motivations to study the reactive uptake of ozone to delto obtain a monodispersed aerosolz @ptake experiments
iquesced Kl and mixed NaCl/KI particles coated with fatty were performed with the polydispersed aerosol without this
acids. DMA in line, since the surface area and liquid volume of

So far, the effect of surfactant layers on the phase transfethe monodispersed aerosol would not be enough to lead to
of Oz to deliquesced aerosols has not been investigated. Reappreciable ozone losses in the reactor. The aerosol was hu-
cently, the heterogeneous reaction of ozone with aqueous iomidified to 75% RH (above the deliquescence humidity of
dide has been studied in presence of agueous organic speciks of 67%; Woods et al., 2007). After humidification, Kl
such as phenols (Hayase et al., 2010), where, however, phgarticles passed through an equilibrium reactor to allow the
nols interacted with ozone as a competing reactant ratheparticles to grow (residence time about 1 min). A growth fac-
than as inhibitor of phase transfer. Studies of ozone reactingor of 1.3 was obtained in absence of coating (Réwviet al,
with oleate covered deliquesced NacCl particles (McNeill et2010) at the same RH, which proves that the particles were
al., 2007) were related to the reaction with the double bond atleliquesced. Under the conditions of the present experiments
the surface in contrast to similar studies with pure oleic par-thus a pure aqueous Kl aerosol contained around 7.3 MKI.
ticles (Smith et al., 2002; Zahardis and Petrucci, 2007) anddzone was generated by irradiating a flow of a mixture of
not of direct relevance to the present investigation focusingO, and N> in a quartz tube with an ultra-violet lamp (Pen-
on the transfer across a layer of saturated fatty acids. ReRay 3SC-9, UV Products Ltd., USA), which has a resonance
cently, we studied the reactive uptake of © deliquesced line at a wavelength of 185 nm. Then theg/O2/N2 flow
potassium iodide and mixed sodium chloride/potassium io-was introduced to the aerosol flow tube through a movable
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Fig. 1. Overview of the experimental setup.

injector and diluted by the aerosol flow op Nratio 1/1). In
absence of particles, the ozone concentration in the reactor
was normally 90 ppb. The aerosol flow tube reactor was a
pyrex tube, 85cm long, with an inner diameter of 2.5cm.
The ozone injector, which was kept in the center of the flow
tube by means of three PFA legs, could be moved to vary
the reaction time from 2 to 25s to obtain kinetic informa-
tion. After the reactor, the aerosol surface concentration was
measured with a Scanning Mobility Particle Sizer (SMPS)
consisting of a DMA (3071, TSI) and a condensation parti-
cle counter (CPC, 3022, TSI, USA) collecting the aerosols at
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the exit of the flow tube. Typical particle number, surface andFig. 2. (a)Particle size distributions of a monodisperse dry aerosol
mass concentrations of the polydispersed aerosol in absendK!) exposed to lauric acid () in the evaporator at different tem-

of fatty acids were & 10° particles/crd, 1.6x 10~ crm?/cmd,
and 1000 ug/my respectively. The concentration of ozone
was measured with a photometric ozone analyzer (model ML
9810, Monitor Labs Inc, USA) after separating ozone from
the particles by diffusion in an annular coflow device. This

C
m

peratures(b) Evolution of the mass ratio of surfactants as a func-
tion of the evaporator temperature (black crosses: réd circles:
12, green triangles: G, blue squares: {§ and turquoise dia-
onds: C20). The solid lines are only guides to the eye.

separation was necessary, because the aeros_ol interferes Wiyple of lauric acid, Fig. 2a demonstrates the increasing par-
the photometric ozone detection due to scattering and absorRycle size of monodispersed Kl particles (selected at the mode

tion (see Rouwre et al., 2010, for more details).

diameter of the polydispersed particle size spectrum) coated

In order to investigate the effects of the surfactants on thewith increasing amounts of lauric acid {§ with increasing
ozone uptake, varying amounts of a specific fatty acid wereevaporator temperature. Since the particles were charged to

condensed on the dry particles. Straight chagpQgp fatty

equilibrium with the bipolar ion source, there was always a

acids (FA) were used in the experiments. The effectiveneséraction of doubly and triply charged particles, which appear

of the surfactant coatings will be related to their properties,as separate modes after subsequent neutralization and sepa-
as provided in Gabler and Heumann (1993). The proce+ation with the second DMA. This is not of further impor-
dure to get a reproducible amount of fatty acid on the par-tance, since we only used these measurements to obtain the
ticles has already been described by Stemmler et al. (2008diameter change due to the organic added. We used the main
An organic vapor was generated by heating 0.5 g of surfacimode for this analysis only. The mass ratio of surfactant was
tant in a temperature controlled reservoir. The coating tookderived from the associated change in particle volume for
place after removing charged particles from the aerosol floneach temperature. The volume of fatty acid¢d) was ob-

and before their humidification (Fig. 1). The aerosol flow tained from the difference of the volume of coated particles
passed over the reservoir through the heated zone and therelyk +Fa) calculated from the corresponding measured diam-
got into contact with the surfactant vapor. In the condensereter (Dc) and the volume of the dry particles with diameter
tube downstream of the warm zone, the gas gradually cooledg(Vk;). Using the densities of KI and the fatty acid of inter-
and the vapor condensed onto the surface of the particlegst, respectively, we determined the mass ratio of fatty acid
The amount of fatty acid condensed on the particles waqmga)/(mga +mg;). The procedure with the monodispersed
controlled by changing the evaporator temperature. In or-aerosol was only used to calibrate the size change with evap-
der to calibrate the size change with evaporator temperatureyrator temperature more precisely than with the polydisperse
we switched the additional DMA mentioned above into the aerosol. For the larger organic mass ratios, we could confirm
aerosol flow to obtain monodispersed particles. For the exthat the size changes due to the coating measured with the
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polydispersed aerosol were always consistent with the more 507
precise calibration using monodispersed patrticles. 17
The mass ratios obtained forgCCi2, Ci5, C1g and Go

as a function of the temperature of the evaporator are shown
in Fig. 2b. We do not know whether the organics formed a
homogeneous coating on the dry particles or condensed as a
separate droplet or crystal attached to the particle. We there-
fore associate a significant uncertainty with these values, as 10]
we do not take into account any shape effects. It serves rea- 5] ~
sonably well to compare among the different fatty acids. o : : ‘

T
20 25 30 35 40 45 50

Film pressure (mN/m)

Once the particles were coated they were passing through
the humidifier and the equilibration reactor to allow them to 80

deliquesce and the organic monolayers to develop. The ex- 70
perimental procedure of the uptake experiments always in- 60 \
+ s .

Area per molecule (A%

volved first measuring the size distribution of the dry un- 50
coated particles, then that of the dry coated and finally that
of the coated deliquesced particles as they exited the flow re-
actor. This allowed routinely checking the diameter growth
due to the humidity change, which was always consistent
with the growth observed in absence of fatty acids. Once a 7 RO s
fatty acid (liquid for G or solid otherwise) is in contact with S
the aqueous phase after deliquescence, fatty acid molecules TCC)

start to dissolve from its bulk into the surface and spread into

a monolayer. Aumann and Tabazadeh (2008) report dlrec?IT:ig. 3. (a) =-A isotherms of lauric acid (red line), pentade-

mgasuremqnts of the S.preadlng rates of crystalline Stearlganoi(: acid (green line), stearic acid (blue line) and arachidic acid
acid over dlfferent. SOIljmons at room temperature gnd haVetturquoise line), according to the model of Seidl (2000). The
shown that spreading times over the scales of submicron pagyosses represent the Equilibrium spreading Pressure of an excess
ticles are at maximum of the order of a few seconds. In apylk phase of the individual fatty acids and the circles illustrate the
few own qualitative experiments with bulk solutions in a petri phase transition film pressure between the expanded and condensed
dish comparable to those by Aumann and Tabazadeh (2008phases(b). Area per molecule of the fatty acids as a function of the
we have observed that the £and G5 fatty acids spread evaporator temperature (black crosses; 1€d circles: Gp, green
even faster than thesg. Therefore, the residence time of one triangles: Gs, blue squares: £g and turquoise diamonds:og) as
minute in our equilibration reactor safely allowed the mono- _calt_:ulated from the particle growth measurements. The solid lines
layers to spread to form a layer on the particle with homoge-!nd'cate the expected behavior of the true area per molecule to take
neous density. In presence of an excess of the fatty acid, thig'® account that the monolayers cannot spontaneously get more
N . L . _compressed than the equilibrium spreading pressure.
density increases until the so called equilibrium spreading
pressure (see below) is reached, eventually passing through a
phase transition before that. The excess remains as is or may
also restructure into a lens on the surface. The only assertiori§ie 7-A isotherms that are the location of the phase transi-
we are making are that the fatty acids homogeneously spreation from the expanded to the condensed liquid phase state
over the deliquesced particle, and, in presence of an excess ¢fj, expressed as the film pressure, where the phase transi-
fatty acid, the monolayer reaches the density correspondingon occurs) and the Equilibrium Spreading Pressure (ESP).
to the equilibrium spreading pressure with a separate bulklfhe ESP is defined as the pressure of the film in equilibrium
phase remaining attached to the droplet. with its bulk phase. It may be compared to the solubility of
a compound in solution as the 3-D analogue in that if more
of this compound is available than given by the solubility
3 Assessment of monolayer properties and the volume of solution, the excess salt remains as a bulk
phase in equilibrium with the solution. Compounds exhibit-
The monolayer properties of the fatty acids of interest hereing an ESB mN/m spread spontaneously over the aqueous
were explored using the model developed by Seidl (2000)surface. Data concerning Fj and ESP are also reported in
These monomolecular films can exist in three different statesTable 1. We assume that if we have deposited fatty acids
gaseous, expanded and condensed liquid state. The corrgy amounts more than the equivalent of the corresponding
spondingn-A isotherms are shown in Fig. 3a, where the monolayer at the ESP on the wet particles, the phase state of
film pressure is represented as a function of the area pethis monolayer is given by the ESP, while the rest remains
molecule. This figure indicates also two essential values foras excess solid or liquid fatty acid attached to the agueous

40

304

204

Area per molecule (A%

104
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Table 1. Properties of the surfactants.

Name Formula Molecular Density Aqueous Melting point ~ Vapor pressure ESP Fj
weight glcn?  solubility g/100g °C at 25C mN/m®  mN/m®)
g/mol of water at 20C

Nonanoic acid GH1807 158.24 0.900 0.0284 12.4 X102

Lauric acid GoH2402 200.32 0.880 0.0055 43.8 %403 234 435

Pentadecanoic acid 1§H300> 242.40 0.8423  0.0012 52.3 K104 21.0 6.2

Stearic acid &@gH3602 284.48 0.847 0.00029 69.3 %607 3.7 —23.9

Arachidic acid GoH4002 312.54 0.8240 - 76.5 44108 -1.6 -57.9

(*) ESP: Equilibrium spreading pressure; Fj: phase transition film pressure from the expanded to the condensed liquid phase state. The values were calculated from the model of
Seidl (2000).

solution. With smaller amounts of a fatty acid we assumeof gas molecules being taken up by the particles divided by
that they form a more dilute monolayer with homogeneousthe number of gas molecules impinging onto their surface
surface density over the particle. To make this quantitative (Poschl et al., 2007). Thereby, the rate of ozone loss from the
from the mass fractions plotted in Fig. 2b we calculated thegas phase is described as a pseudo-first order process (Eq. 1),
area per molecule as a function of evaporator temperaturevherekg p o, is the first order rate coefficient, ands the
plotted in Fig. 3b. The surface density (i.e., inverse area peexposure time between the gas and the aerosol surface (Liu
molecule) was calculated as the ratio of the number of fattyet al., 2001). Then, the rate coefficient can be related to the
acid molecules per particlegfa) divided by the surface area uptake coefficienty, on the aerosol using Eq. (2), whese

per particle as obtained from the SMPS. Then, knowing theis the aerosol surface area per volume of gadifif) andw

ESP of each FA from the correspondimeA isotherm shown  is the mean molecular velocity of{0n the gas phase (m/s).

in Fig. 3a, the area per molecule in the monolayer was as- d[Os]

sumed to remain constant with further increasing mass frac-— = kg,p,05[03] (2)
. . . . . . . dt B3

tion and represented as a solid line in Fig. 3b. This figure

should demonstrate that for higher mass fractions, the mono- Swy

layer density and structure remained constant, while the exkop.0s = 4 @

cess material formed a separate phase increasing the overallI b f . i . tudv of
particle surface area but not affecting the monolayer prop- n absence of an organic coating, our previous study o

erties above the aqueous solution. As already pointed ou't’pta.ke of ozone to deliquesced potassium ipdide aerosol
by Stemmler et al. (2008), we do not expect formation of particles showed that the uptake was both influenced by

micelles for these fatty acids. We are aware that many amzhe. t.)u"( accomquatlon coe.ffl_c'lemeb() and the b'u.lk re-
phiphilic organic compounds may form micelles above the""Ct'VIty (), leading to an initial uptake coefficient of

_ 2 =
so called critical micelle concentration, where monolayersy_(1'1%0'20)>< 107 (R_ouwere etal., 2010). _
at the ESP and micelles may coexist. Indeed, the conjugate In presence of a coating and under appropriate steady state

base ions of the fatty acids used here could form micellegPProximations, the uptake coefficient of gas molecules from

within the particles (Tabazadeh, 2005). In our experiment,the gas-phase into a liquid can be expressed in terms of a

we did not take any special precautions to avoid the presencaequlence (t)f res[sttances} ?ﬁ sgol/vrjl '3 Eg. (3). In absencle of
of CO, and the pH of the deliquesced particles was likely an elementary picture ot the detalied processes we replace

around 6. Since’Ka values of the fatty acids used in our the bulk accommodation coefficient, the probability that a

study and for the condition, when they are at the surface ofas phase molecule hitting the surface enters the liquid in

an aqueous solution, are between 7 and 10, they remain prc§,_olvated form, by an overall inverse resistance at the surface,

tonated (Kanicky et al., 2000; Kanicky and Shah, 2002). Lig, for Franspor'F across thg surfactant layer including also
transfer into the liquid. The inverse resistance due to the bulk

liquid phase reaction is expressed byl/In Eq. (3),T is the
. ) temperature is the Henry’s law coefficient of & Dy o,
4 Results and discussion is the diffusion coefficient of @in the liquid phaseRr is

_ _ the universal gas constant, akglthe second order loss rate
The effects of fatty acids to the ozone uptake on deliquesce@onstant of @ in the liquid phase:

Kl particles or on mixed NaCl/KI particles were investigated

by directly comparing the rate of uptake of ozone to coatedl 1 1 With Tr— 4HRT /Dy ozkpll ]
particles with that to uncoated particles. The rate of uptakeis, — g ' I, b= w
expressed as the uptake coefficigntgiven by the number

®)
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Note that in our previous study (Ro@ve et al., 2010) we
explicitly kept track of the iodide content as a function of

reaction time to take into account its significant depletion, . -
for uncoated particlesyfoated Yuncoated CONtaining dry mass ra-

depending on particle size, dur!ng the residence time in theEios of 0-70% of surfactant for different fatty acids (black crosses:
flow reactor and the coflow device. In the present study WEC,, red circles: Gy, green triangles: G, blue squares: g and
used a simplified first order treatment as the coated particleyrquoise diamonds: ). The lines are only guides to the eye.
exhibited significantly less ozone uptake, so that iodide in(b) Ratio ycoated Yuncoated@s @ function of the area per molecule
the aerosol phase remained in excess. After having estalwf surfactant (black crosses:gQred circles: G», green triangles:
lished first order conditions for a number of representativeCss, blue squares: {3 and turquoise diamonds:g). The rect-
cases, the reactive uptake coefficients were determined frorangles represent the position of the equilibrium spreading pressure
the removal of @ at a fixed maximum interaction time (41s, ESP and the circles represent the phase transition film pressure Fj.
including the residence time in the coflow device) as a func-For each fatty acid, the open symbols denote data points, where the
tion of the amount of fatty acid deposited at the particle sur-Mnolayer has a density smaller than expected at ESP, while plain
face, which was related to the temperature in the eva oratosy'mbol'.5 denote datapom.ts. beyond the ESP, where the additional
T . P . P Tratty acid mass was remaining as a separate bulk phase.
as mentioned above. This allowed to directly compare uptake
to coated particles with that to uncoated particles and reduced
the uncertainties related to day to day variations in flows, hu-
midity and aerosol properties. The initial concentration of O jquesced Kl particles, covering the range of mass ratios of
in absence of particles was around21'?molecules/ch. 0709 of surfactants. ForgCand Go, the changes were
A typ|Ca| decay of ozone after admission of deliquescedre|ative|y Weak, Withycoated/ycoateddropping to about 50%.
coated particles in the reactor is shown in Fig. 4 as a functionFor the G acid, which exhibits the highest water solubility
of the evaporator temperature for the example of lauric acidamong the fatty acids used in the present investigation, less
(C12). The ozone signal returned to its initial value within than 19 of the number of molecules in a monolayer at ESP
about 2 min after exchanging the particle laden flow with acould be dissolved in a pure aqueous particle of the size as
flow of pure I\b, consistent with the residence time distribu- used in our experiments_ ForggNe may also Suspect some
tion of the pal‘ticleS in the flow tube and the coflow Separati0n|osses due to evaporation as ah’eady discussed by Stemmler
device, and the response time of the &halyzer. Evidently, et al. (2008). However, as presented in detail below, itis more
the ozone depletion was decreasing with increasing amountgely the monolayer properties that determine the higher per-
of lauric acid. meability of the G and G films. The saturated (g, C;gand
Uptake coefficients of ozone to deliquesced potassium i0-Cyg acids lead to a strong depletion of the reaction ratepf O
dide coated by several fatty acidsg(C12, C15, C1gand Go) with aqueous KI particles. Overall, it appears that there is a
were measured. Figure 5a shows the rati@died Vcoated Of trend of increasing degree of reductionyirwith the length
the uptake coefficient to coated particles to that of neat del-of the hydrocarbon chain, although there is an exception with

Fig. 5. (a)Ratio of the uptake coefficient for coated particles to that

Atmos. Chem. Phys., 10, 1148p450Q 2010 www.atmos-chem-phys.net/10/11489/2010/
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the Gs. Therefore, the first apparent conclusion is that also " %
for O3 organic surfactant coatings can have significant effects 0l g
on interfacial mass transfer, similar to other species, such as 07 % %

N2Os or HNOs. Another way to interpret these results and 064

to relate them to the monolayer properties is to plot the ratio 051 l % +
Yeoated Vcoated@S @ function of the area per molecule of sur- I

0.4

factant as shown in Fig. 5b. On this scale, the low evaporator 03] ;

temperatures that led to low surfactant mass ratios plot at the < ool PO
high area per molecule end, i.e., the area per molecule de- g oul : s
creases with increasing mass ratio for all fatty acig<Ggo. T o] -
We reiterate the assessment of the monolayer properties as e

Carbon chain length

above. Once the calculated area per molecule is lower than

the position of the ESP in the phase diagram, i.e., at mas]gig_ 6. Ratio yeosted Yuncoateg@s @ function of the carbon chain

ratios high enough to leave an excess of bulk fatty ac'd’ the1ength for three different mass ratios of organic (black squares: 6%,
calculated areas per molecule do not make sense, but just resq circles: 20%, blue triangles: 30%).

sult from normalizing the number of fatty acid molecules by
the surface area. This is expressed in Fig. 5b by using plain,
rather than open symbols for data points beyond the ESP. Be- o
yond the ESP, the area per molecule in the monolayer doe8PServed for the £compound. In striking contrast, for€
not decrease further, since no external force is applied for furWe observed a very strong decrease already for a mass ra-
ther compression, as already indicated by the lines shown 0 0f 6%. Increasing the mass ratio to 20%, for which we
Fig. 3b. The excess surfactant molecules remain as a separdt&Pect the monolayer at its ESP with already a slight excess
bulk phase as discussed above. ESP data were only availabf@tty acid phase, leads to a further drop of the uptake coeffi-
for C1, to Cpo. From that we can deduce a decrease of thecient. Further increasing the mass rat!ol to 30% d|d_ not lead
uptake coefficient by 30% for 3, 85% for G5 and 50% for toa furth.er change in the uptake coefflcn?nt. F@g,@mth a
Cis in presence of a monolayer of a fatty acid at the ESP afhass ratio of 6%, the monolayer formec_i is qwte_ more dilute
the air/water interface. We note that the further decrease of@n expected for the ESP, and the major drop in the uptake
Veoated YeoatedWith increasing mass ratio is not due to further coefficient of ozone occurs with increasing the mass ratio to
compression of the monolayer (since there is no driving force?0% above the ESP, and a small further drop for the mass ra-
for that) but rather due to the extension of the separate fattyi© increasing to 30%. Although we observe similar behavior
acid phase. At high mass ratios, the compound particle may°" the Go compound, we note that the model by Seid| re-
be dominated by the fatty acid phase in volume and surfacdurns a negative ESP, which means that it may eventu_all_y not
area, and only the aqueous subphase with the monolayer spread spontaneously over the aqueous surfa_ce. Similar to
ESP contributes to §uptake. If for the Gg fatty acid at 20% the 918 case the reduct|0|j of the uptake coefficient could. be
mass ratio we consider that the excess of fatty acid formed &2rtially explained by the increased surface area of the mixed
separate sphere, the total surface would be about a factor @hase particle. Again, the reduction of the uptake coefficient
two larger than that of the neat aqueous K solution particle S More than expected based on the larger surface area due
which should lead to a maximum decrease of the uptake col© the excess organic phase. Therefore, the formation of a
efficient by a factor of 2. The uptake coefficient at this massMonolayer also for the £ may be feasible in spite of the
ratio was even by more than a factor of two lower. This may"egative ESP estimated by the model of Seidl (2000).
indicate that a significant part of the droplet surface area was After deconvoluting the observations in Figs. 5a and 6 to
in contact with the excess solid phase and thus effectivelytake into account the mass fraction for each compound, at
reduced the surface area exposed 0 O which a monolayer at the ESP can be formed, leads to a con-
Figure 6 represents the ratio @foated coateg@S @ func-  sistent picture of increasing inhibition of;Qiptake with in-
tion of the carbon chain length for three different mass ra-creasing mass ratio up to the point, where the monolayer ex-
tios. While the mass ratio dependence is already containeits at its ESP. A further decrease of the uptake coefficient
in Fig. 5a, this plot makes the complex interplay betweenmay be related to the increasing surface area of an excess
phase state, coverage, mass transfer properties and carbanreactive fatty acid phase. However, the most striking dif-
chain length strikingly apparent. From Figs. 2b and 3b weference between the degree of uptake reduction for mono-
note that we form a monolayer at the ESP for a mass ratidayers at the ESP among the different compounds is rooted
of 6, 10 and 15% for &, Ci15 and Gg, respectively. There- in the different phase states the monolayers exist at the ESP.
fore, in Fig. 6, the lowest mass ratio for lauric acidifC =~ We therefore also indicate the position of the phase transi-
is slightly below the position of the ESP, corresponding totion from an expanded to a condensed liquid state, Fj, also
a more dilute monolayer. The uptake coefficient respondsbtained from the model of Seidl (2000) as open circles in
slightly to an increase in mass ratio. A similar behavior is Fig. 5b. It is immediately apparent that when going from
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1.0x107 1 absence of coating for each salt composition. To calculate
the iodide concentrations we used the same procedure as de-
scribed by Rouvdre et al. (2010). For the mixed solution
particles, we considered the solute mole fraction of iodide
and chloride in the nebulized solutiong-,x,-). Then, by
first measuring the size distribution under dry conditions for
each experiment, we obtained the dry particle diamdigy (
S and the dry particle volume, from which we deduced the total
00 ' ' ' ' number of moles (iodide and chloridezo) in the mixed par-
05 10 15 20 25 0 ticles by taking into account the density and the mole fraction
(7™ of each salt. Under humid conditions, where particles were
1 deliguesced, we obtained a wet diameter and a wet volume
(D, V), and we calculated the total concentration of solutes
for the mixed agueous particle€ =nto/V). Finally, to
obtain the iodide concentration we applied the mole fraction
(xc-,x;-) to this concentration. The uptake coefficients pre-
sented in Fig. 7 are time averaged uptake coefficients calcu-
lated from the total ozone loss at the maximum residence
A time. As we have established earlier; Optake is driven
0.04——=— , : : : by bulk reaction in the particle phase, and thus the uptake
0s Lo e 29 28 0 coefficient scales linearly with the square root of the iodide
concentration (Eg. 3). Note that this linear relation is not
granted, if significant depletion of iodide occurs during the
course of the residence time in the reactor as discussed in
. _ ) detail with a larger data set by Rouviere et al. (2010). The
centration in terms Qf [1—]for dlfferent. mass ratios of surfactant difference obtained in slope for the two reference cases pre-
((8) for C15 and (b) for Cyg). For Gs, in (): black squares: no  geneq in Fig. 7a and b are within scatter of the experimental
coating, blue circles: 3%, red triangles: 4% and green dlamonds:dat&

30%. For Gg, in (b): black squares: no coating, open black square: . .
0% (at 3(?%8in th(e )evaporatgr), blue circles: 2?%), ‘r)ed trianglegz 6% . From Fig. 5a and b we could determine that we are form-
and green diamonds: 37%. The lines are linear fits to the data. ing @ monolayer at the ESP fori€and Gg as soon as we
obtain a mass ratio of surfactant of 10 and 15%, respectively.
From Fig. 7a and b we observed for both FA that the slope
) ) of increase of the uptake coefficient with iodide concentra-
higher to lower area per molecule or from lower to higher oy decreases with increasing organic mass fraction. In both
mass fraction, the {g hits this phase transition first. Thus, cases, for mass ratios of 30% and above, the uptake coeffi-
for Cys, the state of the film at the ESP is condensed lig-cjent was insensitive to the iodide concentration. The chang-
uid, which has a substantially higher degree of ordering thanng siope is a direct result of the increasing contribution of
?n the expanded state, which in turn obviously leads to itsihe term (1) to overall uptake (Eq. 3). The rate of uptake
increased resistance towards transfer ggeross the mono-  ghifts from being mostly reaction limited in presence of low
layer. In contrast, the {3 remains in its expanded state Up gmounts of organics to phase transfer limited at higher or-
to the ESP, associated with an only small effect enup-  ganic loadings. In accordance with the observations made
take. Higher compression would be necessary to bringa C yith pure Ki particles, this change in kinetic regime occurs
monolayer to its condensed liquid state, for which no driving 4t |ower mass ratios for thesEthan for the Gg fatty acid.
force is available under the conditions of the present expery, poth cases, for the highest mass ratios we expect a mono-
iments. Also for the & film, we expect the phase transi- |ayer atits ESP, which is in the condensed liquid state. Since,

tion to the liquid condensed state just before the ESP, buppyiously, the uptake is not influenced by the bulk reactivity
at substantially higher mass fractions than for the. O his (I'y) anymore for this case; can be expressed by = 1 .

explains the delayed response of the uptake coefficient to inty estimate the resistance of the fatty acids for the transfer
creasing mass fractions forgbeyond that expected based 4 o, at the interface we used the results from figure 7 for
on the difference in molecular weight alone. the highest mass ratio of surfactayfie,, = 6.8 104 and
Uptake coefficients obtained for aerosols containing afc,, = 3.3x 10~4. Therefore, in spite of the slightly stronger
mixture of sodium chloride and potassium iodide in presencecompression of the £z film, the resistance (B} for O3 to
of fatty acids are shown as a function of the iodide concen-cross this monolayer is about a factor two lower than for the
tration in Fig. 7a for the & and in Fig. 7b for the g com- Cisg film. This might be related to the structure of these films
pound, along with the results of a reference measurement iand the longer chain length of thgg¥fatty acid.
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Fig. 7. Plot of the uptake coefficient as a function of the iodide con-
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In an attempt to assess the inhibiting effects of mixed com- |,

L [ 1.0 » [ ]
ponent surfactant layers we made a few rather qualitative ex- “ 0] . el * ! !
periments with @/Cy5 and G2/Ci1g mixtures each contain- \{ 0s] * - Sos * ‘
ing a short and along chained surfactant. Based on the results; o4 . § 0.4 . ‘
presented so far, G behaves substantially different thamnsC £ 02 ° . Fo2
or Cyg, as it should not be able to form a liquid condensed oo S 00 ¢« + 0 *
film under our experimental conditions. Therefore, the in- S A & o P
tention of these experiments was to assess whether addition o@o Q@o FOCY

of the G, fatty acid could significantly change the inhibitory

effect of the Gs or the Gg monolayers. While Cosman and Fig. 8. Evolution of the ratio ymixed film/Yuncoated for two-

Bertram (2008) were able to control the composition of two component coating&) C12/Cy5 and(b) C12/Cyg at different tem-
component films, we mixed the two components in the evapJeratures of the evaporatdr & 40°C: black squares] = 50°C:

orator in the same configuration as for coating the particleg®d circles,7 = 60°C: blue triangles and” = 70°C: green dia-
with one component alone described above. The amount of*°"ds)-

fatty acid condensing on the particles is related to its vapor

pressure in the evaporator and to the temperature gradient in . )

the condenser tube. The vapor pressure of one of the conR  Géneral discussion

ponents in the evaporator should not depend strongly on the o o )

mass transport limitations. We therefore assumed that th&@l reduction in uptake coefficient of{1o deliquesced KI
relative composition of the coated particles roughly scaleserosol in presence of fatty acid surfactants and that the effi-
with the mass ratios obtained for each component individu-ciency of the barrier towards transfer of @ strongly related
ally. Figure 8a and b presents the rafigixed film/Vuncoated to the phase state of the monolayer formed on the aqueous so-
for the two individual components;gand Gs and G- and lution. It seems that only a monolayer in its condensed liquid
Cig, respectively, as well as the mixtures thereof, in a formatState is able to inhibit transfer ofsy more than an order
similar to Fig. 6. In Fig. 8, however, we do not use the mea-Of magnitude. Under such conditions, the monolayer likely
sured mass ratio of organic but rather the evaporator tempe€XPOSes a relatiyely inert aliphatic interface tp the adsorbing
ature to categorize different levels of coatings. In Fig. 8a, thed@ses, from which @rather desorbs than diffuses across.
addition of some amount of G to the G2 in the evaporator ~ For the range of fatty acids considered heret&€Cyo, only
leads to a strong change in the reduction of the uptake co€15: Cis and Go are able to form liquid condensed films if
efficient and a response more closely to that of the pyge C Present in excess. Among these,sCpentadecanoic acid,
case. The relative proportion 0f§to Cy2 in the evaporator has.t.he'strongest eﬁect, since it forms the densegt film at the
does not strongly affect the results, since the vapor pressur@duilibrium spreading pressure.o @nd G2 fatty acids can
in the evaporator of each component does not depend on thnly form an expanded film and have therefore only limited
relative composition of the condensed phase. The dominat@bility to inhibit phase transfer of £
ing role of G5 in inhibiting the transfer of @in the mixed In general, our results with the rather little soluble &e
film is likely because at the same temperature, the mass ratith line with previous studies. Xiong et al. (1998) showed
of a G5 coating is by far higher than that of ag£coating  that a Gg coating reduced the hydroscopic growth rate of
(Fig. 2b). This is also the case for the mixture between thesulphuric acid aerosol, while a coating of oleic acid (nonlin-
C12 and the Gg, where the mixed coating is likely also dom- €ar and unsaturated) had no effect, likely related to the fact
inated by the @. This would then be consistent with the that oleic acid does not form condensed liquid films at pres-
observed @ uptake reduction being comparable to the puresures, where the saturated straight chajp fatty acid does
C1g case (Fig. 8b), and again with little difference between (Seidl, 2000). Similarly, Gilman and Vaida (2006) related the
the two different mixtures in the evaporator. permeability of monolayers to the molecular properties and
Therefore, in absence of experiments with a wider rangepressure-area isotherms and demonstrated that the uptake of
of well defined relative compositions, the only conclusion acetic acid through monolayers of saturategd énd Go al-
we can draw from these qualitative experimens is that thecohols into an aqueous phase was strongly reduced. Similar
addition of a small amount of a surfactant, which is in its to the case quoted above, uptake of acetic acid was not af-
expanded state, does not strongly affect the resistance of &cted by oleic acid.
concomitantly present condensed liquid monolayer towards Most studies on dinitrogen pentoxide uptake,@) to
the phase transfer ofO sulfuric acid, or to NaCl or sea salt aerosol in presence of
organic surfactants have shown an inhibition of the uptake
(McNeill et al., 2006; Park et al., 2009; Stewart et al., 2004,
Thornton and Abbatt, 2005). More closely comparable to
the present study, Cosman and Bertram (2008) studied the
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uptake of NOs on aqueous bSO, solutions coated with 1 to deliquesced aerosol particles, similar to the case of more
or 2 component monolayers. They showed that the reactiveeactive trace gases. The results showed that, especially for
uptake coefficient depends on the molecular surface area dhe Gs-Cyo, amphiphilic surfactants may strongly limit the
the surfactant. They also showed that a small amount of anass transfer of ozone to the aqueous phase. Through vary-
branched surfactant could affect the overall resistance to theng the iodide concentration in mixed chloride/iodide parti-
reactive uptake. Since these mixed component films wereles we could directly determine the resistance exerted at the
well defined in composition, these results cannot be directlyaqueous surface by two longer chained surfactants: pentade-
compared to our qualitative results on mixed films. Somecanoic acid and stearic acid. The outstanding effectiveness
other studies have related the effectiveness of fatty acids tof the G5 fatty acid to inhibit the ozone uptake from the
act as barriers for phase transfer to the nature of the headas phase could be explained by the monolayer properties of
group (polarity), the pH and the temperature (Barnes, 1997this fatty acid as compared to the others, specifically by the
Johann and Vollhardt, 1999; Latif and Brimblecombe, 2004),state and the density of the monolayer formed at the equilib-
parameters which have also a strong impact on the phaseum spreading pressure. The short chained surfactagts C
state properties of the monolayers. and G2 could only form monolayers in the liquid expanded
Concerning atmospheric implications we conclude that thestate, known to be not well ordered, and are only slightly
presence of fatty acids in aqueous aerosol particles may havaindering ozone uptake. This study highlights the effective-
the potential to reduce the uptake of.(However, it would  ness of immiscible films of long-chain organics16&Co0)
require strong and persistent sink reactions in the aqueout® have an effect on the mass transport across the air-water
phase resulting in uptake coefficients larger than*1antil interface by acting as a barrier for the transport of volatile
the uptake of @ would become limited by the permeability species across the interface.
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