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Abstract. Atmospheric aerosol particles typically consist of lel plate Cloud Condensation Nucleus Counter. The experi-
inorganic salts and organic material. The inorganic com-mentally determined critical supersaturations agree very well
pounds as well as their hygroscopic properties are well dewith theoretical calculations taking the surface to bulk parti-

fined, but the effect of organic compounds on cloud droplettioning fully into account and are much higher than those
activation is still poorly characterized. The focus of the calculated neglecting the partitioning.

present study is the organic compounds that are surface ac-
tive i.e. tend to concentrate on droplet surface and decrease
the surface tension. Gibbsian surface thermodynamics wag
used to find out how partitioning between droplet surface and

the bulk of the droplet affects the surface tension and the surThe indirect effect of atmospheric aerosols on climate change
factant bulk concentration in droplets large enough to act ass still poorly characterized partly due to the lack of accurate
cloud condensation nuclei. Sodium dodecyl sulfate (SDS)composition data. The aerosol composition is found out to be
was used together with sodium chloride to investigate the efyiverse consisting of water, sulphates, nitrates, chloride salts,
fect of surfactant partitioning on the Raoult effect (SOIUte ef- various types of Organic Compounds etc. Numerous studies
fect). While accounting for the surface to bulk partitioning is have addressed the effects the inorganic compounds have on
known to lead to lowered bulk surfactant concentration andhygroscopic growth of atmospheric particies and cloud con-
thereby to increased surface tension compared to a case ensation nuclei (CCN) activation, while the significance of
which the partitioning is negleCIEd, the present results ShOV\brganics has been recognized oniy recerﬁ]yirison et aJ

that the partitioning also alters the Raoult effect, and that thepoo1. Novakov and Pennet993.

change is large enough to further increase the critical super- |n earlier studies the decrease in surface tension due to
Saturation and hence decrease C|0ud droplet aCtiVation. Thgurface active Organic Compounds (SAOCS) has been Consid_
fraction of surfactant partitioned to droplet surface increasesgred, but the correct evaluation of surface and bulk concen-
with decreasing droplet size, which suggests that surfactantgations (surfactant partitioning between the bulk and the sur-
might enhance the activation of larger particles relatively face of a droplet) has been neglect€adchini et al. 1999
more thus leading to less dense clouds. Cis-pinonic acidshylman et a).1996. Li et al. (1999 studied the effect
ammonium sulfate aqueous solutions were studied in ordepf syrfactant partitioning on surface tension with the mix-
to study the partitioning with compounds found in the atmo- tyre of sodium dodecy! sulphate (SDS) and sodium chloride
sphere and to find out the combined effects of dissolution a”QNaCI) and found a reduction in Kelvin effect leading to an
partitioning behavior. The results show that the partitioningjncrease in critical supersaturatios).). In this paper, we de-
consideration presented in this paper alters the shape of thgye the Kohler theory accounting for surfactant effects rigor-
Kohler curve when compared to calculations in which thegysly from Gibbs’ surface thermodynamics. We theoretically
partitioning is neglected either completely or in the Raoult show that the partitioning of the surfactant between the bulk
effect. In addition, Critical Supersaturation was mea.sured forand the Surface has to be Considered not Only When evaluat_
SDS particles with dry radii of 25-60 nm using a static paral- jng the Kelvin effect, but also in evaluating the Raoult effect.
Our study also shows the effect of surfactants to depend on
Correspondence td?. Sorjamaa particle size. SDS together with sodium chloride is used to
(riikka.sorjamaa@ukul.fi) find out how the approach taken in this paper differs from the
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number S ibbsian profe for Component £ when pound (oc) when evaluating the number of dissolved moles

density of surfactant partitioning is considered of solute in the dropletn(m)
component

1 in droplet f————————————————————_— .
interior :

nm = Pocvoc Xdochoe + Psair Vsaltsalr» (2)

where® is molal osmotic coefficient; is the number of ions

g e e " into which the compound dissociates,,. is the dissolved
3 real density profile fraction of the organic compound, ang. andn;,;; are the
[} for component 1 ) . .
§ Gibbsian profie for companen 2 when Lerﬁlﬁflef”;"y number' of moles of organic compound and salt in the droplet,
2 surfactant partitioning is neglectid component 2 I’eSpectlve|y.
aumber | T 2.1 Surfactant partitioning in a two component system
densityof {
component - .
2 in droplet Gibbsian proiefor component 2 when In reality the change from one bulk phase to another (e.g.

interior

from liquid to gas) does not take place in a stepwise fash-
droplet radius ion, but density profiles change smoothly over a region of a
few molecular diameters. However, in Gibbs’ surface ther-
Fig. 1. Schematic presentation of density profiles in a two compo- modynamics, the change between the phases is taken to oc-
nent case. cur within an interfacial region of zero thickness called the
Gibbs dividing surface. In the schematic Fig.we show
density profiles at the surface of a two-component droplet.
ones taken in earlier studieki et al., 1998 Facchini etal.  The true total number of molecules of spedi@sthe droplet
1999 Nenes et a.2002 Abdul-Razzak and Ghar2004 (n}) is obtained by integrating over the continuously varying
Lohmann et al.2004. We also study mixtures of cis-pinonic density profile, while integration over the Gibbsian stepwise
acid and ammonium sulphate to find out the effect that realprofile generally yields a different number, denotedzbyln
atmospheric compounds may have on cloud droplet growththe Gibbsian model, the so called surface excess number of
(Bilde and Svenningssp2004). Furthermore, we have also molecules (which can be either positive or negative) corrects
tested experimentally the results of different approaches irfor this difference:
accounting for surface-active compounds and their surface . b

to bulk partitioning during cloud droplet formation: an issue i =" ~ - ®)

of high atmospheric relevance. The test was made for SD®elow, we will denote water by=1 and the solute by=2.
particles, for which the surface to bulk effect on cloud drop  |n most studies considering binary aqueous solutions with
activation should be large and relatively easy to detect experflat surface, the Gibbsian dividing surface is defined to ex-
imentally. ist at a location where the;=0 (called the equimolar sur-
face). If the other component is an inorganic salt, the surface
tension usually increases slightly as the salt concentration in-
2 Theory creases, which implies a slightly negativigat the equimolar
surface with respect to water. With a SAOC, the situation is
The effects of organic compounds on droplet activation asdiffer_ent as it tends to concentrate on the surfacg, causing its
. rsjensny near the surface to become greater than in the droplet
interior (Fig.1). Thusz: has a large positive value at the
equimolar surface with respect to water.
For flat surfaces, the location of the Gibbs dividing sur-
face can be chosen freely because the value of the surface
tension is independent of the choice. However, with curved

surfactant partitioning is considered

nuclei (CCN) have been addressed in several studiesz(
and Pandis1997 Hori et al, 2003 Kumar et al, 2003 Li
et al, 1998 Shulman et a).1996. In most of these stud-
ies the equilibrium growth has been described witbhter

theor SR : .
y surfaces the situation is different. For example, with spheri-
o0 M 3 M cal droplets, the value of the surface tension depends on the
S = wo _ m 3 (1)  position of the dividing surface at which it is calculated. It
RTpur Arpur can be shown (see e Bowlinson and Widom1989 that if
Kelvin effect  Raoult ef fect the surface tension is plotted as a function of distance from

the droplet center, a minimum is found at a certain radius
where S=supersaturationg=surface tension,M,=molar  corresponding to the so called surface of tension. This mini-
weight of water, R=ideal gas constant7=temperature, mum value is the effective surface tension of the droplet that
pw=mass density of water, and=droplet radius.Shulman  appears in the well known Laplace equatib®=20/r (the
et al. (1996 introduced a modified Bhler equation taking r being the radius to the surface of tension an# pressure
into account the solubility of a slightly soluble organic com- difference between the center of the droplet and the vapor).

Atmos. Chem. Phys., 4, 2102317, 2004 www.atmos-chem-phys.org/acp/4/2107/
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In general, the value of the effective droplet surface tensionganic molecule is dissociated to in dilute aqueous solution
depends on droplet sizddlman 1949. There are several (Laaksonen et gl1998. Thus,

papers addressing the problem of curvature dependence of b
fluids simpler than water (e.&chmelzer et al1996 Laak- X, = L‘ 7
sonen and McGraywl996 Tsekov et al.2000. The prob- 2,221 vin?

lem is already quite complicated with these simple fluids,

and with water, estimates of the curvature dependence of sur-. From Eq. ¢), it follows that the volume of the droplet is

face tension can not be considered reliable (se&alharov given by:

et al, 1997. With surfactant solutions, an extra degree of 4 2 2

complication is added because the curvature dependence &f = :—)’nr?’ = Znﬁvi = anvi. (8)
surface tension is also dependent on the solution concen- i=1 i=1

tration (see e.gLaaksonen and Napai200]). In practice,  prom Eqs. 4)—(8) a simple iterative procedure gives the un-
therefore, the curvature dependence is unknown and has ignqn surface excess for both compounds while the numbers
be neglected. However, when it comes to cloud droplets, thig)s ik moles are resolved from EB)( As pointed out by

is no major setback as the curvature dependence becomes ngr gt 4. (1998, the surfactant partitioning affects the sur-
table only for droplets smaller than about 10 nm. In any caseg,ce tension and thereby it also alters the critical radius and
it can be shownl(aaksonen et 311999 that there is a spe-  gypersaturation. The Raoult effect describes the vapour pres-
cial case in which the curvature dependence of the surfacge |owering of the solvent due to presence of solutes in the
tension vanishes altogether: if the surface of tension coiny ik of the liquid. What has not been noted before is that the

cides with the special equimolar surface defined by surfactant partitioning therefore alters also the Raoult effect
) since the number of bulk moles differs from the total number
Z ni v; =0, (4) of moles.

i=1
' 2.2 Three component system

whereuw; is the molar volume of compoundthen the value

of o equals the flat surface tension regardless of droplet sizeThe above equations can be applied also in a three compo-
We therefore adopt Eq4) in defining the location of the nent case just by extending the sums to go from one to three
dividing surface. This choice differs from that bf et al. ~ instead of one to two. EquatioB)(is applicable for both the
(1998, who defined the dividing surface as the equimolar salt and the organic compound as long as they do not dissoci-
surface with respect to water (See abo\/e)_ For the drop|eﬁte into similar ions. In the case of such mixed solution (fOf
sizes considered in this paper, these two definitions do nogxample SDS and NaCl both loosing a sodium ion), activity
lead to any recognizable differences, but the situation maycoefficients for both compounds have to be defined some-

be different with droplets smaller than 10 nm. what differently compared with Eq6). Thus, activity for
To determine the surface and bulk concentrations for aOnsi and; is (see e.gTester and Modell1997)
droplet with known total numbers of molecules of both a = VXY @)
species, we apply the Gibbs adsorption equation: SERRE
2 Xt = [X;"X,"] (10)
andu,i + Ado =0, (5) ) ) o )
P When Eq. (0) is applied to Eq. ¥), the the activity coeffi-

) ) cients for salt and organic compound become equal
whereyu;=the chemical potential of compoumngds=the sur-

face tension andi=droplet surface area. The chemical po- y2 = y3 = X2 + X3, (11)
tential is given agt;=kT In y; X;, with y; the activity coeffi-
cient andX; the mole fraction of. Because the interest of
this study lies in the cloud droplet activation, assumption of
dilute solution droplets is reasonable leading to activity co-
efficient of water becoming unity. The activity coefficient of

the second compound (organic) may, on the other hand, pwhich is consistent with the equat?onsldfet al. (1998.
defined as follows In a three component system with known total numbers of

molecules in the droplet, there are six unknowns (the surface
v = hXp"2 1, (6)  and bulk numbers of molecules for each component), how-

ever, the number of independent equations is only five, and
whereh is constant that depends on Henry’s constant, satutherefore we must find an additional relation to be able to
ration vapor pressure, and the degree of dissociation of thsolve for the unknownsLi et al. (1998 defined the divid-
organic species, angp denotes the number of ions the or- ing surface in the three component system in such a way that

and thereby

X2
Xoduys = RT[————— + 1]d X, 12
2d 2 [X2+X3 1dX> (12)

www.atmos-chem-phys.org/acp/4/2107/ Atmos. Chem. Phys., 4, 2107-2004
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Table 1. Values for SDS and cis-pinonic acid properties required for the numerical model.

Property

Numerical value

SDS density

Dissociation factor for SDS

Molal osmotic coefficient for SDS
Cis-pinonic acid density

Dissociation factor for cis-pinonic acid

Molal osmotic coefficient for cis-pinonic acid

1.176 g ci? (Bittencourt 1989
2
0.75
0.786 g ctA (Cruz and Pandj2000
1
1

Table 2. Parameters for cis-pinonic acid solubility and surface ten-
sion parametrizations.

Parameters  for solubility ~ for surface tension
a —0.15 0.003167
b 1.46 —0.041085
c 0.55 0.383714

compare our theory to that presented in the papetiley al.
(1998. SDS is also used to show how the effect of surfac-
tants is dependent on particle size. Calculated results for pure
SDS particles were also compared to measured results.

In the numerical model SDS is treated as an infinitely sol-
uble compound and the calculations were made at 298.15K.
Values for SDS properties required for numerical modeling
are presented in Table Surface tension parametrizations
were the same as In et al. (1998. Mass weighted average
density was assumed for dry particles, and as the activating
droplets can be assumed dilute, the solution density was as-

bothn andn; were set to zero, i.e. they assumed that thes;med to be that of water.
equimolar surfaces with respect to water and salt coincide. g gain an insight into the behavior of systems with more

The surface deficiencies of salts in dilute binary solutions areyimospheric relevance, we calculatedhier curves for am-
usually quite small, and therefore we assume that the ratio ofyonjum sulphate-cis-pinonic acid particles. The calcula-

water and salt moles is practically constant as a function ofjons were made at 273.15K as 8hulman et al(1996.

droplet radius, giving us the following, sixth equation:

(13)

Values for cis-pinonic acid properties required for numer-

ical modeling are presented in Tahle Cis-pinonic acid

is a weak acid and therefore it was assumed not to dis-
sociate while ammonium sulphate was taken to dissociate

into three ions. As cis-pinonic acid is both a slightly solu-

)E)Ie and a surface active compound, simple parametrizations
were developed, for surface tension as well as for solubility

(M$2'by using the data given iBhulman et al(1996. Thus,
solub,w
Hoc eI (0 < Cyair < 3.0 moll~1),

salt salt

This assumption leads to surface deficiencies of both wate
and salt when a surface excess of the organic compound e
ists. Since the approach taken biyet al. (1998 only deals

with one excess number, that of the SAOC, the molalities of
salt and SAOC differ from those obtained with our model Ms2” = TraCon45C
— yet the differences in the molalities are so small that theywhereM;gzub,u} is the solubility of cis-pinonic acid in pure

create only negligible differences in théHler curves. —\yater andr,,;, is the salt concentration. Parameters a, b and
Li et al. (1998 studied the effect of surfactant partitioning ¢ are given in Tabl@. The surface tension parametrization
on cloud droplet activation with different mass fractions of readss,p; = 0y +aCsatr+b(1+Cyatr) Coe, (0 < Csatr < 2.0
sodium chloride (NaCl) and sodium dodecyl sulphate (SDS)y|1-1) wherea,, is the surface tension of pure water, and
in the dry particle. We followed their study and made calcu- Cye andC,ar; are the concentrations of cis-pinonic acid and
lations for water-SDS and water-SDS-NaCl systems to findsmmonium sulphate, respectively. Parameteisandc are
out what is the influence of surfactant partitioning on the given in Table2.
Raoult _effect and how it alters the critical radius and super-~ 5 question has been raised whether the surfactant par-
saturation. titioning is at all worth considering in atmospheric studies
(Facchini et al.2000. Our aim was to find out how this new
surface to bulk partitioning consideration compares to other
approaches and if the effect of partitioning odter curve
is worth noting for. Thus the &hler curves were calculated
(\évith four different approaches:

3 Numerical model

As pointed out byLi et al. (1998 andFacchini et al(2000),
SDS is not a relevant atmospheric compound. Therefore th
first simulations were done with SDS and NaCl simply to

Atmos. Chem. Phys., 4, 2102317, 2004 www.atmos-chem-phys.org/acp/4/2107/
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1. Without surfactant partitioningXy,. calculated using
total number of surfactant moles,) and with constant
surface tension (0.073 Nm) .

2. With surfactant partitioningX 4, calculated using bulk
number of surfactant moleag) affecting both surface
tension and the Raoult effect

3. With surfactant partitioning affecting surface tension
but not the Raoult effect (as I et al.,, 1998

4. Without surfactant partitioningX;,. calculated using
total number of surfactant moles,), surfactant affect-

ing surface tensiom(=o (X ,.))- .

4 Experimental

Fig. 2. TEM image of SDS particles. The diameter of the largest

SDS (G2H250SOsNa), purity 99%+, was obtained from particle is approximately 150 nm.

Sigma-Aldrich. Aqueous solutions of SDS were prepared
using commercial water (Fluka, 17749) purified by reverse

OsmOSiS, ion eXChange treatment and microfiltration. facturer JEOL Ltd., Japan)_ SDS partides were generated

Polydisperse aerosol was generated by atomizing aqueouyfom aqueous solutions by a constant output atomizer with
solutions of SDS in an atomizer (TSI). After drying in dif- 3 dry air flow. The generated aerosol was then diluted with
fusion dryers followed by dilution with dry clean air to rel-  dry air thus leading to solid particles as the water evaporated
ative humidities below 15% the particles were charged byfrom the droplets. The particles were then collected on a
exposing them to a Kr-85 bipolar ion source. An almost TEM-plate. The particles were spherical as can be seen from

monodisperse fraction of the aerosol was selected in a diffig. 2 and thus no shape correction for the comparison with
ferential mobility analyzer (TSI, 3080), where the ratio of experimental results was needed.

sheath to aerosol air in the DMA column was kept high

(10Imin—10.86-1.27min~1). The monodisperse aerosol

was divided between a condensation particle counter (TSI5 Results

3010) and a static thermal-gradient diffusion cloud conden-

sation nucleus counter, model CCNC-100B from the Uni-5.1 Two component system: SDS and water

versity of Wyoming, Department of Atmospheric Science

(Snider and Brenquier200Q Delene and Deshler200Q Even though SDS is not a relevant compound when it comes
Snider et al.2003. The upper and lower surfaces of the to atmospheric studies, it may still be used as a model com-
chamber have moist surfaces (obtained by covering thenpound to find out the effects that real atmospheric surfactants
with water-saturated blotter paper). Supersaturation insidenay have on droplet growth. The difference in surface ther-
the chamber is obtained by cooling the bottom of the cham-modynamic formulation between our approach and the one
ber relative to the top. taken byLi et al. (1998 would become significant if we were

The center axis of the chamber is illuminated by a laserto study small droplets. However, this study concentrates on
diode (670 nm). Particles that are activated at the supersatiroplets large enough to act as CCN and thus the surfactant
uration present grow into droplets large enough to scattebulk concentrations obtained with these two approaches be-
light and are detected by measuring the forward scatteredome approximately equal. Thereby the value of Kelvin ef-
light intensity at an angle of 45 degrees to the laser diodefect obtained with our approach is equal to that given by the
light beam. The CCNC-100B supersaturation was calibratedheory ofLi et al. (1998. The real difference between our
using monodisperse NaCl aritiH,)>SOy particles as de-  study and the study dfi et al. (1998 is that we account for
scribed in the paper bBilde and Svenningssa2004. The  the surface to bulk partitioning of the surfactant also when
number concentration of particles entering the chamber werevaluating the Raoult effect.
in the range 300-1000 and the temperature was in the range For a particle with dry radius of 50 nm, the critical radius
297-301K. is 0.262um if the surfactant partitioning is included in cal-

In order to account for possible non-spherical shape of theculation of both the surface tension and the Raoult effect,
SDS particles (which could cause error in the experimentallyand 0.302«m if partitioning is taken to affect surface tension
determined dry particle size) they were studied with trans-only (Table3). The total amount of SDS was found to parti-
mission electron microscope (TEM, JEM 1200 EX, manu- tion between droplet interior (bulk) and the surface in such a

www.atmos-chem-phys.org/acp/4/2107/ Atmos. Chem. Phys., 4, 2107-2004
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Table 3. Critical radii and supersaturations foibKler curves cal- 10°
culated with different mass fractions of SDS and NacCl for a particle
with dry radius of 50 nm and with T=298 K. Approach 2 consid- .
ers partitioning to affect on both surface tension and Raoult effect __ 10} Coun for 1, = 60 Nm
where as Approach 3 considers partitioning to affect only on surface = C_ forr. =40nm
. P [=} bulk dry
tension (as irLi et al. (1999). E
-5 10k CbUIIk for rdry =20 nm
SDS mass Approach 2 Approach 3 £ Couik fOr Ty = 10 0M
fraction  re (um)  Se (%) re (um)  Se (%) 8 107} Coq for all
[]
0 0.688 0.103  0.688 0.103 s
0.2 0.574 0.123 0.584 0.121 ? 10}
0.5 0.423 0.167 0.452 0.157
0.8 0.284 0.256  0.333 0.214
1.0 0.262  0.304 0.302  0.247 101 ) ) ) - 4
0 5 10 15 20 25 30
r Ir
droplet " particle
0.4 —_— . _ Fig. 4. SDS concentrations in droplets for four different dry parti-
E:”k 'I'_ne{ constant SUfffa}Ice tekns'on cle radii (10, 20, 40, and 60 nm). The x-axis was chosen to present
0.35f ve e ?r?tg'tﬂgfmu yien the ratio of droplet radius and dry particle radius to show that bulk
red line: partitioning taken into concentration (red, black, green, and pink lines) depends on particle
0.3f account in Kelvin effect 1 size where as the total concentration (blue line) does not. The as-
S green line: no partitioning terisks show the surfactant concentration at critical particle size in
s 0.25 each case.
IS
5 o02f
3
S 015} the Kohler curve drops considerably and the activation be-
@ comes strongly overestimated as seen in Big.Actually,
0.1f for a supposed atmospheric compound with thermodynamic
oosl properties similar to those of SDS, even the curve calculated
' with constant surface tension (0.073 NH and no surfac-
0 . . . . tant partitioning is closer to the correctly evaluated case than
0.1 0.2 0.3 0.4 0.5 0.6

the case when the total amount of surfactant is considered to
depress surface tension (Fg).

Fig. 3. Kdhler curves for a SDS particle with dry radius of 50 nm. The effect of surfactants becomes stronger for larger par-

The pink curve is for constant surface tension (0.073Mpand for ~ ticles. This is due to the fact that the bigger the droplet
total number of moles in droplet bulk, the blue curve is calculatedthe smaller the surface-to-volume ratio. Let us compare two

with surfactant partitioning affecting both Raoult effect and surface droplets with different radii. If the ratio between droplet ra-
tension, the red curve accounts for partitioning affecting surface tendius and particle dry radius is the same for both droplets, the
sion but not in Raoult effect and the green curve is for total amountoverall concentration, i.e. the concentration calculated ne-
of moles in droplet bulk. The asterisks represent the critical radiusglecting surfactant partitioning, and the bulk concentration
and critical supersaturation in each case. are equal as well. When the surfactant partitioning is ac-
counted for, the smaller droplet has a lower surfactant bulk
concentration due to the relatively larger surface area as seen
way that the ratim;/ngzlo.G at the critical radius, i.e. there in Fig. 4. Thereby the effect of surfactant partitioning is
is over ten times larger amount of SDS on droplet surfacegreater with smaller particles resulting in increased surface
than in the bulk. Li et al. (1998 gave a value of 13.9 for tension and decreased Raoult effect when compared to larger
this ratio. The difference between the values is due to differ-particles. Figurel shows that when two droplets with same
ent critical radii: the smaller the droplet the smaller surfacetotal surfactant concentration are being compared, the bulk
area and thus there is a smaller amount of SDS moleculesoncentration may differ significantly. The effect of particle
on droplet surface, and hence the valuezp/fng is smaller  size and partitioning on &hler curves can be seen in Fig.
when the partitioning is accounted for in the Raoult effect. With a smaller particle and with correct partitioning evalu-
Thus, the Raoult effect also becomes significantly smalleration (blue curve) the &hler curve approaches the one cal-
when the partitioning is accounted for, and in a two com- culated with surface tension of water (pink curve). With a
ponent case the effect on critical supersaturation is evidentlarger particle the difference caused by the partitioning is not
If the surfactant partitioning is totally neglected, the peak of that drastic but still obvious. This brings about an interesting

Droplet Radius (um)

Atmos. Chem. Phys., 4, 2102317, 2004 www.atmos-chem-phys.org/acp/4/2107/
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1ab pink line: constant surface tension) 0.2
’ blue line: partitioning fully taken
into account 0.18f
12f red line: partitioning taken into |
account in Kelvin effect 0.16
— 1} . e
S green line: no partitioning = 014}
= Tary = 20 nm >
S 08f S 0.12
g 0.6 g 0.1
g 0.6r = =
OL,: rdw =60 nm &
S 04} g 0.08} . ' .
2 a pink line: constant surface tension
o2t 0.06f blue line: partitioning fully taken
o0.0a} into account
ol ’ red line: partitioning taken into
0.02} account in Kelvin effect
o2 . / . . . ' green line: no partitioning
o 0.1 0.2 0.3 0.4 0.5 0.6 0 - . - - . . -
Droplet Radius (um) 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

Droplet Radius (um)

Fig. 5. Kohler curves for SDS particles with dry radius of 20 nm and Fig. 6. Kohler curves calculated with same four partitioning con-
60 nm. The pink curve is for constant surface tension (0.073Nm  siderations as in Fig8 for a particle with dry radius of 50 nm and
and for total number of moles in droplet bulk, the blue curve is mass fractions of SDS and NaCl 0.5. The sharp corner in the lowest

calculated with surfactant partitioning affecting both Raoult effect curve is due to discontinuity in the surface tension parametrizations.
and surface tension, the red curve accounts for partitioning affecting

surface tension but not in Raoult effect and the green curve is for

total amount of moles in droplet bulk. 04

blue line: partitioning fully taken into account

. . . . red line: partitioning included in Kelvin effect
point concerning cloud model simulations: when the sur-  0.35f green line: no partitioning 1

factant partitioning effects are properly accounted for, larger
particles are more favored in cloud drop activation than when 031
the partitioning is neglected, which may tend to decrease the

cloud drop number concentrations. 0251

0.2f
5.2 Three component system: SDS, sodium chloride, and

water

Supersaturation (%)

0.15f

Since it is not realistic to expect atmospheric particles to be 0.1f
solely comprised of surfactants, the model was ran with dif-
ferent mass fractions of NaCl and SDS to see how the correct 9057577 02 03 04 05 0.6
evaluation of surfactant partitioning effects compares to other Droplet radius (um)

approaches.

Kohler curves in Fig6 show that when the correct ap- Fig. 7. Kohler curves calculated with three different approaches
proach to surfactant partitioning is taken, the critical super-2nd with cis-pinonic acid mass fractions of 0.8 (three uppermost
saturation may even exceed the one obtained with Constarﬁ”rves)' 0.5, and 0.2 (the three lowest curves). Blue curve is cal-
surface tension. Now the mass fraction of SDS in the dryculated with surfactant partitioning affecting both Raoult effect and

. . . ...~ surface tension, the red curve accounts for partitioning affecting sur-
particle is 0.5 and t_herefore there is less SDS to partltlonface tension but not in Raoult effect and the green curve is for total
to the surface than in a two component case. On the othef o nt of moles in droplet bulk. Particle dry radius is 50 nm.

hand, NaCl present in the droplet tends to drive SDS to the

surface and therefore the effect of partitioning on surface ten-

sion still remains considerable while the effect on the Raoults5.3  Three component system: Cis-pinonic acid, ammo-
term becomes less significartti et al.,, 1998. This is be- nium sulphate, and water

cause there is a considerable amount of salt in the droplet

compared to SDS and thereby the partitioning does not debue to the assumption in EqlJ), the salt molality is not
crease the Raoult effect as clearly as in the two componenaffected by surfactant partitioning. As the solubility of cis-
case. Critical radii and supersaturations for a particle withpinonic acid is dependent on salt concentration, also cis-
50 nm dry radius with different mass fractions of SDS are pinonic acid bulk concentration remains independent of par-
presented in Tabla. titioning as long as there is a fraction of cis-pinonic acid not
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Fig. 8. Cis-pinonic acid bulk concentrations in a growing droplet. Fig. 9. Cis-pinonic acid concentrations in droplets for three differ-
Particle dry radius is 50 nm and cis-pinonic acid mass fraction 0.2ent dry particle radii (20, 40, and 60 nm). Bulk concentration (red,
(red line), 0.5 (blue line), and 0.8 (black line). Dashed lines repre-black, and green) depends on particle size where as the total con-
sent the total concentrations, respectively. centration (blue line) does not. Cis-pinonic mass fraction is 0.8.

dissolved. It has to be noted, however, that there is a surfacemaller cis-pinonic acid mass fraction. When the cis-pinonic
excess also when cis-pinonic acid is dissolving, and thereforecid mass fraction is 0.2, the complete dissolution takes place
surface partitioning increases the total amount of dissolvedefore the 0.1/ salt concentration is reached (red line). This
cis-pinonic acid for a droplet of a given size. Because ofsolubility behavior can also be seen in Fggtogether with
this, the transition radiusr (at which the cis-pinonic acid is  the effect of particle size. The particle size has the same
completely dissolved) is reached earlier when the partition-effect in a three component system as it has in a droplet con-
ing is accounted for (Fig7). Before complete dissolution sisting solely of surfactant and water as in Fg.

the cis-pinonic acid bulk concentration is determined by its , . .
solubility, and because the bulk concentration defines both " the case of a slightly soluble compound, ignoring the
the surface tension and Raoult effects, thighker curves ob-  Partitioning in the evaluation of the Raoult effect leads to
tained using our approach and with the approacBtafiman a clear discrepancy in the whole partitioning scheme. The

et al.(1996 are identical up to the radiug of our approach. K_elvm effect is correctly estllmated, as partmonmg is con-
o . . sidered to affect surface tension. But when the partitioning is
The partitioning starts to cause difference in the surfactan

bulk concentrations and thedkiler curves part from each heglected in the Raoult effeet,, includes also surface moles
; . . P .. andis thereby overestimated. That is why thi#hler curve
other right after complete dissolution. Now the situation is

. . is d d until the t iti dius i hed (Rig.
similar to the case with SDS and NaCl: as the droplet grow Is depressed until the transition radius is reached (Pjg

; . . . . SAfter complete dissolution the situation is similar to the case
its surface area increases, causing an increasing number ith SDS and NaCl, the difference between the red and green
cis-pinonic acid molecules to partition to the surface. Fig- K '

8 sh the cis-pinoni id bulk trati f th Ohler curve in Fig.7 is caused by the correct surface ten-
ure o Snows the Cis-pinonic acid bulk concentrations of € g,y o3y ation and the difference between the red and blue
droplets in Fig.7. Black, blue, and red lines represent the

L . ? . . ) curve is due to disparity in the Raoult effect. The differences
cis-pinonic acid bulk concentrations with different dry par- party

. . . between the approaches become naturally more pronounced
ticle mass fractions, and the dashed lines represent the tota| bp y P

. . S cis-pinonic acid mass fraction increases.
concentrations, respectively. The greater the salt mass frac-
tion in the particle the smaller the cis-pinonic bulk concen- Hegg et al.(2001) have experimentally investigated the
tration as long as salt concentration is greater thanm.1 CCN activity of pinonic acid. They found a decrease in
When ammonium sulphate concentration reached/Qtte cloud drop number concentration when compared to inor-
cis-pinonic acid solubility, i.e. the bulk concentration, be- ganic compounds. The magnitude of this decrease might be
comes constant (horizontal part of the curves in B)g.For  diminished in a polydisperse aerosol population by the accel-
particles with cis-pinonic acid mass fraction of 0.5 (blue line) erated dissolution, which is caused by surfactant partitioning.
and 0.8 (black line) there is still an undissolved fraction left This conclusion can be drawn from the Figas the parti-
when 0.1M salt concentration is reached. Those two linescle with mass fraction of 0.5 and dry radius of 50 nm shows
part as soon as complete dissolution occurs for a particle wittsmaller critical radius when the partitioning is accounted for.
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Fig. 10. Activated fraction as a function of supersaturation for par- Fig. 11. Experimental critical supersaturations for eight different
ticles with dry radius of 40 nm. The solid line represents the fitting particle dry radii (circles) with error bars representing 95% confi-
made in order to find the critical supersaturation. dence intervals. The data frdRood and Williamg2001) is plotted
with turquoise diamonds for comparison. The lines represent the
theoretical calculations. The pink line is for constant surface ten-
5.4 Comparison with experimental results sion (0.073NnT1) and for total number of moles in droplet bulk,
the blue line is calculated with surfactant partitioning affecting both
The number fraction of SDS particles that were activated toRaouIt effect and surface _tension, the_ red line accounts for partition-
cloud droplets was measured as a function of supersaturatiofj? 2ffecting surface tension but not in Raoult effect, and the green
in the CCN counter for particles with dry radii of 25, 30, 35, fine is for total amount of moles in droplet bulk.
40, 45, 50, 55, and 60 nm, respectively. In all cases, a well-
defined activation was observed. As an example, data for
particles with dry radius of 40 nm are presented in Hi@.
The effect of particles passing the DMA as doubly charged,
thus being larger than the singly charged, can be seen as a
background level in the activated fraction of about 0.3 for
supersaturations below 0.4%. The critical supersaturatiorsub-micrometer activating droplets. The effect is very pro-
for 40 nm particles is determined as the supersaturation fonounced for SDS, increasing the critical supersaturation with
which 50% of the singly charged particles are activated. Ana factor of 3 for a 25 nm radius particle and with a factor of
S-shaped curve, the slope of which is based on the width o for a 60 nm radius particle compared to the case where sur-
the particle size distribution defined in the DMA, is fitted to face tension data are used, but the partitioning is not taken
the data (Fig10). into account. Neglecting the partitioning would also lead to
Critical supersaturations as a function of particle dry ra-the erroneous conclusion that organic compounds like SDS
dius are presented in Figl. Error bars denote 95% con- are more efficient as CCN than ammonium sulfate. How-
fidence intervals based on calibration with ammonium sul-ever, a correct theoretical treatment and experiments show
phate and sodium chloride. Experimental results obtained bynuch higher critical supersaturations for SDS than for inor-
Rood and Williamg2001) are also shown. The agreement ganic salts of atmospheric relevance. The same mechanism
between the two experimental data sets is good. Comparisoshould be relevant for water-soluble surfactants in the atmo-
with theoretical results is made with the four different ap- sphere. Support for this can be found in the workDmBce-
proaches described in Se8tand presented e.g. in Figs5. sari et al.(2003. They showed that SDS, fulvic acid, cloud
For SDS, a very surface active and water-soluble compoundand fog water samples as well as dissolved aerosol mate-
the experimental results agree well with calculations takingrial exhibit the same type of response in dynamical surface
the surface to bulk partitioning into account in both Raoult's tension measurements, in contrast to insoluble surfactants.
law and the Kelvin effect (blue line in Fid.1). However, presently it is not possible to quantify the effect of
The experimental results presented here support the thesurface partitioning of surfactants for unknown and complex
oretical treatment and confirm that the surface area is omixtures like atmospheric aerosol particles. The theoretical
importance also for water soluble surfactants in systemdreatment described above can only be used for well-known,
where the surface area to volume ratio is as large as imelatively simple mixtures.
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