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Abstract. Critical supersaturations for internally mixed par-
ticles of adipic acid, succinic acid and sodium chloride were
determined experimentally for dry particles sizes in the range
40–130 nm. Surface tensions of aqueous solutions of the di-
carboxylic acids and sodium chloride corresponding to con-
centrations at activation were measured and parameterized
as a function of carbon content. The activation of solid par-
ticles as well as solution droplets were studied and particle
phase was found to be important for the critical supersatura-
tion. Experimental data were modelled using Köhler theory
modified to account for limited solubility and surface tension
lowering.

1 Introduction

Atmospheric aerosols affect global climate directly via inter-
action with electromagnetic radiation (e.g.Andronova et al.,
1999; Jacobson, 2001; Houghton et al., 2001) and indi-
rectly via their role in cloud formation and importance for
cloud droplet number and cloud optical properties (Albrecht,
1989; Hansen et al., 1997; Rosenfeld and Woodley, 2000;
Lohmann, 2002; Liepert et al., 2004).

The ability of an aerosol particle to become a cloud droplet
depends on the chemical composition and physical proper-
ties of the particle and only a fraction of all particles are able
to grow into cloud droplets under atmospheric conditions.
Aerosol particles that can grow into cloud droplets (activate)
under atmospheric supersaturations are cloud condensation
nuclei (CCN). The supersaturation needed to activate the par-
ticles is called critical supersaturation.

In the atmosphere particles may be solid or liquid, they
may exist as solution droplets or even as multiphase systems
(e.g.Prenni et al., 2001; Brooks et al., 2003; Marcolli et al.,
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2004). Furthermore, particles may go from one phase to the
other during cloud processing. Recently it has been sug-
gested and experimentally verified that particle phase plays a
major role for the activation of particles consisting of slightly
soluble organic compounds (Bilde and Svenningsson, 2004;
Hori et al., 2003; Broekhuizen et al., 2004). In the atmo-
sphere particles are most likely to be mixtures of organic
and inorganic components. Even if a purely organic particle
exists it is likely to collect inorganic material during cloud
processing. While some data on the cloud droplet activation
of pure (e.g.Cruz and Pandis, 1997; Corrigan and Novakov,
1999; Prenni et al., 2001; Raymond and Pandis, 2002; Ku-
mar et al., 2003) and multi-component solid particles have
recently appeared (e.g.Cruz and Pandis, 1998; Hegg et al.,
2001; Raymond and Pandis, 2003; Kumar et al., 2003) few
such data on multi-component solution droplets have been
reported (Broekhuizen et al., 2004).

In this work the importance of particle phase for cloud
droplet activation of multi-component particles containing
inorganic as well as organic compounds is therefore ad-
dressed. As representative of inorganic aerosol components
the ubiquitous salt sodium chloride was chosen. As organic
components adipic and succinic acid, which have been iden-
tified as common compounds in the water-soluble fraction of
organic aerosols (Saxena and Hildemann, 1996), were cho-
sen. These acids are known to be moderately surface active
and as discussed in recent papers (Facchini et al., 1999; Shul-
man et al., 1996) this can affect the critical supersaturation
of atmospheric aerosol particles, but experimental data and
parameterizations of relevant drop surface tensions are rare.
Therefore surface tension measurements of the mixtures at
relevant concentrations were conducted, parameterized as a
function of the carbon content of the individual acids and
incorporated in a K̈ohler model taking into account limited
solubility. It has recently been suggested (Li et al., 1998; Sor-
jamaa et al., 2004) that partitioning of surface active organic
compounds between bulk and surface in activating droplets
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Figures

Fig. 1. Köhler curves accounting for limited solubility for initially dry particles with a diameter

of 90 nm of ternary mixtures of adipic and succinic acid and sodium chloride. For comparison the

curves for pure adipic and succinic acid are also given.
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Fig. 1. Köhler curves accounting for limited solubility for initially
dry particles with a diameter of 90 nm of ternary mixtures of adipic
and succinic acid and sodium chloride. For comparison the curves
for pure adipic and succinic acid are also given.

affects the critical supersaturation. This was shown experi-
mentally and theoretically for sodium dodecyl sulfate (SDS)
particles and theoretically for particles consisting of ammo-
nium sulfate and cis-pinonic acid. Since the surface activity
of the compounds studied herein is small the effect of parti-
tioning is not taken into account in this work.

2 Theory

Two competing effects determine the vapor pressure of wa-
ter over an aqueous solution droplet: the solution effect
(Raoult’s law) which tends to decrease vapor pressure and
the curvature (Kelvin) effect which tends to increase the va-
por pressure. The vapor pressure of water over an aqueous
solution droplet relative to that over a flat surface is given by
the Köhler equation (Köhler, 1936):

S =
p

p0
= aw · exp

(
4Mwσ

RTρDpw

)
(1)

aw is the water activity,Dpw is droplet diameter,Mw is the
molar weight of water,σ is the air-liquid surface tension,R
is the gas constant,T is temperature andρ is the density of
the solution. The Raoult term in classical Köhler theory ap-
plies only for completely soluble substances whereas recent
modifications take limited solubility into account as follows
(Shulman et al., 1996; Kulmala et al., 1997; Laaksonen et al.,
1998). For a droplet containing several species the water ac-
tivity can be approximated by:

aw =
nw

nw +
∑

i νini

(2)

ni is the number of moles of compoundi, νi is the van’t Hoff
factor andnw number of moles water (Pruppacher and Klett,
1997).

By assuming that compoundi is homogeneously dis-
tributed in the aqueous phase and that its concentration is
determined by its water solubility only, the number of moles
of compoundi in a multicomponent solution droplet can be
expressed as:

ni = Min


(
D3

pw − d3
0

)
· Csat

Mi

,
βi · ρ0 · d3

0

Mi

 ·
π

6
(3)

whereβi is the mass fraction of compoundi in the initial
dry particle of diameterd0 andCsat is the water solubility
of compoundi (mass per volume). Assuming additivity of
volumes the density of the dry particleρ0 is given as:

1

ρ0
=

∑
i

βi

ρi

(4)

Water solubilities of 25 gl−1 and 88 gl−1 were used for
adipic and succinic acid, respectively (Saxena and Hilde-
mann, 1996). A van’t Hoff factor of 1 and 2 was used for or-
ganic acid (Kiss and Hansson, 2004) and NaCl, respectively.

As predicted byShulman et al.(1996), the Köhler curve
obtained using modified K̈ohler theory has up to three max-
ima (Fig. 1). The cusps represent the points where adipic
and succinic acid respectively are completely dissolved. The
maximum at the highest wet diameter represents a solution
droplet were all components are dissolved. Therefore the
corresponding supersaturation is identical with that obtained
by assuming that the organic acids are infinitely soluble in
water (classical K̈ohler theory). The supersaturations cor-
responding to the first two maxima may in some cases be
higher than the critical supersaturation obtained from tra-
ditional Köhler theory and as explained inBilde and Sven-
ningsson(2004) they can be viewed as an activation barrier
which is due to the presence of a undissolved solid core of
organic acid(s). This barrier is eliminated when the activat-
ing particle starts out as a solution droplet. The magnitude of
the first two maxima may be dramatically influenced by the
presence of small amounts of soluble material whereas the
third maxima is less influenced.

3 Experimental

Aqueous solutions of two dicarboxylic acids (adipic acid,
Riedel-de Häen, purity>99.8%; succinic acid, Merck, pu-
rity >99.5%) and sodium chloride (Riedel-de Haën, purity
>99.8%) in three different proportions (mix. 1: 93% adipic
acid (aa), 5% succinic acid (sa), 2% sodium chloride (NaCl);
mix. 2: 80% aa, 18% sa, 2% NaCl; mix. 3: 5% aa, 93% sa,
2% NaCl) were prepared. To avoid impurities all glassware
was cleaned with purified water (MilliQ) and all solutions

Atmos. Chem. Phys., 5, 575–582, 2005 www.atmos-chem-phys.org/acp/5/575/
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Fig. 2. Experimental setup of CCNC measurements for (a) initially dry and (b) initially wet particles.

In (b) the grey highlighted lines show the pathway of the wet kept particles.
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Fig. 2. Experimental setup of CCNC measurements for(a) initially dry particles and(b) solution droplets. In (b) the grey highlighted lines
show the pathway of the wet kept particles.

were prepared with commercial available ultra pure water
(Fluka, 7732-18-5).

3.1 Surface tension measurements

Surface tensions of the water-organic-inorganic salt systems
were performed with the De N̈ouy method (De Nöuy, 1919;
Freud and Freud, 1930) over the temperature range 273–
306 K.

The apparatus consists of a De Nöuy tensiometer (Kr̈uss
GmbH, Hamburg, Instrum. Nr. K6, type 90331), a Platinum-
Iridium ring of radiusr, and a glass vessel for the solutions.
For measurement a Pt-ring is pulled through the liquid/air
interface and the maximum downward force directed to the
ring is measured. The surface tension is determined by

σ =
P

4πr
F (5)

whereP is the detachment force andF is a dimensionless

www.atmos-chem-phys.org/acp/5/575/ Atmos. Chem. Phys., 5, 575–582, 2005
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Fig. 3. Example of activation measurements for ternary mixtures of adipic and succinic acid at a dry

particle diameterd0 = 90nm. N is the number of scans included in the average and the bars give the

standard deviation of the measurements.
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Fig. 3. Example of activation measurements for ternary mixtures of
adipic and succinic acid at a dry particle diameterd0=90 nm. N is
the number of scans included in the average and the bars give the
standard deviation of the measurements.

correction factor determined experimentally (Harkins and
Jordan, 1930). The temperature was controlled to within
±0.3 K either by a regulated stream of cold nitrogen through
a double-walled beaker containing the mixtures or by a warm
water bath.

The instrument was tested before every mea-
surement series using ion-exchanged, doubly distil-
lated water as standard. The result found for water
(72.49 mNm−1

±0.82 mNm−1 at 295 K) agrees well with
the literature value (72.75 mNm−1 at 293 K,Vargaftik et al.,
1983) and the temperature dependent parametrization given
by Pruppacher and Klett(1997) (72.50 mNm−1 at 295 K).

3.2 CCN-measurements

Aerosol particles were generated by atomizing aqueous so-
lutions in a constant output atomizer (TSI, 3076) and their
ability to act as cloud droplets was studied in a static thermal
gradient diffusion chamber (CCNC, University of Wyoming,
CCNC-100B). The number of activated particles is detected
via light scattering. A similar CCNC and the calibration of it
has been described inDelene and Deshler(2000).

The instruments supersaturation was calibrated using dry
monodisperse NaCl and(NH4)2SO4 particles over the super-
saturation range of 0.2–2%. Theoretical values were calcu-
lated via K̈ohler Theory as described above. The resulting
calibration equation (R2

=0.9959) was applied to all experi-
mental data.

Two types of experiments were performed: 1) dry mea-
surements where the aerosol particles were dried before en-
tering the cloud chamber and 2) wet measurements, where
the particles entered the cloud chamber as solution droplets

supersaturated in respect to the organics but subsaturated in
respect to sodium chloride.

For the dry measurements (Fig.2a) the generated aerosol
was dried to relative humidities in the range 1–20% using
diffusion dryers and a specific diameter was selected using
a differential mobility analyzer (DMA, TSI, 3080). Particles
generated in this way are referred to as initially dry particles.
Downstream of the DMA the CCNC was used to determine
the particles critical supersaturation. Particle number was
measured as a reference with a particle counter (TSI, CPC
3010).

Studies of evaporation rates of adipic and succinic acid
(Bilde et al., 2003) show that evaporation over the time scale
particles spend in the tubing in these experiments is negli-
gible. This was confirmed by comparing the particle size
selected by the first DMA to their size just before entering
the CCNC.

In the set-up for the wet measurements (Fig.2b) the diffu-
sion dryers were bypassed and the particles entered the DMA
wet. The sheath air of the DMA was humidified to 70%. The
monodisperse aerosol exiting the DMA was divided into two
streams. One stream was kept at the humidity of 70% until
entering the cloud chamber. The other stream was dried and
the dry particle size was measured using a scanning mobil-
ity particle analyzer (TSI, SMPS 3934) consisting of a DMA
and a CPC.

Throughout this work the supersaturation in the CCNC
was varied between 0.2 and 2% for a fixed dry or dry ade-
quate particle diameter in dry and wet experiments, respec-
tively. The activated particle fraction, the number of CCN
normalized to the total particle number (CN), is ideally a step
function. In reality the step is not always very steep (Fig.3).
By choosing a particle diameter via DMA technique a quasi
monodisperse aerosol distribution is selected. The width of
this distribution is dependent on the aerosol to sheath air flow
ratio in the DMA and influences the slope in a plot of acti-
vated fraction versus supersaturation (e.g. Fig.3). The crit-
ical supersaturation is the point of 50% activation and the
DMA transfer function was taken into account when finding
this point.

4 Results and discussion

Three different mixtures containing adipic acid, succinic acid
and sodium chloride were investigated with respect to surface
tension and activation behavior. The mass fraction of the
inorganic salt was kept at 2% and the relative amounts of
adipic and succinic acid were varied.

4.1 Surface tension of mixtures

To investigate surface tensions in the relevant concentration
range, drop concentrations at activation were estimated us-
ing Köhler theory accounting for limited solubility. Surface

Atmos. Chem. Phys., 5, 575–582, 2005 www.atmos-chem-phys.org/acp/5/575/
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Fig. 4. Experimentally determined surface tensions of ternary mixtures of adipic and succinic acid

including NaCl in water. Solution concentrations corresponding roughly to the concentration at

activation for initially dry particles with diameters of 40, 50 and 100nm, respectively. Error bars

represent a combined error of: relative error from the instrumentation (±0.3%), uncertainty in tem-

perature controlling system (±0.3 K),±0.3% of the mass fraction and standard deviation from fit

(±0.3%).
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Fig. 4. Experimentally determined surface tensions of ternary mix-
tures of adipic and succinic acid including NaCl in water. Solution
concentrations corresponding roughly to the concentration at acti-
vation for initially dry particles with diameters of 50 and 100 nm for
pane(a) and(b) and 40, 50 and 100 nm for pane(c), respectively.
Error bars represent a combined error of: relative error from the in-
strumentation (±0.3%), uncertainty in temperature controlling sys-
tem (±0.3 K), ±0.3% of the mass fraction and standard deviation
from fit (±0.3%).

tension measurements were performed using solutions cor-
responding roughly to the concentrations at activation of ini-
tially dry particles with diameters of 50 and 100 nm for mix.
1 and 2 (Fig.4a and b) and 40, 50 and 100 nm for mix. 3
(Fig. 4 c). The exact concentrations studied are given in Ta-
ble 1.

A linear temperature dependence was found for all three
mass mixing ratios of adipic acid, succinic acid and NaCl
with water (Fig.4). Slopes, offsets and errors of the linear
least square fits are given in Fig.4.

In Fig. 4a the solute concentration is very close to the sol-
ubility limit of adipic acid for the studied solutions and the
surface tension is therefore similar for both solutions. Pure
adipic acid is found to be more surface active than pure suc-
cinic acid (Shulman et al., 1996; Dash and Mohanty, 1997).
In consistence with that a stronger surface tension lowering
is observed with increasing adipic acid concentration of the
solution.

Table 1. Mass of adipic acid (aa), succinic acid (sa), sodium chlo-
ride (NaCl) and water in each individual solution used for surface
tension measurements. Concentrations correspond roughly to the
point of activation of initially dry particles at different dry diame-
tersd0.

d0 maa msa mNaCl mwater
nm g g g g

93% aa, 5% sa, 2% NaCl

100 2.257 0.674 0.271 96.954
50 2.016 1.337 0.535 96.129

80% aa, 18% sa, 2% NaC

100 0.770 0.175 0.019 99.038
50 2.192 2.393 0.264 95.305

5% aa, 93% sa, 2% NaCl

100 0.036 0.674 0.015 99.294
50 0.106 1.860 0.040 98.005
40 1.742 6.135 0.947 91.219

According toFacchini et al.(1999) surface tension low-
ering of atmospheric water samples can be described by the
Szyszkowski-Langmuir equation:

σ = σw(T ) − aT ln(1 + bC) (6)

where C is the concentration of soluble carbon given in
moles of carbon per kg of water. Applying Eq. (6) to mul-
tiple mixtures, it is required that the coefficientsa andb are
determined from experimental data for all mixing ratios in-
vestigated. A modification of this equation has been tested
and proven successful for all mixtures studied herein.

σ = σw(T ) −

∑
i

χiaiT ln(1 + biC) (7)

Equation (7) allows calculation of the surface tension of mix-
tures at the temperatureT on the basis of the coefficientsai ,
bi for the pure compounds fulfilling Eq. (6) andχi , the car-
bon content of compoundi (Ci in moles of carbon per kg of
water) in respect to the total soluble carbonC in solution:

χi =
Ci

C
(8)

RecentlyKiss et al.(2004) have shown that high concentra-
tions of inorganic salts can enhance surface tension lowering
of humic-like substances (HULIS). Due to low inorganic salt
concentrations of the here investigated mixtures this effect
was assumed to be negligible.

Values forai andbi of pure adipic acid were derived by
fitting Eq. (6) to data points given byShulman et al.(1996)

www.atmos-chem-phys.org/acp/5/575/ Atmos. Chem. Phys., 5, 575–582, 2005
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Table 2. Coefficientsai andbi of pure adipic acid and succinic acid
derived by fitting Eq. (6) to N data points.

compound N ai bi

succinic acid 6 0.0264 0.286
adipic acid 4 0.0106 11.836

Fig. 5. Predicted surface tensions of mixtures containing dicarboxylic acids and sodium chloride us-

ing eq. 7 versus experimental derived surface tensions in a temperature range of 273K≤ T ≤306K

and a total soluble carbon concentration in water of 0.25mol kg−1≤ [C] ≤ 3.06mol kg−1.
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Fig. 5. Predicted surface tensions of mixtures containing di-
carboxylic acids and sodium chloride using Eq. (7) versus ex-
perimental derived surface tensions in a temperature range of
273 K≤T ≤306 K and a total soluble carbon concentration in wa-
ter of 0.25 mol kg−1

≤[C]≤3.06 mol kg−1.

(Table2). Fitting coefficients for pure succinic acid are taken
from Svenningsson et al. (2005)1.

Predicting surface tensions for the experimentally inves-
tigated solutions applying this approach leads to a good
agreement (Fig.5, R2

=0.956) in the here considered
temperature (273 K≤T ≤306 K) and concentration range
(0.25 mol kg−1

≤[C]≤3.06 mol kg−1). In general, mixtures
close to the solubility limit were difficult to measure due to
beginning precipitation. The precipitated compounds were
resolvated by heating the solution, followed by cooling and
immediate surface tension measurement. This procedure
might explain the deviation from the 1:1 line in Fig.5 for
low surface tensions.

More work is needed to show if Eq. (7) is applicable for
other organic compounds and for higher concentration of in-
organic material.

1Svenningsson, B., Rissler, J., Swietlicki, E., Mircea, M., Bilde,
M., Facchini, M. C., Decesari, S., Fuzzi, S., Zhou, J., Mønster, J.,
and Rosenørn, T.: Hygroscopic Growth and Critical Supersatura-
tions for Mixed Aerosol Particles of Inorganic and Organic Com-
pounds of Atmospheric Relevance, Atmos. Chem. Phys. Discuss.,
submitted, 2005.

4.2 Cloud droplet activation

Experimentally obtained critical supersaturations for initially
dry particles (solid squares) and solution droplets (open cir-
cles) are given in Fig.6. Theoretical critical supersaturations
(Sc,theo) calculated using the surface tension of water (σw)
are shown as grey lines andSc,theo calculated using the sur-
face tension at activation given in Eq. (7) (σ ) are shown as
black lines. In both cases unbroken lines represent particles
that were initially dry and dashed lines represent particles
that were initially solution droplets.

It is clear from the measurements that there is a pro-
nounced difference between the critical supersaturation of
initially dry particles and solution droplets (containing the
same amount of organic acids and NaCl) when adipic acid
is the dominating species. For a 90 nm particle containing
93% adipic acid the critical supersaturation is 0.32% for an
initially dry particle. In comparison the critical supersatura-
tion is 0.48% if the particle initially existed as an aqueous
solution droplet.

This dependence of particle phase is related to the solu-
bility of the organic compounds as explained previously and
as can also be seen from Fig.1. When the particle is ini-
tially dry it has a solid core at activation and the Köhler curve
has two or three maxima. The first two maxima can be seen
as a barrier to activation caused by the solid core. When
the particle exists initially as a solution droplet there is no
such barrier and activation follows the “traditional” Köhler
curve corresponding to infinite solubility of the organic com-
pounds. The difference in critical supersaturation between
particles with different phases is dependent on the initial dry
particle size and the effect is largest for the smallest parti-
cles. It can be seen from Fig.6 that as adipic acid is replaced
by succinic acid the importance of particle phase decreases
because succinic acid is more soluble than adipic acid.

Solution droplets of the same size but different chemi-
cal compositions activate at quite similar supersaturations
while critical supersaturations for initially dry particles (of
the same initial size) can span a wide range. For solution
droplets experimental values and theory taking the parame-
terized surface tension of the solution into account agree very
well for all mixture types. In case of dry particles another
effect seems to dominate the lowering of surface tension and
the small particles activate at a higher critical supersaturation
than predicted.

5 Conclusions

Surface tensions of mixtures of two slightly soluble organic
acids and an inorganic salt were measured and parameterized
as a function of carbon content of the individual acids and
temperature. It was found that the actual surface tension of
the droplet at activation is dependent on the mole fraction of
both acids.

Atmos. Chem. Phys., 5, 575–582, 2005 www.atmos-chem-phys.org/acp/5/575/
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Fig. 6. Comparison of critical supersaturation as a function of par-
ticle size for initial dry (solid lines) and wet (dashed lines) particles
of ternary mixtures of adipic acid, succinic acid and sodium chlo-
ride. Lines were obtained from modified Köhler theory atT =298 K,
symbols are experimental results. The experimental uncertainty was
calculated based on supersaturation calibration data. Please note the
legend in pane (c).

Including surface tension lowering in Köhler theory tak-
ing limited solubility into account describes the activation
behavior of the solution droplets well, but when a solid core
is present theory underestimates critical supersaturation.

An important factor is the phase state of the particles. It
was shown above that dry particles need much higher super-
saturation to activate than their wet solution droplet counter-
part. Knowledge of the phase state is therefore crucial oth-
erwise an error in critical supersaturation of more than 50%
can be made and thereby in predicting the CCN number.
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