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Abstract

We have investigated CCN properties of internally mixed particles composed of one or-
ganic acid (oxalic acid, succinic acid, adipic acid, citric acid, cis-pinonic acid, or nordic
reference fulvic acid) and one inorganic salt (sodium chloride or ammonium sulphate).
Surface tension and water activity of aqueous model solutions with concentrations rel-
evant for CCN activation were measured using a tensiometer and osmometry, respec-
tively. The measurements were used to calculate Kohler curves, which were compared
to measured critical supersaturations of particles with the same chemical compositions,
determined with a cloud condensation nucleus counter. Surfactant surface partitioning
was not accounted for. For the mixtures containing cis-pinonic acid or fulvic acid, a de-
pression of surface tension was observed, but for the remaining mixtures the effect
on surface tension was negligle at concentrations relevant for cloud droplet activation,
and water activity was the more significant term in the Kohler equation. The surface
tension depression of aqueous solutions containing both organic acid and inorganic
salt was approximately the same as or smaller than that of aqueous solutions contain-
ing the same mass of the corresponding pure organic acids. Water activity was found
to be highly dependent on the type and amount of inorganic salt. Sodium chloride
was able to decrease water activity more than ammonium sulphate and both inorganic
compounds had a higher effect on water activity than the studied organic acids, and
increasing the mass ratio of the inorganic compound led to a decrease in water ac-
tivity. Water activity measurements were compared to results from the E-AIM model
and values estimated from both constant and variable van’t Hoff factors to evaluate the
performance of these approaches. The correspondence between measuments and
estimates was overall good, except for highly concentrated solutions. Critical supersat-
urations calculated with Kohler theory based on measured water activity and surface
tension, but not accounting for surface partitioning, compared well with measurements,
except for the solutions containing sodium chloride or one of the more surface active or-
ganic compounds. In such cases, significantly lower values were obtained from Kohler
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theory than the measured critical supersaturations, suggesting that surfactant parti-
tioning and/or an effect of sodium chloride on solubility of the organic component is
important.

1 Introduction

Atmospheric aerosols contain numerous organic and inorganic compounds. The or-
ganic fraction has been estimated to account for 20% to 90% of the total fine aerosol
mass (Kanakidou et al., 2005). It has been shown that organic as well as mixed parti-
cles can influence cloud formation by acting as cloud condensation nuclei (CCN; e.g.,
Cruz and Pandis, 1997; Corrigan and Novakov, 1999; Prenni et al., 2001; Giebl et al.,
2002; Kumar et al., 2003; Bilde and Svenningsson, 2004; Broekhuizen et al., 2004;
Rissman et al., 2007). The interactions between aerosols and water in the atmosphere
leading to the formation of cloud droplets (the so-called indirect aerosol effect) can po-
tentially have a great effect on the global radiation balance and global climate, but is
not well understood (IPCC, 2007).

Kohler theory (Kohler, 1936) can be used to model cloud droplet formation and de-
termine the critical supersaturaion of aerosol particles if parameters such as surface
tension and water activity of the aqueous solution droplet are available. However, for
many atmospherically relevant species these parameters are not known. Furthermore,
in internally mixed particles it is necessary to understand the interplay between the
different molecules and the effect of these interactions on water activity and surface
tension.

Inorganic salts commonly found in the atmosphere (e.g. sodium chloride and am-
monium sulphate) have only a small effect on the surface tension in aqueous solution
(Low, 1969), and in activating aqueous solution droplets, surface tension can be ap-
proximated to the surface tension of pure water. This is not the case for many organic
components, such as humic-like substances (HULIS) or long-chained carboxylic acids,
which can depress surface tension of agueous solutions significantly (e.g., Shulman et
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al., 1996; Facchini et al., 1999; Kiss et al., 2005; Prisle et al., 2008). In the past few
years some studies have been made on surface tension measurements of cloud water
(Hitzenberger et al., 2002; Decesari et al., 2004), fog water and aerosol extract (Seidl
and Hanel, 1983; Capel, 1990; Facchini et al., 2000; Decesari et al., 2004; Kiss et al.,
2005), and also of individual organic compounds (Shulman et al., 1996; Ervens et al.,
2004; Tuckerman and Cammenga, 2004; Varga et al., 2007). However, information
about water activity of aerosol samples and model systems is still sparse, making it
difficult to accurately predict critical supersaturation of particles composed of organic
compounds or of mixtures of organic and inorganic compounds. So far, a few studies
exist on cloud droplet formation of model mixtures, e.g., Gorbunov et al. (1999), Ray-
mond and Pandis (2003), Henning et al. (2005), Svenningsson et al. (2006), Prisle et
al. (2009), Kristensson et al. (2010).

When organic compounds are mixed with inorganic salts in aqueous solutions, two
different effects on surface tension can be expected: either the surface tension of the
solution is higher than in an aqueous solution of the pure organic component, because
the salt has partially replaced the organic compound. Alternatively, the presence of
inorganic salts in the solution can enhance the surface tension depression of organic
surfactants by forcing the organic compound to the solution-air interface. Such a phe-
nomenon was observed when cis-pinonic acid, fulvic acids or humic acids were dis-
solved in a 2M ammonium sulphate aqueous solution (Shulman et al., 1996; Kiss et
al., 2005).

In this study we focus on six organic and two inorganic compounds, which are con-
sidered atmospherically relevant (e.g., Saxena and Hildemann, 1996; Allen et al., 2000;
Cheng et al., 2004): ammonium sulphate (AS), sodium chloride (SC), oxalic acid (OA),
succinic acid (SA), adipic acid (AA), citric acid (CA) and cis-pinonic acid (cPA). In ad-
dition, we have studied the model substance nordic reference fulvic acid (NRFA) as
a representative of HULIS. Water activity and surface tension have been determined
experimentally for a series of aqueous solutions of mixtures of organic acids and inor-
ganic salts and parameterized as a function of solute concentration. The parameteriza-
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tions are used in Kohler theory to calculate critical supersaturation as a function of the
dry particle diameter, and the predictions are compared to experimentally determined
critical supersaturations.

2 Theory

Kohler theory (Kohler, 1936) describes the saturation ratio, S, of water vapor over
a solution droplet of a given radius, D,:

1Y 4/Mwo—al
S—po _aw.exp<RTpr> (1)
where p is the water vapor pressure over the aqueous solution droplet, p, is the water
vapor pressure over a flat water surface, a,, is the water activity in the droplet solution,
0,4 is the air-liquid interfacial surface tension, M,, is the molar mass of water, A is the
universal gas constant, p is the density of the droplet solution, and T is the absolute
temperature (Seinfeld and Pandis, 1998).

The Kohler equation is the product of two effects: the Kelvin effect which describes
how curvature increases the vapor pressure of water over an aqueous solution droplet;
and the Raoult effect which depends on water activity and describes how the concen-
tration of dissolved matter decreases the vapor pressure of water over an aqueous
solution droplet. In this work, surface tension and water activity are parameterized as
functions of weight percentage of the solutes in bulk aqueous solution. Limited solu-
bility, as discussed by Bilde and Svenningsson (2004), and surfactant partitioning, as
described by Li et al. (1998), Sorjamaa et al. (2004), and Prisle et al. (2008), are not
accounted for in our calculations, but will be discussed in Sect. 4.3.

Water activity of a solution depends on the concentrations of the various chemical
species dissolved in it. High density compounds with low molecular weights and high
degrees of dissociation produce more species (molecules or ions) and thus efficiently
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reduce water activity. Without experimental data, water activity can be difficult to es-
timate, especially for complex mixtures where the various solutes may interact with
solvent and with each other. We here calculate water activity in two ways and com-
pare with experimental data: 1) with the state of the art thermodynamic aerosol model,
E-AIM, (http://www.aim.env.uea.ac.uk/aim/aim.php, Clegg et al., 2001) or 2) by follow-
ing the approach of e.g., Bilde and Svenningsson (2004) and calculating water activity
from the van’t Hoff factors of the individual compounds in solution:

nW + ZS /SnS ]
where n,, and ng are the number of moles of water and solutes, respectively, and /g
is the van’t Hoff factor of the solute s. The van’t Hoff factor is defined as the ratio be-
tween the number of moles of species in aqueous solution and the number of moles
of substance dissolved, and it is dependent on the concentration of solutes (e.g., Low,

1969). For a binary mixture with the mass ratio X=m,/m, between the two com-
pounds, Eq. (2) can be restated as:

(@)

Ay

W 2 o Ny 4Ny +iN, Ny +in
Ny+ Do qishg  MwHiilly+lphy Ny + 4l

where n, is the sum of n; and n, the number of moles of the two compounds with molar
masses M, and M, and van’t Hoff factors /; and /,, respectively, and:

o XMy + M-y
I =

X My + M,
For most non-electrolytes the van't Hoff factor is close to 1, but for strong acids or
electrolytes the van't Hoff factor is typically larger. Van’t Hoff factors for a series of

inorganic compounds have previously been published (Low, 1969), and van’t Hoff fac-
tors of monovalent acids in dilute aqueous solution can be estimated from the acid

(4)
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concentration ¢4 and the acid constant, K:

—K, +\/K2 +4K, 4
=1+ 5
S 203 ()

This equation is also valid for polyvalent acids if the next dissociation steps are negligi-
ble compared to the first, i.e. if the first acid constant, K, is much smaller than the next
acid constants, K,, K,3, etc. (Frosch et al., 2010). For many atmospherically relevant
compounds, information about water activity and van’t Hoff factors is not available, and
simplifications have been made by for example estimating the degree of dissociation in
aqueous solution (Kiss and Hansson, 2004).

To describe solute concentration of aqueous solution droplets, we employ growth
factors, GF, defined in the following way: when a particle with an initial dry diameter,
d,, activates and takes up water, the diameter will increase to Dp. This growth can be
expressed by the growth factor:

GF =D, /dj. (6)

Because GF depends on the amounts of both water and solute, it is also an expression
of solute concentration in an aqueous solution. For example, the growth factor is related
to the weight percent (w/w%) of solute in solution by

GF=<1+£E<———1———-1>> (7)
Pw \ 0.01-w/W%

where pg and p,, are the densities of the dry particle and of water, respectively, and
weight percent is with respect to weight of the solution including water (solvent) and all
solutes.

In case of solutions containing one organic acid and one inorganic salt the weight
percent is defined as:
My + m,

w/ W% = ————,
Mo+ M+ m,,

(8)
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where m,,, m; and m, are the masses of water, the inorganic and the organic compo-
nent, respectively. The growth factor is determined according to Eq. (7), using a density,
Os, calculated as

1 Xorganic 1 _Xorganic

_ N (©)

Ps porganic pinorganic

where Pgganic @Nd Pinorganic @re the densities of the organic and inorganic compound,
respectively, and X qanic iS the mass fraction of the organic compound in the initial dry
particle.

3 Experimental

In this study, nine different mixtures between organic acids and the inorganic salts
sodium chloride and ammonium sulphate were investigated, see Table 1. Most chem-
icals for surface tension, osmolality, and CCN measurements were obtained from
commercial sources: ammonium sulphate (Sigma-Aldrich, 99.999%), sodium chloride
(Riedel-deHaén, 99.8%), adipic acid (Aldrich, 99%), citric acid (Aldrich, >99.5%), ox-
alic acid (Fluka, >99.5%), succinic acid (Fluka, 99.5%), cis-pinonic acid (Aldrich, 98%)
and used as received. NRFA was purchased from the International Humic Substance
Society (http://www.ihss.gatech.edu/index.html). Aqueous solutions were prepared by
dissolving chemicals in double-deionized water purified using a MilliQ Plus Ultrapure
water system.

Measurements of osmolality and surface tension were performed at University of
Pannonia. First, solutions of mixtures with growth factors of relevance to cloud droplet
activation (GF=2-12) were prepared. Osmolality and surface tension measurements
were carried out when both the organic and inorganic components were entirely dis-
solved. Osmolality was measured with a KNAUER K-7400 Semimicro osmometer.
This method considers all of the processes in the solution (e.g. dissociation of solute,
interaction between solute and solvent). For one measurement, 0.15 ml solution was
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used. The measurement time was approximately 2min; the measuring range was
0—-2000mOsm kg_1. Water activity was calculated from the measured osmolality, as
described by Kiss and Hansson (2004). Surface tension of the solutions was mea-
sured with an FTA 125 tensiometer, which uses pendant drop shape analysis. From
one drop of solution, 40 parallel measurements were performed during 10s at room
temperature. The volume of the droplet was approximately 10 pl corresponding to a
curvature radius of 1.3 mm.

Critical supersaturations of the mixtures were determined experimentally at the Uni-
versity of Copenhagen. The experimental setup has been described previously (Bilde
and Svenningsson 2004; Svenningsson et al., 2006), and is briefly presented here:
aerosol particles were produced from a bulk aqueous solution of the desired chemical
composition using a constant output atomizer (TSI, 3076). During aerosol production,
the aqueous solution was continuously stirred to ensure a homogeneous distribution of
solutes in solution, i.e. prevent the surface active compounds from concentrating in the
solution surface. The produced particles are assumed to be internally mixed and have
the same chemical composition as in the aqueous solution. The particles were dried in
diffusion driers using silica gel and mixed with dried, particle free air. The relative hu-
midity of the aerosol flow was measured several times during the experiments and was
always found to be below 12%. A specific particle diameter was selected using a differ-
ential mobility analyzer (DMA, TSI 3080) before the aerosol flow was divided between
a condensation particle counter (CPC, TSI 3010) and a static thermal diffusion cloud
condensation nucleus counter (CCNC, University of Wyoming CCNC-100B). The CPC
measured the total concentration of particles, whereas the CCNC detected the number
of activated particles at a specified supersaturation (SS) of water. The supersaturation
in the CCNC could be varied stepwise between 0.2 and 2.0%. The critical supersat-
uration (SSc) was determined using the relaxed step transfer function (Svenningsson
and Bilde, 2008) assuming full solubility. The CCNC was calibrated using ammonium
sulphate as described by for example Bilde and Svenningsson (2004). Points for the
calibration line were obtained both before, during and after the actual experiments were
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performed. The same calibration was used for all experiments.

4 Results and discussion
4.1 Surface tension

Surface tension was measured in model solutions of the six 50:50 organic-inorganic
mixtures containing ammonium sulphate (measurements at selected weight percent-
ages are shown in Table 2; the full data sets are shown in Fig. 1). For each mixture,
best fits were obtained from a wide variety of functions. These are given in Table 3 to-
gether with the appropriate concentration range of validity, i.e. the concentration range
of the surface tension measurements. Figure 1 shows the measured surface tensions
as a function of growth factor (i.e. the total solute concentration in aqueous solution).

The mixtures can be separated into three different groups: for the mixtures containing
oxalic acid, no deviation is seen from the surface tension of pure water. For mixtures
containing succinic acid, adipic acid, or citric acid, a slight surface tension depression is
observed in the concentration range relevant for activation. And for the remaining two
series of mixtures, ammonium sulphate mixed with NRFA and with cis-pinonic acid,
respectively, surface tension is significantly lowered. This is a consequence of the fact
that both fulvic acid and cis-pinonic acid are effective surfactants (Shulman et al., 1996;
Kiss et al., 2005; Varga et al., 2007). The surface tension of pure cis-pinonic acid in
aqueous solution is also shown for comparison in Fig. 1. At a given growth factor, the
surface tension is lower in a solution of the pure cis-pinonic acid than in a solution
containing a mixture between cis-pinonic acid and ammonium sulphate. Neglecting
the effects of surfactant partitioning, this means that for example at GF = 6 the surface
tension of a pure cis-pinonic acid droplet solution is 59+0.6 mN m™’ (Varga et al., 2007)
whereas it is 62+0.6 MNm~' for a droplet solution of the same size formed on a mixed
particle. This difference in surface tension is caused by ammonium sulphate replacing
cis-pinonic acid, leading to a lower concentration of the surfactant.
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If, instead, the surface tension is depicted as a function of the concentration of or-
ganic matter, a slightly different picture arises (see Fig. 2): now, the same amount of
organic surfactant has a similar effect on surface tension in the ternary solution with
salt as in the binary solution of cis-pinonic acid and water. Note, that the mass ra-
tio between the organic acid and ammonium sulphate is 50:50. Therefore, when the
weight percentage of the organic in aqueous solution increases, the inorganic weight
percentage also increases for all mixtures. This means that if a salting-out effect on
surface tension, similar to that reported by e.g., Shulman et al. (1996) and Kiss et
al. (2005), could be observed, it should be even more pronounced in high weight per-
centage solutions. For the solutions containing succinic acid, adipic acid, or citric acid,
Fig. 2b—d shows that, similarly to the mixtures containing cis-pinonic acid, the surface
tension depression as a function of the organic concentration is not changed notably
when ammonium sulphate is present. The deviation between this result and obser-
vations reported earlier (Shulman et al., 1996; Kiss et al., 2005) can be explained by
the difference in the concentration of inorganic salt. Shulman et al. (1996) as well as
Kiss et al. (2005) used 2 M ammonium sulphate to study the enhancement of surface
tension depression of organic surfactants. Ammonium sulphate in that concentration
can be present in the very early phase of droplet formation (i.e. GF<2). However,
in our experiments, the concentration of ammonium sulphate was significantly lower
(<0.1 M), which is relevant for the conditions around activation. As a consequence, the
salting-out effect of ammonium sulphate was not observed, the only exception being
citric acid for which a solution with GF=2 (corresponding to a weight percentage of
10%) was studied. This solution had a higher surface tension that the corresponding
solution containing both citric acid and ammonium sulphate (see Fig. 2d).

To the best of our knowledge, the surface tension as a function of concentration of
pure NRFA in aqueous solution has not been reported in the literature. Therefore, it
is not possible to evaluate the effect of ammonium sulphate on the surface tension in
aqueous solutions containing NRFA.

We conclude that, under the conditions relevant for cloud droplet activation of aerosol
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particles, the surface tension depression of droplet solutions formed on 50:50 mixed
particles containing surfactants is approximately equal to or slightly lower than that of
droplet solutions formed on particles of the same size composed of the corresponding
pure organic compound. Note that a lower surface tension depression corresponds
to a higher surface tension. Significant enhancement of surface tension depression in
the presence of salt compared to pure organic compounds is not observed even when
surface tension is depicted as a function of the concentration of the organic compound,
i.e. we do not detect any salting-out effect in the concentration range relevant for cloud
droplet activation. In the solutions containing oxalic acid, adipic acid, succinic acid, and
citric acid the surface tension depression at concentrations relevant for activation was
small, and it can be concluded that for these mixtures, water activity will be the main
factor determining critical supersaturation.

4.2 Water activity

Water activity was determined as a function of growth factor in solutions containing
organic acids and ammonium sulphate, see Fig. 3. A best fit was determined for water
activity data at each concentration level, see Table 3. Data at selected weight percent-
ages are tabulated in Table 4; for the full data sets, see Fig. 3.

First, mixtures with a 50:50 mass ratio between ammonium sulphate and organic
acids will be discussed: high density compounds with low molecular weight and high
van’t Hoff factor produce more species (ions and molecules) at any given growth factor
and most efficiently reduce water activity. Ammonium sulphate is a stronger elec-
trolyte than most of the organic acids studied and consequently produces the most
ions at a given growth factor, see Table 5. The only exception is oxalic acid, which is
a relatively strong electrolyte and has higher density and lower molecular weight than
ammonium sulphate. At a given growth factor, oxalic acid produces a similar number
of molecular species per volume unit of dry material (2.8x104 mol/m® at GF=4, see
Table 5 for details) as ammonium sulphate (2.9x104 mol/m? at GF=4, see Table 5).
Therefore, oxalic acid is expected to lower water activity to the same extent as ammo-
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nium sulphate. This line of thinking is confirmed by Fig. 4a, which shows that mixtures
of oxalic acid and ammonium sulphate have similar effect on water activity as pure am-
monium sulphate. It is reasonable to approximate the surface tension of solutions of
mixtures of oxalic acid and ammonium sulphate, and solutions containing either pure
ammonium sulphate or pure oxalic acid with the surface tension of pure water. This
approximation is based on the facts that ammonium sulphate as well as oxalic acid
has negligible effect on the surface tension in dilute solutions (Low, 1969; Varga et al.,
2007), and that the 50:50 mixture of ammonium sulphate and oxalic acid has a neg-
ligible effect on surface tension at activation conditions, as concluded in Sect. 4.1.
Therefore, particles composed of a mixture of oxalic acid and ammonium sulphate will
have a similar Kelvin term as particles composed of either pure oxalic acid or pure am-
monium sulphate. Consequently, both particles composed of mixtures of oxalic acid
and ammonium sulphate and pure oxalic acid particles are expected to activate simi-
larly to pure ammonium sulphate particles. This hypothesis will be further elaborated
on in Sect. 4.3.

Next, we proceed to another series of experiments also displayed in Fig. 4, in which
the effects of the ratio of the organic acid to inorganic salt and the importance of the
type of inorganic salt (ammonium sulphate versus sodium chloride) on water activity
were studied. Four types of mixtures were prepared: oxalic acid mixed with either am-
monium sulphate or sodium chloride with a mass ratio of either 50:50 or 80:20. Water
activities of these solutions are shown in Fig. 4a and b. As discussed above, ammo-
nium sulphate produces similar amounts of ions as oxalic acid at a given growth factor.
This is seen in Fig. 4a, where the measured water activities of 50:50 mixtures of oxalic
acid and ammonium sulphate are quite similar to the 80:20 mixtures of oxalic acid and
ammonium sulphate. Both sets of measurements are also close to the water activities
of pure ammonium sulphate solutions, reported by Low (1969). This is not the case for
the mixtures of sodium chloride and oxalic acid. The higher density and lower molec-
ular weight of sodium chloride result in a higher concentration of dissociated sodium
chloride entities at a concentration corresponding to GF=4 (see Table 5) and a lower
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water activity at a given growth factor in aqueous solutions of pure sodium chloride
than in mixtures of oxalic acid and ammonium sulphate. Consequently, a higher mass
fraction of sodium chloride in aerosol particles containing oxalic acid — or a compound
with similar physical and chemical properties — corresponds to lower water activity and
thereby also a greater ability to act as CCN at a given supersaturation. Furthermore,
sodium chloride has a greater effect on water activity than ammonium sulphate. This
can be seen from Fig. 4b, where water activity of the mixtures containing sodium chlo-
ride is lower than the water activity of the two mixtures containing ammonium sulphate
for all growth factors. This is most clearly seen by a comparison with the curve show-
ing the modeled water activity of pure oxalic acid (dotted black line) which is shown in
both Fig. 4a and b. The mixture with the highest content of sodium chloride (the 50:50
mixture, light blue squares) lowers water activity the most.

The effect of the type and amount of the inorganic component on water activity is also
significant for mixtures containing organic compounds which produce less species in
aqueous solutions than oxalic acid (e.g. weaker acids or compounds with low water sol-
ubility, lower density or higher molar mass). This can be seen in Fig. 5a by comparing
the water activity for pure citric acid to the 50:50 mixtures of citric acid and ammonium
sulphate. The water activity of a solution containing only citric acid is higher than the
water activity of solution composed of a 50:50 mixture with ammonium sulphate for all
concentrations. As seen from Table 5, at a given growth factor, all organic compounds
(except oxalic acid) dissociate into a significantly lower number of molecules than am-
monium sulphate. Therefore, when the mass ratio of ammonium sulphate increases,
for example from 0 to 50%, the number of dissociated molecular species increases,
and the water activity decreases. This is also the case for the remaining organic acids
investigated in this study, as can be seen from Fig. 5b—d. This can have a great effect
on CCN activity since the saturation ratio is directly proportional to the water activity,
see Eq. (1). For example, Fig. 4 and the parameterization in Table 3 shows that at
GF=4, a,=0.995 for the 50:50 mixture between citric acid and ammonium sulphate.
Varga et al. (2007) reports that at the same growth factor, a,,=0.997 for pure citric acid.
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Using Eq. (1) (assuming the surface tension to equal that of pure water), it can be cal-
culated that a critical concentration of GF=4 corresponds to a critical saturation ratio
of 1.011 for the 50:50 mixture and 1.013 for pure citric acid. Thus, a 0.2% difference in
water activity will lead to a ~20% difference in supersaturation (from 1.1% to 1.3%).

Figures 4 and 5 illustrate that the type and relative quantity of the inorganic compo-
nent has a significant effect on the water activity of an aqueous solution droplet and
thereby on activation. In Fig. 5, the measured water activities are also compared to
predictions from the E-AIM model and from calculations using estimated van’t Hoff
factors, see Eq. (3). The van't Hoff factors were determined according to Eq. (4) in
two different ways; either calculated as a function of the concentration of the individ-
ual species (using Eqg. (5) and literature data reported by Low (1969) and Young and
Warren (1992)), or by assuming that the inorganic salt is fully dissociated and that the
organic is not dissociated, independently of the solute concentration (similar to the ap-
proaches of e.g., Cruz and Pandis, 1997; Bilde and Svenningsson, 2004; Kristensson
et al., 2010). Water activity calculated in this way, using either variable or constant
van’t Hoff factors, yields a good agreement with measured data, but the E-AIM results
gives an even better agreement. This confirms the ability of the E-AIM model to ac-
curately calculate water activity for atmospherically relevant aqueous solutions. In the
more concentrated solutions, however, the model seems to slightly underpredict the
measured water activity.

Of the four mixtures displayed in Fig. 5, the greatest deviations between calculated
and measured water activity is observed for mixtures containing citric acid. These re-
sults are further emphasized in Fig. 6 which, for comparison, also displays data for the
50:50 mixtures between oxalic acid and either ammonium sulphate or sodium chloride.
Figure 6 compares calculated or modeled water activity, a,,(calc), with measured wa-
ter activities, a,,(meas). The measured water activity is also displayed in Fig. 3, and
a,(calc) is water activity determined either with the E-AIM or from van’t Hoff factors
estimated as described above. The ratio between a,,(calc) and a,,(meas) is displayed
as a function of growth factor. For high growth factors (dilute solutions) the methods
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for calculating a,, compare well with measurements (i.e. the ratio is approximately 1).
For lower growth factors deviations are observed. The consequences of these devia-
tions are explored further in Fig. 7, where two examples of Kohler curves are displayed
calculated as in Eqg. (1). The water activity is based on either measurements, results
from E-AIM or from estimated van’t Hoff factors for two dry particle diameters, dy=30
and 100 nm. For simplicity, the red curves in Fig. 7 are calculated using constant van’t
Hoff factors. Figure 7a shows that for dy=30nm, the critical supersaturation is 0.919%
using measured water activity, 1.14% using E-AIM results and 1.11% using estimated
van’t Hoff factors. In Fig. 7b, d,=100nm and the critical supersaturation is 0.150% us-
ing measured water activity, 0.166% using E-AIM results and 0.179% using estimated
van’t Hoff factors.

From this example it is seen that the deviation in predicted critical supersaturation re-
lated to using calculated water activity instead of a parameterization of measurements
is larger for smaller dry particle diameters (corresponding to more concentrated solu-
tion droplets), and less significant for larger dry particle diameters (corresponding to
less concentrated solution droplets).

4.3 Critical supersaturations

When the Raoult and Kelvin effects are known, Kohler curves can be calculated ac-
cording to Eq. (1) for a particle of a given dry size. Critical supersaturations have thus
been determined for mixed particles with a dry size between 25 nm and 125 nm, using
7=298.15K and p=p,,, i.e. the aqueous solution density is equated to the density of
pure water at room temperature. These results are depicted in Figs. 8-10. The lines
in the figures represent the calculated results based on surface tension and osmolality
measurements (parameterizations shown in Table 3) while the individual data points
(listed in Table 6) are measured values of the critical supersaturation. For the smallest
particle diameters surface tension and water activity parameterizations have been ex-
trapolated outside the validity ranges given in Table 3. In Figs. 8-10, the extrapolated
sections are indicated by dashed lines.
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Figure 8 shows activation of the oxalic acid mixtures. Since neither oxalic acid nor the
inorganic salts affect surface tension of the droplet solution significantly, water activity
in the aqueous solution droplets should be the factor determining critical supersatu-
ration. Consequently, Kohler theory predicts that particles composed of mixtures of
oxalic acid and inorganic salt with mass ratio 50:50, i.e. with the highest content of
inorganic salt, (light blue and green lines) should activate most easily, because water
activity depression for these mixtures are highest. The two series of mixtures of ox-
alic acid and inorganic salt with mass ratios 80:20 (red and dark blue lines) activate
at a higher supersaturation. Measured critical supersaturations of the two series of
mixtures containing oxalic acid and ammonium sulphate are slightly underpredicted by
Kohler theory, but the CCNC results of mixed particles of oxalic acid and sodium chlo-
ride in the mass ratio 80:20 deviate significantly from Kohler theory. These deviations
will be discussed below.

The mixed particles containing either one of the three other organic weak surfactants
(citric acid, adipic acid, and succinic acid, respectively) and ammonium sulphate acti-
vate at higher supersaturations than the mixtures with oxalic acid (see Fig. 9) because
these organic compounds have a weaker effect on water activity than oxalic acid. None
of these acids have a strong effect on surface tension at activation and thus water ac-
tivity is expected to be the dominant factor in determining the critical supersaturation.

For the mixtures containing citric acid and ammonium sulphate (black symbols), in
most cases the deviations between measured data and the Kohler curve are within
experimental error, whereas the difference between modeled and measured critical
supersaturations for particles composed of succinic acid and ammonium sulphate (blue
symbols) is somewhat larger and it is considerable for particles composed of adipic acid
and ammonium sulphate (red symbols). For these particles, using the surface tension
of pure water in the Kelvin term of the Kohler equation results in better agreement with
experimental data (red dotted line). In the calculated Kohler curves surface tension
depression is accounted for but the effects of partitioning are neglected. The possible
effect of surfactant partitioning will be discussed below.
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In contrast to the organic acids discussed above, both NRFA and cis-pinonic acid
have a strong effect on surface tension. In Fig. 10, Kohler theory predicts that these
mixtures should activate almost as easily as the mixtures containing oxalic acid. The
low critical supersaturation is related to the strong depression of surface tension. Mixed
particles containing cis-pinonic acid and ammonium sulphate proved difficult to study
experimentally, and critical supersaturations for these mixed particles are not reported,
but measurements show that particles containing NRFA activates at a supersaturation
much higher than predicted by Kohler theory using a parameterization of surface ten-
sion based on measurements, but neglecting partitioning. For comparison, a Kohler
curve is re-calculated using the surface tension of water which gives a much better
agreement with measured critical supersaturation. This is also in concordance with the
conclusions of Prisle et al. (2008).

There are several ways to account for deviations between measured and modeled
critical supersaturation. One possible explanation is that particles partially evaporated
before entering the CCNC, but after size selection in the DMA. In that case, the parti-
cles would activate with more difficulty because of their smaller size, and the measured
critical supersaturations would be overestimated. Such an effect has been observed for
example for glutaric acid particles (Frosch et al., 2010). However, all experiments were
performed at room temperature, and the residence time in the tubing and instruments
between size selection and activation was approximately 1-2s. None of the investi-
gated organic compounds are known to be volatile at room temperature, (e.g., Yaws,
1994; Bilde and Pandis, 2001; Bilde et al., 2003) and no sign of significant evaporation
was observed during experiments.

It is also possible that activation and droplet growth were limited because of low
solubility of the components of the aerosol particles. Although all of the investigated
compounds are fairly water soluble, it is well known that the presence of inorganic
salts can diminish the solubility of organic compounds (e.g., Streng, 2001; Hefter and
Tomkins, 2003). If the particle is not fully soluble, a core of solid material will remain
at activation and less solute will be in the aqueous solution droplet (Bilde and Sven-
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ningsson, 2004). This will influence both the water activity and surface tension, and it
can lead to an underestimation of the modeled critical supersaturation. In the model
solutions used for determining surface tension and water activity, no precipitate was
observed for GF>4, indicating that the mixtures were fully soluble at activation con-
ditions, but the model solutions might have been supersaturated. The exact effect of
sodium chloride and ammonium sulphate on the solubility of the investigated organic
acids should be investigated further, in particular the effect of sodium chloride on the
solubility of oxalic acid.

Mass transfer limitation on the growth of activating droplets can also decrease
the number concentration of droplets formed, even above the critical supersaturation
(Nenes et al., 2001; Ruehl et al., 2008). It has been suggested that for example the
formation of surface films can delay droplet growth (Asa-Awuku et al., 2009). Such
effects could lead to fewer activated particles being detected in the CCNC and an over-
estimation of the supersaturation necessary to activate the studied particles. However,
it was not possible to evaluate growth kinetics for these data sets.

Finally, the deviations between measured and modeled critical supersaturation may
be related to surfactant partitioning, which can lead to an enhancement of water activ-
ity and surface tension. Droplets on the nano- or micrometer scale have much larger
surface-to-volume ratios than macroscopic bulk solutions. Since surface active com-
pounds are preferentially located at the surface, this means that a larger fraction of the
surface active molecules can be present close to the surface of a droplet, relative to
a macroscopic solution with the same concentration of surfactant. If a relatively large
amount of surfactant molecules is residing in the surface of a droplet, the droplet bulk
will be depleted, causing the surfactant to have a smaller effect on water activity (Sorja-
maa et al., 2004; Prisle et al., 2008, 2010). At the same time, this will affect the Kelvin
term (Li et al., 1998; Sorjamaa et al., 2004; Prisle et al., 2008) since the depression
of the Kelvin term will be smaller than if partitioning was not accounted for. Neglecting
surfactant partitioning may lead to a significant underestimation of the critical super-
saturation (Li et al., 1998; Sorjamaa et al., 2004; Prisle et al., 2008, 2010). This effect
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seems to be in play for the particles containing the more surface active compounds
studied; in particular NRFA. Although we were not able to confirm it experimentally, sur-
factant partitioning is also expected to be important for particles containing cis-pinonic
acid (Sorjamaa et al., 2004).

5 Conclusions

The CCN ability of particles composed of different organic acid-inorganic salt mixtures
was investigated by measuring the surface tension and water activity of droplet solu-
tions and comparing Kohler theory to measured critical supersaturations.

The surface tension depression was in most cases negligible in the concentration
range relevant at activation and only the very early phase of droplet growth, where
the solute concentration is high, would be influenced by the surface tension effect of
these compounds. Since activation occurs in very dilute aqueous solutions droplets,
there should be no effect on the critical supersaturation. This, however, does not ap-
ply to the mixtures containing NRFA or cis-pinonic acid. Solutions containing one of
these organic surfactants and ammonium sulphate showed a significant surface ten-
sion depression at activation conditions, but compared to aqueous solutions of the pure
cis-pinonic acid as reported by Varga et al. (2007), the effect of organic-inorganic mix-
tures on surface tension was smaller when seen as a function of growth factor. The
presence of inorganic salts can therefore influence activation behavior by decreasing
surface tension depression.

Water activities of the solutions were mainly influenced by the presence of inorganic
salts due to the higher degree of dissociation. At a given growth factor, the water activity
of an organic acid-inorganic salt mixture was higher than for the pure inorganic salt but
lower than for the pure organic compound. Consequently, the chemical species and
mass fraction of the inorganic salt can significantly influence activation: particles with
higher inorganic content were found to activate at lower critical supersaturation. The
only exception was the mixtures containing oxalic acid and ammonium sulphate. The
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activation behavior of such mixed particles depended only slightly on the mass ratio
between the organic and inorganic compounds. A good correspondence was observed
between measured water activity and the E-AIM model, confirming the atmospheric
relevance of this thermodynamic model. A good correspondence was also observed
between measured water activities and water activities calculated from estimated van’t
Hoff factors. However, in both cases significant deviations between measurements and
models at activation of particles with small dry diameters were observed.

For mixed particles containing ammonium sulphate as the salt, Kéhler theory based
on parameterizations of surface tension and water activity compares well with experi-
mentally obtained values of the critical supersaturation, except for particles containing
the more surface active compounds, in particular NRFA. In these cases the critical
supersaturation is significantly underpredicted and better described using the surface
tension of water. This is ascribed to effects of surfactant partitioning.

Kohler theory based on parameterizations of surface tension and water activity un-
derpredicts observed critical supersaturations for mixed particles of oxalic acid and
sodium chloride suggesting that the influence of sodium chloride on the solubility of
the organic acid should be investigated further.
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Table 1. List of mixtures containing oxalic acid (OA), ammonium sulphate (AS), sodium chloride
(SC), succinic acid (SA), citric acid (CA), cis-pinonic acid (cPA), adipic acid (AA) and Nordic

reference fulvic acid (NRFA).

Mixture Mass fraction
OA+AS 50:50
OA+AS 80:20
OA+SC 50:50
OA+SC 80:20
SA+AS 50:50
CA+ AS 50:50
cPA+ AS 50:50
AA+AS 50:50
NRFA+AS 50:50
18007
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Table 4. Water activity (a,,) as a function of growth factor (w/w%) for the 50:50 mixtures be-

tween an organic acid and ammonium sulphate.

W/W% ay,
Oxalic  Succinic  Adipic Citric NRFA  Cis-pinonic
acid+AS acid+AS acid+AS acid+AS  +AS acid+AS

0.1 0.9997 0.9996 0.9997 0.9997 0.9998 0.9997
0.5 0.9986 0.9991 0.9989 0.9988 0.9992 0.9988

1 0.9971 0.9967 0.9976 0.9975 0.9985 0.9980

2 0.9949 0.9939 - 0.9956 - 0.9965

5 - 0.9846 - 0.9879 - -

20 - - - 0.9571 - -

18010
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Table 5. Physical properties of the studied compounds.

Compounds Molar mass Density pK,; Van'tHoff factor®, Entities per
(kg/mol)  (kg/m°) GF=4 volume dry aerosol,
GF=4° (mol/m°)

Sodium chloride 0.05844 2164 - 1.8639 69212
Ammonium sulphate 0.13214 1769 - 2.1903 29322
Oxalic acid 0.09004 1900 1.25 1.3364 28201
Succinic acid 0.11809 1572 4.21 1.0171 13539
Adipic acid 0.14614 1362 4.42 1.0160 9469

Citric acid 0.19212 1665 3.13 1.0713 9284
Cis-Pinonic acid 0.18423 786 ~7 1.0012 4271
NRFA® 2.18 ~1500 ~7 ~1 ~700

@ Molar mass of NRFA from Persson et al., the density and acidity constants of NRFA are arbitrary estimates.

® The van't Hoff factor of the organic acids has been determined from Eq. (5) using the first acid constant. The van’t Hoff factor of the inorganic salts have

been estimated from the data of Low (1969) and Young and Warren (1992).

¢ Determined as is'ns /Vpp, Where ig is the van't Hoff factor of compound s in an aqueous solution with GF=4, ng is the number of moles of s in a particle with

the volume unit volume, V=1 m3.
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Table 6. Critical supersaturation as a function of dry particle diameter for the studied mixtures.

OA+AS 50:50 OA+AS 80:20 OA+SC 50:50 OA+SC 80:20
do/nm  SS/% dy/mnm  SS/% dy/nm  SS/% d,/nm  SS/%
31 1.0776 35 0.8509 30 09634 45 1.1091
33 0.9639 40 0.6900 31 0.9040 47 0.7563
35 0.8530 42 0.6690 33 0.8236 50 0.5799
38 0.7601 44 0.6112 35 0.7577 52 0.5642
40 0.7013 45 0.5610 37 0.6520 60 0.4027
45 0.6137 46  0.5984 40  0.6028 65 0.3658
50 0.4975 48 0.5422 42 0.5648 70 0.3220
55 0.4250 50 0.5122 45 0.5449 75 0.2839
60 0.3677 60 0.4041 50 0.4481 80 0.2689
65 0.3504 70 0.3082 55 0.4032 85 0.2341
70 0.3005 80 02403 60 0.3566 90  0.2266
75 0.2919 90 0.2260 65 0.3018 95 0.1955
80 0.2498 70 0.2961 100 0.2172
90 0.2228 80 0.2343
95 0.2231 88 0.1960

95 0.1509
18012
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Table 6. Continued.

AA+AS CA+AS NRFA+AS SA+AS
dy/nm  SS/% dy/mnm  SS/% dy/nrm SS/% d,/nm  SS/%
33 1.0621 35 1.0141 35 1.1179 30 1.1492
35 1.0425 37 0.9158 38 0.9967 31 1.0740
37 0.9753 38 0.9404 38 1.0260 33 0.9914
38 0.9192 40 0.9431 40 1.0371 35 0.8848
40 0.8138 42 0.7703 42 0.8523 37 0.8744
45 0.7562 47 0.6612 42 1.0195 39 0.7606
47 0.6986 52 0.5558 45 0.7874 41 0.7254
50 0.653 57 0.4869 45 0.8989 44 0.6374
52 0.5435 55 0.5503 47 0.737 47 0.5747
55 0.6035 60 0.4439 50 0.7394 50 0.5312
57 0.4800 62 0.4214 52 0.6187 55 0.4409
60 0.4451 65 0.4191 55 0.5778 60 0.3822
60 0.4941 67 0.3723 60 0.5412 65 0.3444
65 0.4421 75 0.3354 65 0.4577 70 0.3293
70 0.3740 85 0.2899 70 0.4428 75 0.2978
75 0.3191 95 0.2248 75 0.3589 80 0.2581
80 0.2964 100 0.2123 80 0.3577 85 0.2312
85 0.2573 85 0.3020 90 0.2249
90 0.2472 90 0.3200 95 0.2027
95 0.2421 95 0.2703 100 0.2021
100 0.2121

18013

Jadeq uoissnosiq | Jadeq uoissnosiq | J4edeq uoissnosiq | Jaded uoissnosi(

ACPD
10, 17981-18023, 2010

Joint effect of organic
acids and inorganic
salts on cloud droplet
activation

M. Frosch et al.

1] i


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/17981/2010/acpd-10-17981-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/17981/2010/acpd-10-17981-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

U
(72}
2 ACPD
@,
73 e 10, 17981-18023, 2010
=t
S
% Joint effect of organic
= - acids and inorganic
= - salts on cloud droplet
=z 7 activation
S o
—~ 3. M. Frosch et al.
c o
o =)
2 g
(0]
15 o eRese
q_) —
S | Mot | [ Inrochotion
O
e =
(2}
- = NRFA + AS | Tabes  Figwes
© cPA+AS o
2 4 & 8 0 12 | .
Growth factor o me owe
(7]
Fig. 1. Measured surface tension of the 50:50 mixtures containing an organic acid and am- & _
monium sulphate. Continuous lines based on empirical fits (see Table 3) are included to aid &
visual inspection. A parameterization of the surface tension of pure cis-pinonic acid in aqueous = _
solution (Varga et al., 2007) is included for comparison. .
E:
18014 o


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/10/17981/2010/acpd-10-17981-2010-print.pdf
http://www.atmos-chem-phys-discuss.net/10/17981/2010/acpd-10-17981-2010-discussion.html
http://creativecommons.org/licenses/by/3.0/

Surface tension / mN/m

Surface tension / mN/m

75

70+

65+

60+

55+

50

0.0

75

704

65+

604

554

50

0.0

= Mixture: cPA + AS
= Pure organic: cPA

Surface tension / mN/m

05 10
Weight percent organic / %

= Pure organic: AA
= Mixture: AA + AS

Surface tension / mN/m

05 10
Weight percent organic / %

1.5

75

70+

654

604

55+

50

0.0

75

= Pure organic: SA
= Mixture: SA + AS

05 10 15
Weight percent organic / %

2.0

70+

65

60+

55+

= Pure organic: CA

50

= Mixture: CA + AS
5 10
Weight percent organic / %

15

Fig. 2. Measured surface tension for four of the studied 50:50 mixtures. The data is depicted
as a function of weight percentage of the organic compound. The data for pure organic acids
is obtained from Varga et al. (2007).
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Fig. 4. (a) Measured water activity and fitted functions for the two mixtures containing oxalic
acid and ammonium sulphate. (b) Measured water activity and fitted functions for the two mix-
tures containing oxalic acid and sodium chloride. The data is compared to parameterizations
of measured water activity for oxalic acid (Varga et al., 2008) and measured water activities of
ammonium sulphate or sodium chloride (Low, 1969; Young and Warren, 1992), respectively.
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Fig. 6. The ratio between a,(meas) and a,,(calc) calculated according to Egs. (3) and (4) as
a function of growth factor for three of the investiated mixtures with a mass ratio of 50:50. Values
of a,(calc) are calculated using estimated van’t Hoff factors (either constant or depending on
solute concentrations) or determined from the E-AIM. The measured data points are connected
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with straight lines to guide the eye.
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Fig. 7. Kohler curves for 50:50 mixtures of citric acid and ammonium sulphate calculated
using a water activity based on either measured water activites, constant van’t Hoff factors or
modeled results from the E-AIM for two different dry particle diameters, Dy,,. (@) Dg,,=30nm

and (b) Dy, =100 nm.
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Fig. 8. Comparison between measured critical supersaturation and calculated Kohler theory
for the four mixtures containing oxalic acid. The dashed sections indicate that the parameteri-

zations of water activity are based on extrapolation.
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Fig. 9. Comparison between measured critical supersaturation and calculated Kéhler theory
for the 50:50 mixtures containing the least surface active organic compounds and ammonium
sulphate. The dashed sections indicate that the parameterizations of water activity and surface

tension are based on extrapolation.
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Fig. 10. Comparison between measured critical supersaturation and calculated Kohler theory
for mixtures containing the most surface active organic compounds. The dashed sections indi-
cate that the parameterizations of water activity and surface tension are based on extrapolation.
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