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A conceptual framework for the influence of water
activity parameterization on hygroscopic growth
and cloud droplet activation in aerosols containing
strong nonionic surfactants

Alison Bain @ *

Discrepancies between observations of cloud droplet number concentrations during field studies and those
predicted from Koéhler theory suggest that surface-active organics may impact hygroscopic growth. The
surface-active material that partitions to the droplet—air interface can reduce the surface tension,
lowering the barrier to cloud droplet activation. However, when the surface-active material partitions to
the interface, it also increases the droplet water activity, having the opposite effect on cloud droplet
activation. Although much effort has been focused on accurately describing the size- and composition-
dependent surface tension, the influence of surface-active organics on water activity has received far
less attention. Here, the impact of the description of water activity during hygroscopic growth and
eventual cloud droplet activation is investigated. In AIOMFAC (Aerosol Inorganic—Organic Mixtures
Functional groups Activity Coefficients), two subgroup descriptions (ether—alkyl and oxyethylene) of the
strong nonionic surfactants Triton X-100 and Tween20 and their mixtures with NaCl are used to
calculate water activity for Kohler calculations. Although for aerosols with low and medium organic
content, the two AIOMFAC descriptions of the surfactants provide equivalent estimates of the critical
supersaturation and radius, under high surfactant conditions, the oxyethylene subgroup description
predicts a lower critical supersaturation than the ether—alkyl subgroup description. Under high surfactant
conditions, the oxyethylene subgroup also provides better agreement with available literature data for
critical supersaturation.

An accurate understanding of the number of aerosol particles that will become cloud droplets under a set of atmospheric conditions is necessary to understand
the aerosol indirect effect on climate. Field observations have found that traditional Koéhler calculations can underpredict cloud condensation nuclei

concentration. The partitioning of surfactants, which influences both aerosol surface tension and water activity, has been suggested to explain this discrepancy.
The influence of the description of water activity during surfactant partitioning has received little attention compared to surface tension. Here, the influence of
the description of water activity during hygroscopic growth is investigated for aerosols containing nonionic surfactants. Under high surfactant concentrations,
the description of water activity plays a role in the predicted activation barrier.

Introduction

dissolved solute and the surface curvature effect, is typically
used to predict the activation of aerosol particles into cloud

Aerosol particles suspended in the atmosphere can interact
with climate by directly scattering and absorbing solar radiation
and by altering cloud microphysics. Aerosol particles can act as
seeds for cloud droplet formation. The eventual formation of
clouds depends on many factors including the supersaturation
level of the atmosphere, the number concentration of aerosol
particles as well as the aerosol population size distribution and
chemical composition."” Kohler theory, which takes into
account both the vapor pressure over the droplet due to
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droplets."”> However, discrepancies exist between predictions of
cloud condensation nuclei (CCN) concentrations and the
number of cloud droplets observed during field campaigns.®”
Generally, these discrepancies are more pronounced at smaller
aerosol dry sizes.>™®

Atmospheric aerosol particles are composed of complex
mixtures of salts (e.g., NaCl and (NH,),SO,) as well as a wide
array of organic molecules.”® The ratio of salts to organics,
particularly in sea spray aerosols, has been observed to strongly
depend on size, owing to different aerosol generation
pathways.”** Many organic molecules have some surface
activity (i.e., they partition to the droplet-air interface).”>** This
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surface active material has been characterized in a variety of
aerosol samples™***” and shown to be formed in chemical
reactions in model aerosol systems.' Sea spray aerosols also
include strongly surface-active materials (surfactants) gener-
ated in the sea surface microlayer.'**°

Recently, the impact of surfactant partitioning on aerosol
surface tension and its role in cloud droplet activation have
been investigated.”** Laboratory measurements of surface
tension at the single particle level help elucidate the effect of
surface-area-to-volume ratio on the partitioning of strong
surfactants.>*' Surfactants partitioning to the air-droplet
interface lower the surface tension, thereby reducing the barrier
to cloud droplet activation. However, removal of surfactants
from the droplet bulk also affects the water activity. Reducing
the solute in the droplet bulk increases water activity, which has
an opposite effect on the cloud droplet activation barrier.*

Systematic laboratory measurements of hygroscopic growth
and cloud droplet activation for mixtures of salts and soluble
surfactants in aerosol particles provide information about the
combined result of these two counteracting effects. In optically
trapped micron-sized droplets, the subsaturated hygroscopic
growth of droplets containing surfactants and NaCl has been
reported to be reduced compared to droplets containing only
NaCl.**** Bramblett and Frossard used humidified tandem
differential mobility analyzer (HTDMA) measurements of
100 nm dry diameter aerosols to measure the hygroscopic
growth of particles containing NaCl and a range of surfactants
(nonionic, anionic, or cationic) in a 2:1 mass ratio. Their
results show a reduction in hygroscopic growth of particles
containing surfactants compared to pure NaCl particles at
subsaturated relative humidities.*® The hygroscopic growth of
particles containing NaCl and ionic surfactants with a dry size
less than 30 nm has also been measured using HTDMA.***
These studies observed a decrease in hygroscopic growth with
increasing surfactant fraction under subsaturated conditions.
Petters and Petters measured CCN activity of accumulation
mode aerosol particles containing mixtures of strong surfac-
tants and salts.'” They found that aerosol hygroscopicity under
supersaturated conditions decreases as the surfactant volume
fraction of the dry aerosol increases.'” Overall, soluble surfac-
tants have been found to decrease the hygroscopic growth of
aerosols across a range of surfactant properties and dry aerosol
sizes, but the interplay between the surfactant impact on
surface tension and water activity cannot be decoupled.

Compared to surface tension, the impact of surface-active
material on aerosol water activity has received less attention.
k-Kohler theory is commonly used to approximate water activity,
requiring only knowledge of the dry and wet diameters in
addition to the hygroscopicity constant « for the aerosol, which
can be calculated from volume fractions of the different aerosol
components.*® While often treated as a constant, « generally
varies with water activity.*>*° Alternatively, parameterizations of
water activities measured for solutions containing surface-
active material have been used as an input for Kohler calcula-
tions.** Solutions containing surface-active material have also
been treated as ideal solutions (i.e., assuming activity coeffi-
cients are equal to one).** Additionally, some work has used
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predictions of water activity from thermodynamic models such
as UNIFAC (UNIQUAC Functional-group Activity Coefficients)*>
and AIOMFAC (Aerosol Inorganic-Organic Mixtures Functional
groups Activity Coefficients).>* Zhang et al. looked at the
impact of surface tension and water activity on predictions of
aerosol growth factor for droplets containing adipic acid (a
sparingly soluble organic acid) and ammonium sulfate at
different mass ratios.>* Generally, a description of water activity
that accounted for nonidealities was necessary to find agree-
ment with high-humidity tandem differential mobility analyzer
(HHTDMA) measurements.*

Recently, water activity measurements for solutions con-
taining strong nonionic surfactants and their mixtures with
NaCl were used to test water activity predictions of these solu-
tions from AIOMFAC.* For surfactants containing PEG-like
tails, the traditional approach using ether and alkyl groups to
describe the tail provided poor agreement with measurements.
An alternative oxyethylene subgroup approach was shown to
better predict the macroscopic measurements. These two sets of
model predictions generally agree at high water activities but
deviate significantly under drier conditions. Additionally, the
ether-alkyl subgroup approach indicates that a liquid-liquid
phase separated (LLPS) state is likely to be stable under some
relative humidity conditions. Here, the impact of the descrip-
tion of water activity during hygroscopic growth and cloud
droplet activation, accounting for surfactant partitioning, is
explored. Using model systems, a surfactant partitioning model
is employed to predict the bulk droplet surfactant concentra-
tion. From this bulk concentration, the composition-dependent
water activity predictions from AIOMFAC are compared using
different subgroup descriptions of the surfactant and different
assumptions when AIOMFAC returns a water activity greater
than unity. These predictions are compared to CCN measure-
ments available in the literature.

Experimental methods

NaCl (VWR BDH Chemicals), Triton X-100 (Sigma-Aldrich) and
Tween20 (VWR BDH Chemicals) were used without any purifi-
cation. Solutions were prepared using ultrapure water (18 MQ
cm) with mass ratios of 1:0.05, 1:0.1, 1:0.5, 1:1, and 1:2
surfactant : NaCl. The total solute concentration was varied to
obtain surfactant concentration spanning orders of magnitude,
from highly dilute to beyond the critical micelle concentration
(CMC). Solutions were prepared with highly accurate concen-
trations using an analytical balance and analytical glassware
(<0.15% uncertainty in concentration). Concentrated solutions
were diluted to reach the low surfactant concentrations
required for these measurements. The surface tension of the
solutions was measured using the Wilhelmy plate method
(DCATS, DataPhysics). All measurements were collected at room
temperature, about 298 K, in triplicate, and average values are
reported. Fig. S1 shows the surface tension data for the different
surfactants and their mixtures with NaCl.

Surface tension data were fit with the Langmuir isotherm
(eqn (1)) to determine the maximum surface excess, I'max, and
the equilibrium partitioning constant, K.q, which is defined as

© 2026 The Author(s). Published by the Royal Society of Chemistry
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the ratio of the surfactant adsorption and desorption rate
constants at the interface. The Langmuir isotherm was fit only
in the region where the surface tension decreases with
increasing surfactant concentration, as the isotherm relates
surface tension to fractional surface coverage.”> When the
interface is saturated with surfactant molecules, the surface
tension remains constant as the surfactant concentration is
further increased. This region was fit with a horizontal line to
obtain the minimum achievable surface tension.

) (1)

o:aw+nRT1"max><ln(lf TKeqc

In eqn (1), oy is the water solvent surface tension (72.8 mN
m™"), n is the van't Hoff factor, which is set equal to one for
nonionic surfactants, c is the total surfactant concentration, R is
the gas constant and 7 is the temperature.

For the nonionic surfactant-NaCl mixtures measured here,
no trend in the shape of the surface tension isotherm or the
minimum surface tension was observed as the ratio of NaCl was
increased, indicating that the solubility of these surfactants is
not greatly impacted by the addition of NaCl. The various ratios
of surfactant to NaCl show no clear trend with mass ratio, and
the datasets fall onto one line within the experimental vari-
ability. The overlaid binary surfactant-water data for Triton X-
100 (ref. 21) and Tween20 (ref. 36) also fall within the spread
of the NaCl-containing solution data. Since there is no clear
trend in surface tension with NaCl mass fraction, a single set of
Langmuir parameters and minimum surface tension was
determined for each surfactant by fitting all of the surfactant
data, including all of the NaCl mass ratios. Fit parameters are
provided in Table 1, and the fitted lines are overlaid in Fig. S1.

Modeling
Water activity

AIOMFAC was used to calculate the water activity of solutions
containing strong surfactants and NaCl.>**** The PEG-like tails
of Triton X-100 and Tween20 can be described using either
ether and alkyl groups or oxyethylene groups. Here, we calculate
the water activities for mixtures of NaCl with each surfactant
using both approaches. Each set of AIOMFAC calculations
varied the mass ratio of NaCl to surfactant (in steps of 0.1) as
well as the total mass fraction of solute (in steps of 0.01). All
calculations were performed at 293 K. Interpolation was then
used to infer the water activity between the calculated points.
Fig. S2 shows the interpolated water activity over the surfactant-
NaCl composition space for each surfactant and each subgroup
description.

Table 1 Fitting parameters for surfactant solutions from surface
tension measurements

Surfactant T'max (Mol m™)  Keq (m® mol™) Gmin (MN M)
Triton X-100 3.02 x 107° 1006.18 31.4
Tween20 2.47 x 10°° 2930.85 36.9

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Surface tension

The simple kinetic partitioning model®” is used to calculate the
effective bulk surfactant concentration (c.g), accounting for
a droplet's surface-area-to-volume ratio (3/r, where r is the
droplets radius). This model has been previously shown to
predict the surface tension of picolitre volume droplets con-
taining surfactants and cosolutes as well as mixtures of
surfactants, as accurately as or better than the widely used
thermodynamic monolayer partitioning model.*>*”** Parameter
f represents the ratio of the minimum bulk concentration
required to reach a full surface coverage to the equilibrium
partitioning constant, and parameter { represents the
maximum fractional loss of surfactants to the interface once
equilibrium is reached. Surfactant parameters I'n,x and Keq are
determined from Langmuir isotherm fits of macroscopic data
(Table 1), and c is the total surfactant concentration.

car 1 2\, ! 0L
6:2(lcf)+2\/(lcf> VA

Fmax
g = Hom 3)

cr

f _ 3Keqrmax

Kohler calculations

Kohler theory incorporates the effects from surface curvature
(Kelvin effect) and the solute (Raoult effect) to describe the
relation between water activity (ay, of the droplet bulk) and the
saturation ratio (ratio of vapor pressure over the droplet, p,,, to
the vapor pressure of pure water over a flat surface, p,):*®

Py _ a4y x exp <20Vw> . (5)
Po

rRT

Here, ¢ is the droplet's surface tension, V,, is the partial molar
volume of water, r is the droplet radius, R is the gas constant
and T is the temperature.

Near cloud droplet activation, solutes in a droplet become
highly dilute. Using approximations for a dilute solute, the
Kohler equation can be written as:*®

Pw _ (1 - 3n5MW) X exp(zawa). (6)
Po dnp,r’ RTp,r

In eqn (6), gy is the surface tension of water, M,, is the molar
mass of water, ng is the number of moles of dissolved solute,
and p,, is the density of water. The saturation ratio can also be
converted to a percent supersaturation (SS):

$S = 100% x ((p—:) - 1). 7)

In all K6hler calculations, no change in volume upon mixing
of solutes and water was assumed during hygroscopic growth.
The increased droplet volume at each calculated radius was
taken to be the volume of water in the droplet (i.e., the total

Environ. Sci.. Atmos.


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6ea00035e

Open Access Article. Published on 21 May 2026. Downloaded on 6/11/2026 4:20:59 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Environmental Science: Atmospheres

Table 2 Mass fraction of surfactants in dry particles of different radii.
Low, medium, and high mass fractions correspond to the size-
dependent organic mass fractions determined by Kleinheins et al.?

Dry radius Low Medium High
25 nm 0.689 0.930 0.988
50 nm 0.522 0.898 0.957
100 nm 0.386 0.667 0.864

droplet volume was the sum of the volume of the dry aerosol
particle and the water added due to hygroscopic growth). All
solutes were assumed to be nonvolatile.

Kohler calculations were performed for a range of dry radii
between 25 nm and 100 nm and for different mass ratios of
surfactants and NaCl in the dry particle (Table 2). In each
instance, the dilute solute approximation is compared to
calculations accounting for surfactant partitioning, utilizing
both subgroup descriptions for AIOMFAC predictions of water
activity. The point of cloud droplet activation for each case
(critical radius, r. and critical supersaturation, SSc:) is
determined by finding the maximum of the calculated Kohler
curve.

Dilute solute approximation. Eqn (6) was used to calculate
Kohler curves using the dilute solute approximations. The
number of moles of each component (surfactant and NacCl) in
a dry particle was calculated using a linear combination of
molar volumes, calculated from the pure (dry) component
densities and molecular masses provided in Table 3 and the dry
particle volume, assuming a spherical geometry. All solutes
were assumed to be dissolved in the droplet interior, and the
moles of dissolved ions and surfactant were used to determine
the contribution to the moles of solute (7). Physical parameters
of water used in the calculations are provided in Table 3.

Surfactant partitioning. Due to the large surface-area-to-
volume ratio of aerosol droplets, surfactants can undergo bulk
concentration depletion as they partition to maintain equilib-
rium between the droplet bulk and surface. The impact of
surfactant partitioning on both the droplet surface tension and
its water activity was explored using eqn (5). Here, the effective
bulk surfactant concentration, accounting for the size- and
concentration-dependent surfactant partitioning, was calcu-
lated at each step using eqn (2)—(4). The calculated effective bulk
concentration was also used in eqn (1) to determine the drop-
let's surface tension. If the calculated surface tension is lower
than the minimum surface tension (i.e., the droplet bulk is
above the surfactant's CMC), then it is replaced with the
minimum surface tension value in Table 1.

Table 3 Physical parameters for solution components

Molar mass Pure component 0:C
Component (g mol ™) (dry) density (g cm ?) ratio
Water 18.01528 0.998 —
NacCl 58.443 2.170 —
Triton X-100 647 1.070 0.34
Tween20 1226 1.100 0.49
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The effective bulk concentration was also used to determine
the surfactant mass fraction in the droplet bulk. This mass
fraction, in addition to the NaCl mass fraction, was used to
determine the droplet's water activity from both of the oxy-
ethylene and ether-alkyl subgroup description interpolations
(Fig. S2).

Using the ether-alkyl group description, AIOMFAC some-
times predicts water activities greater than unity when the
surfactant mass fraction is high (Fig. S2A/C). These unphysical
water activities suggest that a liquid-liquid phase separation is
likely a thermodynamically stable state.* In eqn (5), the water
activity must be less than or equal to one. Two different
assumptions for the evolution of water activity when water
activities greater than unity are predicted are compared.

Liquid-liquid phase separation. First, it was assumed that
a liquid-liquid phase separation (LLPS) occurs when the water
activity is greater than one, which is sometimes the case using
the alkyl-ether subgroup approach to describe mixtures that
include PEG-like units.>® A water activity greater than unity is
unphysical. If the online version of AIOMFAC predicts water
activity greater than unity, this suggests that a liquid-liquid
phase separation is likely a thermodynamically stable state,
although the online AIOMFAC model does not explicitly solve
for this state.*®* When LLPS is predicted, the surfactant is
removed from the bulk solution, and the water activity of the
droplet was recalculated using only the mass fraction of NaCl. If
LLPS occurs, the surface tension of the droplet could also be
impacted. At each instance where the water activity is greater
than unity, we also calculate the fractional surface coverage of
the droplets using the area covered by a monolayer of the
surfactant and the surface area of the droplet (eqn (8)).

total moles of surfactant x I'yax
oy ®)
o

Surface coverage =

When phase separation occurs before the critical radius,
there was always sufficient surfactant for a full surface coverage,
and the surfactant partitioning model already predicted that the
droplet surface tension was at its minimum value. Phase sepa-
ration was also predicted after droplet activation. Varying the
surface tension in this region has no impact on the activation
barrier. Additionally, the surface coverage was generally below
10% in this region, which is not sufficient to significantly
reduce the droplet surface tension from that of water.

Lowest water activity. Second, if AIOMFAC predicts water
activity greater than unity during hygroscopic growth, it was
assumed that the water activity of the droplet can be described
by the lower of the ether-alkyl-NaCl and NaCl only water activity
interpolations. This is similar to the approach previously used
when AIOMFAC predictions of water activity have been used in
Kohler calculations.”

Results and discussion

The impact of nonionic surfactants on water activity during
hygroscopic growth and how different assumptions alter
predictions of cloud droplet activation is investigated. Nonionic

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surfactants Triton X-100 and Tween20 were selected due to their
similarity in concentration required to reduce the surface
tension of bulk solutions, the minimum surface tension that
can be reached at full surface coverage, and the oxygen to
carbon (O:C) ratios to surfactants found in the sea surface
microlayer and sea spray aerosol.'>**1¢36:60-6> Taple 3 shows the
O: C ratios for Triton X-100 and Tween20. Additionally, recent
work showed that the water activity predicted by AIOMFAC for
surfactants with PEG-like tails is significantly different
depending on whether the tails are modeled as ether and alkyl
groups or oxyethylene groups.>® Since both these molecules
contain PEG-like chains, they provide model systems with
which to test the importance of an accurate description of water
activity in predicting cloud droplet activation for surfactant-
containing aerosols. NaCl is selected as a cosolute as much of
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the field work identifying surfactants in aerosols has been
focused on sea spray, and NaCl is the major salt in seawater.®

The mass fraction of organics in dry aerosol can vary with
aerosol size, formation pathway, and location. Kleinheins
et al.** compiled data from field measurements to determine the
size-dependent organic mass fraction,**® providing bounds for
low and high organic content.” Here, the size-dependent low,
medium, and high organic mass fractions are used in Kohler
calculations. Fig. 1 shows the size-dependent solute concen-
trations, surface tension, and equilibrium saturation ratio for
100 nm dry radius aerosol particles containing NaCl and low,
medium, or high organic fractions composed of Tween20.
Panels A-C show the size-dependent solute concentration. NaCl
and the bulk concentration of Tween20 decrease steadily as the
droplet undergoes hygroscopic growth. The bulk Tween20

Low Medium High
= . — NaCl - B . C
é 1 03 _ — Tween20 total ] _
g | — Tween20 bulk | i
E 4] h ]
C - -
o) 4
8 . - -
S 10734 - -
O i J i
Q 4 i 4
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S 107%- — —
w 1 1 IIIIIII T T T T TTT1T T T IIIIIII T T TTTTTT T T IIIIIII T T T TTTTT
€ 0.07-D J1E IE
.5 0.06 — —
w = - -
&
S 0.05 - _
8 - . ]
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partitioning
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Fig. 1 Solute concentration (A-C), surface tension (D—F), and saturation ratio (G-1) for 100 nm dry radius particles containing low (column 1,
Worg = 0.386), medium (columns 2, g = 0.667), and high (column 3, wq,q = 0.864) Tween20 mass fractions. Kohler curves are calculated using
the dilute solute approximation as well as using the AIOMAC activity interpolations using the oxyethylene and ether—alkyl subgroup descriptions.
The contribution from the Kelvin term is the same for both subgroup descriptions of water activity.

© 2026 The Author(s). Published by the Royal Society of Chemistry
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concentration includes the size- and concentration-dependent
surfactant partitioning and shows a steep drop in bulk
concentration as bulk-to-surface partitioning becomes signifi-
cant. This onset of bulk surfactant depletion depends both on
the dry size and total surfactant concentration. In Fig. 1, the
drop in bulk Tween20 concentration moves to larger radii as the
organic fraction is increased from the low scenario to the high
scenario. The surface tension accounting for bulk-to-surface
partitioning is determined using the simple kinetic partition-
ing model and shown in panels D-F. Due to the difference in
size during hygroscopic growth when bulk depletion becomes
significant, there is also a shift towards larger wet radii when
the surface tension begins to increase from its minimum value
from low to high organic fractions. Using the dilute solute
approximation, the surface tension of pure water is
used throughout hygroscopic growth and is also shown in
panels D-F.

Fig. 1 panels G-I show the equilibrium saturation ratio as
a function of wet radius using three different assumptions: (1)
dilute solute approximation, (2) surfactant partitioning where
the water activity term is calculated with AIOMFAC using oxy-
ethylene subgroups, and (3) surfactant partitioning where the
water activity term is calculated with AIOMFAC using ether and
alkyl subgroups. These panels also show the contribution from
the Kelvin and Raoult terms to the overall Kéhler curve. The
Kelvin term calculated using surfactant partitioning shows
a unique shape compared to that using the dilute solute
approximation, owing to the changing surface tension during
hygroscopic growth. Note that the surfactant partitioning is
only treated with the simple kinetic model and is identical for
oxyethylene and ether-alkyl subgroup descriptions of water
activity. In panels G and H, since the Kelvin term contributions
at radii near the critical radius are generally the same with and
without including surfactant partitioning, the differences in
critical saturation ratio can be attributed to the Raoult effect. In
panel I, the difference in hygroscopic growth cases can be
attributed to both the Kelvin and Raoult terms. The difference
in the Kelvin term between the dilute solute approximation and
including surface partitioning is substantial in the region near
the cloud droplet activation barrier. The Raoult term contribu-
tions also show small differences in this region. Again, the
difference between the two methods of calculating water activity
in AIOMFAC is small compared to using the dilute solute
approximation, which assumes all components are completely
soluble.

Fig. S3-S7 show similar plots for Tween20 in 50 nm and
25 nm dry radius particles and Triton X-100 in 100 nm, 50 nm
and 25 nm dry radius particles. Generally, the trends that are
observed in Fig. 1 hold for both surfactants. The largest differ-
ences between the dilute solute approximation and accounting
for bulk-to-surface partitioning are observed for droplets with
a high organic fraction, and the largest difference in the Raoult
contribution between the oxyethylene and ether-alkyl subgroup
descriptions occurs for 100 nm dry radius particles (Table S1).

For some combinations of surfactant, dry radius, and
surfactant mass fraction, two peaks are observed in the Kéhler
curve (e.g., Fig. S31, $41, S6I, S7H, and S7I). This feature is due to
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a discontinuity in the size- and composition-dependent water
activity. Using the ether-alkyl subgroup description, AIOMFAC
can predict a water activity greater than unity (Fig. S2). The
onset of this nonphysical water activity prediction has been
previously shown to be close to, but not necessarily coincident
with, the CMC of the surfactant. Furthermore, AIOMFAC does
not predict water activity greater than unity at every surfactant
mass fraction greater than the CMC.*® Since a water activity
greater than one is not realistic, two strategies are employed to
calculate the water activity in this case. In Fig. S31, S41, S6I, S7H,
and S7I, a LLPS assumption was employed. Under this
assumption, when the water activity is greater than one, a purely
organic layer has formed on top of an aqueous Nacl layer, and
the water activity is calculated from AIOMFAC using only NaCl
as the solute. At some composition, AIOMFAC predicts the
solution to become homogeneous again, and the water activity
for the ternary mixture is again used. Fig. S8 shows an example
of the resulting water activity curve. At this transition, there is
often a discontinuity in water activity (following the solid black
in Fig. S8). The second assumption (lowest) calculates the water
activity of a solution containing NaCl only as well as the ternary
mixture at every point and uses the lowest water activity
(following the dotted black line in Fig. S8, a similar procedure to
that of Kleinheins et al.??). This method also assumes that the
water activity of the droplet can be approximated by the water
activity of a droplet containing only NacCl (as the surfactant has
been removed to a surface layer), but it removes the disconti-
nuity resulting from switching between the NaCl-only and
ether-alkyl-NaCl water activity interpolations. While this
method generally provides a smoother transition between the
two cases, there can still be a small bump in water activity where
the transition occurs between using the binary and ternary
descriptions of water activity. Fig. S8 shows an example of the
size-dependent water activity, in the region near the disconti-
nuity, using these two assumptions. Using the oxyethylene
subgroup description, the water activity does not exceed unity at
the level of precision of the interpolation, and the LLPS and
lower assumptions for size- and composition-dependent water
activity do not need to be employed; rather, the water activity
can be directly taken from the interpolation.

Fig. 2 shows all the Koéhler curves for 25, 50, and 100 nm dry
radius particles with low, medium, and high Tween20 mass
fractions. Here, the dilute solute approximation (fully dissolved
solute) is compared to the oxyethylene subgroup description as
well as the ether-alkyl subgroup description using the LLPS and
lower assumptions to calculate water activity. In panel A for
25 nm dry radius particles, the predicted LLPS and the lowest
water activity methods follow the same trend. Although the
entire ether-alkyl curve is not identical to the oxyethylene
description of water activity, the region near cloud droplet
activation is identical for all three methods of describing water
activity. In panel B for 50 nm dry radius particles, the LLPS and
lowest water activity descriptions show different behavior
around a 100 nm wet radius. The LLPS method shows a sharp
spike in supersaturation, while the lowest method shows
a small kink in the curve. This indicates that this sharp feature
is a result of the transition between descriptions of water

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig.2 Kohler curves for particles with dry radii of (A) 25 nm, (B) 50 nm
and (C) 100 nm and low, medium, and high Tween20 mass fractions
(Table 1). The water activity for the ether—alkyl subgroup description is
shown using both the LLPS assumption and the lowest water activity
assumption, where the calculated water activity goes above unity at
any point during activation (e.g., 50 nm high).

activity. Since LLPS was not observed by Werner et al. in the
region where AIOMFAC predictions are greater than unity,* this
feature is unlikely to limit cloud droplet activation in the case
where it reaches higher supersaturations than the second
broader peak in the curve. Fig. S9 shows a similar result for
Triton X-100. Generally, although the LLPS and lowest
assumptions used to handle water activities greater than unity
can lead to different behavior at small radii, the main, broader
feature of the Kohler curve is identical between the two
assumptions.

Fig. 2 also shows that differences between the dilute solute
approximation and surfactant partitioning impact on water
activity depend on droplet size. For the smallest droplets in
panel A, including surfactant partitioning decreases the super-
saturation barrier to cloud droplet activation. This is also
observed in panel B, where the difference in activation barrier is
smaller. However, in panel C for the largest droplets, the trend
is inverted, and the supersaturation barrier is lower using the

dilute solute approximation than when accounting for

© 2026 The Author(s). Published by the Royal Society of Chemistry
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surfactant partitioning. This overall trend is also observed in
Fig. S9 for Triton X-100. This shift from surfactant lowering the
barrier to cloud droplet activation compared to the dilute solute
approximation for smaller droplets, but increasing the barrier
for larger droplets, is due to the combined effects that surfac-
tant partitioning has on aerosol surface tension and water
activity, with the Kelvin term dominating at smaller dry particle
sizes and the Raoult term dominating at larger dry particle
sizes.

To understand how accurate these size- and organic mass
fraction-predictions of CCN activation are, predicted critical
supersaturations are compared to CCN measurements for
aerosols containing Triton X-100 and NaCl. The dry radii at
which 50% of particles underwent cloud droplet activation at
a given level of supersaturation, measured by Petters and
Petters,">*” are shown in Fig. 3. These data are overlaid on
predictions of critical supersaturation for a range of dry radii
and volume fractions of NaCl. Panel A shows the oxyethylene
subgroup description for water activity, and panel B shows the
lowest ether-alkyl subgroup water activity. Fig. S10 shows the
CCN data compared to the dilute solute approximation and the
LLPS ether-alkyl subgroup water activity description. In all
cases, there is good agreement when the volume fraction of
NaCl is near one, since low surfactant concentrations do not
greatly impact the surface tension or water activity under dilute
conditions. As the NaCl volume fraction decreases to about 0.6~
0.4, there is generally an underprediction of critical supersatu-
ration by the model compared to the observations. However,
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Fig. 3 Critical supersaturation (SS.it) predicted using Kéhler theory
with size- and composition-dependent surfactant partitioning using
(A) the oxyethylene subgroup and (B) the ether-alkyl subgroups
(lowest water activity) to determine droplet water activity. CCN
measurements from Petters 2015 are overlaid.*>¢”
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there is again good agreement between the model and
measurements when the volume fraction of NaCl reaches the
0.3-0.2 range. The different water activity assumptions show
small differences in critical supersaturation as a function of
NacCl volume fraction and size, but these differences are small
compared to the variation in the experimental data. The largest
difference in size-dependent critical supersaturation predic-
tions occurs when the NaCl volume fraction is zero (i.e., pure
surfactant particles). These differences are quantified using the
root mean square error calculated from the difference between
the experimental CCN measurements at the radius where 50%
of the particles activate and the Kohler prediction for the critical
supersaturation at that dry radius using different assumptions
for water activity during hygroscopic growth. While none of the
pure surfactant predictions overlap with the experimental
observations, the oxyethylene subgroup description shows the
closest agreement (root mean square error between the CCN
data and model is 2.4%). Both the ether-alkyl subgroup
methods show very poor agreement with the experimental data
(root mean square error is 10.3%). Using the dilute solute
approximation, the root mean square error between the CCN
data and model predictions is 3.9%. This observation further
motivates the use of the oxyethylene group for molecules that
have PEG-like tails. Still, the overprediction of critical super-
saturation for pure surfactant particles shows that the funda-
mental understanding of the impact of surfactants on cloud
droplet activation is still incomplete. Additional CCN activation
datasets for strong surfactants and their mixtures with salts to
validate the existing data would aid this understanding.
Finally, the impact of atmospheric supersaturation on the
fraction of aerosol activated into cloud droplets is explored.
Fig. 4 shows a simulated sea spray aerosol size distribution
containing an ultrafine mode, a combined Aitken/accumulation
mode, and a coarse mode, based on observations from Bates
et al.®® Kohler calculations are performed assuming the size-
dependent high organic mass fraction, and the dilute solute

300 1% 105% :101% -
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o — Coarse
'E 200 : — Total
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Fig. 4 Simulated sea spray aerosol size distribution based on obser-
vations from Bates et al.®® Vertical dotted lines show the smallest dry
radius that is predicted to activate at 1, 0.5, and 0.1% supersaturation
using the dilute solute approximation, and the vertical dashed lines
show the smallest dry radius that is predicted to activate when
surfactant partitioning is included (oxyethylene subgroup for water
activity). The size-dependent high organic mass fraction is used in all
calculations.
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approximation (dotted vertical lines) is compared to surfactant
partitioning and water activity predicted using the oxyethylene
subgroup in AIOMFAC (vertical dashed lines). At a 0.1%
supersaturation level, only the largest particles are predicted to
activate, and as seen in Fig. 2, including surfactant partitioning
slightly decreases the number of particles that are expected to
activate. As the ambient supersaturation level is increased to
0.5%, the lower limit of the particles that are expected to acti-
vate gets smaller, and a crossover point is reached, where the
dilute solute approximation and accounting for surfactant
partitioning predict the same cut-off for cloud droplet activa-
tion. As the ambient supersaturation is further increased to 1%,
now more than 50% of the Aitken/accumulation mode particles
are predicted to activate, and accounting for surfactant parti-
tioning predicts that smaller particles will activate than would
be expected from the dilute solute approximation. Fig. 4 high-
lights why large differences between observed CCN concentra-
tions and Kohler theory may be most noticeable for small size
bins. The discrepancy between the dilute solute approximation
and accounting for surfactant partitioning at supersaturation
levels for the size where coarse mode particles activate does not
greatly change the predicted number concentration of CCN.
However, in this high surface active organic fraction example, at
supersaturation levels around 1%, small changes in the
minimum dry radius that will activate lead to large differences
in CCN concentrations, as these radii are near the maximum
number concentration of the Aitken/accumulation mode.

Conclusion

Surfactant partitioning in aerosol droplets can impact both the
droplet's surface tension and water activity. Under low nonionic
surfactant fractions and small dry radii conditions, surfactant
partitioning has little effect on either the Kelvin or Raoult term
and the dilute solute approximation provides nearly the same
results as including surfactant partitioning (including any
description of aerosol water activity). For high organic fractions,
including surfactant partitioning predicts a higher supersatu-
ration barrier for the smallest dry radius particles compared to
the dilute solute approximation, but a lower supersaturation
barrier for the largest dry radius particles. These differences in
aerosol size are due to the combined differences in both the
Kelvin and Raoult terms, with surface tension dominating for
smaller particles and water activity dominating for larger
particles.

Using ether and alkyl subgroups to describe the PEG-like tail
of these surfactants leads to AIOMFAC predicting water activi-
ties greater than unity for some droplet compositions, which is
unphysical and thus requires making an assumption about the
droplet morphology and its impact on water activity.
Accounting for surfactant partitioning and using the oxyethyl-
ene subgroup description for droplet water activity provides the
closest agreement with CCN measurements of Triton X-100 and
NaCl mixtures reported in the literature,'>*” further motivating
its use to describe water activity for molecules containing a PEG-
like tail. However, for particles containing only Triton X-100, the
critical supersaturation is overpredicted. This overprediction

© 2026 The Author(s). Published by the Royal Society of Chemistry
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indicates that there is still an incomplete understanding of the
impact of strong nonionic surfactants on surface tension and
water activity in high surface-area-to-volume ratio droplets.
Additional CCN measurements for strong surfactants and their
mixtures with salts, and measurement-model comparisons for
aerosols containing pure surfactants and high surfactant frac-
tions, may elucidate the reasons for these discrepancies.
Furthermore, additional improvements to the description of
water activity for aqueous strong surfactants using hygroscopic
growth data could improve CCN predictions for pure nonionic
surfactant particles. Finally, ambient aerosols contain a mixture
of nonionic and ionic surfactants. Although AIOMFAC does not
include charged organic groups, a similar interpolation
approach could be used to describe water activity during
hygroscopic growth if water activities were measured across the
full composition space.
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