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Abstract. Organosulfate (OS) surfactants can influence cloud condensation nuclei (CCN) activation and hy-
groscopic growth by reducing the surface tension of aerosol particles. We investigate the surface tension and
hygroscopicity of aerosols containing short- and long-chain OSs in supersaturated aqueous droplets using an
electrodeformation method coupled with Raman spectroscopy. For droplets containing short-chain OSs, the
surface tension decreases as relative humidity (RH) decreases, even under dry and highly viscous conditions.
Sodium ethyl sulfate (SES) lowered surface tension to approximately 30 mN m−1, a value lower than that of
sodium dodecyl sulfate (SDS) at its critical micelle concentration. We also studied ternary systems containing
OSs with citric acid (CA) or sodium chloride (NaCl). Even small amounts of SDS, with a molar ratio of 10−3

relative to CA, reduce surface tension by up to 40 % at low RH compared to CA alone. Despite strong surface
tension reduction, ternary OS–CA–water systems show hygroscopicity nearly identical to binary CA–water sys-
tems, suggesting that surface tension does not influence water uptake under subsaturated conditions. Ternary
systems containing NaCl and OS undergo efflorescence at 47 % RH, but the crystallized NaCl becomes partially
engulfed. If the RH is subsequently increased, the particle takes up water. At the deliquescence point (72 %
RH), the particle becomes homogeneous again. These findings improve our understanding of particle growth
and cloud drop formation processes, which influence cloud properties like albedo and lifetime.

1 Introduction

Atmospheric aerosols exert cooling effects on Earth’s cli-
mate, both directly by scattering incoming solar radiation,
and indirectly by serving as cloud condensation nuclei
(CCN), which influences cloud albedo and precipitation pat-
terns (Haywood and Boucher, 2000; Yu et al., 2006; Heald
et al., 2014; Rap et al., 2013; Scott et al., 2014). Predicting
the climate effects of atmospheric aerosols remains a signifi-
cant challenge in climate models. Indeed, the aerosol indirect
effect, particularly the cloud-albedo effect, is considered the
largest source of uncertainty in radiative forcing estimates
(Stocker et al., 2013; Intergovernmental Panel on Climate
Change, 2023). This uncertainty stems largely from difficul-

ties in predicting the fraction of aerosols that activate as CCN
(Carslaw et al., 2013; Lee et al., 2016; Vogel et al., 2022).
Köhler theory is the standard framework for predicting CCN
activation (Köhler, 1936). According to Köhler theory, an
aerosol particle activates into a cloud droplet when the ambi-
ent water vapor supersaturation exceeds a critical value (Sc).
This Sc depends on the particle’s size, solute content, and the
droplet’s surface tension.

While many climate models assume activating aerosol
droplets have the surface tension of pure water, this assump-
tion can be invalid for organic-rich aerosols, phase-separated
particles (Ovadnevaite et al., 2017), or those containing sur-
factants (Nozière et al., 2014). Surfactants partition to the
aerosol surface, forming monolayers or multilayers, thereby
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reducing the surface tension below that of pure water (Malila
and Prisle, 2018). Furthermore, the high surface-to-volume
ratio of aerosols can cause aerosol surface tension to devi-
ate from bulk solution values due to enhanced surface par-
titioning, leading to higher surface concentrations and de-
pleted bulk concentrations compared to macroscopic solu-
tions (Bzdek et al., 2020). Therefore, assuming pure wa-
ter surface tension for surfactant-containing aerosols leads
to an overestimation of the critical supersaturation required
for activation (Li et al., 1998; Sorjamaa et al., 2004) and po-
tentially an underestimation of the CCN population (Ovad-
nevaite et al., 2017). Accounting for surface tension reduc-
tion by surfactants could decrease estimates of the aerosol
indirect forcing by up to 1.1 W m−2, a magnitude compa-
rable to the total forcing itself (Facchini et al., 1999; Prisle
et al., 2012).

Organosulfates (R-OSO−3 , OSs) are among the primary
and most abundant anionic surfactants in atmospheric
aerosols and have been detected worldwide, from North
and South America to Asia (Brüggemann et al., 2020; Het-
tiyadura et al., 2017; Wang et al., 2021). They can be formed
through secondary pathways such as radical-initiated for-
mation (Nozière et al., 2010), reactions between derivatives
of biogenic volatile organic compounds (BVOCs, e.g., iso-
prene) and sulfate aerosol (Darer et al., 2011; Iinuma et al.,
2009), or sulfate esterification (Minerath et al., 2008). While
inorganic sulfates have traditionally been considered the
dominant form of atmospheric sulfur, field studies reveal the
widespread presence of organosulfur compounds (including
OSs, sulfones, sulfonates, and sulfoxides) in aerosols across
diverse environments (Tolocka and Turpin, 2012; Shakya and
Peltier, 2013). OSs are significant atmospheric surfactants,
sometimes constituting up to 30 % of the organic aerosol
mass (Brüggemann et al., 2020; Fan et al., 2022). For ex-
ample, sodium dodecyl sulfate (SDS), often used as a model
surfactant in aerosol studies, has been extensively studied
(Prisle et al., 2010; Gantt and Meskhidze, 2013). OSs de-
rived from BVOCs like isoprene, limonene, and α-pinene, as
well as their oxidation products (e.g., methacrolein, methyl
vinyl ketone), are also known to be surface-active (Nozière
et al., 2010; Hansen et al., 2015; Peng et al., 2021; Xiong
et al., 2023). Pure OS aerosols exhibit growth factors around
1.8 at high relative humidity (RH), with hygroscopicity pa-
rameter (κ) values ranging from approximately 0.2 (long-
chain) to 0.46 (short-chain) (Peng et al., 2021). Bulk-surface
partitioning and bulk depletion are particularly significant in
small aerosol droplets containing strong surfactants due to
their high surface-to-volume ratio, leading to deviations be-
tween aerosol and bulk solution surface tension (Bain et al.,
2023b; Schmedding and Zuend, 2023). Bulk-surface parti-
tioning becomes dominant at high surface-to-volume ratios.
Furthermore, droplet size can influence the effective critical
micelle concentration (CMC) of surfactants, thereby affect-
ing the system’s surface tension (Jacobs et al., 2024).

Understanding OS behavior in concentrated, metastable
aerosols is important because such conditions are relevant
in the atmosphere, particularly at RH below the deliques-
cence point (typically < 80%). Atmospheric models like the
GEOS-Chem chemical transport model (using ISORROPIA
II) and the Community Multiscale Air Quality (CMAQ)
model account for aerosol thermodynamics in both stable and
metastable regimes (Kelly et al., 2010; Miller et al., 2024).
Studying the surface tension of metastable aerosols also
aids in assessing and refining semi-empirical surface tension
models (Kleinheins et al., 2023, 2024). Hygroscopicity stud-
ies show that many OS aerosols (e.g., derived from limonene,
other aliphatic/aromatic OSs) often do not exhibit sharp del-
iquescence or efflorescence transitions (Brüggemann et al.,
2020). At low RH, they can exist as highly concentrated
aqueous droplets, potentially phase-separated, and may be-
come highly viscous or even glassy, which can impact mass
transfer and particle growth (Kwamena et al., 2010).

Currently, most surface tension measurements for OSs,
whether in bulk solutions or aerosols, are performed under
subsaturated conditions (water activity aw > 0.8), with lim-
ited data available for highly concentrated, supersaturated
states (Gen et al., 2023; Bain et al., 2023b; Bain, 2024).
Bulk-aerosol deviations are less pronounced for weak sur-
factants at low concentrations (e.g., < 20 mM), where bulk
and aerosol measurements often agree (Bain et al., 2023b).
However, even weak surfactants like sodium ethyl sulfate
(SES) can exhibit significant surface activity in concentrated
aerosols (e.g., > 1 M) (Bain et al., 2023a). For SES, while
surface tension is near that of pure water below 40 mM, a
4.4 %–7.8 % reduction relative to pure water was observed
above 1 M, suggesting different surface behavior in concen-
trated aerosols compared to dilute bulk solutions. Among
the various techniques for measuring aerosol surface tension,
Atomic Force Microscopy (AFM) (Lee and Tivanski, 2021),
Holographic Optical Tweezers (HOT) (Bzdek et al., 2016),
and quasielastic light scattering (QELS) (Gen et al., 2023)
are precise methods used for aerosol surface tension mea-
surements. These techniques offer high spatial resolution and
the ability to probe single particles or small droplets, mak-
ing them particularly useful for studying microdroplets rele-
vant to atmospheric processes. However, challenges remain,
particularly in measuring supersaturated aerosols at low RH
where high viscosity and potential phase transitions can in-
terfere with measurements or particle stability. This is partic-
ularly relevant for OS-containing aerosols, whose properties
change significantly upon transitioning to highly viscous or
glassy states at low RH. Despite its importance, experimen-
tal data on highly viscous, concentrated aerosols containing
organosulfates remain scarce due to the aforementioned mea-
surement challenges.

In this study, we measure physicochemical properties
(density, refractive index, water activity) of aqueous solu-
tions containing short-chain (sodium methyl sulfate, SMS;
sodium ethyl sulfate, SES) and long-chain (sodium octyl sul-
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fate, SOS; sodium decyl sulfate, SDeS; sodium dodecyl sul-
fate, SDS) organosulfates. Using an electrodeformation tech-
nique coupled with optical trapping and Raman spectroscopy
(Shahabadi et al., 2024), we measure the surface tension of
single levitated droplets containing binary (OS + water) and
ternary (OS + solute + water) mixtures, focusing on su-
persaturated conditions (low RH). For comparison at higher
water activities (lower concentrations), we use the pendant
drop method for bulk solution measurements (Berry et al.,
2015). We also investigate the hygroscopic growth of ternary
aerosol particles (diameter 5–10 µm) containing citric acid
(CA) and trace amounts of OSs. Finally, we examine the ef-
florescence and deliquescence behavior of ternary systems
containing sodium chloride (NaCl) and trace OSs.

2 Methods

2.1 Materials

Measurements were conducted on aqueous solutions of five
sodium alkyl sulfates: sodium methyl sulfate (SMS; Sigma,
≥ 92 %), sodium ethyl sulfate (SES; Sigma,≥ 98 %), sodium
octyl sulfate (SOS; Sigma, ≥ 95 %), sodium decyl sulfate
(SDeS; Sigma, ≥ 99 %), and sodium dodecyl sulfate (SDS;
Sigma, ≥ 99 %). For investigations involving ternary sys-
tems, sodium chloride (NaCl; Sigma, ≥ 99 %) and citric acid
(Fisher Chemicals, 100 %) were used. All solutions were pre-
pared using deionized water.

2.2 Physicochemical property measurements

Aqueous solutions of each solute were prepared at various
concentrations spanning the range relevant for subsequent
surface tension measurements. The density (ρ) of each bulk
solution was determined gravimetrically by weighing 5 mL
aliquots dispensed with a micropipette (Sartorius AG, Ger-
many) on a digital balance (Sartorius AG, Germany) accu-
rate to 10−4 mg. The refractive index (n) was measured at the
sodium D-line (589 nm) using an Abbe refractometer (Fisher
Scientific Co., Japan) with an accuracy of ±0.0002. The wa-
ter activity (aw) of each solution was determined using a
water-activity meter (AquaLAB 4TE, METER Group, Inc.),
which provides an accuracy of±0.003. Approximately 5 mL
of each solution was placed in a polystyrene petri dish, sealed
within the instrument’s chamber, and allowed to equilibrate
before measurement.

Density, refractive index, and water activity measurements
were performed at 295 K and data were fitted using standard
empirical expressions (Lienhard et al., 2012). For density,

ρ = ρ0+ aw+ bw
2, (1)

where ρ0 is the density of pure water, w represents the mass
fraction of the solute, and a and b are fitting parameters. For
refractive index,

n= n0+ cn1+ c
2n2, (2)

where n0 is the refractive index of pure water, c is the molar
concentration, and n1 and n2 are fitting parameters. For water
activity,

aw =
1−w

1+ qw+ rw2 , (3)

where q and r are dimensionless fitting parameters. The best-
fit parameters for aqueous solutions of five sodium alkyl sul-
fates are listed in Table 1.

Surface tension (σ ) was measured using two complemen-
tary techniques depending on the solution concentration and
corresponding water activity: the pendant drop method for
lower concentrations (higher aw) and electrodeformation of
optically trapped droplets for higher concentrations (lower
aw). The details of these methods are given in Sect. 2.2.1
and 2.2.2, respectively.

The surface tension measurements of binary solutions
were modeled as a function of the amount of solute us-
ing (i) the Szyszkowski–Langmuir model (von Szyszkowski,
1908; Langmuir, 1917) and (ii) the Eberhart model (Eberhart,
1966; Kleinheins et al., 2023). The Szyszkowski–Langmuir
model relates the surface tension of the system (σ ) to that of
pure water (σw), temperature (T ), and molar concentration
(c) of the solute through:

σ = σw−RT 0∞ ln(1+ c/β), (4)

where 0∞ is the maximum surface excess concentration and
β is related to adsorption equilibrium constant. Both of these
terms are fitting parameters. R is the universal gas constant.
Here, σw = 72.5 mN m−1, which is the surface tension of wa-
ter at T = 295 K.

The Eberhart model relates surface tension to the bulk
mole fraction of the solute (xi):

σ =
σw(1− xi)+ Sxiσi

1− xi + Sxi
, (5)

where S (surface enrichment factor) and σi (surface tension
of pure solute component, considered to be hypothetical) are
fitting parameters.

2.2.1 Pendant Drop Tensiometry

The pendant drop method (Berry et al., 2015), relying on im-
age analysis of drop shape, was employed for surface ten-
sion measurements of bulk solutions. The experimental setup
consisted of an LED illumination source (470 nm, ThorLabs,
US) and a digital camera (Kiralux 5.0 MP, ThorLabs, US) fo-
cused on a pendant drop. Drops were formed at the tip of a
syringe needle (EXEL International, CA), with the diameter
of 1.65 mm, containing the solution of interest. Once a sta-
ble drop was formed, images were captured. The typical size
range of the pendant drop was approximately 2–3 mm at the
lower portion of the drop.
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Table 1. Parameters for density (ρ), refractive index (n) at λ= 589 nm, and water activity (aw) models according to Eqs. (1), (2), and
(3). Note that ρ and aw models use mass fraction (w), while the n model uses molar concentration (c). Units for ρ are in g mL−1, n is
dimensionless, aw is dimensionless, c are in mol L−1. All measurements used for fits were performed at 295 K. For Eq. (1), ρ0 was set to
1 g mL−1, and for Eq. (2), n0 was set to 1.333.

Solute Molar Mass (g mol−1)
ρ Fit (Eq. 1) n Fit (Eq. 2) aw Fit (Eq. 3)

a (g mL−1) b (g mL−1) n1 (L mol−1) n2 (L2 mol−2) q r

SMS 134.08 0.4983 0.2665 0.01104 −0.0005972 −0.9234 0.6407
SES 148.10 0.3760 0.3909 0.01209 −0.0006125 −0.9689 0.4481
SOS 232.28 0.2612 −0.1565 0.02605 −0.002604 −0.9592 0.002489
SDeS 260.33 0.05800 0.2762 0.03679 −0.008359 −0.9767 0.0005819
SDS 288.38 0.1276 −0.04706 0.02738 0.007907 −0.9756 0.01754

Surface tension was calculated from the drop profile us-
ing the open-source software ImageJ (Collins, 2007; https:
//imagej.net/ij/, last access: 11 March 2025) equipped with a
“pendant drop” analysis plugin. The software iteratively fits
the Young-Laplace equation to the digitized drop profile to
determine the Bond number (Bo), a dimensionless shape pa-
rameter. The surface tension is then calculated via:

σ =
1ρgR2

0
Bo

, (6)

where 1ρ is the density difference between the solution
and the surrounding air, g is the acceleration due to grav-
ity (9.8 m s−2), and R0 is the radius of curvature at the drop
apex. To ensure accurate Bo determination, drop volumes
were maintained sufficiently large such that the Worthing-
ton number, Wo= Vd/Vmax (where Vd is the drop volume
and Vmax is the maximum stable volume), was close to unity.
Measurements were performed within a few seconds of drop
stabilization to minimize potential dynamic surface tension
effects or artifacts due to evaporation.

2.2.2 Electrodeformation of trapped droplets

For single-particle measurements, we used a recently devel-
oped non-contact electrodeformation technique, to precisely
measure the surface tension of supersaturated and viscous
aerosols (Shahabadi et al., 2024). This method involves Ra-
man spectroscopy of an optically trapped droplet undergoing
deformation induced by an external electric field. The exper-
imental setup comprises a dual-beam optical trap that levi-
tates a micron-sized droplet (5–10 µm in diameter) between
two electrodes capable of generating a strong electric field.
Raman scattering from the droplet is recorded by a spectrom-
eter, and the Mie Resonance Fitting (MRFIT) algorithm (Pre-
ston and Reid, 2015) is used to determine droplet size and re-
fractive index. The electric field induces prolate deformation,
causing a characteristic splitting of MDRs. Electrocapillary
theory (Lac and Homsy, 2007; Yorulmaz et al., 2009) is then
applied to quantify the droplet’s surface tension (σ ).

As illustrated in Fig. 1a, a single aqueous solution droplet
(e.g. a water droplet with surfactants) was levitated using a

counter propagating dual beam optical trap in humidified air
whose RH is controlled via relative mixing of dry and wet air
flows within the cell using two mass flow controllers (MKS
Instruments, US). During measurements, the cell RH can
be stably maintained below 90 %. Above this level, achiev-
ing stable humidity requires airflow rates that dislodge the
droplet from the optical trap, making such conditions imprac-
tical with this cell design.

To measure surface tension, a pair of needle-shaped copper
electrodes (AMTOVL), separated by approximately 150 µm,
was positioned around the trapped droplet as shown in
Fig. 1b. The electrodes were pre-sharpened and ground. Ap-
plying a voltage across these electrodes generated a control-
lable electric field (E), causing the droplet to deform from
a sphere into a prolate spheroid due to the difference in di-
electric properties between the droplet and the surrounding
air.

The extent of deformation was quantified by analyzing
the splitting of morphology-dependent resonances (MDRs)
in the droplet’s Raman spectrum. The surface tension was
then calculated using (Lac and Homsy, 2007):

σ =
9
16
εmε0RoE

2

D
, (7)

where εm is the relative permittivity of the surrounding
medium (air, ≈ 1), ε0 is the permittivity of vacuum (8.854×
10−12 F m−1), Ro is the radius of a sphere with equiva-
lent volume to the deformed droplet (determined from MDR
analysis of the unperturbed droplet), E is the magnitude of
the applied electric field, and D is the deformation parame-
ter.D is defined asD = (Rp−Re)/(Rp+Re), where Rp and
Re are the semi-major and semi-minor axes of the prolate
spheroid, respectively.

The deformation parameter D was obtained from the ob-
served MDR splitting using the relation derived from pertur-
bation theory (Shahabadi et al., 2024):

1
λlm
=

1
λMie
l

[
1−

D

3

(
1−

3m2

l(l+ 1)

)]
. (8)
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Figure 1. Schematic of the electrodeformation method. (a) Two counter-propagating green lasers (532 nm) simultaneously trap the particle
and excite morphology-dependent resonances (MDRs) observed in the Raman scattering. (b) The particle is trapped between a pair of
electrodes that generate a strong electric field, E, (up to ≈ 2.7× 106 V m−1) on the droplet (white arrows indicate field direction). Inset
shows a levitated droplet. (c) MDRs appear as sharp peaks superimposed on the spontaneous Raman spectrum (e.g., water O-H stretching
band). Without an electric field (left panel, E = 0), resonances are degenerate. The electric field induces prolate deformation (right panel,
E > 0), splitting the MDRs into non-degenerate components.

Here, λMie
l is the wavelength of a specific Mie resonance

mode (angular momentum index l) for the non-deformed
spherical droplet (measured or calculated at E = 0), and λlm
is the wavelength of a specific azimuthal component (m 6= 0)
within the split multiplet observed under the applied electric
field (Fig. 1c).

The optical trapping setup utilized a λ= 532 nm
continuous-wave laser (Verdi G5, Coherent, Inc.). The beam
was spatially filtered, linearly polarized at 45°, and split into
two orthogonally polarized beams of equal power using a cal-
cite beam displacer (Thorlabs, Inc.). These beams were di-
rected into independent trapping arms via a knife-edge prism
mirror (gold-coated, Thorlabs) and expanded before being
focused to a common point by two long working distance
objective lenses (50×, NA = 0.5, WD = 20.5 mm, Plan
Apo NIR B, Mitutoyo Corporation, Kawasaki, Japan), cre-
ating the optical trap. Raman scattering from the trapped, de-
formed droplet was collected and analyzed using a spectrom-
eter (IsoPlane SCT-320, Teledyne Princeton Instruments,
US).

3 Results and Discussion

3.1 Physicochemical properties

The experimental procedure begins with preparing bulk solu-
tions of various OSs: SMS, SES, SOS, SDeS, and SDS, with
hydrocarbon chain lengths of 1, 2, 8, 10, and 12 carbons, re-
spectively. Density measurements (Fig. 2a) reveal that short-
chain OSs exhibit higher densities at increased concentra-
tions. Long-chain OSs presented measurement challenges at
concentrations above 2 M due to low solubility and micelle

formation. Refractive index (RI) measurements (Fig. 2b) in-
dicate that RI generally increases with hydrocarbon chain
length. Water activity (aw) sharply decreases with increas-
ing concentration for short-chain OSs (Fig. 2c), whereas
long-chain OSs maintain high and relatively stable aw (typ-
ically > 0.95), likely due to weaker interactions with water
molecules. Fitting curves are generated from models detailed
in the Methods section.

For binary aerosols containing long-chain OSs, we can
only perform measurements at relatively high aw and are thus
restricted in the range of surface tension measurements. Crit-
ical micelle concentration (CMC) values for SOS, SDeS, and
SDS at room temperature are approximately 130 mM (Rass-
ing et al., 1973; Yatcilla et al., 1996), 33 mM (Robb, 1969;
Király and Dekány, 2001), and 5–8 mM (Flockhart, 1957;
Moroi et al., 1974), respectively. Thus, we first compared
surface tension measurements for binary short-chain OS so-
lutions (SMS and SES), obtained via bulk (pendant drop) and
single-particle (electrodeformation) methods, with data from
Bain et al. (2023a).

3.2 Surface tension

Figure 3a shows our bulk SMS measurements aligning
closely with literature data at high aw (low concentration),
while electrodeformation results are consistent and overlap
with extrapolated literature data (Bain et al., 2023a). Surface
tension decreases with decreasing RH, plateauing around
55 mN m−1 at RH ≈ 40%, similar to moderately surface-
active organic acids. Thus, SMS can be classified as a weak
surfactant (Kleinheins et al., 2025).

https://doi.org/10.5194/acp-25-14301-2025 Atmos. Chem. Phys., 25, 14301–14313, 2025



14306 V. Shahabadi et al.: Surface tension and hygroscopicity analysis

Figure 2. (a) Density (ρ), (b) refractive index (n) at λ= 589 nm, and (c) water activity (aw) of binary aqueous organosulfate solutions
across a range of molar concentrations (M). Organosulfates shown are sodium methyl sulfate (SMS), sodium ethyl sulfate (SES), sodium
octyl sulfate (SOS), sodium decyl sulfate (SDeS), and sodium dodecyl sulfate (SDS). Solid lines represent fits to the experimental data using
the parameterizations given in Eqs. (1)–(3) with the best-fit parameters listed in Table 1.

Figure 3. Surface tension (σ ) as a function of relative humidity (RH) for aqueous droplets containing (a) sodium methyl sulfate (SMS)
and (b) sodium ethyl sulfate (SES). Symbols represent measurements from this study: bulk solutions (pendant drop, squares) and single
aerosols (electrodeformation, triangles). Literature data from Bain et al. (2023a) (circles) are shown for comparison. Shaded regions indicate
measurement uncertainty. Data are fitted using Langmuir (solid line) and Eberhart (dashed line) models (see Methods). The top x-axis
indicates the corresponding approximate bulk concentration (M) of the surfactant. Green diamonds indicate the refractive index, n, of the
trapped droplet at λ= 589 nm.

In contrast, SES surface tension measurements (Fig. 3b)
agree reasonably well with literature data at lower concen-
trations but show no plateau, continuing to steeply decrease,
even at low RH. Our data, extending to significantly lower
RH than prior studies, suggests the surface composition
continues to change, even at very high SES concentrations
(> 7 M). The electrodeformation technique successfully ex-
tends measurable surface tension down to approximately
30 mN m−1 at RH = 33%. Surface tension data fits well to
Langmuir and Eberhart semi-empirical models (Methods).

Although the electrodeformation experiments conducted
here were not designed for quantitative viscosity measure-
ments (each stepwise increase in voltage followed by a Ra-
man measurement requires approximately 1 s, restricting ob-
servations to extremely viscous droplets), in our experiments
on the aqueous SES system, we observed that when the ap-
plied voltage was increased from 0 to 400 V at RH = 28%,

the droplet took roughly 15 s to reach its equilibrium shape.
For high-viscosity droplets, the characteristic relaxation time
can be approximated as τ ∼ ηR0/σ , where η is the dynamic
viscosity (Power and Reid, 2014). Applying this relation to
the observed 15 s timescale yields an estimated η ∼ 106 Pa s
for the SES droplet under these conditions. Therefore, un-
der dry conditions and warm temperatures (RH = 28% and
T = 295 K), SES aerosols exhibit a highly viscous state (η &
106 Pa s) where the RI of the trapped droplet can reach 1.55.
As can be seen in Fig. 3b, our measurements reveal a sharp
increase in the RI at RH below 35%, which likely coincides
with a pronounced rise in droplet viscosity. This behavior
is also consistent with previous observations showing that
OS aerosols do not exhibit efflorescence/deliquescence tran-
sitions (Estillore et al., 2016). At approximately 20% RH,
the RI increases past 1.6. Below this RH, intensified light
scattering and a compromised quality factor prevent us from
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V. Shahabadi et al.: Surface tension and hygroscopicity analysis 14307

observing MDRs and RI measurements are no longer possi-
ble.

The impact of inorganic and organic solutes on surface
tension was studied by adding either NaCl or CA to droplets
with OS surfactants. Measurements maintained a 10 : 1 mo-
lar ratio of the main solute (NaCl or CA) to OS (SMS or
SES). Results (Fig. 4) demonstrate that surfactants signifi-
cantly reduce surface tension even at low molar fractions,
with their effectiveness highly dependent on hydrocarbon
chain length.

For solutions containing NaCl (Fig. 4a), SMS moderately
reduces surface tension (by approximately 10 % compared
to aqueous NaCl) at low RH. SES provides a more substan-
tial reduction (around 24 %) at RH= 60%, indicating greater
surface activity. For CA-containing droplets (Fig. 4b), SES
again has a greater impact than SMS in terms of surface ten-
sion reduction.

Due to challenges associated with low CMC and high aw,
binary surface tension measurements of long-chain OSs were
impractical at low RH. Additionally, NaCl induced instability
(i.e., precipitation, phase separation) in aqueous systems with
long-chain OSs below RH≈ 80%. Therefore, our analysis of
long-chain OSs focused on aqueous systems containing CA
with either SOS or SDS.

Figure 5 presents surface tension results for aqueous CA
droplets mixed with SOS (100 : 1) or SDS (1000 : 1). As RH
falls below 80 %–90 %, the surface tension measurements
converge toward approximately 40 mN m−1 (CA/SOS) and
35 mN m−1 (CA/SDS), respectively. These values are close
to the reported surface tensions of binary SOS (Yatcilla et al.,
1996) and SDS (Mysels, 1986; Santos et al., 2003) solu-
tions at their respective bulk CMCs. Both surfactants signif-
icantly suppressed droplet surface tension compared to pure
CA. Notably, at RH = 30%, SOS reduced surface tension
by ≈ 36%, and SDS by ≈ 44%. SDS, with a longer hydro-
carbon chain, exhibited superior surfactant capability even
at a tenfold lower molar ratio, approaching typical surface
tensions near the bulk CMC conditions reported in the litera-
ture. The marked surface tension reduction suggests surface
saturation may occur, potentially enhanced by CA–surfactant
synergistic interactions, such as hydrogen bonding between
CA’s hydroxyl and carboxyl groups and the surfactant sulfate
headgroups, partial protonation of CA reducing electrostatic
repulsion and allowing tighter packing, or hydrotropic effects
that increase surfactant partitioning to the interface, even at
lower overall surfactant concentrations compared to that of
bulk CMC.

3.3 Hygroscopicity

Given the atmospheric relevance of surfactants in potentially
lowering the energy barrier for water condensation (via sur-
face tension reduction), we conducted measurements to as-
sess how the presence of trace amounts of OSs modifies
droplet hygroscopicity under subsaturated conditions. We

trapped a single particle at RH≈ 10% and monitored its size
growth using Raman spectroscopy as the RH was gradually
increased at a rate of approx. 1 % RH per 90 s, up to RH
≈ 94%. We note potential limitations in our RH sensor ac-
curacy above ≈ 94%; reported values in this range may be
underestimated or slow to equilibrate. Experiments were re-
peated at least 5 times for each ternary system (CA : SMS
10 : 1, CA : SES 10 : 1, CA : SOS 100 : 1, CA : SDS 1000 :
1), using droplets of varying initial sizes (between 5–10 µm
diameter).

Figure 6a depicts the radius of droplets containing these
ternary systems as a function of the cell’s RH. Despite dif-
ferent initial sizes, all systems exhibit very similar growth
behavior. We calculate the growth factor (GF) using:

GF=
dwet

ddry
, (9)

where dwet is the particle’s wet diameter at a given RH, and
ddry is the particle’s diameter measured at the starting RH
of 10 % (dry conditions). As seen in Fig. 6b, the GF curves
for all ternary systems are almost identical to that of the bi-
nary CA system. They show smooth growth up to RH≈ 80%
(GF ≈ 1.2), followed by more rapid water uptake, reaching
GF≈ 1.8 at RH≈ 94%. Slight differences at the highest RH
are likely within experimental uncertainty, possibly includ-
ing sensor limitations. GF measurements using different ini-
tial droplet sizes yielded consistent results for each system.

Furthermore, we calculate the hygroscopicity parameter
(κ) of these systems, a key parameter for assessing cloud
droplet activation potential. The κ value is determined at
each RH step using the measured GF, the measured surface
tension σ (RH) (from Figs. 4b and 5), and the water activ-
ity aw (assumed aw ≈ RH/100%), via the κ-Köhler equation
solved for κ (Petters and Kreidenweis, 2007; Bramblett and
Frossard, 2022):

κ = (GF3
− 1)

 1

aw exp
(
−

4σMw
RT ρwdwet

) − 1

 , (10)

where Mw is the molar mass of water and ρw is the density
of pure water.

Figure 6c presents hygroscopicity curves for the OS sys-
tems. Consistent with the GF curve, hygroscopicity is nearly
identical in behavior for all systems. At high RH, results con-
verge to the value of κ ≈ 0.2, which has been previously re-
ported for aqueous tricarboxylic acids like CA, where these
literature values were either calculated assuming the surface
tension of water (Han et al., 2022) or derived directly from
growth factor measurements without surface tension correc-
tions (Marsh et al., 2017). Therefore, based on the observed
hygroscopic response, these surfactant molar ratios have no
effect on water activity. Conversely, surface tension suppres-
sion does not appear to increase or decrease the hygroscop-
icity under subsaturated conditions in this super-micron size
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Figure 4. Surface tension (σ ) as a function of relative humidity (RH) for aqueous droplets containing (a) sodium chloride (NaCl), NaCl : SMS
(10 : 1 molar ratio), and NaCl : SES (10 : 1 molar ratio), and (b) citric acid (CA), CA : SMS (10 : 1 molar ratio), and CA : SES (10 : 1 molar
ratio). Measurements use bulk (pendant drop) and single-particle electrodeformation methods. Shaded regions indicate measurement un-
certainty. The top x-axis indicates the approximate concentration (M) of the major solute (NaCl or CA) in a hypothetical binary aqueous
solution without OS at the corresponding RH. The vertical dashed line marks the RH corresponding to the bulk solubility limit of the major
solute. Solid curves are added to guide the eye.

Figure 5. Surface tension (σ ) of citric acid (CA) droplets with and
without long-chain surfactants as a function of relative humidity
(RH). Data shown for: Pure CA (squares), CA : SOS (100 : 1 mo-
lar ratio, up triangles), and CA : SDS (1000 : 1 molar ratio, down
triangles). The top x-axis indicates the approximate concentration
(M) of CA in a hypothetical binary aqueous solution without OS
at the corresponding RH. The vertical dashed line marks the RH
corresponding to the bulk solubility limit of CA. Data are presented
for both bulk (pendant drop) and single-particle electrodeformation,
with shaded regions representing uncertainty.

regime. This is reasonable, as hygroscopicity primarily re-
flects the solute effect (Raoult term), which is largely inde-
pendent of the curvature (Kelvin) effect that includes surface
tension.

3.4 Formation of a partially engulfed particle

An aqueous NaCl droplet undergoes efflorescence at approx-
imately 47 % RH (Li et al., 2014), typically forming a solid,
dry crystal. This was also observed here, however, when a
small amount of a surfactant such as SES was introduced,
the droplet instead adopted a partially engulfed morphology
(Kwamena et al., 2010) upon efflorescence around this RH,
retaining some of its water content. Furthermore, the parti-
cle remained optically trapped in all experiments with SES
present, indicating it retained a more spherical overall shape
compared to a dry NaCl crystal (pure NaCl particles typi-
cally fall from the trap upon crystallization under these con-
ditions due to their non-spherical crystal morphology). As
illustrated in Fig. 7, a droplet comprising NaCl and SES
(10 : 1 molar ratio) is initially maintained at RH = 52% and
gradually dried until reaching the efflorescence point at RH
= 47%. The presence of sharp MDRs confirms that the par-
ticle remains a homogeneous liquid phase before efflores-
cence, as shown in Fig. 7b. Upon reaching the efflorescence
point, the droplet loses most of its water content and adopts
a phase-separated, possibly partially engulfed, structure. Fig-
ure 7c shows that even after efflorescence, the O-H stretch-
ing band of water exhibits weak intensity, indicating a small
amount of residual water associated with the particle. By
subsequently increasing the RH towards 72 %, we observe
a gradual water uptake (Fig. 7d) while the particle maintains
its phase-separated morphology. As it approaches the deli-
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Figure 6. Influence of surfactant composition on the hygroscopic growth of citric acid droplets. (a) Droplet radius versus relative humidity
(RH) for pure citric acid (CA) and CA mixed with different surfactants at specified molar ratios (CA : SMS 10 : 1, CA : SES 10 : 1, CA : SOS
100 : 1, CA : SDS 1000 : 1). (b) Corresponding growth factor (GF) curves, calculated relative to the size at RH = 10%. (c) Hygroscopicity
parameter (κ) derived from the growth curves using Eq. (10), plotted as a function of RH.

Figure 7. (a) Efflorescence and deliquescence dynamics of an optically trapped droplet containing NaCl + SES (10 : 1) at 4 stages. (b) A
homogeneous aqueous droplet is initially trapped at RH = 50% with MDRs present on the top of the O-H band in the Raman spectrum.
(c) By lowering the RH down to 47 %, the droplet effloresces and forms a phase-separated particle with a small amount of water left (note
the residual O-H band intensity). (d) While the effloresced particle is still trapped, RH is elevated gradually, and the particle shows water
uptake, as indicated by the increasing O-H band intensity at three different RH values; however, it still maintains its phase-separated, partially
engulfed form. (e) At RH = 72%, the particle instantly takes up a considerable amount of water from ambient air, deliquesces, and becomes
homogeneous again, as MDRs reappear.

quescence point (around 72 % RH), the particle undergoes
a sudden phase transition into a homogeneous state. At this
stage, sharp MDRs reappear, indicating that the droplet has
regained its spherical liquid shape, as depicted in Fig. 7e.
The presence of surfactants here appears to have two effects:
(1) It may allow the effloresced particle to maintain suffi-
cient sphericity to remain stable in the optical trap. (2) Solid
NaCl has a high surface energy, potentially inhibiting wa-
ter uptake below the deliquescence RH. The presence of the
surfactant, by coating the NaCl core or influencing the in-
terface, likely facilitates water uptake by the particle. A thin
interfacial layer of strongly bound water between the NaCl
core and the surfactant shell could explain this residual wa-
ter signal and the retention of a near-spherical shape, consis-
tent with hydration structures reported for NaCl-SDS core-
shell systems (Harmon et al., 2010). Thus, instead of only a
sudden large water uptake at deliquescence, the ternary parti-
cle shows gradual water uptake below the final deliquescence

point, eventually becoming fully aqueous (Fig. 7e). We note
that the hysteresis between efflorescence (47 % RH) and deli-
quescence (72 % RH) in our NaCl-SES system, together with
the gradual growth during hydration, is similar to the behav-
ior reported for NaCl-SMS mixtures (Estillore et al., 2016),
suggesting that OSs generally modify the phase transition be-
havior of salt particles by stabilizing partially hydrated states.

4 Conclusions

In this study we showed how OS surfactants influence the
surface tension and hygroscopic properties of aerosol par-
ticles, particularly under supersaturated and highly concen-
trated conditions. We demonstrate that OS surfactants, espe-
cially those with longer hydrocarbon chains such as SDS,
substantially reduce the surface tension of aerosol droplets
even at very low surfactant concentrations, potentially affect-
ing the activation of cloud condensation nuclei and cloud for-
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mation processes. Despite significant reductions in surface
tension, the hygroscopicity of aerosol particles containing
citric acid and trace OSs remains similar to that of binary
citric acid systems, indicating that surfactants primarily mod-
ify surface properties rather than water uptake under subsat-
urated conditions. Additionally, the presence of OS surfac-
tants alters particle morphology upon efflorescence, promot-
ing partial water retention and facilitating gradual water up-
take prior to complete deliquescence. These results highlight
the importance of including surfactant effects on surface ten-
sion within atmospheric models to more accurately predict
aerosol impacts on cloud formation and climate.
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