
Reply to RC2:

The manuscript entitled “Surface tension and hygroscopicity analysis of aerosols containing organosul-
fate surfactants” by Shababadi et al. addresses properties of organosulfates relevant for aerosol water
uptake in the atmosphere with a particular focus on surface tension of metastable supersaturated
aqueous solution droplets.

Organo sulfates are important constituents of atmospheric aerosols and can influence their properties
although little is known in this direction.

The manuscript targets five model sodium salts of organosulfates (sodium methyl sulfate (SMS),
sodium ethyl sulfate (SES), sodium octyl sulfate (SOS), sodium decyl sulfate (SDeS), and sodium
dodecyl sulfate (SDS) and provides density, refractive index and water activity for aqueous solutions
of these organo-sulfates using known methods.

In relation to surface tension, in addition to the pendant drop method, the authors apply a new and
novel method (electrodeformation of trapped droplets) to determine surface tension of metastable
supersaturated droplets which allow them to determine surface tension in a concentration regime
not approached before. This method was applied for the two short chain organosulfates in binary
and ternary systems.

The authors also measured hygroscopic growth factors for pure citric acid droplets and citric acid
mixed with organosulfates. Finally, experiments were conducted to probe both efflorescence and
deliquescence of optically trapped droplets containing SES and NaCl.

The manuscript is timely and presents interesting new results from laboratory experiments using
state-of-the-art methods. I have some comments and suggestions for improvements which I find
should be addressed before publication. The main ones are:

1) In several places there is room to better use and cite existing literature. Some examples are given
below. Please check throughout.

The changes/additions to references are discussed in subsequent comments.

2) the purity of chemicals: some of the chemicals had up to 8% impurity. What could be potential
implications of the impurities? This should be discussed.

The potential impact of impurities on surface active molecules should always be considered. Of the
organosulfates studied, the most concerning purities are sodium methyl sulfate (SMS, >92%) and
sodium octyl sulfate (SOS, >95%).

Based on product specifications, SMS may contain trace amounts of residual alcohols from synthesis.
However, such volatile impurities will evaporate rapidly during droplet generation, especially given
the use of a nebulization or spraying step. For SOS, a small amount (up to 1%) of 1-octanol may
be present due to partial hydrolysis. In our experiments, the sodium octyl sulfate is mixed with
citric acid at a 1:100 molar ratio, meaning the resulting 1-octanol concentration is approximately
10−4 M. At this level, the influence of 1-octanol on the surface tension is expected to be negligible.
This estimation is supported by prior studies; for example, see references: Langmuir 1997, 13, 15,
4064–4068 and J. Colloid Interface Sci. 2017, 488, 1–10.

Additionally, our measured surface tension values for sodium octyl sulfate are in good agreement
with those reported in the literature, further suggesting that the effect of potential impurities is
minimal. See, for example: J. Phys. Chem. B 1996, 100, 50, 19634–19640.
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Finally, although sodium dodecyl sulfate (SDS) has a high purity (≥ 99%), we are aware that
commercial SDS can contain dodecanol as an impurity, which is strongly surface-active. However,
our surface tension measurements are consistent with values reported in the literature for purified
SDS samples in which such impurities have been largely removed. This comparison is supported
by the findings of the following study: Langmuir 2022, 38, 22, 6794–6801.

Overall, these observations suggest that any surface active impurities present in our samples are at
concentrations low enough to have a negligible impact on the reported surface tension values (or
simply evaporate prior to the start of the measurement).

3) the last part of the manuscript on hygroscopic growth and efflorescence and deliquescence
dynamics is very interesting and provides a good basis for further studies, but it is not as well
described as the first part of the manuscript, see further details/suggestions below. I think the
manuscript could benefit from including some more details and show more of the available data in
3.3 and 3.4.

The discussion here has been slightly expanded and includes reference to earlier work on deliques-
cence in salt + organosulfate systems:

“A thin interfacial layer of strongly bound water between the NaCl core and the surfactant
shell could explain this residual water signal and the retention of a near-spherical shape,
consistent with hydration structures reported for NaCl–SDS core–shell systems (Harmon et
al. 2010).”

Major comments

Abstract

Use of the word “supersaturated conditions”. I suggest clarifying already in the abstract how the
authors use the word supersaturation, since I believe this can cause some confusion. When talking
about cloud droplets it refers to the saturation ratio of water vapor, however here it refers to the
droplet concentration of solute. Perhaps write “in supersaturated aqueous solution droplets” instead
of “supersaturated conditions”.

The sentence: “We investigate the surface tension and hygroscopicity of aerosols containing short-
and long-chain OSs under supersaturated conditions using an electrodeformation method coupled
with Raman spectroscopy.” was changed. It now reads: “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.”

The last part of the abstract is difficult to follow, for example “the coating takes up water” – but a
coating has not been mentioned in the abstract before, and it is unclear at this point what the coating
is.

The word ‘coating’ has been replaced with ‘particle’.

Introduction

In some cases, I think more original references could be used/included. E.g. Line 31 in relation to
partitioning of surfactants between bulk and surface e.g. [1, 2].

References have been added.

Line 44: The two references to Wang et al. seem to be in the wrong place. They do not address
SDS as a proxy for marine aerosols? one is on terpene derived nitroxy organosulfates (2021a) the
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other (2019) on mono-terpene and sesquiterpene derived organosulfates. There are several studies
that have used SDS as proxy for marine aerosol e.g. [3, 4].

Thanks for pointing out this error.

The references have been updated.

Methods:

The article by Bain et al. 2023[5] provides the same parameters (surface tension, density, refractive
index and water activity) for sodium methyl sulfate and sodium ethyl sulfate as in this work. This
could be made clearer. Why are slightly different equations used for parameterizations of e.g.
density? It would be easier for the reader to compare if the same parameterizations were used.

The density parameterization from Bain et al. 2023 (their Eq. 2) is the same as ours (a quadratic
in solute mass fraction). The only difference in presentation is that we immediately set 𝜌0 to the
density of pure water. They parameterized refractive index in terms of solute mass fraction (their
Eq. 3), whereas we use molar concentration following Lienhard et al. 2012. We don’t know why
they used solute mass fraction as they also reference Lienhard et al. 2012 for their parameterizations.
Bain et al. did not publish a fitted water activity parameterization (they reported measured water
activity and compared it with AIOMFAC).

It would be helpful if it was explained how droplets were generated for the electrodedeformation
approach and in what order RH was varied – was is increased or decreased. Also, it could be
explained how it was known that the droplets were supersaturated. Were the droplets injected at
high RH and then the RH was decreased targeting the efflorescence branch?

Droplet generation is detailed in Shahabadi et al. (2024). Briefly, aerosol droplets are generated
via nebulization of the aqueous solution and introduced into the trapping cell, which creates an
initially high RH environment. The RH is then lowered over time to reach the target measurement
conditions, following the efflorescence branch.

Two criteria establish that the droplets were supersaturated. (i) We compare the measured solute
concentrations in our droplets, determined from the known RH–𝑎w relationships, with established
bulk solubility limits. When the concentration exceeds these limits the droplets are definitively
supersaturated, as seen with SES droplets reaching > 7 M at 30% RH, well above saturation. (ii)
Phase-state confirmation comes from the droplets remaining in a metastable liquid state rather than
crystallizing, which we observe directly through our optical measurements, since crystallization
would cause dramatic changes in the morphology-dependent resonances and Raman spectra that we
monitor. The refractive index also increases sharply at low RH, reaching 𝑛 > 1.55 for SES, which
further confirms the highly concentrated nature of these supersaturated droplets.

Regarding surface tension measurements with the Pendent drop tensiometer How was a “stable”
drop defined?

A “stable” drop was defined as one that maintained a constant volume without visible oscillations or
further elongation, typically after 30-60 seconds of the formation of the droplet, allowing sufficient
time for any significant bulk depletion of surfactants to occur.

To further validate stability, we performed additional measurements under two conditions: (i) at
ambient room conditions, and (ii) with the droplet sealed in a cuvette filled with the same solution
to maintain vapor pressure equilibrium. In both cases, we observed no significant changes or
deviations in the measured surface tension values.

Results
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3.1: “density measurements reveal that short-chain OS exhibit higher densities at increased concen-
trations.” - this was also reported in Bain et al. and Koda and Namura 1985[6], I suggest rephrasing
to acknowledge this.

Here we are presenting measurements that include both short-chain (SMS, SES) and long-chain
(SOS, SDeS, SDS) OSs. That sentence is comparing the short-chain results to the long-chain results.
Both Koda and Nomura (1985) and Bain et al. (2023) only studied short-chain OSs (specifically
SMS, and SES in Bain et al.), so neither reported comparisons between short- and long-chain OS
density behavior.

Line 182: why does it say, “in contrast” ? the longer chain ones also show such behavior.

Removed “In contrast,”

In the caption to figure 2 it should say what the lines are – I assume they are the fitted lines? I
suggest showing previous data in figure 2a for comparison. In Bain et al. the concentration unit
was solute mass fraction. The authors could write or include in supporting material what the solute
mass fraction was in these experiments to aid comparison.

The caption for Figure 2 now states that “Solid lines represent fits to the experimental data using
the parameterizations given in Equations 1-3 with the best-fit parameters listed in Table 1.”.

The solute mass fraction can be calculated using the density and concentration of the solution, along
with the molar weights of the solute and the solvent.

Line 193: it is not clear what reference 2 is.

That error was due to the chosen cite command in LaTeX. It has been fixed.

Table 1 and Figure 2: what are the experimental uncertainties. Can uncertainties on the fitting
parameters be provided?

The accuracies of the instruments used to make the measurements shown in Figure 2 and
whose fits are listed in Table 1 are now provided in the main text. The error bars are much
smaller than the points in Figure 2, so they cannot be shown.

Regarding the results on the surface tension of mixtures – it could be interesting to apply some kind
of mixing rule. It seems a bit surprising that the surface tension of SES does not stabilize as RH
goes down (figure 3) but the surface tension of the mixtures with CA and NaCl does. Why could
this be?

Our explanation would be that, for pure SES, as water content decreases with RH, the bulk concen-
tration increases continuously, driving additional surfactant molecules to the interface and reducing
the surface tension even at very high concentrations (> 7 M). The absence of a plateau suggests
that the surface does not reach saturation even at our lowest measured RH (∼ 33%) and SES can
continue to pack more densely at the interface in these supersaturated states.

In contrast, for mixtures with CA or NaCl, the major solute controls the bulk solution properties,
while the trace surfactant (10:1 ratio) may more readily saturate the available surface at moder-
ate concentrations. Once surface saturation is achieved, further concentration increases as RH
decreases do not substantially change the surface tension, producing the observed plateau. Ad-
ditionally, interactions between the surfactant and the major solute (CA or NaCl) could influence
surfactant partitioning and surface packing, promoting surface saturation at lower bulk surfactant
concentrations than in the pure SES system.
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Regarding the upper y-axis in figures 4 and 5. At a certain RH - is the concentration of CA the same
whether an organosulfate is present or does it apply only to the pure CA solution? If so, this should
be stated.

It was previously stated but it likely wasn’t as clear as it could have been. The captions to
Figure 4 and 5 now respectively include the following sentences: “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 top x-axis indicates the
approximate concentration (M) of CA in a hypothetical binary aqueous solution without OS
at the corresponding RH.”

Discussion of Figure 5: explicit values should be given for the “typical surface tensions near the
bulk CMC”. What are the indications that there could be synergistic interactions – what type of
interactions?

The typical surface tensions at bulk CMC are approximately 40 mN/m for SOS and 35-37 mN/m
for SDS based on literature values (Yatcilla et al., 1996; Mysels, 1986; Santos et al., 2003), which
closely match our measured values at low RH for the CA-OS mixtures, as stated in lines 230-232.

Regarding synergistic interactions, several mechanisms could explain the enhanced surface activity
we observe: (i) CA, being a hydroxy-tricarboxylic acid, could interact with the sulfate headgroups
of the surfactants through hydrogen bonding, potentially altering their packing at the interface; (ii)
the carboxylic acid groups of CA might partially protonate at the interface, reducing electrostatic
repulsion between anionic surfactant headgroups and allowing tighter packing; and (iii) CA could
act as a hydrotrope, modifying the local environment to enhance surfactant partitioning to the
surface. While our measurements clearly show surface tension reduction comparable to bulk CMC
values despite much lower total surfactant concentrations, determining the exact mechanism would
require additional spectroscopic or molecular-level studies beyond the scope of this work.

In response to this comment we now include more details on possible synergistic interactions:
“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 concentra-
tions compared to that of bulk CMC.”

Hygroscopicity, ternary systems:

Line 241: “using droplets of varying initial sizes” – these sizes should be given. Did the droplet
size matter for the results?

The typical droplet sizes are listed in Section 2.2.2 (between 5 and 10 𝜇m in diameter), but we now
repeat this in that sentence for clarity. Regarding whether droplet size matters for the results: in
the subsequent paragraph it is stated, “Despite different initial sizes, all systems exhibit very similar
growth behavior.”

Figure 6: the actual data points should be given. It should be stated how the lines shown were
obtained. What was the reproducibility – it says that the experiments were repeated at least 5 times
for each ternary system.

By “5 times,” we mean that the hygroscopicity experiments were carried out on 5 different droplets
for each ternary system to ensure reproducibility. Each droplet was prepared from a freshly made
solution, and each measurement began with a different initial size.
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Figure 6(a) shows the result from one representative experiment for each system with a distinct
initial droplet size. The other measurements produced similar curves, differing only by a vertical
shift due to the starting size. Figure 6(b), on the other hand, is essentially identical across all 5
measurements for each system (25 measurements in total), because the data are normalized to the
initial size.

In Figure 6(a), all curves were fitted using spline interpolation and extended to ∼24,000 seconds
of measurement time. The other panels in Figure 6 are derived from these datasets and illustrate
different aspects of the same measurements.

A suggestion: the authors could compare with growth factors predicted using the ZSR mixing rule.
Estillore et al. [7] provides growth fators at 85 % RH for SMS and SES – a mixing rule could be
used to predict the corresponding growht factor for a mixture of CA ad SMS or SES and compared
with the values meaured in this work at the same RH.

Regarding the ZSR mixing rule comparison, while this would indeed be an interesting analysis, we
believe our current experimental results already demonstrate the key finding clearly: the hygroscopic
growth of our ternary systems (CA with trace amounts of OSs) is essentially identical to that of binary
CA systems, as shown in Figure 6. The growth factors and hygroscopicity parameters (𝜅 ∼ 0.2)
converge to values consistent with pure CA, indicating that at the molar ratios studied (10:1 for
short-chain, 100:1 or 1000:1 for long-chain OSs), the surfactants do not significantly influence water
uptake under subsaturated conditions. Given that our measurements show negligible deviation from
pure CA behavior, a ZSR prediction would likely confirm this finding without adding substantial
new insights to our conclusions.

In the paper by Bains et al. it says “Estillore et al. used a Multi-Analysis Aerosol Reactor System
to measure the growth factor for a range of commercially available and synthesised organosulfate
aerosol. The authors found that organosulfate aerosol does not undergo efflorescence/deliquescence
behavior (except for samples that were suspected to be contaminated with NaCl) and retains an
appreciable amount of water even at relative humidities (RHs) below 10%.” How does this finding
relate to the results in this work?

We observe that binary OS systems, particularly SES, can exist as highly concentrated aqueous
droplets even at very low RH (down to ∼30%), maintaining a liquid state without crystallization.
This aligns with Estillore et al.’s observation that organosulfate aerosols retain appreciable water
and do not undergo typical efflorescence/deliquescence transitions. Furthermore, our observation
that ternary NaCl-OS systems form partially engulfed structures that retain water after efflorescence
(Figure 7) provides additional evidence for the unique water-retention properties of OS-containing
particles, though in a different compositional context than the pure OS systems studied by Estillore
et al.

In response to this comment we have added the following sentence: “This behavior is
also consistent with previous observations showing that OS aerosols do not exhibit efflo-
rescence/deliquescence transitions (Estillore et al., 2016).”

3.4: formation of partially engulfed particle.

I find this part of the manuscript highly interesting but also lacking some detail and explanation.

Regarding figure 7: why are there no data between 55 and 70% RH?

There are no sharp MDRs in the water band for that RH range, so we cannot characterize the droplet
size using our Mie theory fitting algorithm. However, there are Raman measurements (examples
are shown in panel d).
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Estillore et al. find a difference between deliquescence and effluresence brances of a NaCl SMS
mixture – this could be discussed. Would the authors expect to see something similar for the NaCl
SES mixture studied?

Estillore et al. observed hysteresis between deliquescence and efflorescence branches for NaCl-SMS
mixtures and a growth factor that smoothly increases with increasing RH prior to deliquescence.
Our observations in Figure 7 for the NaCl-SES system are similar: the particle effloresces at 47%
RH but doesn’t fully deliquesce until 72% RH, with gradual water uptake occurring between these
points. This hysteresis, along with the formation of partially engulfed structures that retain water
after efflorescence, is consistent with Estillore et al.’s findings and suggests this is a general feature
of NaCl-organosulfate mixtures where the surfactant modifies the crystallization and dissolution
behavior of the salt.

In response to this comment we have added the following sentence: “We note that the hystere-
sis between efflorescence (47% RH) and deliquescence (72% RH) in our NaCl-SES system,
together with the gradual growth during hydration, is similar to the behavior reported for
NaCl-SMS mixtures (Estillore et al., 2016), suggesting that OSs generally modify the phase
transition behavior of salt particles by stabilizing partially hydrated states.”

What is meant with the statement: “Furthermore, the particle often remained opticalled trapped? -
this implies that they were not always remaining trapped, please provide some further explanation?

We have revised that sentence to explicitly state that the pure NaCl crystals fall from the trap because
of their non-spherical shape, which is in contrast to the SES-containing system.

“Furthermore, the particle 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 typically fall from the trap upon crystallization under these conditions due to
their non-spherical crystal morphology).”

What exactly is meant with “partially engulfed” ? What is being engulfed and by what and how is
that seen from the data? This could be better explained.

The term “partially engulfed morphology” refers to a droplet configuration where the organic
surfactant phase incompletely surrounds the inorganic salt crystal while the aqueous phase remains
in contact with both phases, as systematically described by Kwamena et al. (2010). We have added
this reference directly after the term in the revised manuscript to guide readers to the detailed
morphological descriptions.

As I understand the authors tried to study surface tension of binary droplets containing salt and
longer chain organo-sulfates but this was not technically possible. The reason is not entirely clear
from the text. What is meant with “instability in aqueous systems” (line 223)?

The “instability in aqueous systems” refers to precipitation and phase separation that occurred when
we attempted to prepare solutions of NaCl with long-chain organosulfates.

We have edited that sentence to read: “Additionally, NaCl induced instability (i.e., precipitation,
phase separation) in aqueous systems with long-chain OSs below RH ≈ 80%.”

1. Li, Z., A.L. Williams, and M.J. Rood, Influence of Soluble Surfactant Properties on the
Activation of Aerosol Particles Containing Inorganic Solute. Journal of the Atmospheric Sciences,
1998. 55(10): p. 1859-1866.

2. Sorjamaa, R., et al., The role of surfactants in Köhler theory reconsidered. Atmos. Chem. Phys.,
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