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ABSTRACT: To elucidate the intricate role that the sea surface
microlayer (SML) and sea spray aerosols (SSAs) play in climate,
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concentrations ranging from 0.1 to 80 mM and SML from a recent
wave flume study were investigated. A constant-radius AFM
nanoneedle was used to probe ca. 200 yL droplets with 0.3—1.2 pm indentation depths. As a comparison, the surface tension of
bulk samples was also measured using a conventional force tensiometer. The data for the hexanoic acid show an excellent overlap
between the AFM and force tensiometer surface tension measurements. For the surface tension measurements of the SML, however,
the measured values from the AFM were 2.5 mN/m lower than that from the force tensiometer, which was attributed to the
structural and chemical complexity of the SML, differences in the probing depth for each method, and the time scale required for the
surface film to restructure as the needle is retracted away from the liquid surface. Overall, the study confirmed the accuracy of the
AFM method in quantifying the surface tension of aqueous solutions over a wide range of concentrations for surface-active organic
compounds. The methodology can be further used to reveal small, yet important, differences in the surface tension of complex air—
liquid interfaces such as liquid systems where the type and concentration of surfactants vary with the distance from the air—liquid
interface. For such complex systems, AFM measurements of the surface tension as a function of the probing depth and pulling rate
may reveal a sublayer film structure of the liquid interface.

H INTRODUCTION aerosol, SSAs are highly complex mixtures of many chemical
and biological compounds at various mixing states and

Seawater is a complex mixture of organic, inorganic, and -
morphologies. © This in turn strongly affects the chemical

biological compounds." The topmost layer of the seawater,

which is highly enriched in a variety of organic species, is called and physical properties of SSAs in the atmosphere.z’H’”_ZO
the sea surface microlayer (SML).””> The SML is a highly Once airborne, an SSA can directly scatter solar radiation
complex thin film that contains multilayers of surface-active (direct effect) or act as cloud condensation nuclei that facilitate
and surface-inactive chemical and biological species such as the formation of cloud droplets (indirect effect), with the
fatty acids, proteins, lipids, and polysaccharides primarily of overall aerosol effect leading to global cooling.'>'”"**°

natural origin.”"“~"" Seawater and the SML play important While many have studied the SML, uncertainties still exist
roles in regulating the climate because they are the sources of regarding their exact thickness and interfacial structure. One

primary sea spray aerosols (SSAs).'>'* With the wave breaking
of seawater, the formed bubbles rise to the top while
scavenging organic species and enriching the SML.'>'*'?
Upon bursting, the bubbles release SSAs through film and jet
droplet formation mechanisms.” In this way, the chemical
composition of the SML modulates the composition and
physical—chemical properties of the SSAs.'® Because of the
complex chemical nature of the SML and its role in the
selective enrichment of various chemical species into the

study showed that the SML is composed of marine nanolayers
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with thicknesses of between 1 and 10 nm.”" Additionally, the
bubble film at bursting which governs the generation of SSA
film drops has a reported thickness of between 10—1000 nm,
with the film structure likely resembling the topmost surfactant
film layers of the SML.”>** A different study defined the SML
as a gel-like layer with components such as dissolved polymeric
carbohydrates, amino acids, and gel particles, with reported
thicknesses of between 20 and 150 um.*** A third study
reported the apparent sampling thickness of the SML of 50 +
10 um.”>*® Despite the inconsistency, however, it is well
established that both water-soluble and insoluble surfactants
partition to the air—water interface of the SML, which can alter
the hydrodynamic properties of the interface by forming a
physical—chemical barrier.”'**” In this regard, the degree of
the organic enrichment and surfactant packing to form surface
films could be understood by measuring the surface tension.
Laboratory and field measurements show that the SML surface
tension can be si%niﬁcantly reduced with the formation of the
surface films.”'”*%** The surface tension of the SML was also
shown to be sensitive to changes in the production flux, size,
and residence time of air bubbles.**%' Hence, it will be
especially imperative to develop experimental approaches that
enable measurements of the surface tension of SML and SML-
related model systems at the topmost interfacial layer where a
relatively high concentration of surface-active compounds and
the presence of surface films are expected.'®*>**

There are several experimental methods available that can
measure the surface tension of liquid systems of varying
thicknesses and volumes.*>™° For example, the surface tension
of microsized droplets (1—4 pL) can be quantified with optical
tweezers, which trap a suspended droplet and measure the
backscattered Raman signal to quantify the droplet surface
tension.”® Another method is the microfluidic device which
uses high-speed imaging of immiscible droplets (40—150 ym)
to collect optical images, and the data are related to the droplet
interfacial tension using the Taylor plots.”” Additionally, the
surface tension can be quantified using the pendant drop
method which captures images of the hanging droplet’s
curvature (5—20 puL) to determine the balance of forces
between the capillary tube and the droplet and quantify the
surface tension.””*>*' Finally, the force tensiometer which
includes a Du Noily tensiometer and Wilhelmy plate
techniques is a conventional macroscopic method commonly
used to measure the surface tension of bulk liquids (ca. 10 mL
and approximately 1—10 mm in probing depth into the air—
liquid interface).***>*>**™** In these force tensiometer
methods, a platinum ring, a metal plate, or a cylindrical wire
is used to probe the liquid—air interface and measure the
retraction force required to break away from the interface,
which is used to quantify the surface tension. Nevertheless,
none of these experimental techniques allow for the localized
measurement of surface tension on the tens to hundreds of
nanometers thick interfaces. Therefore, this constraint limits
the applicability of these techniques to accurate measurements
of the SML'’s surface tension at the topmost interfacial layer
where thin surfactant multilayers are expected. Recently,
however, an atomic force microscope (AFM) was used to
directly quantify the surface tension of liquid droplets. A
custom-made AFM constant-diameter nanoneedle probe was
able to indent the liquid droplet with controlled indentation
depths of tens to hundreds of nanometers. The maximum
retention force as the probe moved away from the liquid
interface was measured to quantify the surface tension of the
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liquid.**~*" This was shown to be widely applicable to different
liquid samples, from substrate-deoposited individual submi-
crometer droplets and SSA**7***C to ijonic liquids.***"**
Herein, the AFM-based surface tension methodology is
further developed to study the aqueous liquid—air interfaces of
macroscopic droplets with volumes on the order of 200 uL.
The study was conducted under ambient temperature and
pressure by probing the liquid droplet systems with controlled
indentation depths ranging from 0.3 to 1.2 ym to measure the
maximum retention force. To minimize the liquid evaporation,
the study was conducted in a custom-made sealed humidity
cell. To confirm the reliability and accuracy of the approach, a
relatively simple surface-active system was chosen. Specifically,
the surface tension of hexanoic acid from 0.1 to 80 mM was
measured and compared with the surface tension measure-
ments from the bulk force tensiometer. In addition, SML was
collected from a sealed wave-simulation channel facility
containing filtered seawater from the southern coast of
California in 2019. The surface tension of the SML measured
with the AFM showed a statistically significant reduction
relative to the bulk tensiometer value. We hypothesize that the
difference is due to the AFM’s superior sensitivity in detecting
the ordering of the surfactant multilayers on the interface.

B EXPERIMENTAL SECTION

Bulk Solutions of Hexanoic Acid and Sea Surface Micro-
layer Samples. Hexanoic acid was purchased from Sigma-Aldrich
and used without additional purification. It was dissolved in an
ultrapure water (18 MQ-cm) to generate aqueous bulk solutions with
molar concentrations ranging from 0.1 to 80 mM. A sea surface
microlayer (SML) sample was collected from a wave-simulation
channel facility which contained filtered seawater collected from the
southern coast of California during the summer of 2019. The filtered
seawater was obtained by first passing the collected seawater through
an aluminum screen to remove large marine detritus (e.g., seaweed)
and then through a precleaned Nitex nylon 50 ym mesh to remove
larger particulates and zooplankton. A phytoplankton bloom in the
wave-simulation channel was induced by adding nutrients following
similar experimental approaches as in the previous wave-flume
studies.">> A glass plate sampling method was utilized to collect
the SML samples over the course of the bloom lifetime as reported
previously.”>** Briefly, a glass plate (30 cm X 40 cm) was lowered by
hand at a rate of S to 6 cm/s into the wave-simulation channel
containing the filtered seawater until approximately 30 cm of the plate
was submerged, and then it was withdrawn at approximately the same
rate. After being withdrawn, the glass plate was suspended in air for
approximately 20 s to allow excess seawater to drain off, and then the
glass plate was scraped with a Teflon scraper to collect the remainder
of adsorbed liquid.>*"° Previous studies have shown that this
approach is expected to _Syigld an SML sample thickness of
approximately 50 um.'®***7%7 The collected SML sample was
stored under freezing temperature conditions. The same SML stock
sample was utilized to perform both the tensiometer and AFM surface
tension measurements.

Bulk Surface Tension Measurements. Bulk surface tension
measurements were performed on the aqueous hexanoic acid
solutions and SML samples (ca. 6 mL) using a Kibron AquaPi
force tensiometer (Kibron, Finland) with the Du Noiiy-Padday
method (macroneedle diameter of approximately 0.5 mm).**’ The
measurements have been Ereviously described in detail and only
briefly summarized here.*** The tensiometer was calibrated using
ultrapure water before and after each experiment, and the dyne probe
was cleaned with ethanol and water and torched with a flame between
measurements.*>** The surface tension of bulk solutions was
measured as a function of increasing hexanoic acid solute
concentrations. The surface tension of the SML sample was measured
without further dilutions. At least three repeated measurements were

https://dx.doi.org/10.1021/acs.langmuir.0c03507
Langmuir 2021, 37, 2457—-2465


pubs.acs.org/Langmuir?ref=pdf
https://dx.doi.org/10.1021/acs.langmuir.0c03507?ref=pdf

Langmuir

pubs.acs.org/Langmuir

performed for each liquid sample, with the bulk surface tension value
reported as a mean value with one standard deviation.

AFM Surface Tension Measurements on the Droplets.
Molecular force probe 3D AFM (Asylum Research, Santa Barbara,
CA) was used in contact mode for all force spectroscopy
measurements at ambient temperature (25 °C) and pressure."”* A
custom-made sealed humidity cell was used to provide a sealed
environment to minimize the evaporation of the liquid droplet.**’
All AFM experiments were performed at ~50% relative humidity.
High aspect ratio, constant-diameter Ag,Ga nanoneedles (NN-HAR-
FM60, Nauga Needles) with a nominal spring constant of 2.7—3.3 N/
m and a radius of 25—100 nm were used for surface tension
measurements.***>*’ The radius of the nanoneedle was calibrated by
performing force measurements on a reference ultrapure water droplet
with known surface tension (72.0 mN/m at 25 °C).*® The resultant
value was also compared with a scanning electron microscopy image
of each nanoneedle. The nanoneedle radius calibration was repeated
both before and after each measurement to ensure no significant
change in the probe radius. If the calibrated radius of the nanoneedle
differed by more than 10% before and after each AFM experiment,
then the data were discarded and the experiment was repeated with a
new nanoneedle.**

A droplet containing aqueous hexanoic acid solution at various
concentrations and a droplet of SML were placed on a silicon wafer
substrate inside the sealed humidity cell.** Each droplet had a typical
diameter of 5—7 mm and a height of 2 to 3 mm. Force measurements
were collected over the approximate center of the droplet with a 1 Hz
scan rate. Upon indenting the nanoneedle several hundred nanome-
ters into the air—liquid interface, the nanoneedle movement was
paused within the droplet for 1 to 2 s of dwell time. The nanoneedle
was then retracted away from the droplet with a constant pulling rate
of 2 um/s. For each force plot, the maximum retention force was
measured and used to quantify the surface tension of the droplet using
a previously reported method.**’ At least five consecutive force plots
were collected for each sample. AFM surface tension data is reported
as the mean value, and error bars correspond to one standard
deviation.

B RESULTS AND DISCUSSION

Calibration of the AFM Nanoneedle Radius. A
constant-radius Ag,Ga nanoneedle was used to probe the
liquid droplet surface tension using the AFM. For each
nanoneedle used, a calibration step was performed to
accurately determine the nanoneedle radius, R, oneedie- First,
scanning electron microscopy (SEM) micrographs of the
nanoneedle were obtained (Figure 1A, SEM-estimated nano-
needle radius of 120 + 30 nm for this particular AFM
probe).”” The reported uncertainty of the radius is due to the
limited spatial resolution of the SEM.* Second, to more
accurately calibrate the nanoneedle radius, contact mode AFM
force spectroscopy was performed on an ultrapure water
droplet which has a known surface tension value at a given
temperature (72.0 mN/m at 25 °C).>® Figure 1B shows the
representative force profile where the interaction forces
between the nanoneedle and the ultrapure water droplet
surface were measured as a function of the tip—sample
separation, otherwise known as the distance between the
nanoneedle apex and droplet surface.”> The y axis shows the
measured force divided by the circumference of the nano-
needle apex. Positions A—F correspond to the changing
nanoneedle vertical position relative to the droplet surface.
Upon approach from position A approximately 2 pm away
from the droplet surface, the nanoneedle is pulled into the
droplet surface by the meniscus formed between the
nanoneedle and the surface (position A to B). Then, the
nanoneedle indents the droplet, followed by dwelling (or no
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Figure 1. (A) SEM image of a constant-diameter Ag,Ga nanoneedle
with the SEM-determined tip radius of R,,,oneedie = 120 # 30 nm. (B)
Representative force divided by the corresponding tip circumference
versus the tip—sample separation profile collected over an
approximate center on an ultrapure water droplet. The red line
corresponds to the nanoneedle approaching the droplet surface, the
purple line is the dwell in contact within the droplet, and the blue line
is the nanoneedle retracting away from the droplet surface. Symbols
A—F correspond to the changing nanoneedle vertical position relative
to the droplet surface.

dwelling) inside the droplet (position C). The dwell refers to
maintaining a constant, fixed nanoneedle position within the
droplet for a specific time (1 to 2 s in this study). The
nanoneedle then retracts away from the droplet (position D).
This maximum retention force (F,,) corresponds to the force
between the nanoneedle and the droplet meniscus when the
contact angle approaches zero (position E).*> Further
retraction of the nanoneedle away from the droplet surface
results in rupturing of the meniscus, and the nanoneedle
returns to its original position (position F). The maximum
retention force can be related to the surface tension of the
droplet using eq 1,"*

E, = 2nR

ret

(1)

where o is the surface tension of the liquid droplet at a given
solute concentration, relative humidity, and temperature. In
the aforementioned example, the radius of the nanoneedle is
measured to be R, oneeqie = 120 £+ 1 nm, which is in excellent
agreement with the benchmark radius value of 120 + 30 nm
obtained using the SEM. The measured radius of the
nanoneedle was then utilized to quantify the surface tension
of liquid droplet samples.

nanoneedle®
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Figure 2. (A) Representative consecutive force divided by the
corresponding tip circumference versus tip—sample separation
distance profiles (1—3) collected on an ultrapure water droplet
without a dwell time. (B) Representative consecutive force versus
tip—sample separation distance profiles (1—3) collected on an
ultrapure water droplet with a 1 s dwell time.

To ensure that the repeated consecutive force measurements
are reproducible, we experimentally determined the ideal dwell
time in this study (Figure 2). Note that the dwell time should
be varied depending on the liquid sample’s volume, viscosity,
and composition. In the absence of the dwell time, the
maximum retention force measured over an ultrapure water
droplet for the initial measurement (force plot 1) exhibited a
decreasing trend in the measured force with each consecutive
measurement (Figure 2A). This indicates that the dwell time
may be necessary in order to measure accurate and consistent
retention forces for the liquid droplet. On the other hand,
utilizing a 1 s dwell time resulted in closer overlap and more
consistent maximum retention force measurements over
repeated measurements (Figure 2B). This is likely due to the
time required for the interfacial molecules, meniscus, and
probe to reach the full equilibrium state. Subsequent surface
tension data were obtained using the same dwell time.

Surface Tension Measurements on the Bulk Sol-
utions and Droplets. All AFM measurements were
conducted at ambient temperature (25 °C) in a sealed
humidity cell (~50% relative humidity) containing a hexanoic
acid droplet placed on a silicon wafer substrate. Figure 3A—F
shows illustrative force profiles collected at an approximate
center on the droplets with selected concentrations. Since the
force plots were collected using different nanoneedles with
varying diameters, each force measurement was normalized by
the corresponding nanoneedle circumference (27R,uoncedic)
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where the radius of the nanoneedle was calibrated using
ultrapure water as described in the previous section. In all
cases, the indentation distance of the nanoneedle into the
droplet surface ranged from 0.3 to 1.2 pum. With increasing
concentration, the data show decreasing maximum retention
forces and the increasing frequency of multiple but small
rupturing events during the retraction. The increasing
frequency of multiple rupturing events is likely indicative of
the meniscus breaking events at multiple pinning points across
the nanoneedle surface (e.g, defects on the surface) as it
retracts away from the droplet surface, as reported
previously.”® In general, surface-active molecules such as
hexanoic acid preferentially partition to the air—water interface
and form (sub)mono- and multilayers, decreasing the surface
tension of the droplet.’” ®' Therefore, the increasing
frequency of multiple pinning events as the hexanoic acid
concentration increases may be indicative of the formation of
mono/multilayers at the droplet surface—nanoneedle interface.

On the basis of the measurements of the retention force for
hexanoic acid droplets at various concentrations and by using
eq 1, the AFM-based surface tension values were determined
for each concentration. The surface tension was also measured
using the force tensiometer. Figure 4 shows the comparison
between the AFM and bulk tensiometer surface tension
measurements as a function of the hexanoic acid concen-
tration. Over the entire concentration range (0.1—80 mM),
both methods report similar surface tension values despite
significantly different indentation depths. Specifically, the
typical indentation depth for the bulk tensiometer method is
1—10 mm, whereas that for the AFM it is within the range of
0.3—1.2 ﬂm.44’62 Despite these differences, however, the two
data sets of surface tension measurements overlap well. This
was expected because hexanoic acid is a relatively simple one-
component model system compared to the nascent SSA or
other systems (e.g, SML) that are composed of mixtures of
different organic and inorganic species with varying surface
activities. While hexanoic acid molecules can form mono/
multilayer surface films at the air—liquid interface, the
thickness of the film is expected to be significantly less than
the AFM probing distance used here (i.e., 0.3 um or greater).
Thus, the measured surface tension values from both methods
are expected to be similar and represent the bulk response. The
close overlap between two data sets confirms the accuracy of
the AFM-based surface tension measurements. Additionally,
because of a significantly smaller probing depth compared to
the bulk tensiometer method, the AFM-based surface tension
method is likely applicable to other aqueous liquid—air
interfaces with nano and microscale thicknesses and/or when
a limited amount of sample is available (e.g. ca. 200 uL for the
AFM and several milliliters for the bulk tensiometer).

To further test the applicability of the AFM surface tension
method on more complex systems that include multiple
surface-active and surface-inactive components, the approach
was extended to study the surface tension of the SML from the
wave-simulation channel, which was collected during the peak
of a phytoplankton bloom in seawater. During the peak bloom,
a significant number of various surfactants can be expected to
accumulate at the SML interface and form surface films,
including a complex mixture of proteins, lipids, glycopeptides—
lipid—oligosaccharide complexes, and pigments.”” Previous
studies have measured the concentration for some of these
chemical compounds in SML and reported the average and
one standard deviation concentration values for the total
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Figure 3. Representative force divided by the corresponding tip circumference versus tip—sample separation profiles (A—F) collected over the
approximate center of a hexanoic acid droplet with increasing concentration from 0.1 to 60 mM. Red, purple, and blue lines correspond to the

approach, dwell, and retraction from the droplet surface, respectively.
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Figure 4. Surface tension data of the hexanoic acid aqueous solution
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correspond to the surface tension measurements using the AFM and
bulk tensiometer, respectively. In most cases, the error bars (one
standard deviation) are smaller than the symbol size.
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organic carbon, dissolved combined carbohydrates, total
hydrolyzable amino acids, and free amino acids as 127 + 33
UM, 1111 + 550 nM, 770 + 359 nM, and 151 + 104 nM,
respectively.”'* Thus, the SML presents an excellent
opportunity to test the AFM surface tension method on a
highly complex multicomponent sample where a gradient in
concentration and the complex formation of the mono- and
multilayer surface film structure should be present on a
nanometer-to-micrometer length scale.”**>°

Figure 5 shows the representative force profile collected on
the SML droplet. All force profiles showed a single rupture
event without multiple pinning events, unlike that for the
hexanoic acid droplets at higher concentration. Generally, the
SML is a highly complex system with a heterogeneous mixture
of surfactants with relatively lower concentrations (in the range
of uM),” significantly lower than several mM concentrations
for hexanoic acid droplets where multiple rupture events were
observed as shown in Figure 3. On the basis of the measured
retention force and using eq 1, the AFM surface tension of the
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Figure 5. Representative force divided by the corresponding tip
circumference versus the tip—sample separation profile collected on a
SML droplet from a wave- simulation channel study.

SML was determined to be 71.1 + 0.3 mN/m, whereas the
bulk tensiometer analysis resulted in 73.6 + 0.1 mN/m. The
AFM surface tension for the SML is thus 2.5 mN/m lower
than the bulk tensiometer value. An unpaired ¢ test (P <
0.0001) confirmed a statistically significant difference between
the two measured surface tension values. It is noteworthy that
the AFM surface tension for the SML is also 0.9 mN/m lower
than that for ultrapure water (72.0 mN/m), indicating the
suppression of the surface tension consistent with the expected
presence of surfactants at the interface. We tentatively attribute
the difference between the AFM and bulk tensiometer surface
tension values to the structural and chemical complexity of
SML, differences in the probing depth for each method, and
the time scale required for the surface film to restructure
during the needle retracting away from the liquid. Compared
to the binary hexanoic acid—water model system, the SML is a
mixture of surface-active and surface-inactive chemical species
that can form surface films with a complex multilayers structure
at the SML—air interface.”*"”*” Because the probing distances
between the two methods differ by several orders of
magnitude, the AFM surface tension is likely more reflective
of the localized concentration of surfactants within 1 gm or
less from the air—liquid interface (the length scale is also
comparable to the bubble film at a bursting thickness of 10—
1000 nm), while the tensiometer result represents more of the
overall bulk volume sample response, which accounts for not
only the surfactants at the very top of the interface but also the
surface-inactive compounds from the lower layers.””** Given
that the very top SML interface largely governs the selective
transfer of various species from the SML to sea spray aerosols,
the AFM-measured localized surface tension is expected to be
a more representative value to consider in order to accurately
describe and model such transfer.”' "’

Additionally, the difference in the needle pulling rate and
surface film restructuring time scale needed to reach
equilibrium could play a role in the observed SML surface
tension variation between the AFM and bulk tensiometer
measurements. A typical time scale for forming a closely
packed surface film for the hexanoic acid—air interface is on
the order of milliseconds, while that for a more complex
multicomponent system such as SML—air is expected to be
significantly longer (e.g, seconds to minutes)."”**~°° The
restructuring time scales of the hexanoic acid and SML surface
films were determined in previous studies using the Langmuir
trough surface pressure plots and the stress relaxation
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63,65,66 . .
measurements.”>*>°® The film restructuring time for the

hexanoic acid molecules was reported to be on the order of 5
ms, while that for the SML surface films was between 5 and 25
s and in some cases as long as 30 min."**>% In the current
study, the pulling rate of the AFM nanoneedle is 2 ym/s and
the pulling rate of the macroneedle in the bulk tensiometer is
~0.4 mm/s. Thus, the timescales required to pull each needle
by 1 ym as an example would be 500 and 2.5 ms for the AFM
and force tensiometer, respectively. Therefore, if the surface
film restructuring timescale is comparable to or longer than the
timescale of the surface tension measurement, then the film
will not be able to reach the equilibrium state during needle
retraction. In this regard, the close overlap of the surface
tension values between the AFM and bulk tensiometer
approach on the hexanoic acid—water samples can be further
rationalized by the relatively short time (i.e,, milliseconds)
required for the hexanoic acid to reform the surface film,
indicating that both measurements are reflective of the liquid
in the equilibrium state.’”®* For the SML, however, the time
required to form an equilibrated surface film is much longer
(i.e., seconds), and thus the force tensiometer surface tension
measurement likely corresponds more closely to the non-
equilibrium surface film.”*%>°® In the case of AFM, a 1 to 2's
dwell time coupled with the limited (sub)microscopic
indentation depths and nanosized needle diameter likely
corresponds to the surface tension measurements of the
SML surface film—air interface that is expected to be closer to
the equilibrium state. Therefore, the AFM approach is
expected to be highly relevant to quantifying the surface
tension within a microscale liquid—air interface of liquid
samples with a complex probing-distance-dependent sublayer
structure of surface films, such as SML with comparatively low
concentrations of various surfactants.

B CONCLUSIONS

The AFM-based force measurements method with a constant-
diameter nanoneedle tip was utilized to directly quantify the
surface tension of aqueous liquid—air interfaces with (sub)-
micrometer indentation distances at ambient temperature and
pressure. The samples studied in this work consisted of
surface-active hexanoic acid aqueous solutions at various
concentrations and the SML sample collected from a wave-
simulation channel study during the peak in the phytoplankton
bloom in seawater. Ultrapure water was used as a calibration
sample to quantify the radius of the AFM nanoneedle.
Measured surface tension values on the hexanoic acid droplets
using the AFM method were in excellent agreement with the
bulk tensiometer data over the entire concentration range from
0.1 to 80 mM, thus validating the AFM method. The surface
tension results on the SML sample showed statistically
significant differences between the two methods. The differ-
ence was tentatively attributed to (sub)microscopic inden-
tation distances for the AFM method where the SML sample
can be expected to display an indentation-dependent surface
film with sublayers of surface-active species at variable
concentrations, while the tensiometer data represent the bulk
volume sample response. Our work is expected to enable a
more accurate and quantitative understanding of the surface
tension of a microscale thin liquid—air interface, particularly
those that contain a varying distribution of surface-active
compounds as a function of distance from the air—liquid
interface.
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