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Microplastics (MPs) are pervasive environmental contaminants whose removal from water remains a
major challenge due to their small size, chemical diversity, and dynamic surface properties arising from
environmental aging/weathering. Here, we present a concept of foam-based separation method that
physically traps MPs in the foam phase using microtubular assemblies of 12-hydroxystearic acid. These
foams are stabilized by anisotropic fatty acid microtubules formed in the presence of ethanolamine,
which jam within the foam channels and suppress fluid drainage thereby enhancing MP retention
and foam stability. MPs of different sizes, polymer compositions (including polystyrene, polypropylene,
polyethylene terephthalate, and polytetrafluoroethylene), and weathered states were retained in the
foam phase without requiring chemical modification or relying on chemical interactions between the
fatty acid and MPs. Thermally induced transition of the fatty acid microtubules into nanomicelles above
the characteristic phase transition temperature (~35 °C) enables controlled foam collapse and recovery
of trapped MPs. The cumulative removal efficiency can exceed 85% through multiple foaming cycles,
matching predictions from a probabilistic retention model. This work shows that foams can provide a
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simple platform to trap MPs, thus providing a new physical-removal strategy that does not rely on the
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1. Introduction

Plastic pollution is one of the defining environmental issues of
this century. The exponential rise in plastic manufacturing
since the industrial revolution, coupled with improper disposal
practices, has led to an unprecedented pollution crisis." One
specific class of plastic pollutants currently being extensively
discussed are microplastics (MPs). MPs are plastic particles
ranging in size from” 1 to 1000 um. These micron-sized con-
taminants have been detected even in remote environments,*™
illustrating their highly dispersive transport properties® and
persistence in natural environments. MPs enter the environ-
ment as either primary MPs, which are directly released during
manufacturing or use, or secondary MPs, which result from the
breakdown of larger plastic debris due to environmental
stressors.® Regardless of entry pathway, MPs exhibit a higher
surface-to-volume ratio relative to their macroscopic counter-
parts. This elevated surface-to-volume ratio amplifies the dom-
inance of surface forces over bulk forces in governing their
interactions and behavior.® The physicochemical properties of
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MPs are dynamic and often rapidly evolve in response to
environmental stressors such as sunlight. These dynamically
changing surface properties of MPs alter their behaviors,
including transport properties, their capacity to adsorb coex-
isting pollutants,”*° and their ability to act as ice-nucleating
particles."" While the immediate impacts of MPs on environ-
mental health are still under investigation, there is a pressing
need to reduce MP pollution and develop effective methods for
their removal from the environment.

Micron-sized pollutant particles can be removed from water
using methods such as coagulation, flocculation, filtration, and
adsorption.'>"'® These techniques typically involve aggregating
or trapping the particles for easier removal. Coagulation using
molecular or ionic coagulants is a crucial step in water treat-
ment to precipitate suspended particulate matter in flocs,
which settle or are filtered out."* Another effective method is
froth flotation. This process introduces air bubbles into the
water to carry hydrophobic particles to the surface. Surfactants
are added to alter the wettability of the particulates and enable
their attachment to air bubbles, thus separating suspended
mineral particles and other hydrophobic pollutants.'>"® How-
ever, these traditional methods often rely on defined chemical
compositions of the particulate matter. For instance, coagula-
tion and flocculation depend on specific interactions between
coagulants and the surface of the particles.* In the same way,
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effectiveness of froth flotation process can vary based on the
hydrophobicity of the particles and their interaction with
surfactants.”® This reliance on surface chemistry can make it
difficult to remove a wide variety of particulate pollutants with
diverse surface chemistries, including MPs.

MPs do not always maintain the same surface properties as
their parent plastics or when they were initially manufactured.
Environmental aging processes, such as photooxidation'” and
biodegradation,'®"? significantly alter the surface characteris-
tics of MPs, making them hydrophilic and potentially less
responsive to conventional water treatment approaches. In this
article, we present a strategy to overcome these challenges by
combining froth flotation with the physical entrapment of
particulate matter in the foam phase using the microtubular
self-assembled state of fatty acid molecules. We show that this
fatty acid foam-based method does not significantly depend on
the chemical composition of the MPs, providing a more versa-
tile solution for MP removal from aqueous environments.

Fatty acid molecules consist of a hydrocarbon tail and a
carboxylic acid headgroup. The interfacial behavior and self-
assembly of these molecules in aqueous solutions depend on
their chemical structure, solution pH, and the presence of
counterions.’® > Among various fatty acids, 12-hydroxystearic
acid (12-HSA) is widely used due to its benign chemical proper-
ties and the tunability of the self-assembled structures.>® The
pairing of 12-HSA with specific organic counterions can direct
the formation of diverse assemblies, including ribbons, helices,
tubules, or micelles. In this work, we leverage the self-assembly
of 12-HSA into microtubular structures to produce ‘ultra-
stable” foams that resist collapse by preventing fluid drainage
at room temperature.>*** Upon foam formation, the anisotro-
pic geometry of 12-HSA microtubules causes them to jam
within the foam’s thin liquid channels, significantly slowing
or halting drainage of fluid from foam to bulk phase.
We demonstrate that this jammed microstructure can effi-
ciently trap and separate MPs. Furthermore, the well-
established thermally induced transition of microtubules into
nano-sized micelles offers a convenient, on-demand method to
destabilize the foam, providing a practical route for isolating
and recovering the captured MPs.>®

In this article, we present a fatty acid-based, eco-friendly
foam that utilizes 12-HSA microtubules to capture and remove
MPs from water. Previous studies have explored pollutant
removal using protein-based and Pickering foams stabilized
by colloidal or biomolecular particles;***” however, these
approaches rely on specific stabilizing agents or surface chem-
istry of the particles. In contrast, the fatty acid-based foams
presented here are stabilized solely by self-assembled micro-
tubules of 12-HSA, offering a distinct route to generate stable
foams capable of physically entrapping diverse MPs. Unlike
conventional approaches, our method does not rely on specific
particle surface chemistries for the MP removal process, making it
broadly effective for MPs subjected to various environmental
stressors. We quantify the MP retention efficiency of the foam
across multiple types of common MPs, including polyethylene,
polystyrene, polypropylene, and polytetrafluoroethylene, as well as
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MPs of different sizes and weathering stages. Therefore, physical
entrapment of MP in foams could form a basis for new, more
efficient MP removal methods.

2. Results and discussion
2.1. Model fatty acid, counterions, and microplastics

Fatty acids are excellent foaming agents due to their emulsify-
ing and surface tension-reducing properties. We selected 12-
HSA as a model fatty acid due to its three key attributes:*®
(1) environmentally benign nature; (2) ability to self-assemble
into diverse supramolecular structures, such as nanomicelles
and microtubules, depending on the choice of counterion; and
(3) reversible transition between nanomicellar and microtubu-
lar states near 35 °C. The structural tunability of 12-HSA makes
it a promising material for MP removal applications. We use
small-angle X-ray scattering (SAXS) to characterize the self-
assembled morphologies of 12-HSA (10 mg mL ™", TCI, >75%
purity) in aqueous solutions containing either ethanolamine
(Sigma-Aldrich, >98% purity) or choline (Sigma-Aldrich, 46%
in water) as counterions at fatty acid to counterion molar ratio
(R) of 0.5. The SAXS measurements were carried out on the
Xenocs Xeuss 3.0 SAXS/WAXS instrument at Oak Ridge National
Laboratory. Samples were placed in 2 mm glass capillaries and
measured for 30 minutes. Empty cell scattering was subtracted
from sample scattering curves.

SAXS profiles of 12-HSA with ethanolamine show distinct
Bragg peaks at momentum transfers ¢ ~ 0.02 A™* and 0.04 A™*
(Fig. 1a). The Bragg peaks are the signature of the ordered
domains of 12-HSA with interlamellar spacing of 31.4 nm (2n/q)
within the microtubule. This separation corresponds to one
lipid bilayer plus one water layer, as reported previously.>® The
microtubules are also observed in the optical microscope image
(Fig. 1a, inset), further confirming their formation using etha-
nolamine as the counterion. In contrast, no Bragg peaks were
observed for 12-HSA solution prepared using choline as the
counterion, suggesting the formation of nanomicelles which
remain undetectable by optical microscopy (not shown). The
formation of nanomicelles at room temperature with choline at
R = 0.5 agrees with previous reports.*’

The counterions partially immobilize near the deprotonated
carboxylate headgroups of 12-HSA, thereby modulating inter-
molecular interactions and tuning the effective packing para-
meter that governs the resulting supramolecular structure.*'
Choline, with its large and sterically hindered quaternary
ammonium structure, disrupts tight molecular packing of 12-
HSA and promotes the formation of nanomicelles. In contrast,
ethanolamine being smaller and less hindered facilitates the
formation of extended bilayer structures of 12-HSA. These
bilayers, organized with alternating layers of 12-HSA and aqu-
eous counterions, undergo spontaneous twisting due to the
chirality at the 12th carbon, ultimately yielding multilamellar
microtubes.?” These microtubules exhibit high aspect ratios
and structural rigidity, which significantly enhance stability of
foam formed by its solution. In the foam phase, the microtubules

This journal is © The Royal Society of Chemistry 2025
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Fig. 1 (a) Small-angle X-ray scattering (SAXS) intensity profile for aqueous
solution of 10 mg mL™! 12-HSA with choline (red line) and ethanolamine
(blue line) as counterions at fatty acid to counterion molar ratio R = 0.5
and 25 °C. The Bragg peaks at 0.02 A~ and 0.04 A~ for 12-HSA with
ethanolamine are the signature of the multilamellar structure of the
microtubules, which are absent for the nanomicelles formed with choline.
The schematics of the nanomicelles and microtubule structures shown
under the SAXS data are not drawn to scale. (b) and (c) Scanning electron
micrograph (SEM) and optical microscope image of the polyethylene (PE)
particles used as model MPs in the study. The model PE MPs were
spherical in shape, nearly neutrally buoyant, and pre-dyed with blue color
for improved visualization. (d)-(g) Schematic representation and optical
microscope images of foams formed by 12-HSA in their (d) and (e)
nanomicellar and (f) and (g) microtubular self-assembled states. (d) and
(e) PE MPs drain out from the foam to bulk solution for 12-HSA in
nanomicellar form at room temperature (choline as counterion). (f) and
(9) Microtubular form of 12-HSA (ethanolamine as counterion) shows
effective trapping of the MPs in the foam phase.

act as physical barriers to liquid drainage, thereby suppressing
foam collapse.>'**** We aim to leverage this stability mechanism
of the 12-HSA foams to physically trap and retain MPs within the
foam phase.

To systematically evaluate the effectiveness of 12-HSA based
foams for MP removal, we first used polyethylene (PE) micro-
spheres as a model system. PE was chosen due to its high
environmental prevalence, accounting for approximately 11-
32% (by number) of MPs reported in aquatic environments.*
Commercially available spherical PE particles (Cospheric LLC)
with an average diameter of ~65 pm were selected for these
experiments (Fig. 1b, ¢, and Fig. S1). These particles were dyed
blue to facilitate visual tracking and engineered to be nearly
neutrally buoyant in water, with a mass density ~1.0 g cm ™.
The use of such well-characterized and uniform particles as
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model MPs enabled precise quantification of their removal
efficiency using fatty acid foams. Beyond the PE microsphere
model system, we also assessed the broader applicability of our
foam-based separation strategy by testing MPs generated
through mechanical abrasion of commonly used macroplastics
with different chemistries, including polystyrene, polypropy-
lene, polyethylene terephthalate, and polytetrafluoroethylene.

2.2. Microplastic retention in aqueous foams

The self-assembled state of fatty acids governs MP capture and
retention in the foam phase. We compared MP retention in
foam phase formed by the solutions of 10 mg mL ™" 12-HSA
with either ethanolamine or choline as counterion at R = 0.5.
This molar ratio was chosen based on previous findings
demonstrating that 12-HSA with ethanolamine at R = 0.5 yields
ultra-stable foams.** In our experiments, 1.5 mg of spherical PE
MPs were introduced into 1 mL of a 10 mg mL ' 12-HSA
solution prepared using either choline or ethanolamine coun-
terions. Subsequently, the foam was generated by vigorous
shaking. Immediately after foam generation, MPs partitioned
between the foam phase and the underlying bulk solution. The
retention of MPs within the foam phase was enabled by the
structural characteristics of the self-assembled state of 12-HSA
in the thin liquid channels separating the foam bubbles. These
self-assembled structures can increase foam stability and
reduce liquid drainage kinetics, supporting MP retention
within the foam. The distribution and partition of MPs among
the foam and bulk phases were observed using optical imaging
and quantified by subsequent image analysis using ImageJ
(discussed below).*®

In foams formed by 12-HSA with choline, MPs readily drain
back into the bulk phase depleting the MPs in the foam phase.
This was confirmed by microscope imaging, where no signifi-
cant MPs were present in the foam channels (Fig. 1d and e).
Conversely, the MPs were retained and trapped in the foam
formed by 12-HSA with ethanolamine, where significant
amounts of MPs (blue) appeared in the liquid channels
between the bubbles (Fig. 1f and g). To quantify the degree of
retention of MPs in the foam phase, we placed the vigorously
shaken solution in a rectangular cuvette of dimensions 1 cm X
1 cm x 10 cm and monitored the change in the concentration
of MPs in bulk phase over 280 minutes (Fig. 2a-c). We used
Image] to determine the change in the number density of MP
particles in the bulk solution with observation time (see SI). The
MP retention efficiency of the foam is calculated as

w) x 100 (1)

Retention efficiency, RE(7) = (
0

where ¢ is the time elapsed since shaking, N, and N respectively
are the number density of MPs (per unit area) in the bulk
solution prior to the foam formation and after time ¢ of foam
formation. The values of N, and N are measured in a 40 mm?
area immediately below foam-bulk interface. Note that N is the
function of ¢ and directly quantifies the number of MPs drained
or “re-entering” bulk solution from the foam phase. Hence the
value of N, — N(t) is the semi-quantitative measure of the MPs
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Fig. 2 (a) Schematic representing the experimental setup for semi-
quantitative determination of the MP drainage to bulk and thus allowing
the estimation of the MP retention efficiency of 12-HSA foam. (b) and (c)
Image sequences taken near the foam-bulk solution interface for 12-HSA
forming nanomicelles (b) and microtubules (c). The larger number density
of MPs in the case of nanomicelle foam indicates the draining and re-
entering of MPs into bulk phase from the foam, whereas the MPs remain
trapped in the foam formed by 12-HSA microtubules. (d) The change in the
MP retention efficiency of foam phase after the initial foam formation in
the solutions containing only water ie., no 12-HSA (green triangles),
nanomicelles (red circles) and microtubules (blue squares) of 12-HSA.
The impact of gravity was minimized during experimentation using nearly
neutrally buoyant MPs and additionally stirring the bulk solution at low
rates (60 rpm) and thus preventing MPs from settling without significantly
disrupting the foam. The error bars represent the standard error of three
experiments. (e) Images of the foam-bulk interface at t = 0 minutes and
240 minutes for the foams formed by 12-HSA in its nanomicellar and
microtubular states. The nanomicellar foam fully collapses after 240
minutes, which is not the case for foams formed by microtubules.

trapped in the foam phase and allows estimating MP retention
efficiency of the foam.

The foams formed by 12-HSA in its microtubular state show
efficient retention of MPs. The changes in the MP retention
efficiency in the region below the foam-bulk solution interface
for 12-HSA in nanomicellar and microtubular states is shown in
Fig. 2d. We find that immediately after vigorous shaking of the
solution, i.e., t = 0 minutes, the MP retention efficiency of foams
formed by microtubules is 60-70%, whereas for nanomicellar
foam it is 40-50% (Fig. 2d). After ¢ = 280 min, the MP retention
capacity decreases to ~5% and ~55% respectively for nano-
micellar and microtubular foams. The observed decline in MP
retention efficiency with time reflects the gradual drainage of
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MPs from the foam into the bulk solution. The microtubular
foam exhibits a slower and less pronounced decrease in MP
retention efficiency compared to the nanomicelles. This beha-
vior is attributed to higher degree of foam stability and the
physical resistance to the fluid drainage from the narrow
channels between the bubbles in the presence of microtubules
in the foam. The small-sized nanomicelles formed by 12-HSA
using choline as counterion do not provide any physical barrier
against the draining fluid and subsequent thin-film collapse.
Conversely, the 12-HSA with ethanolamine as counterion forms
larger microtubules that create a more stable foam matrix.>*
These microtubules trap and retain MPs within the foam,
limiting their mobility and preventing them from escaping into
the bulk phase. Note that no foam is formed in the absence of
12-HSA, hence the MP retention efficiency for water remains
0% throughout the experimental period (Fig. 2d).

The above experiments show the proof-of-concept of using
microtubule-stabilized foams to retain MPs in the foam phase,
but two immediate and obvious issues with the method are:
(1) mere partitioning of the MP into the foam phase and not
removal; and (2) suboptimal MP retention with maximum MP
retention efficiency of 50-60% (after 15 minutes). To address
both these challenges, we use the thermoresponsive nature of
the 12-HSA microtubules formed with ethanolamine, which
allows separating and isolating MPs from the foam, as well as
improving the MP removal via multi-cycle process (discussed
below).

2.3. Isolating microplastics from foam and enhancing
retention efficiency

The MPs can be effectively isolated by first separating the
microtubular foam with trapped MPs from the bulk liquid
and subsequently destabilizing the foam on demand via heat-
ing. The microtubules formed by 12-HSA using the ethanola-
mine counterion show thermoresponsive behavior, undergoing
a reversible transition from the microtubular state at 25 °C to
nanomicellar states above a characteristic phase transition
temperature of ~35 °C, as confirmed by optical microscopy
(Fig. 3a). This transition is driven by thermal disruption of
hydrogen bonding and other non-covalent interactions stabiliz-
ing the microtubular state.>”*® At elevated temperatures, nano-
micelles represent a thermodynamically preferred state due to
reduced anisotropic intermolecular forces. To highlight the
utility of this thermally induced phase transition for MP
separation, we first prepared a foam using a 10 mg mL ™'
12-HSA solution with ethanolamine at R = 0.5 and introduced
PE MPs at a concentration of 1.5 mg mL ™. After the MPs were
retained in the microtubular foam phase, the foam was care-
fully separated and transferred into an empty rectangular
quartz cuvette (Fig. 3b). To release the trapped MPs, the foam
phase is destabilized by heating the cuvette to temperatures
above 35 °C, which induces a microtubule-to-nanomicelle
transition. Infrared imaging confirmed a gradual increase in
temperature of the foam (Fig. 3c), which coincided with pro-
gressive foam collapse. This thermoresponsive behavior of the
microtubules enhances MP removal efficiency and enables

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) Optical microscope images showing the phase transition of 12-HSA microtubules to hanomicelles upon increasing the temperature of the
solution above the critical value of 35 °C. (b) Images showing the foam phase with retained microplastics separated from the bulk solution, transferred to
a cuvette and placed on a heating plate. The addition of heat induces the microtubule to nanomicelle transition, leading to foam deconstruction and thus
releasing MPs in the liquid phase. The gradual release of MPs coinciding with this phase transition is shown in the insets below the corresponding cuvette.
(c) Infrared images of the cuvette showing the gradual change in temperature across the cuvette, leading to the release of retained MPs. (d) The change in
the MP retention efficiency of microtubular foam through multiple foam cycles. Here the foam was removed after 15 minutes of equilibration, and the
remaining liquid bulk phase was again shaken vigorously to produce foam for the subsequent cycle. The MP retention efficiency reported here is the
cumulative value of multiple foaming and separation cycles. The squares represent the experimental data, and the dashed line represents the cumulative
retention efficiency predicted based on single-cycle retention probability.

isolation of the MPs by cycling the foams through microtubular
and nanomicelle states corresponding to MP retention and
release steps.

MP removal is further enhanced upon implementing a
multi-cycle foaming process (Fig. 3d). The experimental setup
followed the same protocol described above and was applied
exclusively to the microtubular foams of 12-HSA, given its
superior MP retention efficiency compared to the nanomicelles.
Each foaming cycle consisted of three steps: (1) vigorous
shaking to generate the foam from water; (2) allowing the foam
to equilibrate for 15 minutes; and (3) isolating the foam and
transferring it to a clean cuvette (Fig. 3d inset). Successive foam
cycles progressively increased the cumulative MP removal from
the bulk suspension (Fig. 3d). We observed that the total MP
retention efficiency (cumulative) improved with each cycle,
reaching a maximum of ~85%. This value is comparable to
removal efficiencies reported in water treatment facilities
employing methods such as coagulation or filtration.>**°
Assuming the retention efficiency remains constant across
cycles and using basic probability theory, the cumulative MP
retention efficiency after n foaming cycles can be expressed as
RE, = (RE,)", where RE, is the retention efficiency of a single
cycle. This probabilistic model (dashed line in Fig. 3d) comple-
ments the experimental trend and could enable reasonable
prediction of total MP removal over multiple foam cycles. Note
that the assumption of constant single-cycle efficiency is a
fundamental limitation of the model, which could vary cycle
to cycle under practical conditions. Importantly, the MP removal
mechanism using microtubular foams is primarily physical,

This journal is © The Royal Society of Chemistry 2025

rather than chemical. Hence, our approach will allow trapping
MPs irrespective of their surface chemistry. To demonstrate the
robustness of this mechanism, we evaluated MP retention
efficiency of PE MPs of smaller size and dissimilar surface
chemistry altered by the weathering/photooxidation of the MPs.

2.4. Effects of weathered state and size of microplastic

Current MP removal strategies often depend on particle surface
chemistry, leveraging hydrophobicity, charge, or specific
chemical affinities to achieve effective separation.'*'®*!
However, such approaches face limitations due to the dynamic
and heterogeneous nature of MP surfaces in the environment.
While most pristine plastics are inherently hydrophobic, pro-
longed exposure of MPs to sunlight and oxygen in the environ-
ment can lead to their photooxidation, introducing polar
functional groups such as carboxyl on the surface.*>** This
transformation due to environmental weathering increases the
hydrophilicity of MPs and alter their surface interactions and
adsorption behaviors.”’” To assess the robustness and surface
chemistry independence of our microtubule foam-based MP
removal method, we performed controlled photooxidation of
polyethylene PE MPs followed by foam separation experiments
at different weathering stages. Photooxidation is a dominant
environmental aging mechanism for polyolefins such as PE
and is known to increase surface wettability through oxidative
modification."”** To simulate this effect under controlled
conditions, we subjected PE MPs artificial aging in a QUV
chamber (Q-Lab Corp.) following ASTM standard D5071.
In a typical experiment, 100 mg of MPs were dispersed over

Soft Matter, 2025, 21, 8771-8780 | 8775
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the air-water interface of 100 mL deionized water in cleaned
glass containers, forming a monolayer configuration. These
containers were then exposed to UV light generated from a
xenon arc lamp with an irradiance of 0.35 W m™ 2. Before
encountering the MPs, the UV light passes through a 340 nm
wavelength filter, which yields conditions comparable to nat-
ural sunlight. The artificial aging chamber temperature was
maintained at 63 °C via air cooling to accelerate and simulate
the environmental photooxidation process.** Note that in this
article we refer to the artificial aging and accelerated weath-
ering synonymously, where one day in the weathering chamber
corresponds to approximately 10-30 days of outdoor exposure,
depending on environmental conditions and geographic
location."”

To confirm the extent of surface chemical modification i.e.,
photooxidation induced by accelerated weathering, we charac-
terized the MPs using X-ray photoelectron spectroscopy (XPS).
As early as two days of accelerated weathering, the XPS spectra
of MPs revealed a peak in the O 1s region, signaling the
formation of oxygen-containing functional groups such as
hydroxyls, carbonyls, and carboxylates due to photooxidation
(Fig. 4a). With increasing weathering duration, here 0, 2 and
10 days, the O 1s peak appears, broadens and increases in
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intensity, indicating the progressive formation of diverse oxi-
dized moieties on the MP surface. These findings are consistent
with prior studies showing that photooxidative aging intro-
duces polar groups that significantly alter surface chemistry
and interfacial properties.'”*>*® Here we investigate how the
evolution of the surface chemistry of PE MPs due to environ-
mental weathering would influence the ability of the 12-HSA
microtubular foam to retain MPs.

The MP retention efficiency of the microtubular foam remains
independent of the weathered state of PE MPs. To evaluate the
surface chemistry independence of our microtubular foam-based
MP removal method, we tested its performance using MPs
subjected to varying degrees of weathering. The 1.5 mg mL ™"
weathered PE MPs were dispersed in a 10 mg mL™' 12-HSA
solution containing ethanolamine at R = 0.5, and the foam was
generated following the protocol described earlier, and the MP
retention efficiency of foam was quantified using image analysis.
Across all weathering stages, we observed no statistically signifi-
cant change in MP retention efficiency (Fig. 4b). These results
confirm that the MP removal process is dominated by physical
entrapment within the foam structure rather than by chemical
interactions with specific surface functionalities. The micro-
tubule morphology of 12-HSA provides an efficient trap for
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Fig. 4 (a) X-ray photoelectron spectroscopy (XPS) spectra of MPs following different stages of weathering/photooxidation. With increasing weathering

time, the O 1s peak appears in the binding energy profile, highlighting the emergence of carbonyl functional groups on the MP surface. (b) Invariance of
MP retention efficiency with increasing weathering time for 65 um MPs. The bars represent the standard error of triplicate measurements. (c) Particle size
distribution obtained from image analysis of the smaller PE MPs used in the study. The frequency of the distribution was obtained by analyzing scanning
electron microscopy (SEM) images, shown in the inset. The bars represent measured data, the line represents the log-normal distribution fit, and the scale
bar in the inset represents 2 um. (d) MP retention efficiency of microtubular foam for smaller MPs (shown in (c)) with increasing weathering time. The
minimal variations in the MP retention efficiency with increasing photooxidation of MPs (weathering time) highlight the primary role of physical forces
over chemical interactions in retaining MPs in the microtubular foam phase.
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retaining MPs within the thin channels of the foam regardless
of particle wettability or oxidation state.

To assess the size-dependence of the MP retention effi-
ciency, we tested the removal of smaller PE MPs of diameter
~2 um purchased from Cospheric Inc (Fig. 4c). Particles were
introduced to the solution of 12-HSA microtubules and sub-
jected to the foaming process described previously. Because of
their smaller size, particle retention could not be calculated
through bulk imaging as done previously due to the limitations
in optically resolving individual MPs. Instead, the retention
efficiency was determined by filtration. After allowing the foam
to stabilize for 30 minutes, it was separated from the bulk
solution and filtered under vacuum to recover any retained
particles. Retention efficiency was calculated by comparing the
mass of particles recovered on the filter to the initial mass of
particles added to the system.

Despite the smaller size and higher diffusivity, a fraction of
the smaller MPs were captured and retained within the foam
phase of the 12-HSA microtubules (Fig. 4d). Although the MP
retention efficiency decreases compared to that observed for
larger MPs (Fig. 4b), the microtubular foam remains capable of
removing up to 20-40% of smaller MPs in a single cycle. The
apparent reduction in the MP removal efficiency upon reducing
the MPs size can be attributed to two factors: first, the reduced
probability of physical trapping of smaller particles within the
foam channels due to their lower inertia and higher mobility
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(reduced Reynolds number); and second, potential losses dur-
ing post-processing, particularly during filtration and washing
steps. In our protocol, MPs smaller than the pore size of the
filter membrane used (pore size ~ 0.7 pum) may pass through
and be discarded, leading to underestimation of the actual
retention. Further work is needed for precise quantification of
the concentration of removed MPs using thermogravimetric,
and/or spectroscopic methods. Regardless, the successful
removal of a substantial fraction of small MPs demonstrates
that the physical entrapment mechanism enabled by the micro-
tubular foam remains operative across a broad MP size range.
This robustness further highlights the versatility of our method
for MP remediation across a range of sizes.

2.5. Influence of microplastic chemistry

The foam-based method developed here demonstrates the
potential to be applied to a wide range of chemically and
morphologically diverse MPs. To evaluate the versatility of our
approach, we introduced a series of plastics differing in their
chemical compositions (Fig. 5). Specifically, we generated che-
mically diverse MPs from commercially available commodity
plastics commonly found in household items. These included
polypropylene (PP), polystyrene (PS), polyethylene terephthalate
(PET), and polytetrafluoroethylene (PTFE) (Fig. 5a-d). The MPs
tested in this study (PP, PE, PS, and PTFE) include several of
the most prevalent types detected in marine environments.

(e) [ Pristine

80

60

40

Retention Efficiency (%)

20

B Weathered

Polypropylene Polystyrene Polyethylene

terephthalate

Polytetra-
fluoroethylene

Fig. 5 (a)-(d) Images of MPs produced using physical abrasion of macroplastics of diverse chemistry, specifically (a) PP — polypropylene, (b) PS —
polystyrene, (c) PET — polyethylene terephthalate, and (d) PTFE — polytetrafluoroethylene (e) MP retention efficiency of the 12-HSA foam after 30 minutes
of equilibration unweathered (light blue) as well as 6-day weathered MPs (dark blue). The error bars in the plot represent the standard deviation of
triplicate measurements, indicating that MP retention efficiency is not significantly altered by weathering/photooxidation process.
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Meta-analyses have shown that low-density polymers such
as PE, PP, and PS dominate polymer types in surface waters
due to their high global production volumes and buoyancy
characteristics.*” Thus, the plastic polymers examined in this
study are broadly representative of environmentally relevant
MPs found in aquatic systems. Although PTFE is less frequently
reported in aquatic surveys, it holds environmental relevance
as persistent organic pollutant belonging to the broader per-
and polyfluoroalkyl substance (PFAS) class.® The macroscopic
plastics were mechanically abraded into microfragments,
which were then collected for analysis. Detailed information
on this mechanical transformation process is available in
our recent publication.” For these experiments, we used a
10 mg mL ™" microtubule foam solution with 1.5 mg mL™" of
each fragmented MP. The retention efficiency was determined
by removing the foam following a 30-minute cycle and quanti-
fying the fragmented plastics that remained in the bulk. Results
show that the microtubule foam can effectively remove
commodity MPs.

The retention efficiency ranged from 45% to 90% for all
plastic types, both in their pristine and six-day weathered states
(Fig. 5e). PTFE MPs exhibited slightly higher retention than
the other polymers. While PTFE is chemically distinct, the
increased retention is more plausibly linked to morphological
factors, and the mass density contrast between the MPs and the
medium, rather than surface chemistry. Note that 12-HSA is
anticipated to spontaneously adsorb onto the MP surfaces,
minimizing the influence of the MPs’ surface chemistry on
retention.? Further, PTFE fragments appeared somewhat more
anisotropic and dendritic than the other tested MPs (Fig. 5d).
The differences in mass density, and anisotropic morphology of
PTFE MPs is likely responsible for their enhanced retention.
This observation is consistent with the established knowledge
that anisotropic particles exhibit greater foam stability due to
more effective binding at the fluid-fluid interface, restricting
bubble coalescence.” However, this interpretation remains
qualitative, and further quantitative shape analysis (e.g., fractal
dimension or aspect ratio measurements) would be needed to
confirm this relationship. These observations highlight the
effectiveness of microtubule-based foams in capturing MPs in
the foam phase regardless of the MPs’ polymeric composition
or surface chemistry. This broad applicability is important
given that most commercial plastics contain a range of addi-
tives that collectively govern their physicochemical properties.
Developing MP separation methods that remain effective
regardless of the chemical design of the MPs would be espe-
cially valuable.

3. Conclusions and outlook

We report a foam-based method for microplastic (MP) removal
that relies solely on physical entrapment within a microtubular
fatty acid matrix in the foam phase. By leveraging the self-
assembly of 12-hydroxystearic acid into microtubules, we gen-
erate foams that trap MPs independent of their size, chemistry,
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or weathered state. The MP retention efficiency of the foam
is governed by the anisotropic shape of the self-assembled
tubules, which suppress drainage and promote MP capture in
the foam phase. The thermoresponsive nature of the tubules
enables on-demand foam destabilization and MP release,
allowing for straightforward recovery. Repeated foaming cycles
further increase the cumulative MP removal, consistent with
a probabilistic retention model. Our results show that this
method is broadly applicable to a wide range of plastics,
including polyethylene, polypropylene, polystyrene, polyethy-
lene terephthalate, and polytetrafluoroethylene, and is effective
even after photooxidative aging/weathering. This approach
could help in potentially circumventing the limitations of
traditional separation techniques that depend on specific sur-
face interactions, providing a generalizable and scalable route
for MP removal from aqueous systems.

Despite the conceptual advancements in this study, impor-
tant questions remain regarding the scalability and practicality
of implementing foam-based methods for MP removal in real-
world scenarios. The primary focus of this work was to show
that MPs can indeed be trapped in the foam phase, both when
nanomicelles and microtubules are present, where the MPs
remain trapped for longer times in the latter case. However,
further research is needed to address several key challenges.
These include determining how to selectively retain MPs over
other particulate matter commonly found in environmen-
tal samples, investigating the applicability of particle and
protein-based Pickering foams for MP removal,?>° under-
standing how such a foam-based process could be integrated
into existing wastewater treatment plants, and assessing the
associated operational costs to ensure commercial viability.
At larger scales, foam generation and separation could be
achieved using continuous flow systems similar to flotation or
froth fractionation units already used in waste treatment.
Although a quantitative assessment of energy demands and
operational costs was beyond the scope of this study, these
parameters will be crucial for evaluating the overall feasibility
of implementing such foam-based MP removal processes in
real-world applications. Furthermore, it is important to note
that the experiments in this study were conducted in model
aqueous systems using deionized water. In natural waters, the
presence of salts, dissolved organic matter, and colloidal
particulates could influence formation and stability by
modifying interactions within the fatty acid assemblies. Inves-
tigating how these factors affect MP retention represents an
important next step toward translating our approach to real-
world applications. While answering these questions are
beyond the scope of this proof-of-concept demonstration, they
represent critical next steps toward developing effective
and sustainable solutions to the growing challenge of MP
pollution.
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