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Abstract

This study aimed to improve the mechanical integrity of Styrofoam membranes fabricated
from post-consumer food packaging. To this end, 3D-printing byproduct—thermoplastic
polyurethane (TPU) waste—was blended with polyimide (PI) in the membrane dope
solution. The synthesized flat-sheet upcycled membranes were evaluated via scanning
electron microscopy (SEM), water contact angle (WCA), and tensile testing, while separation
efficiency was determined through bovine serum albumin (BSA) rejection and permeation
trials. Findings indicate that incorporating TPU into the Styrofoam /PI matrix increased
tensile strength by 50%, BSA rejection by 12.4%, and permeation by 33%. Compared with
pristine Styrofoam membranes, tensile strength and BSA rejection improved by 240% and
46%, respectively. Although the blend membranes exhibited a reduction in water flux
(from 214 to 162.5 LMH /bar) due to pore contraction, they maintained high rejection rates
(~86%) for large macromolecules like PVP (1300 kDa). Furthermore, while all membranes
remained hydrophilic, hydrophobicity scaled with TPU concentration.

Keywords: Styrofoam; upcycle; membrane; TPU; plastic waste; clean water

1. Introduction

While the modern era relies heavily on the versatility and durability of plastics,
the resulting environmental toll—particularly from single-use variants—has reached a
critical threshold. Current projections suggest global plastic consumption will nearly
double from 464 million tons in 2020 to 884 million tons by 2050 [1]. Despite packaging
accounting for 40% of production, recycling rates remain dismal; over 60% of plastic
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packaging has gone unrecycled over the last sixty years, often being downcycled into
low-value materials that preclude further recovery [2,3]. Even in advanced economies,
waste volumes frequently outpace processing infrastructure [4]. Expanded polystyrene
(EPS), or Styrofoam, exemplifies this crisis. Although valued for its thermal insulation
and lightweight properties in food packaging, its 98% air composition renders transport to
recycling centers economically unviable [5]. As polystyrene production continues to scale,
there is an imperative to transition from traditional disposal toward high-value upcycling
strategies that convert EPS waste into functional materials.

Forecasts suggesting that the European Union may reach full plastic circularity by
2050 point to a future shift away from waste-to-energy models [1]. However, the regulation
of primary production [6] does not adequately address the persistent issue of secondary
microplastics [7]. The environmental hazard is particularly pronounced for Styrofoam; its
microplastic derivatives exhibit size-dependent toxicity exacerbated by UV exposure [8].
Consequently, the transformation of post-consumer waste into high-performance materials
serves as a robust environmental safeguard [9]. Upcycling thus serves a dual purpose:
it prevents the formation of toxic micro-fragments while reclaiming the economic and
functional value of the polymer matrix.

Over the last decade, polystyrene (PS) has constituted approximately 10% of global
plastic waste by weight [5]. It remains one of the most recalcitrant post-consumer polymers,
with recycling rates lagging significantly behind other plastics [10]. Currently, Styrofoam
recycling is dominated by thermal and catalytic decomposition into oil-like derivatives [11].
While some researchers have explored high-yield (80%) upcycling strategies to synthesize
acylated (PSA) and brominated (PSB) polystyrene [12], others have investigated hybrid
thermal-biodegradation pathways using Pseudomonas putida and Salmonella to produce
benzene and naphthalene [13]. Despite their potential to reduce the 30% contribution of
PS to landfill volume, these biological processes are often too time-intensive for industrial
scaling. Alternatively, circular economy models suggest blending 30% post-consumer
Styrofoam with virgin and scrap resins to maintain material quality [14]. However, chemical
modification to transform Styrofoam into value-added products offers superior potential for
functional enhancement compared with simple mechanical recycling [15]. Recent advances
have successfully repurposed Styrofoam waste into specialized adsorbents for wastewater
treatment [16], heavy metal remediation [17,18], and oil or chemical sorption [19,20].

This study sought to bolster the mechanical strength of upcycled Styrofoam waste
membranes, extending the research initiated by Sriani et al. [21] through the strategic
incorporation of 3D-printing-derived TPU waste. TPU is established in the literature as
an effective additive for enhancing the toughness, wear resistance, and thermal stabil-
ity of polymer blends [22-24]. Here, the influence of TPU concentration on membrane
structure was examined via SEM (Phenom ProX, Thermo Fisher Scientific Inc., Waltham,
MA, USA), and its impact on functional performance was quantified using tensile testing,
hydrophobicity measurements (WCA), and separation trials involving pure water flux and
protein rejection.

2. Materials and Methods
2.1. Synthesis of Styrofoam Waste Solution

The preparation of the Styrofoam dope solution followed the protocol described in
our previous work [21]. Briefly, cleaned and vacuum-dried Styrofoam containers were
shredded into small fragments. To prepare the base solutions, the shredded Styrofoam
was dissolved in N-Methyl-2-Pyrrolidone (NMP) (Merck KGaA, Darmstadt, Germany) in
six separate glass flasks to achieve a 20 wt.% concentration, with heating at 80 °C to ensure
complete dissolution. One flask was reserved as the native Styrofoam control.
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To the remaining five flasks, 6 wt.% polyimide (PI) was introduced and reheated until
a homogeneous mixture was achieved. PI was strategically chosen as the primary additive
based on prior research [21], which highlighted its ability to improve the separation per-
formance of upcycled Styrofoam matrices. Specifically, PI transforms narrow macrovoids
into rounded structures, stabilizing water flux and significantly enhancing solute rejection.
Therefore, this optimized 6 wt.% Styrofoam/PI blend served as the high-rejection base
matrix. To mitigate the membrane’s inherent mechanical fragility, recycled thermoplastic
polyurethane (TPU)—derived from 3D printing byproducts processed at 140 °C, cooled,
and pelletized—was added to the solutions at concentrations of 0, 0.25, 0.5, 0.75, and
1.0 wt.%. The mixtures were heated and continuously stirred for three hours to ensure
uniform dispersion of all additives. Finally, the homogeneous dope solutions were left to
naturally degas and cool to room temperature. Table 1 details the final membrane composi-
tions. Analytical-grade PI and NMP were supplied by Merck KGaA, Darmstadt, Germany).

Table 1. Compositions of the Styrofoam waste blend membranes.

Membrane Styrofoam (wt.%) PI (wt.%) TPU (wt.%) NMP (wt.%)
#MO 20 0 0 80
#M1 20 6 0 74
#M2 20 6 0.25 73.75
#M3 20 6 0.5 73.5
#M4 20 6 0.75 73.25
#Mb 20 6 1.0 73

2.2. Fabrication of Styrofoam Blend Membrane

The membranes were fabricated using the non-solvent-induced phase separation
(NIPS) method. The cooled dope solution was cast onto a clean glass plate at a controlled
wet thickness of 100 um using a manual casting blade (Elcometer, Manchester, UK). Imme-
diately following casting, the glass plate was immersed in a coagulation bath containing
deionized water to induce phase inversion. The resulting membranes were subsequently
stored in pure water for 24 h to ensure the complete removal of residual solvents before
further characterization. The schematic representation of the membrane preparation and
fabrication workflow is illustrated in Figure 1.

NMP TPU PI

Membrane Casting blade Pure water

solution \/ ) /
C%‘ ~ /%
N >
< % Flat sheet

v Styrofoam
NIPS process membrane

Figure 1. The fabrication process of Styrofoam waste membrane.

2.3. Permeation and Separation Test

Membrane permeation and separation performance were evaluated using a dead-end
filtration system (HP4750 Stirred Cell, Sterlitech Corp., Kent, WA, USA), consistent with
the experimental setup described in our previous study [21]. The effective filtration area of
the membrane was 14.6 cm?. To ensure a stable flux, each membrane was pre-compacted
and tested for 30 min before data collection. Filtration was driven by nitrogen gas at a
constant operating pressure of 1 bar. The mass of the permeate was continuously monitored

https:/ /doi.org/10.3390/suschem?7020027


https://doi.org/10.3390/suschem7020027

Sustain. Chem. 2026, 7,27

40f13

and recorded using a Weighing Environment Logger (AD-1687, A&D, Tokyo, Japan). The
permeation flux (J,) was subsequently calculated using the following equations:

. Q
]”_AxAt 1)
=12 @)

The volumetric flux (J,) and permeability (L) were calculated according to the fol-
lowing definitions: Q represents the permeate volume (L) collected during the sampling
interval At, A is the effective membrane area (m?), AP is the transmembrane pressure (bar).

Protein separation performance was evaluated using a dead-end filtration cell at a
constant pressure of 1 bar. A 0.1 wt.% solution of Bovine Serum Albumin (BSA, MW 65 kDa;
Himedia Laboratories Pvt. Ltd., Mumbai, India) was prepared in phosphate-buffered saline
(PBS) at pH 7.2. The resulting permeate was collected and the BSA concentration was
quantified using an N4S UV-Visible Spectrophotometer (Ningbo Hinotek Instrument Co.,
Ltd., China) at a wavelength of 280 nm. The solute rejection (SR) was determined using the
following expression:

CP
%SR = |1— =] x 100 @)

Cr

where Cp, and Cy represent the BSA concentrations in the permeate and feed solutions
(wt.%), respectively. To further evaluate the separation capacity for larger macromolecules,
an additional rejection test was conducted using a 0.1 wt.% solution of polyvinylpyrrolidone
(PVP, MW 1300 kDa; Merck & Co., Inc., Rahway, NJ, USA) in deionized water. As the
molecular weight of PVP is approximately 20 times greater than that of BSA, it served
as a representative high-molecular-weight solute to assess the size-exclusion limits of
the membranes.

2.4. Tensile Strength Testing

The mechanical properties of the upcycled membranes were evaluated through tensile
strength testing. Specimens were prepared by cutting the membranes into rectangular strips
measuring 20 mm in length and 5 mm in width. Due to the inherent fragility of the upcycled
Styrofoam matrix, which fell below the minimum force threshold of a universal testing
machine, tensile strength was quantified using a high-precision manual pull-testing device.
The peak force required to achieve specimen fracture was recorded. All measurements
were conducted at room temperature (25 °C), and the reported values represent the average
of five replicates to ensure statistical reliability.

2.5. Water Contact Angle (WNCA) Analysis

Surface wettability, a critical determinant of water permeability and fouling resistance,
was evaluated through water contact angle (WCA) measurements. To determine the static
contact angle, a 5 uL droplet of deionized water was gently deposited onto the surface of the
dried membrane using a precision micropipette. The resulting droplet profile was captured
using a high-resolution digital microscope (Dino-Lite Edge 3.0 AM73915MZTL, AnMo
Electronics, Taiwan). The contact angle was subsequently quantified using AutoCAD
2018 version software by measuring the angle at the solid-liquid interface. To ensure
experimental reproducibility and accuracy, each membrane sample was tested in triplicate,
and the results are reported as the mean values.
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3. Results and Discussion
3.1. Membrane Morphology

Scanning electron microscopy (SEM) is an essential technique for elucidating the
internal architecture and morphological transitions of polymeric membranes. Figure 2
presents the cross-sectional SEM micrographs of the raw Styrofoam and the various fab-
ricated membranes. The raw Styrofoam, shown in Figure 2a, displays a characteristic
network of interconnected hollow cells, reflecting its high air content. In contrast, the
native Styrofoam membrane (Figure 2b) exhibits a distinct asymmetric structure consisting
of a dense, spongy top layer and a supporting layer dominated by slender macrovoids.
This structural differentiation is attributed to the temperature gradient and solvent/non-
solvent exchange rate during the phase inversion process, which induces time-dependent
nucleation phenomena [25].

Figure 2. Cross-sectional SEM images: (a) Styrofoam food packaging (b) Native Styrofoam membrane
(c) Styrofoam /PI membrane (d) Styrofoam/PI/TPU membrane.

Upon the incorporation of polyimide (PI) into the dope solution, Figure 2c illustrates
the emergence of spherical inclusions within the macrovoids and pores. This additive
facilitates a morphological transformation, where elongated, narrow macrovoids evolve
into larger, more rounded void structures, consistent with previous work [21]. Furthermore,
the addition of thermoplastic polyurethane (TPU) to the EPS/PI matrix introduced distinct
layered domains in the central laminar region of the membrane (Figure 2d). These TPU-
induced domains appear to interrupt the native finger-like macrovoid architecture, resulting
in the formation of stacked laminar structures along the membrane’s midsection.

Surface imaging is a standard approach for assessing the selective layer’s morphology,
ensuring structural integrity, and qualitatively evaluating surface roughness. Figure 3
presents the SEM micrographs of the top and bottom surfaces for the native Styrofoam
and blended membranes. Following the incorporation of polyimide (PI), the top surface
exhibits distinct circular features resembling craters (Figure 3). This morphological evolu-
tion is attributed to rapid solvent evaporation and the kinetics of liquid-liquid demixing
during the phase inversion process [26]. Furthermore, the presence of multiple polymers
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with disparate solidification rates influences the phase behaviour; the rapid precipita-
tion of Styrofoam compared with PI upon non-solvent contact induces these localized
structural variations.

— 10 um — 10 um

—10 um

— 10 um

Figure 3. SEM micrographs showing the morphology of 20 wt. % Styrofoam blend membranes on
top surfaces (left) and bottom surfaces (right): (a) #MO (b) #M1 (c) #M2 (d) #M3 (e) #M4 (f) #M5.

On the bottom surfaces of the membranes (Figure 3c—f), solidified TPU domains are
clearly visible, whereas the control samples (#M0 and #M1) remain free of such material.
This localized deposition is likely governed by the differing thermal and phase inversion
properties of the polymers. Since polystyrene precipitates more rapidly than TPU, the
latter remains in the mobile phase longer, eventually solidifying on the bottom surface.
The higher viscosity and slower solidification kinetics of TPU further inhibit its migration
to the top selective layer. A similar morphological phenomenon has been documented in
PTFE/TPU blends, where SEM analysis identified the development of fibril-like structures
that scaled proportionally with additive concentration [27].
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The cross-sectional morphology provides essential qualitative insights into how the
varying polymer compositions dictate the final membrane architecture. Figure 4 illus-
trates the cross-sections of the upcycled blend membranes at multiple magnifications. In
membranes synthesized via the wet phase inversion (NIPS) method, the structure typically
bifurcates into two distinct regions: a dense, spongy top layer formed by rapid precipitation
upon contact with the non-solvent, and a sub-layer characterized by elongated, finger-like
macrovoids resulting from slower precipitation kinetics [28].

=l um

Figure 4. Cross-sectional SEM micrographs of 20 wt. % Styrofoam blended PI/TPU waste membranes
with different magnification: (a) #M0 (b) #M1 (c) #M2 (d) #M3 (e) #M4 (f) #M5.

While previous work demonstrated that adding polyimide (PI) to a Styrofoam matrix
induced the formation of mushroom-shaped structures within these macrovoids [21],
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the introduction of TPU into the Styrofoam /PI system significantly altered this trajectory.
Specifically, the emergence of stacked laminar formations effectively suppressed the vertical
growth of the finger-like features. This structural evolution is likely driven by the disparate
precipitation rates and thermodynamic affinities of the three polymer components. As the
TPU concentration increased, the basal region of the membrane exhibited an increasingly
rugged topography, eventually obscuring the original bottom surface (Figure 4c—f). This
suggests that TPU acts as a structural modifier that disrupts the typical convective flow of
solvent and non-solvent during the demixing process.

3.2. Mechanical Properties of Upcycled EPS/PI/TPU Membranes
To evaluate mechanical integrity, the membranes were air-dried and sectioned into

rectangular specimens (20 mm X 5 cm x 100 pm). Due to the inherent brittleness of the
upcycled Styrofoam matrix, the membranes exhibited negligible elongation prior to failure;
thus, the recorded values represent the tensile strength at the point of fracture. Figure 5
illustrates the breaking tensile strength of the various upcycled formulations.

0.9

0.8

0.7

0.6
0.5
0.
0.
0.
0.

0

MO M1 M2 M3 M4 M5

Figure 5. Tensile breaking strength of the upcycled membranes with increasing TPU concentration.

Tensile Strength, MPa
[S] w N

-

The native Styrofoam membrane was characterized by extreme fragility, with a
recorded breaking strength of only 0.32 MPa. While our previous research efforts
successfully enhanced rejection properties by incorporating polyimide (PI) [21] and
polyvinylpyrrolidone (PVP) [29], those membranes remained too fragile for standard-
ized tensile quantification. In this study, the introduction of thermoplastic polyurethane
(TPU) waste recovered from 3D printing byproducts significantly bolstered the structural
stability of the Styrofoam/PI matrix.

As shown in Figure 5, the breaking strength increased proportionally with TPU
concentration, reaching a peak of 0.77 MPa, more than doubling the strength of the native
membrane. TPU is well-regarded for its ability to tune the mechanical, thermal, and
physical characteristics of polymer blends, particularly through its high tensile strength
and controllable elasticity [30]. While commercial TPU flat-sheet membranes can achieve
strengths up to 29.48 [31] and nanofiber variants reach 5.61 MPa [32], the primary objective
here was the reclamation of waste materials.

The observed reinforcement is supported by SEM bottom-surface analysis (Figure 3c—f),
which indicates that TPU precipitates primarily at the basal layer and within the midsection
during phase inversion. This distribution acts as a structural scaffold, mitigating the
inherent weaknesses of the polystyrene matrix. This phenomenon aligns with findings by
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Wang et al. [33] and Mahdavi et al. [26], who demonstrated that the elastomeric properties
of TPU can substantially reinforce traditionally brittle polymers such as PES.

3.3. Surface Wettability and Contact Angle Analysis

Water contact angle (WCA) analysis was employed as a primary metric to assess the
surface hydrophilicity of the fabricated membranes, a factor that significantly influences
both water permeability and fouling propensity. Figure 6 presents the WCA measurements
for the various Styrofoam-based blend formulations.

100 o)
90 N 1

80
0 == _
60 i it
50
40
30
20
10
0

]
]
]

gle, °

Water contact an

#MO #M1 #M2 #M3 #M4 #MS

Figure 6. Water contact angle of Styrofoam/PI waste membranes with varied TPU concentration.

The pristine Styrofoam waste membrane (#M0) exhibited a WCA of 68°, aligning
with values previously reported for waste-derived Styrofoam membranes [21]. Upon the
incorporation of 6 wt.% polyimide (PI), the WCA initially decreased to 63°, suggesting a
slight enhancement in surface wettability. While a similar composition in our previous
research yielded a higher WCA of 84°, this variance is likely attributable to the inherent
chemical inconsistencies found in post-consumer waste feedstock. Trace contaminants or
varying degrees of degradation in the expanded polystyrene (EPS) can result in localized
fluctuations in surface energy; however, both values remain firmly within the hydrophilic
regime (WCA < 90°).

Conversely, the introduction of thermoplastic polyurethane (TPU) induced a pro-
gressive increase in hydrophobicity, with WCA values scaling proportionally with TPU
concentration. This trend culminated in a WCA of 91° for sample #M5 (1 wt.% TPU),
marking a transition into the semi-hydrophobic regime. This behavior is consistent with
literature, where high-concentration TPU casting solutions (12 wt.%) have been shown to
produce WCAs of approximately 83.3° [31].

This observed trend mirrors findings by Khaled et al. [34], who noted that membranes
derived from high-impact polystyrene (HIPS) waste exhibit hydrophilic to semi-hydrophilic
characteristics, unlike commercial polystyrene (PS) membranes, which are typically hy-
drophobic due to a lack of polar functional groups [35]. The discrepancy between com-
mercial PS and waste-derived EPS/HIPS likely stems from the specific additives, flame
retardants, and impurities present in post-consumer products. As evidenced by the surface
morphology in Figure 3, these residual components and the added TPU effectively alter the
membrane’s surface topography and chemical composition, thereby driving the observed
increase in hydrophobicity.
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3.4. Filtration Performance: Rejection and Permeance Analysis

Membrane performance was evaluated through protein rejection and water permeance
tests to determine the filtration characteristics of the upcycled formulations. Figure 7
illustrates the relationship between water flux and the rejection of two different molecular
weight markers: Bovine Serum Albumin (BSA, 65 kDa) and Polyvinylpyrrolidone (PVP,
1300 kDa).

<4 Waterflux s BSA-65kDa C—3PVP-1300kDa

100 250
90 %
e r— = - r=
80 200
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AL g
° 60 : 150 2
o oom s T T ] e . =
2 50 S % =it % =
o -
-2, <]
5 40 100 2
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30 =
Z
20 50
10
0 0
MO Ml M2 M3 M4 M5

Figure 7. Protein rejection and water permeance of Styrofoam blend membranes with varied TPU
concentration.

The native Styrofoam membrane (#M0) exhibited the highest water flux (214 LMH /bar)
but the lowest rejection rates (39% for BSA and 55% for PVP), indicating a highly porous but
non-selective structure with significant pore size distribution variability. The incorporation
of 6 wt.% polyimide (PI) in formulation #M1 served as the optimized base for further
modification, yielding a stabilized flux of 122 LMH /bar and improving BSA rejection to
50.9%. These results are consistent with our previous investigations into PS/PI blends [21].

The introduction of TPU waste induced a non-linear response in membrane perfor-
mance. At a low concentration of 0.25 wt.% TPU (#M2), a synergistic effect was observed:
water flux increased to 162.5 LMH/bar and BSA rejection peaked at 57.2%. This repre-
sented a 14% improvement in rejection over the #M1 base and a 44.9% increase over the
native Styrofoam. This enhancement is likely due to moderate TPU-induced structural
modifications where localized particle distributions facilitate the formation of preferential
water channels without compromising selectivity [36].

However, as TPU concentrations increased beyond 0.25 wt.% (#M3—#M5), both BSA
rejection and water permeance consistently declined, with rejection falling to 40.8% for
sample #M5. The observed decline in membrane performance can be attributed to several
interrelated factors, primarily rooted in the structural and chemical changes induced by
higher TPU concentrations. As a non-porous additive, excessive TPU tends to cause physi-
cal pore blockage by obstructing surface openings and occupying the internal finger-like
macrovoids, a phenomenon evidenced by the emergence of laminar layers in the SEM cross-
sections. Furthermore, higher TPU loading can trigger particle agglomeration, which not
only hinders separation efficiency but also restricts effective permeation pathways within
the polymer matrix [37]. This physical resistance is compounded by a greater propensity for
fouling; the increased hydrophobicity of TPU-rich domains, as confirmed by WCA analysis,

https:/ /doi.org/10.3390/suschem?7020027


https://doi.org/10.3390/suschem7020027

Sustain. Chem. 2026, 7,27

11 0f 13

likely encourages the adsorption of BSA molecules within the finer pores, resulting in
obstructive fouling that further diminishes water flux and rejection performance.

An interesting contrast was observed in the rejection of larger macromolecules. Re-
gardless of the TPU concentration, all blended membranes (#M1—#M5) maintained a high
and stable PVP rejection rate of approximately 86%. Compared with the globular, com-
pact structure of BSA, the 1300 kDa PVP molecule is substantially larger and possesses
a more flexible, extended configuration. This creates a bulkier hydrodynamic volume
that is effectively excluded by the membrane matrix via size exclusion, even when finer
pores are altered by TPU incorporation. These results confirm that while TPU modification
influences ultrafiltration-range separation (BSA), the membranes remain highly effective
for the removal of larger high-molecular-weight compounds.

4. Conclusions

This study demonstrates the successful upcycling of post-consumer Styrofoam pack-
aging and 3D-printed thermoplastic polyurethane (TPU) waste into high-performance
blend membranes using the non-solvent-induced phase separation (NIPS) technique. SEM
characterization revealed that TPU incorporation fundamentally altered the internal mem-
brane architecture, converting native finger-like macrovoids into reinforced laminar layers
within the central core. Although the unmodified Styrofoam membrane yielded the highest
water permeance, its selectivity was poor. The strategic addition of polyimide (PI) and TPU
substantially enhanced overall separation efficiency. The formulation containing 0.25 wt.%
TPU was identified as optimal, maximizing bovine serum albumin (BSA) rejection; higher
TPU concentrations degraded performance due to agglomeration and pore blockage.

The blend membranes demonstrated a consistent rejection rate of ~86% for 1300 kDa
macromolecules, confirming their viability for high-molecular-weight separations. Me-
chanically, TPU loading proportionally increased membrane robustness, achieving a peak
tensile strength of 0.78 MPa—more than double that of the native matrix—while shifting
the surface to a semi-hydrophobic state (91°). Ultimately, these findings prove that low
concentrations of TPU waste can resolve the inherent fragility of Styrofoam membranes,
providing a sustainable method for converting waste into functional filtration media.

While the dead-end filtration tests established intrinsic permeability, rejection, and
mechanical viability, this setup does not perfectly mirror industrial conditions. Furthermore,
while BSA rejection improved via pore contraction and altered wettability, the role of
electrostatic interactions remains unquantified. Future research will evaluate the optimal
0.25 wt.% TPU membrane in a cross-flow module to assess long-term stability and cake
layer mitigation. Additionally, in-depth electrokinetic studies—including pH-dependent
zeta potential measurements—will be conducted to decouple the steric and electrostatic
mechanisms driving separation.
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