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Abstract

The global crisis of expanded polystyrene (EPS) waste and the rising demand for afford-
able water purification technologies necessitate the development of sustainable, high-
performance filtration materials. This study reports the successful upcycling of post-
consumer Styrofoam into functional nanocomposite membranes reinforced with nano-
activated carbon (nAC). Fabricated via nonsolvent-induced phase separation (NIPS) with
nAC concentrations ranging from 0 to 0.4 wt.%, the membranes were evaluated to deter-
mine the synergistic effects of nanoparticle loading on morphology and transport phe-
nomena. Scanning electron microscopy (SEM) revealed a stable asymmetric architecture
characterized by a dense selective skin layer and a porous support structure. The inte-
gration of nAC significantly enhanced both surface hydrophilicity and structural porosity.
The 0.3 wt.% nAC loading yielded optimal results, achieving a minimum water contact
angle of 70.03◦ and a maximum porosity of 93.17%. Consequently, hydraulic permeability
reached a peak of 35.66 LMH/bar, an approximate 223% improvement over the pristine
EPS baseline. Performance evaluations utilizing Spirulina platensis as a model biomass
demonstrated an absolute rejection efficiency of 100% and a turbidity reduction to 0 NTU
across all composite variations, confirming robust size-exclusion capabilities. These find-
ings demonstrate that incorporating nAC effectively transforms recycled Styrofoam into a
high-value, sustainable filtration medium, offering a highly efficient and low-cost solution
for cyanobacteria harvesting and environmental remediation.

Keywords: nano-activated carbon; nanocomposite membrane; Styrofoam; clean water;
membrane

1. Introduction
Driven by its exceptional nutritional profile encompassing high-value proteins, the

commercial cultivation of Spirulina sp. has experienced substantial global growth. Nev-
ertheless, the overall economic feasibility of microalgal biotechnology remains severely
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constrained by downstream processing. The recovery of dilute biomass from culture broths
is inherently energy-intensive and constitutes a major fraction of total production expenses.
Furthermore, while conventional harvesting techniques like centrifugation and chemical
flocculation are ubiquitous, they present critical limitations, including prohibitive scale-up
costs and the potential for chemical contamination of the final biological product [1].

Polymeric filtration membranes offer a highly efficient alternative for this phase separa-
tion, acting as critical, thin-layer porous barriers traditionally used in seawater desalination,
industrial wastewater treatment, and biomedical processing [2]. Membrane efficacy relies
on an optimal balance of key operational parameters: hydrophilicity, pore morphology,
permeability, and solute rejection [3]. In recent years, practical studies exploring membrane-
based cyanobacteria and microalgae recovery have established ultrafiltration and microfil-
tration as state-of-the-art downstream processing techniques [4]. Current industrial and
academic applications predominantly rely on commercial polymers due to their robust
mechanical integrity and tunable pore structures. For instance, research demonstrates
that integrating activated carbon into polyethersulfone membranes successfully mitigates
typical organic transport resistance by enhancing structural interconnectivity, thereby op-
timizing pure water flux and reducing the surface contact angle [5]. In a comparable
approach, tuning the base scaffolds and electrospinning intervals of PVDF barriers allows
precise control over their morphological imbalance and interfacial drag throughout the
separation phase [6]. Alongside conventional membrane technologies, a variety of ad-
vanced filtration designs are now being applied to biomass processing, including dead-end
polyethersulfone systems specifically tailored for combined microalgae harvesting and
protein purification [7]. These approaches also encompass hollow-fiber polyvinylidene
fluoride microfiltration setups that utilize periodic backwashing to efficiently remove com-
pacted algal cakes from the membrane interface [8]. Additionally, specialized magnetically
induced membrane vibration modules have been developed to create localized turbulence
and elevated shear rates directly at the oscillatory surface; this horizontal movement suc-
cessfully mitigates severe extracellular organic fouling while minimizing overall energy
requirements [9].

However, the practical deployment of these virgin polymers is frequently hindered by
severe membrane fouling driven by the accumulation of extracellular polymeric substances
and cyanobacterial cells on the membrane surface which drastically reduces permeate
flux and increases energy consumption [10]. To mitigate this critical bottleneck, the latest
research trajectory has pivoted toward the development of mixed-matrix membranes [11].

While conventional substrates like polyethersulfone and polyvinylidene fluoride
demonstrate robust performance, their high synthesis costs represent a significant limitation
to large-scale deployment [12]. Consequently, upcycled expanded polystyrene (EPS) has
emerged as a highly compelling, cost-effective alternative [13].

EPS, commonly known as Styrofoam, is a ubiquitous polymer utilized extensively
across sectors such as food packaging and construction. Its widespread application
stems from a unique structural composition comprising approximately 95% air and 5%
polystyrene (PS) which results in an ultralight, low-density profile. Coupled with low man-
ufacturing costs, excellent thermal insulation, and inherent water resistance, EPS stands as
one of the most economically advantageous polymers globally [14].

Paradoxically, the durability and affordability that drive the industrial dominance
of EPS also fuel a profound environmental crisis. EPS waste is notoriously recalcitrant to
biodegradation, persisting in the environment for centuries and ultimately fragmenting into
ecologically devastating microplastics. Furthermore, conventional disposal and logistical
management are severely hindered by its high volume-to-weight ratio [15]. To address this
mounting ecological challenge, recent research paradigms have pivoted toward circular
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economy approaches, specifically the upcycling of EPS waste into high-value functional
materials such as filtration membranes.

Despite its economic and environmental advantages, pristine EPS-derived membranes
lag behind specialized commercial polymers in performance and remain relatively under-
explored [16]. Bridging this performance gap necessitates strategic structural modifications.
The fabrication of nanocomposite membranes via the incorporation of functional nanomate-
rials is a highly effective strategy to impart synergistic improvements, including enhanced
mechanical integrity, precise selectivity, and robust antifouling properties [17,18].

Activated carbon (AC) is a premier candidate for such enhancements, characterized
by a highly porous architecture and massive specific surface area that facilitate exceptional
adsorption [19,20]. While the integration of AC has successfully improved permeability
and fouling resistance in conventional Polysulfone [21] and PAN [22] matrices, the func-
tionalization of upcycled waste materials remains in its nascent stage. Most EPS upcycling
studies currently focus on physical consolidation, often neglecting the synergistic role of
nano-additives in structural engineering. Consequently, while nano-activated carbon (nAC)
modification is proven in virgin polymers, the precise optimization of nAC loadings within
an EPS framework specifically for cyanobacteria harvesting remains a critical knowledge
gap in the current literature.

This study addresses this critical research gap by investigating the structural and
functional evolution of recycled EPS composite membranes embedded with 50 nm nano-
activated carbon. Synthesized via the wet-phase inversion method utilizing N-methyl-2-
pyrrolidone (NMP) as the solvent, the resultant nanocomposite membranes were evaluated
for their efficacy in filtering Spirulina sp. cyanobacteria. Ultimately, this work presents a
sustainable, low-cost nanotechnology platform for simultaneous water treatment, cyanobac-
teria harvesting, and high-value EPS waste valorization.

2. Materials and Methods
2.1. Material

Post-consumer Styrofoam, sourced from discarded food packaging, was collected and
utilized as the primary polymer precursor for membrane fabrication. Nanosized activated
carbon (nAC) was procured from Nanostructured & Amorphous Materials, Inc., featuring
a particle size below 50 nm. N-methyl-2-pyrrolidone (NMP, 99.5% purity), serving as the
solvent for polymer dope formulation, was purchased from P.T. Merck Chemicals and Life
Sciences. Membrane separation performance and harvesting efficiency were evaluated
using Spirulina platensis cyanobacteria as the model filtration solute. The Spirulina platensis
strain was originally obtained from the local aquaculture. Prior to the filtration experiments,
the cyanobacterial cultures were maintained at a controlled room temperature of (28 ◦C).
The cultures were continuously illuminated using fluorescent lamps and were aerated to
ensure homogeneous growth and prevent settling. All chemical reagents were of analytical
grade and used as received without any further purification. High-purity deionized water
was employed throughout all synthesis, phase-inversion, and testing procedures.

To evaluate membrane separation performance and harvesting efficiency, the cyanobac-
terium Spirulina platensis was employed as the model filtration solute. The specific freshwa-
ter strain, BGR, was sourced from Bogor, West Java, Indonesia. Prior to the filtration experi-
ments, the cultures were cultivated in Zarrouk’s medium at a controlled room temperature
of 28 ◦C. To maintain homogeneous growth and prevent cell settling, the cyanobacteria
were continuously aerated at a rate of 0.5 L/min and illuminated with fluorescent lamps at
a constant light intensity of 3000 lux.
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2.2. Membrane Fabrication

The nanocomposite membranes were fabricated utilizing the nonsolvent-induced
phase separation (NIPS) technique, a foundational method widely consulted for manu-
facturing high-performance asymmetric polymeric membranes. This technique has been
specifically validated in recent literature as highly effective for upcycling waste expanded
polystyrene into functional filtration media [4]. The specific formulations utilized in this
study are detailed in Table 1. To ensure precise polymer dissolution and uniform distribu-
tion, 20 wt.% of the recovered EPS was dissolved in NMP under magnetic stirring at 80 ◦C
for 12 h. Subsequently, nano-activated carbon (nAC) was incorporated into the solution and
stirred continuously for an additional 12 h at 80 ◦C to prevent nanoparticle agglomeration.

Table 1. Detailed formulations of the Styrofoam/nAC dope solutions.

Membrane Code Styrofoam
(wt.%)

nAC
(wt.%)

NMP
(wt.%)

STY-nAC0 20 0 80

STY-nAC1 20 0.1 79.9

STY-nAC2 20 0.2 79.8

STY-nAC3 20 0.3 79.7

STY-nAC4 20 0.4 79.6

While empirical viscosity measurements were not performed, the rheological consis-
tency of the dope solution was ensured by maintaining a strict polymer-to-solvent ratio
(20 wt.% EPS in NMP) and a standardized dissolution protocol (12 h at 80 ◦C), ensur-
ing batch-to-batch reproducibility. The homogeneous dope solutions were cast onto a
non-woven fabric support using a mechanized film applicator with a nominal gap height
of 100 µm. To ensure immediate and uniform phase separation, the nascent films were
subjected to direct, immediate immersion into the deionized water coagulation bath, elimi-
nating intentional air exposure. This rapid immersion protocol was adopted to minimize
the evaporation of volatile components and to maintain a consistent solvent/nonsolvent
exchange rate across all membrane samples.

Following immersion (1–2 h), the membranes were rinsed thoroughly in a secondary
deionized water bath for 24 h to ensure complete removal of residual NMP solvent. To pre-
serve the intrinsic pore morphology and avoid structural deformation caused by capillary-
induced pore collapse during evaporation, membranes designated for filtration experiments
were stored in a wet state (submerged in deionized water) and used directly for testing.
Conversely, a distinct set of samples designated for SEM morphological analysis was desic-
cated in a vacuum oven at 80 ◦C for 8 h to ensure structural stability during high-vacuum
imaging. Finally, the active layer thickness was measured using digital micrometer at
randomly different points across the membrane, resulting in a measured average thickness
of 40 ± 2 µm.

The synthesized membranes were systematically designated according to their nAC
loading. The pristine EPS membrane was labeled as STY-nAC0, whereas the nanocomposite
variants containing 0.1, 0.2, 0.3, and 0.4 wt.% nAC were designated as STY-nAC1, STY-nAC2,
STY-nAC3, and STY-nAC4, respectively.

2.3. Membrane Morphology Analysis

The morphological architecture of the nanocomposite membranes encompassing pore
geometry, structural asymmetry, and surface topography was systematically characterized
to elucidate the microstructural evolution induced by nAC incorporation. These struc-
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tural attributes fundamentally dictate the permeability and selectivity of the resultant
filtration media.

Prior to morphological imaging, the membrane specimens were thermally dehydrated
in an oven at 100 ◦C for 1 h to eliminate residual moisture that could compromise vacuum
integrity or induce imaging artifacts. The desiccated samples were subsequently sectioned
into appropriate dimensions and mounted onto aluminum stubs using double-sided con-
ductive carbon tape. To mitigate electron charging phenomena and enhance topographical
resolution, the mounted specimens were sputter-coated with a nanoscale layer of osmium
to impart surface conductivity [23].

High-resolution morphological micrographs were acquired using a scanning electron
microscope (SEM) operated under high-vacuum conditions. The accelerating voltage was
carefully optimized for sensitive polymeric matrices to prevent structural degradation
during electron bombardment. To construct a comprehensive microstructural profile, imag-
ing was conducted across two distinct spatial domains for each specimen: the top active
surface and the transverse cross-section. This multidimensional imaging protocol enabled
a rigorous qualitative assessment of asymmetric layer formation, pore size distribution,
and the impact of varying nAC loadings on the structural uniformity of the EPS matrix.

2.4. Surface Hydrophilicity and Water Contact Angle Analysis

The surface hydrophilicity of the fabricated nanocomposite membranes was quantita-
tively assessed via static water contact angle (WCA) measurements employing the sessile
drop technique [23]. A 5 µL droplet of deionized water was precisely dispensed onto the
dry membrane surface using a calibrated micropipette. Immediately upon deposition, the
liquid–solid interface profiles were captured using a high-resolution digital microscope.

To account for potential localized surface heterogeneity, droplet depositions were
executed at multiple randomly selected coordinates across each membrane sample. The
resulting static contact angles were subsequently extracted from the captured micrographs
utilizing Computer-Aided Design (CAD) software (AutoCAD 2020) to ensure robust ge-
ometric accuracy. To guarantee statistical reliability and experimental reproducibility, a
minimum of three independent measurements were recorded for each membrane variant,
with the final WCA values reported as the mean ± standard deviation.

2.5. Membrane Porosity

The overall porosity of the fabricated nanocomposite membranes was quantitatively
assessed via the standard gravimetric method to elucidate the influence of nAC incor-
poration on the internal pore architecture. Prior to analysis, the membrane specimens
were submerged in high-purity deionized water for an extended duration to guarantee the
complete liquid saturation of the internal void volumes.

Once fully saturated, excess superficial moisture was carefully removed from the
membrane surfaces, and the wet mass was recorded using a high-precision analytical
balance. Subsequently, the samples were thoroughly dried to a constant mass in an oven to
determine their corresponding dry weights.

The bulk membrane porosity (ε) was then calculated using Equation (1) [23]:

ε(%) =
Ww − Wd

ρH2O × A × L
× 100 (1)

where Ww and Wd represent the wet and dry membrane weights (g), respectively; ρH2O de-
notes the density of pure water at the operating temperature (0.998 g/cm3); A corresponds
to the effective macroscopic surface area of the membrane specimen (cm2); and L indicates
the measured membrane cross-sectional thickness (cm).
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2.6. Estimation of Average Pore Size

To quantitatively assess the surface morphology, the mean pore radius (rm) was
calculated using the Guerout–Elford–Ferry model [24]. As expressed in Equation (2), this
model correlates the steady-state pure water permeation with the internal void volume
(porosity) of the membrane matrix.

rm =

√
(2.9 − 1.75ε)8ηlQ

εA∆P
(2)

In this expression, rm denotes the mean pore radius, η stands for the viscosity of the
permeating water, l represents the measured thickness of the membrane, Q corresponds to
the volumetric permeate flow rate, and ∆P defines the constant transmembrane pressure
applied during the filtration test.

2.7. Filtration Experiments
2.7.1. Pure Water Flux Test

The pure water permeation performance of the nanocomposite membranes was eval-
uated utilizing a stirred dead-end filtration cell configuration, as illustrated in Figure 1.
Prior to testing, the fabricated membranes were precisely sectioned to match the geometric
requirements of the filtration module’s active area. High-purity deionized water served
as the feed solution, and all permeation experiments were conducted isothermally at
28 ◦C. To drive fluid transport across the membrane pore network, a constant transmem-
brane pressure of 2 bar was applied using compressed nitrogen gas. Permeate generation
was monitored continuously in real-time utilizing an automated data acquisition system.
Prior to logging data for performance evaluation, each membrane specimen was sub-
jected to a 30 min pre-compaction period at the operating pressure (2 bar) to achieve
hydrodynamic equilibrium.

Figure 1. Filtration experiment using a stirred dead-end filtration cell.

Permeate generation was monitored continuously in real-time utilizing an automated
data acquisition system. The accumulated permeate was recorded gravimetrically and
subsequently converted into volumetric data based on the density of water at the operating
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temperature. The pure water volumetric flux (Jv) and the intrinsic membrane permeability
(Lp) were then quantified using Equation (3) and Equation (4) [25], respectively:

Flux(Jv)) =
Q

A × ∆t
(3)

Permeability(Lp)) =
Jv

∆P
(4)

where Jv is the volumetric flux (LMH/Bar), Q is the volume of permeate collected (L), A is
the effective membrane area (measured in square meters), ∆t is the filtration time (h), and
∆P is the applied transmembrane pressure (bar).

2.7.2. Solute Rejection and Pore Size Estimation

Solute rejection is a critical performance metric that quantifies a membrane’s capacity
to selectively retain particulate and macromolecular matter, preventing its migration into
the permeate stream. In this study, the separation efficiency of the nanocomposite mem-
branes was evaluated by their ability to harvest Spirulina platensis cyanobacteria. Given
the particulate nature of the cyanobacteria suspension, macroscopic turbidity levels quan-
tified via a calibrated turbidimeter were employed as a reliable physical proxy for the
solute concentration.

The experimental protocol commenced by determining the initial turbidity of the
raw Spirulina platensis suspension to establish the baseline feed concentration (C f ), which
was standardized at 1052 NTU. The microalgal suspension was subsequently processed
through the dead-end filtration cell, operated isothermally under a constant transmembrane
pressure of 2 bar. Following filtration through the STY-nAC membranes, the accumulated
permeate was collected, and its resulting turbidity (Cp) was analyzed to quantify the
fraction of cyanobacteria that successfully traversed the porous membrane matrix.

Beyond establishing direct harvesting efficiency, this particle rejection profile functions
as a practical, empirical proxy for elucidating the effective pore size and sieving selectivity
of the synthesized membrane networks. By analyzing the physical dimensions of the
retained versus permeated particles, the structural constraints of the membrane pores can
be reliably inferred. The overall cyanobacteria rejection efficiency (%SR) was calculated
using Equation (5) [26]:

%SR =

[
1 −

Cp

C f

]
×100 (5)

where

- C f : Turbidity of the feed solution.
- Cp: Turbidity of the permeate solution.

Generally, a membrane is classified as effective for removing suspended contaminants
if it achieves a rejection value of 80% or higher.

3. Results
3.1. Membrane Morphology

The morphological architecture of a membrane encompassing surface topography and
internal pore geometry is a fundamental determinant of its mass transport properties and
liquid separation efficacy. These structural characteristics govern the complex interfacial
dynamics between the active membrane surface and the feed solution, thereby dictating
overall permeability and solute rejection. In this study, SEM was utilized to elucidate the
microstructural evolution of the pristine expanded Styrofoam membranes following the
incorporation of nanosized activated carbon.
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Figure 2 presents the SEM micrographs illustrating the morphology and cross-section
of raw Styrofoam and the fabricated Styrofoam membranes. Based on these micrographs, a
significant transformation in the polymer matrix is observed following synthesis via the
wet-phase inversion technique, which successfully converted the dense Styrofoam into
an asymmetric membrane. This characteristic asymmetric architecture featuring a dense,
selective skin layer supported by a highly porous sublayer is highly consistent with the
thermodynamic and kinetic mechanisms of nonsolvent-induced phase separation widely
reported in the literature [27]. During phase inversion, rapid solvent/nonsolvent exchange
at the uppermost interface precipitates the dense top layer, while a delayed demixing
process in the sublayer fosters the growth of larger macrovoids [28]. This asymmetric
morphology provides an optimal balance between a high surface area and streamlined flow
paths, ultimately maximizing membrane performance in various separation applications.

Figure 2. SEM micrographs of Styrofoam before and after membrane fabrication: (a) Surface morphol-
ogy of raw Styrofoam; (b) Cross-sectional view of raw Styrofoam; (c) Top surface of the Styrofoam
membrane; (d). Cross-sectional view of the Styrofoam membrane.

The structural transformations observed across all modified membranes are governed
by the role of nAC in the NIPS process. The incorporation of hydrophilic carbon-based
nanomaterials acts as a thermodynamic instability promoter within the hydrophobic EPS
casting dope. During immersion in the coagulation bath, the hydrophilic nAC particles
tend to spontaneously migrate toward the polymer–water interface to lower the system’s
overall interfacial energy. This migration accelerates the mutual mass transfer rate between
the NMP solvent and the water nonsolvent, triggering instantaneous liquid–liquid demix-
ing. Consequently, this rapid phase separation prevents the premature densification of
the polymer matrix, allows nascent pores more time to nucleate, and fosters the devel-
opment of a more open, highly porous asymmetric structure featuring localized surface
disturbances. Furthermore, maintaining the nAC concentration strictly within the targeted
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low-concentration regime (0.1–0.4 wt.%) ensures uniform nanoparticle dispersion without
inducing detrimental particle agglomeration that could obstruct flow pathways.

3.1.1. Influence of nAC Incorporation on Surface Topography

Figure 3 specifically depicts the top surface SEM micrographs of the various tested
membrane formulations. As presented in Figure 3, the top surface of the pristine mem-
brane (0 wt.% additive) exhibits a relatively smooth morphology with fewer visible pores
compared to the modified membranes. As a direct morphological consequence of the nAC
migration mechanisms described in Section 3.1, the incorporation of the activated carbon
additive renders the top surface texture rougher with distinct crater-like depressions. Fur-
thermore, increasing the additive concentration progressively intensifies these structural
alterations, transforming the smooth matrix into a highly complex [29] and porous surface
network that is expected to enhance particle rejection capabilities [30].

Figure 3. Top surface SEM micrographs of the membranes at various additive concentrations:
(a) 0.1 wt.%, (b) 0.2 wt.%, (c) 0.3 wt.%, and (d) 0.4 wt.%.

3.1.2. Cross-Sectional Evolution

As depicted in the cross-sectional SEM micrographs in Figure 4, the membranes
incorporated with the nano-activated carbon additive do not exhibit significant structural
deviations compared to the pristine Styrofoam membrane shown in Figure 2d. All analyzed
formulations consistently maintain an asymmetric morphology, characterized by distinct
structural gradients between the top and bottom regions.

Despite the increasing concentration of the nano-activated carbon filler, no visible
agglomeration is observed within the polymer matrix. This homogeneous dispersion is
a critical achievement, as the literature frequently highlights nanoparticle agglomeration
as a major bottleneck in mixed-matrix membrane fabrication. Excessive agglomeration
typically occurs at higher filler loadings due to the high surface energy of nanoparticles,
which can create non-selective interfacial defects and obstruct flow pathways [31]. The
absence of particle clustering in our samples indicates that our targeted low-concentration
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regime (0.1–0.4 wt.%) ensures uniform distribution without disrupting the underlying pore
formation mechanisms.

 
Figure 4. Cross-sectional SEM micrographs of the membranes at various additive concentrations:
(a) 0.1 wt.%, (b) 0.2 wt.%, (c) 0.3 wt.%, and (d) 0.4 wt.%.

To provide a quantitative dimension to the morphological assessment, the overall
thickness of the membranes was systematically evaluated. The digital micrometer mea-
surements revealed a highly consistent average membrane thickness of 40 ± 2 µm across
all modified formulations, confirming that the mechanized casting protocol maintained
excellent structural uniformity. While elemental mapping via EDX was outside the scope
of the current characterization, the macroscopic dispersion of the nAC can be confidently
inferred from the combined structural and operational data. As established in the literature
for mixed-matrix membranes, severe nanoparticle agglomeration typically manifests as
macroscopic interfacial defects that physically obstruct flow pathways and drastically
compromise solute selectivity [31]. Therefore, the complete absence of visible nanoparticle
clusters or macrostructural anomalies in the cross-sectional SEM micrographs (Figure 4),
coupled with the highly predictable pure water flux trends and uniform 100% cyanobacteria
rejection efficiency, strongly demonstrates that the nAC was homogeneously distributed
throughout the EPS matrix without inducing detrimental particle agglomeration.

3.2. Water Contact Angle Analysis

Surface wettability, quantified via the Water Contact Angle (WCA), is a critical pa-
rameter that dictates a membrane’s operational performance, specifically its permeability
and fouling resistance. In the context of pressure-driven liquid filtration, a lower WCA
indicates enhanced hydrophilicity. This characteristic facilitates the formation of a stable,
protective water film on the membrane surface, thereby minimizing the thermodynamic
adhesion of hydrophobic foulants.
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The experimental WCA values for the pristine Styrofoam and Styrofoam/nAC compos-
ite membranes are presented in Figure 5. The data reveal a clear correlation between nAC
concentration and surface wettability. The pristine Styrofoam membrane (STY-nAC0) exhib-
ited the highest contact angle at 78.3◦, which is consistent with the inherently hydrophobic
nature of the polystyrene backbone. Upon the incorporation of nAC, a progressive de-
crease in the contact angle was observed, reaching a minimum of 70.03◦ for the STY-nAC3
(0.3 wt.%) membrane. This reduction represents a statistically significant improvement in
surface hydrophilicity.

Figure 5. Comparison of water contact angle (WCA) values of the fabricated membranes across
different additive loadings.

The observed enhancement in surface wettability can be attributed to two synergistic
mechanisms, namely the introduction of oxygen-containing functional groups and surface
topography alterations. First, activated carbon inherently possesses various oxygenated
functional groups, such as hydroxyl and carboxyl groups, on its surface [32]. When blended,
these hydrophilic moieties increase the overall surface free energy of the membrane matrix
and actively promote hydrogen bonding with surrounding water molecules. As observed in
the SEM analysis, the addition of nAC alters the surface roughness and induces crater-like
microstructures. According to the Wenzel wetting model, increasing the surface roughness
of an inherently hydrophilic substrate (where the intrinsic contact angle < 90) further
decreases its apparent contact angle [33]. Therefore, the crater-like microstructures induced
by the nAC migration successfully enhanced the geometric roughness of the matrix, thereby
augmenting the macroscopic affinity of the upcycled Styrofoam toward water. However, it
is notable that at a higher loading of 0.4 wt.% nAC (STY-nAC4), the downward trend in
WCA plateaued, displaying a slight fluctuation. This behavior likely signifies a saturation
threshold where the nanoparticles become completely embedded or encapsulated within
the bulk polymer matrix, or it may indicate minor surface inhomogeneities at elevated
nanofiller loadings [34]. Overall, the target loading range of 0.1–0.4 wt.% nAC successfully
transitioned the recycled Styrofoam precursor into a significantly more hydrophilic and
filtration-efficient substrate. This enhanced wettability is expected to directly correlate with
higher water flux and superior anti-fouling performance during subsequent cyanobacteria
harvesting applications [35].

To contextualize these wetting characteristics within the existing literature, the contact
angle values achieved in this study compare highly favorably with alternative upcycled
substrates used in biomass separations. For instance, in an evaluation of water filtration
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utilizing electrospun expanded polystyrene waste nanofibers, the incorporation of PVP
modified the water contact angle to 84.70◦ [13]. Similarly, previous work indicated that
modified upcycled expanded polystyrene matrices blended with 8 wt.% polyvinylpyrroli-
done exhibited a contact angle of 85◦ [15]. By comparison, the minimum WCA of 70.03◦

achieved by the STY-nAC3 formulation in this work represents a significantly more pro-
nounced hydrophilic shift. This behavior demonstrates that the strategic migration of nAC
to the active layer establishes a more energetically favorable interface for water droplet
spreading than conventional upcycled configurations.

3.3. Membrane Porosity Analysis

The calculated porosity values alongside their corresponding statistical variations are
presented with their graphical trend in Figure 6. The results indicate that the integration of
nano-activated carbon significantly modulated the internal void structure of the upcycled
Styrofoam matrix, driving a progressive increase from a baseline of 75.4% for the pristine
membrane (STY-nAC0) to a peak of 93.17% at a 0.3 wt.% loading (STY-nAC3).

Figure 6. The effect of varying additive concentrations on membrane porosity.

This quantitative evolution in bulk porosity is directly supported by the cross-sectional
SEM observations detailed in Section 3.1, which show a distinct structural shift toward
larger [36], highly elongated, finger-like macrovoids. Beyond the accelerated phase separa-
tion mechanisms driven by nAC hydrophilicity, the introduction of solid nanofillers into
the polymer matrix generates interfacial nanovoids at the polymer-filler boundaries due to
localized polymer chain packing disruptions. These micro-cavities contribute directly to
the total free volume of the membrane [37]. However, when the nAC loading is increased
to 0.4 wt.% (STY-nAC4), a minor decline in bulk porosity down to 91.9% occurs. This slight
drop aligns perfectly with the onset of nanoparticle agglomeration observed at elevated
loadings, which slightly constricts local pore channels.

The maximum gravimetric porosity of 93.17% attained by the STY-nAC3 membrane
is exceptionally high when benchmarked against both commercial and alternative com-
posite systems. For context, PES ultrafiltration membranes incorporated with PEG/Al2O3

nanoparticles exhibit internal bulk porosities ranging from 69% to 86% under standard
wet-phase inversion conditions [38]. Furthermore, even when EPS-based nanofibrous
membranes are heavily modified with hydrophilic additives such as PVP, their total in-
ternal porosity reaches a maximum of only 65.57% [10]. The substantially higher void
volume observed in our optimized STY-nAC3 matrix demonstrates that the thermody-
namic instability induced by the nAC filler within the recycled Styrofoam generates highly
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open, interconnected transport pathways that are difficult to achieve in conventional virgin
polymer matrices.

3.4. Average Pore Size Analysis

Figure 7 illustrates the effect of nano-activated carbon (nAC) loading on the aver-
age pore size of the fabricated membranes, as determined via the Guerout–Elford–Ferry
equation. The pristine upcycled Styrofoam membrane (STY-nAC0) exhibited the most
constricted pore architecture, with an average pore size of approximately 10.6 nm. Upon
the strategic incorporation of nAC, the average pore size increased significantly, expanding
to 15.1 nm for STY-nAC1 and stabilizing between 15.3 nm and 17.0 nm for the higher
loading formulations (STY-nAC2 through STY-nAC4).

Figure 7. Average pore size of the pristine and nano-activated carbon (nAC)-modified upcycled
Styrofoam membranes.

This measurable pore expansion is a direct physical result of the accelerated mass
transfer and delayed interfacial solidification mechanisms detailed in Section 3.1. To con-
textualize these structural dimensions within similar harvesting applications, standard PES
ultrafiltration membranes typically present smaller average pore sizes, varying between
3.91 nm and 11.99 nm based on the polymer concentration [10]. Additionally, PVDF mem-
branes formulated with 3 wt.% polyvinylpyrrolidone as a pore-forming agent produce an
average pore size of 0.013 µm, approaching the microfiltration threshold [8].

Crucially, while the nAC incorporation successfully enlarged the surface pores to
diminish capillary resistance against fluid flow, the maximum average pore size of approxi-
mately 17.0 nm remains strictly within the tight ultrafiltration regime. Because the physical
dimensions of Spirulina sp. cyanobacteria (typically 5–10 µm) are orders of magnitude
larger than the membrane pores, the STY-nAC composite membranes guarantee 100%
physical retention of the biomass via size-exclusion without risking cellular breakthrough.

3.5. Water Flux and Permeability Performance

Water flux, defined as the volumetric rate of solvent permeation through a membrane
per unit area and time, serves as a primary indicator of filtration efficiency. In this study,
the hydraulic performance of the Styrofoam/nAC composite membranes was evaluated
using a dead-end filtration system to elucidate the influence of nAC loading on volumetric
throughput. Crucially, to ensure a reliable baseline for practical separation, all permeation
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metrics reported herein represent the stabilized, steady-state flux captured after 30 min of
continuous pressure operation, rather than the uncompacted, initial flux.

The hydraulic permeability with the correlation between nAC loading and membrane
permeability graphically illustrated in Figure 8. The data demonstrate a significant en-
hancement in water flux upon the incorporation of nAC. While the pristine Styrofoam
membrane (STY-nAC0) exhibited the lowest baseline permeability, a progressive increase
was observed as the nAC concentration rose from 0.1 to 0.4 wt.%.

Figure 8. The effect of varying additive concentrations on membrane water flux.

As supported by the hydrophilicity and porosity analyses, this enhanced hydraulic
performance results from decreased hydraulic resistance and increased surface free energy.
Specifically, the increased internal porosity and enlarged pore channels observed in the
SEM micrographs facilitate the passage of water molecules, thereby reducing the structural
resistance to hydrodynamic flow [35]. Simultaneously, the transition from a hydrophobic
to a more hydrophilic surface (lower WCA) lowers the interfacial tension at the liquid–
membrane boundary, which promotes pore wetting and accelerates the transport of water
through the polymer matrix [39]. The synergistic interplay between improved surface
wettability and a more open pore structure confirms that nAC successfully optimizes the
transport properties of the recycled Styrofoam matrix, indicating that the STY-nAC compos-
ite membranes are highly suitable for high-throughput applications such as cyanobacteria
biomass harvesting [40].

Based on the experimental data, membrane permeability (Lp) exhibited a positive
correlation with nAC concentration up to a threshold loading of 0.3 wt.%. The pristine
Styrofoam membrane (STY-nAC0) yielded the lowest average Lp value of 11.03 LMH/bar.
In contrast, the incorporation of 0.3 wt.% nAC (STY-nAC3) resulted in a significantly en-
hanced permeability of 35.66 LMH/bar, representing an approximate 223% improvement
over the baseline. This substantial gain in hydraulic throughput is a direct consequence
of the synergistic increase in surface hydrophilicity and internal porosity afforded by the
carbon nanoparticles [41]. However, further increasing the nAC concentration to 0.4 wt.%
(STY-nAC4) led to a notable reduction in permeability, with the Lp value declining to
31.21 LMH/bar. This flux decline at higher nanofiller loadings is typically associated with
the phenomenon of nanoparticle agglomeration [42]. As the filler concentration exceeds a
critical threshold, the high surface energy of the nanoparticles causes them to cluster, form-
ing dense aggregates that physically obstruct the membrane’s transport pathways or create
a bottleneck within the pore channels [43]. This structural interference severely restricts
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water transport and effectively reduces the available effective surface area for permeation.
Consequently, the results identify 0.3 wt.% nAC as the optimal concentration for achieving
peak water flux performance in Styrofoam-activated carbon composite membranes. This
optimal formulation provides an ideal balance between enhanced surface energy and
structural porosity while successfully avoiding the detrimental effects of particle clustering.

The recorded maximum steady-state permeability of 35.66 LMH/bar is highly com-
petitive with, and often surpasses, the processing capacities of significantly costlier com-
mercial polymers. For instance, during microalgae recovery, a conventional PVDF mem-
brane established a baseline hydraulic flux of approximately 40 LMH/bar prior to the
onset of severe cake fouling [8]. Additionally, the optimized STY-nAC3 formulation
outperforms the 28.9 LMH/bar permeability previously documented for functionalized
PES/MWCNT/LiBr composites [9]. Attaining such competitive hydrodynamic flow rates
with repurposed waste underscores the practical and economic viability of this approach;
it demonstrates that inexpensive, post-consumer recycled matrices can be engineered to
achieve separation efficiencies rivaling those of premium, virgin synthetic plastics.

3.6. Filtration Performance and Solute Rejection

The ultimate efficacy of a separation membrane is dictated by its capacity to selectively
reject target contaminants from a feed solution. In this study, the separation performance
was quantified via the solute rejection percentage (R%), which measures the reduction
in cyanobacteria concentration (evaluated via turbidity) between the initial feed solution
(C f ) and the resulting permeate stream (Cp). To ensure experimental consistency and a
direct correlation between structural properties and operational performance, the identical
membrane samples characterized in the preceding water flux experiments were utilized for
these cyanobacteria filtration tests.

The consistent 100% rejection suggests that the separation process is governed by a
size-exclusion mechanism. Spirulina sp. typically possesses dimensions in the range of
several micrometers [44], which significantly exceed the pore diameters of the selective
skin layers observed in the SEM micrographs. Consequently, even the pristine Styrofoam
membrane provided an effective physical barrier against the cyanobacteria biomass.

The integration of nAC, while significantly enhancing water flux and hydrophilicity,
did not compromise the structural integrity or the selectivity of the membrane matrix [45].
This is a critical finding, as it confirms that the increased porosity observed at higher nAC
loadings (up to 0.3 wt.%) did not result in pore-stretching to a degree that would allow
cyanobacteria passage.

The transition from the concentrated feed to the permeate resulted in a complete
reduction of turbidity to 0 NTU. The absence of residual green pigment or suspended solids
in the permeate provides a clear qualitative validation of the membrane’s potential for
cyanobacteria harvesting and high-level water purification [46]. The consistent achievement
of 100% rejection across all membrane variations demonstrates the high robustness of
recycled Styrofoam-based composites for biomass rejection.

All fabricated membranes demonstrated a nominal rejection efficiency of 100% during
Spirulina sp. Harvesting (Figure 9). This absolute retention is governed by a straight-
forward size-exclusion mechanism. Spirulina sp. features a cell diameter of 5 to 10 µm,
whereas the calculated mean surface pore size of upcycled membranes ranges narrowly
between 10.6 nm and 17.0 nm (0.0106 to 0.017 µm). Because the cell dimensions are vastly
larger than the pore channels, physical sieving guarantees complete biomass recovery.
Crucially, achieving 100% rejection across all formulations including the pristine upcy-
cled matrix serves as a vital structural validation, proving that post-consumer Styrofoam
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waste can be successfully reprocessed into continuous, defect-free membranes without the
micro-cracks or pinholes common in recycled materials.

Figure 9. Cyanobacteria rejection performance at various additive concentrations.

However, using turbidity-based optical density to calculate rejection has inherent
limitations. While highly effective for tracking intact, pigmented biomass, optical methods
lack the sensitivity to detect dissolved organic matter, intracellular proteins, or minute cell
fragments released if cells lyse under operational shear stress. Because these dissolved
constituents pass through the membrane without scattering light, they do not impact
turbidity readings. Therefore, the reported 100% efficiency should be strictly interpreted as
cell-retention efficiency rather than absolute chemical purification of the water.

Comparison of Filtration Performance with Recent Literature

To comprehensively evaluate the practical viability of the fabricated nanocompos-
ite membranes, the filtration performance of the optimal formulation (STY-nAC3) was
benchmarked against recent literature detailing membrane-based cyanobacteria and mi-
croalgae harvesting. The comparison, summarized in Table 2, focuses on the two most
critical operational parameters for biomass recovery: hydraulic permeability and solute
rejection efficiency.

Table 2. Performance comparison of various membrane systems for cyanobacteria/microalgae
harvesting.

Membrane
Matrix Additive/Modification Target Species Feed Concentration Permeability

(LMH/bar) Rejection (%) Ref.

Upcycled
Styrofoam

Nano-Activated Carbon
(0.3 wt.%) Spirulina platensis 1052 NTU 35.66 100 This Study

PES - Chlorella vulgaris
3 × 106

units per milliliter
size

34.15 89.86 [7]

PVDF PVP Dictyosphaerium sp. 1.2 ± 0.2 g/L 40 97 [8]

PES Carbon nanotubes and
lithium bromide Nannochloropsis sp 3.3 − 5.5 g/L 28.9 100 [9]

Ceramic ZnO Coating Scenedesmus sp. 0.7 mg/mL 53 99.9 [37]
PVDF - Scenedesmus sp. 0.305 g/L 35 90 [47]

As demonstrated in Table 2, the STY-nAC3 membrane exhibits highly competitive
hydraulic performance when compared to both conventional and emerging membrane sys-

https://doi.org/10.3390/phycology6030080

https://doi.org/10.3390/phycology6030080


Phycology 2026, 6, 80 17 of 19

tems utilized for cyanobacterial recovery. While pristine, commercially available polymers
such as polyethersulfone (PES) and polyvinylidene fluoride (PVDF) frequently dominate
the literature due to their robust intrinsic properties; they represent a significant capital
expense in large-scale biomass processing. The upcycled STY-nAC3 membrane achieves a
permeability of 35.66 LMH/bar, which equals or surpasses several specifically engineered
composite membranes currently reported in the field.

Furthermore, the absolute rejection efficiency (100%) matches the performance of
high-cost ceramic and heavily modified polymeric membranes. This confirms that the
internal porosity enhancements generated by the nAC filler successfully increase volumetric
throughput without inducing macroscopic defects that would compromise size-exclusion
capabilities. Ultimately, this comparison highlights the fundamental novelty and feasibility
of our approach: by strategically incorporating a low-cost nano-activated carbon filler,
highly recalcitrant and low-value expanded polystyrene waste can be transformed into
a filtration medium that performs on par with specialized commercial materials for the
critical downstream processing of cyanobacterial biomass.

4. Conclusions
This study successfully demonstrates that post-consumer Styrofoam waste can be

upcycled into advanced nano-activated carbon reinforced composite membranes via phase
inversion. The incorporation of the nanofiller fundamentally shifts the matrix properties,
yielding highly hydrophilic, porous, and continuous ultrafiltration structures without sacri-
ficing structural integrity. These membranes provide complete biomass recovery via robust
size-exclusion sieving. Future research perspectives should focus on investigating the long-
term antifouling resilience of these upcycled matrices under continuous cross-flow opera-
tion, optimizing chemical cleaning protocols, and evaluating membrane scale-up feasibility
for industrial-scale cyanobacteria harvesting and sustainable wastewater remediation.
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et al. Characterisation and Modelling the Mechanics of Cellulose Nanofibril Added Polyethersulfone Ultrafiltration Membranes.
Heliyon 2023, 9, e13086. [CrossRef] [PubMed]

25. Bhattacharya, D.; McCarthy, J.M.; Grieves, R.B. Charged membrane ultrafiltration of inorganic ions in single and multi-salt
systems. AIChE J. 1974, 20, 1206–1212. [CrossRef]

26. Sarbolouki, M.N. A general diagram for estimating pore size of ultrafiltration and reverse osmosis membranes. Sep. Sci. Technol.
1982, 17, 381–386. [CrossRef]

27. Mulder, M. Basic Principles of Membrane Technology; Springer: Dordrecht, The Netherlands, 1996.
28. Nurherdiana, S.D.; Wahyudi, B.; Stefanny, M.J.; Karlina, A.; Yogaswara, R.R.; Jalil, M.J.; Fansuri, H. Characteristics of Styrofoam

Waste-Based Membrane through Vapor and Liquid-Induced Phase Inversion Process. J. Kim. Ris. 2023, 8, 37–48. [CrossRef]
29. Prihandana, G.S.; Mahardika, M.; Arifvianto, B.; Baskoro, A.S.; Whulanza, Y.; Sriani, T.; Yusof, F. Performance Investigation of

PSF-nAC Composite Ultrafiltration Membrane for Protein Separation. Polymers 2024, 16, 2654. [CrossRef] [PubMed]
30. Geleta, T.A.; Maggay, I.V.; Chang, Y.; Venault, A. Recent Advances on the Fabrication of Antifouling Phase-Inversion Membranes

by Physical Blending Modification Method. Membranes 2023, 13, 58. [CrossRef] [PubMed]
31. Vu, M.-T.; Monsalve-Bravo, G.M.; Lin, R.; Li, M.; Bhatia, S.K.; Smart, S. Mitigating the Agglomeration of Nanofiller in a Mixed

Matrix Membrane by Incorporating an Interface Agent. Membranes 2021, 11, 328. [CrossRef] [PubMed]
32. Yang, X.; Wan, Y.; Zheng, Y.; He, F.; Yu, Z.; Huang, J.; Wang, H.; Ok, Y.S.; Jiang, Y.; Gao, B. Surface Functional Groups of

Carbon-Based Adsorbents and Their Roles in the Removal of Heavy Metals from Aqueous Solutions: A Critical Review. Chem.
Eng. J. 2019, 366, 608–621. [CrossRef] [PubMed]

https://doi.org/10.3390/phycology6030080

https://doi.org/10.11113/bioprocessing.v3n2.56
https://doi.org/10.1016/j.biortech.2019.122688
https://www.ncbi.nlm.nih.gov/pubmed/31901780
https://doi.org/10.1016/j.seppur.2018.11.013
https://doi.org/10.1016/j.jece.2026.122658
https://doi.org/10.1016/j.jece.2025.115482
https://doi.org/10.3390/app15010216
https://doi.org/10.1021/acsomega.3c01718
https://www.ncbi.nlm.nih.gov/pubmed/37426264
https://doi.org/10.32497/jrm.v18i2.4615
https://doi.org/10.3390/polym16192703
https://www.ncbi.nlm.nih.gov/pubmed/39408415
https://doi.org/10.3390/polym14194059
https://www.ncbi.nlm.nih.gov/pubmed/36236007
https://doi.org/10.1016/j.dwt.2024.100309
https://doi.org/10.1016/j.matchemphys.2021.124511
https://doi.org/10.1002/jemt.24770
https://www.ncbi.nlm.nih.gov/pubmed/39663723
https://doi.org/10.3390/ma17164137
https://www.ncbi.nlm.nih.gov/pubmed/39203315
https://doi.org/10.3390/jcs8110483
https://doi.org/10.1021/acssuschemeng.6b00026
https://doi.org/10.1016/j.seppur.2020.118231
https://doi.org/10.1016/j.heliyon.2023.e13086
https://www.ncbi.nlm.nih.gov/pubmed/36785816
https://doi.org/10.1002/aic.690200622
https://doi.org/10.1080/01496398208068547
https://doi.org/10.20473/jkr.v8i1.42957
https://doi.org/10.3390/polym16182654
https://www.ncbi.nlm.nih.gov/pubmed/39339117
https://doi.org/10.3390/membranes13010058
https://www.ncbi.nlm.nih.gov/pubmed/36676865
https://doi.org/10.3390/membranes11050328
https://www.ncbi.nlm.nih.gov/pubmed/33946958
https://doi.org/10.1016/j.cej.2019.02.119
https://www.ncbi.nlm.nih.gov/pubmed/34522159
https://doi.org/10.3390/phycology6030080


Phycology 2026, 6, 80 19 of 19

33. Kim, D.; Pugno, N.; Ryu, S. Wetting Theory for Small Droplets on Textured Solid Surfaces. Sci. Rep. 2016, 6, 37813. [CrossRef]
[PubMed]

34. Liu, S.; Wang, H.; Yang, J. Influence of Preparation Methods and Nanomaterials on Hydrophobicity and Anti-Icing Performance
of Nanoparticle/Epoxy Coatings. Polymers 2024, 16, 364. [CrossRef] [PubMed]

35. Diepenbroek, E.; Mehta, S.; Borneman, Z.; Hempenius, M.A.; Kooij, E.S.; Nijmeijer, K.; de Beer, S. Advances in Membrane
Separation for Biomaterial Dewatering. Langmuir 2024, 40, 4545–4566. [CrossRef] [PubMed]

36. Mat Nawi, N.I.; Chean, H.M.; Shamsuddin, N.; Bilad, M.R.; Narkkun, T.; Faungnawakij, K.; Khan, A.L. Development of
Hydrophilic PVDF Membrane Using Vapour Induced Phase Separation Method for Produced Water Treatment. Membranes 2020,
10, 121. [CrossRef] [PubMed]

37. Chowdhury, M.J.; Lou, J.; Kuila, D.; Mukherjee, D. Polydimethylsiloxane Based Mixed Matrix Membranes with Pretreated Fumed
Silica for Efficient CO2 Separation. Sci. Rep. 2025, 15, 36401. [CrossRef] [PubMed]

38. Garcia-Ivars, J.; Alcaina-Miranda, M.-I.; Iborra-Clar, M.-I.; Mendoza-Roca, J.-A.; Pastor-Alcañiz, L. Enhancement in Hydrophilicity
of Different Polymer Phase-Inversion Ultrafiltration Membranes by Introducing PEG/Al2O3 Nanoparticles. Sep. Purif. Technol.
2014, 128, 45–57. [CrossRef]

39. Ahmed, M.A.; Mahmoud, S.A.; Mohamed, A.A. Nanomaterials-Modified Reverse Osmosis Membranes: A Comprehensive
Review. RSC Adv. 2024, 14, 18879–18906. [CrossRef] [PubMed]

40. Salih, A.K.; Irvine, C.P.; Matar, F.; Aditya, L.; Nghiem, L.D.; Ton-That, C. Photocatalytic Self-Cleansing ZnO-Coated Ceramic
Membranes for Preconcentrating Microalgae. J. Membr. Sci. 2025, 718, 123700. [CrossRef]

41. Alsohaimi, I.H.; Alhumaimess, M.S.; Alrashidi, A.N.; Alwael, H.; Alzaid, M.; El-Aassar, M.R.; Alshahrani, A.A.; Altaleb, H.A.;
Hassan, H.M.A. Engineering Antifouling Polysulfone Membranes Enhanced with Hydroxylated Amino-Functionalized TiO2

Nanotubes for Superior Water Filtration. Polymers 2026, 18, 1096. [CrossRef] [PubMed]
42. Abdulridha, L.A.; Rashid, K.T.; Shehab, M.A.; Abdulridha, N.S.; AbdulRazak, A.A. Functional Roles of Magnetic Iron Oxide

Nanoparticles in Mixed Matrix Membrane Technology for Wastewater Treatment: A Critical Review. RSC Adv. 2026, 16,
18287–18310. [CrossRef] [PubMed]

43. Ramanamane, N.; Pita, M. Designing a High-Performance Oil–Water Filtration System: Surface-Enhanced Quartz with Hy-
drophilic Nanoparticles for Sustainable Water Reuse and Global Water Scarcity Solutions. Water 2025, 17, 501. [CrossRef]

44. Kovaleski, G.; Kholany, M.; Dias, L.M.S.; Correia, S.F.H.; Ferreira, R.A.S.; Coutinho, J.A.P.; Ventura, S.P.M. Extraction and
Purification of Phycobiliproteins from Algae and Their Applications. Front. Chem. 2022, 10, 1065355. [CrossRef] [PubMed]

45. Arundhathi, B.; Pabba, M.; Raj, S.S.; Sahu, N.; Sridhar, S. Advancements in Mixed-Matrix Membranes for Various Separation
Applications: State of the Art and Future Prospects. Membranes 2024, 14, 224. [CrossRef] [PubMed]

46. Vardhan, H.; Verpoort, F.; He, W. State-of-the-Art Mixed Matrix Membranes (MMMs). Membranes 2022, 12, 294. [CrossRef]
[PubMed]

47. Chen, X.; Huang, C.; Liu, T. Harvesting of Microalgae Scenedesmus sp. Using Polyvinylidene Fluoride Microfiltration Membrane.
Desalin. Water Treat. 2012, 45, 177–181. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/phycology6030080

https://doi.org/10.1038/srep37813
https://www.ncbi.nlm.nih.gov/pubmed/27897194
https://doi.org/10.3390/polym16030364
https://www.ncbi.nlm.nih.gov/pubmed/38337254
https://doi.org/10.1021/acs.langmuir.3c03439
https://www.ncbi.nlm.nih.gov/pubmed/38386509
https://doi.org/10.3390/membranes10060121
https://www.ncbi.nlm.nih.gov/pubmed/32560031
https://doi.org/10.1038/s41598-025-20458-z
https://www.ncbi.nlm.nih.gov/pubmed/41107376
https://doi.org/10.1016/j.seppur.2014.03.012
https://doi.org/10.1039/d4ra01796j
https://www.ncbi.nlm.nih.gov/pubmed/38873545
https://doi.org/10.1016/j.memsci.2025.123700
https://doi.org/10.3390/polym18091096
https://www.ncbi.nlm.nih.gov/pubmed/42122723
https://doi.org/10.1039/d6ra00618c
https://www.ncbi.nlm.nih.gov/pubmed/41953610
https://doi.org/10.3390/w17040501
https://doi.org/10.3389/fchem.2022.1065355
https://www.ncbi.nlm.nih.gov/pubmed/36531328
https://doi.org/10.3390/membranes14110224
https://www.ncbi.nlm.nih.gov/pubmed/39590610
https://doi.org/10.3390/membranes12030294
https://www.ncbi.nlm.nih.gov/pubmed/35323770
https://doi.org/10.1080/19443994.2012.692034
https://doi.org/10.3390/phycology6030080

	Introduction 
	Materials and Methods 
	Material 
	Membrane Fabrication 
	Membrane Morphology Analysis 
	Surface Hydrophilicity and Water Contact Angle Analysis 
	Membrane Porosity 
	Estimation of Average Pore Size 
	Filtration Experiments 
	Pure Water Flux Test 
	Solute Rejection and Pore Size Estimation 


	Results 
	Membrane Morphology 
	Influence of nAC Incorporation on Surface Topography 
	Cross-Sectional Evolution 

	Water Contact Angle Analysis 
	Membrane Porosity Analysis 
	Average Pore Size Analysis 
	Water Flux and Permeability Performance 
	Filtration Performance and Solute Rejection 

	Conclusions 
	References

