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ABSTRACT 

The production of expanded polystyrene (EPS) continues to increase due 
to its widespread use, particularly in single-use food packaging, while its 
extremely slow degradation in landfills contributes to persistent 
environmental problems. In this study, EPS waste was recycled into 
functional flat-sheet membranes for microalgae separation as part of a 
potential wastewater treatment application. To improve membrane 
structure and performance, polyethylene glycol (PEG) was incorporated 
into the EPS casting solution as a hydrophilic additive. A series of 
membranes containing 0–20 wt.% PEG were fabricated via nonsolvent-
induced phase separation (NIPS). PEG incorporation altered the 
membrane morphology, reduced the water contact angle from 100.3° to 
85.94°, and increased the pure water flux, with the highest value of 283.13 
L m−2 h−1 obtained for the membrane containing 20 wt.% PEG. Mechanical 
performance was also improved relative to the pristine EPS membrane, 
with the highest tensile strength observed at 15 wt.%. Additional thickness, 
porosity, and mean pore size data confirmed that PEG promoted more 
extensive pore development during phase inversion. Importantly, both 
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pristine and PEG-modified membranes maintained near-complete 
microalgae rejection (≥99%) under all tested conditions, showing that the 
permeability enhancement was achieved without a measurable loss of 
separation performance. Moreover, EPS/PEG membranes showed 
improved flux recovery after microalgae filtration, with the highest FRR 
93 ± 8.9% observed for EPS/PEG-15, suggesting improved fouling 
reversibility.  These findings demonstrate a simple and promising waste-
valorization route for converting EPS waste into functional membranes 
suitable for efficient microalgae separation. 

KEYWORDS: EPS waste; PEG modification; upcycled membrane; 
microalgae separation 

INTRODUCTION 

Styrofoam is primarily produced from polystyrene, a widely used 
thermoplastic known for its lightweight nature, thermal insulation, and 
low production costs [1,2]. Although “Styrofoam” is technically a 
trademark of Dow Chemical [3], foamed polystyrene materials used in 
disposable food packaging and protective applications are generally 
referred to as expanded polystyrene (EPS). Owing to these favorable 
properties, EPS has been extensively used in disposable plates and cups, 
electronic packaging, and chemical storage containers, and other short-
lifetime applications [4]. However, the continued increase in EPS 
consumption has created a serious environmental challenge. Because of 
its very slow degradation rate, discarded EPS ends up in landfills and the 
wider environment, generating persistent ecological and health concerns 
[5]. 

To reduce this burden, various recycling and upcycling approaches 
have been explored. Thermal and catalytic decomposition are among the 
most widely reported methods for converting EPS into gases, oils, and 
monomers that can be reused as chemical feedstocks or alternative fuels 
[6]. Nevertheless, these methods are often energy-intensive, economically 
demanding, and may generate harmful pollutants and microplastics, 
which in turn pose risks to human health and aquatic ecosystems [7]. 
Recent findings showing that microplastics can alter microbially mediated 
carbon metabolism in mangrove ecosystems further emphasize that the 
impact of EPS waste extends beyond its simple physical accumulation [8]. 
These limitations suggest that, although conventional recycling routes can 
reduce EPS volume, they do not necessarily provide a simple and 
sustainable pathway to high-value functional materials. 

Accordingly, increasing attention has been directed toward the 
valorization of EPS waste into more useful products. Previous studies have 
incorporated post-consumer EPS into waterproofing paint formulations 
[9], blended it with gasoline to produce construction mortar [10], 
combined it with a phase-change coating derived from waste cooking oil 
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[11], and dissolved it in acetone for conversion into fibers and nonwoven 
fabrics [12]. While these efforts demonstrated the feasibility of 
transforming EPS waste into value-added materials, most of them are not 
designed for separation applications and therefore do not address the 
growing need for sustainable functional materials in water and 
wastewater treatment. In this regard, the conversion of EPS waste into 
membrane materials represents a more application-oriented upcycling 
strategy, since it links plastic waste valorization with the development of 
separation media for environmental processes. 

In the field of membrane technology, several researchers have 
explored the use of recycled EPS for water treatment applications. 
Sihombing et al. (2022) [13] fabricated membranes by electrospinning 
polystyrene with natural zeolite for desalination. Although 
electrospinning can generate highly porous fibrous structures, it is 
associated with relatively high energy consumption, limited production 
throughput, and complex operational requirements, including the need 
for a high-voltage power supply and strict control of processing conditions 
[14]. In addition, electrospun membranes often suffer from insufficient 
mechanical stability, which may restrict their practical applicability [15]. 
By comparison, phase inversion offers a simpler and more scalable route 
for membrane fabrication, with better potential for real-world 
implementation. 

Sriani et al. demonstrated the preparation of EPS-based membranes via 
wet phase inversion for microplastic removal from aquatic environments 
[16]. Their results confirmed the feasibility of producing recycled EPS 
membranes with good separation performance. More broadly, phase 
inversion is well known for enabling improved membrane uniformity and 
tunable pore structure [17], features that are highly desirable in filtration 
systems requiring controlled transport characteristics [18]. At the same 
time, membrane performance achieved by phase inversion still depends 
strongly on the casting solution composition, and the direct use of EPS as 
the main polymer matrix does not automatically overcome its intrinsic 
material limitations. Therefore, further modification remains necessary to 
improve the practical performance of EPS-derived membranes [19]. 

One of the main limitations of EPS membranes is their inherent 
hydrophobicity, which can reduce wettability and hinder water transport 
across the membrane [20]. In addition, the relatively brittle nature of EPS-
derived materials may adversely affect membrane robustness during 
handling and use. These characteristics limit the broader applicability of 
recycled EPS as a membrane precursor and indicate that structural or 
surface modification is required to make such membranes more suitable 
for aqueous separation processes. Thus, the challenge is not merely to 
fabricate membranes from EPS waste, but to tailor their properties so that 
the resulting materials can function effectively in water-based filtration 
applications [21]. 
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A common strategy to improve membrane performance is the 
incorporation of additives into the dope solution. Various compounds, 
including polyvinylpyrrolidone (PVP) [22,23], ethylene glycol, diethylene 
glycol, and polyethylene glycol (PEG) [24,25] have been reported to 
enhance membrane characteristics. Among these additives, PEG is 
particularly relevant to the present study because it can directly address 
the low wettability of EPS-derived membranes. PEG, also known as 
macrogol, is a hydrophilic polymer synthesized from ethylene oxide [26,27] 
and has been widely used to modify membrane morphology and transport 
properties. Yue et al. reported that PEG modification effectively improved 
membrane porosity [28]. PEG also possesses good dispersibility and 
hydrophilicity and is less prone to agglomeration in polymer solutions. 
Furthermore, the molecular weight of PEG plays an important role in 
determining membrane characteristics, including pore structure, 
permeability, and mechanical stability [29]. In particular, low-molecular-
weight PEG such as PEG-400 tends to diffuse more rapidly during phase 
inversion, thereby accelerating solvent-nonsolvent exchange and 
supporting the development of a more open membrane structure [30]. 
These characteristics make PEG a promising additive for tailoring the 
structure and filtration-related properties of EPS-based membranes. 

Although PEG has been widely used as a membrane additive in 
conventional polymer systems, its application in recycled EPS-based 
membranes remains limited, particularly for microalgae separation. This 
is an important issue because microalgae are widely used in 
pharmaceutical, cosmetic, and nutraceutical applications, yet their small 
particle size and dilute suspension conditions make downstream 
separation technically challenging and often energy-intensive when 
conventional techniques such as centrifugation are applied [31]. In this 
regard, membrane technology offers a promising alternative due to its 
high separation efficiency, operational ease, scalability, lower chemical 
consumption, and environmental sustainability [32]. However, for such 
applications, the membrane materials must exhibit suitable wettability, 
permeability, and structural stability, which remain challenging for EPS-
derived membranes because of their intrinsic hydrophobicity. 

Accordingly, this study investigates whether PEG incorporation can 
improve the wettability, permeability, and mechanical characteristics of 
recycled EPS membranes without compromising their microalgae 
rejection performance. To this end, flat-sheet EPS membranes were 
fabricated via nonsolvent-induced phase separation (NIPS) with different 
PEG-400 contents in the casting solution. The effects of PEG on membrane 
morphology, hydrophilicity, mechanical behavior, pure water flux, and 
microalgae separation performance were systematically evaluated. By 
combining EPS waste upcycling with PEG-assisted membrane 
modification in a microalgae filtration context, this work provides insight 
into the feasibility of producing functional separation membranes from 
discarded plastics through a simple and potentially scalable approach. 
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MATERIALS AND METHODS 

Materials 

All chemicals used in this study were purchased from Merck (Rahway, 
NJ, USA) and used without further purification. N-methyl-2-pyrrolidone 
(NMP) was chosen as the solvent for membrane preparation, while 
polyethylene glycol with a molecular weight of 400 g mol−1 (PEG-400) was 
employed as an additive in the dope solution. PEG-400 was selected because 
its relatively low molecular weight can influence phase separation behavior 
and membrane pore formation [31,32]. In addition, its liquid form at room 
temperature supports convenient incorporation and homogeneous mixing 
in the casting solution. 

Post-consumer Styrofoam, corresponding to expanded polystyrene (EPS), 
was collected from used food packaging waste and utilized as the primary 
membrane-forming material. Prior to membrane preparation, the EPS 
waste was cleaned to remove surface contaminants, pressed to eliminate 
trapped air, manually cut into small irregular pieces, and dried at ambient 
conditions until no visible moisture remained. 

The microalgae used in this study were Chlorella vulgaris strains 
obtained from the Biorefinery Center, Universitas Gadjah Mada, Indonesia. 
The strains were subcultured in sterile Bold’s Basal Medium (BBM). The 
cultures were maintained at 25 °C in an incubator with a 12-h light/12-h 
dark photoperiod with cool white illumination and continuous aeration 
using compressed air. These conditions are broadly consistent with 
laboratory cultivation conditions commonly reported for Chlorella 
vulgaris [33]. However, light intensity and aeration flow rate were not 
instrumentally monitored and therefore are not reported quantitatively. 
As a result, the cultivation conditions are not fully reproducible in a strict 
quantitative sense, although they were kept as consistent as possible 
throughout the experiment. In this work, the cultivation step was intended 
primarily to generate the feed suspension for membrane separation 
experiments rather than to evaluate microalgal growth kinetics or 
optimize cultivation conditions. Membrane preparation and related 
experiments were conducted under ambient laboratory conditions of 
approximately 22–25 °C and 45–55% relative humidity. 

Preparation of Recycled EPS Membranes 

Flat-sheet recycled EPS membranes were prepared using the NIPS 
method. Shredded EPS waste and PEG-400 were dissolved in NMP to 
prepare casting solutions with varying PEG contents. The composition of 
each dope solution is presented in Table 1. 
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Table 1. Composition of the casting solutions used for the preparation of recycled EPS membranes with 
different PEG contents. 

Sample Label EPS wt.% PEG wt.% NMP wt.% 
EPS/PEG-0 20 0 80 
EPS/PEG-5 20 5 75 

EPS/PEG-10 20 10 70 
EPS/PEG-15 20 15 65 
EPS/PEG-20 20 20 60 

The shredded EPS waste was first dissolved in NMP at 80 °C under 
stirring at 350 rpm for 3 h. PEG-400 was then added to the resulting EPS 
solution, and the mixture was stirred for a further 3 h under the same 
conditions to obtain a visually homogeneous casting solution. Afterward, 
the dope solution was degassed under vacuum for 30 min to allow 
entrapped air bubbles to dissipate prior to casting. The solution was cast 
onto a clean glass substrate. The initial film thickness was controlled using 
an Elcometer casting blade with a fixed gap of 100 µm. 

The cast film was immediately transferred into a distilled water 
coagulation bath at room temperature to promote phase separation 
through solvent-nonsolvent exchange. The formed membranes were then 
transferred to fresh distilled water and soaked for 24 h to remove residual 
solvent before further characterization. A schematic illustration of the 
membrane preparation procedure is shown in Figure 1. 

 

Figure 1. Schematic illustration of the preparation of recycled EPS/PEG flat-sheet membranes via the NIPS 
method. 

Membrane Characterization 

The surface and cross-sectional morphologies of the prepared 
membranes were investigated using a scanning electron microscope (SEM) 
(Phenom Pro-X, Thermo Fisher Scientific, Waltham, MA, USA). Before 
analysis, membrane samples were dried in a vacuum oven at 80 °C for 2 h 
to evaporate any remaining moisture and solvent. The dried samples were 
cut into small pieces and sputter-coated with a thin layer of gold (~10 nm) 
to improve surface and image quality. For cross-sectional observation, the 
membrane samples were fractured in liquid nitrogen to preserve their 
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internal structure. SEM imaging was conducted at an accelerating voltage 
of 15 kV with magnifications ranging from 7500× to 15,000×. Because the 
working distance varied slightly among samples, it is reported directly in 
the corresponding SEM micrographs rather than as a single fixed value in 
the text. 

Membrane thickness was estimated from SEM cross-sectional images 
using ImageJ software. For each membrane sample, measurements were 
taken at 10 randomly selected positions, and the average value is reported 
as mean ± standard deviation. Membrane porosity was determined using 
the gravimetric method [34]. The wet membrane was prepared by soaking 
the membrane in distilled water for 24 h. Surface water was carefully 
wiped off using clean tissue paper, and the wet weight (WW) of each 
sample was then recorded. The samples were subsequently dried in a 
vacuum oven at 50 °C for 24 h, cooled at room temperature for 10 min, and 
weighed again to measure the dry weight (Wd). For each membrane 
formulation, three samples were analyzed and the average value was 
reported. The membrane porosity (Ɛ) was calculated using Equation (1): 

Ɛ =
𝑊௪  −  𝑊ௗ

𝐴 ×  𝑙 ×  𝜌
× 100% (1) 

where A is the membrane surface area (m2), l is the membrane thickness 
(m), 𝜌 is the density of distilled water at 25 °C (kg m−3) and WW, Wd are 
the wet and dry masses (kg) of the membrane sample, respectively. 

The mean pore size of the membranes was estimated using the 
Guerout–Elford–Ferry Equation. The pore radius (rm) was first calculated 
using Equation (2), and the reported mean pore size values correspond to 
the pore diameter (2rm). 

𝑟௠ =
ඥ8𝜂𝑙𝑄(2.9 −  1.75Ɛ)

Ɛ𝐴𝛥𝑃
 (2) 

where rm is the mean pore radius, 𝜂 is the viscosity of water at 25 °C (8.9 
× 10−4 Pa s), Q is the permeate volume per unit time (m3/s), 𝛥𝑃  is the 
applied pressure (Pa), A is the membrane surface area (m2), l is the 
membrane thickness (m) and ε is the membrane porosity expressed as a 
fraction. The pore size reported in this study was taken as 2rm. 

Membrane hydrophilicity was evaluated by water contact angle 
measurement using an optical goniometer (Ossila BV, Leiden, the 
Netherlands). A 1 μL droplet of water was placed on the membrane surface 
using the sessile drop method at room temperature. Due to the porous 
nature of the membrane, an equilibration time of 2 s was applied prior to 
measurement to minimize dynamic effects associated with liquid 
penetration into the surface pores. For each membrane, measurements 
were taken at three different surface locations, and the results are 
presented as mean ± standard deviation [35,36]. The reported values 
correspond to static water contact angles obtained using the sessile-drop 
method; advancing and receding angles were not evaluated in the present 
study. 
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Mechanical properties of the EPS membrane were evaluated using a 
universal testing machine (UTM) (Shimadzu EZ-LX 500N, Shimadzu 
Corporation, Kyoto, Japan). Membrane specimens with dimensions of 150 
mm × 10 mm were mounted vertically in the testing grips with a gauge 
length of 100 mm and tested at a grip separation rate of 5 mm min−1 until 
rupture. All measurements were performed in triplicate under the 
ambient conditions, and the results are reported as mean ± standard 
deviation. Because of the thin and porous nature of the membranes, 
thickness was estimated from SEM cross-sectional images rather than 
measured mechanically with a micrometer. 

Pure Water Flux Measurement 

The pure water flux (PWF) of the membranes was measured using a 
laboratory-scale dead-end filtration unit, as illustrated in Figure 2. 
Distilled water was used as the feed solution, and the effective membrane 
area was 14.6 cm2. Prior to flux measurement, each membrane was 
compacted for 5 min at an operating pressure of 1 bar using nitrogen gas. 
The filtration test was then performed for 30 min under the same pressure. 

 

Figure 2. Schematic representation of the dead-end filtration setup used for PWF and microalgae 
separation experiments. 

During filtration, the permeate mass was recorded at 60 s intervals 
using an electronic balance (Newtech NT-A2000, Taipei, Taiwan). Each 
experiment was repeated three times to ensure reproducibility, and the 
results are reported as mean ± standard deviation. Based on the collected 
permeate volume, the volumetric flux (Jv) and permeability flux (Lp) could 
be calculated by using Equations (3) and (4). 

𝐽௩  =
𝑄

𝐴 × ∆𝑡 
 (3) 

𝐿௣  =
𝐽௩

∆𝑃 
 (4) 
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where Q is the volume of permeate collected during the sampling period 
(in L), ∆𝑡 is the sampling time (in h), A is the effective membrane area 
(in m2), and ∆𝑃 is the applied transmembrane pressure (in bar). 

Microalgae Separation Test 

Microalgae separation experiments were performed using the same 
dead-end filtration setup and operating conditions as those in the pure 
water flux test. Recycled EPS-based flat-sheet membranes were used in all 
experiments, and the effective membrane area was 14.6 cm2. A suspension 
of Chlorella vulgaris, with a reported particle size range of 2–10 µm, was 
used as the feed solution. The cultivated microalgae suspension was 
directly used for the separation experiments, and the average turbidity of 
the feed was 853.94 NTU, based on repeated measurements. 

A turbidity meter (Model ZD-10A, Lutron Electronic, Taipei, Taiwan) 
was employed to measure the turbidity of the feed and permeate solutions. 
The solute rejection (R) was calculated according to Equation (5) [37], 

𝑅(%)  = (1 −  
𝑁𝑇𝑈௣

𝑁𝑇𝑈௙

)  ×  100% (5) 

where NTUp and NTUf represent the turbidity values of permeate and feed 
solutions of Chlorella vulgaris, respectively. All measurements were 
performed in triplicate, and the results are presented as mean ± standard 
deviation. 

Antifouling Performance Evaluation 

The antifouling performance of the membrane was assessed through a 
fouling-cleaning cycle. Initially, the pure water flux (JW1) was measured 
under the same operating conditions used in the microalgae separation 
experiment. The membrane was then subjected to microalgae separation. 
Following filtration, the membrane was rinsed with deionized water for 
30 min to remove reversible foulant. Subsequently, the pure water flux 
after cleaning (JW2) was measured under identical conditions. The flux 
recovery ratio (FRR) was determined according to Equation (6). 

𝐹𝑅𝑅 (%) =  
𝐽௪ଶ

𝐽௪ଵ

 × 100 (6) 

where JW1 is the initial pure water flux before microalgae filtration, and 
JW2 is the pure water flux measured after membrane cleaning. 

RESULTS AND DISCUSSION 

Effect of PEG Concentration on Membrane Morphology and 
Structure 

Figure 3 shows the top-surface morphology of recycled EPS membranes 
prepared at different PEG concentrations. At the magnification used, the 
pristine EPS membrane and the membranes containing low PEG content 
generally exhibit a relatively dense and smooth top-surface appearance, 
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as shown in Figure 3a–d. By contrast, the membrane containing 20 wt.% 
PEG shows more noticeable dark circular regions, which may reflect the 
emergence of surface pores and a tendency toward increased surface 
porosity [24,26]. Because the top-surface images mainly provide 
qualitative information on the overall surface appearance, the 
morphological interpretation was further supported by the cross-sectional 
SEM analysis (Figure 4), as well as by the contact angle and permeability 
results. 

 

  

  

 

Figure 3. SEM surface images of the recycled EPS membranes: (a) pristine EPS, (b) EPS/PEG-5, (c) EPS/PEG-
10, (d) EPS/PEG-15 and (e) EPS/PEG-20. 

(a) (b) 

(c) (d) 

(e) 
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Figure 4. Cross-sectional SEM images of the recycled EPS membranes: (a) pristine EPS, (b) EPS/PEG-5, (c) 
EPS/PEG-10, (d) EPS/PEG-15 and (e) EPS/PEG-20. 

The cross-sectional SEM images shown in Figure 4 provide clearer 
evidence of the structural changes induced by PEG incorporation. All 
membranes showed an asymmetric architecture consisting of a thin dense 
top layer, a finger-like intermediate region, and a more open sublayer 
containing macrovoids. Such an asymmetric morphology is a distinctive 
feature of membranes produced via phase inversion and reflects the 
solvent-nonsolvent exchange that occurs during immersion in the 
coagulation bath [38]. 

The incorporation of PEG appears to have influenced the phase 
separation behavior during membrane formation. As PEG content 
increased, the membranes showed progressively more pronounced 
finger-like structures and higher pore interconnectivity, particularly at 
PEG contents above 15 wt.%. This trend suggests faster demixing and more 

(a) (b) 

(c) (d) 

(e) 
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extensive pore development in the presence of PEG. Because PEG is 
hydrophilic and relatively mobile in the casting solution, it likely 
accelerated exchange between NMP and water during immersion, thereby 
favoring the formation of a more open porous structure [39]. These 
morphological changes align with the observed increases in membrane 
wettability and flux. 

Membrane porosity develops as the initially homogeneous polymer 
solution undergoes liquid-liquid demixing and solidification during phase 
inversion [31]. In the present system, PEG incorporation likely diminished 
the thermodynamic stability of the casting solution and promoted rapid 
phase demixing, resulting in a more porous membrane structure. As 
shown in Figure 4d,e, membranes containing 15–20 wt.% PEG exhibited a 
noticeable widening of the finger-like structures in the intermediate layer. 

The membrane thickness, mean pore size, and bulk porosity of the 
membranes were quantified to complement the qualitative cross-sectional 
SEM observations, as summarized in Table 2. The prepared membranes 
exhibited relatively comparable thickness, ranging from 41.62 ± 0.13 µm 
to 48.72 ± 0.21 µm, despite the variation in PEG concentration. This 
indicates that the use of fixed casting-blade gap enabled reasonably 
consistent membrane formation. Although the overall variation in 
thickness was less pronounced than the changes observed in internal 
membrane morphology, the EPS/PEG-20 membrane notably exhibited the 
lowest thickness among all samples. This relatively lower thickness may 
have contributed to its highest pure water flux by reducing transport 
resistance across the membrane. 

Table 2. Thickness, mean pore size, and bulk porosity of pristine EPS and EPS/PEG membranes. 

Sample Thickness (µm) Bulk Porosity (%) Mean Pore Size (nm) 
EPS/PEG-0 46.31 ± 0.22 66.7 ± 3.1 25.2 ± 0.9 
EPS/PEG-5 45.59 ± 0.23 71.4 ± 4.2 31.8 ± 1.6 

EPS/PEG-10 48.72 ± 0.21 73.2 ± 3.8 33.3 ± 1.5 
EPS/PEG-15 46.37 ± 0.18 81.0 ± 2.0 38.7 ± 1.0 
EPS/PEG-20 41.62 ± 0.13 79.9 ± 1.8 41.9 ± 1.0 

In addition, both porosity and mean pore size generally increased with 
PEG incorporation, confirming that PEG significantly influenced pore 
development during phase inversion. The porosity increased from 66.7 ± 
3.1% for pristine EPS to 81.0 ± 2.0% for EPS/PEG-15, followed by a slight 
decrease to 79.9 ± 1.8% for EPS/PEG-20. In contrast, the mean pore size 
increased continuously from 25.2 ± 0.9 nm for pristine EPS to 41.9 ± 1.0 nm 
for EPS/PEG-20. These patterns agree well with the cross-sectional SEM 
observations, which showed progressively more pronounced finger-like 
structures and greater pore interconnectivity with increasing PEG 
concentration. 
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The increase in porosity and pore size is consistent with faster solvent-
nonsolvent exchange during immersion in the coagulation bath, which 
would favor more rapid demixing and the development of a more open 
porous structure. The slightly lower porosity of EPS/PEG-20 relative to 
EPS/PEG-15, despite its larger mean pore size, suggests that membrane 
permeability was governed by the combined effects of pore architecture 
rather than porosity alone. This is consistent with the pure water flux 
results, in which EPS/PEG-20 exhibited the highest flux, likely due to the 
simultaneous contribution of larger mean pore size, lower membrane 
thickness, and improved hydrophilicity. Overall, these quantitative 
structural data strengthen the proposed morphology–performance 
relationship in the PEG-modified recycled EPS membrane system. 

Surface Wettability 

The membrane wettability indicates either liquid spreading or bead 
formation on the material surface, hence determining its hydrophilic or 
hydrophobic properties [38]. In membrane filtration, the membrane 
surface contact angle can influence transport behavior during microalgae 
separation [40]. Figure 5 presents the contact angles of both pristine EPS 
and modified EPS/PEG membranes. The relatively high contact angle 
observed for the pristine EPS membrane in this research reflected the 
inherently hydrophobic nature of the EPS polymer. 

 

Figure 5. Water contact angle of pristine and PEG-modified recycled EPS membranes at different PEG 
concentrations. 

According to the contact angle measurements, the pristine EPS 
membrane exhibited a water contact angle (WCA) of 100.3° ± 0.15, 
reflecting its relatively hydrophobic nature. By increasing PEG 
concentration in the EPS membrane, the contact angle gradually 
decreased. The EPS/PEG membrane containing 20 wt.% PEG had the lowest 
contact angle, at 85.94° ± 1.12, reflecting a pronounced enhancement in 
hydrophilicity during membrane synthesis in water. This improvement 
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was ascribed to the establishment of a hydration layer on the membrane 
top layer, promoted by the interaction between water molecules and the 
hydrophilic functional groups introduced by PEG [25]. 

The reduction in water contact angle with increasing PEG content 
confirms the role of PEG as a hydrophilic additive in the recycled EPS 
membrane system. This trend is also consistent with the structural 
changes observed in the membrane morphology. As shown in Table 2, PEG 
incorporation generally increased both membrane porosity and mean 
pore size, which is consistent with more extensive pore development 
during phase inversion. In addition, the EPS/PEG-20 membrane exhibited 
the lowest thickness among all samples. Together, these features suggest 
that PEG modification not only improved the chemical affinity of the 
membrane surface toward water, but also generated a more open 
membrane structure that facilitated water access to the porous network. 
Thus, the enhanced wettability of the PEG-modified membranes should be 
interpreted in conjunction with the accompanying structural evolution, 
rather than as an isolated surface phenomenon. 

Such behavior agrees with the widely reported function of PEG as a 
hydrophilic membrane additive. Previous studies on various polymer 
systems, including PVDF, PVC, and polysulfone membranes, have similarly 
reported a decrease in contact angle following PEG incorporation, 
accompanied by improved surface wettability and antifouling 
performance [41–43]. It should be noted, however, that this comparison 
concerns the general trend rather than the absolute WCA values, since 
differences in the base polymer and membrane structure may influence 
the measured contact angle. Accordingly, the enhanced hydrophilicity 
observed in the EPS/PEG membranes is likely to be beneficial for fouling 
resistance, since previous studies on PEG-containing membranes have 
shown that improved surface wettability is commonly associated with 
enhanced antifouling behavior or reduced fouling tendency [39,44]. In the 
present study, this improved wettability is also consistent with the 
increase in pure water flux, particularly for EPS/PEG-20, where the 
combined effects of lower contact angle, larger mean pore size, and lower 
membrane thickness likely contributed to superior water transport. 

Mechanical Properties 

Mechanical integrity is an important requirement for membrane 
operation because it affects handling stability and long-term performance 
during filtration [45]. Figure 6 presents the tensile strength and elongation 
at break of pristine EPS and PEG-modified EPS membranes. Overall, PEG 
incorporation improved the tensile strength of the membranes relative to 
the pristine EPS membrane. The tensile strength increased from 0.58 ± 0.15 
MPa for pristine EPS to a maximum of 1.12 ± 0.07 MPa for the membrane 
containing 15 wt.% PEG. This improvement may be associated with PEG-
induced structural changes during phase inversion. In particular, 
moderate PEG incorporation promoted the development of a more open 
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and interconnected porous substructure, as evidenced by the SEM 
observations and the structural data summarized in Table 2. From 
EPS/PEG-0 to EPS/PEG-15, the membranes generally exhibited increasing 
porosity and mean pore size, indicating progressively more extensive pore 
development. Up to this range, the resulting membrane architecture may 
have facilitated more favorable stress distribution within the membrane 
matrix, thereby improving tensile strength. Thus, the increase in tensile 
strength with PEG addition should not be interpreted simply as a 
consequence of higher porosity, but rather as the result of structural 
refinement during membrane formation. 

The highest tensile strength was observed for EPS/PEG-15, which also 
showed the highest porosity (81.0 ± 2.0%) together with a markedly 
increased mean pore size (38.7 ± 1.0 nm). However, a slight decline in 
tensile strength at EPS/PEG-20 suggests that further pore enlargement may 
begin to offset the beneficial effect of structural development. Although 
EPS/PEG-20 exhibited the largest mean pore size (41.9 ± 1.0 nm) and the 
lowest membrane thickness (41.62 ± 0.13 µm), the associated increase in 
pore openness may have introduced local stress-concentration sites within 
the membrane structure. These results indicate that the mechanical 
response of the PEG-modified membranes was governed by the balance 
between improved structural organization and excessive pore 
development at higher PEG loading. 

A related trend has been reported for other additive-modified 
polymeric membranes. For example, the incorporation of nano-diamond-
polyethylene glycol (ND-PEG) into PVC membranes improved tensile 
strength relative to pristine PVC, although a slight decline was observed at 
higher additive loading, likely due to aggregation effects [44]. This 
comparison supports the view that additive-assisted improvement of 
membrane strength depends not only on additive presence, but also on the 
resulting structure and the degree of pore development. 

 

Figure 6. Tensile strength and elongation at break of pristine and PEG-modified recycled EPS membranes. 
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With respect to elongation at break, the pristine EPS membrane showed 
limited ductility, which is consistent with the inherently brittle nature of 
polystyrene-based materials [46]. The addition of 5 wt.% PEG slightly 
reduced elongation (from 0.7% to 0.6%), possibly due to the formation of 
larger finger-like pores that locally weakened the membrane structure. At 
10 wt.% PEG, elongation increased markedly to 1.1%, suggesting improved 
chain mobility within the membrane matrix [27]. A subsequent decline at 
15 wt.% PEG may be associated with the development of larger 
macrovoids, whereas the slight recovery observed at 20 wt.% PEG may 
reflect localized plasticization and polymer-chain redistribution. Overall, 
the variation in elongation is closely related to the morphological changes 
induced during phase inversion [47]. 

Pure Water Flux 

Membrane filtration properties, particularly permeability and 
pollutant rejection, are essential for effective water treatment applications 
[17]. The experimental findings in this research showed a positive 
correlation between PEG concentration in the dope solution and PWF of 
the EPS/PEG membranes. As PEG content increased, PWF values rose 
accordingly. Specifically, the PWF of pristine EPS was 66.55 L m−2 h−1, 
which increased to 120.57, 129.98, 223.42, and 283.13 L m−2 h−1 for EPS/PEG-
5, EPS/PEG-10, EPS/PEG-15, and EPS/PEG-20 membranes, respectively. The 
PWF of the prepared EPS membranes is shown in Figure 7. 

 

Figure 7. Pure water flux of pristine and PEG-modified recycled EPS membranes as a function of PEG 
concentration. 

The increase in PWF with PEG addition can be attributed to the role of 
PEG as a hydrophilic pore-forming additive during membrane fabrication. 
PEG likely accelerated the exchange between the NMP solvent and the 
water nonsolvent during immersion in the coagulation bath, thereby 
promoting faster demixing and the development of a more open 
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membrane structure. This interpretation is supported by the cross-
sectional SEM images (Figure 4), which show progressively more 
pronounced finger-like pores and greater pore interconnectivity with 
increasing PEG content. The structural data in Table 2 reinforce this 
explanation. With increasing PEG concentration, the membranes 
generally exhibited higher porosity and larger mean pore size, indicating 
more extensive pore development during phase inversion.  

The porosity increased from 66.7 ± 3.1% for pristine EPS to 81.0 ± 2.0% 
for EPS/PEG-15, whereas the mean pore size increased continuously from 
25.2 ± 0.9 nm for pristine EPS to 41.9 ± 1.0 nm for EPS/PEG-20. These data 
point to PEG-induced structural changes that favored water transport. At 
the same time, the membrane thicknesses remained within a relatively 
narrow range, although EPS/PEG-20 exhibited the lowest thickness (41.62 
± 0.13 µm) among all samples. This relatively lower thickness may have 
further reduced transport resistance across the membrane. 

The increase in PWF is also consistent with the improved hydrophilicity 
of the membrane surface. As the PEG-modified membranes became more 
hydrophilic, as indicated by the decrease in water contact angle (Figure 5), 
the membrane surface interacted more readily with water molecules, 
thereby facilitating water permeation. A similar trend has been reported 
for other membrane systems. For example, the incorporation of 5 wt.% 
PEG into pristine poly(ether-ether sulfone) (PEES) membranes resulted in 
a flux of 233.76 L m−2 h−1, a contact angle of 47.46°, a water content of 
70.09%, and a porosity of 30.20% [39]. At sufficiently high concentrations, 
however, PEG may also destabilize the casting solution and induce more 
substantial structural changes [26]. Previous studies have reported that 
excessive PEG loading can alter membrane morphology significantly and 
affect the resulting transport properties [31]. For this reason, PEG-400 
concentrations above 20 wt.% were not investigated in the present study. 

It is noteworthy that EPS/PEG-20 exhibited the highest PWF, although 
its porosity was slightly lower than that of EPS/PEG-15. This finding makes 
it clear that water permeability in the present system was not governed by 
porosity alone, but rather by the combined effects of mean pore size, pore 
architecture, membrane thickness, and surface hydrophilicity. In 
particular, the larger mean pore size, lower thickness, and lower water 
contact angle of EPS/PEG-20 likely contributed simultaneously to its 
superior water flux. Thus, the enhanced permeability is more reasonably 
attributed to the combined evolution of membrane structure and surface 
wettability, rather than to any single parameter in isolation. 

Microalgae Separation Performance 

The separation performance of the EPS/PEG membranes was evaluated 
using Chlorella vulgaris as the model microalgal suspension. As shown in 
Figure 8, all prepared membranes, including pristine EPS and PEG-
modified membranes, exhibited consistently high rejection efficiencies, 
ranging from 99.00 ± 0.40% to 99.28 ± 0.32%. These results show that PEG 
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incorporation did not cause a measurable deterioration in rejection 
performance across the investigated formulation range. 

The consistently high rejection is most consistent with a separation 
mechanism dominated by size exclusion, since the membrane structure 
remained sufficiently restrictive relative to the size of Chlorella vulgaris 
cells (approximately 2–10 µm) [48]. In this regard, membrane pore 
structure plays a key role in retaining microalgae while allowing water 
transport. PEG incorporation increased mean pore size, while porosity 
also increased overall with PEG addition. However, these pore sizes 
remained several orders of magnitude smaller than the size of the 
microalgal cells. Therefore, although PEG promoted a more open 
membrane structure and enhanced water permeation, the effective 
transport pathways remained far too small to permit microalgae passage 
[49]. This helps explain why all membranes maintained near-complete 
rejection despite the marked increase in permeability. 

 

Figure 8. Microalgae rejection performance of pristine and PEG-modified recycled EPS membranes using 
Chlorella vulgaris as the model suspension. 

The preservation of high rejection alongside increasing flux suggests 
that the effect of PEG in the present membrane system is better interpreted 
as selectivity-preserving flux enhancement, rather than as a conventional 
permeability–selectivity trade-off. In particular, the superior performance 
of EPS/PEG-20 can be understood as the result of the combined effects of 
larger mean pore size, relatively high porosity, lower membrane thickness, 
and improved hydrophilicity, all of which favored water transport 
without causing a measurable loss of selectivity. This interpretation is 
consistent with the cross-sectional SEM observations (Figure 4), which 
show more pronounced finger-like structures and greater pore 
interconnectivity at higher PEG concentrations, as well as with the added 
quantitative structural parameters summarized in Table 2. 
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Only a few EPS-based membranes reported in the literature are 
reasonably comparable to the present system. Fathy et al. described a 
cellulose acetate/EPS waste-grafted PEG composite membrane for 
suspended matter and salt removal, with rejection up to 99%, although the 
membrane matrix was primarily cellulose acetate rather than EPS [50]. 
Sriani et al. later explored waste EPS/polyimide flat-sheet membranes for 
microplastic and protein separation, showing improved selectivity and 
antifouling behavior, with flux around 102.3 LMH/bar and rejection above 
80% for microplastics [16]. In another relevant study, Santana-Luna et al. 
prepared sulfonated EPS membranes for dye removal, achieving 97% 
rejection and a flux of 4.83 LMH for the EPS-5 membrane [51]. Within this 
context, the present EPS/PEG membrane appears to enhance flux while 
maintaining high rejection for microalgae separation, with recycled EPS 
serving as the principal membrane-forming component. 

Antifouling Performance 

Figure 9 presents the flux recovery ratio (FRR) of pristine EPS and 
EPS/PEG membranes. In general, a higher FRR reflects more effective 
recovery of membrane permeability after cleaning and therefore implies 
improved resistance to irreversible fouling [28]. Among the tested 
membranes, EPS/PEG-15 exhibited the highest FRR (93 ± 8.9%, which was 
markedly higher than that of the pristine EPS membrane (73.0 ± 2.7%), as 
shown in Figure 9. These results indicate that PEG incorporation generally 
improved the flux recovery behavior of the recycled EPS membranes. 

 

Figure 9. Flux recovery ratio (FRR) of pristine and PEG-modified recycled EPS membranes after microalgae 
filtration. 

The higher FRR values obtained for the PEG-modified membranes 
agree with the lower water contact angle and enhanced hydrophilicity 
discussed earlier. A more hydrophilic membrane surface is generally less 
prone to strong foulant adhesion and therefore more likely to recover its 
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permeability after hydraulic cleaning. Although EPS/PEG-20 showed the 
highest pure water flux, its FRR was lower than that of EPS/PEG-15, which 
may indicate that the more open structure and larger pore size at higher 
PEG loading facilitated greater internal fouling or pore blocking during 
filtration. These findings highlight that the membrane formulation with 
the highest permeability did not necessarily provide the best fouling 
reversibility. Instead, antifouling behavior in the present system appears 
to depend on the balance between hydrophilicity, pore development, and 
structural compactness. Overall, the FRR results show that PEG 
modification improved not only membrane wettability and permeability, 
but also the practical filtration performance of the recycled EPS 
membranes, particularly at moderate PEG loading. 

CONCLUSIONS 

This study demonstrates the feasibility of converting waste expanded 
polystyrene into flat-sheet membranes for microalgae separation through 
a simple NIPS-based fabrication route. PEG incorporation improved 
membrane hydrophilicity, altered pore development, and enhanced pure 
water flux, with EPS/PEG-20 showing the highest flux. The thickness, 
porosity, and mean pore size data confirm that PEG promoted structural 
changes favorable for water transport during phase inversion. 
Importantly, these improvements were achieved without a measurable 
loss of rejection, as all membranes maintained consistently high 
microalgae rejection (≥99%), showing that size exclusion remains the 
dominant separation mechanism. In addition, PEG modification improved 
flux recovery (FRR) after microalgae filtration, with EPS/PEG-15 showing 
the highest FRR, suggesting improved fouling reversibility at moderate 
PEG loading. Overall, the results suggest that PEG is an effective additive 
for improving the practical performance of recycled EPS membranes in 
aqueous separation. Further work should include long-term chemical and 
operational stability testing to better assess the suitability of these 
membranes for wastewater treatment applications. 
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