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ation of waste expanded
polystyrene in cellulose acetate polymer blend
membranes for CO2/CH4 separation

Bharat Nayak, Maulik Gauswami and Bhanu Vardhan Reddy Kuncharam *

Expanded polystyrene (EPS) commonly called thermocol is a widely used packaging material that poses

serious environmental challenges due to its poor biodegradability and low recycling. This study

investigates the use of waste EPS to develop sustainable polymer blend membranes using cellulose

acetate (CA) via solution casting and solvent evaporation technique for carbon dioxide (CO2) separation.

The membranes were characterized using fourier transform infrared spectroscopy (FTIR), X-ray

diffraction (XRD), differential scanning calorimetry (DSC), and field-emission scanning electron

microscopy (FESEM) techniques. Model biogas having CO2/CH4 composition of 40 : 60 was used to test

blend membranes at 1.5 and 3 bars. A significant enhancement in the CO2 permeability was observed

after the incorporation of EPS due to increased chain flexibility and free volume. The 5 wt% EPS/CA

blend membrane showed the highest CO2 permeability of 105.83 Barrer with 15.98 CO2/CH4 selectivity

at 3 bar. 10 wt% EPS loaded blend membrane achieved the highest CO2/CH4 selectivity of 21.25 with

47.63 Barrer CO2 permeability at 1.5 bar. The results have demonstrated that blending of CA with waste

EPS is an effective strategy that can upcycle plastic waste into value added membrane material which

can be used for efficient CO2 separation and sustainable biogas upgrading.
1 Introduction

The growing problem of plastic waste is a major global envi-
ronmental challenge.1 Expanded polystyrene (EPS) commonly
known as Thermocol is a lightweight, rigid, and thermoplastic
polymer commonly used in packaging, insulation, and dispos-
able products. Despite its signicant usage, EPS is non-
biodegradable and has a very low recycling rate which is
a serious environmental issue.2 Aer usage in large quantities
EPS is directly dumped into the landlls and water bodies
which contribute to the pollution and ecological damage.

Traditional recycling techniques for EPS are limited and
require high cost and complex logistics which may also reduce
its mechanical properties aer reprocessing. Valorizing EPS
waste into value-added products provides a dual benet in
response to the increasing global emphasis on circular economy
and sustainability: it reduces plastic waste and generates
functional materials.3 Santana-Luna et al. have developed
a series of asymmetric membranes based on EPS waste by phase
inversion for water treatment through direct sulfonation.4 The
sulfonic acid groups increased the membranes hydrophilicity
due to which the overall permeability and dye rejection capa-
bility of the membranes has improved.
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Biogas is a renewable energy source primarily produced
through the anaerobic digestion of organic waste. The raw
biogas typically contains 35–50% CO2, which is inert and non-
combustible and decreases its caloric value and poses corro-
sion risks to pipelines and end-use equipment. Efficient puri-
cation techniques are required to enhance the CH4

concentration in biogas to make it suitable for energy applica-
tions, particularly as a vehicle fuel or for grid injection.5,6

Therefore, removing CO2 is a crucial step for enhancing biogas.
Existing CO2 separation techniques are chemically aggressive,
economically unsustainable and require lots of energy and
space (e.g. chemical absorption, amine scrubbing, pressure
swing adsorption, and cryogenic separation).7–9 Membrane
based gas separation has become a viable, adaptable, and
environmentally friendly substitute for conventional purifying
methods in this regard. Membrane based separation systems
operate under relatively mild conditions, require minimal
chemical input, and are easily scalable.10

Over the years extensive research has been conducted on
polymeric membrane materials; such as polyvinylidene uoride
(PVDF), polysulfone (PSF), polyethersulfone (PES), poly-
acrylonitrile (PAN), polyimide (PI), polyetherimide (PEI), poly-
vinyl alcohol (PVA), cellulose acetate (CA) and more.11–13

Amongst the different polymers reviewed, cellulose acetate (CA)
has attracted plenty of interest due to its processability,
biocompatibility and moderate gas separation capability.14–16

Different inorganic ller materials such as metal organic
RSC Adv., 2026, 16, 16661–16671 | 16661
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frameworks (MOFs), zeolites and carbon based materials have
been added to CA for improving its gas separations capacity.
The technique of mixing inorganic ller into polymer is called
mixed matrix membranes (MMMs) technique.17 The fabrication
processes of MMMs is complex which result in interfacial
defects and limits long-term stability in industrial conditions.
Such issues affect the membrane's gas separation capability,
durability and commercial viability.18

Polymer blending is another effective strategy which can
improve membrane performance. This technique allows
modication of the physical, mechanical, and transport prop-
erties of polymer material by incorporating different polymeric
phases. Neves et al. have mixed PEI and PES polymers in varying
ratios to prepare carbon molecular sieve membranes.19 Nayak
et al. mixed CA and PI polymers for CO2 separation and ach-
ieved 9.4 CO2/CH4 selectivity.20 Payami et al. blended poly-
sulfone and poly(butylene succinate) (PBS) using the solution
casting and solvent evaporation method. It was noticed that
with the 5% and 10% blend ratios, the CO2/CH4 selectivity
increased by 187% and 43%, respectively, along with notable
enhancements in pure CO2 permeance.21 Therefore, by
blending technique polymeric membranes can be engineered to
selectively permit the specic gases, making them suitable for
CO2/CH4 separation.

Blending waste EPS with the other polymers such as CA for
the membrane development may represent an innovative
upcycling approach that aligns with current environmental,
economic, and technological needs. Waste EPS is primarily
composed of polystyrene (PS), possesses high rigidity, hydro-
phobicity, and good lm-forming potential, which can syner-
gistically enhance the properties of CA-based membranes.
Extensive research has been conducted on MMMs containing
nanomaterials or functional llers; very few studies have
explored polymer blend systems using waste-derived
components.22

Therefore, here in this study, we have fabricated polymer
blend membranes using cellulose acetate and waste EPS by one
step solution casting and solvent evaporation technique. The
membranes were tested with the model biogas at two different
pressures. Analytical techniques such as fourier transform
infrared spectroscopy (FTIR), thermogravimetric analysis (TGA),
differential scanning calorimetry (DSC), X-ray diffraction (XRD),
and eld-emission scanning electron microscopy (FESEM) were
used for characterization. The integration of CA with waste EPS
offers a novel approach for producing blend membranes that
combines the CO2 affinity of CA with the mechanical and
morphological properties of polystyrene. The incorporation of
waste EPS adds a sustainability aspect and offers a method to
reduce plastic waste and dependency on virgin raw materials.
The differences in polymer solubility might lead to micro-
structural changes, including improved free volume or micro-
phase separation, which could enhance gas transport properties
and make the membranes suitable for extensive biogas
upgrading applications.

In this work, sustainable strategy for valorizing waste
expanded polystyrene (EPS) by incorporating it into cellulose
acetate (CA) polymer matrices for fabrication of gas separation
16662 | RSC Adv., 2026, 16, 16661–16671
membranes is reported. The study aims to investigate the
feasibility of utilizing waste EPS as a polymer blending
component to modify membrane structure and gas transport
behavior.

As polystyrene has previously been explored in membrane
materials for other applications. To the best of our knowledge
there are no reports on the use of waste derived EPS blended
with cellulose acetate for CO2/CH4 gas separation membranes.
To the best of our knowledge this is the rst study on utilizing
waste EPS as a polymeric component for biogas upgrading
membranes. The incorporation of waste EPS into CA polymer
matrix for gas separation is a relatively unknown process that
will open up new possibilities for membrane research and the
upcycling of plastic waste.
2 Experimental
2.1 Materials

Expanded polystyrene was recovered from electronic packaging
waste. Cellulose acetate (average Mn ∼50 000, acetyl content
∼38–40 wt%) was procured from Simson pharma limited, India.
N,N0 dimethylformamide (DMF 99.5%) was purchased from
Merck, India. All the chemicals were used as purchased.
2.2 Membrane preparation

The process of the membrane preparation is shown in Fig. 1
neat CA and EPS/CA blend membranes were prepared by
varying the weight fraction of EPS (1, 5, and 10 wt%). The EPS
weight percentage (wt%) in EPS/CA blend was calculated using
eqn (1):

Wt% of EPS ¼ WEPS

WCA þWEPS

� 100 (1)

Here,WEPS is weight of EPS in grams andWCA is weight of CA in
grams.
2.3 Neat CA membrane preparation

Initially, CA akes (18 wt%) were weighed and dried in an air
oven at 100 °C for 3–4 h to eliminate residual moisture. The
dried CA akes were then slowly added to 30 ml DMF solvent
and continuously stirred overnight using a magnetic stirrer at
approximately 500 rpm at room temperature (∼25 °C) until
a homogenous solution was obtained. The resulting polymer
solution was then sonicated in an ultrasonic bath (40) kHz for
30 min to eliminate any polymer agglomerates and then
degassed for 1 h under ambient conditions to remove entrap-
ped air bubbles.

For membrane casting, the degassed polymer solution was
poured onto a clean dust-free at glass plate. The lm was
uniformly spread using a straight glass rod by sliding from top
to bottom of the plate to ensure consistent thickness. The cast
lm was then placed in a vacuum oven and dried at 60 °C to
facilitate slow solvent evaporation. Drying was continued until
complete solvent evaporate which allows the membrane detach
naturally from the glass plate indicates complete drying.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Schematic illustration of EPS/CA blends membranes preparation.
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2.4 EPS/CA blend membrane preparation

For the synthesis of EPS/CA blend membranes, waste EPS was
rst washed thoroughly with deionized water to remove any
surface impurities and dried in an air oven at 40 °C. A pre-
calculated amount of EPS (corresponding to desired blend
ratio) was then dissolved into 30 ml DMF under continuous
stirring until clear solution was obtained. And then the required
amount of CA akes maintaining 18 wt% total polymers content
(CA + EPS for blend membranes) was added to the EPS-DMF
solution and stirred overnight under similar conditions as
those used for neat CA membranes. The obtained homogenous
polymer solution was then subjected to sonication and
degassing followed by casting and drying using the same
procedure as used for the neat CA membrane.
2.5 Membrane characterization

Tensile strength of the neat CA and EPS/CA blend membranes
were carried out using Single column Universal Testing
Machine (UTM, Instron 34SC-5, USA). The membranes having
length of 150 mm and width of 30 mmwas xed vertically. Then
the membrane sample was extended at a constant displacement
rate 10 mm min−1 until it was broken. The average tensile
strength of at least three membranes was taken for each
membrane type. Structural analysis of themembranes was done
using X-ray diffraction (XRD, Bruker D8 Advance, Germany)
equipped with Cu Ka radiation (l = 0.154 nm). Scans were
recorded over a 2q range of 5°–60° with the scanning rate of
2° min−1. Functional group analysis was performed using
fourier transform infrared spectroscopy (FTIR, PerkinElmer
Frontier, USA) by forming potassium bromide (KBr) pellets in
© 2026 The Author(s). Published by the Royal Society of Chemistry
a hydraulic press under 10 tons of pressure. The spectra were
acquired over the wavenumber range of 4000–500 cm−1 at
resolution of 10 cm−1. Thermal behavior and glass transition
temperature (Tg) analysis of the membranes was carried out
using differential scanning calorimetry (DSC, PerkinElmer DSC-
4000, USA). The surface morphology of the membranes was
examined using eld emission electron microscopy (FESEM,
FEI Apreo LoVac model). Membrane samples were sputter-
coated over double sided carbon tape with a thin layer of gold
to enhance surface conductivity and image clarity.
2.6 Evaluation of gas permeation and separation
performance

Gas permeation experiments were conducted at 25 °C to assess
the transport behavior of CO2 and CH4 through neat CA and
EPS/CA blendmembranes at pressures of 1.5 and 3 bar. A biogas
mixture with a composition of CO2 and CH4 in a 40 : 60 ratio was
used as the feed gas. The composition of the outlet gas was
determined with a gas chromatograph (GC, Shimadzu GC-2014,
Japan) that consisted of a thermal conductivity detector (TCD)
and shincarbon packed column was operated using LabSolu-
tions soware. Using a digital micrometre, the membrane's
average thickness was calculated (present in SI), for each
membrane sample at least ve measurements were taken at
different positions and the average thickness along with stan-
dard deviation was calculated. A detailed discussion and
systematic schematic of the gas permeation setup is present in
the Fig. S3 in SI. When the EPS loading increased up to 10% or
more it was observed that the exibility of blend membranes
reduces which means higher EPS loading lead to noticeable
RSC Adv., 2026, 16, 16661–16671 | 16663
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stiffness and brittleness due to the rigid nature of polystyrene
segments.

The mixed gas permeability and their selectivity were
calculated using eqn (2) and (3):10,23

P ¼ q$d

A$Dp
(2)

aCO2=CH4
¼ PCO2

PCH4

(3)

where, P represents permeability measured in Barrers, d repre-
sents the membrane thickness in cm while Dp represents the
partial pressure difference across the membrane in cm Hg, A
represents the membrane's effective area, and a represents the
selectivity measured from the ratio of permeability of CO2 and
CH4. Although the pressure values in the experiments are re-
ported in bar, the permeability calculation follows the conven-
tional Barrer denition where pressure difference (Dp) is
expressed in cm Hg.
3 Results and discussion
3.1 Viscosity measurements

The rheological behavior of the neat CA and EPS/CA blends
casting solutions was measured using digital Labtronics
viscometer at rotational speed of 6 rpm. The obtained viscosity
values of neat CA, 1 wt%, 5 wt%, and 10 wt% EPS loaded CA
solution were plotted in Fig. 2. It was observed that viscosity of
the solutions increased with the increase in EPS loading. The
neat CA solution exhibited viscosity of 6039 mPa.s whereas EPS/
CA blend solutions showed higher viscosity values reaching up
to 8555 mPa s−1 for 10 wt% EPS/CA blend. This increase in
viscosity is due to EPS chains and their interaction with CA
matrix which increases the resistance to ow in the casting
solution. Fully miscible blends shows linear type of curve and
partially miscible blends shows non-linear curve. Whereas, fully
immiscible blends shows S-segment or S-shaped curve.24 From
Fig. 2 Shear viscosity of neat CA, and EPS/CA blend systems of
different EPS weight ratios.

16664 | RSC Adv., 2026, 16, 16661–16671
Fig. 2, it was observed that EPS/CA blends system is immiscible.
Higher viscosity can limit polymer chain mobility during
solvent evaporation and lm formation which may inuence
the polymer chain packing and thereby affect membrane
morphology and gas transport properties.

3.2 FTIR analysis

Functional group analysis of neat CA, EPS, and EPS/CA blend
membranes with 1, 5, and 10% EPS loadings was done using
FTIR spectroscopy (Fig. 3). In the FTIR spectrum of neat CA
a broad peak was observed around 3455 cm−1 which is attrib-
uted to stretching vibration of hydroxyl (–OH) groups. At
2941 cm−1, an aliphatic –CH stretching peak was also observed.
A sharp peak at 1769 cm−1 was observed which is a corre-
sponding peak of stretching vibration of the carbonyl (C]O)
group. The stretching band at 1384 cm−1 was due to symmetric
deformation of CH groups. At 1270 cm−1 and 1040 cm−1 two
peaks were seen due to stretching vibrations of C–C–O and C–O
groups, conrming the presence of ester linkages in the poly-
mer backbone of CA.25

The FTIR spectrum of EPS has shown similar peaks to
polymer structure of styrene. The two adsorption peaks around
3101 cm−1 and 2999 cm−1 were raised due to stretching vibra-
tions of CH group from the aromatic rings. Peaks at 2919 cm−1

and 2848 cm−1 correspond to stretching vibration of C–H
groups from the polymer backbone. Stretching vibrations of
aromatic C–C are evident at 1599 cm−1 and 1454 cm−1. At
768 cm−1 and 704 cm−1, out of plane C–H bending vibrations
appeared that represent the characteristic ngerprint of poly-
styrene structure.26

The overall spectra of EPS/CA blend membranes follow the
spectra of CA. At lower loading of 1% EPS, the spectra retained
dominant CA peaks with lower intensity of –OH stretching band
at 3455 cm−1 suggesting weak physical–physical interactions or
partial hydrogen bonding between CA and EPS. When the
loading is increased to 5% and 10% two aromatic characteristic
peaks of EPS at 1599 cm−1 and 1454 cm−1 become prominent. A
marginal shi in carbonyl peak was observed at ∼1772 cm−1 in
CA/EPS blend membranes which show weak intermolecular
interactions between the CA matrix and aromatic rings of EPS.
The –C]O stretching peak of CA shis from ∼1769 cm−1 to
∼1772 cm−1, decrease intensity –OH stretching band indicates
reduced hydrogen bonding within the CA matrix. These
observed spectral changes suggest weak intermolecular inter-
actions between CA and EPS that may be through dipole–p
interactions between acetyl groups and aromatic rings of poly-
styrene. These interactions inuence polymer chain packing
and contribute to the observed increase in free volume.

The presence of collective peaks of both CA and EPS in the
spectra of the blendmembranes conrms the formation of EPS/
CA blend.

3.3 XRD analysis

To investigate the structural characteristics of the membranes
X-ray diffraction (XRD) technique was used. The XRD pattern of
neat CA, EPS, and EPS/CA blend membranes with different EPS
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 FTIR spectrum of neat CA, EPS, and EPS/CA blend membranes.
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contents with 1 wt%, 5 wt%, and 10 wt% is shown in Fig. 4. In
the neat CA membrane's XRD pattern, a broad halo diffraction
peak near 22.45° was detected which is due to semi-crystalline
nature of CA.27 This halo-like broad peak arises from the short
range ordered regions in the amorphous matrix of cellulose.
The absence of sharp crystalline peaks conrms that CA
possesses predominantly amorphous characteristics. On the
other hand, the XRD pattern of EPS showed a distinct broad
peak at 19.5° corresponds to its amorphous structure. The
pattern lacks in the sharp peaks which indicate absence of long
range ordered chains within the polystyrene backbone. In case
of EPS/CA blend membranes, the overall XRD pattern displayed
characteristics of both CA and EPS with variations in the
intensity and sharpness of the diffraction peaks. It was observed
that the diffraction pattern of 1 wt% EPS/CA blendmembrane is
quite similar with the CA diffraction pattern with lower intensity
© 2026 The Author(s). Published by the Royal Society of Chemistry
showing a broad halo peak at 22.45°. This suggests that the
lower loadings of EPS do not signicantly affect the structure of
overall polymer chains of CA, but it might create additional
pathways for the gas to diffuse. As the EPS loading is increased
to 5 wt% and 10 wt% in EPS/CA blend membranes a slight
reduction in the intensity and broadening of the diffraction
peak was observed that might be due to the incorporation of the
amorphous EPS phase which disrupts the local packing of CA
polymer chains. These structural changes may inuence the
transport properties of gas molecules through the polymer
matrix.
3.4 DSC analysis

To determine the glass transition temperature (Tg) of the neat
CA, EPS, and EPS/CA blend membranes DSC analysis was
RSC Adv., 2026, 16, 16661–16671 | 16665
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Fig. 4 XRD of neat CA, EPS, and EPS/CA blend membranes.
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performed. The DSC measurements were performed under
nitrogen atmosphere (20 ml min−1), approximately 5 to 8 mg of
sample mass was taken and the samples were heated from 25 °C
to 250 °C at heating rate of 10 °C per minute. The analysis was
conducted at least three times and the average values were re-
ported to make sure reproducibility. The neat CA membrane
showed a well dened Tg around 184 ± 0.52 °C which is
consistent with the previously reported values for the CA
membrane.27 The high Tg is an indication of a rigid backbone of
CA due to intermolecular interaction between acetate and
hydroxyl groups. However, EPS showed a Tg around 98± 0.80 °C
which corresponds to the segmental motion of amorphous
polystyrene chains. As compared to CA the lower Tg of EPS
indicates its soer and exible nature. In case of EPS/CA blend
membranes with increase in EPS content gradual decrease in Tg
was observed. The 1 wt% EPS/CA blend displayed a Tg of 185 ±

0.72 °C which is nearly similar to neat CA indicating good
16666 | RSC Adv., 2026, 16, 16661–16671
miscibility. However, at 5 wt%, and 10 wt% EPS loadings the Tg
was found to be 180± 0.54 °C and 175± 0.91 °C. The shiing in
the Tg to lower temperatures indicates an increment in the
polymer chain exibility and enhanced free volume induced by
the presence of soer EPS phase. This behavior supports the
structural interpretation derived from both FTIR and XRD
analysis where incorporation of EPS disrupts the ordered
packing of CA and promotes amorphization.
3.5 FESEM analysis

The macroscopic images of neat CA, 1 wt% and 10 wt% of EPS
are shown in Fig. 5a, d and g. It was observed that neat CA
membrane appears transparent and more exible. However,
with increase in EPS loading, the EPS/CA blend membranes
becomes non transparent and less exible.
© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 5 Macroscopic and FESEM (top and cross-sectional) images of (a–c) neat CA, (d–f) 1% EPS/CA, and (g–i) 10% EPS/CA blend membranes.
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To investigate the surface and cross-sectional morphologies
of neat CA and EPS/CA blend membranes with 1 wt% and
10 wt% of EPS the FESEM technique was used (Fig. 4). In the
FESEM image of neat CA membrane (Fig. 5b) the top surface
looks defect free, smooth and homogeneous indicating the
formation of a continuous polymer matrix. In the cross-
sectional image (Fig. 5c), a non-porous compact structure with
tightly packed polymer chains is visible. Such dense
morphology is consistent with its amorphous character as also
conrmed by XRD and the absence of crystallites could create
voids or channels.

On the other hand, in case of EPS/CA blend membranes, at
1 wt% EPS loading the surface remained largely uniform and
dense, similar to neat CA matrix. This conrms that interfacial
adhesion and miscibility between CA at low loading of EPS. The
EPS domains are nely dispersed within the CA matrix. Such
morphology is indicative of intermolecular interaction (e.g.
dipole–p interactions between acetyl and aromatic groups)
which contributes to mechanical and thermal stability of the
blend membrane. As EPS content was increased, slight rough-
ness and microphase domains started to appear on the
membrane surface. The dispersed EPS particles acted as micro
barriers that disrupts the close packing of CA chains and
increases the fractional free volume. This morphological
change could facilitate CO2 transport by creating additional
© 2026 The Author(s). Published by the Royal Society of Chemistry
pathways for permeation within the matrix while still main-
taining overall membrane integrity. At 10 wt% EPS loading
(Fig. 5h), the surface became more heterogeneous showing
distinct EPS rich regions and interfacial boundaries. This
indicates increase in phase separation due to reduced misci-
bility at higher EPS loading which results in dual phase
morphology. Such morphology could enhance gas diffusivity
due to increased free volume and micro voids due to which
selectivity might reduce due to formation of non-selective
transport regions. The cross-section image revealed a transi-
tion from a dense to slightly porous structure which aligns with
the observed XRD results that indicates a reduction in ordering
and increased amorphousness.
3.6 Tensile testing

In order to determine the mechanical properties of the neat CA
membrane and investigate effect of EPS loading tensile testing
was conducted (Fig. 6). Three samples of each membrane were
tested to ensure reproducibility and average values were re-
ported. The neat CA membrane showed a tensile strength of
9.51MPa. On the introduction of 1% EPS amarginal decrease in
the tensile strength was observed (5.89 MPa). This decline may
be due to disruption in the tight packing of CA which is created
by low loading of EPS inherent chains that may act as a spacer
and decreases the overall resistance to mechanical
RSC Adv., 2026, 16, 16661–16671 | 16667
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Fig. 6 Tensile testing of the neat CA, 1% EPS/CA, 5% EPS/CA, and 10% EPS/CA blend membranes at room temperature 25 °C (a) force vs.
displacement curves, and (b) tensile strength.
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deformation. 5% EPS loaded blend membrane showed highest
tensile strength of 13.26 MPa. At this optimal loading, EPS
molecules likely achieve uniform dispersion within CA matrix.
The incorporation of EPS in CA matrix contributes to structural
rigidity through effective stress transfer while maintaining
exibility. The tensile strength of 10% EPS loaded blend
membrane reduced to 8.06 MPa falling below the strength of
neat CA. This deterioration in mechanical properties at higher
loading may be due to agglomeration of EPS. Excessive EPS
concentration may lead to formation of molecular clusters that
act as stress concentrators within polymer matrix. Such inho-
mogeneities disrupt the continuity of CA phase and facilitate
crack propagation leading to premature failure under tensile
load.
3.7 Gas permeation

The gas permeation behavior of neat CA, and EPS/CA blend
membranes with 1 wt%, 5 wt%, and 10 wt% EPS loadings were
conducted using a model CO2/CH4 biogas mixture (40 : 60) at
two different pressures of 1.5 bar and 3 bar at 25 °C. To ensure
the accuracy and repeatability of the results minimum three
samples from each of the membranes under the same condi-
tions were tested and their average values were reported. The
permeabilities of CO2 and CH4 along with CO2/CH4 selectivity
values are summarized in Table 1 and comparison graphs were
Table 1 Gas permeation at 1.5 and 3 bar pressure

Membrane

1.5 Bar pressure

CH4 permeability
(Barrer)

CO2 permeability
(Barrer) CO2/CH4 selec

Neat CA 0.65 � 0.06 6.44 � 0.98 20.79 � 0.91
1% EPS/CA 2.14 � 0.07 28.49 � 1.35 13.32 � 0.21
5% EPS/CA 2.45 � 0.6 45.50 � 1.80 18.59 � 1.86
10% EPS/CA 2.28 � 0.12 47.63 � 1.05 21.25 � 0.21

16668 | RSC Adv., 2026, 16, 16661–16671
plotted as shown in Fig. 7. Membrane sample having effective
area of 3.14 cm2 was used in the permeation cell. High purity
nitrogen gas was used as sweep gas, and a back pressure regu-
lator (BPR) was employed to maintain pressure and the
permeate composition was analyzed using gas chromatography
(Shimadzu GC-2014) equipped with thermal conductivity
detector (TCD) detailed experimental conditions are present in
the SI.

At 1.5 bar pressure, the neat CA membrane exhibited a CO2

permeability of 6.44 ± 0.98 Barrer and a CH4 permeability of
0.65 ± 0.06 Barrer, resulting in a CO2/CH4 selectivity of 20.79.
The low gas permeability of neat CA membranes arises from its
dense and semi-crystalline structure which was also conrmed
by the XRD. The selectivity originates from the strong solubility
of CO2 in the polar acetyl groups via dipole–quadrupole inter-
actions. When the EPS is introduced into the CA matrix the gas
transport behavior of membranes was changed drastically. With
1 wt% EPS loading the CO2 permeability increased nearly ve
times to 28.49 ± 1.35 Barrer while CH4 permeability raised to
2.14± 0.07 Barrer leading to reduction in CO2/CH4 selectivity of
13.32. The increase in permeability can be attributed to the
disruption of CA chain packing and the formation of additional
free volume, as observed XRD results suggesting decrease
crystallinity. The reduction in selectivity suggests that EPS
3 Bar pressure

tivity
CH4 permeability
(Barrer)

CO2 permeability
(Barrer) CO2/CH4 selectivity

0.77 � 0.13 14.03 � 0.25 18.06 � 0.88
4.92 � 0.86 63.14 � 0.99 12.82 � 0.96
6.22 � 0.97 105.83 � 1.12 15.98 � 0.18
4.40 � 0.24 76.78 � 2.29 17.42 � 0.61

© 2026 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Gas permeation results: (a) CO2 permeability; (b) selectivity (CO2/CH4) of neat CA, 1% EPS/CA, 5% EPS/CA, and 10% EPS/CA blend
membranes.
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domains create less selective pathways for the transport of CO2

and CH4.
When the EPS loading increased to 5%, the CO2 permeability

also increased to 45.50 ± 1.80 Barrer along with CH4 perme-
ability of 2.45 ± 0.60 Barrer. The CO2/CH4 selectivity also
increases to 18.59. At 10 wt% of EPS loading the CO2 perme-
ability further increased to 47.63 ± 1.05 Barrer with CH4

permeability of 2.28 ± 0.12 Barrer and CO2/CH4 selectivity of
21.25. High EPS loading can induce partial phase separation
which was also observed in FESEM that slight morphological
heterogeneity generates microvoids and increases free volume
that preferentially facilitate CO2 diffusion and restores the
selectivity to a level comparable to neat CA. This suggests dual-
mode transport behavior where CO2 permeates through both
dense CA regions and EPS enriched domains.

At 3 bar pressure, all the membranes exhibited higher CO2

and CH4 permeabilities compared to 1.5 bars. For neat CA
membrane the CO2 permeability increased to 14.03 ± 0.25
Barrer and CH4 to 0.77 ± 0.13 Barrer with a slight drop in
selectivity to 18.06 which is typical dual mode sorption behavior
where Langmuir sites become saturated at higher pressure.
Similarly, for 1 wt% EPS/CA blend membrane the CO2 perme-
ability increases to 63.14 ± 0.99 Barrer and CH4 permeability is
4.92 ± 0.86 Barrer with selectivity decreasing to 12.82. The
5 wt% EPS/CA blend membrane demonstrated excellent gas
transport performance by achieving the highest CO2 perme-
ability of 105.83 ± 1.14 Barrer with CH4 permeability of 6.22 ±

0.97 Barrer and a balanced selectivity of 15.98 that indicates its
optimal phase morphology and polymer–polymer compati-
bility. For 10 wt% EPS/CA blend membrane, the measured CO2

permeability was 76.78 ± 2.29 Barrer and CH4 permeability was
4.40 ± 0.24 Barrer with a selectivity of 17.42. This suggests that
high EPS loading results in minor phase separation and non-
selective microvoids that increases permeability but limits
selectivity enhancement.
© 2026 The Author(s). Published by the Royal Society of Chemistry
The polar acetyl groups present in the cellulose acetate
enhances the CO2 solubility through dipole–quadrupole inter-
actions. Due to incorporation of EPS, the aromatic polystyrene
domain disrupts the CA chain packing and increases the frac-
tional free volume. This change in the structure facilitates faster
gas diffusion. At moderate EPS loading (5 wt%), optimal
permeability is observed due to the balance between increased
free volume and maintained polymer compatibility. Whereas at
10 wt% loading, partial phase separation leads to microvoids
formation which can increase diffusivity but may reduces the
selectivity.

The fabricated EPS/CA blend membranes gas separation
capacity was compared with various available literatures on
polymer blend membranes for CO2/CH4 separation (Table 2).
The Pebax-1657/PDMS–PEO blend have shown high CO2

permeability of 1629 Barrer but low selectivity of 10.1 which is
due to exible PDMS and PEO domains that facilitate rapid gas
diffusion.28 Similarly, Pebax/PEG and Pebax-1657/PAMAM
blends showed CO2 permeability of 56.9 and 63.1 Barrer with
moderate selectivity of 13 and 23.6, respectively.29,30 On the
other hand, PSf/PEI, PSf/PBS, and SPEEK/PEI polymer blends
showed lower CO2 permeability of 7.62, 14.17, and 48 Barrer
with 13, 33, and 15 selectivity.21,31,32 This comparatively high
selectivity of these blends was due to the rigid aromatic back-
bone and lower fractional free volume. Cellulose based blends
such as PSf/CTA and CTA/CDA have reported moderate
permeabilities (11–17 Barrers) and selectivities (18–31) arising
from the polar acetate functionality that enhances CO2 solu-
bility.33,34 In comparison, the developed EPS/CA blend
membranes in this work have shown excellent trade-off between
permeability and selectivity. At 1.5 bars, the 10 wt% EPS/CA
membrane showed CO2 permeability of 47.63 Barrer with
a CO2/CH4 selectivity of 21.25. Whereas, at 3 bars the 5 wt% EPS/
CA membrane showed 105.83 Barrer CO2 permeability with
15.98 selectivity. These values are notably higher than many
reported CA based or polysulfone based blends such as CA/PI
RSC Adv., 2026, 16, 16661–16671 | 16669
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Table 2 Comparison of EPS/CA blend membranes gas separation capacity with various available literatures on polymer blend membranes for
CO2/CH4 separation

Blend membranes Gas pairs CO2 permeability Selectivity Testing conditions Ref.

Cellulose acetate (CA)/polyimide (PI) CO2/CH4 19.71 Barrer 9.42 1.5 Bar 25 °C 20
Cellulose triacetate (CTA)/cellulose
diacetate (CDA)

CO2/CH4 17.32 Barrer 18.55 5 Bar 25 °C 34

Cellulose acetate (CA)/expanded
polystyrene (EPS) (5 wt%)

CO2/CH4 47.63 Barrer 21.25 1.5 Bar 25 °C This work

Cellulose acetate (CA)/expanded
polystyrene (EPS) (10 wt%)

CO2/CH4 105.83 Barrer 15.98 3 Bar 25 °C This work

Polysulfone (PSf)/poly(butylene
succinate) (PBS)

CO2/CH4 14.172 GPU 33 3 Bar 27 °C 21

Polysulfone (PSF)/poyetherimide (PEI) CO2/CH4 7.62 Barrer 13.06 10 Bar 25 °C 31
Polysulfone (PSf)/cellulose triacetate
(CTA)

CO2/CH4 11.12 Barrer 30.70 4 Bar 25 °C 33

Poly(ether-block-amide) (Pebax-1657)/
polydimethylsiloxane–polyethylene oxide
(PDMS–PEO)

CO2/CH4 1629 Barrer 10.1 ∼2 Bar 25 °C 28

Poly(ether-block-amide) (PEBAX)/
polyethylene glycol (PEG)

CO2/CH4 63.12 Barrer 23.6 7 Bar 25 °C 29

Poly(ether-b-amide) (Pebax-1657)/
poly(amidoamine) (PAMAM)

CO2/CH4 56.9 Barrer 13 2 Bar 30 °C 30

Poly(ether ether ketone) (SPEEK)/
polyetherimide (PEI)

CO2/CH4 48 Barrer 15 2 Bar 35 °C 32

Polyurethane (PU)/nylon 6(3) CO2/CH4 16.1 Barrer 18.95 8 Bar 25 °C 35
Polyurethane (PU)/
poly(methylmethacrylate) (PMMA)

CO2/CH4 33.6 Barrer 11.77 1.6 Bar 25 °C 36
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(19.71 Barrer, 9.42), PSf/CTA (11.12 Barrer, 30.7), and CTA/CDA
(17.32 Barrer, 18.55).20,33,34 The EPS/CA blend membranes
compared with the other polymer blend systems that contain
highly exible polymers (for example PDMS) show very high
permeability but poor selectivity due to excessive chain
mobility. On the other hand, the rigid aromatic polymer system
like PSF/PEI membranes shows higher selectivity but lower
permeability due to reduced fractional free volume. Therefore,
the EPS/CA blends membrane provide a balanced structure in
which EPS increases the free volume while CA retains polar
functional groups that enhances CO2 sorption.
4 Conclusion

A series of EPS/CA blend membranes were developed in this
study by varying EPS loading through solution casting and
solvent evaporation technique. The membranes were tested
with the model biogas mixture having a composition of CO2 and
CH4 in a 40 : 60 ratio at two different pressures of 1.5 and 3 bar.
Structural and thermal analyses conrmed the formation of
physically compatible blends without the formation of new
chemical bonds. FTIR spectra revealed the coexistence of
functional groups from both CA and EPS. XRD analysis indi-
cated a reduction in CA's semi-crystallinity with increase in EPS
content that shows improvement in chain mobility and inter-
facial interaction between the two polymers. The DSC analyses
demonstrated that the incorporation of EPS reduced the glass
transition temperature of the blends. In FESEM analysis
smooth and defect free surfaces at lower EPS loadings (1 wt%)
was observed. At higher loading of EPS (10 wt%) phase
16670 | RSC Adv., 2026, 16, 16661–16671
separation became apparent which indicates limited compati-
bility beyond a threshold concentration. Gas permeation
studies showed that the 5 wt% EPS loaded blendmembrane has
shown highest CO2 permeability of 105.83 Barrer at 3 bars. Also,
at 1.5 bars, the 10 wt% EPS blendmembrane has shown highest
the CO2/CH4 selectivity of 21.25 with enhanced CO2 perme-
ability 47.63 Barrer. The obtained results have demonstrated
that blending waste EPS with CA offers a sustainable approach
that improves the performance of the polymeric membranes for
CO2/CH4 separation. Although the membrane approaches the
upper bound it does not surpass it. This limitation may arise
due to partial miscibility between CA and EPS, or formation of
microvoids at higher EPS loadings, and absence of highly
selective molecular sieving structures. Therefore, to tackle these
limitations in future work, functional nanollers like MOFs or
graphene derivatives will be incorporated in the blends. This
strategy of upcycling of non-biodegradable waste EPS into
functional membrane material aligns with circular economy
principles and provides a new path to develop environment
friendly membranes which can be used to upgrade biogas.
Despite the promising results obtained in the present study
several limitations were observed which will be focused in
future investigation. Firstly, the long term operational stability
of CA/EPS membranes under continuous gas separation
conditions. Another will be scalability of the fabrication process
for industrial membrane production. As the present study
focussed on utilization of waste EPS as membrane material for
mixed gas separation under controlled conditions. Further
investigation will evaluate the membrane's performance under
© 2026 The Author(s). Published by the Royal Society of Chemistry
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real biogas conditions to address the practical applicability in
large scale biogas upgrading processes.
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