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A B S T R A C T

The growing need for efficient CO2 separation in natural gas purification and carbon capture has driven the 
advancement of high-performance membrane technologies. This study incorporates the zeolitic imidazolate 
framework ZIF-8-NH2 into blends of polysaccharide starch and polyvinyl alcohol (PVA) to fabricate eco-friendly 
membranes. These materials, prepared as dense mixed matrix membranes (MMMs) and thin-film nanocomposite 
(TFN) membranes, offer a sustainable solution for CO2/CH4 separation. The integration of ZIF-8-NH2 nano
particles, recognized for their high crystallinity and surface area and selective adsorption capacity into the 
starch–PVA matrix (33/67 blend ratio), significantly enhances CO2 permeability, increasing from 124 to 188 
Barrer at 10 wt% loading, while preserving high CO2/CH4 selectivity (14.1 for the pristine blend and 16.5 for the 
MMM). For TFNs, a 9/91 starch-PVA matrix with 15 wt% ZIF-8-NH2 incorporated into the selective layer resulted 
in the best conditions. This architecture provided robust mechanical stability and high separation performance, 
yielding a CO2 permeance of up to 208 GPU and a CO2/CH4 selectivity of 26.9 at 3 bar feed pressure, nearly 
doubling the selectivity compared to the dense biopolymer blend. This work highlights the potential of 
renewable, starch-based materials in membrane-based gas separation, contributing to sustainable solutions for 
natural gas purification and carbon capture.

1. Introduction

The efficient separation of carbon dioxide (CO2) is critical for envi
ronmental sustainability and economic viability, particularly in natural 
gas processing and carbon capture applications. As a major contributor 
to global warming, CO2 must be separated from methane (CH4) to 
reduce greenhouse gas emissions while simultaneously purifying CH4 as 
a clean energy source [1–5]. Membrane technology has emerged as a 
promising approach for CO2/CH4 separation due to its energy efficiency 
and operational simplicity. Conventional polymeric membranes include 
materials such as polysulfone (PSF), polyimide (PI), cellulose acetate 
(CA), and polyetherimide (PEI). These polymers have been widely 
investigated and utilized due to their intrinsic separation properties, 
film-forming ability, thermal stability, and relatively good mechanical 
properties [6]. These membranes face significant challenges in 
achieving the high permeability and selectivity necessary for industrial 
applications. To address these limitations, mixed-matrix membranes 
(MMMs) have been developed, combining the flexibility of polymer 
matrices with the superior separation capabilities of inorganic fillers 

[7–9]. This hybrid approach offers a pathway to enhance the gas sepa
ration performance of membranes, meeting the stringent requirements 
of industrial processes. Recent reports have shown that well-designed 
MMMs can surpass the Robeson upper bound, a key benchmark in 
membrane science that describes the trade-off between permeability and 
selectivity [10].

In recent years, sustainable biopolymers such as polysaccharides 
have gained considerable attention as an environmentally friendly 
alternative for membrane fabrication. Polysaccharides are derived from 
renewable natural sources, including plants, algae, and microorganisms, 
and offer advantages such as biodegradability, biocompatibility, and 
cost-effectiveness [11]. Among these, starch, a widely available and 
affordable polysaccharide, has attracted significant interest [11–13]. 
Starch is the largest natural storage polysaccharide in plants, consisting 
primarily of amylose and amylopectin, along with minor amounts of 
lipids and proteins. The properties of starch molecules are influenced by 
their botanical source, granule morphology, and amylose/amylopectin 
ratio. Commercial sources of starch include maize, potato, and tapioca. 
Starch’s renewability, biodegradability, and thermoplastic behavior 
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make it a promising candidate for polymer-based applications [14]. 
Moreover, the abundance of global starch production estimated at over 
80 million metric tons annually offers scalability and economic feasi
bility for industrial membrane fabrication [15].

Despite these advantages, starch-based membranes face limitations 
due to their hydrophilic nature and mechanical fragility. To address 
these challenges, plasticizers such as glycerol and sorbitol are often 
incorporated to reduce intermolecular forces and improve flexibility 
[13,16]. However, high plasticizer content can compromise the barrier 
properties of the polymer, creating a trade-off between mechanical 
performance and gas separation efficiency. Additionally, starch sensi
tivity to water activity poses challenges for its use in gas separation 
membranes. Recent efforts have been made to chemically modify starch 
or blend it with compatible polymers to enhance its stability and sepa
ration performance, yet comprehensive gas separation studies using 
common starch remain limited [17].

The permeability of starch-based membranes has been extensively 
studied as a potential alternative to synthetic polymers, particularly for 
the food industry (packaging and coatings) [18]. Table S1 presents 
various applications of starch membranes sourced from different sources 
and blended with other materials reported in the literature, including 
water filtration, nanofiltration, hemodialysis, the textile industry, and 
antibacterial activity. Gas separation was only explored with amino 
starch[19] and dialdehyde amino-based membranes [20], but not with 
common starch. This limited exploration suggests a significant research 
gap that this study aims to address.

Research indicates that the gas permeability of starch, modified 
starch and plasticized starch membranes is highly dependent on hy
dration levels [15,21,22]. At low hydration and plasticizer content, 
starch films exhibit excellent barrier properties, often outperforming 
conventional materials such as ethylene-vinyl alcohol copolymers and 
polyamides, which are widely recognized for their superior oxygen 
barrier performance [23,24]. However, achieving an optimal balance 
between barrier properties and mechanical performance remains a key 
challenge [25,26]. While a higher plasticizer content enhances flexi
bility and processability [11,27], it concurrently reduces barrier effi
ciency by increasing polymer chain mobility. Additionally, both the 
mechanical integrity and permeability of starch-based membranes are 
highly sensitive to moisture levels, making water activity a crucial factor 
in maintaining their functional stability [15,24,28].

Polyvinyl alcohol (PVA), a biodegradable and water-soluble poly
mer, is a well-established material in membrane fabrication, offering 
excellent chemical resistance, mechanical stability and compatibility 
with starch [11,29]. Crosslinking agents, such as citric acid, are 
commonly employed to enhance the stability and durability of starch- 
PVA hybrid membranes [15,21,23]. Citric acid, a cheap, naturally 
available, non-toxic and biodegradable crosslinker, improves the me
chanical and thermal properties of the polymer matrix without intro
ducing harmful additives [11,30]. This modification makes starch-PVA 
membranes suitable for demanding industrial applications, including 
gas separation under varying operational conditions. For instance, 
starch-PVA membranes crosslinked with citric acid have demonstrated 
improved tensile strength and reduced water uptake, essential for 
maintaining a consistent performance in humid environments [17,31].

Additionally, zeolitic imidazolate frameworks (ZIFs) into polymer 
matrices have been shown to significantly boost gas separation effi
ciency. ZIFs, a category within metal-organic frameworks (MOFs), have 
distinctive features of high surface area, microporosity and customizable 
pore structures that enable selective CO2 adsorption and permeation [1]. 
The selective affinity of ZIFs for CO2 over CH4 makes them ideal for 
MMM applications targeting the CO2 separation. Each ZIF variant in
teracts uniquely with the polymer due to its distinct functional groups 
and surface chemistries [32,33]. ZIF-8, with the SOD type framework 
[34,35], increases CO2 permeability while providing moderate selec
tivity owing to its neutral surface properties. ZIF-8, featuring a pore size 
of approximately 0.34 nm, effectively separates CO2 from methane via 

two key mechanisms. The first is size exclusion, where the pore di
mensions allow smaller CO2 molecules (kinetic diameter ~ 0.33 nm) to 
pass through while restricting larger CH4 molecules (kinetic diameter ~ 
0.38 nm). The second mechanism involves selective adsorption, driven 
by the nitrogen-rich framework of ZIF-8, which preferentially interacts 
with CO2 over CH4. Together, these properties make ZIF-8 a highly 
efficient material for CO2/ CH4 separation [35–38]. Nevertheless, ZIF-8 
is susceptible to the gate opening effect, where its framework undergoes 
subtle structural flexibility under specific conditions, such as gas 
adsorption or changes in pressure. This transient flexibility can result in 
a slight, temporary enlargement of the pore dimensions [39]. Despite 
this phenomenon, ZIF-8 retains its selective performance during CO2/ 
CH4 separation, primarily due to its intrinsic affinity for CO2 adsorption. 
Furthermore, By incorporating amino functional groups, ZIF-8-NH2 fa
cilitates hydrogen bonding interactions with CO2, leading to enhanced 
CO2/CH4 selectivity compared to the original ZIF-8 structure [1]. ZIF-8- 
NH2 retains a similar pore structure, the particle size is approximately 
30–50 nm [40] but incorporates functional amino groups. The precise 
adjustment of pore size (30–50 nm) and chemical functionality in these 
ZIFs facilitates optimized interactions with CO2 molecules, driving 
notable improvements in both CO2 permeability and CO2/CH4 
selectivity.

Herein, this study aims to develop novel starch–PVA-based dense 
MMMs and TFNs, incorporating ZIF-8 and NH2-functionalized ZIF-8 
fillers. Citric acid was employed as a crosslinker exclusively in dense 
membranes to enhance mechanical stability, while TFNs were fabricated 
without crosslinking. The integration of ZIFs into a biodegradable 
polymer matrix was studied in terms of separation efficiency to promote 
the development of sustainable materials for large-scale applications. By 
leveraging the synergistic properties of starch, PVA and ZIFs, this 
research addresses the dual challenges of environmental sustainability 
and industrial gas separation efficiency, offering a scalable solution to 
critical environmental and energy challenges.

2. Experimental

2.1. Materials

Polysulfone (Udel® P-3500 LCD) was provided by Solvay Advanced 
Polymers. Zinc nitrate hexahydrate (Zn(NO3)2⋅6H2O), methyl imidazole 
(mIm), 2-aminobenzimidazole (ambzIm, 97 %), poly[1-(trimethylsilyl) 
prop-1-yne] (PTMSP) and poly(vinyl alcohol) were bought from Sigma 
Aldrich, Spain. Soluble potato starch was bought from Laboaragon. The 
following chemicals were acquired from Análisis Vínicos, Panreac, 
Labbox, and Scharlab, Spain, in the specified sequence: methanol 
(MeOH) and isopropanol, N-methyl-2-pyrrolidone (NMP), n-hexane, 1- 
propanol (1-PrOH), and 1-butanol (1-ButOH). The gases required for 
the separation experiments were obtained from Abelló Linde S.A., Spain. 
All materials, including solvents, gases, and polymers, were used in their 
original state without any additional purification steps. All reagents and 
solvents used were of high purity (≥ 99 %) and were obtained from 
Sigma-Aldrich and used without further purification.

2.2. Methods

2.2.1. Synthesis of asymmetric PSF supports
The phase inversion technique was employed for the fabrication of 

PSF supports, following methodologies outlined in prior studies [1,32]. 
A polymer solution containing 20 wt% PSF in NMP was prepared by 
stirring thoroughly at room temperature overnight to ensure complete 
dissolution. The degassed solution was then cast onto a Teflon substrate 
using an Elcometer 4340 automatic film applicator, forming a film with 
a thickness of 250 μm at a casting speed of 0.04 m/s. The freshly cast 
membrane underwent phase inversion by being submerged in a water 
bath maintained at room temperature for 1 h. Following precipitation, 
the membranes were rinsed with isopropanol and soaked in deionized 
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water overnight to eliminate residual solvents. Finally, they were dried 
in a vacuum oven at 100 ◦C for 24 h to achieve complete drying and 
structural stabilization.

2.2.2. Synthesis of ZIF-8
ZIF-8 nanoparticles were synthesized using a modified version of a 

previously established method [1,32]. For the synthesis process, 1.467 g 
of Zn(NO3)2⋅6H2O (4.93 mmol) and 3.245 g of 2-methylimidazole (mIm, 
39.52 mmol) were separately dissolved in 150 mL of MeOH. The ligand 
solution was added to the zinc solution while continuously stirring at 
ambient temperature for 30 min. The mixture was centrifuged at 9000 
rpm for 10 min, followed by four consecutive washes with MeOH to 
eliminate residual impurities. The product obtained was dried and 
activated by heating at 40 ◦C overnight to complete the preparation.

2.2.3. Synthesis of ZIF-8-NH2
ZIF-8-NH2 nanoparticles were synthesized following a previously 

reported method [1,41]. To prepare the solution, ambzIm (0.549 g, 4 
mmol) and mIm (1.340 g, 16 mmol) were dissolved in 50 mL of meth
anol (MeOH) and stirred thoroughly at 50 ◦C for 2 h, resulting in a clear 
solution. Meanwhile, Zn(NO3)2⋅6H2O (0.75 g, 2.5 mmol) was dissolved 
in a separate 50 mL of MeOH. After cooling the clear mixed-linker so
lution to room temperature (23 ◦C), the Zn-containing solution was 
introduced, and the mixture was stirred for 1.5 h, producing a milky 
suspension. The suspension was centrifuged at 2500 rpm for 30 min, 
washed three times using fresh MeOH, and dried under vacuum at 80 ◦C 
for 12 h. A final drying step was conducted at 150 ◦C for 1 h.

2.2.4. Preparation of dense mixed matrix membranes
A 10 % (w/v) PVA solution in water (50 mL) was prepared in a 

beaker. Separately, a 5 % (w/v) starch dispersion was made by heating 
starch in water at 100 ◦C. Once the starch dispersion was ready, it was 
added dropwise to the PVA solution under constant stirring to achieve a 
homogeneous mixture [42]. Citric acid (CA) was added to this mixture 
at a concentration of 2 wt% while ensuring continuous stirring and 
avoiding the incorporation of air bubbles. The resulting blend was cast 
into a membrane using the conventional solution casting method. After 
casting, the membrane was washed thoroughly with distilled water to 
remove any traces of CA. Finally, the membrane was air-dried at room 
temperature, obtaining a transparent, dense film with a thickness 
ranging from 50 to 60 μm. The fabricated membranes were labeled as D. 
ST-X% where X represents the ST/PVA composition in wt%. To fabricate 
dense MMM membranes incorporating ZIF nanocrystals, the optimal 
conditions identified for dense membranes in gas separation experi
ments were utilized. The polymer was initially dissolved in 2/3 of the 
total solvent volume under stirring at 80 ◦C. In parallel, ZIF particles, 
ranging from 5 to 15 wt% relative to the total MMM composition, were 
dispersed in the remaining 1/3 of the solvent using an ultrasonic bath to 
ensure an even distribution. After the polymer was completely dissolved 
and cooled to 40–45 ◦C, the ZIF suspension was gradually introduced 
and mixed thoroughly to form a homogeneous solution. The ZIF- 
containing mixtures were stirred at 45 ◦C for 1 h before the casting 
process. The fabricated membranes were labeled as MMM ST/PVA-ZIF- 
8-NH2-Y%, where Y represents the ZIF loading in wt%. The resulting 
blend was cast into a membrane using a Petri dish. After casting, the 
membrane was washed thoroughly with distilled water to remove any 
traces of CA. Finally, the membrane was air-dried at room temperature 
obtaining MMM membranes.

2.2.5. Preparation of TFC and TFN membranes
The thin-film composite (TFC) and thin-film nanocomposite (TFN) 

membranes were prepared following a previously reported study [32]. 
To prevent the selective layer from infiltrating into the PSF supports, a 
PTMSP gutter layer was applied via spin-coating. A 2 wt% PTMSP so
lution was prepared by dissolving the polymer in n-hexane at room 
temperature. The PSF support was securely fixed on the spin coater 

(Model WS-650MZ-23NPP/A1/AR1) and 0.7 mL of the PTMSP solution 
was evenly spread by spinning at 2500 rpm for 20 s. The coated supports 
were then dried in an oven at 40 ◦C for 1 h to remove any residual 
solvent.

The selective layer, consisting of a starch/PVA mixture, was depos
ited on the PTMSP-coated PSF supports. To prepare the selective layer 
solution, starch and PVA were individually dissolved in distilled water 
and then combined in equal volumes (1,1 v/v) before stirring continu
ously at 80 ◦C for 2 h. A 0.6 mL aliquot of this solution was applied to the 
PTMSP/PSF supports through spin-coating at 2500 rpm for 20 s. The 
final multilayer structure, comprising starch/PVA/PTMSP/PSF, was 
designated as the TFC membrane. The fabricated TFC membranes were 
labeled as TFC-ST-X%, where X represents the ST/PVA composition in 
wt%.

To fabricate TFN membranes incorporating ZIF nanocrystals, the 
optimal conditions identified for TFC membranes in gas separation ex
periments were utilized. The polymer was initially dissolved in 2/3 of 
the total solvent volume while maintaining temperature and stirring. In 
parallel, ZIF particles, ranging from 5 to 15 wt% relative to the total 
MMM composition, were dispersed in the remaining 1/3 of the solvent 
using an ultrasonic bath to ensure an even distribution. After the poly
mer was completely dissolved and cooled to 40–45 ◦C, the ZIF suspen
sion was gradually introduced and mixed thoroughly to form a 
homogeneous solution. The ZIF-containing mixtures were stirred at 
45 ◦C for 1 h before the spin-coating process. The fabricated membranes 
were labeled as TFN ST/PVA -ZIF-8-NH2-Y%, where Y represents the ZIF 
loading in wt%. Following the spin-coating step, the membranes were 
dried at 40 ◦C for 18 h to ensure the complete removal of residual 
solvents.

2.3. Characterization of ZIFs and membranes

The morphology of ZIF powders and membranes was examined using 
scanning electron microscopy (SEM) with an FEI Inspect F50 instrument 
operating at 10 kV. The SEM was also employed to measure the thick
ness of the selective skin layer at 5–6 locations across the membrane. For 
cross-sectional imaging, membrane samples were freeze-fractured in 
liquid nitrogen and coated with a palladium layer before analysis. 
Thermogravimetric analysis (TGA) was performed using a Mettler 
Toledo TGA/STDA 851e system. Approximately 3 mg of ZIF powder was 
placed in 70 mL alumina pans and subjected to heating from 35 to 
700 ◦C at a controlled rate of 10 ◦C min− 1, with a N2 flow of 40 cm3 

(STP) min− 1. Fourier transform infrared (FTIR) spectroscopy was con
ducted using a Bruker Vertex 70 instrument equipped with a Golden 
Gate diamond ATR attachment and a DTGS detector. Spectra were 
recorded in the range of 4000–600 cm− 1 with a resolution of 4 cm− 1, 
averaging 60 scans for each sample. Crystallinity was assessed through 
X-ray diffraction (XRD) analysis using a Panalytical Empyrean system 
with CuKα radiation (λ = 0.154 nm). Scans were performed over a 2θ 
range of 5◦ to 40◦ at a step size of 0.03◦ s− 1.

2.4. Gas separation tests

Membrane samples with active areas of 2.12 cm2 for TFC/TFN 
membranes and 12.57 cm2 for dense membranes were tested in a 
permeation module composed of two stainless steel components. The 
membranes were supported by a 316LSS macro-porous disk (Mott Co., 
20 μm nominal pore size) and sealed using Viton O-rings. Temperature 
control at 35 ◦C was maintained by placing the module in a UNE 200 
Memmert oven. The separation performance was evaluated by feeding a 
CO2/CH4 gas mixture (50/50 cm3 (STP) min− 1) to the membrane’s feed 
side at 3 bar pressure. Gas flow was regulated using Alicat Scientific MC- 
100CCM-D mass flow controllers. On the permeate side, helium at a flow 
rate of 4.5 cm3 (STP) min− 1 was used as a sweep gas at atmospheric 
pressure (~1 bar), controlled by an Alicat Scientific MC-5CCM-D 
controller. The stage cut (θ), representing the permeate-to-feed flow 
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rate ratio, was maintained at approximately 1 %. Gas composition on the 
permeate side was monitored in real time using an Agilent 3000 A 
micro-gas chromatograph. Steady-state conditions were ensured before 
calculating the permeability/permeation parameters for CO2 and CH4. 
Permeability is expressed in Barrer (10− 10 cm3(STP)⋅cm⋅cm− 2 s− 1 

cmHg− 1) for dense and permeation in GPU (gas permeance unit, 10− 6 

cm3 (STP) cm− 2 s− 1 cmHg− 1), for TFC/TFN membranes. Permeability 
involves flux (flow rate divided by the area of the membrane), partial 
pressure, and multiplying by the membrane thickness (Eq.1).

The gas permeance was calculated by dividing the N is molar flow 
rate of the permeate gas by the membrane area (A) and partial pressure 
difference of the permeating gas (ΔP) across the membrane (Eq.2.) The 
CO2/CH4 selectivities were determined as the ratio of their respective 
experimental permeabilities and permeances, respectively (Eq.3). The 
permeance was calculated using the measured gas flux, membrane area, 
and feed and permeate partial pressures of permeating gases. Measure
ments were repeated on three membrane samples under identical con
ditions and average values along with associated errors were recorded 
for each membrane. 

Pgas(Barrer) =
Fluxgas (cm3(STP)⋅cm− 2⋅s− 1 )⋅Thickness (cm)

ΔPgas (cmHg)
(1) 

Permeance (GPU) =
N (cm3(STP)⋅s− 1 )

ΔP(cmHg).A(cm− 2)
(2) 

α =
PCO2

PCH4
(3) 

3. Results

3.1. Characterization of ZIF-8 & ZIF-8- NH2

ZIF-8 and ZIF-8-NH2 nanoparticles were synthesized for application 
as fillers in starch-PVA MMM and TFN membranes. The ZIF-8 and ZIF-8- 
NH2 average particle sizes are 78 nm ±6 and 52 ± 5 nm, respectively, as 
illustrated in Fig. 1.

Thermogravimetric analysis (TGA) was carried out under N2 

atmosphere, spanning a temperature range of 35 to 700 ◦C. The results, 
plotted in Fig. 2a, indicate that the synthesized ZIF particles undergo 
decomposition between 200 and 700 ◦C. ZIF-8 was found to degrade at a 
higher temperature, around 450 ◦C, whereas ZIF-8-NH2, which contains 
a modified ligand structure, remained thermally stable up to 400 ◦C. 
This stability suggests that ambzIm is integrated into the ZIF-8 frame
work through coordination with the metal ions, rather than being 
physically trapped within the porous structure[40].

The crystallinity and purity of the ZIF particles were confirmed 
through X-ray diffraction (XRD) analysis, with the corresponding results 
presented in Fig. 2b. ZIF-8 and ZIF-8-NH2 characteristic diffraction 
peaks were observed at 2θ = 7.3◦, 10.4◦, 12.7◦, 14.8◦, 16.4◦, 18.0◦, 
24.5◦, and 26.1◦, which correspond to the planes (011), (002), (112), 
(022), (013), (222), (114) and (134), in good agreement with earlier 
findings and confirming the SOD type structure of ZIF-8 [35]. XRD 
analysis demonstrated that the substitution of the mIm linker in ZIF-8 
with the ambzIm linker, a primary amine-functionalized imidazole 
ligand, in ZIF-8-NH2 maintained the structural integrity of the original 
crystal framework, aligning with previous reports [1,40,43]. Interest
ingly, the produced ZIF-8-NH2 nanocrystals exhibited lower particle 
sizes (refer to Fig. 1) and the XRD patterns exhibited reduced peak in
tensities for the modified material compared to the original ZIF-8 
nanocrystals. This decrease could be attributed to the incorporation of 
bulkier ligands during the exchange process, which introduce steric 
hindrance effects, potentially causing structural imperfections or 
distortions.

As shown in Fig. 2c, the FTIR-ATR spectrum of ZIF-8 lacks the 
characteristic bands at 1147 cm− 1 and 993 cm− 1, associated with the 
C–N bond, confirming the effective ligand exchange. In the case of ZIF- 
8-NH2, new peaks appear at 3470/3385 cm− 1 and 916/848 cm− 1, cor
responding to –NH2 and –NH– groups, respectively. These spectral fea
tures provide additional evidence that the ambzIm linker successfully 
replaced the mIm linker in the ZIF-8 structure [40].

3.2. Characterization of dense starch membranes

Fig. 3 shows the SEM cross-sectional images of starch (ST)-polyvinyl 

Fig. 1. Particle size of ZIF nanoparticles. ZIF-8: SEM image (a) and histogram (b); ZIF-8-NH2: SEM image (c) and histogram (d).
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alcohol (PVA) mixed matrix membranes (MMMs) with citric acid (CA) as 
a crosslinker, examining the structural variations in the membrane 
based on the starch content and the presence of ZIF-8-NH2 (10 %) as an 
additive. The images in Fig. 3(a-d) provide some insights into how 
different compositions of starch (0–100 wt%).

affect the morphology of these membranes. Fig. 3a shows the cross- 
section SEM image of a membrane composed entirely of starch (D.ST- 
100, Table 1), crosslinked with citric acid. The structure appears dense 
and homogeneous, indicating a uniform starch matrix without visible 
pores or phase separation, which provides limited permeability but 
strong barrier properties. However, when submitted to the gas separa
tion set up the membrane was too brittle to test. In Fig. 3b (D.ST-33 of 
Table 1), which includes both starch and PVA, the cross-section reveals a 
more porous and textured structure compared to the bare starch mem
brane. The addition of PVA and the lower starch content creates a 
morphology with greater porosity, which potentially enhance CO2 
permeability. The presence of citric acid as a crosslinker maintains the 
mechanical stability despite the more open structure. Fig. 3c corre
sponds to the bare PVA membrane (D.ST-0 of Table 1), pure PVA with 
citric acid without starch. The SEM image shows a dense and compact 
morphology, characteristic of PVA’s cohesive film-forming properties. 

The absence of starch results in a smooth cross-sectional structure, 
which restricts gas permeability but keeps selectivity and improves 
mechanical integrity. The crosslinking with citric acid likely enhances 
the membrane’s structural resilience. Fig. 3d shows the cross-section of 
MMM ST-33-ZIF-8-NH2 (10 wt%), which contains a blend of starch and 
PVA with 10 % ZIF-8-NH2 particles, demonstrating a heterogeneous 
morphology. The incorporation of ZIF-8-NH2 particles provokes visible 
textural changes, creating microdomains within the polymer matrix. 
These particles, known for their high specific surface area and CO2 af
finity, produced an enhancement of the membrane gas separation 
properties by facilitating CO2 transport through the matrix, as shown in 
Table 1. Citric acid crosslinking in this formulation enhances the me
chanical strength of the membrane. Furthermore, SEM-EDS analysis was 
performed to gather additional details about the samples. Fig. S1 and 
Table S2 exhibit the elemental composition of MMM ST-33-ZIF-8-NH2 
(10 wt%). The Zn mapping indicates a uniform distribution of MOF 
particles within the surface of ST/PVA MMMs, confirming a successful 
interaction between ST/PVA and the MOFs.

Fig. 4 represents the ATR-FTIR spectra for dense starch/PVA mem
branes and ZIF MMMs. The D.ST-0 membrane (as shown in Table 1) 
spectrum displays a broad peak around 3300 cm− 1, attributed to the 
O–H stretching vibrations, which is characteristic of the hydroxyl 
groups in PVA. Other notable peaks include the C–H stretching near 
2900 cm− 1 and a weaker peak at around 1700 cm− 1 due to the C––O 
stretching, which arise from the oxidation of PVA during processing. The 
dense starch membrane spectrum (D.ST-100) also exhibits a broad O–H 
stretching peak around 3300 cm− 1, indicative of hydrogen bonding 
between the starch chains, with additional peaks corresponding to C–O 
and C–H stretching vibrations, characteristic of the starch poly
saccharide structure [44]. In the starch/PVA blend membrane 33/67 (D. 
ST-33) spectrum, the overlapping broad O–H stretching band around 
3300 cm− 1 and the C–H stretching near 2900 cm− 1 indicate that the 
matrix combines both starch and PVA properties. Slight shifts in these 
peaks suggest hydrogen bonding interactions between starch and PVA, 
enhancing the stability and compatibility of the blended polymer matrix 
[18,44].

Fig. 4 also shows the MMMs incorporating ZIF-8-NH2 at 5, 10 and 15 
wt% loadings exhibiting notable new peaks or changes in the existing 
peaks, signifying the presence and influence of ZIF-8-NH2 within the 
polymer matrix. For instance, a peak around 1550 cm− 1 corresponds to 
the C––N stretching vibration of the imidazole ring in ZIF-8 [1], con
firming its integration within the polymer network. Additionally, the 
peaks below 1000 cm− 1 are associated with metal-ligand vibrations, 
further indicating the presence of the ZIF-8 structure within the polymer 
network. As the ZIF-8-NH2 content increases from 5 to 15 wt%, the C––N 
stretching peak around 1550 cm− 1 becomes more pronounced, along 
with the increased intensity of the metal-ligand peaks below 1000 cm− 1. 
Moreover, the O–H stretching region (3300 cm− 1) shows a reduced 
intensity as the ZIF-8 content rises. Besides, incorporating ZIF-8-NH2 
into the starch/PVA matrix introduces functional amino groups (− NH2) 
that can form hydrogen bonds with the hydroxyl groups (-OH) of starch. 
These interactions are crucial in establishing strong interfacial bonding 
between the filler and the polymer matrix, affecting the structural and 
functional characteristics of the membrane. The hydrogen bonding be
tween the amino groups of ZIF-8-NH2 and the hydroxyl groups of starch 
enhances their mutual compatibility. It reduces the formation of inter
facial voids, ensuring a better dispersion of ZIF-8-NH2 particles within 
the matrix, as compared to ZIF-8, where such a possibility does not exist. 
This bonding likely restricts the mobility of the polymer chains, leading 
to a more rigid matrix with reduced free volume. Such structural mod
ifications improve the gas separation performance by creating a more 
selective pathway for CO2 molecules while limiting CH4 transport.

Fig. 5 and Fig. S2 illustrate the thermogravimetric analysis (TGA) 
curves, which show the thermal stability profiles of different starch/ 
PVA-based membranes and MMMs. All samples exhibit two primary 
stages of weight loss, consistent with the typical thermal decomposition 

Fig. 2. ZIF powders: TGA curves in N2 (a), XRD patterns (b) and ATR-FTIR 
spectra (c).
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behavior of starch and PVA. The initial weight loss occurs at around 
100 ◦C, attributed to the removal of adsorbed water due to the hydro
philic nature of both starch and PVA. This is followed by a more sig
nificant weight loss at higher temperatures, which is indicative of 
polymer decomposition. The dense ST- 0 membrane begins to decom
pose at around 250 ◦C and shows a significant degradation around 
300–400 ◦C. This thermal behavior is typical of PVA, as it breaks down 
through the dehydroxylation and chain scission of polymer backbones. 
The curve corresponding to the starch/PVA blend (D.ST-33) membrane 
shows an initial weight loss at a slightly lower temperature than pure 
PVA, which aligns with the more thermally sensitive nature of starch.

The MMMs containing ZIF-8-NH2 demonstrate significantly 

improved thermal stability compared to pure starch/PVA membranes, 
particularly with ZIF-8-NH2. The inclusion of ZIF-8-NH2 delays the onset 
of major weight loss, as observed in the 5, 10, and 15 wt% loaded 
membranes, suggesting an enhanced thermal resistance. Among these, 
the 5 wt% ZIF-8-NH2 membrane achieves the greatest thermal stability, 
highlighting the role of ZIF-8-NH2 in reinforcing the polymer matrix. 
This improvement can be attributed to the high thermal resistance and 
structural integrity of ZIF-8-NH2 particles, which act as heat barriers and 
slow down the polymer decomposition. However, at higher tempera
tures, the thermal stability decreases due to the catalytic effect of Zn- 
based particles present in ZIF-8-NH2[45]. When ZIF-8-NH2 degrades 
into ZnO during its thermal decomposition, such oxide acts as a catalyst, 

Fig. 3. SEM cross-sections for starch (ST)-PVA membranes & MMM: D.ST-100 (a), D.ST-33 (b), D.ST-0 (c) and MMM ST-33-ZIF-8-NH2 (10 wt%) (d).

Table 1 
CO2/CH4 mixture separation performance for starch/PVA membranes with different starch/PVA composition (0/100 to 100/0) and MMM membranes with a range of 
loadings (5–15 wt%) of ZIF-8-NH2 fillers and 10 wt% for ZIF-8 filler. Crosslinker concentration was set at 2 wt%. For the optimal ST/PVA composition (33/67). the 
variation from 1 to 3 wt% of the total starch/PVA blend is studied.

Membrane sample ST/PVA 
Composition

Citric acid 
(wt%)

PCO2 

(Barrer)
PCH4 

(Barrer)
S(CO2/CH4) CO2 

Purity (%)
CO2 

Recovery (%)

D.ST-0 0/100 2 59.4 ± 19.5 4.8 ± 1.7 12.6 ± 0.3 92.7 0.023
D.ST-9 9/91 2 55.6 ± 4.0 5.3 ± 0.4 10.5 ± 0.1 91.3 0.021
D.ST-17 17/83 2 66.0 ± 4.7 7.2 ± 3.5 11.5 ± 1.0 92.0 0.025
D.ST-23 23/77 2 71.4 ± 7.7 5.1 ± 1.6 14.9 ± 0.4 93.7 0.027
D.ST-29 29/71 2 120.3 ± 8.2 8.5 ± 0.7 14.1 ± 0.5 93.4 0.046

D.ST-33 33/67
1 58.1 ± 2.2 5.8 ± 0.2 10.0 ± 0.7 90.9 0.022
2 123.7 ± 3.0 8.8 ± 0.3 14.1 ± 0.4 93.4 0.047
3 74.6 ± 6.2 3.9 ± 1.6 19.2 ± 0.8 95.1 0.028

D.ST-50 50/50 2 117.6 ± 3.8 11.0 ± 0.3 10.7 ± 0.7 91.5 0.044
D.ST-75 75/25 2 78.6 ± 3.4 6.7 ± 0.2 11.7 ± 0.3 92.1 0.030
D.ST-100 100/0 2 – – – – –
MMM ST-33-ZIF-8-NH2 (5 wt%) 33/67 2 195.9 ± 13.6 14.9 ± 3.3 13.1 ± 0.1 92.9 0.074
MMM ST-33-ZIF-8-NH2 (10 wt%) 33/67 2 188.1 ± 16.5 18.5 ± 5.8 16.5 ± 1.5 94.3 0.071
MMM ST-33-ZIF-8-NH2 (15 wt%) 33/67 2 135.1 ± 0.3 10.5 ± 0.6 12.9 ± 0.1 92.8 0.051
MMM ST-33-ZIF-8 (10 wt%) 33/67 2 45.28 ± 15 3.5 ± 1.4 13.2 ± 1.8 93.0 0.017

* Pure ST-dense membranes are inherently brittle, contributing to mechanical fragility, which leads to membrane failure during testing. In all case, the dense 
membranes thickness range 50–60 μm.
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accelerating the breakdown of the polymer matrix. This catalytic effect 
becomes more prominent with increased ZIF-8-NH2 content, as shown in 
the weight loss profiles and the earlier degradation temperatures of the 
composite membranes compared to the pure starch/PVA materials 
[45,46]. Thermogravimetric analysis confirmed that there is a slight loss 
of most likely water below 100 ◦C. Above ~100 ◦C, the degradation 
event was consistent with the thermal decomposition of starch and PVA. 
It is worth noting that the membranes are conditioned in-situ in the gas 
separation setup. If not, such water is probably removed by gas sepa
ration tests with dry gases and steady state reached after at least 2 h of 
measurements.

Fig. 6 illustrates the XRD patterns for the different starch/PVA-based 
membranes and MMMs. The XRD pattern for the starch-PVA blend 
shows a broad, amorphous hump around 2θ equal to 20◦, indicative of 
its semi-crystalline nature [47,48]. This characteristic peak is commonly 
associated with the disordered arrangement of polymer chains in 
blended biopolymers such as starch and PVA. The XRD analysis confirms 
the successful incorporation of ZIF-8-NH2 into the starch/PVA polymer 
matrix, as evidenced by the characteristic peaks at 2θ 7.3◦, 10.4◦ and 
12.7◦, corresponding to the crystalline structure of ZIF-8-NH2. The in
tensities of these peaks increase with higher filler content, indicating 
proportional integration and preservation of the MOF structure upon the 

process of MMM fabrication. Notably, the 15 wt% sample shows more 
prominent peaks compared to the 10 wt% sample, which has smaller 
peaks possibly due to minor filler aggregation or the formation of sec
ondary phases. In contrast, no significant peaks are observed in the 5 wt 
% sample, likely because the ZIF-8-NH2 is well-dispersed and embedded 
within the polymer matrix, making it undetectable by XRD. Addition
ally, the incorporation of ZIF-8-NH2 reduces the amorphous nature of 
the polymer, enhancing rigidity and structural integrity, particularly at 
higher filler content (15 wt%) [1,47–50].

3.3. CO2/CH4 separation performance

Table 1 shows the different starch/PVA blending membranes pre
pared with their codes and compositions.

The gas separation efficiency of the dense starch/PVA membranes 
prepared with different starch concentrations (0–75 wt%) was evaluated 
using a 50:50 CO2/CH4 mixture at a feed pressure of 3 bar and 35 ◦C. As 
depicted in Table 1 and Fig. 7a, the gas separation performance (CO2 
and CH4 permeabilities and CO2/CH4 selectivity), increasing the starch 
content positively influences the CO2 permeability (from 59.4 to 123.7 
Barrer), which is attributed to the inherent properties of starch that 
contribute to the formation of a more porous and CO2-philic structure. 
This enhanced permeability can be linked to the increased free volume 
and amorphous regions within the starch/PVA blend, facilitating a 
greater CO2 transport [51–53]. The CO2/CH4 selectivity also shows an 
increasing trend with higher starch content (from 10.5 to 14). This 
improvement in selectivity is due to the preferential interaction between 
CO2 molecules and the hydroxyl groups present in the starch, which 
promotes the CO2 adsorption over that of CH4. The high density of polar 
groups within the starch structure enhances the solubility selectivity due 
to the preferential interaction with the quadrupole to the CO2 molecule, 
aligning with findings from previous research that reported similar 
behavior in polysaccharide-based membranes [51,54]. In Table 1 and 
Fig. 7b, the effect of citric acid concentration (1–3 wt%), as a cross- 
linker agent on the gas separation performance, is illustrated. Citric 
acid is known for its ability to form covalent crosslinks between polymer 
chains having hydroxyl groups, enhancing mechanical stability and 
reducing excessive swelling in humid conditions [55–57]. Fig. 7b in
dicates that, as the citric acid concentration increases, the CO2 perme
ability initially rises but slightly decreases beyond the 2 wt% value. This 
behavior can be attributed to the optimal crosslink density achieved at 
this concentration, which balances permeability and selective gas 
transport [58]. Specifically, the permeability of dense membranes 
reached its maximum at 2 wt% of citric acid and then slightly decreased 

Fig. 4. ATR-FTIR spectra of starch/PVA membranes and ZIF-8-NH2MMMs.

Fig. 5. TGA curves in N2 of starch/PVA membrane and ZIF-8-NH2 MMMs.

Fig. 6. XRD patterns of starch/PVA membrane and ZIF-8-NH2 MMMs.
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with further loading, while the CO2/CH4 selectivity continued to in
crease with higher citric acid content. This trend is consistent with the 
expected decrease in permeability of dense polymeric membranes 
[10,52]. At the same time, the CO2/CH4 selectivity showed a slight in
crease with increasing citric acid concentration. The cross-linking effect 
restricts the polymer chain mobility and enhances the sieving effect, 
which favors smaller CO2 molecules over CH4 due to differences in their 
kinetic diameters. Too much crosslinking in the gas transport channels 
causes a decrease in the CO2 permeability (probably due to the excessive 
densification of the polymer structure achieved) without significantly 
affecting the CO2/CH4 selectivity.

After studying the separation performance of the bare polymer, the 
MMMs incorporating ZIF-8-NH2 and ZIF-8 were studied. The CO2 per
meabilities and CO2/CH4 selectivities of dense membranes with 33/67 
ST/PVA blending composition (D.ST-33) and those containing 5, 10 and 
15 wt% of ZIF-8-NH2 are compared in Fig. 8 and Table 1. As expected, 
the incorporation of ZIF-8-NH2 at different amounts noticeably affected 
the CO2/CH4 separation performance of MMMs compared to the bare 
polymer membrane. Membranes with 5 wt% of ZIF-8-NH2 resulted in a 
significant increase in CO2 permeability (from 123 to 196 Barrer), 
indicating an enhanced gas transport facilitated by the well-dispersed 
ZIF-8-NH2 nanoparticles. The amino-functionalized surface provides 
strong affinity sites for CO₂, supporting more efficient sorption and se
lective diffusion mechanisms [1,59]. At 10 wt% filler loading, CO2 
permeability slightly decreases to 188 Barrer. This trend could be 
attributed to partial aggregation of ZIF-8-NH2 particles, which limits the 
available free volume and disrupts gas transport channels [60]. At 15 wt 

% loading, the further reduction in CO2 permeability (136 Barrer) and 
selectivity obtained indicates an excessive filler content leading to ag
gregation, causing non-selective voids or defects within the polymer 
matrix. Such aggregation impedes efficient gas transport. This phe
nomenon has been corroborated by various studies on MMMs incorpo
rating MOF-type fillers [61,62]. The best value of CO2/CH4 selectivity 
(16.5) observed at the 10 wt% ZIF-8-NH2 content, without a sacrifice in 
the CO2 permeability (Fig. 8) is likely due to optimal interfacial 
compatibility achieved between the polymer matrix and filler particles. 
Moreover, the –NH₂ groups on the ZIF-8 surface create favorable in
teractions with CO2 molecules, enhancing selective adsorption and 
transport [63].

Concerning the MMMs containing 10 wt% ZIF-8 loading (i.e., with 
the non-functionalized MOF), they showed a reduced CO2 permeability 
of 45 ± 15Barrer together with a CO2/CH4 selectivity of 13.2 ± 1.8 (as 
shown in Table 1). These values are worse than those achieved with the 
amino MOF. The larger particle size of ZIF-8 (78 nm) limits its dispersion 
within the polymer matrix, leading to uneven distribution and subop
timal gas transport channels. Its lack of functional groups, such as 
amines, weakens the CO₂-specific interactions, reducing the adsorption 
affinity and thus separation selectivity compared to ZIF-8-NH2, which 
benefits from amino-functionalized surfaces that enable acid-base 
interaction with CO2 molecules. The weak interfacial bonding be
tween ZIF-8 and the polymer matrix further results in defects and voids, 
compromising the mechanical and separation performance. In sum, 
NH2-ZIF-8, with a smaller particle size (52 nm) and better compatibility 
and interaction with CO2 molecules, achieves improved dispersion and 
interaction with the polymer matrix, leading to superior permeability 
and selectivity. The 10 wt% ZIF-8-NH2 MMMs exhibited, in turn, the 
best separation performance in comparison to the pristine starch/PVA 
(33/67 %) and the other MMMs. This enhancement can be attributed to 
the creation of preferential pathways for CO2 transport within the 
crystalline structure of ZIF-8-NH2, which is critical for improving gas 
separation performance [64]. In addition, the hydrogen bonding in
teractions of the –NH2 groups on the ZIF-8 also contribute to optimizing 
the sorption-diffusion mechanism within the membrane. By moderating 
CO2 sorption and promoting a selective transport environment, the 
functionalized matrix achieves a balance between permeability and 
selectivity, showcasing the potential of ZIF-8-NH2 as an effective filler in 
mixed-matrix membranes. This fine-tuning of the polymer-filler inter
face is key to advancing the design of high-performance membranes for 
gas separation applications [65,66].

Additionally, the CO2 purity, calculated by excluding the He sweep 
gas contribution and considering only the CO2/CH4 ratio in the 

Fig. 7. CO2/CH4 separation performance with the dense membranes fabricated 
at different starch concentrations (a), and different concentrations of cross
linker (1–3 wt%) (b).

Fig. 8. CO2/CH4 separation performance of starch/PVA MMMs with 5–15 wt% 
ZIF-8-NH2.
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permeate stream, ranged from 90.9 to 95.1 % for dense ST/PVA mem
branes as in Table 1 and 77.3–96.4 % for TFC/TFN membranes as in 
Table 2. The highest purity values (>95 %) were achieved by citric acid- 
crosslinked dense membranes (D.ST-33 with 3 % CA) and ZIF-8-NH2- 
incorporated TFN membranes, demonstrating the effectiveness of both 
chemical crosslinking and porous filler strategies for enhancing selec
tivity [67].

The CO2 recovery, calculated as the fraction of CO2 permeated 
relative to the CO2 fed, showed distinct trends between membrane types. 
Dense ST/PVA membranes exhibited recoveries of 0.017–0.074 %, 
while TFC/TFN membranes achieved 0.033–0.221 %. Notably, the TFN 
ZIF-8-NH2 series showed higher recovery than dense membranes at 
comparable purity levels (>92 %), attributable to their superior CO2 
permeance. This enhancement stems from the combined effects of mo
lecular sieving through ZIF-8 pores and facilitated transport via NH2- 
CO2 interactions [67,68].

3.4. Characterization and separation performance of TFC and TFN 
membranes

After studying the preparation of dense membranes, TFC and TFN 
were prepared with the best-performing filler ZIF-8-NH2. Fig. 9 presents 
the cross-section SEM images for starch/PVA TFC and TFN membranes 
showing the morphological changes induced by varying the polymer 
concentration in the casting solution. Moreover, as shown in Fig. 9, a 
thin starch/PVA coating (1–1.5 μm) was applied over the PSF support 
membrane, separated by a PTMSP gutter layer. This design prevents the 
starch/PVA from penetrating the PSF support, avoiding potential in
creases in transport resistance that hinder gas separation performance 
[69]. As a highly permeable and minimally selective material, the 
PTMSP polymer is likely to have a negligible effect on the total gas 
permeation resistance [70]. Based on the gas separation performance 
results represented in Table 2 and Fig. S5a, the most effective casting 
solution consists of a 9 wt% concentration of starch/PVA (TFC-ST-1 %) 
(212 GPU of CO2 with a CO2/CH4 selectivity of 17.3, discussed below), 
which was then applied for further examination in the fabrication of ZIF- 
8-NH2 based TFN membranes, as shown in Fig. 9. The figure displays 
SEM images of TFN membranes incorporating ZIF-8-NH2 particles at 5, 
10, and 15 wt% loadings, showcasing the PSF porous support, the 
starch/PVA thin film layer, and the dispersed filler particles. The results 
reveal that the ZIF-8-NH2 particles were effectively embedded into the 
starch/PVA polymer matrix, which was deposited onto the PSF support 
to form the TFN membranes. The particles exhibited uniform dispersion 
across the surface, with no noticeable aggregation on the top layer of the 
membranes, confirming the successful interaction between ST/PVA and 
the MOFs. Corroborating this, Fig. S3 and Table S3 exhibit the 
elemental composition of ZIF-8-NH2 in TFN ST/PVA − 10 wt% with a 
uniform distribution of Zn.

The XRD patterns presented in Fig. S4 for the TFC and TFN mem
branes, prepared with 5, 10, and 15 wt% loadings, exhibit a broad and 

weak peak centered around 2θ ≈ 15–22◦. This peak reflects the low 
crystallinity inherent to the polysulfone (PSF) support material [71]. 
Additionally, the analysis identified distinct diffraction peaks at 2θ 
values of approximately 7.3◦, 10.4◦, and 12.9◦, corresponding to the 
(011), (002), and (112) planes, respectively, which are characteristic of 
the crystalline structure of ZIF-8-NH2 particles. These results are 
consistent with prior studies [1,72], confirming the effective incorpo
ration of ZIF particles into the TFN membranes without significant loss 
of crystallinity.

Furthermore, Table 2 and Fig. S5b summarize the CO2/CH4 sepa
ration performance of the TFN membranes incorporating varying con
centrations of ZIF-8-NH2 (5, 10, and 15 wt%). As shown, the basic ST/ 
PVA membrane (TFC-ST-1 %) with no MOF exhibits moderate selec
tivity, with CO2 permeance of 212 GPU and CO2/CH4 selectivity of 17.3. 
Incorporating ZIF-8-NH2 (5 wt%) into the TFN membrane enhances the 
separation performance, increasing the CO2 permeance to 224 GPU, 
resulting in an improved CO2/CH4 selectivity of 21.1. This indicates that 
ZIF-8-NH2 enhances CO2 selectivity by facilitating CO2 diffusion while 
limiting the CH4 transport due to its strong affinity for CO2 molecules, 
related to the molecular sieving effect and electrostatic attraction be
tween the amine groups in the MOF and the CO2 molecules [1]. Further 
increasing ZIF-8-NH2 to (10 wt%) within (ST/PVA) TFN yields CO2 
permeance of 218 GPU, with CO2/CH4 selectivity improving to 22.3. 
This optimal balance suggests an effective dispersion of ZIF-8-NH2, 
enhancing the separation performance without compromising the CO2 
permeability. At 15 wt% ZIF-8-NH2 incorporation within the TFN 
membrane, the CO2 permeance decreases slightly to 208 GPU, probably 
due to the barrier effect created by the high concentration of MOF 
particles strongly adhered to the polymer. However, the CO2/CH4 
selectivity reaches its highest value of 26.9, indicating that higher filler 
content promotes the CO2/CH4 selectivity. Such a selectivity value 
almost doubles the selectivity obtained for dense blending biopolymer 
membranes. This study presents, for the first time, the successful 
application of a pure starch biopolymer membrane without blending. 
The formation of an ultrathin starch layer in both TFC and TFN con
figurations on porous support eliminates the need for a crosslinking 
agent, enhancing the membrane’s environmental sustainability. This 
approach not only maintains structural integrity and performance but 
also reduces the use of chemical additives, making it a more eco-friendly 
alternative for gas separation applications.

The performance of thin-film nanocomposite (TFN) membranes 
based on starch/PVA without citric acid crosslinking was found to be 
significantly superior in terms of CO2 separation. The optimized TFN 
membrane, containing 15 wt% NH2-ZIF-8 and a ST/PVA ratio of 9/91, 
exhibited a CO2 permeance of 208 GPU and a CO2/CH4 selectivity of 27. 
Therefore, a direct comparison between dense MMMs and TFC/TFN 
membranes should be made with caution, as these systems differ in se
lective layer thickness (~1 μm for TFC/TFNs vs. bulk dense films), 
starch/PVA composition, and crosslinking conditions. For example, at 9 
% starch, a dense film crosslinked with 2 wt% citric acid showed a CO2 

Table 2 
CO2/CH4 mixture separation performance for the PSF support and TFC membranes with different starch/PVA composition (0/100 to 100/0) and TFN membranes with 
the selected polymer concentrations comprising different ZIF-8-NH2 loadings (5–15 wt%). Note that no crosslinker is needed for TFC/TFN membranes.

Membrane sample ST/PVA composition PCO2 

(GPU)
PCH4 

(GPU)
S(CO2/CH4) CO2 

Purity (%)
CO2 

Recovery (%)

PSF (support) – 411 ± 1 122 ± 1 3.4 ± 0.2 77.3 0.221
TFC.ST-0 0/100 96.5 ± 3.3 7.4 ± 0.2 13.0 ± 0.1 92.9 0.052
TFC.ST-9 9/91 212 ± 8 12.3 ± 0.4 17.3 ± 0.2 94.5 0.114
TFC.ST-17 17/83 157 ± 4 13.5 ± 0.2 11.6 ± 0.1 92.1 0.085
TFC.ST-23 23/77 93.5 ± 2.1 8.1 ± 0.2 11.6 ± 0.2 92.1 0.050
TFC.ST-33 33/67 66.1 ± 1.6 6.6 ± 0.1 10.1 ± 0.1 91.0 0.036
TFC.ST-100 100/0 61.6 ± 1.4 5.3 ± 0.1 11.7 ± 0.1 92.1 0.033
TFN ST-9-ZIF-8-NH2 (5 wt%) 9/91 224 ± 4 10.2 ± 0.2 21.1 ± 1.0 95.5 0.121
TFN ST-9-ZIF-8-NH2 (10 wt%) 9/91 218 ± 6 9.8 ± 0.5 22.3 ± 1.1 95.7 0.118
TFN ST-9-ZIF-8-NH2 (15 wt%) 9/91 208 ± 2 8.0 ± 1.7 26.9 ± 2.3 96.4 0.112

D. Refaat et al.                                                                                                                                                                                                                                  Separation and Puriϧcation Technology 382 (2026) 135596 

9 



permeability of 55.6 Barrer and selectivity of 10.5, whereas the corre
sponding non-crosslinked TFC membrane reached 212 Barrer with 
higher selectivity (17.3). At 33 % starch, however, the dense film (123.7 
Barrer, 14.1) outperformed the TFC membrane (66.1 Barrer, 10.1). 
These observations highlight that separation performance results from 
the combined effects of composition, crosslinking, and membrane ar
chitecture rather than selective layer thickness alone. Overall, the pre
liminary work done with dense MMMs is not fully extrapolated to the 
preparation of TFN membranes but constitutes a useful guide for the 
synthesis and understanding of the basic phenomena related to both 
membrane fabrication and gas separation performance. In addition, the 
TFN design through its ultrathin selective layer and MOF incorporation 
provides a promising route to enhanced CO₂/CH₄ separation, although 
the optimum outcome strongly depends on blend composition and 
fabrication strategy.

This decline in performance is likely due to densification and 

reduced chain mobility resulting from citric acid crosslinking, which can 
restrict gas diffusion and potentially lead to microstructural defects. 
These results illustrate the critical influence of membrane thickness, 
crosslinking degree, and polymer-filler compatibility on gas transport 
properties. Excessive crosslinking, while beneficial for mechanical 
integrity, can compromise separation performance by reducing free 
volume and hindering diffusivity. These findings are consistent with 
previous reports [31,55,73] that highlight the trade-offs between 
permeability and selectivity in high free-volume or blended membrane 
systems.

The incorporation of citric acid as a crosslinker generally improved 
the CO2/CH4 separation performance of dense starch–PVA membranes. 
Specifically, the permeability reached its maximum at 2 wt% citric acid 
and then slightly decreased with further addition, while CO2/CH4 
selectivity continued to increase. This behavior is consistent with the 
expected trade-off in dense polymeric membranes, where excessive 

Fig. 9. SEM cross-section images for starch/PVA TFC membranes: PSF support (a); TFC.ST-9 (b); TFN ST-9-ZIF-8-NH2 (10 wt%) (c).

Table 3 
Biopolymer and common conventional membranes applied in gas separations.

MMM wt% loading 
(best performance)

Solvent P CO2 
a,b Sel. CO2/CH4 Sel. CO2/N2 Ref.

Biopolymer/conventional polymer filler

Pristine CA – –
NMP

15.5a 10.7 8.8 [53]
CA NH2-MIL-53(Al) 10, (15), 20 52.6a 28.7 23.4 [53]
CS/dialdehyde ST- PVA 5,7.5, (10) Glacial AcOH – – 19.8 [20]
Pristine CA – –

THF
2.28a – 25.5 [76]

CA Co(II)–NaY 0, 5, 10, (15), 20 3.28a – 29.9 [76]
CA NaY 0, 5, 10, 15, (20) 4.87a – 25 [76]
CA/HFMs CA 12, 14, 16, (18), 20, 22 NMP 1.26a 7.9 6.0 [77]
Pristine CNF – –

DI H2O,
4.58a 4.44 5.85 [78]

CNF ZIF-8 10, 30, 50, (70), 90 550a 36.2 45.5 [78]
Carboxymethyl CS PZ (20), 30, 40 DI H2O 89b – 103 [79]
Carboxymethyl CS dendrimer (PAMAM) (10), 20, 30 – 98b – 149 [80]
PVA CNC 0.5, (1), 1.5, 2 DI H2O 2.9b 43 – [81]
Cellulose/ [Zn(II)24.2 %] PEI-GO 10, 13, 16, (17), 18 DI H2O 268.9a 57.4 48.9 [82]
CA R-MWCNTs 0, (0.65), 1, 2 THF – 13.41 9.33 [83]
CA C-MWCNTs 0, (0.65), 1, 2 THF – 21.81 15.43 [83]
CA PEG/(C-MWCNT]) 0, (0.5), 1, 2 THF – 53.98 26.37 [83]
CA SBR/(C-MWCNT) 0, 0.5, 1, (2) THF – 43.91 26.68 [83]
PIM-1 MOF-808 10 CHCl3 9090a 16.2 – [84]
PIM-1 MXene 5 CHCl3 7652a 13.5 – [85]
Matrimid ZIF-8 20 CHCl3 20a 44 – [86]
Matrimid MIL-53 15 NMP 12a 52 – [87]
P84 Ni3(HCOO)6 15 NMP 1.26a 67 – [88]
P84 ZIF-8 27 DMF 11a 93 – [89]
ST/PVA (33/67)/citric acid ZIF-8-NH2 5, (10), 15 DI H2O 188a 16.5 – This work
ST/ PVA(9/91) ZIF-8-NH2 5, 10, (15) DI H2O 217.9b 22.3 – This work

Abbreviations. Polymers: CA (Cellulose acetate), CS (Chitosan), ST (Starch), PVA (Polyvinyl alcohol), CNF (cellulose nanofiber). Solvents: NMP (1-Methyl-2-Pyr
rolodone), AcOH (acetic acid), DMF (N, N-dimethylformamide), THF (Tetrahydrofuran), CF (Chloroform), DI H2O (Deionized water).
(− ) Not tested.

a Permeability in Barrer unit (1 Barrer = 3.35 × 10− 16 mol⋅m− 2⋅s− 1⋅Pa− 1). 1 Barrer can be also expressed as 10− 10 cm3(STP)⋅cm⋅cm− 2⋅s− 1⋅cm⋅Hg− 1.
b Permeance given in Gas Permeability Unit (GPU) (1 GPU = 3.35 × 10− 10 mol⋅m− 2⋅s− 1⋅Pa− 1). 1 GPU can be also expressed as 10− 6 cm3(STP) ⋅cm− 2⋅s− 1⋅cm⋅Hg− 1.
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crosslinking restricts chain mobility and reduces gas diffusion. In terms 
of composition, the optimum performance for dense membranes was 
obtained with a 33/67 starch–PVA blend, whereas in TFC membranes 
the best separation efficiency occurred at a much lower starch content 
(9/91 ST–PVA). This difference highlights the role of membrane archi
tecture: dense films require higher starch content to enhance CO2 
sorption, while in ultrathin TFC selective layers the support provides 
mechanical stability, enabling a small starch fraction to introduce CO2- 
philic sites while the higher PVA content ensures continuity and mini
mizes defects.

Furthermore, Table 3 compares our best-performing polysaccharide 
membranes with other biopolymer membranes in the literature [74,75]. 
It provides a comparative analysis of various MMMs for CO2 separation, 
highlighting differences in polymer-filler systems, solvent selection, gas 
permeability/permeation, and selectivity. It demonstrates how different 
biopolymer matrices, such as cellulose acetate (CA), chitosan (CS), 
polyvinyl alcohol (PVA), and starch/PVA, impact gas separation per
formance [74,75]. The incorporation of nanofillers, including MOFs (e. 
g., NH2-MIL-53(Al), ZIF-8) and carbon-based materials, enhances CO2 
transport by improving sorption sites and diffusion pathways. CO2 
Permeability varies widely depending on the polymer-filler combina
tion. CA-based membranes generally exhibit lower permeability values 
(2–52 Barrer), whereas CNF-ZIF-8 membranes demonstrate perme
ability as high as 550 Barrer, illustrating the strong impact of MOFs on 
enhancing gas transport. CO2/CH4 selectivity ranges from 7.9 to 57.4, 
emphasizing the role of functionalized fillers in improving membrane 
selectivity. Higher selectivity is essential for efficient CO2 separation in 
natural gas processing and biogas upgrading. The results indicate that 
starch/PVA MMMs with ZIF-8-NH2 exhibit superior CO2 permeability 
(188 Barrer) and CO2/CH4 selectivity (22.3) compared to many con
ventional biopolymer-based MMMs. Thin-film nanocomposite (TFN) 
membranes achieve CO2 permeance of 217.9 GPU, confirming their ef
ficiency. Unlike conventional membranes requiring chemical cross
linking, starch/PVA TFN membranes offer an environmentally friendly 
alternative, eliminating the need for additional crosslinking agents 
while maintaining high performance. The amino-functionalized NH2- 
ZIF-8 enhances interfacial compatibility and selective CO2 transport, 
making these membranes promising candidates for sustainable gas 
separation applications.

Additionally, the performance of the developed starch/PVA-based 
TFC and TFN membranes was compared with state-of-the-art inte
grally skinned asymmetric polysulfone (PSf) membranes, which are 
among the most widely studied polymer membranes for CO2/CH4 sep
aration. Although PSf is valued for its robustness and ease of processing, 
its intrinsic gas separation properties are limited. Reported data for 
asymmetric PSf membranes typically show CO2 permeance in the range 
of ~5–10 GPU with CO2/CH4 selectivity between 10 and 15 under 
biogas upgrading condition [4,90–92]. Such performance is insufficient 
to achieve the required recovery and purity levels for industrial 
upgrading without blending or further modification. By contrast, the 
best-performing TFN membrane in this work exhibited a CO2 permeance 
of ~208 GPU and a CO2/CH4 selectivity of ~27, representing more than 
an order of magnitude increase in permeance together with substantially 
higher selectivity. This comparison underscores the advantage of 
employing renewable starch/PVA matrices combined with MOF fillers 
in thin selective layers, which not only surpass the intrinsic separation 
limits of conventional PSf membranes but also provide a more sustain
able alternative.

Additionally, as shown in Table 3, the developed starch/PVA and ST/ 
PVA/citric acid MMMs were evaluated against several well-known 
common polymeric and MMMs reported in the literature. For 
example, PIM-1-based MMMs, such as those with MOF-808 [84] or 
MXene fillers [85], exhibit very high CO2 permeability values (9090 and 
7652 Barrer, respectively), but with moderate CO2/CH4 selectivity 
values (16.2 and 13.5). However, these membranes are often prone to 
physical aging, which compromises their long-term performance [93]. 

Similarly, Matrimid®5218 MMMs filled with ZIF-8 [86] or MIL-53 [87] 
offer significantly lower permeability values (20 and 12 Barrer, 
respectively) but display higher selectivity (44 and 52), reflecting their 
more rigid and less permeable matrix. Pure Matrimid®5218, depending 
on the filler, can also show reduced plasticization resistance under 
realistic mixed-gas conditions. P84-based membranes also demonstrate 
selective CO2/CH4 separation, with CO2 permeability values ranging 
from 1.26 to 11 Barrer and selectivities reaching up to 93, depending on 
the filler and formulation [88,89]. While the selectivity is high, the 
extremely low permeability limits their throughput and scalability for 
industrial applications. In contrast, our developed ST/PVA membranes 
filled with ZIF-8-NH2 achieved a favorable balance between perme
ability and selectivity. Specifically, ST/PVA/citric acid MMMs with 10 
wt% ZIF-8-NH2 exhibited a CO2 permeability of 188 Barrer and a CO2/ 
CH4 selectivity of 16.5, while the ST/PVA MMMs with 15 wt% filler 
reached 218 Barrer and 22.3 selectivity. These results are comparable to 
or even superior to several conventional MMMs in terms of overall 
separation performance. Beyond separation efficiency, our membranes 
present important sustainability and practical advantages: they are 
derived from renewable starch, processed using water as a green solvent, 
and free from toxic crosslinkers or harsh organic solvents. Additionally, 
they maintain robust mechanical stability, making them a promising and 
eco-friendly alternative for CO2/CH4 separation in natural gas process
ing and carbon capture applications.

Furthermore, the separation performance data originally summa
rized in Table 3 have now been replotted in a Robeson-like plot, where 
CO2/CH4 selectivity is plotted against CO2 permeance (Fig. 10). This 
graphical representation provides a clearer and more direct comparison 
between our fabricated membranes and those reported in the literature 
(as presented in Table 3), while Fig. 10 offers a visual overview that 
highlights the position of our membranes relative to both biobased and 
conventional membranes. The comparison confirms that our mem
branes exhibit CO2 permeance and CO2/CH4 selectivity within the range 
of previously reported results, demonstrating their competitiveness and 
potential for gas separation applications.

Finally, the hydrophilic nature of starch means that exposure to 
humidity can lead to significant plasticization, as water molecules 
disrupt hydrogen bonding within the polymer matrix and increase chain 
mobility [94,95]. In membrane operation, such plasticization may result 
in increased CO2 and CH4 permeability but reduced CO2/CH4 selec
tivity, as the polymer matrix becomes less rigid and non-selective 
diffusion pathways are enhanced. Biogas streams are typically satu
rated with water vapor; although pre-treatment by cooling and 

Fig. 10. CO2/CH4 separation selectivity as a function of CO2 permeance for the 
membranes developed in this work, compared with reported biobased and 
conventional membranes (data from Table 3).
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adsorption substantially reduces water content, residual humidity is still 
expected [96,97]. Therefore, the membranes developed here may 
experience altered performance under humid conditions compared to 
the dry-gas measurements reported. The incorporation of PVA and citric 
acid crosslinking was designed in part to mitigate this effect (have in 
mind that the amount of starch in the optimum membrane is relatively 
low, i.e. 9 %), since both strategies reduce the free volume available for 
water sorption and improve dimensional stability [22]. Furthermore, 
the addition of ZIF-8-NH₂ nanoparticles may provide additional water- 
resistance benefits by introducing rigid crystalline domains that help 
restrict excessive swelling [23]. Future work should evaluate the sepa
ration performance of these membranes under controlled humidified gas 
feeds to quantify the extent of humidity-induced plasticization, together 
with more realistic separation conditions to further optimize membrane 
formulations for practical biogas upgrading applications.

4. Conclusions

This study demonstrates the successful development of starch/PVA- 
based mixed-matrix membranes (MMMs) enhanced with ZIF-8-NH2 
fillers for efficient CO2/CH4 separation, presenting both scientific 
innovation and practical relevance. The pristine dense starch/PVA (33/ 
67) membrane achieved a baseline CO2 permeability of 124 Barrer with 
a selectivity of 14.0. Incorporation of ZIF-8-NH2 fillers at optimized 
loadings (5, 10 and 15 wt%) significantly improved the gas separation 
performance, with 10 wt% loadings yielding the highest CO2 perme
ability of 188 Barrer and a selectivity of 16.5. This enhancement can be 
attributed to the tailored microporosity, high specific surface area and 
amino-functionalized structure of ZIF-8-NH2, which facilitated selective 
CO2 adsorption and diffusion mechanisms. The transition from dense 
membranes to thin-film composite (TFC) and thin-film nanocomposite 
(TFN) membranes further substantiated the scalability and practical 
viability of this system. TFC and TFN membranes achieved remarkable 
CO2 permeance values of up to 208 GPU, corresponding to a CO2/CH4 
selectivity of 26.9, surpassing the dense membrane performance while 
maintaining robust mechanical and structural integrity. These ad
vancements reflect the adaptability of the fabrication process of 
biopolymer-based membranes toward industrial configurations. Key 
insights include the pivotal role of the filler-polymer interaction and the 
positive influence of ZIF-8-NH2 on the polymer matrix. The amino- 
functional groups on ZIF-8-NH2 promoted a stronger interfacial 
bonding, reducing defects and improving compatibility with the starch/ 
PVA matrix. This synergy mitigated common challenges such as filler 
aggregation and void formation, ensuring a uniform filler dispersion and 
enhancing the CO2/CH4 separation efficiency. Additionally, polymer 
cross-linking further stabilized the dense matrix, contributing to the 
durability and gas transport performance of the membranes, but was not 
required when preparing thin films, minimizing the amount of the final 
material.

While this work focused on binary CO2/CH4 mixtures as a model 
system to establish baseline performance, the findings are directly 
relevant to natural gas upgrading and biogas purification, where CO2 is 
the dominant impurity. In practice, industrial gas streams often contain 
additional components such as water vapor, hydrogen sulfide (H2S), 
nitrogen, and light hydrocarbons. These components affect the mem
brane separation performance through competitive sorption or polymer 
plasticization. However, the hydrophilic and chemically tunable nature 
of starch/PVA-based matrices, combined with the selective affinity of 
amino-functionalized ZIF-8 toward CO2, offers a promise for selective 
separation even in more complex gas mixtures.

Future work should therefore expand the scope of testing to include 
multicomponent feed gases and investigate membrane performance 
under realistic industrial conditions (e.g., presence of moisture, pressure 
fluctuations, and chemical contaminants). Long-term stability assess
ments and pilot-scale testing will also be crucial for translating this 
technology from laboratory-scale demonstration to real-world 

application.
Finally, this work highlights the potential of integrating renewable 

polymers, such as starch and PVA, with advanced functionalized and 
CO2-philic fillers like ZIF-8-NH2 to create sustainable and high- 
performance gas separation solutions based on membranes. Future in
vestigations should focus on refining filler dispersion methods, 
exploring novel functionalized MOFs, using a full renewable composi
tion from the support to the skin layer, and conducting long-term 
operational studies under industrially relevant conditions, including 
higher feed compositions and the absence of sweep gas, to validate the 
scalability and real-world applicability. This approach represents a sig
nificant step forward in addressing global challenges in carbon capture 
and natural gas purification while promoting eco-friendly and sustain
able technologies.
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