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Abstract

Membrane science is an advanced, environmentally sustainable technology that provides distinct advantages over traditional 

methods for CO2 capture and separation. In this study, mixed matrix membranes were synthesized by incorporating varying 

concentrations of titania into polyethersulfone using the phase-inversion technique for the separation of CO2/CH4 and  

CO2/N2 gas mixtures. Thermal, chemical and morphological analysis demonstrated the beneficial impact of TiO2 on the performance of 

MMMs, particularly when compared to the pristine membrane. Moreover, the TiO2 loading was shown to improve gas separation 

performance by reducing the thickness of the dense layer and increasing permeability through uniform filler dispersion. 

The highest value of optimum selectivity (CO2/CH4) was attained with 3 wt% TiO2 loading, which is 22.3% more than that of the 

pristine membrane. This performance is attributed to strong interfacial interactions between polyethersulfone and TiO2 at this 

specific loading, as illustrated by the morphological diagram.
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1 Introduction
The escalating levels of carbon dioxide emissions due to 
anthropogenic activities have emerged as a critical global 
challenge, necessitating innovative approaches for effec-
tive greenhouse gas mitigation [1]. Between 1990 and 2013, 
the burning of fossil fuels and industrial flue gases was the 
main source of the 61% increase in CO2 emissions in the 
atmosphere [2]. In particular, the separation of CO2 from 
methane is essential for enhancing the sustainability of 
natural gas utilization and reducing the carbon footprint. 
Among the various methodologies employed for this sep-
aration, the convergence of economic viability, manufac-
turing simplicity, and outstanding selectivity prospects has 
propelled polymeric membranes to prominence [3].

Membranes are typically made of either inorganic 
or polymeric materials and combining both types has 
proven advantageous in terms of reducing manufactur-
ing costs, enhancing chemical and thermal stability [4–6]. 

The development of mixed matrix membranes (MMMs), 
which incorporate both inorganic and polymeric materi-
als, is challenging, particularly in achieving a flawless or 
minimally affected morphology. The success of MMMs 
depends on selection of appropriate materials, as poor 
material choice can result in interfacial defects that sig-
nificantly compromise the membrane separation effi-
ciency. Therefore, the compatibility of the polymer-filler 
systems is crucial for successful membrane formation.

The efficiency of polymeric membranes in gas sep-
aration is influenced by their structural and chemical 
properties, which affect both gas solubility and diffu-
sion rates [7]. The method of membrane fabrication plays 
a crucial role in determining polymer chain arrangement 
and the distribution of free volume, both of which are criti-
cal to gas transport behavior. A higher and well-connected 
free volume enhances permeability without severely 
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compromising selectivity, allowing the membrane per-
formance to approach the Robeson upper bound  [8]. 
Additionally, introducing CO2 affinity due to groups such 
as ether and carbonyl functional groups increases the 
membrane affinity for CO2 through dipole–quadrupole 
interactions, leading to improved solubility [9].

Polyethersulfone (PES) is widely favored among com-
mercial polymers for membrane fabrication due to its 
rigid aromatic structure, excellent thermal and chem-
ical resistance, and strong resistance to plasticization 
and physical aging [9]. The presence of ether and sul-
fone linkages contributes to both structural robustness 
and moderate CO2 solubility, offering a reliable balance 
of performance [10]. Compared to cellulose acetate (CA), 
PES shows better durability in humid and chemically 
aggressive environments, and unlike polyimides which 
may suffer from CO2-induced plasticization, PES main-
tains structural integrity over prolonged operation. These 
combined properties make PES a dependable material 
for developing high-performance gas separation mem-
branes [11]. Solvent selection also plays a critical role in 
determining membrane morphology, porosity, and over-
all performance, as each solvent interacts differently with 
the polymer and non-solvent during phase inversion [12]. 
Solvents such as N,N-dimethylformamide (DMF) and 
N,N-dimethylacetamide  (DMAc), although effective in 
dissolving PES, evaporate more quickly and are more 
toxic, often resulting in surface defects and inconsistent 
pore formation. Dimethyl sulfoxide (DMSO) tends to 
cause pore collapse due to its high hydrophilicity, while 
low-polarity solvents like tetrahydrofuran (THF) and ace-
tone are incapable of dissolving PES effectively, making 
them unsuitable for membrane fabrication [12]. N-methyl-
2-pyrrolidone (NMP) is widely used with PES due to its 
excellent miscibility, high boiling point, and a solubility 
parameter closely matching that of PES, which ensure uni-
form polymer dissolution and controlled phase inversion. 
Its slower evaporation rate promotes gradual demixing 
during membrane formation, facilitating well-developed 
pore structures and reduced macrovoids [13].

A membrane permeability and selectivity are com-
monly used to evaluate its performance. CA is often 
used as a reference material in gas processing, exhib-
iting a selectivity range of 10 to 15 [14]. Research indi-
cates that polymeric materials generally show a trade-off 
between permeation and selectivity (Robeson plot) [3]. 
This indicates that enhancing permeability often results 
in a decrease in selectivity and vice versa. To address 

these performance limitations, MMMs have emerged, 
which incorporate inorganic materials within a polymeric 
matrix. Metal oxides nanoparticle, and others are exam-
ples of inorganic fillers that have been used and discussed 
in the literature [3,  15]. However, a number of parame-
ters significantly impact the gas transport behavior of 
polymer/inorganic MMMs including the characteristics 
of polymers and inorganic nanoparticles, their miscibility 
and interfacial defects, structure [16].

Minimizing the thickness of the dense layer is essential for 
achieving high gas flux. As a result, anisotropic membranes 
with a dense skin layer on top are often preferred, as they 
can offer both high flux and gas selectivity. Several factors 
interact during the membrane fabrication process, including 
air-drying time, polymer concentration, ambient humidity, 
coagulant bath activity, and others [17, 18]. Together, these 
elements affect the membrane shape and performance [19].

The creation of voids at the particle-polymer inter-
face is a major issue in the production of MMMs. One of 
the key factors for successful MMMs production is ensur-
ing the proper dispersion of nanoparticles within the poly-
mer matrix. Previous studies have shown that nanoparti-
cles with small sizes and high surface areas tend to disperse 
more effectively in polymer matrices [20]. Commonly used 
nanoparticles in MMMs include fumed silica, TiO2, and 
MgO [11, 15, 21, 22]. However, research has demonstrated 
that fumed silica, when used in MMMs, tends to chemically 
bond with itself, making it difficult to disperse either sepa-
rately or in nanoscale [21, 23]. On the contrary, MgO have 
limitations, like their tendency to react with water and the 
polymer matrix, as well as their propensity to form microscale 
aggregates, which hinders their use in MMMs [24, 25].

TiO2 nanoparticles are widely recognized for their abil-
ity to improve membrane hydrophilicity and resistance to 
fouling. However, their practical application is often lim-
ited by challenges such as particle agglomeration, inade-
quate dispersion at higher concentrations, and the poten-
tial for nanoparticle leaching. In addition, the integration 
of TiO2 with PES membranes, particularly through surface 
modification or chemical functionalization, remains insuf-
ficiently studied. Addressing these limitations requires 
further research into the development of environmentally 
benign solvent systems, structurally stable nanocompos-
ites, and cost-effective, scalable surface engineering meth-
ods to optimize the performance of PES/TiO2 membranes 
in separation processes.

Most previous studies involving TiO2-based MMMs 
have focused on dense or flat-sheet composite membranes, 
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often using polymers such as polyimide or polysul-
fone  (PSF) prepared via solution casting or dip-coating 
methods. While these approaches provide a good degree 
of filler dispersion and mechanical integrity, but they are 
limited in terms of scalability and typically result in high 
transport resistance due to membrane thickness. The pres-
ent study develops asymmetric PES–TiO2 MMMs using the 
non-solvent induced phase separation (NIPS) technique, 
also known as dry/wet phase inversion, which is widely 
used in industry for scalable membrane production. This 
method allows for the fabrication of membranes with a thin 
selective skin layer and porous substructure, reducing gas 
transport resistance while maintaining mechanical support. 
Moreover, PES has been relatively underutilized in gas sep-
aration MMMs despite its excellent film-forming proper-
ties, thermal stability, and resistance to plasticization.

This study looked at how TiO2 nanoparticles affected the 
gas transport characteristics of MMMs based on polyether 
sulfone. With a higher specific surface area (500 m2 ∙ g−1) 
and a particle size (21 nm), TiO2 offer improved dispersion 
and avoid the formation of undesired voids at the nanopar-
ticle–polymer interface. Unlike some other nanoparti-
cles, TiO2 does not naturally fuse together, allowing it to 
disperse effectively as individual particles or in nanoscale 
aggregates. Based on these characteristics, TiO2 was 
selected for this study. The studies suggest that TiO2 not 
only improves CO2/CH4 separation performance but also 
aligns with established trade-off trends observed in gas 
separation literature [11, 26, 27].

2 Materials
PES (ULTRASON® E-6020 P), with a molecular mass of 
approximately 50,000 g ∙ mol−1, was obtained from BASF 

(Germany). The solvent used was NMP (C5H9NO, b.p. 
475.15 K, > 99.9% purity) and was acquired from Merck 
KGaA dealers in Lahore, Pakistan. TiO2 nanoparticles 
(average particle size ~21  nm, surface area ~50 m2 ∙ g−1, 
purity ≥99%) were purchased from Sigma Aldrich USA. 
The physical and chemical properties of the materials are 
shown in Table 1.

2.1 Preparation of MMM dope solution
PES flakes and TiO2 nanoparticles were dried at 333.15 K 
for 24 h to remove adsorbed water. MMMs were cre-
ated by adding TiO2 particles (1, 3, and 5 wt%) to the 
NMP and stirring for 24 h. The mixture was ultrasoni-
cated to ensure excellent TiO2 particle dispersion in the 
NMP. PES (20 wt%) was added in two steps: the first step 
involved adding 10 wt% of the total PES to the TiO2 and 
stirring for 60 min. PES then was progressively added 
over the course of 24 h while gently stirring continuously. 
The homogenized solution was then degassed.

2.2 Fabrication of asymmetric flat sheet membrane
The membranes were casted at a glass plate by adjust-
ing the film thickness of 200 μm via casting blade. Later, 
the  freshly developed membranes were dried for 30 s in 
the atmosphere before immersing them in a water bath for 
24 h. Afterwards, the drying of the immersed membranes 
was carried out at ambient conditions for a day.

2.3 Permeation test
Permeation behavior of MMMs was evaluated at ambi-
ent temperature and 3 bar pressures using N2, CO2, and 
CH4 gases. After evacuating the system with a vacuum 
pump, gas flow rates were measured using a soap bubble 

Table 1 Physical and chemical properties of materials

Property PES NMP TiO2

Chemical nature Aromatic thermoplastic polymer 
with ether and sulfone groups

Polar aprotic organic solvent with 
a lactam ring

Inorganic compound with 
amphoteric behavior

Appearance Amber or transparent solid Colorless to pale yellow liquid White crystalline powder

Boiling point (K) Not applicable (thermoplastic) 475.15 K Not applicable

Melting point (K) ~230 (glass transition) 249.15 K Not applicable

Solubility Insoluble in water; soluble in NMP, 
DMF, DMAc Miscible with water and organic solvents Insoluble in water and organic 

solvents

Thermal stability High (~503.15 K glass transition) Moderate Very high

Key attributes High mechanical strength, thermal 
stability, good film formation

Excellent solvent for PES, slow 
evaporation, good pore control

Photocatalytic (anatase), 
UV resistance, enhances membrane 

properties
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flowmeter, recording the time for the bubble to move 
between reference points. Permeability (P) and selectiv-
ity calculations for the permeated gases were based on 
Eqs. (1) and (2) respectively [10]:
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where Q is the volumetric flow rate (cm3 ∙ s−1), T is the tem-
perature (K), A is the effective area of the membrane (cm2 ), 
Δpi is the trans-membrane pressure (Pa), l is the membrane 
thickness (cm), α is the selectivity, and i is for incident gas 
(it could be CO2 or CH4 in this case).

2.4 Membrane characterization
Scanning electron microscopy (SEM) (Nova NanoSEM 450, 
Thermo Fisher Scientific, Hillsboro, USA) analysis was used 
to examine the morphology of the cast membranes. Fourier-
transform infrared spectroscopy (FTIR) (Perkin Elmer 
1650, PerkinElmer, Waltham, USA) identifies the functional 
groups that were affixed to the produced membranes. Under 
the transmission mode, the spectra of every membrane were 
acquired within the 400–4000 cm−1 range. To ascertain the 
thermal stability of PES MMMs, thermogravimetric anal-
ysis (TGA, STA6000, PerkinElmer, Waltham, USA) was 
utilized. The heating rate was 283.15  K  min−1 throughout 
a  temperature range of 303.15 to 1073.15 K, the thermal 
behavior was examined in nitrogen environment.

3 Results and discussion
3.1 Chemical analysis of the membranes
The FTIR spectra of the membranes that were made are 
shown in Fig. 1. The intrinsic ether (−C−O−C−) linkage, aro- 
matic benzene groups (C6H6 ) peaks, and sulfone  (O=S=O) 
bands linked to PES were seen for all membranes. Spectral 
characteristics of the band positions and assignments that 
were discovered are in good agreement with previous re- 
search [26–28]. Furthermore, the adsorbed water caused OH 
stretching vibrations. Because of the Ti−O interaction and the 
little change in peak position caused by hydrogen bonding, the 
effect of embedding TiO2 particles was seen in the enhanced 
intensity of peaks in the 450–800  cm−1 range [28]. Peaks 
related to C−O−C stretching vibration are located between 
1100 and 1250 cm−1. Peaks that correspond to C−H bending 
vibration are located between 1300 and 1400 cm−1 [26, 27]. 
Peaks around 1100–1250 cm−1 are associated with C−O−C 

stretching vibration. Peaks around 1300–1400 cm−1 cor-
respond to C−H bending vibration. Peaks around 1600–
1700 cm−1 are associated with C=O stretching vibrations in 
carbonyl groups. Finally, peaks around 2800–3000 cm−1 cor-
respond to C−H stretching vibration.

Results suggests a strong linkages between the TiO2 
particles and the PES matrix, leading to a modified mem-
brane structure. The physical interaction between the tia-
tania and polyether sulfone was demonstrated by the FTIR 
of the produced membranes.

3.2 Thermal analysis of the developed membranes
TGA shows that the incorporation of inorganic fillers into 
PES membranes significantly enhanced their thermal stabil-
ity. TGA curves for MMMs shifted towards higher tempera-
tures, indicating improved thermal resistance. The neat PES 
membrane and MMM thermograms are shown in Fig.  2. 
For  all membranes, two primary mass loss phases were 
noted. The agglomerated polymer opening was credited 
with the first step, which occurred at 473–573 K. There is no 
mass loss below this temperature, indicating that the mem-
brane matrix is free of moisture and solvent residue. The sig-
nal around 773.15 K was linked to the molecular breakage of 
the polymer chain because of overheating during the subse-
quent mass loss stage. However, as compared to a pure PES 
membrane, all MMMs showed a higher degradation tem-
perature. Furthermore, when more heat was absorbed by the 
TiO2 particles, the degradation temperature rose in parallel 
with the rise in TiO2 loading. Thus, the addition of TiO2 par-
ticles resulted in increased thermal stability [28, 29].

Fig. 1 FTIR analysis of PES, and MMMs at various titania nanoparticle 
loadings



Murtaza et al.
Period. Polytech. Chem. Eng., 69(3), pp. 417–426, 2025 |421

3.3 Morphology analysis
Properties of gas movement are highly dependent on the 
resulting membrane morphology. The structure and shape 
of the pure PES membrane and MMMs, as well as the 
titania particle interfacial interactions, were examined 
using SEM. Fig. 3 shows the cryo-fractured membrane 
cross section. TiO2 nanoparticles, a hydrophilic additive 
with nonsolvent qualities, were used in this study. Their 
presence increased the thermodynamic instability of the 
cast film, which in turn caused instantaneous demixing 
in the coagulation bath and, ultimately, the formation of 
macro-voids in the membrane structure [20,  28,  30,  31]. 
Therefore, more macro-voids and porous structures were 
formed when hydrophilic TiO2 nanoparticles were added. 
Fig. 3 illustrates how TiO2 nanoparticles affect the devel-
oped membrane structure. The size of the macro-voids 

and the thickness of the membrane are particularly notice-
able, which illustrates the structural variations brought 
about by the addition of TiO2 nanoparticles at 1 to 5 wt%.

This unique morphological evolution is expected to 
enhance gas separation performance, as the finger-like 
voids provide additional pathways for gas molecules to 
traverse the membrane. The synergistic combination of 
the high surface area of titania and the inherent selectiv-
ity of PES is likely to result in improved separation effi-
ciency, making these membranes promising candidates for 
various gas separation applications. Membrane was casted 
with a thickness of around 200 µm.

3.4 PES and titania gas permeation behavior
The CO2, CH4, and N2 permeability of both the pris-
tine and MMMs at varying titania loadings is shown in 
Fig. 4. The relatively low permeability of the pristine PES 
membrane is attributed to its rigid glassy polymer struc-
ture, which results from the stiff polymer chains [32, 33]. 
The  dualsorption model, in line with Henry's law and 
Langmuir behavior, explains the mechanisms through 
which gas molecules interact with and move through the 
polymer matrix. According to Langmuir behavior, the 
presence of micro-gaps in glassy polymers facilitates 
this interaction. Additionally, the permeability of gases 
through membranes is influenced by both the solubility 
and diffusivity of the gas molecules. While the diffusivity 
depends on the molecular size and shape of the gases, sol-
ubility is a thermodynamic characteristic linked to the gas 
condensability at the membrane surface [34].

It is observed that pure PES has lower permeation 
behavior compared to membranes incorporating titania 
nanoparticles. PES membranes, with their high glass tran-
sition temperature Tg of approximately 493.15 K, remain in 
a glassy state at room temperature. In glassy polymers like 
PES, the free volume is relatively low, leading to restricted 
diffusion rates. This reduced free volume contributes to 

Fig. 2 TGA analysis of developed membranes

Fig. 3 SEM analysis of: (a) PES; (b) 1 wt% TiO2; (c) 3 wt% TiO2; 
(d) 5 wt% TiO2 (the scalebars mark 10 μm) Fig. 4 Gas permeation behavior of developed membranes
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a  lower diffusion coefficient, impacting the overall gas 
permeability. Compared to CH4 and N2 gases, CO2 has 
a greater condensability and solubility towards the glassy 
PES membrane because of its polar character. In addi-
tion to its solubility, the linear molecular form and smaller 
kinematic diameter of CO2 allow quick diffusion across the 
membranes, CO2  >  N2  >  CH4  [27]. That is why we have 
seen higher permeation of CO2 in Fig. 4.

Adnan et al. [26] studied the PES/NMP systems. They 
study successfully fabricated PES membranes for gas sepa-
ration with varying concentrations. The results highlight the 
crucial role of polymer concentration in forming a selec-
tive skin layer, enabling efficient gas separation. Notably, 
increasing PES concentration reduced the finger-like struc-
tures across the membrane and increased the membrane 
thickness. Gas flux peaked at lower concentrations, but with 
compromised CO2/N2 and CO2/CH4 selectivity. Conversely, 
higher concentrations yielded improved selectivity.

Here we have chosen the 20 wt% PES concentration 
and optimize the titania loading to have a better gas flux. 
Incorporating TiO2 nanoparticles into PES can alter the 
polymer morphology, free volume, and overall structure. 
TiO2 nanoparticles can act as fillers, which may disrupt the 
polymer matrix and increase the free volume, potentially 
enhancing gas permeability [11, 27].

At 1 wt% TiO2 inclusion, a reasonable polymer attach-
ment was present on the surface of the nonporous TiO2 
particles, resulting in higher gas permeabilities. When 
3–5% TiO2 was added to the MMMs, the contacts between 
CO2 and TiO2 particles were greater than the CH4–TiO2 
interactions, according to the gas permeability change 
in Fig. 4. Moghadam et al. [27] and Galaleldin et al. [29] 
have shown a similar pattern by using poly(amide-imide)/
TiO2 and PES/TiO2 MMM, respectively as summarized in 
Table 2. The creation of voids at the polymer–filler inter-
face, when titania loading rises over 3  mass percent, is 
responsible for the increase in the penetration rate of these 
gases. With TiO2 loading the CO2 permeability increased, 
peaking at 22.12 gas permeance (mol ∙ m ∙ s−1 ∙ Pa−1 ∙ 10−9) at 
5 wt% TiO2 loading.

3.5 Effect of titania loading on selectivity
Titania loading alter the PES membrane selectivity due to 
better dispersion and avoid formation of undesired voids. 
Fig. 5 shows the ideal selectivity on different titania load-
ings, an increasing trend is observed from 22.12 pristine 
membrane to 3 wt% loading, which is 27.05 for CO2/CH4. 
Similarly for CO2/N2 we also observed the increasing trend 
from pure PES membrane to 3 wt% titania loading which is 

16.3 to 20.22. This shows that the greater dispersion of TiO2 
nanoparticles in the polymer matrix and the advantageous 
interactions between the hydroxyl groups on TiO2 and the 
polar CO2 molecules are responsible for the improved per-
meability and selectivity. Therefore it is concluded that 
PES membranes with titania enhance the CO2 separation. 
Liang et al. [11] incorporated inorganic fillers of different 
shapes (lamellar Na-montmorillonite clays and spherical 
TiO2 nanoparticles) in PES membrane and obtained sim-
ilar results. Liang et al. [11] found the highest selectivty 
with titania at 4 wt% loading and found a decreasing trend 
on higher loadings due to interface voids and membrane 
defects. Also, particle aggregation increased with increas-
ing TiO2 concentration, and the separation of the more 
hydrophobic polymer chains from the hydrophilic parti-
cle surface produced interface gaps, which led to reduced 
selectivity and greater gas permeabilities.

Table 2 [11,  27,  29,  35] compares the CO2 and CH4 

permeability of PES-based membranes with PES–TiO2 
membranes. We see a trade-off between gas permeabil-
ity and selectivity: as permeability increases selectiv-
ity decreases, and vice versa. However, in our work we 
find a balance between permeability and selectivity trade-
off on Robeson plot. CO2 and CH4 have high permeabil-
ity in PES–TiO2 membranes. In particular, at 5 wt% TiO2 
loading, the  membrane exhibits enhanced CO2 and CH4 
permeability along with an improvement in selectivity, 
approaching the Robeson upper bound.

The performance trends observed in this work align with 
previous studies: incorporating fillers, especially TiO2 into 
a PES matrix increased CO2 permeability and improved 
CO2/CH4 selectivity, owing to enhanced nanoparticle dis-
persion and polymer–filler interfacial adhesion. Rashid 
et al. [36] showed that TiO2 nanotubes in CA membranes 
improved CO2 permeability by over 40% without loss of 
selectivity, while Maqsood et al. [37] reported that TiO2 
in polyetherimide – polyvinyl acetate (PEI–PVAc) blends 

Fig. 5 Gas permeation selectivity of developed membranes
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enhanced the strength, thermal stability, and gas separa-
tion performance. These outcomes align with the present 
work, where PES–TiO2 membranes achieved high perme-
ability, maintained selectivity, and superior robustness for 
CO2 capture and natural gas sweetening.

3.6 Morphological diagram
The permeation properties and behavior of gas molecules 
through MMMs are governed by the interaction between 
the polymer matrix and the inorganic nano-filler. Weak 
interfacial interactions between the polymer chains and the 
filler surface often led to the formation of interfacial voids, 
significantly degrading the membrane gas separation per-
formance. Furthermore, the nature of interfacial interac-
tions critically determines the selective transport of one gas 
over another, directly affecting both gas permeability and 
selectivity. Poor interfacial compatibility can result in non-
ideal morphologies, such as "sieve-in-a-cage", "leaky inter-
face", "plugged interface", and "chain rigidification" [4].

The concept of the "morphological diagram" was intro-
duced by Moore and Koros [38] as a qualitative tool to assess 
the interactions between nano-sized fillers and the polymer 
MMMs. Later, Hashemifard et al. [39] compared MMMs 
from existing literature and evaluated the interfacial interac-
tions between the polymer and inorganic phases, finding the 
results are in good agreement. Jamil et al. [40] further inves-
tigated the interfacial behavior of PEI–clay MMMs, specifi-
cally for CO2 and CH4 separation performance.

Fig. 6 illustrates the morphological diagram, which is 
divided into two main sections: ideal morphology and non-
ideal morphology. The non-ideal morphologies, which sig-
nificantly influence gas transport in MMMs, are classified 
into five distinct cases. Case I represents "matrix rigidifi-
cation", where good adhesion is observed, but the polymer 
becomes rigidified around the filler, leading to reduced gas 
permeation while enhancing selectivity.  Case  II  depicts 
the "sieve-in-a-cage" morphology, characterized by higher 
permeability but nearly unchanged or slightly lower 

Table 2 Comparison of the fabricated MMMs with the previously developed phase inversion membranes

Dope solution Fabrication method TiO2 CO2/CH4 selectivity Permeation CO2
(mol ∙ m−2 ∙ s−1 ∙ Pa−1 ∙ 10−9) Pressure (bar) Ref.

PES/TiO2, solvent NMP Dry-wet phase

0 wt% 22.12 4.16

3 This work
1 wt% 21.64 4.93

3 wt% 27.05 6.43

5 wt% 24.30 7.40

PSF/TiO2, solvent DMF Wet-wet phase

0 wt% 5.4 2.68

3 [35]
1 wt% 7.5 1.67

3 wt% 36.5 0.67

5 wt% 2.1 7.37

Dope solution Fabrication method TiO2 CO2/CH4 selectivity Permeation CO2
(mol ∙ m ∙ s−1 ∙ Pa−1 ∙ 10−15) Pressure (bar) Ref.

PES/TiO2, solvent NMP Dry phase

0 wt% 9.92 1.59

4 [29]
5 wt% 14.24 2.57

10 wt% 4.89 2.84

15 wt% 3.7 3.02

PES/TiO2, solvent DMF Dry phase

0 wt% 22.2 0.67

5 [11]

2 wt% 23 0.77

4 wt% 38.5 0.874

6 wt% 28.7 0.867

10 wt% 18.6 0.961

20 wt% 17.3 1.90

Matrimid/TiO2, solvent NMP Dry phase

0 vol% 20.5 1.44

2 [27]

5 vol% 16.9 1.81

10 vol% 14.8 2.48

15 vol% 13.8 2.68

20 vol% 13.68 3.51



424|Murtaza et al.
Period. Polytech. Chem. Eng., 69(3), pp. 417–426, 2025

selectivity. Case III, labeled as the "leaky interface", shows 
a significant increase in gas permeation with only a marginal 
decrease in selectivity. Finally, Case IV and Case V describe 
filler "pore blockage", where permeation decreases at the 
expense of selectivity [40].

The experimental data for PES-TiO2 MMMs were ana-
lyzed using morphological diagrams to assess interfacial 
morphologies based on gas transport performance. PES 
with 1 wt% TiO2 was positioned in the lower-right quad-
rant of the diagram, indicating a "sieve-in-a-cage" mor-
phology. In this case, while gas permeability increased, 
the  non-ideal morphology led to a decrease in gas pair 
selectivity (CO2/CH4). In contrast, PES containing 3 wt% 
and 5 wt% TiO2 were in the upper-right quadrant, reflecting 
ideal morphology. This suggests strong interfacial interac-
tions between the polymer chains and the filler surface, 
which enhanced the overall performance of the MMMs. 

Notably, the 3 wt% TiO2 loading demonstrated better per-
formance in terms of relative selectivity compared to the 
5 wt% loading. Although gas permeation was not signifi-
cantly improved, the selectivity was superior, indicating 
optimal interfacial interactions at this filler concentration. 
Overall, the results highlight that a good interfacial inter-
action exists between PES and TiO2 at filler loadings of 
3 to 5 wt%, with 3 wt% offering the best balance between 
selectivity and interfacial compatibility.

4 Conclusion
This study investigates TiO2 with PES to create MMMs 
with enhanced properties. The combination of PES and 
TiO2 was chosen to leverage their complementary gas sep-
aration characteristics. The blend exhibited miscibility 
across all compositions, likely due to hydrogen bonding, 
as was confirmed by the characterizations. The resulting 
MMMs displayed a  homogeneous morphology with fin-
ger-like pore formation. The thermal stability was between 
that of the individual polymers and increased with higher 
PES concentrations. Notably, the  MMMs outperformed 
the individual polymer membranes in terms of permea-
bility and selectivity. The addition of TiO2 to PES mem-
branes significantly boosted the separation performance, 
yielding a  21.9% increase in selectivity. These MMMs 
offer a promising approach to optimizing cost and perfor-
mance in PES–TiO2 membrane development.
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