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Abstract: The increase in the global population has caused an increment in energy demand, and
therefore, energy production has to be maximized through various means including the burning
of natural gas. However, the purification of natural gas has caused CO2 levels to increase. Hollow
fiber membranes offer advantages over other carbon capture technologies mainly due to their large
surface-to-volume ratio, smaller footprint, and higher energy efficiency. In this work, hollow fiber
mixed matrix membranes (HFMMMs) were fabricated by utilizing cellulose triacetate (CTA) as the
polymer and amine-functionalized metal-organic framework (NH2-MIL-125(Ti)) as the filler for CO2

and CH4 gas permeation. CTA and NH2-MIL-125(Ti) are known for exhibiting a high affinity towards
CO2. In addition, the utilization of these components as membrane materials for CO2 and CH4

gas permeation is hardly found in the literature. In this work, NH2-MIL-125(Ti)/CTA HFMMMs
were spun by varying the air gap ranging from 1 cm to 7 cm. The filler dispersion, crystallinity, and
functional groups of the fabricated HFMMMs were examined using EDX mapping, SEM, XRD, and
FTIR. From the gas permeation testing, it was found that the NH2-MIL-125(Ti)/CTA HFMMM spun
at an air gap of 1 cm demonstrated a CO2/CH4 ideal gas selectivity of 6.87 and a CO2 permeability
of 26.46 GPU.

Keywords: metal-organic frameworks (MOFs); NH2-MIL-125(Ti); cellulose triacetate; hollow fiber
mixed matrix membranes; CO2/CH4 separation

1. Introduction

With the global energy demand expected to increase by 3% in 2022 after its decline
in 2020 due to the COVID-19 pandemic, the use of fossil fuels still maintains as the main
supplying source for energy [1,2]. Consequently, this leads to a rise in global CO2 emissions
to 38.0 Gt CO2, with fossil fuels contributing a 0.6% increase in CO2 emissions [3]. Although
the purification of natural gas contributes to the rise in CO2 emissions, it is still considered
as the cleanest form of energy among fossil fuels [4]. With nearly 37 Tcf of sour natural gas,
Malaysia’s gas fields remain undeveloped due to the presence of a high content of acidic
gas which mainly consists of CO2 [5]. For example, in Sarawak, the gas fields show CO2
contents of up to 87% [6]. Moreover, gas pipeline specifications only allow the presence of
small quantities of CO2 because the existence of a high amount of acidic gases will create
problems for gas production financially and operationally [7]. Therefore, the removal of
CO2 from natural gas is mandatory.

Since the past decade, several technologies have been reported and implemented in
gas processing industries to reduce the acid gas composition in sour natural gas. These
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include cryogenic distillation, amine adsorption, pressure swing adsorber, and temperature
swing adsorber. However, these technologies suffer certain drawbacks such as high energy
consumption, high carbon footprint production, high capital, and regeneration cost [8–11].
Thus, membranes for gas separation have gained popularity due to their advantages over
the aforementioned technologies.

Membranes act as a semipermeable barrier that only allows certain molecules to
pass through while restricting the penetration of other particles Membrane technologies
have been utilized in various industrial applications such as wastewater treatment and
gas separation [12]. Furthermore, membrane technologies offer several advantages over
other separation technologies such as ease of operability, low footprint, cost-effectiveness,
and low energy consumption [13]. With such advantages, membrane technologies have
managed to attract considerable attention in recent years. However, membranes face
challenges that include fouling, structural integrity, and most importantly, the tradeoff
between permeability and selectivity [14]. Despite that, membranes are able to be fine-
tuned by optimizing the materials used and the configurations applied to minimize or
overcome the limitations faced by conventional flat-sheet membranes.

There are several types of materials that can be used for natural gas sweetening,
most commonly polymeric, inorganic, metal-organic frameworks (MOFs), and mixed
matrix membranes (MMMs) [15]. The most widely commercialized type of membrane is
polymeric membranes, which have constantly undergone improvements to increase their
CO2 permeability and selectivity. However, polymeric membranes have a key limitation,
which is the tradeoff between permeability and selectivity as illustrated by the Robeson’s
upper limit bound [16,17]. Polymeric membranes can be made from materials such as
cellulose acetate, polysulfone, polyimide, and poly(ethyleneimine) [16]. Notably, cellulose
acetate (CA) is a popular type of polymeric membrane used in various industries [18]. CA
exhibited a CO2 permeability of 6.0 Barrer and a CO2/CH4 selectivity of 29 at a temperature
and pressure of 35 ◦C and 27 kPa, respectively [19]. On the other hand, cellulose triacetate
(CTA) demonstrated a higher affinity towards CO2 compared to CH4, which may result
in greater gas separation capabilities despite being nearly chemically identical to CA but
with a higher degree of hydrophobicity [20]. Furthermore, CTA is preferable compared to
other polymers due to its low cost, ease of availability, and good mechanical and chemical
stability [21]. It is noteworthy that the higher degree of acetylation of CTA exhibits higher
CO2 permeability with lower CO2/CH4 selectivity [22].

Metal-organic frameworks (MOFs) are an innovative type of unique hybrid between
organic and inorganic materials with an exceptionally high surface area and flexibility in
pore size, shape, and structure [23–30]. The drawback of using a pure MOF film mem-
brane for gas separation is the weak membrane–substrate bonding due to low adhesion
forces which cause cracks and defects the formation on the membrane during drying or
thermal activation [31,32]. To counteract the disadvantages of the polymeric and MOF-
type membranes, MMMs are utilized as they provide the benefits of both organic and
inorganic materials, with the polymer acting as a continuous phase and the filler serv-
ing as the dispersed phase. The frequently used fillers for MMMs fabrication include
MOFs [29,33], zeolites [34], carbon [35], and metal oxides [36]. MOFs such as ZIF-8 [37,38],
NH2-UiO-66(Zr) [39,40], NH2-MOF-199 [41], and NH2-MIL-125(Ti) [42] are among the
most commonly researched fillers for the fabrication of MMMs in recent studies with high
gas separation potential. The material selection for MOFs is crucial based on their purpose,
pore size, and shape in order to ensure the desired separation performance [43]. In addition,
amine-functionalized NH2-MIL-125(Ti) that contains octa-nuclear Ti-clusters can form a
relatively cubic tetragonal structure arranged by 2-amino-1,4-benzenedicarboxylate ligands.
Amine functionalization of the MOF allows facilitated diffusion to occur between the CO2
gas molecule and the NH2 carrier through reversible chemical reactions, therefore allowing
CO2 to have a higher capture rate [44].

In a recent study reported by Mehmood et al. [45], the incorporation of a 0.4 wt%
gamma-cyclodextrin (γ-CD) MOF into CA polymer was performed to fabricate a CA/γ-
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CD MMM with a CO2/CH4 selectivity of 38.49 with a CO2 permeability of 17 barrer. By
comparison, pure CA obtained a CO2/CH4 selectivity of 1.9 with a CO2 permeability
of 19 barrer. They concluded that the glassy nature of CA results in a decrease in CO2
permeability but an increase in CO2/CH4 selectivity when CA is used for MMM fabrication.
Moreover, Saneeepur et al. [46] fabricated novel ion-exchanged zeolite (Co(II)-NaY)/CA
MMMs at various loadings for CO2/N2 separation. Their research found that 15 wt% of
Co(II)-NaY was an optimal loading in the CA matrix, which demonstrated a 43.9% and
14.5% CO2 gas permeation and CO2/N2 selectivity improvement, respectively, compared to
the neat CA membrane, which resulted in a CO2 permeability of 3.28 barrer and a CO2/N2
selectivity of 29.2.

On the other hand, substituting a flat sheet membrane configuration with the indus-
trially preferred hollow fiber configuration provides various benefits, For example, an
increase in surface area to volume ratio due to it being cylindrical, and thus an increase in
the gas penetration through the membrane [47]. HFMMMs have the potential to increase
the membrane performance further, provided that the materials selected are compatible
to prevent particle agglomeration, which could potentially deteriorate the performance of
the membrane [44].

In this work, NH2-MIL-125(Ti) filler is incorporated into CTA polymer to form NH2-
MIL-125(Ti)/CTA HFMMMs which are fabricated using a dry-wet phase inversion method.
Neat CTA HFMs are also fabricated and used as a benchmark for the overall gas perme-
ation process. The permeation of CO2 and CH4 gas and the CO2/CH4 gas pair selectivity
of the resultant membranes at a fixed pressure and temperature are assessed. In addi-
tion, characterization studies using energy-dispersive X-ray spectroscopy (EDX), scanning
electron microscope (SEM), X-ray diffraction (XRD), and Fourier-transform infrared spec-
troscopy (FTIR), are conducted to analyze the filler dispersion, morphology, crystallinity,
and functional groups of the resultant membranes.

2. Materials and Methods
2.1. Materials

Cellulose triacetate (CTA, d = 1.3 g/cm3, purity > 99.99%) and polydimethylsiloxane
(PDMS, d = 95 g/mL3, purity > 99.99%) were acquired from ACROS Organics (Malaysia).
Methanol (purity > 99.9%), N-methyl-2-pyrrolidone (NMP, purity > 99.8%), and n-hexane
(purity > 99.99%) were obtained from Merck.

2.2. CTA HFM and NH2-MIL-125(Ti)/CTA HFMMM Fabrication

The fabrication of CTA HFMs and NH2-MIL-125(Ti)/CTA HFMMMs was conducted
using a dry-wet phase inversion method. The NH2-MIL-125 MOF filler was synthesized
based on the method reported in our previous work [42]. A vacuum oven set at 60 ◦C was
used to dry the CTA pellets overnight. CTA/NMP dope solution with a pre-determined
critical concentration of 13 wt% was then prepared. The CTA pellets were added to the
NMP solution and continuously stirred overnight until they completely dissolved. The
NH2-MIL-125(Ti)/CTA HFMMM with 1% filler loading was fabricated by firstly preparing
a CTA/NMP solution and a NH2-MIL-125(Ti)/NMP suspension which were separately
stirred overnight. The suspension was then added periodically into the CTA/NMP solution,
and the final dope solution was further stirred overnight.

The bore fluid, NMP/DI water (90%/10%) solution was then prepared and pumped
at 0.33 mL/min during the spinning process, while 3.5 rpm was used to extrude the
CTA/NMP solution from the spinneret under N2 atmosphere. The extruded fibers were
passed through the coagulant bath at 25 ◦C and collected using a take-up drum with its
speed adjusted to free-fall. A range between 1 cm and 7 cm was used as the air gap distance.
Table 1 lists the spinning parameters for the CTA HFMs and the NH2-MIL-125(Ti)/CTA
HFMMMs spun in this study.
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Table 1. Parameters for the spinning of CTA HFM and NH2-MIL-125(Ti)/CTA HFMMM.

Parameters Conditions

Dope Solutions CTA/NMP
NH2-MIL-125(Ti)/CTA/NMP

CTA (wt%) 13
Bore Fluid (NMP/Water, wt%) 90/10

Spinneret Dimensions (OD/ID, mm) 0.8/0.4
Dope Flow Rate (rpm) 3.5

Bore Flow Rate (mL/min) 0.33
Coagulant Temperature (◦C) 25

Air Gap Distance (cm) 1, 3, 5 and 7

2.3. Solvent Exchange

The NMP solvent presence in the spun fibers was removed by solvent exchange using
plain water, methanol, and n-hexane [48–50]. Firstly, water was used to soak the fibers for
three days, with fresh water supplied between four hours and eight hours. Next, fibers
were dipped into the methanol solvent for 30 min, 3 times, under mild stirring. This step
was repeated by changing the methanol with n-hexane. Finally, the fibers were dried under
ambient conditions for three days before use.

2.4. Post-Treatment

Post-treatment was conducted by coating the CTA HFMs and NH2-MIL-125(Ti)/CTA
HFMMMs with PDMS. PDMS coating has been found to seal certain non-selective defects
and also enhance the permeation of gas over the coated membranes. The PDMS solution
was prepared using 3 wt% PDMS in n-hexane under continuous stirring [51]. The fibers
were immersed in the PDMS solution for 10 min under mild stirring. Next, the fibers
were air-dried at room temperature for at least 48 h. After coating and drying, the fibers
proceeded to gas permeation testing and characterization study.

2.5. Characterization

The morphology of the NH2-MIL-125(Ti)/CTA HFMMMs was observed using a
scanning electron microscope (SEM, Hitachi brand, model TM3030Plus). The fibers were
split into smaller fibers after being submerged in liquid nitrogen. Then, the fibers were
attached to a membrane holder and inserted inside the SEM machine. The SEM chamber
was then vacuumed to avoid any discharge of electricity. Cross-sectional images of the
membranes were then observed at 15 kV. Energy dispersive X-ray (EDX) was also used
to examine the distribution of NH2-MIL-125(Ti) in the hollow fiber membranes through
elemental mapping. Next, X-ray diffraction (XRD, Panalytical, Model: Xpert3 Powder) was
used to determine the membrane crystallinity. The XRD was operated at temperatures of
25 ◦C with an electron beam energy set at 45 kV and 40 mA under vacuum conditions. The
X-ray beams were diffracted within the XRD to produce the peaks at varying 2θ range. For
the membrane samples, the diffraction data was collected at a scan step size of 0.026 for 2θ
ranged from 5◦ to 40◦.

Fourier Transform Infrared spectroscopy (FTIR, Perkin Elmer, Model: Frontier 01) was
used to identify the chemical bonds present in the molecular structure of the membranes
based on the ATR method. The FTIR spectrum of the fibers was achieved between 550 cm−1

and 4000 cm−1 under the transmittance mode at room temperature.

2.6. CO2 and CH4 Gas Permeation Testing

A module containing three fibers was prepared. Epoxy resin was used to fully seal
one end of the module and partially seal the other end of the module as the permeate side.
The epoxy was air-dried at room temperature for 48 h. Next, the module, after drying,
was placed in a gas permeation housing cell and tightly sealed. The temperature and
flowrate of the feed gas were set at 25 ◦C and 200 mL/min, respectively, and the gas was
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fed into the module’s shell side. A bubble flow meter and stopwatch were used to record
the time taken for the bubble to reach a specific point. The time is used to measure the
volumetric flowrate of permeate gas followed by the calculation of the CO2 permeance
using Equation (1) as follows [52]:

PCO2

L
=

Q
A∆P

=
Q

nπDLm∆P
(1)

where n, Lm (cm), Q (cm3/min), ∆P (cmHg), and D (cm) are the number of fibers, the
effective length of fibers in each module, permeate flow rate, pressure drop, and outer
diameter, respectively. PCO2 is the permeance of CO2 of the fiber measured in GPU
(1 GPU = 1 × 10−6 cm3 (STP)/cm2.s.cmHg). The CO2/CH4 ideal selectivity was calculated
using Equation (2) [52]:

αCO2/CH4 =
PCO2

PCH4

(2)

Figure 1 shows the gas permeation testing set up used in the current work [53].

Figure 1. Equipment design for the in-house gas permeation test system used for the experiment [53].

3. Results and Discussion
3.1. Fabricated Membrane Characterization

Several characterizations were performed which included EDX, SEM, XRD, and FTIR
to analyze the NH2-MIL-125(Ti) filler dispersion, morphology, crystallinity, and functional
groups of the resultant membranes.

3.1.1. Energy Dispersive X-ray (EDX) and Scanning Electron Microscope (SEM)

Figure 2 shows the dispersion of NH2-MIL-125(Ti) fillers in the HFMMMs at varying
air gaps using EDX mapping. The blue points shown in the EDX mapping represent the
dispersed Ti elements on the surface of the HFMMMs. From Figure 2, it can be seen that
the Ti elements were homogeneously dispersed with the absence of any agglomeration at
all air gaps, possibly due to the use of a low NH2-MIL-125(Ti) loading percentage (1 wt%)
in the HFMMMs.
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Figure 2. NH2-MIL-125(Ti)/CTA HFMMMs spun at various air gap distances of (a) 1 cm, (b) 3 cm,
(c) 5 cm, and (d) 7 cm.

Figure 3 shows the cross-sectional SEM images of the NH2-MIL-125(Ti)/CTA HFM-
MMs spun at air gap distances ranging from 1 cm to 7 cm. As shown in Figure 3, macrovoids
are present in all membranes. The presence of the macrovoids could possibly be due to the
non-solvent intrusion during die swell and also from the Marangoni effect [21,54], which
could affect the gas permeation performance of the membranes.

Figure 3. SEM cross-sectional images of NH2-MIL-125(Ti)/CTA HFMMM spun at different air gap
distances of (a) 1 cm, (b) 3 cm, (c) 5 cm, and (d) 7 cm.
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3.1.2. X-ray Diffraction (XRD) of Resultant Membranes

XRD was utilized to examine the crystalline structure of the NH2-MIL-125(Ti)/CTA
HFMMM. The neat CTA HFM and NH2-MIL-125(Ti)/CTA HFMMM XRD spectra are
observed in Figure 4. From the analysis, broad amorphous peaks are found at 8◦ and 17◦,
which suggests the presence of the cellulose triacetate polymer structure [55]. However,
with the incorporation of the filler into the CTA polymer, it can be observed that the peaks
are slightly more prominent in the HFMMM. No other significant peak was observed
for the HFMMM possibly due to the incorporation of a relatively low loading of the
NH2-MIL-125(Ti) filler.

Figure 4. XRD pattern of CTA HFM and NH2-MIL-125(Ti)/CTA HFMMM.

3.1.3. Fourier-Transformed Infrared (FTIR) Spectra of Resultant Membranes

FTIR was used to identify the interactions and chemical functionalities between CTA
polymer and NH2-MIL-125(Ti) filler. The FTIR spectra of the CTA HFMs and NH2-MIL-
125(Ti)/CTA HFMMMs for the band vibrations between 550 cm−1 and 4000 cm−1 are
shown in Figure 5. The peaks found at 3530 cm−1, 2956 cm−1, and 1752 cm−1 for CTA HFM
represent the O-H stretch bond, the C-H stretch bond, and the C=O stretch band, respec-
tively [56]. The acetyl group was observed by the C-O stretch at 1220 cm−1, while the C-O-C
stretch which represents the cellulose backbone was observed at 1040 cm−1 [55]. Similar
CTA spectra were also reported elsewhere [57]. From the spectra analysis, both fibers
showed ester characteristic adsorption bands based on the C=O stretching at 1752 cm−1

and the CH3 symmetrical deformation at 1371 cm−1 [58]. Moreover, with the addition of
the NH2-MIL-125(Ti) filler in the HFMMMs, an NH2-group was identified in between the
minor broad peaks of 3530 cm−1 and 3350 cm−1, despite the low loading percentage of
1 wt% [59–61].

Figure 5. FTIR Spectra of CTA HFMs and NH2-MIL-125(Ti)/CTA HFMMMs.
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3.2. CO2 and CH4 Gas Permeation Study

In this current study, CO2 and CH4 gas permeation testing was conducted for CTA
HFMs and NH2-MIL-125(Ti)/CTA HFMMMs at ambient temperature and feed pressure
of 5 bar gauge. Figures 6–8 show the CO2 gas permeability, CH4 gas permeability, and
CO2/CH4 gas pair selectivity of all fabricated fibers, respectively.

Figure 6. CO2 gas permeance for the fabricated fibers at various air gap distances.

Figure 7. CH4 gas permeance for the fabricated fibers at various air gap distances.

Figure 8. CO2/CH4 gas pair ideal selectivity for the fabricated fibers at various air gap distances.
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The fabricated neat CTA HFMs spun at 1 cm to 3 cm showed an increase in CO2
permeability followed by a gradual decrease in CO2 permeability for the HFM spun at
an air gap of 7 cm. Meanwhile, CH4 permeability showed an increasing trend for the
fibers spun at an air gap of 1 cm to 5 cm and then decreased for the fiber spun at 7 cm.
Neat CTA HFMs spun at a 3 cm air gap demonstrated the highest CO2 permeability at
65.68 GPU while CTA HFMs spun at a 5 cm air gap exhibited the highest CH4 permeability
of 90.69 GPU among CTA HFMs. However, neat CTA HFMs demonstrated low CO2/CH4
selectivity, possibly due to various surface defects. Therefore, PDMS coating which has
been proven to reduce surface defects [51,62] was applied to the neat fibers to improve their
gas permeation performance. Generally, PDMS-coated CTA HFMs showed a noticeable
increment in CO2/CH4 selectivity with a significant drop in CO2 and CH4 permeability,
especially for fibers spun at 3 and 5 cm air gaps, with a decrease in CO2 permeability up to
95% and 295%, respectively. PDMS coated CTA HFMs spun at a 7 cm air gap revealed the
highest increase in CO2/CH4 gas pair selectivity, from 0.65 to 1.47, with an improvement of
126%. Despite that, PDMS coated CTA HFM spun at a 3-cm air gap showed a very marginal
improvement of CO2/CH4 selectivity, besides demonstrating a 95% and 50% decrease in
CO2 and CH4 permeability, respectively.

On the other hand, neat NH2-MIL-125(Ti)/CTA HFMMMs exhibited an improvement
in gas permeation performance over the neat CTA HFMs due to the presence of an amine
group, which resulted in the facilitated transport of CO2 over the membrane. The increment
of CO2 permeability of up to 380% and CH4 permeability of up to 264% with a slight
improvement in CO2/CH4 gas pair selectivity was found for the HFMMM. The increase
in CO2 permeability may be attributed to the formation of defects and macrovoids found
on the HFMMMs as seen in the SEM images in Figure 3. The CO2 permeability increased
initially as the air gap increased after 1 cm and then maintained a similar gas permeance
of about 128 GPU from an air gap of 3 cm to 7 cm. Nevertheless, the high CO2 and CH4
gas permeability obtained could be due to the presence of defects and macrovoids on the
HFMMM as observed in Figure 3 [21,44,63]. After the PDMS coating was applied to the
resultant HFMMMs, a decrease in CO2 permeability of 43% was observed for the HFMMM
spun at an air gap of 1 cm, while the other HFMMMs spun at an air gap of 3 cm to 7 cm
showed only a minor decrease in CO2 permeability. Whereas, for the CH4 permeability,
a significant drop of 71% and 48% was observed for the fibers spun at an air gap of 1 cm
and 5 cm, respectively. It can be observed that the HFMMM spun at an air gap of 3 cm
showed lower performance compared to neat CTA HFMs, possibly due to the incorporation
of the filler, which caused the stressing and widening of the macrovoids present on the
membrane [64]. Subsequently, for the PDMS-coated HFMMM spun at an air gap of 1 cm, a
noticeable tradeoff was observed, whereby the decrease in CO2 and CH4 gas permeability
led to a slight increase in CO2/CH4 selectivity from 0.84 to 1.61. The improvements were
92% and 34% compared to the neat HFMMM and PDMS-coated HFM, respectively. An
almost similar result trend was obtained for the PDMS-coated HFMMM spun at a 5 cm
air gap. However, PDMS-coated HFMMMs spun at an air gap of 3 cm and 7 cm showed
poorer results in terms of CO2/CH4 selectivity. This is likely due to the significant surface
defects found on the fibers.

Moving on, a second layer of PDMS was applied to the NH2-MIL-125(Ti)/CTA
HFMMM to further seal any possible non-selective defects. From the CO2/CH4 selec-
tivity results obtained (as shown in Figure 8), the HFMMMs coated with double PDMS
layers performed better than the other membranes spun at all air gaps. HFMMM spun at an
air gap of 1 cm showed the highest performance with a CO2/CH4 selectivity of 6.87, a CO2
permeance of 26.46 GPU, and a CH4 permeability of 3.85 GPU. Among the tested HFMMMs
coated with double PDMS coating layers, a fluctuating CO2/CH4 gas pair selectivity was
obtained as the air gap increased, with the lowest CO2/CH4 selectivity of 1.68 obtained
for the fiber spun at an air gap of 7 cm. The low performance of the fiber at the highest air
gap (7 cm) could possibly be due to instability caused by the overstretching of the polymer
chain leading to elongation and gravitational stress. This may further increase defects
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and macrovoids on the selective dense skin of the fiber, which was unable to be further
improved by applying multiple PDMS coating layers [21,44,65].

In summary, HFMMMs coated with double PDMS layers showed a substantial boost
in CO2/CH4 selectivity performance, especially for fibers spun at an air gap from 1 cm to
5 cm, but this led to a decrease in CO2 and CH4 permeability. A comparison between the
CO2/CH4 gas permeability results of the current work with those results reported in the
literature are presented in Table 2. Based on Table 2, the NH2-MIL-125/CTA HFMMMs
fabricated at an air gap distance of 1 cm performed better than the NH2-MIL-53(Al)/CA
HFMMM in terms of CO2 permeance but with a lower CO2/CH4 selectivity, while against
the NH2-MIL-125(Ti)/PVDF HFMMM, it showed a greater CO2/CH4 selectivity and lower
CO2 permeance. Therefore, by comparison, the NH2-MIL-125/CTA HFMMM prepared in
this work show a reasonable gas separation performance with potential for improvement
through optimization of the spinning parameters or filler loading.

Table 2. Comparison of CO2/CH4 gas permeability results of CTA HFM and NH2-MIL-125(Ti)/CTA
HFMMM in the current work with those results reported in the literature.

Membrane Filler
Loading (%) Configuration Air Gap

Distance (cm)
Post

Treatment
CO2

Permeance
CO2/CH4

Ideal Selectivity Ref

CTA - Hollow
fiber 1 PDMS

coating 22.49 GPU 1.20 This work

NH2-MIL-
125(Ti)/CTA 1 Hollow

fiber 1 PDMS
coating 26.46 GPU 6.87 This work

NH2-MIL-
53(Al)/CA 15 Hollow

fiber 5 - 14.30 GPU 9.10 [66]

NH2-MIL-
125(Ti)/PVDF 1 Hollow

fiber 15 - 350 GPU 4.00 [67]

4. Conclusions

In this study, NH2-MIL-125(Ti)/CTA HFMMMs were successfully spun at different
air gaps ranging from 1 to 7 cm. EDX mapping analysis showed that filler dispersion in
the HFMMM was homogeneous with no indication of agglomeration, possibly due to the
use of a low loading percentage of filler. SEM cross-sectional images of the fabricated
fibers showed the presence of macrovoids in all spun fibers. The amorphous broad peaks
were shown in the XRD result for CTA HFMs but with the incorporation of the filler in
the HFMMM, an amorphous phase was still observed mainly due to the low loading
of the filler. FTIR spectra revealed a broad peak between 3530 cm−1 and 3350 cm−1 for
HFMMM compared to the spectrum obtained for CTA due to the incorporation of the
NH2-MIL-125(Ti) filler in CTA.

For the PDMS-coated CTA HFM, the best-performing fiber was found at a 7 cm air gap
with a CO2 permeability of 23.42 GPU and a CO2/CH4 selectivity of 1.47, which achieved a
126% improvement over the uncoated CTA HFMs. On the other hand, the HFMMM spun
at a 1 cm air gap and coated with a double layer of PDMS showed a CO2/CH4 selectivity
of 6.87 and a CO2 permeance of 26.46 GPU. For future improvement, different loadings of
fillers can be investigated to determine the optimum amount of filler required. Moreover,
other spinning parameters such as the take-up speed and dope flowrate can be manipulated
to find the optimum conditions for the enhancement of gas separation performance.
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