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a b s t r a c t

The gas transport properties of both single and mixed gas systems including CH4, CO2, N2, C2H6, and
helium (He) were investigated using novel polymer membranes fabricated via solution casting from
organic solvents. The fluorinated polytriazole polymers were synthesized through a polycondensation
method incorporating hexafluoroisopropylidene the main polymer backbone, with various fluorinated
aniline derivatives as side chains. It was observed that the bulky fluorinated aniline derivative groups
such as 4-fluoroaniline, 2,5-difluoroaniline, 4-bromo-2,5-difluoroaniline, and 2,3,4,5,6-pentafluoroani-
line significantly influenced the gas separation performance of the polymer membranes, particularly in
terms of permeability and selectivity. The membranes exhibited excellent mechanical stability across a
wide range of pure CO2 feed pressures (100—800 psi, 1 psi = 6.895 kPa) without signs of plasticization,
highlighting their robustness for high-pressure applications. Additionally, the polymer synthesis process
is reproducible and can be readily scaled, with each material displaying high solubility in organic sol-
vents such as dimethyl acetamide, chloroform, and N-methyl pyrrolidone. Compared to gases such as
CH4, N2, and C2H6, the newly developed polymer membranes demonstrated superior permeability for
CO2 and He under upstream feed pressures of up to 800 psi. These materials represent a completely
novel class of polymer membranes tailored for advanced gas purification technologies. Their enhanced
separation performance, particularly for CO2 removal and He recovery from natural gas streams at high
processing pressures, positions them as promising candidates for industrial applications in gas purifi-
cation and separation.
© 2025 The Chemical Industry and Engineering Society of China, and Chemical Industry Press Co., Ltd.
All rights are reserved, including those for text and data mining, AI training, and similar technologies.

1. Introduction

The application of synthetic polymermembranes in natural gas
purification and separation systems is currently the subject of
extensive research. Numerous polymer membrane types have
drawn a lot of interest and have a long history of use in industry as
unique polymer membrane materials for the separation of con-
stituents of natural gas. Unfortunately, under the operational
experimental settings (pressure and gas systems), the majority of
polymer membranes show poor mechanical, thermal, and

chemical resistance, necessitating costly and time-consuming
extra treatments like blending or chemical modification. High
mechanical, thermal, and chemical stabilities of membrane ma-
terials allow them to withstand high upstream feed pressures,
extend membrane life, and maintain membrane integrity under
specific experimental settings related to gas separation and puri-
fication technologies. Thus, it is especially desirable to develop
novel polymer materials for membrane-based gas separation
methods.

Nitrogen (N2), water (H2O), heavy hydrocarbons (C3+), carbon
dioxide (CO2), hydrogen sulfide (H2S), and other contaminants can
be found in natural gas in amounts ranging from less than 1% to
more than 50%. Therefore, in order to meet pipeline and burner* Corresponding author.
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quality criteria and to fully utilize natural gas, the methane gas
(CH4) needs to be cleaned by removing such contaminants. In
comparison to current conventional gas purification technologies
like pressure swing absorption (PSA) and amine treatment pro-
cess, the natural gas sweetening process, which includes acid gas
removal with the membranes-based or a membrane-absorption
hybrid process, has emerged as one of the efficient separation
technologies due to its environment friendliness, low capital and
operation cost, high energy saving, small and compact size, and
economic feasibility [1—10]. Nevertheless, there are still certain
insufficient performance issues with polymer membranes that
prevent their use and manufacture on a commercial scale [5—13].

Obtaining high permeability and high selectivity for the CO2/
CH4 target gas pair is one of these obstacles. Other ones include
physical aging and membrane material plasticization with rising
upstream input pressure, as well as comparison with the trade-
off curve. Currently, the primary challenge in the advancement
of polymer membrane materials, particularly in the removal of
acid gases (H2S and CO2), is the plasticization of membranes
when subjected to the specified upstream gas feed pressure. The
condition known as “plasticization” occurs when an acid gas
(often CO2) is fed into a polymer membrane at a high upstream
pressure, causing the membrane to stretch and lose its permse-
lectivity for a particular gas pair [4,13—18]. The development of
polymer membrane materials with great mechanical and chem-
ical stability has attracted a lot of attention. Many resources have
been used in this area to create polymer membrane materials
that are highly stable both mechanically and chemically so they
can withstand upstream feed pressure without sacrificing gas
permeability or selectivity [17,18]. Some of the most widely used
polymer materials created for natural gas processing are glassy
and rubbery membranes, including poly-dimethyl siloxane, cel-
lulose acetate, cellulose esters, nitrocellulose, polymers with
intrinsic microporosity, polysulfones, polycarbonate, Pebax, pol-
yether sulfone, polyamide, polyacrylonitrile, polyamide, and
others. These materials were studied for different mixes of nat-
ural gas and syngas separation and purification processes under
different experimental settings [1—33].

The fabrication of a promising material with high performance
efficiency in terms of permeability and selectivity for a target gas
pair is often the goal of any new materials for membrane applica-
tions or chemical modifications to existingmembranematerials. An
increase in gas permeability always compromises with a significant
decrease in gas pair selectivity, despite the significant efforts made
to develop a membrane material with the desired properties and
high-performance efficiency (perm-selectivity for a target gas pair).
These challenges make it difficult to develop and fabricate polymer
membrane materials that simultaneously exhibit high gas perme-
abilities and selectivities. This inherent trade-off significantly limits
the practical efficiency of such membranes. Moreover, these limi-
tations hinder the industrial deployment and large-scale
manufacturing of polymer membranes, especially for high-
pressure field applications where mechanical and separation per-
formance must be rigorously maintained.

Polytriazole polymers are those that contain a triazole ring
either as a side chain or in their backbone. The structure of the
triazole ring is akin to a furan, with two carbon atoms and three
nitrogen atoms joined by double bonds. Since the triazole ring is
hydrogen atom free, it functions as an electron-withdrawing
group in polymers. These rings give polymers unique qualities
like low dielectric constant, high glass transition temperature,
good hydrolytic stability, high thermal, mechanical, and chemical
stability, and lack of rearrangement and flexibility. Because of
these qualities, polytriazole polymers are regarded as high-
performance materials. They have been studied for difficult

applications such as fire retardants, flame-retardants, and
potentially useful membrane materials for water purification
[19—27]. The literature contains some early research on the
synthesis of polytriazole, which was followed by studies on sin-
gle gas permeation [26,27,29]. On the other hand, no substantial
research has been done on various polytriazole polymer mem-
brane chemistries for mixed gas systems at noticeably high feed
pressures. Chisca et al. [31] have published a study on the heat
treatment of polytriazole membranes functionalized with hy-
droxyl (OH). The work concentrated on thermally cross-linking
OH-functionalized polytriazole films and then converting them
via a series of stages into carbon molecular sieves. They con-
trasted the pristine polytriazole polymer membranes with ther-
mally treated films to see how well they separated gases. A range
of high upstream feed pressures, from 100 to 800 psi (1
psi = 6.895 kPa), were tested for single and mixed gas systems
(CO2, CH4, N2, and C2H6) [30].

We have developed a series of novel polytriazole membrane
materials incorporating hexafluoroisopropylidene (HFA) and a
triazole ring, along with various bulky fluorinated aniline deriva-
tive groups integrated into the polymer backbone. These findings
are presented in our recent publications [30—42].

To systematically optimize membrane properties, different
aniline derivatives with an increasing number of fluorine atoms in
the fluorinated polytriazole polymers (FPTA-1 to FPTA-4) were
incorporated into the polymer as side-chain functional groups. The
highly electronegative fluorine atoms introduced electrostatic
repulsion between polymer segments, effectively increasing the
fractional free volume (FFV) within the membrane matrix. This
structural modification significantly enhanced CO2 permeability,
allowing for efficient gas transport while maintaining high selec-
tivity and a key breakthrough in overcoming traditional
permeability—selectivity trade-offs. The designed membrane ma-
terials exhibit low penetration for CH4, C2H6, and N2, while
demonstrating exceptional permeability for helium (He) and CO2.
Additionally, these materials display remarkable resistance to
plasticization, as validated through long-term testing under pure
CO2 upstream pressures up to 800 psi, with no swelling, dilatation,
or mechanical deterioration observed.

Encouraged by these findings, we expanded our investigation
into customized fluorinated polytriazole chemistries for advanced
natural gas separation technologies, aiming for high permeability
and gas-pair selectivity.

Fig. 1 illustrates the chemical composition of fluorinated poly-
triazole (FPTA) polymers, highlighting their triazole ring, HFA
backbone, and bulky fluorinated aniline side chains, which
contribute to exceptional gas separation performance.

2. Experimental

2.1. Chemical components

4,4-(Hexafluoroisopropylidene, HFA, 99%, Aldrich), hydrazine
sulphate (HS, 98%, Aldrich), 4-fluoroaniline (99%, Aldrich), 2,5-
difluoroaniline (99%, Aldrich), 4-bromo-2,5-difluoroaniline (99%,
Aldrich), 2,3,4,5,6-pentafluoroaniline (99%, Aldrich), N-methyl
pyrolidone (NMP, 99%, Aldrich), chloroform (99%, Aldrich), poly-
phosphoric acid (PPA, ca 84% as P2O5, from Alfa Aesar) and sodium
hydroxide (NaOH, 99%, Aldrich) were used for polymers synthesis
and membrane fabrication as received.

2.2. FPTA polymer synthesis

As per the synthesis technique previously indicated in our
earlier work [4,13—17,23—30], FPTA polymers containing various
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groups of fluorinated aniline derivatives were synthesized in the
lab. A two-step polymer synthesis process was used to develop all
of the polymers. The first phase involved the production of fluo-
rinated polyoxadiazole (FPOD), and the second step involved the
synthesis of FPTA polymers.

2.2.1. FPOD polymer synthesis
PPA was used as a solvent in a 100 ml three-necked round-

bottom flask. It was then heated to 100 ◦C for an hour while being
vigorously stirred by hand and continuously purged with dry, pure
N2 gas to eliminate any remaining water from the reaction system.
Following the addition of the first monomer, HS, to the solvent
system, the temperature was increased to 160 ◦C while vigorous
stirring was done to fully mix and dissolve the HS in the PPA sol-
vent. The second monomer, HFA, was added to the reaction

solution right away at 160 ◦C. For almost 3 h, there was a steady
flow of pure, dry N2 gas while vigorous mechanical stirring was
performed. The molar monomer ratio of HS/HFA and the molar
ratio of PPA/HS were maintained at 1.2 and 30, respectively. A
colorless (white) viscous polymer was the end result, which was
precipitated by adding it to a basic solution of 1mol·L− 1 NaOH and
stirring constantly for an hour to eliminate any remaining acid.
After filtering, the fibrous polymer that was produced was placed
in distilled water and allowed overnight at 80 ◦C to completely
eliminate any remaining base and bring the water's pH level down
to neutral. Ultimately, the polymer was vacuum-dried for 24 h at
100 ◦C in an oven. FPTA were synthesized using this polymer,
which is also known as HFA-based polyoxadiazole (FPOD). The
structure and synthesis process of FPOD polymer's reaction can be
viewed in Fig. 2.

Fig. 1. Chemical structures of a triazole ring and polytriazole polymer (X = H, F, C, Br etc.).

Fig. 2. Monomers and reaction scheme of FPOD synthesis.
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2.2.2. Synthesis of FPTA polymers
The reaction solvent, NMP, was introduced to a 250 ml flask

with three necks and a round bottom. The flask was heated to
100 ◦C for an hour while being vigorously stirred mechanically. To
eliminate any water content, the reaction systemwas purged with
clean, dry N2 gas. Following the addition of the FPOD polymer, the
solvent systemwas heated to 190 ◦C, allowing for vigorous stirring
to thoroughly mix and dissolve the polymer in NMP solvent. The
reaction system was immediately brought to 190 ◦C, and 1.0 g of
PPA was added as a catalyst along with the monomer, 4-
fluoroaniline. The reaction was vigorously stirred for 3 to 5 h
while pure and dry N2 gas was continuously supplied. The molar
monomer ratio of FPOD/monomer and the ratio of NMP/FPOD
were maintained at 1.2 and 20, respectively, in order to fully utilize
the additional polymer. The end result was a viscous polymer with
a dark blue color that was precipitated by putting it into 5.0 L of
distilled water and rapidly stirring it for an hour to eliminate all of
the solvent. The fibrous polymer was then filtered and placed in
distilled water, where it was washed overnight at 80 ◦C to elimi-
nate any remaining solvent residue. Ultimately, the polymer was
vacuum-dried for 24 h at 190 ◦C in an oven.

Using selected fluorinated aniline derivatives namely 2,5-
difluoroaniline, 4-bromo-2,5-difluoroaniline, and 2,3,4,5,6-
pentafluoroaniline as monomers, additional structurally distinct
FPTA polymers were synthesized via the same polymerization
strategy. In total, five FPTA polymerswere successfully synthesized
and subsequently investigated for their gas separation

performance as part of this study. Figs. 3—6 illustrate the overall
synthetic route, the selected monomers, and the resulting chem-
ical structures of the FPTA polymers, including their corresponding
IUPAC names.

2.3. Manufacturing of dense membranes

Polymermembranes that were both dense and symmetric were
produced using the solution casting process. The polymers were
thoroughly dissolved in (2% (mass)) chloroform solvent and
forcefully mixed and agitated for 24 h at room temperature in
order to prepare a homogenous solution for the membrane con-
struction process. Since the parameters of the solution casting and
polymer solution preparation directly impact the intrinsic prop-
erties of the membranes, great care was taken in their manufac-
ture. Filtration of the polymer solutions was done using a 0.45 μm
thick filter. A sanitized glass Petri dish of a predetermined size was
filled with a polymer solution to produce dense and symmetric
membranes. For the purpose of later drying the solvent via evap-
oration at room temperature, all the plates were put inside an
oven. Dishes were put inside an oven to evaporate the solvent at
room temperature while nitrogen gas was purged of an inert and
dry environment for a full day. To eliminate any remaining solvent,
membranes were further dried by applying suction for an entire
night in a vacuum oven set at a higher temperature of 150 ◦C. In-
side the oven, the membranes were cooled to ambient

Fig. 3. Synthesis scheme of polytriazole polymers.
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temperature in an inert N2 gas atmosphere. The thickness of the
membrane was between 50 and 60 μm.

2.4. Characterizations

Nuclear magnetic resonance (NMR) spectroscopy was used to
assess and validate the polymer production. Using a homogenous
solution of polymers in chloroform-d and tetramethyl silane (TMS)
as an internal standard (0), C NMR spectra were obtained at 25 ◦C
using a Bruker Advance III-700MHz (Germany) liquid NMR appa-
ratus equipped with a TCI cryprobe (Z-axis gradient) model.

13C NMR (FPOD in chloroform-d): δ164.1 (C1).
13C NMR (FPTA-1 in chloroform-d): δ163.2 (C1), 116.3 (C2),

153.3 (C3).
13C NMR (FPTA-2 in chloroform-d): δ158.5 (C1), 161.3 (C2),

153.3 (C3).
13C NMR (FPTA-3 in chloroform-d): δ112.7 (C1),161.7 (C2),153.3

(C3), 163.5 (C4).
13C NMR (FPTA-4 in chloroform-d): δ143.3 (C1), 137.3 (C2),

153.3 (C3).
Gel permeation chromatography (GPC) using an Agilent 1200

(USA) series instrument with UV and RI detectors and a column
fitted with PLgel olexis (7.5 mm_300 mm) was used to determine
the average molecular weight of the produced polymers. The
polystyrene standards that Merck provided were used to calibrate
the equipment. A 1000 mg·L− 1 polymer solution was injected at a
1 ml·min− 1 flow rate.

To verify the thermal stability of polymers and any solvent
residue remaining inside the membrane's matrix, thermogravi-
metric analysis (TGA) was performed using a STA 449 F3 instru-
ment (Netzsch, Germany). Every sample of fluorinated polymers
and membranes was heated at a rate of 10 ◦C·min− 1 from 30 to
650 ◦C, followed by an inert and dry N2 gas purge. The glass

transition temperature (Tg) of the fluorinated polymer membrane
samples was also ascertained using dynamic mechanical thermal
analysis (DMTA) on an RSA-III TA-instrument (USA) operating in
the film tension mode at a frequency of 1 Hz. Every membrane
samplewas subjected to analysis at a constant strain of 0.05% and a
temperature increase of 5 ◦C·min− 1 between 30 and 350 ◦C.

A Mettler Toledo (Switzerland) density meter was used to
measure the fluorinated polymer membranes' density at room
temperature. For results that could be replicated, each measure-
ment was done at least three times. Membrane strips of known
mass that were small and dried floated in a liquid called cyclo-
hexane. Using Bondi's group contribution method, the membrane
samples' fractional free volumes (FFV) were computed [32,34,35].
The given Eq. (1) was used to compute the fluorinated polymer
membranes' FFV.

FFV](V — 1.3Vw) / V (1)

where, V (cm3·g− 1) is the specific volume of a polymer and is equal
to 1/ρ, and ρ (g·cm− 3) is the polymer density. Vw is the van der
Waals volume determined by the sum of atomic and bond con-
tributions method [34,35]. In general, this FFV explain the trans-
port correlation inside a polymer matrix as illustrated in Fig. 7.

2.5. Characterization of the membranes' gas permeability

Our earlier papers [29—32] provide a thorough explanation of
the single and mixed gas permeation studies of the polymer
membranes along with the setup and permeation cell design in
detail. Fig. 8 illustrates the constant pressure (CP)/variable volume
apparatus used for all of the gas permeation tests for the FPTA
polymer membranes. The single and mixed gas characterization
studies were conducted at ambient temperature with upstream

Fig. 4. Different fluorinated aniline derivatives.
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feed side pressures ranging from 100 to 800 psi and a permeate
side at normal atmospheric pressure.

Micro gas chromatography was used to analyze the composition
of the retentate and permeate from themixed gas system. An area of
about 12 cm2 of membrane film was mounted, sealed with epoxy
glue, andmasking with an aluminum tap inside ameasurement cell
to guarantee that the gas permeationwill not bypass themembrane
area. Three membrane samples from each polymer material were
tested simultaneously at each operating condition to ensure that no
defects in membranes were present. Prior to the original mea-
surements, all of the membranes were conditioned with gases
(single ormixed) for 48 h, after which eachmeasurementwasmade
after an extended period of 10 h, with a permeability coefficient
inaccuracy of less than ±5% of the displayed values.

Solution-diffusion model of gas movement [1] via a densely
symmetric membrane is a pressure-driven mechanism where the
gas flux (J) is inversely proportional to the membrane's thickness
(L) but proportionate to the pressure differential between the
upstream feed pressure (p1) and the downward permeate pressure
(p2). One inherent attribute of the material is the permeability (P)
of a gas component through the dense symmetric membrane
sheet. However, testing parameters including temperature,

upstream feed pressure, and interactions between the polymer
and gas molecules can alter the characteristics of the membrane
material, changing its permeability.

Fig. 5. Chemical structures of FPTA polymers.

Fig. 6. IUPAC nomenclature of polymers.

Fig. 7. The FFV within the polymer membrane.
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J = P ×
p1 − p2

L
(2)

The membranes permeability coefficient and selectivity of each
gas component in the mixture at a set pressure condition were
calculated from Eqs. (3) and (4) below.

P = D× S =
Xperm × Jperm × L

(
Pfeed × Xfeed − Pperm × Xperm

) (3)

Selectivity (αab) =
Pa
Pb

=
Sa
Sb

×
Da
Db

(4)

where Xperm and Xfeed represents the mole fraction of gas com-
ponents in the permeate and feed stream, respectively. Jperm
(cm3·cm− 2·s− 1) represents the total permeate flux, Pfeed and Pperm
are the pressures (cmHg absolute, 1 cmHg = 1333.22 Pa) on the
feed and permeate side of the membrane, respectively. L (cm)

represents the membrane thickness while
(
Sa
Sb

×
Da
Db

)

are solubil-

ity and diffusivity selectivities of the two gases under test condi-
tions. The diffusivity (D) of a gas mainly depends on the available
free volume in between the polymer segments and the molecular
size of a gas component, while the gas solubility depends mainly
on the interaction of a gas component with the polymer materials.
The membrane ability to separate two or more gaseous compo-
nents is a very important parameter and is called as ideal selec-
tivity or perm-selectivity and is expressed as Eq. (4). The P unit is
known as Barrer and 1 Barrer = 10− 10 cm3(STP)·
cm·cm− 2·s− 1·cmHg− 1.

3. Results and Discussion

3.1. 13C NMR characterization of polymers

Fig. 9 displays the fluorinated polyoxadiazole 13C NMR spectra.
Strong chemical shift at 164.11 (C1) indicated that the poly-
condensation process between the monomers HFA and HS,

produced the fluorinated polyoxadiazole polymer. The carbon
atoms from the oxadiazole ring, which is contained in the polymer
backbone, are responsible for this chemical shift (164) [26,27]. The
13C NMR spectra for FPTA polymers produced in this work for gas
characterizations are shown in Figs. 10—13. The fluorinated aniline
derivative's effective substitution process (Fig. 4) on the fluori-
nated polyoxadiazole polymers was confirmed by the substantial
chemical shifts at 153.3 (C3). For all of the FPTA polymers made in
this work, a chemical shift at 153.3 was detected, which corre-
sponds to the carbon atom of the triazole ring of the main stem of
the polymer (Fig. 5). The carbon atoms of the side aromatic ring
connected to the triazole ring of the polymers are represented by
the chemical shifts at 163.2, 158.5, 161.3, 112.7, 161.7, 153.3, 163.5,
124.1, 130.0, 143.3, and 137.3. This further supports the successful
substitution reaction between the fluorinated aniline derivatives
and fluorinated polyoxadiazole polymer.

The thermal resistivity and stability of the polymers devel-
oped for this study were examined using thermogravimetric
analysis (TGA) (Fig. 14). Table 1 displays the thermal dissociation
temperatures (Td) under the inert N2 environment at 5% mass
loss. The Td values and TGA analysis curves demonstrate the
strong thermal resistivity and stability of all the FPTA polymers
in the 450—500 ◦C temperature range. The TGA curves demon-
strate that mass loss as a result of degradation began around
450 ◦C and that there is a single degradation temperature for all
polymer materials after 450 ◦C. Additionally, this verifies that
there isn't any leftover solvent in the polymer membrane
matrices that could compromise the membrane's functionality in
gas characterization tests. The glass transition temperature (Tg)
of polymers was also calculated using the DSC methodology,
however no Tg was found for any of the polymers using this
method. The high Tg values and the closeness to the polymer
degradation temperature may be the cause. We have also seen
similar behavior for several polyazole polymer materials in our
earlier study [13,29,31,33].

The thermograms for the DMTA of all the materials containing
FPTA polymers that were examined in order to ascertain the
polymer glass transition temperature are displayed in Fig. 15. This

Fig. 8. A system with variable volume and constant pressure (CP) is used to measure the single and mixed gas penetration characteristics of membranes. PT-1 (pressure
transducer); NV-1 and NV-2 (needle valves); A1, A3, B1, B3, C1, C3, D1 and D3 (gas inlet); A2, B2, C2 and D2 (permeate outlet); A, B, C, and D (membrane cells); MFC1 and MFC2
(mass flow controllers) [29—37].
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approach detects the deformation of thin films caused by the
applied stretching force by applying an extra tension force to the
thin film through the probe. The materials used to make the
polymer films had Tg that ranged from 200.5 to 225.3 ◦C. Fluorine
atoms carrying bulky aniline derivatives and a triazole ring are the
primary causes of these elevated Tg values. As was previously
covered in depth, these groups (triazoles) provide these polymers
some unique features.

Gel permeation chromatography (GPC) was used to determine
themolecularweightof thepolymers,whichwere found tobe in the
order of 103 g·mol− 1. Table 2displays PDI values that are a bit higher
than 2. High molecular weight polymers in the 65—70 ◦C range
comprise a side chain of fluorinated bulky aniline derivative groups
and a backbone consisting of a triazole ring and HFA. Regardless of
the molecular weights, all synthesized FPTA polymers produced
dense membranes with strong mechanical and thermal stabilities.

3.2. Tests for single gas permeation

The permeation characteristics of single gases (CO2, CH4, N2,
and He) were investigated on all of the synthesized polymers
(FPTA-1, FPTA-2, FPTA-3, and FPTA-4) membranes using a CP de-
vice. The findings were obtained at room temperature and under a
constant upstream feed pressure of 100 psi. Table 3 displays the
selectivities and permeation coefficient data for the tested single
gases. The permeabilities of all the FPTA polymermembraneswere
significantly high for He and CO2 gases, and extremely low for
other individual gases including N2 and CH4. For the investigated
FPTA polymer membrane materials, the selectivity coefficients of
(CO2/CH4) and (He/CH4) were notably high at this pressure (100
psi). Table 1 displays the FFV of every polymer that was produced
for this study. As the amount of halogen atoms (fluorine atoms) on
the side aniline derivatives group increases, the FFV rises (0.11 to
0.31). The bulky aniline derivative group as a side chain and the
HFA moiety in the backbone of all synthesized FPTA polymers
work together to reduce the ability of polymer segments to pack
together, increasing the solubility of CO2 and He relative to other
single gases and improving the permeation and selectivity prop-
erties of polymer membranes. All of the synthesized FPTA poly-
meric membranes were further examined for comprehensive gas

separation capabilities at a wide range of high upstream feed
pressure (up to 800 psi) at room temperature due to the high
permeability of CO2 & He gases.

3.2.1. Single-gas permeation properties and the impact of upstream
feed pressure

The permeation properties of single gases (CO2, CH4, N2, and
He) were assessed for all the produced polymer (FPTA) membrane
materials at ambient temperature and within an upstream feed
pressure range of 100 to 800 psi.

For FPTA-1, the permeability of N2 and CH4 gases did not
significantly alter between 100 and 800 psi of applied pressure. For
the two individual gases (CH4 and N2), the maximum permeability
coefficients found were 4.72 and 4.30 Barrer at 800 psi. At 100 psi,
the permeability coefficient for pure carbon dioxide gas (CO2) was
found to be 132.10 Barrer. As the upstream feed pressure increased
from 100 to 800 psi, the permeability coefficient steadily
decreased. The CO2 gas's permeability coefficient was 125.11 Bar-
rer at 800 psi. When pressure is increased from 100 to 800 psi, the
selectivity of CO2/CH4 and He/CH4 keeps declining. Table 4 displays
the permeabilities and selectivities data for FPTA-1 polymer
membranes.

For pure penetrant gases like CH4 and N2, the permeability
coefficients (2.35 and 3.11 Barrer) for the dense membranes made
from FPTA-2 polymer exhibited the same behavior over the
applied upstream feed pressure range of 100 to 800 psi. The
highest permeability coefficients measured at 100 psi for the pure
single gases CO2 and He were 185.23 and 285.55 Barrer, respec-
tively. Because there was no apparent change in the permeability
(2.35 Barrer) of pure methane at the applied feed pressure of 100
psi, the maximal ideal selectivities (He/CH4) and (CO2/CH4) were
measured up to 121.50 and 78.82, respectively. Meanwhile, when
feed pressure increased from 100 to 800 psi, the selectivity co-
efficients of CO2/CH4 and He/CH4 as well as the permeability co-
efficients for pure gas (CO2 and He) declined. Compared to the
earlier polymer (FPTA-1), the permeability and selectivity coeffi-
cient values for this polymer (FPTA-2) were significantly greater.
The presence of an extra fluorine atom as a side chain on the bulky
aniline derivative group increases more free volume (Table 1) in-
side the membrane matrix by lowering the likelihood of chain

Fig. 9. 13C NMR spectra of FPOD polymer.
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packing, which accounts for the superior performance of these
polymermembranes. The statistics on selectivity and permeability
are shown in Table 5.

A distinct behavior was seen for the membrane's polymer-
prepared materials (FPTA-3), where a gradual increase in up-
stream feed pressure from 100 to 800 psi resulted in a slight
decrease in the permeability coefficient of pure nitrogen gas and a
slight increase in the permeability coefficient of pure CH4. At 100
psi, the permeability values for individual gases, such as CO2 and
He, were found to be 240.24 and 305.21 Barrer, respectively. Be-
tween 100 and 800 psi of applied upstream feed pressure, a small
drop in the permeability coefficient values of both CO2 and He was
noted. At the same upstream feed pressure of 100 psi, the opti-
mum selectivities of (CO2/CH4) and (He/CH4) were found to be
94.21 and 119.69, respectively. Under the applied upstream feed
pressure range of 100 to 800 psi, the optimum selectivity of both
(CO2/CH4) and (He/CH4) decreased due to a slight rise in the

permeability of CH4 and a slight drop in the permeability values of
bothCO2 and He. In comparison to the earlier polymers (FPTA-1
and FPTA-2), the performance of this polymer (FPTA-3) membrane
material towards acid gas (CO2) removal was significantly superior
in terms of permeability and selectivity. The aniline derivative
group has two fluorine atoms (Br & F) and bromine as a bulky side
chain moiety on the backbone. Since the two fluorine atoms (Br &
F) on the aniline derivative group are highly electronegative, their
presence as a bulky side chain moiety on the backbone of the
FPTA-3 polymer results in high charge density, more free volume,
reduced chain packing of polymer segments inside the membrane
matrix, and maximum gas transportation facilitation. The poly-
mer's permeability and selectivity measurements are displayed in
Table 6.

While the upstream feed pressure was gradually increased
from 100 to 800 psi, the permeability coefficient of pure nitrogen
gas increased slightly and the permeability coefficient of pure CH4

Fig. 10. Fluorinated polytriazole polymer's (FPTA-1) 13C NMR spectra.

Fig. 11. Fluorinated polytriazole polymer's (FPTA-2) 13C NMR spectra.
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remained nearly constant for the membrane's materials made of
polymer (FPTA-4). This behavior was observed in contrast to other
membranematerials. With an increase in upstream input pressure
from 100 to 800 psi, the permeabilities coefficient values obtained
for the target single gases, such as CO2 and He, were somewhat
elevated. While the ideal selectivities of (He/CH4) was constant
throughout the applied pressure range (100 to 800 psi), the ideal
selectivity of (CO2/CH4) was marginally reduced from 97 to 100.
Under the applied upstream feed pressure range of 100 to 800 psi,
there was an improvement in ideal selectivity and (CO2/CH4) due
to the slight rise in the permeability of both CO2 and He, and no
change in the permeability values of both gases (N2 and CH4). We
found that the polymer (FPTA-4) membrane materials performed
much better than the polymers (FPTA-1, FPTA-2, and FPTA-3)
membrane materials created and evaluated in this work in terms

of permeability and selectivity towards natural gas purification by
eliminating acid gas (CO2) (Table 7).

The presence of five highly electronegative fluorine atoms (F)
on the bulky side-chain aniline derivative in the backbone of the
FPTA-4 polymer leads to an exceptionally high charge density
within the polymer structure.

This strong electron-withdrawing effect significantly in-
fluences intermolecular interactions, dipole moments, and poly-
mer chain rigidity, enhancing gas separation performance, thermal
stability, and chemical resistance.

To systematically investigate the impact of fluorine content on
polymer properties, different bulky fluorinated aniline derivatives
were selected, with an increasing number of fluorine atoms pro-
gressing from FPTA-1 to FPTA-4. This gradual fluorine incorpora-
tion altered the polymer's free volume characteristics, molecular
packing efficiency, and gas transport behavior. Due to the

Fig. 12. Fluorinated polytriazole polymer's (FPTA-3) 13C NMR spectra.

Fig. 13. Fluorinated polytriazole polymer's (FPTA-4) 13C NMR spectra.
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electrostatic charge repulsion between polymer segments, a sig-
nificant free volume was created and increased, enhancing the
overall gas permeability and diffusion properties. The increasing
fluorine density contributed to improved CO2 and He permeability,
positioning FPTA-4 as a high-performance membrane material
surpassing conventional commercial membranes.

The gas pair selectivity of CO2/CH4 is compared in Fig.16 for both
the single gas system and room temperature, with respect to the
applied upstream feed pressure (100 to 800 psi). The fluorinated
polymermembranes (FPTA-1, FPTA-2, and FPTA-3) produced for the
CO2/CH4 gas pair exhibit a small drop in selectivity coefficient
values when the applied feed pressure ranges from 100 to 800 psi.
Simultaneously, the membranes derived from FPTA-4 polymer
materials exhibit a slight increase in selectivity coefficient for the
same gas pair (CO2/CH4) as the upstream feed pressure is gradually
increased (from 100 to 800 psi) without exhibiting any indications
of membrane swelling or plasticization. In contrast to other fluori-
nated polymer membrane materials, the selectivity of gas pair for
this polymer membrane increased as a result of a slight increase in
the permeability of CO2 gas with an increase in pressure. Mean-
while, the permeability of CH4 gas remained constant under the
same upstream feed pressure from 100 to 800 psi.

The selectivity of the gas pair (He/CH4) is compared in Fig. 17,
where it is shown that when feed pressure increases from 100 to
800 psi, the selectivity coefficient values for the fluorinated polymer
membrane materials derived from (FPTA-1 and FPTA-2) decrease
noticeably. The permeability of CH4 increased gradually from 2.7 to
4.30 Barrer and the permeability of He decreased somewhat under
the same input pressure range (100 to 800 psi), which is the cause of
this decline in selectivity coefficient values. In contrast to the other
polymer membranes, the fluorinated polymer membranes made
from FPTA-3 and FPTA-4 exhibit constant or verymodest declines in
the gas pair (He/CH4) selectivity over the applied feed pressure
range of 100 to 800 psi. The permeability of CH4 increased gradually

from 2.7 to 4.30 Barrer and the permeability of He gas decreased
somewhat under the same input pressure range (100 to 800 psi),
which is the cause of this decline in selectivity coefficient values. In
contrast to the other polymer membranes, the fluorinated polymer
membranes made from FPTA-3 and FPTA-4 exhibit constant or very
modest declines in the selectivity of the gas pair (He/CH4) over the
applied feed pressure range of 100 to 800 psi. Under the same feed
pressure range (100 to 800 psi), no apparent variation in the
permeability values of either He or CH4 was found.

3.2.2. The impact of temperature on a single gas' permeability
The solution-diffusion model is liable for the gas permeation

process across dense polymeric membrane materials [29,36]. The
upstream feed pressure, temperature, structural chemistry, and
specific characteristics of the polymeric membrane materials all
affect the permeability values for each gas. Arrhenius relationships
can be used to explain how temperature affects a gas component's
diffusivity (D), solubility (S), and permeability (P).

D=D0e
—ED = RT (5)

S= S0e
—ΔHS = RT (6)

P= P0e
—EP = RT (7)

EP = ED + ΔHS (8)

where P0 (Barrer), S0 (cm3(STP)·cm− 3·cmHg− 1) and D0 (cm2·s− 1)
are pre-exponential factors. ED (kJ·mol− 1) is the activation energy of
diffusion, R is the universal gas constant (8.314 × 10− 3

kJ·mol− 1·K− 1), T (K) is the absolute temperature, ΔHS (kJ·mol− 1)
represents the heat (enthalpy) of sorption and EP (kJ·mol− 1) is the
activation energy for permeation.

Fig. 14. Analyzing FPTA polymers thermogravimetrically (TGA).

Table 1
The FPTA polymer membrane materials' mechanical and thermal qualities.

FPTA polymers Tg/◦C Td at 5% mass loss (N2)/◦C Char residue remaining at 650 ◦C/% Densities of polymer membranes FFV

FPTA-1 207.5 455 58 1.51 0.11
FPTA-2 200.5 485 56 1.47 0.15
FPTA-3 225.3 450 48 1.43 0.25
FPTA-4 204.3 485 51 1.35 0.31

Fig. 15. Examination of FPTA polymers using dynamic mechanical thermal analysis
(DMTA).
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Temperature change affects selectivity as well because a gas
component's S and D are both temperatures dependent. Higher
temperatures cause the segmental motion inside the membrane
matrix to increase, which makes it more difficult for a membrane
material to discriminate between gas components with differing
physical dimensions. This reduces selectivity during gas diffusion.
The solubility of gas components and the interactions between
polymer and penetrant are also impacted by temperature varia-
tions. The selectivity of a gas depends on how much each gas
component in the system is affected by temperature. For the ma-
jority of gases, solubilities decrease as temperature rises [19—29].

At various temperatures (25, 40, 50, and 60 ◦C) and upstream
feed pressure of 200 psi, the impact of temperature on the
membrane's performance in terms of permeability and selectivity
of FPTA-1, FPTA-2, FPTA-3, and FPTA-4 was investigated. Table 8,
Figs. 18 and 19, respectively, present the permeability co-
efficients of pure gases, such as He, CO2, N2, and CH4, and the
selectivity coefficients of gas pairs, such as (He/CH4) and (CO2/
CH4), as well as the Arrhenius parameters derived from Eq. (7). All
of the single gases' permeability coefficients (He, CO2, N2, and CH4)
rose somewhat as temperature rose from 25 to 60 ◦C while
maintaining the same upstream pressure of 200 psi. The kinetic
diameter (size) of the gas component determines the EP, which
rises as the kinetic diameter of a penetrant gas increases. The
single gases that were evaluated have the following orders of

kinetic diameter: He (0.260 nm), CO2 (0.330 nm), N2 (0.364 nm),
and CH4 (0.380 nm). The permeability coefficient values for all the
fluorinated polymer membranes developed in this research work,
P(He) > P(CO2) > P(N2) > P(CH4), are in good agreement with the
trend of activation energies for the permeation process, as shown
in Table 8. EP (He) < EP (CO2) < EP (N2) < EP (CH4). Hence, compared
to gas penetrants with larger kinetic diameters, those with smaller
kinetic diameters activate more quickly. In addition, a rise in
temperature has an impact on the mobility of the polymer chain,
giving gas penetrant intersegmental jumps more room to occur.
Consequently, the permeability and diffusion rates of gas pene-
trants increase with increasing temperature. But as the tempera-
ture range increased from 25 to 60 ◦C, the permeability coefficient
values of single gases like He, CO2, and CH4 gradually increased,
maintaining the selectivities for gas pairs like (He/CH4) and (CO2/
CH4). Because the permeability coefficients of CO2 and He did not
significantly rise with temperature, compared to CH4, the selec-
tivities values stayed constant. With temperature increases and
the same upstream feed pressure of 200 psi, there was no
discernible rise in the permeability coefficients of CO2 and He
relative to CH4, which resulted in uniform selectivities values.
Under the same feed pressure of 200 psi, the permeability and
selectivity coefficients of the gases CO2 and He increased steadily
and steadily, demonstrating the special qualities of the fluorinated
polymer materials that were synthesized and developed into
membranes in this work. The temperature increased from 25 to
60 ◦C. The permeability and selectivity results were also compared
to membrane materials described in the literature [29—33,35,37],
where an increase in temperature causes a notable decrease in
relevant selectivity but an increase in permeability. The reason for
this property is explained by the resistance of the fluorinated
polymer materials to permit restricted chain mobility within the
polymer membrane matrix with temperature increases (25 to
60 ◦C) at feed pressures of 200 psi. The primary cause of the

Table 2
The FPTA polymers' molecular weight (MW), degree of polymerization (DP), and
polydispersity (PDI).

FPTA polymers MW/g·mol− 1 PDI DP

FPTA-1 70000 2.1 151
FPTA-2 64000 2.3 133
FPTA-3 67000 2.2 119
FPTA-4 65000 2.2 122

Table 3
Single-gas permeability and selectivity coefficients at room temperature and 100 psi in FPTA polymer membranes.

Polyazole polymer membranes Permeability/Barrer Selectivity

N2 CH4 He CO2 N2/CH4 He/CH4 CO2/CH4

FPTA-1 3.50 2.70 212.11 132.21 1.30 78.51 48.96
FPTA-2 3.11 2.35 285.55 185.23 1.30 105.55 78.82
FPTA-3 1.21 2.55 305.21 240.24 — 119.60 94.21
FPTA-4 4.13 3.10 395.31 303.25 — 127.41 97.82

Table 4
FPTA-1 at room temperature: single gas permeability and selectivity coefficients.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 He CO2 N2/CH4 He/CH4 CO2/CH4

100 3.50 2.70 212.10 132.10 1.30 78.51 48.88
300 4.25 2.71 211.20 131.11 1.56 77.85 48.38
600 4.55 4.30 211.05 131.07 1.05 49.06 30.48
800 4.72 4.30 210.10 125.11 1.09 48.83 29.09

Table 5
FPTA-2 at room temperature: single gas permeability and selectivity coefficients.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 He CO2 N2/CH4 He/CH4 CO2/CH4

100 3.11 2.35 285.55 185.23 1.35 121.50 78.82
300 3.11 2.33 280.31 176.45 1.33 120.30 75.72
600 3.10 2.33 277.30 155.51 1.33 119.01 66.74
800 3.10 2.33 275.65 145.35 1.32 118.30 62.38
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modest rise in permeability coefficient values is the gas penetrants
increased kinetic energy in the membrane matrix, which is unaf-
fected by segmental chain mobility. For gas separation and puri-
fication under high pressure and temperature field processing for
commercial applications, such polymer materials can be regarded
as promising polymer membrane materials.

3.3. Fluorinated polymer membranes: mixed gas permeation
experiments

For the synthesized fluorinated polymer membranes made
from (FPTA-1, FPTA-2, FPTA-3, & FPTA-4) polymer materials, the
permselectivity properties of a mixed gas system with composi-
tion (28.45% N2; 60.38% CH4; 0.97% C2H6; 10.19% CO2) were
assessed on a CP system at room temperature and under a range of
upstream feed pressures of 100 to 800 psi.

Tables 9 and 10 below show the perm-selectivity performance
of membranes made from FPTA-1 and FPTA-2 polymer materials,
respectively. Under applied feed pressures ranging from100 to 800
psi, the CO2 permeability values for both membranes (FPTA-1 &
FPTA-2) were found to be more selective toward CO2 gas than
other mixed gas components. These values were obtained for the
single gases during a single gas permeation experiment. Under the

same upstream input pressure (100 to 800 psi), the permeability
coefficient values for CO2 declined marginally, whereas the
permeability coefficients for N2, CH4) and C2H6 increased signifi-
cantly with pressure increases from 100 to 800. With an increase
in the upstream feed pressure from 100 to 800 psi, the perme-
ability of CO2 gas decreased by 1.55% and 16.11%, respectively, for
polymer membranes (FPTA-1 and FPTA-2). The primary cause is
the low concentration (10% in mixture composition) of CO2 gas,
which results in low sorption. Additionally, the high kinetics of
mixed gases under high upstream feed pressure range (100 to 800
psi) affect sorptive competition among the system's various gas
constituents through the fluorinated polymer membrane. How-
ever, when the upstream input pressurewas increased from 100 to
800 psi, the selectivity coefficients values of (CO2/CH4) fell for the
FPTA-1 and FPTA-2 membrane materials, respectively, from 73.77
to 54.04 and 85.30 to 68.48. The reason for this decrease in
selectivity is a small decrease in the permeability of CO2, which is
accompanied by an increase in the permeability coefficients of
CH4. However, compared to the single gas system, the selectivity
coefficient values for the CO2/CH4 gas pair produced from the
mixed gases system are significantly greater. Tables 9 and 10 below
show the perm-selectivity results for the fluorinated polymer
membranes (FPTA-1 & FPTA-2), respectively.

Table 6
FPTA-3 at room temperature: single gas permeability and selectivity coefficients.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 He CO2 N2/CH4 He/CH4 CO2/CH4

100 1.21 2.55 305.21 240.24 — 119.69 94.21
300 1.11 2.55 303.25 235.23 — 118.92 92.24
600 1.10 2.60 295.15 233.30 — 113.51 89.73
800 1.00 2.65 295.11 231.13 — 111.36 87.21

Table 7
FPTA-4 at room temperature: single gas permeability and selectivity coefficients.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 He CO2 N2/CH4 He/CH4 CO2/CH4

100 4.13 3.10 395.31 303.25 1.33 127.31 97.82
300 4.25 3.12 396.25 307.23 1.36 127.00 98.47
600 4.31 3.12 396.15 310.33 1.38 126.15 99.47
800 4.33 3.13 397.11 313.13 1.38 126.87 100.04

Fig. 16. Gas pair (CO2/CH4) selectivity as a function of feed pressure. Fig. 17. Gas pair (He/CH4) selectivity as a function of feed pressure.
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Tables 11 and 12 below show the gas separation performance of
membranesmade fromfluorinated polymermaterials (FPTA-3 and
FPTA-4). The CO2 permeability values observed were found to be
very close to the permeability coefficients obtained for the single
gas permeation experiment over the upstream feed pressure range
of 100 to 800 psi. This confirms the polymer material's selective
nature toward CO2 as compared to other gas components in the
mixed gas system, such as CH4, N2, and C2H6. The permeability
coefficient of pure nitrogen gas remained constant for the FPTA-3
polymer membrane, whereas the FPTA-4 membrane exhibited a
slight decrease when the upstream feed pressure was increased

from 100 to 800 psi. As the upstream input pressure was gradually
increased from 100 to 800 psi, the permeability coefficient of pure
CH4 also marginally rose. Under the feed pressure range of 100 to
800 psi, the permeability coefficient of CH4 was seen to rise up to
25% and 15%, respectively, for the FPTA-3 and FPTA-4 membranes.
However, during the applied upstream feed pressure range of 100
to 800 psi, the permeability coefficient of CO2 increased somewhat
for both polymer membrane materials (FPTA-3 & FPTA-4), by 7%
and 2.60%, respectively. With a rise in pressure from 99.57 to 80.19
for the FPTA-3 polymer membrane and from 109.09 to 94.76 for
the FPTA-4 polymer membrane materials, the selectivity coeffi-
cient of the gas pair (CO2/CH4) dropped. The decrease in selectiv-
ities coefficient values can be attributed to a rise in CH4
permeability, which is accompanied by a fall in CO2 permeability
within the same upstream input pressure range. The perm-
selectivity results for the fluorinated polymer membranes (FPTA-
3 & FPTA-4), respectively, are displayed in Tables 11 and 12.

Fig. 20 shows how the selectivity of a gas pair, such as CO2/CH4,
via dense polymer membranes made from (FPTA-1 to FPTA-4), is
affected by the upstream feed pressure from a mixed gas system.
Upon fabrication and testing of all the fluorinated polymer mem-
brane materials used in this study, the selectivity coefficient values
fell. With a pressure increase from 100 to 800 psi and at room
temperature, the decline in selectivities values was measured as
26.79% for (FPTA-1), 19.71% for (FPTA-2), 19.46% for (FPTA-3) and

Table 8
Permeation activation energies of the polymer membranes at 60 ◦C and 200 psi
feed pressure.

Polymer membranes Properties He CO2 N2 CH4

FPTA-1 EP/kJ·mol− 1 4.11 4.25 18.33 22.11
P0/Barrer 220.34 138.35 4.85 2.95

FPTA-2 EP/kJ·mol− 1 3.55 3.85 21.75 22.50
P0/Barrer 282.35 180.31 3.55 2.51

FPTA-3 EP/kJ·mol− 1 2.47 2.85 21.81 22.51
P0/Barrer 310.32 241.36 2.25 3.11

FPTA-4 EP/kJ·mol− 1 2.45 2.51 21.88 22.71
P0/Barrer 401.22 322.35 4.11 4.10

Fig. 18. Effects of activation energy on permeability of the membranes at 200 psi.
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13.13% for (FPTA-4) membrane materials. The low concentration of
CO2 (10%) compared to the extremely high concentration of CH4
(60%) and the sorptive competition among the gas components in
the systemwhich was previously discussed, are the primary causes
of the decline in selectivities values. The synthesized and tested
novel fluorinated polymer materials can be considered as
commercially and economically feasible polymer membranes for
natural gas field processing under high operating pressure (up to
800 psi), despite the fact that the perm-selectivity values obtained
for the gas pair, such as CO2/CH4, are still very high.

3.4. Superior anti-plasticization characteristics of the new
fluorinated polymer membrane materials

Induced gas penetrants, like CO2, produce plasticization, or
swelling, of the polymer membrane matrix due to polymer chain

mobility. This invariably leads to low permselectivity for a target
gas pair from the mixed gas system. These events happen when
polymer membranes are put to the test in an experiment involving
the purification and separation of gases (either mixed or single)
under high upstream supply pressure [37—51]. The process of
processing natural gas at high upstream feed pressure under CO2
penetrant typically results in plasticization or swelling of polymer
membranes. More studies on the plasticization of polymer mem-
branes caused by CO2 have been conducted, according to the
literature. Being a highly condensable gas that causes swelling of
the polymermembranematrix at high upstream feed pressure and
a sharp decline in permselectivity during mixed gas separation
processes for industrial applications, CO2 plasticization remains a
significant difficulty even today. Many studies have been con-
ducted over the years to suppress plasticization through the
following methods: (1) blending different polymer materials; (2)

Fig. 19. Effects of activation energy on the selectivity of the membranes at 200 psi.

Table 9
FPTA-1: permeability and selectivity coefficients, gas mixture composition: 28.45% N2; 60.38% CH4; 0.97% C2H6; 10.19% CO2.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 C2H6 CO2 N2/CH4 CO2/CH4

100 3.10 1.75 1.55 129.10 1.77 73.77
300 3.11 1.75 1.55 129.11 1.77 73.71
600 3.25 2.23 1.85 128.07 1.45 57.40
800 3.55 2.35 1.88 127.05 1.51 54.04
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altering the membranes' surfaces; (3) crosslinking (ionic or cova-
lent); (4) adding fillers to polymers and membranes (MOFs, CNT,
ZIF, and so on); (5) thermally treating polymermembranes; and so
forth [37—58]. Sadly, these kinds of alterations or treatments to
polymers or membrane materials never succeeded in producing a
polymer membrane material that shows promise in terms of
permeability and selectivity during the high-pressure mixed gas
separation process. Following these changes, the membranes were
often either very low permeable with very high selectivity or more
permeable with very low selectivity. Membrane materials for
commercial applications need to possess special qualities

including high permeability and strong selectivity for the target
gas pair in the mixed gas system and composition.

Utilizing a single, pure CO2 permeance at a high upstream feed
pressure range (100 to 800 psi), the anti-plasticization perfor-
mance of the membranes developed in this research work from
the synthesized fluorinated polymers (FPTA-1 to FPTA-4) was
experimentally examined. The polymer membranes were tested
for a total of 24 h under each pressure. The anti-plasticization
behavior of the synthesized fluorinated polymer membrane ma-
terials (FPTA-1 to FPTA-4) at room temperature (a) and at varying
temperatures (25◦C to 60 ◦C) (b) under the high feed pressure
range (100 to 800 psi) of a single gas (CO2). Under applied up-
stream feed pressure range of 100 to 800 psi, the permeability
coefficients of pure CO2 gas obtained from the single gas perme-
ation experiments (Fig. 21(a)) remain constant for (FPTA-1& FPTA-
3) polymer membrane materials, slightly increased for (FPTA-4)
membrane materials, and decreased for (FPTA-2) polymer mem-
branes. This demonstrates the newly created fluorinated polymer
membrane materials with excellent mechanical and chemical
durability that do not expand or dilate in the severe, acidic CO2
environment. All of the synthetic polymer membranes, on the
other hand, showed distinct behavior (Fig. 21(b)), with the per-
meabilities values marginally increasing with temperature at the
same upstream feed pressure of 200 psi. The cause of this increase
in selectivity values was a minor increase in both gases' (CO2 &
CH4) permeability coefficients at the same time as a rise in their
kinetic energy brought about by the gases' progressive rise in
temperature from 25 to 60 ◦C at the same pressure of 200 psi.

In all cases, the single andmixed gas permeation trials revealed
no defects resulting from the dilatation or swelling of the polymer
membrane matrix. The HFA moiety on the polymer backbone and
the bulky fluorinated triazole ring as side chain are responsible for
these characteristics. These novel fluorinated polymer materials,
which were synthesized and developed into dense membranes in

Table 10
FPTA-2: permeability and selectivity coefficients, gas mixture composition: 28.45% N2; 60.38% CH4; 0.97% C2H6; 10.19% CO2.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 C2H6 CO2 N2/CH4 CO2/CH4

100 2.85 2.11 1.25 180.23 1.35 85.30
300 2.93 2.15 1.45 171.45 1.36 79.74
600 3.05 2.15 1.66 151.51 1.41 70.46
800 3.11 2.21 1.78 151.35 1.40 68.48

Table 11
FPTA-3: permeability and selectivity coefficients, gas mixture composition: 28.45% N2; 60.38% CH4; 0.97% C2H6; 10.19% CO2.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 C2H6 CO2 N2/CH4 CO2/CH4

100 1.11 2.35 2.12 234.24 — 99.57
300 1.10 2.65 2.25 241.22 — 90.94
600 1.10 2.83 2.45 245.45 — 86.57
800 1.10 3.13 2.56 251.65 — 80.19

Table 12
FPTA-4: permeability and selectivity coefficients, gas mixture composition: 28.45% N2; 60.38% CH4; 0.97% C2H6; 10.19% CO2.

Upstream gas feed pressure/psi Permeability/Barrer Selectivity

N2 CH4 C2H6 CO2 N2/CH4 CO2/CH4

100 3.35 2.75 2.35 300.17 1.21 109.09
300 3.34 2.91 2.25 303.23 1.14 104.12
600 3.15 3.11 2.20 305.25 1.01 98.07
800 3.11 3.25 2.11 308.17 0.95 94.76

Fig. 20. Gas pair (CO2/CH4) selectivities as a function feed pressure from a mixed gas
system (28.45% N2; 60.38% CH4; 0.97% C2H6; 10.19% CO2).
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this research effort, can be regarded as potential membrane ma-
terials for high pressure natural gas processing on field application
due to their distinctive features. This high upstream feed pressure
of CO2 gas (single or mixed gas system) and the anti-plasticization
property of the polymer membrane materials are exclusive when
compared to those documented in the literature [39—45], whereby
the treated commercial polymer membrane began to plasticize as
soon as the CO2 gas feed pressure increased to 300 psi.

3.5. Comparison with trade-off curve

Plotting the novel synthesized fluorinated polymers membrane
materials in this research work's gas purification and separation
performance against commercially available polymers membrane
materials like PDMS, Matrimid, polyimides, cellulose acetate,
Pebax, and mixed matrix membranes (MMM) [32—38] on the
upper bound trade-off lines [35,43] is illustrated in Fig. 22. The
Robeson upper bound curves (1991 & 2008) were used for com-
parison. The polymer membranes' performance in separating CO2
as a single gas is compared across the curves. When it comes to
performance, all of the fluorinated polymer membranes (FPTA-1
through FPTA-4) surpass the 2008 trade-off line and are therefore

in the running to be the best polymer membranes that have been
documented in the literature [48—63]. Research is still being done
to further improve the membranes' performance through the
creation of composite membranes on the currently woven sup-
port. This will enable the membranes to be produced in large
quantities for use in high-pressure natural gas processing for
commercial purposes on gas fields. Additionally, creating poly-
triazole polymers with bulkier (fluorinated and non-fluorinated)
groups as a side chain can boost the gas solubility and diffusion
of CO2 with high permeability and selectivity, as well as yield more
free volume.

The Robeson plots for He/CH4 are compared with the perm-
selectivity performance of the recently developed fluorinated
polymer membranes in Fig. 23. Only one polymer membrane
(FPTA-1) crosses the Robeson trade-off curve in terms of perfor-
mance in 1991, according to the plotted data. Two polymer
membranes (FPTA-2 & FPTA-3) enter the Robeson trade-off line in
2008, and one polymer membrane (FPTA-4) has already crossed
the trade-off line in 2008. In order to extract and purify He from
natural gas, no glassy membrane materials have, as far as we are
aware, been commercialized. Therefore, it is anticipated that the
glassy polymeric materials for He separation and purification

Fig. 21. High fluorinated polymer anti-plasticization properties: (a) with pure CO2 gas
fed at high pressures between 100 and 800 psi, and (b) at different temperatures
between 25◦C and 60 ◦C at 200 psi.

Fig. 22. Comparing membranes using trade-off curves (CO2 gas); Robeson upper
bound (black line) 1991; Robeson upper bound (red line) 2008.

Fig. 23. Comparing membranes using trade-off curves (He gas); Robeson upper
bound (black line) 1991; Robeson upper bound (red line) 2008.
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developed in this study will be a focus of ongoing research for the
procedures involved in recovering and separating He gas. More
attention will be paid to the synthesis of polymers with novel
chemistries and morphologies in order to develop an effective
membrane material that is highly selective for the gas pair (He/
CH4) and has good permeability.

4. Conclusions

Through themethod of polycondensation polymerization, FPTA
polymers with specific chemistries were synthesized from chosen
monomers. The production of membraneswasmade simple by the
casting technique of polymer solution followed by solvent evap-
oration at room temperature or, in the case of high boiling sol-
vents, at a high temperature. All of the synthesized FPTA polymers
were highly soluble in the majority of common organic solvents at
room temperature. In contrast to other gases like CH4, C2H6, and
N2, the FPTA polymers with HFA in the main stem and bulky
fluorinated aniline derivative as a side chain produced significantly
higher permeability and selectivity of He and CO2, according to
single and mixed gas results. Very similar perm-selectivity values
were found for CO2 in the mixed gas system as compared to the
single and pure gas system studies. As no swelling or dilatation of
the membranes was noticed during testing of pure and mixed
(CO2) gas experiments at varying temperatures (25 to 60 ◦C) and
high pressures (100 to 800 psi), the newly developed fluorinated
polymer membranes demonstrated high mechanical stability and
anti-plasticization properties.

Future research will focus on the development of a composite
membrane incorporating an ultrathin (~1 μm) selective layer of
FPTA polymer deposited on a robust non-woven support. This
design aims to enable scalability for commercial applications and
compatibility withmass production processes. Themembranewill
be engineered for the efficient separation and purification of CO2
and He gases. Special emphasis will be placed on achieving high
selectivity for CO2/CH4 and He/CH4 gas pairs, targeting applica-
tions in natural gas upgrading, carbon capture, and He recovery.
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