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Abstract: A novel hybrid membrane was developed on the basis of poly(m-phenylene isophthala-
mide) (PA) by introducing an original complex modifier into the polymer; this modifier consisted
of equal amounts of heteroarm star macromolecules with a fullerene Cg core (HSM) and the ionic
liquid [BMIM][Tf,N] (IL). The effect of the (HSM:IL) complex modifier on characteristics of the PA
membrane was evaluated using physical, mechanical, thermal, and gas separation techniques. The
structure of the PA /(HSM:IL) membrane was studied by scanning electron microscopy (SEM). Gas
transport properties were determined by measuring He, O,, N3, and CO, permeation through the
membranes based on PA and its composites containing a 5 wt% modifier. The permeability coeffi-
cients of all gases through the hybrid membranes were lower than the corresponding parameters for
the unmodified membrane, whereas the ideal selectivity in the separation of He/N,, CO, /N, and
O, /Nj gas pairs was higher for the hybrid membrane. The position of the PA/(HSM:IL) membrane
on the Robeson’s diagram for the O, /N, gas pair is discussed.

Keywords: poly(m-phenylene isophthalamide); membrane; complex modifier; gas separation

1. Introduction

Energy and ecological crises that permanently exist in modern industry necessitate
the search for ways to decrease energy consumption and reduce environmental pollution.
In recent years, membrane technologies, including polymer electrolyte fuel cells, reverse
osmosis, dialysis, etc., have been successfully applied to solve these important problems,
because membrane processes possess such advantages as environmental friendliness,
low power consumption, compact equipment, and high performance [1,2]. Membrane
gas separation is currently being actively developed and widely used in chemical and
petrochemical plants for the separation of hydrogen from various streams, removal of
carbon dioxide from natural gas, separation of nitrogen from air, etc. [3-7]. However, to
expand the scope of existing applications of membrane technologies, it is necessary to
develop membrane materials with improved transport properties [8-10]. The modification
of well-established membrane polymers makes it possible to change the original properties
of the polymers and impart new characteristics to the materials [11-13].

It has been shown that the use of various inorganic particles, including carbon nanopar-
ticles, metal-organic frameworks, and silica as modifiers can significantly enhance mem-
brane transport characteristics [14-16]. However, in the process of forming hybrid mem-
branes, various defects often occur within the membrane structure due to poor compatibility
between nanoparticles and polymers, and the presence of these defects reduces the effi-
ciency of a separation process [17,18]. Over the last years, the use of modified particles with
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a functionalized surface has proven to be a promising approach to improving membrane
characteristics without destructing a polymer matrix [19].

In our previous works, fullerene Cgy molecules have been modified by anionic
polymerization and served as branching centers of stars with twelve macromolecular
arms [20-22]. The star-shaped modifier has been used as filler in polymer membranes,
which have acquired enhanced transport properties in pervaporation and gas separation.
The star modifiers exhibited a good compatibility with the membrane matrix of poly(m-
phenylene isophthalamide) (PA) or poly(phenylene oxide) (PPO) and dramatically changed
the internal structure of the membranes by forming its cellular morphology and building
extended nanoscale and submicron channels in the membrane structure [21,23].

Currently, ionic liquids (ILs) are extensively used to modify membrane polymers [24-28].
It is known that ILs possess a number of unique properties, such as low vapor pressure, non-
volatility, non-flammability, and high ionic conductivity; moreover, they are considered to
be environmentally friendly [26,29]. It has been established that the gas transport properties
of polymeric membranes were improved upon the introduction of ILs [30,31].

This work is focused on the complex modifier consisting of equal amounts of het-
eroarm star-shaped macromolecules (HSM) and 1-butyl-3-methylimidazolium bis(trifluoro
methylsulfonyl)imide [BMIM*Tf,N~] as an IL. HSM is a twelve-arm star with six arms of
polystyrene (PS) and six arms of diblock copolymer poly-2-vinylpyridine-block-poly-tert-
butylmethacrylate (P2VP-block-PTBMA) that are covalently attached to a fullerene (Cg)
branching center [32]. This complex filler has been used as a modifier of the PPO matrix
in the work [33] devoted to studies of dehydration of lactic acid by pervaporation. It has
been found that a special compatibility between the PPO polymer matrix and PS arms
of star-shaped macromolecules led to an enhanced total flux and separation factor of the
prepared membranes [34].

In this work, commercial poly(m-phenylene isophthalamide) (PA) was selected as a
polymer matrix. This polymer is a commonly used material for diffusion membranes [35-40]
since it exhibits outstanding mechanical performance and high thermal stability due to the
formation of a hydrogen bond network.

The aim of this work included the development of a new hybrid PA-based membrane,
filled with the complex modifier consisting of equal amounts of HSM and IL. We assume
that possible interactions between the PA matrix and [BMIM*Tf,N~] can occur by means
of hydrogen bonding, similar to what was found in the work [41]. The experimental study
of hybrid membrane characteristics and a detailed analysis of the changes in the structure
and properties of the PA membrane caused by the introduction of 5 wt% of the (HSM:IL)
complex modifier were the goals of this present work. Furthermore, special attention
was given to the investigation of the effect of the (HSM:IL) complex modifier on the gas
separation properties of the hybrid membrane.

2. Materials and Methods
2.1. Materials

Poly(m-phenylene isophthalamide) (PA, brand name Phenylon®, Uniplast, Vladimir,
Russia) was used as a basic membrane material. Figure 1 shows the structures of the
components used to prepare the hybrid membrane. Heteroarm star macromolecules
(HSM) were obtained by multistage synthesis that involved the attachment of two types of
polymer chains to a fullerene (Cqp) branching center by anionic process [42]. The resultant
macromolecule consisted of six arms of nonpolar polystyrene (PS) and six arms of polar
diblock copolymer poly-2-vinylpyridine-block-poly-tert-butylmethacrylate (P2VP-block-
PTBMA) grafted onto a Cg) core. The molecular weight of the PS arm was M,, = 6900 g/mol
(Mw/M;, = 1.04), based on the data of size-exclusion chromatography. According to the
synthesis conditions, the molecular weight of the diblock copolymer arm was two times
higher than that of the PS arm, whereas the P2VP and PTBMA blocks had equal lengths.
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Figure 1. Schematic representation of components: PA, heteroarm star macromolecule (HSM), and
ionic liquid [BMIM][Tf,N] (IL).

Ionic liquid (IL) 1-butyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide
[BMIM][Tf,;N] was purchased from Sigma—Aldrich Chemie GmbH (Schnelldorf, Germany).
N,N-Dimethylacetamide (DMA) manufactured by Vekton (Saint Petersburg, Russia) was
used as a solvent, without further purification.

2.2. Membrane Preparation

The (HSM:IL) complex modifier was prepared by mixing the components in a 1:1 ratio
(wt%) in DMA solution at a concentration of 4 wt%. The resulting solution was kept under
steady-state conditions for 24 h, so that the interactions between the HSM and IL molecules
could take place. After this, the modifier solution was sonicated for 40 min.

A casting solution of PA/(HSM:IL) in a ratio of 95/5 was prepared by mixing an 8 wt%
PA solution and 4 wt% (HSM:IL) solution in DMA, in calculated amounts. The mixture
was intensively stirred for one hour and left for three days to ensure a complete interaction
between the PA and (HSM:IL). Following this, the solution was sonicated for 40 min and
filtered. The PA /HSM casting solution in the 95/5 ratio was prepared in a similar way.

Dense membranes based on PA and its composites (PA/HSM or PA /(HSM:IL)) con-
taining 5 wt% filler were obtained by casting a 2 wt% polymeric solution in DMA on
a cellophane surface and placed on a balanced table in a thermostat. The solvent was
removed by evaporation at 60 °C, and the membrane was separated from the cellophane
substrate and dried in a vacuum oven at 60 °C until a constant weight was reached. The
membrane thickness was ~30 um.

2.3. Characterization

Membrane morphology was studied using a Zeiss SUPRA 55VP scanning electron
microscope (Carl Zeiss, Oberkochen, Germany) equipped with In-lens SE and SE2 sec-
ondary electron detectors, a secondary electron detector for low-vacuum mode (VPSE), and
a 4-quadrant backscattered electron detector (AsB). The dried membrane samples were
cracked in liquid nitrogen and then sputtered with a 20 nm thick platinum layer using
the Quorum 150 cathode sputtering installation (Quorum Technologies Ltd., Lewes, UK)
before the experiment.

The presence of functional groups was investigated by FTIR spectroscopy with the
aid of a Bruker Tensor 27 FTIR spectrometer (Bruker Daltonics, Bremen, Germany), with a
resolution of 1 cm ™! in the range 4000-500 cm ! at 25 °C.

Thermogravimetric analysis (TGA) was performed on the TG 209 F3 Iris thermo-
microbalance (Netzsch, Selb, Germany) using samples of ~10 mg in the process of a



Membranes 2023, 13, 516

40f13

dynamic temperature increase (from 25 to 500 °C) in an inert atmosphere with a nitrogen
flow of 50 cm?/min.

The glass transition temperature (T,) was determined by thermomechanical analy-
sis, using a TMA402 F1 Hyperion apparatus (NETZSCH, Germany) at a heating rate of
5 °C/min.

The membrane density (o) was estimated using the flotation method with a laboratory-
made measurement unit. The mixture of toluene and carbon tetrachloride was used to
equilibrate the specimens at 20 °C (0 e = 0.867 g/ em3, pccyg = 1.594 g/ cm?). The weight
of used samples was 0.05-0.10 g; the error of measurements was +0.0001 g/cm>. The
specific volume (V) of a polymer membrane was determined as Vy =1/p.

Intermolecular interactions between PA, HSM, and (HMS:IL) in DMA were studied
with capillary viscometry. The relative and intrinsic viscosities of pristine PA and its
mixtures with HSM or (HSM:IL) in DMA solutions were measured using an Ubbelohde
viscometer at 20 °C. The analyzed solutions of polymer mixtures of PA and HSM or PA
and (HSM:IL) in the entire range of component concentrations (0-100 wt%) were prepared
by mixing 0.5 wt% solutions of PA and the modifier in DMA. Relative viscosity (#7,,;) was
calculated by the equation [43]:

Nrel = 776/770/ (1)

where 7. is the viscosity of the polymer mixture solution, and 7 is the viscosity of a pure
solvent. In practice, the #./1 ratio is defined as the expiration time of equal volumes of
the polymer blend solution and pure solvent through the same calibrated capillary. The
error of the experiment did not exceed 2%.

The additive relative viscosity (#,.1).47 Was calculated as the sum of the fractions of
the relative viscosities of the mixture components:

(TreDadd = Mrent (W1) + Nrep (W2), ()

where 17, is the relative viscosity of each component of the mixture (1—PA, 2—HSM or
(HSM:IL)), and w is their volume fraction in the solution.

To determine the tensile strength, yield strength, elastic modulus, and elongation at
break, mechanical tests of membranes were carried out using a 2166 R-5 tensile test machine
(Tochpribor, Ivanovo, Russia). Specimens with a size of 5 x 50 mm were fixed in vices-type
clamps, and stress—strain curves were recorded at uniaxial extension with a crosshead rate
of 50 mm/min. For each specimen, the test was repeated at least five times.

2.4. Gas Separation Tests

The gas permeability parameters of the membranes were measured using high-purity
single gases (He, Oy, Ny, and CO;). Table 1 lists the effective molecular diameters for
these gases, derived from the statistical treatment of gas permeability data of polymers and
statistical parameters [44]. The experiments were carried out according to the barometric
technique, with a laboratory high-vacuum apparatus that included a static permeation cell
with an effective area of 5.25 cm? at 30 °C. A membrane sample was placed into a module,
which was sealed and evacuated. At the beginning of the permeation experiment, the
tested gas was brought into the feed part of the permeation cell under a constant pressure p
(150 kPa). The permeability was determined from a pressure increase Ap in a calibrated
volume V) of the product part of the cell per the time interval At during steady-state
permeation. The gas permeability coefficient (P) was calculated according to the following
equation:

= %.‘S/Ll.i, (3)

‘p RT
where [ is the membrane thickness, S is the membrane area, T is the absolute tempera-
ture, and R is the gas constant. The permeability coefficient P was expressed in Barrers
(1 Barrer = 1071 cm3 (STP) cm/(cm? s cmHg)). Each experiment was repeated 3 times to
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ensure the data reproducibility, and several membrane samples having approximately the
same thickness and prepared under the same conditions were used.

Table 1. Effective molecular kinetic diameters of gas molecules.

Gas He CO, 0, N>
Diameter of gas molecule (A) 1.8 3.01 2.83 3.0

The ideal selectivity («;/;) for gas i with respect to gas j was calculated, according to
the following equation:
p;
Xijj = 5, 4)
P]
3. Results
3.1. Physical Properties

The effect of the (HSM:IL) complex modifier on the structure and properties of PA-
based membranes was estimated during the comparative study of pure PA, PA/HSM, and
PA /(HSM:IL) samples containing a 5 wt% modifier.

As noted above, the first step in the preparation of composite (hybrid) PA/HSM
and PA/(HSM:IL) membranes consists in mixing solutions of the matrix polymer and
components of the modifier in DMA. In multicomponent systems, specific intermolecular
polymer—polymer and polymer—solvent interactions can occur at this stage. These inter-
actions lead to a change in the size of macromolecular coils and, as a consequence, to a
change in the viscosity of the polymer system [45-47]. Capillary viscometry was used to
study the intermolecular interactions of PA and HSM and PA/(HSM:IL) systems in DMA.

Figure 2 shows the relative viscosity (#,;) of the PA and HSM mixture (curve 1) and PA
and (HSM:IL) (curve 2) in the DMA solutions as the dependence on the modifier content.
The straight line in Figure 2 represents the additive relative viscosity (#7,.1)a44 calculated (by
Equation (2)) in the absence of any interactions between the polymer components of the
mixture in dilute solutions.

4~ -

N 100
Modifier, wt %

Figure 2. Dependences of the relative viscosity (77,,;) of (1) PA/HSM and (2) PA/(HSM:IL) samples in
DMA on the content of an HSM or (HSM:IL) modifier at 20 °C.

It is seen that curves 1 and 2 representing the experimentally obtained values of 77, for
PA /HSM and PA /(HSM:IL) solutions have a noticeable negative deviation from the straight
line. Whilst the deviation of curve 1 for the PA and HSM system from the additive value
(Mret)ada is only 4% (a very weak interaction), for the PA system with (HSM:IL) additives
this deviation reaches 20%.

A negative deviation from the additive value (#,¢);47 and/or a decrease in relative
viscosity when adding a second component to the system indicates that the hydrodynamic
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volume of macromolecules in the mixture is less than the sum of volumes of the mixture
components in the absence of interaction between them. Thus, the use of the complex
modifier HSM:IL leads to an even greater deviation of 77, from the additive value (#e1)a44,
since the macromolecules become more compact.

The intrinsic viscosity of the PA sample decreases after adding HSM and (HSM:IL)
(Table 2), indicating that the PA macromolecules acquire more compact conformation. This
result is consistent with the data of capillary viscometry (Figure 2), which are suggestive
of the existence of an intermolecular interaction between membrane components in the
solution. A decrease in viscosity of the system is accompanied by a regular decrease in the
glass transition temperature. As can be seen from Table 2, membrane density decreases
after modifying the PA membrane with HSM and (HSM:IL). One can reasonably suggest
that the complex supramolecular structures appearing in the solution form membranes
with a lower packing density during drying, i.e., the evaporation of the solvent.

Table 2. Some physical properties of polymer materials for membranes, 20°C.

Sample d[E/]é ;l"(g:, Density, g/cm3
PA 2.66 260 1.326
PA/HSM 2.60 256 1.313
PA/(HSM:IL) 2.50 253 1.288

Further, the membranes under study were analyzed by FTIR to prove (or disprove) the
existence of chemical interactions between the additives and the matrix polymer. Figure 3
shows the FTIR spectra of the PA and PA/(HSM:IL) membranes, as well as individual
HSM and IL substances. The characteristic bands appeared in the HSM spectra in the
region of 1726 cm~! are the C=0 stretching vibrations of the ester group. The characteristic
absorption band for IL appeared at 1052 cm ™!, due to stretching vibrations of the C-N bond
in the N-heterocyclic ring of the IL cation. The peaks observed at 652 cm~! are associated
with bending vibrations of the S-N-S bond of the IL anion. The peaks at 1534 cm ™! and
1604 cm~! in the PA spectra are associated with N-H bending and C=0O stretching in
the amide bond. The peak at 3264 cm~! has a lower intensity in the spectra of hybrid
membranes, which can be caused by the disappearance of a large number of hydrogen
bonds as a result of the release of N-H in PA. Furthermore, no new groups are formed
in the structure of the hybrid membranes. One may conclude that the combination of a
PA and (HSM:IL) complex modifier is achieved through physical interactions rather than
chemical ones. Therefore, the results of FTIR spectroscopy are indicative of a successful
modification of the membrane with the complex modifier.

i Pl 1052
2064 | 11534
1604

1726

4000 3000 2000 1000
Wavenumber, cm™

Figure 3. FTIR spectra of (1) HSM, (2) IL, (3) PA, and (4) PA/(HSM:IL).
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The stability of IL as a component of the complex modifier (HSM:IL) in the polymer
membrane has been shown in our previous works [33,34], where data of the quantum
chemical calculations demonstrated strong coordination between IL and the HSM, which
occurs mainly due to the interaction of the IL cation (BMIM*) and diblock copolymer
(P2VP-block-PTBMA). Furthermore, the FTIR spectra obtained for the hybrid membranes
supported the presence of IL in the membrane structure both before and after separation
tests. Therefore, it can be concluded there is no loss of IL during mass transfer through
the membranes.

3.2. Membrane Structure

The membrane morphology was studied by SEM. Figure 4 shows the SEM micrographs
of cross-sections of the PA, PA/HSM, and PA/(HSM:IL) membranes. According to the
presented micrographs, the cross-section of the unmodified PA membrane is rather dense
and uniform. In the hybrid membranes, structuring occurs owing to the presence of HSM
particles, which form spherical domains 0.3-2 um in size and are uniformly distributed
in the PA matrix. The domains are formed due to the segregation of the polar arms of the
HSM. The boundaries of the cellular structure are somewhat smoothed in the membrane
comprising the complex modifier (HSM:IL); probably, IL and HSM are concentrated therein.

(b))
Figure 4. SEM images of cross-sections for (a) PA, (b,b’) PA/HSM, and (c,c’) PA/(HSM:IL) membranes.

3.3. Thermal Stability

The results of studying the thermal stability of the membranes by TGA are shown
in Figure 5. In general, no differences in the trends of weight loss are observed for all
the membranes studied. In the temperature range up to 165 °C, a slight weight loss of
approximately 2 wt% is registered, which can be caused by a release of moisture and
low molecular weight impurities absorbed on the membrane surface. In the range from
165 °C to 380 °C, the weight loss is induced by the removal of the residual solvent (DMA).
Significant weight loss for all the membranes under study begins at temperatures above
385 °C and is related to thermal degradation processes. Therefore, the prepared membranes
have high thermal stability and can operate in a wide temperature range.

3.4. Gas Transport Properties

The gas transport properties of the PA, PA/HSM, and PA/(HSM:IL) membranes
were estimated using the data on the permeation of the single permanent gases He, O,
Ny, and CO;. Figure 6 demonstrates the data on the permeability coefficients of He, O,,
Nj, and CO, for the studied membranes. The level of gas permeability is determined
by the effective kinetic diameter of gas molecules (Table 1). Therefore, gas permeability
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values decrease with increasing the molecular diameter of gases in the following order:
He > CO; > O, > Njp. Furthermore, it can be seen that gas permeation through membranes is
proportional to the specific volume of the membrane, which decreases after the introduction
of the modifier (Table 3). This may be due to the fact that the presence of the modifier
leads to the compactization of macromolecules and formation of aggregates in the casting
solution. At the same time, upon solvent evaporation, the segregation of matrix and filler
phases occurs. As a result, the size distribution and topology of the free volume elements
in the membranes undergo certain changes, which manifest themselves in a slight decrease

in the permeability of the PA/(HSM:IL) hybrid membrane.

100

Weight loss, %

[{=d
o

(2]
o

~
o

[<2]
o

A
o
1

100 200 300 400 500 600

T,°C

Figure 5. TG curves of membranes (1) PA, (2) PA/(HSM:IL), and (3) PA/HSM.

P, Barrer

0.1

0.01

Figure 7 shows the dependence of ideal selectivity in the separation of He/Nj,
CO, /Ny, and O, /N, gas pairs using the PA, PA/HSM, and PA/(HMS:IL) membranes.
Separation capacity is improved upon inclusion of a 5 wt% HSM or (HMS:IL) modifier
into the PA matrix. This result can be explained by a change in the internal structure and
redistribution of the free volume in the hybrid membranes.

PA PA/HSM PA/(HSM:IL)
II\II . He
A\A L C02
—

0.756 0.762 0.768 0.774 0.780

1/p, cm’lg

Figure 6. Permeability coefficients of He, O;, Ny, and CO, as a function of the specific volume (1/p)
of PA, PA/HSM, and PA /(HMS:IL) membranes.
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Table 3. Physical properties of membranes, 20°C.

Sample Tensile Strength, MPa Yield Strength, MPa Elastic Modulus, MPa Elongation at Break, %
PA 44 46 1700 70
PA/HSM 49 55 1850 50
PA /(HSM:IL) 45 53 1800 55

7] -HelN,

PA/(HSM:IL) -CO,N,

350
300 | PA/HSM

§ Sl % \ % 7%

23

3.5 5.4
P(N,) 10°, Barrer

Figure 7. Dependence of ideal selectivity in separation of He/Nj, CO, /Ny, and O, /Ny gas pairs on
nitrogen permeability using PA, PA/HSM, and PA/(HMS:IL) membranes.

To assess the separation efficiency of the studied PA-based membranes, their transport
properties were plotted on Robeson’s diagram [48]. L.M. Robeson analyzed data on
permeability and selectivity for a large number of polymers and established the position
of the upper bound line for several gas pairs. Said upper bound line corresponds to the
high level of selectivity vs. permeability for membranes known from the literature up to
1991 [49] and later up to 2008 [50]. Figure 8 shows the upper bound lines for the membrane
separation of the O, /N, mixture [50] and data on O, permeability and O, /N, selectivity
for the PA, PA/HSM, and PA/(HMS:IL) membranes. It is evident that our membranes
exhibit reasonable properties, and the position of the PA membrane is improved as it moves
to higher O, /N3 selectivity upon introducing HMS and especially (HSM:IL) into the PA
matrix. This result demonstrates that the use of our complex fillers is a promising way of
membrane modification.

3.5. Mechanical Properties

To establish the effect of the complex modifier (HSM:IL) on the deformation properties
of the membranes, the mechanical properties of PA, PA/HSM, and PA /(HMS:IL) films were
analyzed. As can be seen from Figure 9, the stress—strain curves of the films are typical of
polymers. In the initial region, the samples demonstrate elastic deformation characterized
by the elastic modulus (Young’'s modulus). Furthermore, as the samples are strained, a
clearly defined yield point is observed followed by a range of plastic deformation.

According to the obtained stress—strain curves, the mechanical characteristics of the
samples were calculated (Table 3). As seen from the presented data, the addition of 5%
HSM leads to an increase in strength, yield strength, and elastic modulus of the composite
as compared to those of the unmodified PA membrane. At the same time, a decrease in the
elongation at break is observed, although it remains relatively high. In terms of deformation
behavior, the PA/(HSM:IL) composite system occupies an intermediate position between
the PA/HSM sample and unmodified PA membrane.
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Figure 8. O, /N selectivity as a function of oxygen permeability. The upper bound line was taken
from Robeson’s diagrams [50].
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Figure 9. Stress—strain curves (0—¢) of membranes PA (1), PA/HSM (2), and u PA/(HSM:IL) (3).

Thus, mechanical tests of the PA films and PA-based composite systems revealed a
high strength and elongation at break, which will ensure the processability of the materials
required for their practical applications.

4. Conclusions

In this present work, a new hybrid membrane was developed using the complex
modifier that consisted of equal amounts of heteroarm star macromolecules with a fullerene
Cgo core (HSM) and the [BMIM][Tf,N] ionic liquid (IL). The structural features of the
hybrid PA /(HSM:IL) membrane as well as physical, mechanical, thermal, and gas transport
properties were analyzed and compared with those of pristine PA and PA/HSM membranes.
Capillary viscometry revealed the presence of macromolecular aggregates in the casting
solutions; apparently, PA macromolecules become more compact after the addition of the
complex modifier due to intermolecular interactions between membrane components in
solution. SEM images of the membrane cross-sections demonstrated the cellular structure
of the hybrid membrane and the presence of spherical domains uniformly distributed in
the PA matrix.

Gas transport properties were studied by measuring He, Oy, Ny, and CO; permeation
through the pristine PA and hybrid membranes containing a 5 wt% modifier. The perme-
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ability coefficients of all gases depend on their effective molecular diameter and decrease
after the inclusion of the complex modifier. At the same time, the ideal selectivity in the
separation of He/Nj, CO,/N,, and O, /N, gas pairs increases for the hybrid membrane.
The position of the PA/(HSM:IL) membrane on the Robeson’s diagram containing the data
on O, /N3 selectivity for a variety of polymers is improved with respect to the position of
the pristine PA membrane. The improvement in the transport properties of hybrid mem-
branes is explained by the formation of supramolecular structures and domain morphology
due to the ability of HSM arms to segregate. The (HMS:IL) complex modifier promotes
a change of the membrane internal structure and redistribution of the free volume in the
hybrid membrane.

The developed hybrid membrane exhibits good thermal stability and can be used in a
wide temperature range. Mechanical tests show that the hybrid membrane has high values
of strength and elongation at break; thus, these polymers will possess easy processability
necessary for many applications.

Author Contributions: The physicochemical investigation, analysis of transport properties, and
preparation of the manuscript were carried out by G.P,, LE, N.T. and A.P. The properties of membranes
were studied by A.S., LK., Z.Z. and N.S. All authors have read and agreed to the published version of
the manuscript.

Funding: This research was funded by the Russian Science Foundation (RSF), grant number 18-79-10116.
This research was performed within a state task to the Institute of Macromolecular Compounds RAS.

Institutional Review Board Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Acknowledgments: Equipment from the Resource Centers of St. Petersburg State University—namely,
the Interdisciplinary Resource Centers “Thermogravimetric and calorimetric methods of investiga-
tion”, “Cryogenic Department”, and “Chemical Analysis and Materials Research Centre”—were
used for membrane investigations.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Baker, RW. Membrane Technology and Applications, 3rd ed.; John Wiley and Sons, Ltd.: Chichester, UK, 2012.

2. Jin, Y,; Wang, T.; Che, X.; Dong, J.; Li, Q.; Yang, J. Poly(arylene pyridine)s: New alternative materials for high temperature
polymer electrolyte fuel cells. |. Power Sources 2022, 526, 231131. [CrossRef]

3. Yampolskii, Y.; Pinnau, I.; Freeman, B. Materials Science of Membranes for Gas and Vapor Separation; John Wiley and Sons, Ltd.:
Chichester, UK, 2006.

4. Koros, WJ. Gas separation membranes: Needs for combined materials science and processing approaches. Macromol. Symp. 2002,
188, 13-22. [CrossRef]

5. Pandey, P; Chauhan, R.S. Membranes for gas separation. Prog. Polym. Sci. 2001, 26, 853-893. [CrossRef]

6. Min, HJ.; Kim, M.-B.; Bae, Y.-S.; Thallapally, PK.; Lee, ].H.; Kim, J.H. Polymer-Infiltrated Metal-Organic Frameworks for
Thin-Film Composite Mixed-Matrix Membranes with High Gas Separation Properties. Membranes 2023, 13, 287. [CrossRef]

7. Gonzalez-Revuelta, D.; Fallanza, M.; Ortiz, A.; Gorri, D. Thin-Film Composite Matrimid-Based Hollow Fiber Membranes for
Oxygen/Nitrogen Separation by Gas Permeation. Membranes 2023, 13, 218. [CrossRef] [PubMed]

8. Baker, R.W.; Low, B.T. Gas separation membrane materials: A perspective. Macromolecules 2014, 47, 6999-7013. [CrossRef]

9. Vu, D.Q.; Koros, W.J.; Miller, S.J. Mixed matrix membranes using carbon molecular sieves: I. Preparation and experimental results.
J. Membr. Sci. 2003, 211, 311-334. [CrossRef]

10. Yu, Y; Xie, C.; Wu, Y,; Liu, P; Wan, Y,; Sun, X.; Wang, L.; Zhang, Y. Preparation of a PVA /Chitosan/Glass Fiber Composite
Membrane and the Performance in CO, Separation. Membranes 2023, 13, 36. [CrossRef]

11.  Chung, T.-S; Jiang, L.Y;; Li, Y.; Kulprathipanja, S. Mixed matrix membranes (MMMSs) comprising organic polymers with dispersed
inorganic fillers for gas separation. Prog. Polym. Sci. 2007, 32, 483-507. [CrossRef]

12.  Eljaddji, T.; Bouillon, J.; Roizard, D.; Lebrun, L. Pebax-Based Composite Membranes with High Transport Properties Enhanced by
ZIF-8 for CO, Separation. Membranes 2022, 12, 836. [CrossRef]

13. Zainuddin, M.LE; Ahmad, A.L.; Shah Buddin, M.M.H. Polydimethylsiloxane/Magnesium Oxide Nanosheet Mixed Matrix

Membrane for CO, Separation Application. Membranes 2023, 13, 337. [CrossRef]


https://doi.org/10.1016/j.jpowsour.2022.231131
https://doi.org/10.1002/1521-3900(200211)188:1&lt;13::AID-MASY13&gt;3.0.CO;2-W
https://doi.org/10.1016/S0079-6700(01)00009-0
https://doi.org/10.3390/membranes13030287
https://doi.org/10.3390/membranes13020218
https://www.ncbi.nlm.nih.gov/pubmed/36837721
https://doi.org/10.1021/ma501488s
https://doi.org/10.1016/S0376-7388(02)00429-5
https://doi.org/10.3390/membranes13010036
https://doi.org/10.1016/j.progpolymsci.2007.01.008
https://doi.org/10.3390/membranes12090836
https://doi.org/10.3390/membranes13030337

Membranes 2023, 13, 516 12 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kim, S.; Pechar, TW.; Marand, E. Poly(imide siloxane) and carbon nanotube mixed matrix membranes for gas separation.
Desalination 2006, 192, 330-339. [CrossRef]

Bastin, L.; Barcia, P.S.; Hurtado, E.J.; Silva, J.A.; Rodrigues, A.E.; Chen, B. A microporous metal-organic framework for separation
of CO, /N, and CO,/CHy by fixed-bed adsorption. J. Phys. Chem. C 2008, 112, 1575-1581. [CrossRef]

Saqib, S.; Rafiq, S.; Chawla, M.; Saeed, M.; Muhammad, N.; Khurram, S.; Majeed, K.; Khan, A.L.; Ghauri, M.; Jamil, . Facile CO,
separation in composite membranes. Chem. Eng. Technol. 2019, 42, 30-44. [CrossRef]

Mahajan, R.; Burns, R.; Schaeffer, M.; Koros, W.J. Challenges in forming successful mixed matrix membranes with rigid polymeric
materials. J. Appl. Polym. Sci. 2002, 86, 881-890. [CrossRef]

Okumu, E.; Gurkan, T.; Ylmaz, L. Effect of fabrication and process parameters on morphology and performance of a PAN-based
zeolite-filled pervaporation membrane. J. Membr. Sci. 2003, 223, 23-38. [CrossRef]

Liu, Y.L.; Chen, W.H.; Chang, Y.H. Preparation and properties of chitosan/carbon nanotube nanocomposites using poly(styrene
sulfonic acid)-modied CNTs. Carbohydr. Polym. 2009, 76, 232-238. [CrossRef]

Polotskaya, G.A.; Krasnopeeva, E.L.; Kalyuzhnaya, L.M.; Saprykina, N.N.; Vinogradova, L.V. Mixed matrix membranes with
hybrid star-shaped macromolecules for mono- and dihydric alcohols pervaporation. Sep. Purif. Technol. 2015, 143, 192-200.
[CrossRef]

Pulyalina, A.Y.; Rostovtseva, V.A.; Pientka, Z.; Vinogradova, L.V.; Polotskaya, G.A. Hybrid gas separation membranes containing
star-shaped polystyrene with the fullerene (Cg) core. Pet. Chem. 2018, 58, 296-303. [CrossRef]

Pulyalina, A.; Porotnikov, D.; Rudakova, D.; Faykov, L; Chislova, I.; Rostovtseva, V.; Vinogradova, L.; Toikka, A.; Polotskaya, G.
Advanced membranes containing star macromolecules with Cgg core for intensification of propyl acetate production. Chem. Eng.
Res. Des. 2018, 135, 197-206. [CrossRef]

Pulyalina, A.Y.; Larkina, A.A.; Tataurov, M.V,; Vinogradova, L.V.; Polotskaya, G.A. Hybrid macromolecular stars with
fullerene(Cg) core included in polyphenyleneisophthalamide membranes for n-butanol dehydration. Fuller. Nanotub. Carbon
Nanostruct. 2020, 28, 54—-60. [CrossRef]

Rynkowska, E.; Fatyeyeva, K.; Kujawski, W. Application of polymer-based membranes containing ionic liquids in membrane
separation processes: A critical review. Rev. Chem. Eng. 2018, 34, 341-363. [CrossRef]

Karaszova, M.; Kacirkovd, M.; Friess, K.; 1zak, P. Progress in separation of gases by permeation and liquids by pervaporation
using ionic liquids: A review. Sep. Purif. Technol. 2014, 132, 93-101. [CrossRef]

Ferraro, G.; Astorino, C.; Bartoli, M.; Martis, A.; Lettieri, S.; Pirri, C.F.; Bocchini, S. Ionic Liquids-Polymer of Intrinsic Microporosity
(PIMs) Blend Membranes for CO, Separation. Membranes 2022, 12, 1262. [CrossRef] [PubMed]

Vroulias, D.; Staurianou, E.; Ioannides, T.; Deimede, V. Poly(ethylene oxide)-Based Copolymer-IL. Composite Membranes for CO,
Separation. Membranes 2023, 13, 26. [CrossRef]

Zhang, Y.; Jia, H.; Wang, Q.; Ma, W.; Yang, G.; Xu, S.; Li, S.; Su, G.; Qu, Y.; Zhang, M.; et al. Optimization of a MOF Blended with
Modified Polyimide Membrane for High-Performance Gas Separation. Membranes 2022, 12, 34. [CrossRef] [PubMed]

Livi, S.; Gérard, ].-F; Duchet-Rumeau, J. Ionic Liquids as Polymer Additives. In Applications of Ionic Liquids in Polymer Science and
Technology; Springer: Berlin/Heidelberg, Germany, 2015; pp. 1-21.

Min, HJ.; Kim, Y.J.; Kang, M.; Seo, C.-H.; Kim, J.-H.; Kim, ].H. Crystalline elastomeric block copolymer/ionic liquid membranes
with enhanced mechanical strength and gas separation properties. J. Membr. Sci. 2022, 660, 120837. [CrossRef]

Habib, N.; Durak, O.; Zeeshan, M.; Uzun, A.; Keskin, S. A novel IL/MOF/polymer mixed matrix membrane having superior
CO, /N3 selectivity. . Membr. Sci. 2022, 658, 120712. [CrossRef]

Lebedev, V.T.; Torok, G.; Vinogradova, L.V. Structure and supramolecular structures of star-shaped fullerene-containing heteroarm
polymers in deuterotoluene. Polym. Sci. Ser. A 2011, 53, 12-23. [CrossRef]

Rostovtseva, V.A.; Pulyalina, A.Y.; Dubovenko, R.R.; Saprykina, N.N.; Vinogradova, L.V.; Polotskaya, G.A. Influence of ionic
liquid on transport properties of hybrid membranes in the lactic acid dehydration process. Membr. Membr. Technol. 2021, 3,
274-281. [CrossRef]

Rostovtseva, V.; Pulyalina, A.; Dubovenko, R.; Faykov, I.; Subbotina, K.; Saprykina, N.; Novikov, A.; Vinogradova, L.; Polotskaya,
G. Enhancing Pervaporation Membrane Selectivity by Incorporating Star Macromolecules Modified with Ionic Liquid for
Intensification of Lactic Acid Dehydration. Polymers 2021, 13, 1811. [CrossRef]

Penkova, A.V,; Polotskaya, G.A.; Toikka, A.M.; Trhova, M.; Slouf, M.; Urbanova, M.; Brus, J.; Brozova, L.; Pientka, Z. Structure
and pervaporation properties of poly(phenylene-iso-phtalamide) membranes modified by fullerene. Macromol. Mater. Eng. 2009,
294, 432-440. [CrossRef]

Avagimova, N.; Polotskaya, G.; Saprykina, N.; Toikka, A.; Pientka, Z. Poly(phenylene-iso-phtalamide)/montmorillonite mixed
matrix membranes for pervaporation of methanol-toluene mixture. Sep. Sci. Technol. 2013, 48, 2513-2523. [CrossRef]

Penkova, A.V.; Kuzminova, A.L.; Dmitrenko, M.E.; Surkova, V.A.; Liamin, V.P.,; Markelov, D.A.; Komolkin, A.V.; Poloneeva,
D.Y,; Laptenkova, A.V,; Selyutin, A.A. Novel pervaporation mixed matrix membranes based on polyphenylene isophtalamide
modified by metal-organic framework UiO-66 (NH,)-EDTA for highly efficient methanol isolation. Sep. Purif. Technol. 2021,
263, 118370. [CrossRef]

Tian, M.; Liu, Q.; Li, W.; You, X,; Liu, C.; Fortner, ].D. Hydrophilic montmorillonite in tailoring the structure and selectivity of
polyamide membrane. ]. Membr. Sci. 2022, 657, 120674. [CrossRef]


https://doi.org/10.1016/j.desal.2005.03.098
https://doi.org/10.1021/jp077618g
https://doi.org/10.1002/ceat.201700653
https://doi.org/10.1002/app.10998
https://doi.org/10.1016/S0376-7388(03)00287-4
https://doi.org/10.1016/j.carbpol.2008.10.021
https://doi.org/10.1016/j.seppur.2015.02.002
https://doi.org/10.1134/S0965544118040084
https://doi.org/10.1016/j.cherd.2018.05.034
https://doi.org/10.1080/1536383X.2019.1671366
https://doi.org/10.1515/revce-2016-0054
https://doi.org/10.1016/j.seppur.2014.05.008
https://doi.org/10.3390/membranes12121262
https://www.ncbi.nlm.nih.gov/pubmed/36557169
https://doi.org/10.3390/membranes13010026
https://doi.org/10.3390/membranes12010034
https://www.ncbi.nlm.nih.gov/pubmed/35054560
https://doi.org/10.1016/j.memsci.2022.120837
https://doi.org/10.1016/j.memsci.2022.120712
https://doi.org/10.1134/S0965545X1012103X
https://doi.org/10.1134/S2517751621050103
https://doi.org/10.3390/polym13111811
https://doi.org/10.1002/mame.200800362
https://doi.org/10.1080/01496395.2013.806550
https://doi.org/10.1016/j.seppur.2021.118370
https://doi.org/10.1016/j.memsci.2022.120674

Membranes 2023, 13, 516 13 of 13

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

Avagimova, N.; Polotskaya, G.; Toikka, A.; Pulyalina, A.; Mordvkova, Z.; Trchova, M.; Pientka, Z. Effect of nanodiamonds
additives on structure and gas transport properties of poly(phenylene-iso-phtalamide) matrix. J. Appl. Polym. Sci. 2018, 135, 1-8.
[CrossRef]

Dmitrenko, ML.E.; Penkova, A.V.; Kuzminova, A.L; Atta, RR.; Zolotarev, A.A.; Mazur, A.S.; Vezo, O.S.; Lahderanta, E.; Markelov,
D.A.; Ermakov, S.S. Development and investigation of novel polyphenylene isophthalamide pervaporation membranes modified
with various fullerene derivatives. Sep. Purif. Technol. 2019, 226, 241-251. [CrossRef]

You, L.; Guo, Y;; He, Y,; Huo, E; Zeng, S; Li, C.; Zhang, X.; Zhang, X. Molecular level understanding of CO, capture in ionic
liquid/polyimide composite membrane. Front. Chem. Sci. Eng. 2022, 16, 141-151. [CrossRef]

Vinogradova, L.V. Star-shaped polymers with the fullerene Cgy branching center. Russ. Chem. Bull. 2012, 61, 907-925. [CrossRef]
Belnikevitch, N.G.; Mrkvickova, L.; Quadrat, O. Stereo complexes in solutions of syndio- and isotactic poly(methyl methacrylate)
mixtures: 1. Aggregation time and character of aggregated particles in different solvents. Polymer 1983, 247, 713-718. [CrossRef]
Malykh, O.V.; Golub, A.Y.; Teplyakov, V.V. Polymeric membrane materials: New aspects of empirical approaches to prediction
of gas permeability parameters in relation to permanent gases, linear lower hydrocarbons and some toxic gases. Adv. Colloid
Interface Sci. 2011, 164, 89-99. [CrossRef] [PubMed]

Tian, N.S.; Meleshko, T.K.; Polotskaya, G.A.; Kashina, A.V.; Gofman, 1.V.; Zoolshoev, Z.F; Lavrentyev, VK,; Pientka, Z,;
Yakimansky, A.V. Dual-phase polyphenylene oxide membranes with copolyimide branched modifiers. J. Appl. Polym. Sci. 2020,
137, 49543. [CrossRef]

Pulyalina, A.; Rostovtseva, V.; Polotskaya, G.; Vinogradova, L.; Zoolshoev, Z.; Simonova, M.; Hairullin, A.; Toikka, A.; Pientka,
Z. Hybrid macromolecular stars incorporated poly(phenylene oxide) membranes: Organization, physical, and gas separation
properties. Polymer 2019, 172, 355-364. [CrossRef]

Tian, N.; Meleshko, T.; Polotskaya, G.; Gofman, I; Kashina, A.; Kukarkina, N.; Vlasova, E.; Zoolshoev, Z.; Yakimansky, A.
Influence of macromolecular brushes with polyimide backbones and poly(methyl methacrylate) side chains on structure, physical
and transport properties of polyphthalamide. Polym. Eng. Sci. 2020, 60, 481-490. [CrossRef]

Bel'nikevich, N.; Budtova, T.; Nikolaeva, O.; Vesnebolotskaya, S. The correctness of using a viscometric method as a test on
interpolymer complex formation in polymer mixtures. Polym. Sci. B 2002, 44, 27-31.

Robeson, L.M. Correlation of separation factor versus permeability for polymeric membranes. . Memb. Sci. 1991, 62, 165-185.
[CrossRef]

Robeson, L.M. The upper bound revisited. J. Membr. Sci. 2008, 320, 390-400. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1002/app.46320
https://doi.org/10.1016/j.seppur.2019.05.092
https://doi.org/10.1007/s11705-020-2009-7
https://doi.org/10.1007/s11172-012-0135-1
https://doi.org/10.1016/0032-3861(83)90008-3
https://doi.org/10.1016/j.cis.2010.10.004
https://www.ncbi.nlm.nih.gov/pubmed/21094931
https://doi.org/10.1002/app.49543
https://doi.org/10.1016/j.polymer.2019.04.005
https://doi.org/10.1002/pen.25303
https://doi.org/10.1016/0376-7388(91)80060-J
https://doi.org/10.1016/j.memsci.2008.04.030

	Introduction 
	Materials and Methods 
	Materials 
	Membrane Preparation 
	Characterization 
	Gas Separation Tests 

	Results 
	Physical Properties 
	Membrane Structure 
	Thermal Stability 
	Gas Transport Properties 
	Mechanical Properties 

	Conclusions 
	References

