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Abstract: The first commercial hollow fiber and flat sheet gas separation membranes were produced
in the late 1970s from the glassy polymers polysulfone and poly(vinyltrimethyl silane), respectively,
and the first industrial application was hydrogen recovery from ammonia purge gas in the ammonia
synthesis loop. Membranes based on glassy polymers (polysulfone, cellulose acetate, polyimides,
substituted polycarbonate, and poly(phenylene oxide)) are currently used in various industrial
processes, such as hydrogen purification, nitrogen production, and natural gas treatment. However,
the glassy polymers are in a non-equilibrium state; therefore, these polymers undergo a process
of physical aging, which is accompanied by the spontaneous reduction of free volume and gas
permeability over time. The high free volume glassy polymers, such as poly(1-trimethylgermyl-1-
propyne), polymers of intrinsic microporosity PIMs, and fluoropolymers Teflon® AF and Hyflon®

AD, undergo significant physical aging. Herein, we outline the latest progress in the field of increasing
durability and mitigating the physical aging of glassy polymer membrane materials and thin-film
composite membranes for gas separation. Special attention is paid to such approaches as the addition
of porous nanoparticles (via mixed matrix membranes), polymer crosslinking, and a combination of
crosslinking and addition of nanoparticles.

Keywords: membrane gas separation; glassy polymers; physical aging; mitigating aging; thin film
composite membranes; mixed-matrix membranes

1. Introduction

Membrane gas separation processes are widely used today in many large-scale separa-
tion processes [1]. The first commercial application of hollow fiber separation membranes
was hydrogen recovery from ammonia purge gas in the ammonia synthesis loop. Prism®

membranes, marketed by Monsanto (Permea) in the late 1970s were the first commercialized
polysulfone hollow fiber membranes for this purpose. Since the mid-1990s, Permea has been
a division of Air Products. In the late 1970s, Kuskovo Chemical Plant (Moscow, Russia)
started production of a flat asymmetric membrane PVTMS [2]. Cryogenmash (Balashikha,
Russia) produced PVTMS plate and frame modules, as well as gas separation plants for
hydrogen recovery and oxygen/nitrogen separation. The PVTMS membrane was produced
until the mid-1990s. To date, Prism® hydrogen separation membranes have also been used
for syngas ratio adjustment and in the recovery of hydrogen in refinery hydrotreaters. It
is important to emphasize that the global annual demand for hydrogen is estimated at
115 million tons, and this value is expected to increase by almost six-fold by 2050 [3].

Industrially, membranes are currently used for acid gas removal (natural gas sweeten-
ing), nitrogen generation from the air, ammonia purge gas recovery, refinery gas purification
and dehydration (Table 1). Processing of natural gas is, by far, the largest industrial gas
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separation application, first of all, for the removal of carbon dioxide from natural gas
(CO2/CH2) [4]. In addition, the separation of nitrogen from the air (nitrogen generation)
represents about half of the current gas separation market [1].

Table 1. Primary current industrial gas separation applications for polymer membranes (adopted
from [5]).

Gas Pair Application

CO2/CH4
Acid gas treatment
Biogas separation

N2/O2 Nitrogen generation from the air
H2/N2 Ammonia purge gas recovery

H2/CH4 Refinery gas purification
H2/CO Syngas ratio adjustment

H2O/Air Dehydration

As can be seen from Table 2, glassy polymers (polysulfone, cellulose acetate, polyimide,
polycarbonate, poly(phenylene oxide), and polyvinyltrimethylsilane) are the most com-
monly used gas separation membranes due to their excellent combination of permeability–
selectivity properties and processability into high flux membranes. It is important to notice
that the same polymers (polysulfone, polyimides, cellulose acetate, substituted polycarbon-
ate, and poly(phenylene oxide)) have been used for more than 30 years. On the other hand,
glassy polymers undergo a process termed physical aging, because polymer glasses are
thermodynamically in non-equilibrium. When a polymeric solution is cooled at constant
pressure from an equilibrium liquid, the transformation into glass occurs at a tempera-
ture Tg, when the macromolecular rearrangements necessary for the material to adapt to
changing temperature slow down to such an extent that it takes an order of magnitude
longer time than that available in the observed conditions. Since the coefficient of thermal
expansion undergoes a sharp change at Tg, in the glassy state of a polymer, there is always
a difference between the volume of the non-equilibrium glassy material and the volume
extrapolated from equilibrium. Therefore, glassy polymer materials slowly change from
a non-equilibrium state to a thermodynamically equilibrial one over time. A schematic
representation of the temperature dependence of volume or enthalpy of glass-forming
materials as well as the kinetics of volume or enthalpy recovery is shown in Figure 1.
Thus, the thermodynamically stable state tends to be slowly recovered during the course
of physical aging (Figure 1b). As a result of this phenomenon, the density of the polymer
decreases, thus reducing the free volume and gas transport properties over time.

Table 2. Important commercially available membranes for gas separation (adopted from [6]).

Membrane Supplier Material Gas Separation Module Type

Prism Air Products/Permea Polysulfone

H2/CO

Hollow fiber
H2/N2

H2/CH4
O2/N2

Cynara Cameron Cellulose acetate CO2/CH4 Hollow fiber

Medal Air Liquide Polyimide/polyaramide
CO2/CH4

Hollow fiberN2/CH4
H2S/CH4

Separex UOP Cellulose acetate
CO2/CH4 Spiral wound
H2O/CH4

Grace UOP Cellulose acetate
CO2/CH4 Spiral wound
H2O/CH4
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Table 2. Cont.

Membrane Supplier Material Gas Separation Module Type

Generon IGS, Inc. Polycarbonate, incl
tetrabromo

O2/N2,
Hollow fiberH2/N2,

H2/CH4

IMS Praxair Polyimide O2/N2 Hollow fiber(N2 generation)

UBE Ube Industries Polyimide

H2O/Air

Hollow fiber
O2/N2

(N2 generation)
CO2/CH4

Parker Parker Hannifin poly(phenylene oxide) O2/N2 Hollow fiber(N2 generation)

PVTMS 1 Cryogenmash Polyvinyltrimethylsilane H2/N2 Plate and frameO2/N2

1 Flat asymmetric membrane PVTMS was produced by Kuskovo Chemical Plant (Moscow, Russia) from the late
1970s until the mid-1990s.
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Figure 1. Schematic representation of the temperature dependence of volume or enthalpy of glass-
forming materials (a); Schematization of the kinetics of volume or enthalpy recovery (b) (adopted
from [7]).

Until the 1970s, glassy polymers were considered materials of low permeability and
high gas separation selectivity. Poly(vinyltrimethyl silane) (PVTMS), having a nitrogen
permeability coefficient (10 Barrer) forty times higher than for PSF, turned out to be the first
instance of a high permeability glassy polymer [2]. The next achievement was associated
with the extra high permeability glassy polymer, poly(1-trimethylsilyl-propyne) (PTMSP),
first synthesized at Kyoto University in 1983 [8]. The unique structure of the free volume
of PTMSP and other highly permeable substituted polyacetylenes was attributed to the
presence of a rigid polyene chain with bulky side substituents. The Kuhn segments of
substituted polyacetylenes are 35–100 Å [9] (15–40 units per segment), while for PVTMS, a
polymer with a vinyl chain and the same bulky side trimethylsilyl substituent, the Kuhn seg-
ment does not exceed 15 Å (six units) [10]. The first estimates of the free volume of PTMSP
showed that this polymer is characterized by an extremely high value of non-equilibrium
(non-relaxed) free volume fraction, 20–26%, consisting of interconnected “voids” (free
volume elements) with the narrowest “chain-to-chain” distance of 0.3–0.5 nm [11,12]. The
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results of molecular modeling and positron annihilation data indicate that PTMSP has a
bimodal pore size distribution with peaks in the region of 0.4 nm and 0.6–0.8 nm [13,14].

Today, the group of highly permeable glassy polymers also includes PIMs [15], poly
(4-methyl-2-pentyne) [16], poly(1-trimethylgermyl-1-propyne) [17] polynorbornens [18],
poly(tricyclononenes) [19], the fluoropolymers Teflon® AF and Hyflon® AD [20–22], and
some others. Over the past few decades, several methods have been proposed to mitigate
the physical aging of glassy polymers and improve the durability of membranes based on
them. Herein, we review these techniques, and well-known membrane glassy materials
(listed in Figure 2) were used as examples. Special attention in this paper is given to the
physical aging of thin-film composite membranes that have more practical application for
separation processes than the dense films.
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2. Physical Aging
2.1. Physical Aging of Glassy Polymers

Amorphous polymers are structurally inhomogeneous materials with sizes of inhomo-
geneity ranging from units to tens of angstroms. Numerous studies explain the features of
physical aging processes using assumptions about the inhomogeneous structure of polymer
glasses, particularly those about the existence of ordered domains in them [23,24].

Paul and coworkers [25–36] made the most significant contribution to the study of
the physical aging of polymeric membranes based on glassy polymers. A number of
reviews are directly devoted to the physical aging problem [1,15,37–42]. Based on the free
volume and chain mobility concept, several mechanisms such as lattice contraction and
diffusion of free volume from the polymer matrix have been proposed to describe physical
aging [37,43].

2.2. Physical Aging of Dense Membranes

Yampolskii et al. [44] studied the change in the free volume in PTMSP by positron
annihilation lifetime spectroscopy at different temperatures: 25, 100, and 128 ◦C. The
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decrease in free volume with the aging time was interpreted as a decrease in the number
of free volume elements during aging, which is in good agreement with the free volume
model proposed by Struik in 1978 [45].

McCaig and Paul [26] studied the permeability of oxygen through polyarylate films of
different thicknesses. It was found that the oxygen permeability decreases with aging time,
and rather complex patterns of changes in gas permeability with aging time are observed
for films of different thicknesses. The authors distinguish two ranges of polyarylate film
thicknesses. For thick films (from several microns to several tens of microns), the loss
of permeability due to aging is relatively small, and the aging rate does not depend on
the film thickness. For thinner films (from tenths to several microns), the loss of oxygen
permeability due to aging is more significant. In this case, the aging rate depends on the
film thickness: the thinner the film, the stronger the effect of reducing the permeability.
According to [26], one of the possible explanations for accelerated permeability loss in thin
polymer films is free volume diffusion. During the polymer aging, non-equilibrium free-
volume elements («holes») diffuse from the sample bulk to its surface and the thinner the
film thickness, the faster its volume change. The second mechanism—the theory of “lattice
contraction”—assumes that the decrease in intermolecular distances during aging occurs
simultaneously throughout the entire volume of the sample. The entire set of experimental
data on the aging of thick and thin polyarylate films can be consistently explained if it is
assumed that both free volume relaxation mechanisms occur simultaneously.

2.3. Physical Aging of Thin-Film Membranes

Pfromm and Koros [46] showed that the rate of aging of glassy polymer films can
depend on their initial thickness. The authors studied the aging of films made of 6FDA-
IPDA polyimide and polysulfone with the same thermal history. It was shown that the
aging of “thin” films (0.5 µm) occurs much faster than that of intermediate (2.5 µm) and
thick (~25 µm) films. Thus, 6000 h after quenching, the ideal He/N2 selectivity of 6FDA-
IPDA thin films increased by more than one and a half times (from 45 to 70), while for other
samples, the increase in selectivity did not exceed 15%. A similar aging behavior was also
found for polysulfone.

At the same time, Dorkenoo and Pfromm [47] believed that the accelerated aging of
thin films (thickness less than 1 µm) can be qualitatively explained based on well-known
concepts, according to which the glass transition temperature of thin films (thickness less
than 1 µm) decreases markedly with a decrease in their thickness [48,49]. Other things
being equal, this circumstance increases the intensity of molecular motion in thin films,
which determines the increase in the rate of physical aging in them.

Huang and Paul [25], using ellipsometry, studied the change in the refractive index of
thin films of three glassy polymers—polysulfone, polyimide, and poly(2,6-dimethyl-1,4-
phenylene oxide). These thin films less than 1 µm thick were kept up to 6000 h at 35 ◦C.
A pronounced aging effect, monitored by a change in the refractive index, was observed
because of the densification of glassy polymers.

It is of interest to compare the results of two studies on the gas permeability of Matrimid®

films of various thicknesses by Paul and coworkers [27,50]. In both studies, films with
different thicknesses were obtained by spin casting on a silicon wafer: 0.39–22.4 µm [50] and
18–550 nm [27]. In the case of ultrathin Matrimid® films, a thin layer of rubbery PDMS was
coated directly on top of the Matrimid® film by spin casting of its solution in cyclohexane. All
films were heated above the polymer’s Tg value in the free-standing state to allow relaxation
of any stresses and then quenched to room temperature.

Gas transport properties of Matrimid films of various thicknesses as a function of
aging time at 35 ◦C are presented in Figures 3 and 4 for Matrimid and Matrimid/PDMS,
respectively. It can be seen that the decrease in membrane thickness led to more pronounced
physical aging. After 1000 h of aging, the nitrogen permeability of the 25 nm film dropped
to a record 0.05 Barrer, while the ideal O2/N2 selectivity increased by 25% during this time.
In the case of a film 22.5 µm thick, the gas permeability coefficient after the same 1000 h



Membranes 2023, 13, 519 6 of 17

of aging turned out to be six times higher (0.38 Barrer). It is important to note that the
nitrogen gas permeability coefficients turned out to be similar in different experiments for
films of similar thicknesses (0.39 and 0.55 µm). So, after 1000 h of aging, they were 0.27 and
0.28 Barrer, respectively, despite the difference in synthesis and characterization protocols.
Huang and Paul [50] explained the accelerated aging of thin films through the increased
mobility of polymer chains at the “polymer film/substrate” interface compared to their
mobility in the “bulk” of the polymer in the case of thick films (more than 10 µm).
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An increase in the mobility of polymer chains should lead to a more equilibrial packing
of chains and, consequently, to a higher packing density. The experimental determination
of the density of films of various thicknesses [51,52] confirms this point of view.

3. Mitigating Physical Aging

Several techniques are currently being explored to mitigate the physical aging problem
in high free volume glassy polymers [15] such as (i) variation of polymer backbone design
and architecture, (ii) polymer post-synthetic modification, (iii) post-modification of the
finished membranes, (iv) the formation of copolymers and blending of polymers (v) the
addition of non-porous nanoparticles, and (vi) the addition of microporous nanomaterials.

In this regard, several approaches, such as the addition of non-porous and porous
materials [1,15,39,40,53–60], post-modification of the prepared membranes via polymer
crosslinking [30,61,62], a combination of crosslinking and addition of nanoparticles [63–67],
and changes in the polymer backbone design, have been proven to be controlling in aging
in high free volume glassy polymers. In this section, we separately discuss methods of mit-
igating physical aging for freestanding polymer films and thin-film composite membranes.
As we mentioned earlier, aging strongly depends on the thickness of the polymer film. A
different aging behavior can be expected in the case of thin polymer film deposited on the
porous support due to the lower mobility of polymeric chains situated near the interface
with the support (so-called “anchoring” effect).

3.1. Dense Membranes

In works [30,61,63,68,69], it was shown that the crosslinking of PTMSP and PMP with
bis-azides enabled a decrease in the effect of physical aging in terms of the decline of gas
permeability compared with neat polymeric films. Another approach to obtaining a cross-
linked system based on high free volume glassy polymers is to form an interpenetrating
polymer network, which is a mixture of linear macromolecules of the main (matrix) poly-
mer with a network of chains of another cross-linkable polymer. Fritsch et al. [70] suggested
restricting the swelling of PIM-1 or PIM in organic solvents by forming an interpenetrating
polymer network by the crosslinking of polyethyleneimine (PEI) introduced in the glassy
polymer by using poly(ethylene glycol) diglycidyl ether (PEGDE). The obtained cross-
linked PIM-1/PEI membranes were stabilized in n-heptane, toluene, chloroform, tetrahy-
drofuran, and alcohols and were successfully utilized for organic solvent nanofiltration.
Those tested in organic solvent nanofiltration showed better retention performance and
MWCO compared to the industrial OSN membrane StarmemTM 240. Bazhenov et al. [62]
used the semi-interpenetrating polymer network approach to obtain membranes based on
PTMSP. Dense membranes (films) of interpenetrating polymer network of PTMSP with
crosslinked PEI/PEGDE were prepared by casting the 0.5 wt% solutions of PTMSP/PEI
blend in chloroform onto a cellophane support at room temperature. The freshly prepared
films were immersed in 4 wt% solution of the crosslinking agent PEGDE in methanol in
order to crosslink the PEI amino groups. Several dense membranes (30 µm) with different
content of PEI (0, 4, 10, 20 wt%) were prepared. Based on gas transport properties (CO2, N2)
and swelling of dense membranes PTMSP/PEI in chloroform, the optimal concentration of
PEI was selected as 4%.

Hill and coworkers [39,55–57,71,72] made an important breakthrough in the mitigation
of physical aging in high permeable glassy polymers by using a new type of porous filler,
porous aromatic frameworks (PAF), proposed earlier as highly porous material [73]. The in-
troduction of PAF into highly permeable glassy polymers improved their gas permeability
characteristics and markedly suppressed physical aging due to reduced macrochain mobil-
ity as a result of the partial intrusion of polymer segments into porous fillers. In particular,
it was demonstrated that dense films (100–150 µm thick) based on PTMSP, PMP, or PIM-1
that contained 10 wt% of PAF revealed only 5–7% of the reduction in CO2 permeability over
about 240 days, while non-filled PTMSP, PMP, and PIM-1 exhibited a more pronounced
decrease in the gas transport on the level of 38–62% [55]. Another advantage of PAF fillers
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was attributed to their highly porous nature, which enabled a noticeable increase in gas
permeability. For instance, after one year of storage, the dense PTMSP film loaded with
10 wt% of PAF-1-Li6C60 demonstrated CO2 permeability of 50,600 Barrer, whereas unfilled
PTMSP films showed a drop in permeability from 29,800 to 13,600 Barrer during the same
period of time [56].

Hill and coworkers [56,74] demonstrated that the PTMSP side chain can partially
penetrate the pores of PAF-1, resulting in the rigidity of the overall polymer structure and
preventing physical aging in the membranes. This process was recently termed porosity-
induced side chain adsorption (PISA) [75]. One can assume that applying additives with
a significantly larger pore volume and surface area can improve the effect of side chain
intrusion into the additive’s porous structure, resulting in stable membrane performance
with time. Furthermore, as mentioned by the authors of [75,76], PAF-like materials can
be considered promising additives toward the reduction of physical aging in polymers of
intrinsic microporosity, but the synthesis of such materials is quite complex and hinders
commercial implementation. Therefore, investigations were conducted on the addition
of hypercrosslinked polymers into PTMSP: poly(dichloroxylene) (p-DCX) [74,75], hyper-
crosslinked polystyrene (HCL-PS) [76], and IR-pyrolyzed PAN [60].

Volkov et al. [77] studied stabilization of the gas transport properties of PTMSP by using
30–40 µm dense films loaded with PAF-11 fillers. The time-temperature superposition was
successfully utilized to substantially shorten the monitoring time from about one year to
several hundred hours by annealing PTMSP membranes at 100 ◦C. As a result, samples of
PTMSP with different contents of PAF-11 were annealed in air at 100 ◦C for 510 h compared
to 240–365 days at room temperature [39,55–57]. The sample of neat PTMSP showed a lack
of mechanical resistance and was fractionated after 200 h of annealing (Figure 5). Thus,
the addition of PAF-11 increased the resistance of the PTMSP/PAF-11 hybrid materials to
mechanical stresses and reduced the rate of relaxation processes. Gas transport characteristics
of the PTMSP sample containing 10 wt% of PAF-11 became stable upon annealing within the
short time interval (100–200 h at 100 ◦C). However, for all other samples containing 5 wt% of
PAF-11 or less, gas permeability gradually decreased with time [77].
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In [57], metal-organic polyhedra (MOP) with differing lengths and chemical nature
of their side groups were proposed to mitigate the physical aging of glassy polymers. It
was shown that the aging of the resulting mixed-matrix membranes made of PTMSP/MOP
was significantly reduced due to the non-covalent molecular interlocking of the polymer
chains. The best result was obtained for 20 wt% addition of MOP with tert-butyl substituent
(tBu-MOP): over 365 days of aging, the CO2 permeability decreased by only 20%, while for
pure PTMSP this value was 73%.

In many studies, the chemical crosslinking of the polymer matrix was considered
an alternative to the addition of nanoparticles of various nature to mitigate physical
aging [60,63–65,69,78,79]. Hägg and coworkers [63,69] investigated the possibility of sta-
bilizing the gas transport properties of PTMSP and PMP by crosslinking polymers with
bis-azides and the simultaneous addition of nonporous SiO2 (fumed silica) and TiO2
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nanoparticles. For both PTMSP and PMP, the gas permeability stability of cross-linked
polymer and cross-linked polymer/filler membranes was improved. The physical aging
of PMP/silica nanocomposite membrane was also reported by Merkel et al. [80]. The gas
permeability of nanocomposites was still unstable over time. Thus, as demonstrated with
PMP [69], the crosslinking of polymer chains and a combination of crosslinking with fumed
silica additives appeared to be a more efficient approach for mitigating physical aging in
high free volume glassy polymer materials.

Soaking in “poor” solvents such as methanol or ethanol can be considered an approach
to partially restore the gas transport properties of glassy polymers due to the swelling of
the polymer matrix followed by the desorption of solvent molecules [44,81–83]. However,
this technique cannot mitigate physical aging.

Pinnau and coworkers [84–86] tried to tune the molecular design of membrane poly-
mers and synthesized a series of rigid ladder-type diamines from readily available bro-
moanilines and norbornadiene in one step using facile catalytic arene−norbornene annula-
tion (CANAL). These membranes demonstrated high permeability, moderate selectivities
of industrially important gases, and relatively slow aging. At the moment, experiments to
study the aging of CANAL membranes are limited to dense membranes from 50 µm thick
with a duration up to six months.

3.2. Thin Film Composite Membranes

It is well known that thickness plays an important role in the physical aging of glassy
polymers, and thinner films undergo more pronounced aging. However, industrial gas
separation membranes consist of a very thin, dense selective layer (submicron level), and,
therefore, the study of physical aging of thin films is very important from a practical
point of view. Yavari et al. [87] put forward three reasons for the different aging behavior
of freestanding thin films and TFC membranes. First, the use of polymer supports and
membrane formation procedures may influence segmental mobility of the thin film and
thus its aging behavior. Second, industrial membranes may not be annealed above the Tg,
since the porous support may not sustain the high temperature.

Peter and Peinemann [68] fabricated a multi-layer composite membrane with cross-
linked PTMSP as the gutter layer (intermediate layer between selective layer and porous
PAN-support) with a thickness of 500 nm that enabled the successful deposition of a thin,
selective layer made of Matrimid® 5218 (100–500 nm) on top of the gutter layer. The
resulting membrane showed attractive, stable long-term performance. The permeances
dropped relatively steeply during the first 10 days and tended to level off slowly (Figure 6b).
The membranes showed the decline of H2, O2, CO2, N2, and CH4 permeance of about
19–21% within 100 days with a slight increase in gas permeance (Figure 6c).
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Yavari et al. [88] compared the aging behavior of freestanding dense, thin polymer
film (400 nm) based on Teflon AF1600, Hyflon AD80, or Hyflon AD40 and TFC membranes
with a selective layer made of the same polymer and having a similar thickness deposited
on a polyethersulfone ultrafiltration membrane. It was found that the aging rates of both
type of membranes turned out to be very similar; for instance, Teflon AF1600 showed the
similar tendency in aging in the form of free standing film (400 nm) and a selective layer
of TFC membrane (370 nm)—relative N2 permeance was 0.89 and 0.86, respectively, after
900 h of storage at 35 ◦C. A more detailed physicochemical study of the aging of these
samples is presented in the subsequent work of Yavari et al. [89], where the glass transition
temperatures of the selective layer were measured in situ by nanothermal analysis. It
is shown that with a decrease in the thickness of the selective layer, its glass transition
temperature decreases; however, after several hundred hours of aging, the glass transition
temperature for thinner samples can become higher due to their accelerated aging.

Stabilization of the gas transport properties of TFC membranes based on PTMSP by
introducing particles of PAF (30–250 nm) and porous activated carbon (>1000 nm) was
studied for the first time by Volkov and coworkers [60,62,64,65,78,79]. Studies have shown
that the effectiveness of additives for mitigating physical aging decreases with decreasing
thickness of the selective layer, which can be explained by a too-large particle size in a
thin selective layer of composite membranes. The development of these membranes was
aimed at solving the problems of removing CO2 from flue gases. For post-combustion
carbon capture, it was shown that the gas separation method could be effectively applied
for treatment of a large amount of flue gas if the membrane possesses CO2 permeance
above 1000 GPU and CO2/N2 selectivity above 20 [89]. However, in the development of
the composite gas separation membranes for post-combustion CO2 capture, little attention
has been focused on the optimization of the membrane supports that satisfy the conditions
of this technology. With this in mind, Bazhenov et al. [62] developed a PTMSP-based
TFC membrane suitable as a highly permeable and solvent-resistant nonporous support
due to a PTMSP-based gutter layer applied on top of microfilter MFFK-1. A cross-linked
PTMSP-based layer of 1–2.5 µm thick was achieved via the semi-interpenetrating network
of PTMSP in the cross-linked PEI. The TFC membrane-support demonstrated the CO2
permeance of about 20,000 GPUs and ideal CO2/N2 selectivity of 3.6–3.7.

Table 3 shows comparative aging data for TFC membranes based on high permeability
glassy polymers. It can be seen that a smaller relative decrease in gas permeability (81%)
was achieved for a composite membrane based on PIM-1 by Bhavsar et al. during a 90-day
aging study [90]. However, PTMSP-based membranes with a high PAF-11 content, namely
“PTMSP + PEI + 30% PAF-11”, seem preferable due to the nearly twofold permeance of
17,500 GPU (43% of 46,500 GPU) after 450 days of aging [79] compared to 9300 GPU (81%
of 11,500 GPU) after 100 days of aging [90].

By using the non-porous support developed by Bazhenov et al. [62], the TFC mem-
branes, comprising a thin layer (0.29–0.42 mm) of PIM-1 atop a cross-linked PTMSP/PEI
gutter layer (2.07–3.44 mm) on a porous backing material (microfilter MFFK-1), were fab-
ricated by coating PIM-1 solution on the cross-linked PTMSP/PEI support [78]. A high
CO2 permeance and superior CO2/N2 selectivity due to a strong synergistic effect were
achieved. Figure 7 shows a TEM visualization of a cross-section of a composite membrane.
The thicknesses of the PIM-1 and PTMSP/x-PEI layers varied within 200–300 nm and
2.0–3.5 µm, respectively. All samples of composite membranes, which were obtained us-
ing solutions of PIM-1 in a mixture of chloroform/trichlorethylene (1:1), demonstrated a
significant synergistic increase in CO2/N2 selectivity (α = 35.8–55.7) compared to PIM-1
(α = 18.5) and cross-linked PTMSP/x-PEI (α = 3.7). It is important that this effect is not
observed for PIM-1 solutions in chloroform.

It has been shown that the gas transport properties of composite membranes with a
thin PTMSP-based selective layer, namely a semi-interpenetrating network of PTMSP in
the cross-linked PEI, can be additionally stabilized owing to the introduction of 10 wt% of
PAF-11 nanoparticles [65], or 20 and 30 wt% of PAF-11 nanoparticles [79]. For example, the
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addition of 30 wt% of PAF-11 nanoparticles preserved the transport characteristics of TFC
membrane at 43% (17,600 GPU after 450 days) of its initial values (Table 3).

Table 3. Comparison of the TFC membranes aging.

Selective Layer Selective Layer
Thickness, µm

CO2 Permeance of
Fresh As-Cast

Membrane, GPU

Aging Time
(Ambient

Conditions)

CO2
Permeance

Q/Q0, %

CO2/N2 Ideal
Selectivity
α/α0, %

Reference

PTMSP+10% PAF-11
1.7 1700 >600 days 8.5 314 [64]6.8 6500 5.5 137

PIM-1/C-HCP 2.0 22,000 100 days 37 150 [90]

PIM-1 0.3 8000 90 days 3.7 96 [78]

PIM-1
0.7

4300
56 days

11 166
[91]PIM-1/MOF-74-Ni 5000 24 90

PIM-1/NH2-UiO-66 7500 12 100

PTMSP + PEI 1.2 15,100

>425 days

23 139

[60]

PTMSP + PEI + 10% IR-PAN-a 23,700 17 158
PTMSP + PEI + 20% IR-PAN-a 1.8 24,700 26 133
PTMSP + PEI + 30% IR-PAN-a 24,100 22 111

PTMSP + PEI + 10% IR-PAN-aM 20,900 30 107
PTMSP + PEI + 20% IR-PAN-aM

1.0
24,500 27 110

PTMSP + PEI + 30% IR-PAN-aM 25,100 27 114

Carbon molecular sieves (PDMS pyrolysis) precursor 0.087 239

45 days

9.6 50

[92]Carbon molecular sieves (PDMS pyrolysis) 500 ◦C 0.069 294 9.9 110
Carbon molecular sieves (PDMS pyrolysis) 600 ◦C 0.082 320 0.9 166
Carbon molecular sieves (PDMS pyrolysis) 700 ◦C 0.072 8 17.5 250

PU/PIM-1 30 11 60 days 82 - [93]

PTMSP 1.0 27,700

450 days

14 -

[79]PTMSP + PEI 1.1 21,000 30 -
PTMSP + PEI + 20% PAF-11 1.0 34,400 42 -
PTMSP + PEI + 30% PAF-11 1.1 40,600 43 -
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Using thin layers of the semi-interpenetrating network of PTMSP in the cross-linked
PEI with 10% PAF-11 filler as the gutter layer, a new bilayer membrane with a thin layer of
PIM-1 on the surface was obtained [94]. The resulting membrane also demonstrated a strong
synergistic effect of CO2/N2 selectivity. Changes in the gas transport characteristics of the
bilayer membrane MFFK/PTMSP + PEI/PIM [79] and the bilayer membrane with 10% PAF-
11 in gutter layer MFFK/PTMSP + PEI + PAF/PIM [94] are presented in Table 4. It can be
seen from the table that the addition of PAF-11 into the gutter layer significantly improved
the stability of the bilayer TFC membrane, providing CO2 permeance of 1970 GPU after
95 days of aging, compared to 297 GPU for the bilayer membrane without PAF-11 additive.
While the selectivity of composite membranes for the CO2/N2 pair decreases during aging
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to 20.5, nevertheless, the permeance-selectivity properties of the bilayer TFC membrane
with PAF-11 additives still satisfy the demands of the optimal membrane characteristics for
post-combustion CO2 capture [89] (Figure 8).

Table 4. Aging of thin film composite PTMSP/PIM bilayer membranes over time (adopted from [94]).

Membrane
Time Since

Formation, Days
Permeanse, GPU Ideal Selectivity

α (CO2/N2)N2 CO2

MFFK/gutter layer − PTMSP + cross-linked PEI/PIM-1 0 127 4930 38.8
94 8 297 37.1

MFFK/gutter layer − PTMSP + cross-linked − PEI
+ 10% PAF-11/PIM-1

0 185 5000 27.0
95 96 1970 20.5
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The properties of the composite bilayer membranes with the addition of 10% wt.
PAF-11 and without it are plotted on a graph showing the optimal transport and separation
properties of membranes for the task of removal of carbon dioxide from flue gases (Figure 8).

PAF-like materials can be considered promising additives for the reduction of physical
aging in high free volume glassy polymers; however, their synthesis is quite complex. In this
regard, highly porous carbon materials and cross-linked polymers are also being studied
as additives in the selective layers of TFC membranes [55,76,77,95]. One of the promising
porous additives is highly porous activated carbon material based on infrared pyrolyzed
PAN (IR-PAN). According to N2 adsorption measurements, the apparent BET surface area
and pore volume of PAF-11 are equal to 240 m2/g and 0.35 cm3/g, respectively [96]. At
the same time, the apparent BET surface area and pore volume of IR-PAN were equal to
2450 m2/g and 1.06 cm3/g, respectively [97].

Bakhtin et al. [60] compared the effectiveness of IR-PAN filler with PAF-11. Figure 9
shows the dependence of the CO2 permeability coefficient of PTMSP hybrid homogeneous
membranes (35–40 µm) with additions of IR-PAN and PAF-11 on the annealing time at
100 ◦C. As can be seen from the figure, the addition of IR-PAN leads to an increase in the
CO2 permeability coefficient of the PTMSP/IR-PAN hybrid membrane compared to the
PTMSP/PAF-11 one. In addition, the relative drop in CO2 permeability after 500 h of an-
nealing at 100 ◦C for a sample with 10 wt% PAF-11 was 30%, while the addition of IR-PAN
reduces this drop to 20%. The aging of TFC membranes with a PTMSP + PEI + IR-PAN se-
lective layer (0.8–1.8 µm thick) was also studied. TFC membrane permeance was 6300 GPU
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(30% of initial permeance) after 11,000 h of aging at ambient laboratory conditions. A
further increase in the content of the additive (20 and 30 wt%) did not significantly affect
the properties of the membranes.
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4. Conclusions

To date, membranes based on glassy polymers (polysulfone, cellulose acetate, poly-
imide, substituted polycarbonate, and polyphenylene oxide) are commonly used in gas
separation processes, such as acid gas treatment or nitrogen generation from air. However,
glassy polymers undergo a physical aging process resulting in significant reduction of
membrane fluxes over time.

Several techniques to mitigate the physical aging of glassy polymers, such as post-
modification of prepared membranes via crosslinking, addition of porous and nonporous
nanomaterials, and the combination of these two approaches have been considered. Mem-
brane material behavior has been discussed with respect to the dense membrane’s gas
transport properties. The rate of glassy polymer aging depends greatly on its thermal
history, aging temperature, and the initial thickness of its film.

Specific emphasis is placed on the physical aging of thin film composite membranes
and the stabilization of their gas transport properties. In the case of thin-film composite
membranes, the same dependence of the aging rate on the selective layer thickess is also
observed. However, it is possible to choose a membrane composition that will significantly
reduce the polymer aging, which was demonstrated by the example of a two-layer TFC
membrane based on Matrimid® and cross-linked PTMSP as a gutter layer.
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