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Abstract: Biogas and biohydrogen, due to their renewable nature and zero carbon footprint, are
considered two of the gaseous biofuels that will replace conventional fossil fuels. Biogas from
anaerobic digestion must be purified and converted into high-quality biomethane prior to use as
a vehicle fuel or injection into natural gas networks. Likewise, the enrichment of biohydrogen
from dark fermentation requires the removal of CO,, which is the main pollutant of this new
gaseous biofuel. Currently, the removal of CO, from both biogas and biohydrogen is carried out
by means of physical/chemical technologies, which exhibit high operating costs and corrosion
problems. Biological technologies for CO, removal from biogas, such as photosynthetic enrichment
and hydrogenotrophic enrichment, are still in an experimental development phase. In this context,
membrane separation has emerged as the only physical/chemical technology with the potential
to improve the performance of CO, separation from both biogas and biohydrogen, and to reduce
investment and operating costs, as a result of the recent advances in the field of nanotechnology and
materials science. This review will focus on the fundamentals, potential and limitations of CO, and
H; membrane separation technologies. The latest advances on membrane materials for biogas and
biohydrogen purification will be systematically reviewed.

Keywords: biogas; biomethane; biohydrogen; membrane separation; mixed matrix membranes;
upgrading technologies; thermal rearrangement

1. Biogas and Biohydrogen as Green Energy Vectors

Biogas is produced via Anaerobic Digestion (AD) of residual biomass from diverse
origins such as urban solid waste, livestock waste, agricultural waste, and wastewater. AD
is a biological process (based on the action of micro-organisms) able to convert this residual
biomass, by means of oxidations and reductions of organic carbon, to carbon dioxide
and methane (CO, and CHy, respectively) in the absence of oxygen [1,2]. This biological
conversion is carried out through a sequence of hydrolysis, acidogenesis, acetogenesis
and methanogenesis steps in an anaerobic digester [3]. Biogas is typically composed of
CH4 and CO; in a concentration range of 45-85% and 25-50%, respectively, and minor
concentrations of other components such as HyO (5-10%), Nj (~0-1%), O, (~0-0.5%), HS
(0-10,000 ppm), NH3 (0~100 ppm) and hydrocarbons (0-200 mg Nm~3) [4,5]. The biogas
produced by AD represents an excellent alternative to fossil-based energy vectors [2], since
biogas can be employed for the production of electricity, steam and heat, as a feedstock in
fuel cells, as a green substitute of natural gas for domestic and industrial use or as a vehicle
fuel [1]. The contribution of biogas in the European Union could account for 10% of the
natural gas demand by 2030 and up to 30-40% by 2050.

Based on the latest report of the World Biogas Association [6], 50 million micro-scale
digesters generating biogas for cooking or heating were in operation, mainly in China
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(42 million) and India (4.9 million). On the other hand, 18,774 large-scale plants devoted
to generating 11 GW (a biomethane plant produces an average of 36 GWh per year) of
electricity were in operation in 2021 in Europe, Germany being the leader in the European
market with 11,279 in 2020 plants (140 plants/1 Mio capita), followed by Italy (1666 in 2020)
and France (833 new plants in 2020) [4,7]. China with 6972 large scale digesters and the
USA with 2200 AD plants in 2015 represented the second and third largest biogas producer
in the world, respectively. The global electricity generation from biogas increased by 90%
in six years (from 46,108 GWh in 2010 to 87,500 GWh in 2016) and by 11.5 % from 2016 to
2020 (from 87,500 GWh in 2016 to 96,565 GWh in 2020) [6,8].

Biogas can be purified and converted into a high-quality biomethane via three se-
quential processes: desulfurization (elimination of the H,S), CO, removal and biomethane
polishing (removal of the minor biogas contaminants) [9]. The European EN-16723 Standard
for biomethane introduction into natural gas networks (UNE-EN 16723-1-2016) and auto-
motive/vehicle fuel (UNE-EN 16723-2-2017) requires an effective cleaning of biogas. This
UNE-EN 16723-1-2016 standard has resulted in a specific Spanish standard for biomethane
injection into the natural gas grid, requiring a minimum methane content of 90% and a
maximum CO, content of 2% (v/v) [10]. In 2017, the number of biogas upgrading plants in
the world accounted for 700 plants, Europe being the leading region with 540 upgrading
plants in operation.

At the end of 2020 (the most recent data available), 880 biogas upgrading plants with
a production capacity of 2.43 billion m? were in operation in Europe (161 additional plants
relative to 2019) [4,7]. By 2021 the increase in the number of biomethane plants is expected
to be even faster since 115 plants have started operation by August 2021 [7].

On the other hand, biologically produced hydrogen (commonly referred to as biohy-
drogen) generated via Dark Fermentation (DF) represents another alternative bioenergy
source [11]. Biohydrogen (bioH;) has the potential to become a relevant H, generation
platform for the creation of a green economy [12]. In this context, hydrogen has multiple
advantages as a clean energy vector such as: (i) the combustion of H, gas can be pollution-
free in fuel cells, (ii) its energy efficiency in Hy fuel cells is approx. 50% higher than that of
gasoline, (iii) it has a specific energy content of 122 kJ /g (~2.75-fold larger than conventional
fossil fuels), (iv) its conversion efficiency to electricity could be doubled using fuel cells
instead of gas turbines, and finally (v) it can be stored as a metal hydride.

Dark fermentation is based on hydrogen and carbon dioxide (CO,) production via
anaerobic bacteria [13] and /or algae growing in the absence of light and with high carbo-
hydrate content as substrate [14,15]. The biohydrogen produced is mainly composed of
hydrogen (40-60%) and carbon dioxide (47-60%) with traces of methane and H,S [16,17].
Currently, only 1% of hydrogen is produced from biomass [15]. This fact is probably due to
the relatively late research on bioH; production by dark fermentation, where research is
still conducted at a laboratory scale with a limited number of experiments at pilot scale [18].
Despite the fact that the H yield from dark fermentation is higher than that of other
processes, the main disadvantage of the gas generated during dark fermentation is its
low hydrogen concentration (40-60%; v/v) [19], which hinders its direct use in fuel cells
for electricity generation (where the purity of hydrogen is crucial to achieve high energy
yields) [16]. Therefore, it is crucial to separate H, from the multiple gas by-products from
DEFE, mainly COj, in order to obtain purified hydrogen. For instance, a hydrogen content of
73% can be obtained in a two-step gas membrane separation module [19].

The sustained use of non-polluting renewable energy vector such as biogas and bioH,
is required to reduce the demand and dependence from fossil fuels [20]. Based on the
International Energy Agency, the share of renewable and low-carbon transport fuels should
increase up to 6.8% in 2030 in Europe, with advanced biofuels representing at least 3.6%
of the total fuel consumption. The development of low footprint and cost technologies
for the conversion of biogas to a purified biomethane and bioH, to pure Hj is essential to
guarantee the competitiveness of these green gas vectors as an energy source.
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2. Biogas and Biohydrogen Purification with Membrane Technology

Nowadays, there are two main types of technologies for biogas purification, physico-
chemical and biological methods, while bioH; purification is only performed by physic-
ochemical methods. Physicochemical technologies exhibit high energy and chemical de-
mand, and therefore they present large operating costs and environmental impacts. As an
example, this section will only focus on CO, removal technologies.

Pressure swing adsorption (PSA), cryogenic CO, separation, scrubbing with HyO,
chemical solutions or organic solvents, and membrane separation, dominate the biogas up-
grading market nowadays [21], while cryogenic distillation, PSA and membrane separation
are the most popular processes for Hy purification at commercial scale [22-24].

Separation of gas mixtures through membranes has become a relevant unitary opera-
tion for the recovery of valuable gases and mitigation of atmospheric pollution, which offers
several advantages over conventional gas separation methods [25]. Indeed, Membrane
Separation (MS) is considered nowadays the most promising gas purification technology.
Membrane separation relies on the interaction (physical or chemical) of certain gases with
the membrane material [26]. The membranes used are selective physical barriers with cer-
tain components that permeate across them [27]. Gas separation by membrane technology
is characterized by selectivity properties and flux, which supports a functional transport of
the target gases across the barrier (permeability). This technology presents a low energy
consumption, a simple operation, cost effectiveness, smaller footprint, a negligible chemical
consumption and low environmental impacts [28,29]. The potential of MS to achieve high
efficiencies of gas separation foster their use in different industrial applications including
refineries and chemical industries, and recent advances in material science render MS a com-
petitive technology [30]. The lifetime of commercial membranes account for 5-10 years [31].
Today, the use of membranes in industry includes the separation of N, or O, from air,
separation of H, from gases such as CHy, separation of CHy from biogas, separation of
H)S and CO, from natural gas, etc. The use of membranes in separation processes is
rapidly growing, especially in Europe (Figure 1). Among the available technologies for the
purification of biogas to biomethane, membrane separation is currently the most widely
used technology (39%), followed by water scrubbing (22%) and chemical scrubbing (18%).
Pressure swing adsorption (12%), cryogenic separation (1%) and physical washing (1%)
complete the market share (with the exception of 7% of European biomethane plants, with
no data available in the EBA database) [7]. For instance, Baker (2002), calculated that the
market share of membrane gas separation processes in 2020 would be five times higher than
that of year 2000 [32]. Indeed, the market share of MS for biogas upgrading application
has increased from 10% in 2012 to 25% in 2017 [33]. Likewise, MS has grown exponentially
since the initial commercial application of Prism membranes by Permea (Monsanto) for Hj
separation from the off-gas stream of NHj3 production plants [26].

A detailed economic study of the total costs of biogas purification is a difficult task
nowadays due to the large number of parameters to be considered. However, Miltner
and co-workers (2017) have published some general estimates and a comparison of the
most common physicochemical technologies such as pressurized water scrubbing, amine
scrubbing, pressure swing adsorption and gas permeation. This study included investment
costs (15 years’ depreciation), plant reliability of 98%, operational consumptions in terms
of electricity and consumables (electricity price 15 €ct/kWh), as well as maintenance and
overhaul (without engineering costs, taxes and revenues). Thus, the costs for an installation
with a capacity of 250 m? grp/h are in the range of 25 €ct/ m3 grp, while these costs drop
below 15 €ct/m3 gyp for capacities above 2000 m? grp/h. This work concluded that gas
permeation is slightly more advantageous for sizes below 1000 m® srp/h. Overall, small-
scale biogas upgrading entails higher capital and operational costs [34].
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Figure 1. Market share of different upgrading technologies in Europe in 2020. Figure adapted from
EBA, 2021.

Ideally, membrane materials for gas separation should exhibit a high selectivity and
big fluxes, excellent chemical, mechanical and thermal stability, a defect-free production
and be cost effective. Membranes are classified according to the type of material, config-
uration, structure, composition, support material and industrial reactions, among others
(Figure 2) [35-37]. Four kinds of membranes are typically proposed for development and
commercialization in hydrogen purification: (i) polymeric membranes (organic), (ii) porous
membranes (ceramic, carbon, metal) (iii) dense metal membranes and (iv) ion conductive
membranes, the last three also referred to as inorganic membranes [27]. In this context,
dense-metal membranes and polymeric have experienced the largest advances in terms
of scale-up [38]. The most commonly used polymeric membranes for gas separation are
nonporous membranes, which are classified as glassy or rubbery. Of them, glassy polymers
are most typically used for gas separation applications. These polymers include polysul-
fones (PSF), polycarbonates (PC) and polyimides (PI), which are often employed for the
separation of Hy/CHy, Hy /Ny and O;/Nj [39]. On the other hand, membranes can be
configured as hollow fibers, capillaries, flat sheets and tubular and can be installed in a
suitable membrane module. The most commonly used modules are pleated cartridges,
tubular and capillary, hollow-fiber and plate-and-frame and spiral-wound systems [40].

H, separation was one of the pioneered applications in gas separation membranes,
DuPont (E. I. du Pont de Nemours and Co., Wilmington, DE, USA) being the pioneer in
manufacturing small-diameter hollow-fiber membranes. Due to the limited productiv-
ity (or permeance) of these membranes and their high cost, Monsanto Co. (Monsanto
Company, St. Louis, MO, USA) developed polysulfone hollow-fiber membranes, which
considerably increased the transport through the fibers, and consequently were successfully
implemented at industrial-scale for hydrogen recovery from ammonia purge gases [41].
Then, Separex Corp (Champigneulles, France) developed Separex® spiral-wound cellulose
acetate membranes (including separations for natural gas and dehydration [41] providing
better performance than hollow fiber membranes due to their high resistance of hydrogen
impurities [42]. Polymeric membranes, especially polyimides, have been employed to
separate hydrogen from gaseous mixtures (N, CO and hydrocarbons) based on their
economic viability, easy processibility and satisfactory thermal stability (350-450 °C) [43].
Polyimide membranes with excellent heat resistances were introduced by Ube in Japan
(Ube Industries, Ltd., Tokyo, Japan), and the refinery at Seibu Oils (Seibu Oil Company
Limited, Onoba, Japan) was the first facility to apply them commercially [41]. Commercial
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Figure 2. Classification of membranes for gas separation. Adapted from Vinoba and co-workers, 2017.

At the beginning of the 1990s, gas mixture separation membranes with a poor recovery
of methane and low selectivity were installed for the upgrading of landfill biogas [45].
In 2007, Air Liquide Medal™ further developed and tested new selective membranes
combining high CHy recoveries with high CHy4 concentrations.

Today, membrane-based biogas upgrading can provide methane concentrations of
97-98% in the biomethane with a concomitant methane recovery above 98%, based on the
high permeabilities of CO; in commercial membrane materials. The permeation rate mainly
depends on the molecular size of the gas components and on the membrane construction
material [46]. Membrane-based biogas upgrading at commercial scale is carried out at
6-20 bar, which entails energy consumption of 0.18-0.20 kWh/Nm? of raw biogas or
0.14-0.26 kWh/Nm? of biomethane [9].

In this regard, despite polymeric membranes having consistently demonstrated promis-
ing results and being commercially available at large-scale for hydrogen and biogas purifi-
cation, their use is limited to 8-9 polymeric materials (e.g., cellulose acetate, polyimides,
perfluoropolymer etc.) [47,48]. Therefore, further research in the field of material science
needs to be conducted to achieve new membranes with superior gas separation properties:
higher permeability, selectivity and stability (mainly restricted plasticization) [47].

3. Fundamentals of Membrane-Based Gas Separation

The membrane gas separation process is based on the separation of gases by selective
permeation of one or more gaseous components through a thin membrane (porous or dense
membrane) [49]. The separation potential of the membrane is governed by its transport
properties of the components of a mixture. This transport rate is in turn dictated by the
permeability and selectivity of the membrane material and its driving force [38].

Gas separation takes place according to the morphology of the membrane materials
and can be based on three transport mechanisms depending on the porous size: solution-
diffusion, molecular sieve and Knudsen diffusion (Figure 3). In this context, the transport of
gases by Knudsen diffusion takes place in porous membranes (pore diameter in the range of
50-100 A), with smaller pore size than the gas molecules. In this mechanism, gas molecules
interact more frequently with the pore walls, colliding with each other, allowing diffusion
of lighter molecules to occur through the pores. The molecular sieving mechanism, with
pore size between 3.0-5.2 A, is based on the size exclusion of gas molecules, leading to
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the separation of gas molecules of different kinetic sizes. Indeed, the pores only allow the
passage of molecules smaller than that size, preventing the passage of larger ones [26,29].
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Figure 3. Schematic representation of the three mechanisms for gas mixture separation in membranes:
diffusion—Knudsen diffusion, molecular sieving, and solution-diffusion. Orange circle (molecule A),
Red circle (molecule B). The figure was adapted from Sridhar and co-workers, 2014, and Ismail and
co-workers, 2015.

Gas transport in non-porous dense polymeric membranes is most commonly de-
scribed by solution-diffusion mechanisms (used exclusively in current commercial devices),
which allows gases to pass through the membrane free volume units and consists of three
steps [50]: (i) sorption in upstream side; (ii) diffusion through the membrane and (iii) des-
orption at the downstream side. Figure 4 shows a schematic overview of mass transfer by
solution-diffusion, where gas molecules sorb into the high-pressure face of the membrane,
then diffuse through along the membrane and later desorb from the low-pressure face of
the membrane [51]. This mechanism of solution-diffusion is determined by the occurrence
of differences in the thermodynamic activities at the upstream and downstream faces of the
membrane, and the interacting force working among the gas molecules, which depends on
the membrane components and the permeate molecules [52].

A key parameter to evaluate membrane transport properties is the Permeability co-
efficient (P), which refers to the gas flux across a membrane considering the membrane
thickness and pressure gradient (p; g-p; ;) through the membrane (Equation (1)).

NI
p = Ap 1)

where N; is molar flux of a gas component i through the membrane, [ is the membrane
thickness and Ap is the pressure gradient, calculates as the difference between p; (the
upstream pressure) and p; ; (the downstream pressure) [53].

The Permeability coefficient ranges from 10~ to 10* Barrer as a function of the gas
component and the polymer structure [52]. Permeability coefficients are expressed in mol

(m?-s-Pa) in the international system of units. However, P is typically given in Barrer, where

3

1 Barrer = 10102 st
cm#-s-cmHg
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Figure 4. Detailed overview of mass transfer by solution-diffusion model.

The solution-diffusion model considers that the conditions of equilibrium between
sorption and desorption are maintained. In this context, a solubility coefficient, S;, is
introduced, which is the ratio between the concentration of gas component dissolved in
the membrane material, C;, and the pressure of the gas, p;, in contact with the polymer
(Equation (2)). The solubility of a gas component i in the polymeric material depends
mainly on the gas molecule condensability.

5 = S0 - S @
Pio pij

where C;y and C;; stand for concentration of the gas component i at the feed and permeate
side, respectively.

On the other hand, the molar flux, Nj, can be expressed as a function of the diffusivity
coefficient (D;) described by the Fick’s Law (Equation (3)):

N; = Disiw (3)

According to the solution-diffusion model, the ability of a gas molecule to pass through

the membrane depends on a kinetic factor, the diffusivity, (D;), which characterizes the

movement of the gas molecules diffusing through the polymer, and a thermodynamic

factor, the solubility, (S;), which characterizes the number of gas molecules passing through

the membrane. Thus, P can be represented as the product of the diffusion coefficient, D;,
and gas solubility coefficient, S; (Equation (4)) [53,54].

P =D;S; 4)

On the other hand, a parameter characteristic of gas separation is the ability of a
membrane to separate two gas components (A and B). Typically, selectivity is also treated
as a material property of the polymer and is represented by Equation (5). The parameter o
is defined as the permeability ratio of the faster permeable gas (P4) between the slower
permeable gas (Pp), so that xap > 1 [52].

XAB = - @)
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Usually, pure gas permeabilities are used in Equation (5) giving the so-called ideal
selectivity (a). According with the solution-diffusion model, Equation (5) can be reworded
using Equation (4), and the selectivity of diffusivity and solubility can be expressed using
Equation (6):

o = — = ajzpu
AB Dgp Sg AB % AB

Day Sx
o = %4p ©)
where D4 /Dp stands for the diffusion coefficients ratio of gas components A and B, while
Sa/Sp is the ratio of their solubility coefficients. Membrane selectivity determines the
energy needed to support gas separation and directly impacts on the operating cost of a
membrane system [55].

4. Challenges in Polymer Membranes for Gas Separation

The membrane transport properties are governed by factors such as the change in
feed composition and the degree of swelling at the gas-membrane interface. In addition,
other phenomena such as plasticization and ageing influence the transport properties
of membranes. In this context, large contents of condensable gases such as CO, may
plasticize the membrane material. Nowadays, research in membrane-based gas separation
targets the development of new membranes with increasing permeabilities and selectivities,
with increasing permeabilities without compromising the selectivity or improving the
selectivity maintaining the permeability values. Indeed, the increase in permeability
without compromising selectivity is typically considered one of the main target routes to
expand the market share of membrane materials for gas separation [56].

4.1. Trade-Off Relationship

Membrane gas separation has been used for the purification of hydrogen (in H, /COy,
H,/CH4 and H, /N; gas mixtures) in refineries and the petrochemical industry, for the
separation of CO, /CHy mixtures (in natural gas sweetening and biogas upgrading) and
for the treatment of flue gas (CO,/Ny) [24,30,57-59].

As stated above, permeability and selectivity represent key parameters for optimal gas
separation. However, these parameters typically experience a trade-off relationship since
highly permeable polymers tend to have less selectivity and vice versa. In this context, an
experimental upper-bound relationship between selectivity and permeability was proposed
by Robeson in order to benchmark membranes for gas separation [60,61]. This upper bound
has been employed to relate gas permeability values in a different format. Later on, Robeson
1991 and Freeman provided a fundamental theory for this observation [62]. As more data
on the gas separation characteristics of the polymers employed in the analysis published
in 1991 were available, an updated compilation was published in 2008 [60], where the
most significant changes were triggered by the information of perfluorinated polymers not
reported in 1991. These data confirmed that when the permeability of a gas increases, the
permeability of other gases also increases, since the diffusion coefficient of gases is related
to the polymer free volume [53]. Figure 5, displays an example of a Robeson-type trade-off
graph for CO,/CHj, where the CO,/CHjy selectivity is shown against the CO, permeable
support material [60,61].

Swaidan reported in 2015 new permeability/selectivity “upper bounds” for commer-
cial membrane modules for air and hydrogen separation (H /Ny, Hy /CHy4 and O, /Nj) [63].
The Robeson upper bound behavior was redefined by Comesafia-Gandara in 2019 for
COy /Ny and CO,/CHjy separations using ultra-permeable Polymers of Intrinsic Microp-
orosity (PIM) [64].

By transferring this trade-off relationship to the Robeson upper bound, the optimum
balance involving a high selectivity in combination with a high permeability is determined.
Nowadays, the research in this field is focused on developing new polymer materials
capable of exceeding the upper bounds for the most relevant gas pairs. The key variables
of the upper bound plots from the upper bound correlations P; = k af jare tabulated in
Table 1, for the present upper bound data against the previous upper bound data.
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Table 1. Tabulation of the values of upper bound slope 1 and the front factor k. Table adapted from

Robeson, 2008.
Gas Pair k (Barrer) n
Before 2008 Robeson’s bond
[61,65]
0, /N, 389,224 —5.800
CO,/CHy,4 1,073,700 —2.6264
H, /N, 52,918 —1.5275
H,/CHy,4 18,500 —1.2112
He/N, 12,500 —1.0242
He/CHy 5002 —0.7857
He/H, 960 —4.9535
CO, /N, NA NA
N, /CH, NA NA
H,/CO, 1200 —1.9363
He/CO, 705 -1.220
H,/0, 35,760 —-2.277
He/O, 4600 —1.295
2008 Robeson’s bond [60]
0O, /N, 1,396,000 —5.666
CO,/CHy4 5,369,140 —2.636
Hy/Np 97,650 —1.4841
H,/CHy,4 27,200 -1.107
He/N, 19,890 -1.017
He/CHy 19,800 —0.809
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Table 1. Cont.

Gas Pair k (Barrer) n
He/H, 59,910 —4.864
CO, /N, 30,967,000 —2.888
N, /CHy4 2570 —4.507
H,/CO, 4515 —2.302
He/CO, 3760 —-1.192
H,/0, NA NA
He/O, NA NA

4.2. Physical Aging and Plasticization

Plasticization is a frequently observed problem affecting the performance of mem-
branes for gas separation (mostly from glassy polymers) [66,67]. Plasticization occurs when
the gas concentration inside a polymer increases, causing swelling. As a result, the free
volume and chain movement in the polymer material increase and in turn, the coefficients
of gas diffusion increase and diffusion selectivity decreases [53,68]. A typical phenomenon
observed during plasticization of glassy polymers is the increase in the permeability of a
pure (or mixed) gas as the partial pressure (upstream) of the gas increases [67] caused by
the loss of the polymer selectivity. The permeability increase is driven by the increase in
diffusion coefficient, which in turn is governed by the penetrant (upstream) pressure [69].
CO; is the gas most commonly investigated in plasticization studies [70-73]. Gas sorption
is known to increase after exposing a glassy polymer to CO; at a given pressure for a certain
timeframe, which can even affect the mechanical properties of the polymer [74]. For glassy
polymers, plasticization typically occurs at pressures of 10-40 bars and CO, concentration
of 38 &+ 7 cm?® (STP)/cm? polymer- Since pressure is related to CO, concentration in the
polymer, it has been hypothesized that each polymer needs the same CO, concentration to
induce plasticization but a different pressure to achieve it. As a rule of thumb, polymers
that absorb more CO, are more likely to plasticize than those that absorb less CO; at a
given pressure [53]. The thickness of a glassy polymer film (membrane) represents a key
factor in the plasticization process because thinner films tend to be more sensitive to CO,
pressure changes. Thus, a thin film tends to plasticize more quickly [75].

There is a wide variety of glassy polymers with outstanding performance in gas sepa-
rations. These materials, by their nature, are not in equilibrium and have a high free volume
due to their inefficient packing (caused by the movement of their chains), which avoids
fully equilibrium properties to be reached [76]. This gradual approach to equilibrium influ-
ences various properties that change over time and consequently the material undergoes
“physical aging”. This frequent drawback affecting the membrane performance is a steady
continuation of the glass transition that sets in around Tg. Thus, physical ageing influences
all temperature-dependent properties that change significantly and sharply at Tg. Ageing
can be explained by the free-volume theory (Figure 6). The free-volume concept assumes
that the transport mobility of the particles depends mainly on the degree of packing of the
system. If packing is efficient, the number and size of free volume elements are reduced,
and thus the gas diffuses slower through the membrane over time [76]. The rate of physical
ageing should then decrease over time because, when the free volume gradually decreases,
the driving force governing physical ageing decreases, and also the pace of segmental
movements that help reorganize the polymer chains decreases [53].

Physical ageing, apart from reducing gas permeability, also impacts other physical
properties with an increase in internal energy concomitant with an increase in entropy [77].
Therefore, as the polymer ages, the free volume decreases along with permeability (although
at slower rates as time goes on), which is accompanied by an increase in selectivity as a
consequence of the reduction of membrane flux over time [53].
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Figure 6. The qualitative free volume concept. adapted from Struik, 1978. An increasing degree of
packing entails a decrease in the mobility. At a critical degree of packing, the mobility steeply falls
to zero.

Membrane thickness represents another factor influencing physical ageing. According
to Baker and Low (2014), the free volume elements migrate to the surface as bubbles,
leaving a viscous liquid, with the migration distance being proportional to the square of the
thickness of the membrane. Therefore, rearrangement and loss of permeability occurs in a
short time in thin membranes [46]. In this context, Tiwari and co-workers investigated the
impact of physical ageing on gas permeability in thin and thick membranes manufactured
with “high free-volume” glassy polymers (e.g., PIM-1). The results of this study showed
a dominant ageing effect in thin films, where even physical ageing overcame the CO,
plasticization effects [71]. Figure 7 displays an example of the time course of the decrease
in membrane permeability. This effect, using Matrimid® coated with polydimethylsiloxane
(PDMS) membranes, was investigated by Rowe and co-workers (2009), who observed that
ageing rapidly increases in thinner membranes [76]. Likewise, Xia and co-workers (2014)
investigated both the effect of the membrane thickness on ageing and the influence of the
ageing time on the plasticization using a commercial polyimide membrane, Matrimid®, for
gas separation [78]. This study concluded that membranes become more vulnerable to CO,
plasticization as their thickness decreases and the ageing time increases [78]. Finally, it is
worth mentioning that the ageing process can be reversed by heating the membrane above
Tg [79].

4.3. Novel Polymeric Membrane Materials for Gas Separation

Good mechanical strength, sorption capacity and chemical resistance rank among
the most relevant criteria for selecting polymeric material for gas separation. However,
the membrane permeability, the capacity of the polymer to withstand swelling mediated
plasticization and the processability of the polymer into a useful asymmetric or thin film
composite morphology have been identified as key properties of membrane materials.
Moreover, the polymer material should exhibit a good interaction with at least one of
the components of the mixture in order to induce an effective separation [29]. Today,
research in the field of gas separation is devoted to the development of novel membranes
materials with superior permeability and selectivity performance exceeding the latest
published Robeson upper bound limit, and consequently overcome the trade-off effect of
conventional membranes [60,61,63-65].
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Figure 7. Effect of physical aging on CH, permeability in Matrimid® films as a function on time and
thickness at 35 °C and 2 atm (Adapted from Rowe and co-workers, 2009).

According to Galizia and co-workers [55], most of the polymers developed for gas
separation membranes in the last 30 years were evaluated without systematically proving
their superior performance compared to the existing materials. Due to their high flexibility,
one of the most synthesized families of materials for creating and understanding structure-
property relationships are polyimides [55]. However, it has not been possible to significantly
improve the structure-property balance of polyimides-based membranes. Therefore, despite
polymeric membranes can be utilized in the separation of almost any gas mixtures such
as O, /Ny separation, hydrogen purification (Hp /N, Hy /CHy, and H, /CO), CO,/CHy
biogas mixtures and vapor/gas separation, it is necessary to move beyond conventional
polymers. In this context, new membrane materials for gas separation must provide
higher permeabilities and permselectivities than conventional membranes. In addition, the
production of new membranes for gas separation must consider good film-forming, good
mechanical properties, absence of microdefects in the thin film, outstanding thermal and
chemical stability, and absence of ageing [52].

Poly(benzimidazoles) (PBIs) often exhibit glass transition temperatures (Tg) greater
than 400 °C, and a good thermal, mechanical and chemical stability, which is not typi-
cal among glassy polymers. Celazole® (PBI Performance Products, Inc., Charlotte, NC,
USA) (sometimes named as m-PBI) is an example of membranes derived from PBIs that
exhibit promising gas transport properties. However, Celazole® exhibits a low solubility
in common solvents due to its structural features and intermolecular hydrogen bonding
forces [80,81]. Borjigin and co-workers synthesized a novel PBI with sulfonyl moieties by
performing a structural modification using 3,3 4,4’ -tetraamino-diphenylsulfone (TADPS)
as monomer, which entailed a good solubility in common solvents such as N-methyl-2-
Pyrrolidinone, NMP, N,N-dimethylacetamide, DMAc and dimethylsulphoxide, DMSO.
Unfortunately, despite the good thermal stability and high permeabilities of PBIs, these
materials are still susceptible to physical ageing [82].

Aromatic Polyamides (PA) were one of the first aromatic linear polymers considered
thermally stable. PA typically exhibit a high cohesive energy density, a strong tendency
for highly efficient polymer chain packing and a semicrystalline morphology [83]. Addi-
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tionally, PA reported also a fair balance of properties: good chemical stability, high thermal
resistance, good mechanical properties and an easier processability than aromatic poly-
imides [84,85]. However, PA support a low gas permeability of small molecules compared
to polyimides. In recent years, there have been many attempts to improve PA gas separa-
tion performance by introducing bulky moieties, contoured structures or by introducing
hexa-fluoropropane parts into the macromolecular chain, but with a limited success [86,87].
Likewise, Lozano and co-workers carried out in situ sialylation of diamines by adding
trimethylchlorosilane (TMSCI) to the diamine solutions that, after the addition of a diacid
chloride, resulted in high molecular weight aromatic polyamides, which guarantees high
performance [88].

On the other hand, the so-called nanoporous polymers, as a result of their extremely
fine nanoporous structure, have shown an outstanding performance in terms of gas separa-
tion. Examples of these materials are:

(i) Polymers of Intrinsic Microporosity (PIMs): PIMs were initially developed by McK-
eown and Budd [89] and have been demonstrated to be good candidates for gas
separation due to their strong interactions with gas molecules and their nanometer
pore size [89-91]. However, their physical ageing and the instability of their permeabil-
ity properties over time are the major obstacles to their commercialization [46,70,71].

(i) Thermally Rearranged polymers (TR): TRs were initially introduced by Park and
co-workers in 2007 [92] and show a high selectivity and an extraordinarily high
permeability. Additionally, TRs exhibit a good resistance to plasticization as well as a
strong chemical and thermal resistance.

Recently, significant advances were achieved in the optimization of Mixed Matrix
Membranes (MMMs) [35]. MMM s allow tuning the transport properties of conventional
polymers for target applications by combining the high permeability of the polymer and
the good selectivity of the filler materials.

5. Mixed Matrix Membranes for Gas Separation

Polymeric membranes have been successful in some gas separation processes such
as natural gas sweetening but are still subject to the trade-off between permeability and
selectivity, and the impact of physical ageing and plasticization, which makes them unsta-
ble for industrial applications. Recently, Barker (2014) reviewed the barriers limiting the
development of membranes with high selectivity and permeance from the last 35 years
and identified the need to develop new materials for new and future membrane applica-
tions [46]. Therefore, most research efforts are devoted nowadays to the development of
new polymeric materials and membranes material such as zeolites, metal organic frame-
work (MOF), carbon molecular sieves, carbon nanotubes and graphenes to improve the gas
separation performance of membranes [93].

In this context, hybrid materials known as MMMs have been manufactured by adding
inorganic materials as the disperse phase into polymers in order to take advantage of
the processability of polymers and simultaneously overcome the trade-off between per-
meability and selectivity. The mixed matrix membranes concept has been described in
multiple scientific publications. According to the most recent definitions, MMM s results
from the combination of an inorganic or inorganic-organic hybrid material (micro or
nanoparticles)—in the form of dispersed particles called additive or filler—and a polymeric
matrix-continuous phase (Figure 8) [30,93]. PIMs and HPI are the most commonly used
polymeric matrices, and zeolites the most common fillers. Moreover, MMMs have been
recently thermally treated to obtain MMM-TR with outstanding gas transport properties
for gas pairs such as CO,/CHy, O/Np, Hy /CO», etc. [94-98].
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Figure 8. Illustration of a mixed matrix membrane (adapted from Lin and co-workers, 2018) [99].

MMMs have emerged as a promising material for gas separation in membrane tech-
nology. The main objective of the manufacture of MMMs is to provide solutions to the
existing permeability versus selectivity trade-off relationship of gas separation polymeric
membranes by taking advantage of the superior properties of inorganic particles [100,101].
In addition, MMMs compensate the unavoidable fragility limitation of inorganic mem-
branes using a flexible polymer as the continuous matrix. These features provide MMMs
with the potential to achieve a greater selectivity, permeability (caused by increasing the
diffusion coefficients) or both, compared to existing polymeric membranes and to exceed
the upper limit proposed by Robeson. These organic and inorganic materials employed as
fillers could have a unique structure, surface chemistry and mechanical strength. Inorganic
fillers contribute to enhanced diffusivity selectivity by acting as molecular sieves due to
their precise pore size and shape and geometry, thus overcoming the properties of com-
mon polymeric membranes [55,102]. Overall, MMMSs support unprecedented increases in
permeability while maintaining selectivity by introducing fillers into the polymeric matrix,
due to the increase in diffusion coefficients.

The first reports of the manufacture of MMMs were published in the 1970s. For
instance, Paul and Kemp (1973) added a commercial zeolite (Molecular Sieve Type 5A) as
a filler to a PDMS rubber used as polymer matrix [103]. A good interaction between the
polymer and the zeolite was observed due to the flexibility of the rubber polymer and a
large increase of a delayed diffusion time lag effect. However, high fluxes of gas in the
polymer matrix can result in a low improvement in the selectivity [30]. In the last decade,
manufacture of MMMs, researcher on of their mechanical and transport properties, as
well as the investigation of their nanostructure have increased a significant attention in the
membrane research field [52].

5.1. Factors Influencing Mixed-Matrix Membrane Manufacture

Multiple factors during the preparation of MMM:s can cause: interfacial defects caused
by particle sedimentation (due to the differences in physical properties and density with
the polymer), migration of filler particles or agglomeration in the surface, especially when
the fillers load is high due to the fact that this scenario increases the diffusion distance
within the solid phase agglomerate [100].

According to Noble (2011), the compatibility between the disperse and continuous
phases in terms of permeability is an important factor to consider due to the fact that
the resistance to mass transfer is typically much higher in phases with much lower gas
permeability [104]. In addition, there is a relationship between the filler particle size and
membrane thickness, as smaller particles provide a higher surface area/volume ratio, which
supports a greater mass transfer between phases. Finally, an effective contact between the
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two phases is necessary to prevent any gaps between them that could block the access to
the pores [104].

Today, the achievement of the desired morphology, mechanical /chemical stability,
and gas separation properties in MMMs requires overcoming multiple manufacturing chal-
lenges such as: obtaining a flawless interface to guarantee a good separation performance
of the membranes, obtaining a homogeneous dispersion between the two phases, avoiding
agglomerations responsible for low selectivity and finally selecting materials with excellent
separation properties and good compatibility between the phases [102,105].

5.1.1. Morphologies of the Mixed-Matrix Membrane

The desired morphology of MMMs would include the absence of defects in the
polymer-—particle interface and must ensure gas transport across the dispersed phase
instead through the continuous phase (polymeric matrix) (Figure 9) [101]. The advantages
of morphology can be understood in terms of the ideal Maxwell model that represents
the simplest case for mixed matrix transport properties [106]. This model, described by
Robeson as a dilute suspension of particles in a polymeric matrix, was mainly developed
for estimating dielectric properties of composites and describes the effective permeability
of MMM, P, as follows [107,108]:

Py — P Py + 2P, — 2&, (P. — Py)

7
|\ Py 28 F By (P = Py) @)

where P, is the continuous phase permeability (i.e., polymer matrix), represents the dis-
persed phase permeability (i.e., filler) and @, is the dispersed phase volume fraction.
Note that Equation (7) goes to the appropriate value of P in the limits as ¢; = 0 or 1.
Maxwell’s model can be complicated by assuming that the dispersed phase, being uni-
formly distributed, is encapsulated by an “interface” (region between polymer matrix and
inorganic fillers) with characteristics different from both the dispersed and continuous
phases [104,106]. The formation of the interface is attributed to the inhibition of the mobility
of the polymer chains in compressive stress near the polymer—particle interface. Figure 10
shows a representation of the polymer matrix, the dispersed phase and the rigidified
interface (three-phase MMM system) [109].

One of the disadvantages of this model for MMMs is the need to determine the
transport properties (e.g., through kinetic sorption in monodispersed crystals) in order
to obtain a good characterization of the dispersed phase [106]. Moreover, it is also only
applicable to low filler loadings with free volume fractions lower than 0.2. In this context,
high values of ®@; render the ideal Maxwell model useless. In addition, the Maxwell model
does not consider the morphological properties of the filler such as particle shape, particle
size distribution or the aggregation of filler particles [100].

Thus, the preparation of ideal MMM s entails a difficult procedure as a result of the
formation of defects at the polymer—particle interface, which are typically caused by a
weak particle-polymer adhesion, induced by the difference in properties between both
phases [102]. These interface defects between the continuous and dispersed phases can
impact membrane properties such as the membrane separation performance.

The most common factors responsible for interfacial defects can be divided into three
main categories: (i) Interfacial voids or sieves-in-a-cage, (ii) Rigidified polymer layer around
the inorganic fillers, and (iii) Particle pore blockage [100,105,106].

A low linkage between the continuous phase and the dispersed phase could lead
to the formation of non-selective voids in the interfacial region (Figure 11, case i). Other
factors responsible for interfacial voids formation are the modification of the polymer
packing in the vicinity of the dispersed phase, the repulsive force between the two phases,
the different thermal expansion coefficients and the elongation stress during fiber spin-
ning [100]. In addition, interfacial voids or sieves-in-a-cage are attributed to the de-wetting
of the polymeric chains on the external surface of the particles [101]. Moore and Koros
(2005) observed that solvent evaporation, thermal effects and the resulting stresses at the
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polymer-disperse phase interface cause defects such as interface void formation, due to the
partial or apparent clogging of the dispersed phase [106]. The formation of these defects
allows the gases to pass and, hence, deteriorates the apparent selectivity and increases the
permeability of MMMs.
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Figure 9. Schematic diagram of an ideal MMM. This figure was adapted from Aroon and co-
workers, 2010.
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Figure 10. Schematic representation of polymer matrix, dispersed phase, and their interphase.
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Figure 11. Schematic diagram of an interface void (i), rigidified polymer (ii) and partial blockage
(iii) in MMMs. (Adapted from Aroon and co-workers, 2010).

Rigidified polymer layer around the inorganic fillers occurs when the polymer ma-
trix chains, in direct contact with the filler surface, are rigidified as compared with the
bulk polymer chains, which reduces the free volume and is related to a uniform tension
around the particles [102,105]. Moore and Koros (2005) hypothesized that polymer rigid-
ification (Figure 11, case ii) enhanced the diffusive selectivity and decreased membrane
permeability [106].

Particle pore blockage occurs when the surface pores of the filler are partially blocked
by the rigidified polymer chains (Figure 11, case iii). This clogging is usually generated by
the presence of sorbent, solvent traces, a contaminant or a minor component in the feed
gas, before, during and after the manufacture of the MMMs [105,106,108,110]. However,
there is no accurate methodology to differentiate the influence of these factors. Based on
previous research, if the pores are completely blocked, the gas cannot pass through the
particle fillers, and no enhancement in selectivity over the neat polymer is reached as in the
case of MMM s filled with nonporous particles.

The formation of a rigidified polymer layer around the inorganic fillers and particle
pore blockage are caused by sorption of a strongly retained molecule. In the first case, the
strongly retained molecule completely prevents the penetrants of interest from entering the
dispersed phase, while in the second case, the penetrants of interest enter or pass through
the dispersed phase more slowly than usual [105,106].

In summary, poor adhesion, mobility of polymer matrix chains and pore clogging by
the matrix are just some of the phenomena observed when incorporating a dispersed phase
into a continuous phase during the fabrication of MMMs.

Methods for Manufacturing Defect-Free Membranes

Poor adhesion and repulsive forces between the continuous and disperse phases, in-
compatibility between polymer and filler, solvent evaporation during membrane formation,
polymer packing disruption in the vicinity of the inorganic phase, and different thermal
expansion coefficients for polymer and filler can induce multiple interfacial defects and
non-ideal morphologies in MMM s [102]. In order to avoid these interfacial defects and
manufacture defect-free MMM, the following methodological strategies have been applied:

An important factor during the manufacture of an ideal MMM with optimal perfor-
mance is the homogeneous distribution (or dispersion) of the filler within the continuous
phase in order to guarantee an effective filler /polymer contact [101]. In fact, a poor filler dis-
tribution can affect membrane performance by agglomeration, which leads to the formation
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of non-selective interfacial voids [99]. Unfortunately, high filler loadings can sometimes
result in particle aggregation, which can form voids within the particle aggregates that
cannot be reached by polymer chain segments and act as channels facilitating gas molecules
transport, thus reducing the selectivity of the MMMSs. Similarly, high filler loadings can
cause sedimentation, which also contributes to the poor dispersion of the filler into the
continuous phase [101]. This filler agglomeration entails the creation of pinholes that
cannot be reached by polymer segments, resulting in non-selective defects in MMMs [105].

In this context, the so called “priming” method created by Mahajan and Koros (2002) is
the most common strategy to avoid filler agglomeration [111]. This technique can reduce the
stress at the filler/polymer interface, thus resulting in an improved interaction between the
polymer primed filler and the bulk polymer, concomitantly with a reduced agglomeration
of the filler [101,102]. This prime method consists in dispersing the particles in a suitable
solvent, subjecting them to sonication followed by coating the surface of the filler in
suspension. This coating is carried out by adding a small percentage of homogeneous
polymer solution prior to the dispersion in the bulk polymer solution [110]. On the other
hand, the preparation of polymer diluted solutions to increase the viscosity and decrease
membrane thickness have been proposed to avoid agglomeration since this methodology
can reduce particle sedimentation. Alternatively, the membrane can be cast “quickly” so
that the fillers do not have time to precipitate.

Finally, another approach to achieve flexibility during membrane formation is to mimic
the use of a low Tg polymer by forming the membrane close to the Tg of the polymer matrix
used as a precursor of the MMMs. An obvious limitation of this strategy is the common
tendency to use suitable casting solvents that boil at temperatures below the Tg of a typical
rigid polymer such as Matrimid® [112].

5.1.2. Polymer Materials

The optimum selection of materials for both the continuous phase and the dispersed
phase is a key factor during the development of MMM since the properties of the precursor
materials can affect the morphology and separation performance of membranes [105].
Despite the selection of optimum fillers being the major concern in the early manufacture of
MMM, the selection of the polymer used as the matrix greatly impacts the gas separation
performance of MMMs [105].

In the field of gas separation using membranes, rubbery and glassy polymers have
been traditionally used. Rubbery polymers contain flexible polymer chain structures and
have the ability to stretch the chains apart, the chains returning to their original position
when tension is released. Rubbery polymers also exhibit a high permeability and a low
selectivity for the separation of common gas pairs, as a result of the different condensability
of the gas components [30]. On the contrary, glassy polymers possess rigid chain structures
with restricted segmental motion. This rigid chain structure offers desirable separation
properties such as high selectivity combined with medium/low permeability [26]. The high
selectivity of glassy polymers can be attributed to their lower free volume, the narrower
distribution of the free volume and the lower flexibility of the polymer chains compared to
their rubbery counterparts.

Due to the high degree of mobility, rubbery polymers ensure good adhesion between
the polymeric matrix and the fillers, which can avoid interfacial voids and facilitate the
manufacture of defect-free MMMs. However, a high mobility also entails a high perme-
ability, which suggests that gas transport is dominated mainly by the polymer matrix and
only a small portion is attributed to the filler. On the other hand, although glassy polymers
exhibit superior properties to rubbery polymers, their rigid chain structure typically results
in a poor adhesion of the pair polymer-filler, thus generating voids at the interface [101].
Therefore, the gas transport properties of the materials and adhesion between the phases
should be carefully considered when selecting the polymer matrix [102]. In this context,
novel polymers capable of separating gas mixtures by solubility selectivity are needed.
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Material selection to manufacture MMMs is a difficult task, especially for glassy
polymers. However, a considerable number of glassy polymers are being employed as
continuous phase in MMM s such as cellulose acetate (CA), polyimide (PI), polysulfone
(PSU), polyamide (PA), polypropylene (PP), polyethersulfone (PES), poly-vinylidene flu-
oride (PVDF) and perfluorinated materials, etc. [95,97,113-116]. Polymers such as PMP
(4-methyl-2-pentyne), PTBA (tert-butylacetylene) and PTMSP (1-trimethylsilyl-1-propyne),
namely “reverse-selective polymers”, have also been used as continuous phase due to their
high fractional free volume. In the latter membranes, the gas transport mechanism shifts
from being controlled by diffusivity to being controlled by solubility (contrarily to the obser-
vations in traditional low-free volume glassy polymers), and therefore, transport properties
are favored for more condensable species (e.g., CO,) than for smaller molecules [117].

In recent years, the most common materials developed for the manufacture of MMMs
are divided into three groups: (i) Advanced high permeability polymers (PIM, Polyimides
and TR polymers), (ii) Polymers with moderate permeability and high selectivity and
(iii) Ionic liquid / poly ionic liquids with high permeability and high selectivity [118]. For
instance, a limited number of researchers have studied the transport properties using
PIM-1 as a continuous phase for the separation of CO,/CH, with a notable increase in
permeabilities compared to the matrix. These studies also demonstrated that the introduc-
tion of a filler (ZIF-8) to this polymeric matrix mediates an increase in free volume, as a
result of the combination of the contributing cavities and looser polymeric chains at the
boundary between the filler and the PIM-1 matrix [98,119,120]. These membranes represent
good candidates for CO, removal from biogas, although they suffer from severe physical
ageing. On the other hand, the introduction of TR materials (e.g., hydroxypolyimide, HPI,
and hydroxypolyamide, HPA) as a continuous phase has been proposed as a promising
alternative since TR polymers show superior gas separation properties and can help to
reduce non-selective voids during the manufacture of MMMs [97,121-123].

The permeation properties of MMMs are mainly determined by the shape and size of
the filler, its pore size, pore size distribution, sedimentation and agglomeration properties
and the gas separation operational conditions (gas composition, pressure, and tempera-
ture). In addition, the permeability of both the continuous and disperse phase should be
comparable since a continuous phase with a high permeability reduces the contribution of
the filler to gas separation [100].

5.1.3. Advanced Functional Fillers

The major challenges encountered during the manufacture of MMMs are the selection
of adequate fillers that provide a good interaction with the polymer for the enhancement
of gas separation properties. Indeed, the addition of suitable fillers in the polymer matrix
results in a significant increase in the overall separation efficiency and therefore in a superior
gas selectivity performance by MMMs [35].

There is a great variety of fillers that have been used in the development of MMMs
as disperse phase. In recent years, the synthesis of novel organic/inorganic membrane
materials has yielded in emerging materials used as high-performance fillers in MMMs for
gas separation. Here, the most studied fillers (with a good compatibility with polymers) to
date are briefly reviewed, particularly Zeolites, Metal Organic frameworks (MOFs) [124],
Covalent Organic Frameworks (COFs) [125], Porous Aromatic Framework (PAFs) [126]
and Porous Polymer Networks (PPNs) [127], recently named Porous Organic Polymers
(POPs) [128] (Figure 12). Due to the fact that only few of the fillers used in the field of mixed
matrix membranes have been mentioned, this article will only focus on representative work
for the separation of CO, and H; from biogas and biohydrogen.
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Figure 12. Some types of fillers used in MMM preparation (Adapted from Chakrabarty and co-
workers, 2022) [129].

e  Zeolites

Based on structural features, zeolites are an inorganic material frequently used as dis-
perse phase for the manufacture of MMMs. Zeolites are hydrated aluminosilicate materials
with opened three-dimensional framework structures that possess regular intracrystalline
cavities and channels of molecular dimension (3-12 A). Its structure is formed by SiO4 and
AlQOy tetrahedral, by sharing an oxygen ion. Due to the presence of the tetrahedron AlOy,
the chemical characteristics of the frameworks are determined, which tend to have negative
charge compensated by alkali or earth alkali cations, located in the micropores [130]. More-
over, zeolites are materials with shape/size-selective nanopores [131,132]. The pore sizes
of zeolites range between 0.3 and 1 nm, with pore volumes of about 0.10-0.35 cc/g [133].
There are 176 types of zeolite structures approved by the IZA Structures Commission
(IZA-SC) in February 2007 and assigned with a 3-letter code [134], of which, according to
Bastani and co-workers, the most common are: 4A (3.8 A), 5A (4.3 A), 13X (7.4 A), NaY
(7.4 A), ZSM-5 (5.1 x 5.5 A and 5.3 x 5.6 A), SSZ-13 (3.8A), etc. [135].

Zeolites have received increasing attention due to the fact that they have a wide range
of structures with different chemical compositions and physicochemical properties. Zeolites
are widely used as catalysts, adsorbents and ion exchange media. The transport of gas
molecules starts by molecular adsorption into the pores, diffusion onto the zeolite surface
and desorption into the permeate. The gas molecules that have the strongest attractive
force with the zeolite pores are those with the highest dipole moment, which is why CO,
is adsorbed most strongly on zeolites, followed by Hy, CH4 and N; [135]. The success
of zeolite-based MMMs is attributed to the type of zeolites used and their adsorption
capacity [133]. For example, zeolite 5A has a CO; adsorption capacity of 222 mg CO; /g
adsorbent at 0.1 MPa. Moreover, due to their good selectivity and adsorbent selection
parameters, zeolite 5A turns out to be a better adsorbent for removing CO, and N,O from
air and for separating CO,/CHj gas mixture compared with MOFs [136]. Likewise, NaX
zeolites have an adsorption capacity of 263 mg CO, /g adsorbent, which renders it an
excellent candidate for separating CO, from CHy [137]. Similarly, zeolite 13X is another
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kind of zeolite with a great CO, adsorption capacity of 324 mg CO, /g adsorbent, making
it an excellent candidate for the purification of methane from natural gas [138].

One of the most relevant properties of this material is sorption and diffusion due to
the different sizes of its channels and cavities, which determines the free space or void
volume of the MMM s [132]. Zeolites possess interesting thermal and chemical stability,
a well-defined microstructure and high mechanical strength, which makes them suitable
candidates to be used as a dispersed phase in the manufacture of MMMs [135,139]. In-
terestingly, the low packing density of zeolites makes them an unsuitable material for
gas separation, however their use as a dispersed phase in the fabrication of MMMs pro-
vides an opportunity to overcome this problem [101]. In addition, zeolites exhibit a per-
meability and selectivity superior to polymeric materials due to their unique molecular
sieving characteristics.

Zeolites have traditionally received attention as potential fillers due to their thermal
stability and promising separation and transport properties. Thus, the specific sorption
properties and shape selectivity of zeolites, when applied to polymers with easy process-
ability, provide superior gas separation properties to MMMs [132]. Several investigations
have shown that the transport properties of MMMs are affected by the type of zeolite
used. For instance, MMMs prepared with zeolite 4A support an effective O, /N, separation
due to their adequate pore size (3.8-4.0 A), with selectivities up to 37. Membranes with
zeolite 5A as filler exhibit much higher H, /Nj and O, /Nj selectivity than membranes with
zeolite 4A as filler. In this context, zeolites are still of interest for membrane investigations
despite providing low permeabilities for O, (0.8 Barrer) [111,140]. Ahmad and co-workers
(2021) investigated the CO,/CHy, separation properties behavior of MMMs fabricated with
S5Z-16 zeolite at different loading ratios as filler and 6FDA-DAM:DABA as polymeric
matrix. As a result, MMMs loaded at 5 wt.% SS5Z-16 supported up to two-fold higher
CO, permeability with respect to pristine membranes, while maintaining the CO,/CH,y
selectivity. In addition, these authors found that a 5 wt.% loading provides an excellent
filler dispersion [141]. Zhang and co-workers (2008) prepared MMMs based on Matrimid
and ZSM-5 zeolite, increasing the Hy /N, separation from 79 for Matrimid and 143 at
10% load, while the ideal H, /CHy separation factor increased from 83 to 169 at 20% load,
further confirming the excellent interactions between the particles and the polymer [142].
Ebadi Amooghin and co-workers (2016) modified zeolite-Y by introducing silver cations
(via ion-exchange method) to form Ag+ zeolite and use it as filler on Matrimid® to form
novel Matrimid®/ AgY MMMs. In this particular study, CO, permeability increased from
8.34 Barrer for the pure membrane up to 18.62 Barrer for Matrimid/AgY (15 wt.%) without
affecting CO,/CHy selectivity, which increased from 36 to 60 for pure membrane and
MMMs, respectively [143]. Finally, Montes Luna and co-workers modified the natural
zeolite Clinoptilolite (CLINO) with CaCl, in an aqueous solution to replace Na+ ions with
Ca?* ions, thus enhancing gas separation properties for CHy /N, /CO, gas mixtures [144].

Despite the promising results obtained in the laboratory, MMMs with zeolites as the
dispersed phase have not been commercially exploited due to the poor adhesion at the
zeolite—polymer interface (especially glassy polymers), resulting in a “sieve-in-a-cage”
morphology. This defect is responsible for the non-selective penetration of gas molecules,
the reduction in selectivity and poor mechanical properties, especially in the formation of
thin films. In addition, high zeolite loadings often result in non-uniform dispersions in
MMMs [55].

e  Metal Organic Frameworks

Metal Organic Frameworks, MOFs, are hybrid materials prepared by combining
organic ligands with metal ions or metal-oxide clusters. Ligands play a key role in defining
the final framework of MOFs, while metal ions also influence the structure of MOFs due
to their tunable geometries [145]. MOFs are highly porous chemically mutable materials,
with unique properties, different pore sizes and shapes, and multiple functional sites and
high specific surface areas that allow creating a wide variety of crystals [93,118]. Compared
to zeolites, the tunable structure of MOFs results in well-dispersed fillers, which allows
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high affinity organic linkers in MOFs and polymer chains, thus reducing non-selective
defects at the polymerfiller interface. The partially organic nature of MOFs supports a
better polymer-filler interaction, which represents a structural advantage compared to other
porous materials [55].

In order to optimize gas diffusion and selectivity, new strategies for the formation of
high-performance MMMs using MOFs as dispersed phase have been assessed. A wide
variety of MOFs subfamilies with ultrasmall aperture sizes have been chosen as potential
fillers. The most typically studied MOFs are Zeolitic Imidazolate Frameworks (ZIFs),
copper-based MOFs (Cu-MOFs), Materials Institute Lavoisier (MIL) series, MOF-74 series,
and University of Oslo-66 (UiO-66) series [146]. ZIFs possess a similar topology to zeolites
with tunable pore structures and with high thermal and chemical stabilities [35]. In this
context, ZIF-8, HKUST-1, MIL-53, MIL-101, MOEF-74, and UiO-66 have been specifically
tested. For instance, ZIFs-8 are a new class of porous crystals (3.4 A pore aperture and
11.6 A cages) [147] composed of tetrahedral metal ions (typically zinc or cobalt) forming
extended three-dimensional structures bridged by imidazolate (Im) [148].

Khdhayyer and co-workers studied the gas transport properties of MMMSs based on
PIM-1 as polymeric matrix and three isoreticular MOFs (UiO-66, UiO-66-NH, and UiO-
66-(COOH),) as fillers, confirming the good prospects of these MMMs for CO, removal
from biogas [98]. Ahmad and co-workers investigated the gas separation properties of
MMM using three types of Zr-based MOFs (UiO-66 and its functionalized derivatives,
UiO-66-NH; and UiO-66-NH-COCH3) as fillers on 6FDA-DAM as a polymeric matrix. The
addition of these particles improved both CO, permeability and CO,/CHy, selectivity. For
instance, permeabilities of the polymer 6FDA-DAM and its 14-16 wt.% Zr MOFs MMM,
tested with binary (30:70 vol.%; CO,:CHy) feed mixture, were 231, 541, 359 y 291 Barrer, and
for tertiary (30:5:65 vol.%; CO,:H;5:CHy) feed mixture, permeabilities of 167, 385, 243 and
193 Barrer were recorded for neat membranes, UiO-66-based MMMs, UiO-66-NH,-based
MMMs and UiO-66- NH-COCHj3-based MMM, respectively [149].

Recently, Kertik and co-workers (2017) created in-situ molecular sieves with controlled
heat treatment up to 350 °C for 24 h for Matrimid®/ZIF-8, obtaining excellent selectivity
for CO,/CH, gas mixtures due to the excellent interfacial filler-polymer adhesion [150].
Matrimid®/ZIF-8 (40 wt.%) thermally treated MMMs exhibited a CO, permeability of
~1.9 Barrer and a CO,/CHy selectivity of ~134 at 40 bar, 35 °C with gas mixtures containing
50 vol.% CO, /50 vol.% CHy [55,150]. ZIF-8 as inorganic filler was added into 6FDA-durene
diamine, obtaining a notable increase in CO, permeability from 1468 Barrer to 2185 Barrer
for pure membrane and 30 wt.% loaded ZIF-8 MMM, respectively, and 17.1 of selectivity
for CO,/CHy,4 gas pair [151].

Finally, it should be stressed that the preparation of membranes with well-dispersed
fillers, good filler-polymer interfacial adhesion and a defect-free membrane surface repre-
sent nowadays the major challenges of MOF-based MMMs [152].

e  Covalent Organic Frameworks

Covalent Organic Frameworks, COFs, developed by Coté and co-workers in 2005 [125],
have been recently proposed as a type of porous organic material used as a filler for the
fabrication of MMMSs. COFs are crystalline porous materials synthesized by the covalent
combination of rigid and stable organic monomers (phenyl diboronic acid and hexahy-
droxytriphenylene), which offer superior chemical and thermal stability compared with
MOFs [153,154]. COF materials have well-defined and predictable 2D or 3D crystalline
structures as a result of the formation of strong covalent bonds [155]. COFs are classified
into three groups, based on their uptake capacities, pore size and structural dimensions:
(i) 2D structures featuring small 1D pores (9 A for COF-1 and -6); (ii) 2D structures with
large 1D pores (27, 16 and 32 A for COF-5, -8 and -10, respectively) and (iii) 3D structures
containing medium-sized 3D pores (12 A for COF-102 and -103) [154]. Three-dimensional
COFs, COF-1 and COF-5 presented a high hydrothermal stability, and regular and stable
porosity, with surface areas ranging from 700 and 1600 m? g ~! [125], while two-dimensional
COFs, COF-6, -8, and -10 showed structures with pore sizes ranging from 6.4 to 34.1 A
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and exhibited high thermal stability, low densities and high porosity with specific surface
areas of 980, 1400, and 2100 m?2 g’1 for COF-6, -8, and -10, respectively [156]. The highest
reported surface area for a COF is 4210 m? g (BET) in COF-103 [157]. Due to their properties
such as low crystal density, ultrahigh accessibility and rich electronic lattice, COFs can be
efficiently used for gas storage and selective adsorption. According to theoretical studies
performed through grand canonical Monte-Carlo simulated calculations, the Hj storage
capacity with COF has been predicted, showing about 10% excess H, storage with COF-105
and 108 at 77 K, being the best-known organic materials for H, storage [154]. Han and co-
workers (2008) conducted a study focused on the H, uptake capacities with experimental
Hj; loading data for COF-5, achieving a total evacuation of the pores at 3.4 wt.% at 50 bar
and 77 K. In the same study, a H, storage capacity of 8.9 wt.% at 77 K for COF-108 was
observed, while the highest volumetric yield was shown for COF-102 (40.4 g L~ of Hj at
77 K). [158].

Due to their variable structures, easily modifiable scaffold and high affinity to the
polymeric matrix, good thermal stability, appropriate solvent compatibility, COFs have
demonstrated to be excellent candidates in the field of gas separation [118,159-161]. Despite
the advantages offered by COFs, a limited research has been conducted with COF-based
MMMs. For instance, Wu and co-workers (2017) incorporated COFs as particles into
PIM-1 as a polymeric matrix, obtaining a remarkable improvement in CO, permeability
and CO,/CH, and CO,/Nj selectivity compared to pure PIM-1 [153]. Likewise, Biswal
and co-workers (2016) manufactured MMM s incorporating TpBD into polybenzimidazole
(PBI), resulting in permeabilities above 18 Barrer for CO; and selectivities of ~48 and
23 for CO,/CHy and CO, /Ny, respectively [162]. COF (imine-based COF with a two-
dimensional network) was also incorporated into poly(vinylamine) (P°VAm) to enhance
membrane performance for CO,/Hj separation. As a result, a MMM at 10 wt.% COF load
showed a CO,/Hj selectivity of 15 and a CO, permeance of 396 GPU at 0.15 MPa, which
further suggested that COFs possess good compatibility with polymers, thus enabling the
fabrication of MMMs with a superior performance [163].

e  Porous Aromatic Framework

Porous Aromatic Framework, PAFs, are a subfamily of Covalent Organic Frameworks
(COFs) that, unlike traditional COFs and MOFs, are stronger and more stable and exhibit a
good physical-chemical stability [118]. PAFs are synthesized via irreversible cross-coupling
reactions by aromatic rigid linkers [154] and constructed from carbon—carbon-bond-linked
aromatic-based building units [164]. Moreover, compared to conventional porous materials
(such as zeolites and MOFs), PAFs exhibit specificity in their chemistry and functionali-
ties due to their strong carbon—carbon bonding, which makes them stable under severe
chemical treatment [164]. Due to their covalent backbone, PAFs are chemically robust
materials, although with a high irregular internal structure that reduces their porosity
and associated crystallinity [93,154]. Indeed, these fillers exhibit a high porosity, narrow
pore-size distributions for amorphous solids and Brunauer—Emmett—Teller (BET) surface
areas as high as 5200 m? g~ !, which typically results in high affinities for adsorption of CO,
and other gases [93,165]. PAF surface area and CO, capture may vary depending on the
batch, tetrahedral core, phenyl chain length, functionalization and also the arrangement
of the nanoparticles in the fillers [166]. PAFs, which are porous materials, have voids that
serve to accommodate gas molecules, making them excellent absorbents. These PAFs are
prepared with ultrahigh surface areas to enhance their H; storage capacity. For instance, the
first reported PAF, PAF-1 with ultrahigh specific surface area (BET: 5600 m? g_l, Langmuir:
7100 m? g~ 1) [167], exhibited a hydrogen adsorption capacity of 7.0 wt.% at 48 bar and
77 K [164]. On the other hand, due to their high surface area and stability, the capacity of
PAFs as CHy sorbents has also been investigated. For instance, the CH4 uptake capacity
of PAF-11is 18 cm® g~ ! at 14 KJ mol ! heat adsorption, while PAF-3 (BET surface area of
2932 m? g~ !) showed the highest uptake capacity at 27 cm® g~! and 15 KJ mol ! heat
adsorption and PAF-4 (BET surface area of 2246 m? g~!) presented a similar capacity to
PAF-1 but at 23.2 K] mol ! heat adsorption. With their well-defined networks, PAFs also
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offer a high potential for CO; capture at low pressure. For example, CO, sorption capacities
of 46 cm® g~ ! (9.1 wt.%) for PAF-1, 78 cm?® g~ ! (15.3 wt.%) for PAF-3 and 54 cm?® g1
(10.7 wt.%) for PAF-4 were recorded at 273 K and 1 atm. [168].

However, despite their exceptional surface areas and good thermal and hydrothermal
stability, PAFs exhibit weak interactions with gases, which limits their gas storage capacity
and operating temperature [169]. However, Hou and co-workers (2022) added PAF-1 into
PIM-1, which improved gas separation performance following the conventional method
to manufacture MMMs and combining the filler with a post UV irradiation treatment. As
a result, MMMs permeability showed a high permeability (i.e., P(Hy) = 4800 Barrer) as
well as a remarkable improvement in the separation factor (i.e., improvement for H, /CHy
selectivity, from 5.4 to 90), surpassing the 2008 upper bounds for Hy /CO, and CO,/CHy
and 2015 upper bounds for H, /N, and H, /CHy4 [170]. Ben and co-workers (2009) synthe-
sized a porous aromatic framework PAF-1 via phenyl-phenyl coupling with a Langmuir
surface area of 7100 m? g’l [171]. Likewise, Lau and co-workers (2014) demonstrated
that the addition of PAF-1 as disperse phase into PTSMP and poly(methylpentyne) (PMP)
can mitigate the permeability loss associated with physical ageing of these super glazed
polymers [165].

e  Porous Polymer Networks

Recent investigations have attributed new merits for gas separation to this family of
adsorbents as a result of their high thermal and chemical stability, easy processing and low
cost [172,173]. PPNs are synthesized by the homocoupling of tetrahedral monomers via the
oxidative Eglinton coupling or Yamamoto-type Ullmann coupling reaction, exhibit high
thermal and chemical stability and are insoluble in conventional solvents. PPNs possess
Langmuir surface areas as high as 5323 m? g~ !. Between the first reported PPNs (ie. PPN-1,
2 and 3), PPN-1 showed the highest gas affinity and exhibited more micropores of less than
1 nm diameter than PPN-2 and PPN-3. Despite the lowest surface area (827 m? g’l), PPN-1
showed the best CO, /CHy, selectivity. On the other hand, PPN-3 exhibited the highest Hj
uptake capacity (4.28 wt.%, 77 K) among these three (3.30 and 3.76 wt. % Hj uptake for
PPN-1 and PPN2, respectively) [172].

A new generation of PPNs, namely Porous Organic Polymers, POPs, was recently
developed by reacting rigid trifunctional aromatic monomers with ketones exhibiting
electron-withdrawing groups, in superacidic media via acid-catalyzed condensation (Lewis
or Bronsted) at low temperatures. PPNs and POPs are microporous materials with
Brunauer—Emmett—Teller (BET) surface areas ranging from 580 to 790 m? g ! and from
760 to 935 m? g1, respectively, and have attractive properties such as: excellent CO, uptake
capacity as solid adsorbents (up to 207 mg g~ ! (105 cm® (STP) g~ !) at 0 °C and 1 bar),
ability to regenerate by vacuum without heating and an exceptional chemical and thermal
stability [114,127]. Their ease of synthesis and high conversion render PPNs as materials
easy to scale-up. In addition, these materials present a selective adsorption of CO, (32.7)
superior to N (22.5) under postcombustion conditions, which are higher when compared
to other high-performance microporous materials [114]. In this context, Aguilar-Lugo and
co-workers (2019) added PPNis (at different loads) as filler into Matrimid®, resulting in an
improvement in the permeability of up to 700% for the gases tested without significantly
affecting selectivity (CO,/N; and CO,/CHy selectivities decreased by 4% and 12%, respec-
tively). These authors also observed a good filler-polymer adhesion, which was supported
by the increase in the Tg of the MMMs compared to the pure polymer matrix [114]. Like-
wise, Rico-Martinez and coworkers incorporated bipyridine moieties-based on POPs into
aromatic polyimides at different loads, which supported four- and seven-fold increases in
CO; and CHy4 permeability, respectively [115].

6. Thermally Rearranged Polymers

As previously mentioned, new materials with superior gas separation performance,
increased chemical /thermal resistance to aggressive feed conditions and high selectivity
are needed. Significant advances have been generated in the chemistry of polymeric mem-
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branes for gas separation, mainly aimed at increasing the molecular stiffness and improving
the free volume fraction (FVF) of membranes, leading to a high permeability without a
significant decrease in selectivity [174,175]. In this context, glassy polymers such as poly-
benzoxazoles (PBO), polybenzothiazoles (PBT), polypyrrolones (PPL) or benzimidazoles
(PBI), represent a class of rigid-rod ordered polymers with outstanding mechanical and
thermal properties, and extreme rigidity [176]. However, these materials are unattractive in
gas separation because their efficient packing entails few free volume elements accessible
to gas penetration, which hinders their manufacture in the form of flexible and tough
films. Moreover, the above-mentioned glassy polymers are soluble only in strong acids,
and consequently not suitable candidates for membrane fabrication [177]. Therefore, the
new strategies for the synthesis of rigid-rod polymers are mainly focused on enhancing
solubility and processability.

In this regard, Park and co-workers (2007), based on the thermal conversion of imides
containing hydroxides to benzoxazoles performed by Tullos and co-workers (1999) [92,177],
demonstrated the occurrence of free-volume structures in dense glassy polymers that can be
systematically modified by thermal rearrangement. This process enables an extraordinary
gas separation performance and constitutes a novel method to prepare high-performance
polymers for molecular-scale separations [92]. This successful research based on poly(1,3-
benzoazole)s membranes was carried out by subjecting membranes to a thermal treatment
in solid state of poly(o-hydroxyimide)s, containing ortho positioned functional groups (with
respect to the amino group) [55,178]. This thermal rearrangement process involves a ther-
mal cyclization step subjected to temperatures of 350450 °C for a certain duration of time
and under inert atmosphere or vacuum. The need for thermal processing to manufacture
these materials is responsible of their name as ‘thermally rearranged’, or TR polymers. De-
pending on the functional group in the ortho position (-OH, -SH, or -NHy) of the precursor,
the structures resulting from the cyclization process are PBO, PBT, PPL or PBI [92,179,180].
Since polybenzoxazoles may be a source of possible cross-linking as a consequence of the
high temperature used during their conversion, which would also explain their insolubility,
this material cannot be processed. In this sense, TR-precursors during the manufacture of
these membranes can be ortho-hydroxyl polyimides (HPI) and ortho-hydroxyl polyamides
(HPA) (also called o-TR and B-TR polymers, respectively, HPIs being the most stud-
ied [178]. Figure 13 shows the solid-state mechanism of a poly(hydroxyimide) (PI) and a
poly(hydroxyamide) (PA) to form a TR-polymer with the proposed PBOs structure.

In both cases a final polyheterocycle of the polybenzoxazole type is reached by a
cyclization process, where the heat treatment is carried out at different temperatures,
depending on the TR-precursor. Additionally, the solid-state conversion process involves
decarboxylation when the precursor is a polyimide, while the thermal reorganization
phenomenon takes place through the loss of water molecules, or cyclodehydration, when
using a polyimide as a precursor. The final PBO materials possess a chemically stable
structure, resistance to CO, plasticization (likely due to their cross-linked structure) and
excellent permeability and selectivity values due to the formation of a desirable free volume
element distribution during thermal conversion [175,181-183].

Although in both cases the final structure of the PBO is similar, membranes exhibit
different characteristics, especially in terms of gas transport properties. The TR precursor
HPI can efficiently separate condensable gases, while TR precursor HPA has an outstanding
ability to separate light gases. These aromatic polyamides exhibit an appropriate balance
of properties such as good mechanical and chemical stability, high thermal resistance and
easier processability when their precursor monomers are adequately selected [85].

Park and co-workers (2007) demonstrated that polymers with a medium cavity size,
with a narrow cavity size distribution and a shape reminiscent of bottlenecks connecting
adjacent chambers, possess high selectivity and high permeability [92]. Thus, TR polymers
provide an increase in FFV as a consequence of the generation of microcavities with
controlled size bimodal distribution in the range of 0.3-0.4 nm (which is beneficial for
selective transport of gas molecules such as CO;) and 0.7-0.9 nm (which entails an enhanced
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gas diffusion) [178]. The above bimodal cavity size distribution is governed by the structure
of the precursor and the protocol of thermal treatment used to produce the TR-PBO [184].

B-TR mechanism?
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Figure 13. Mechanism of thermal conversion of a cyclodehydration of a hydroxypoliamide to
polybenzoxazole (3-TR-PBO)? and thermal conversion of a hydroxypolyimide to polybenzoxazole
(a=TR-PBO)Y.

Gas transport in TR-polymer membranes depends on the degree of thermal conversion,
the nature of the free volume elements and their size distribution [185]. It is assumed
that the newly created micropores mediating the transport of gases in TR polymers are
responsible for the usual molecular screening in the separation of gases by glassy polymeric
membranes. The narrowest part of these micropores plays a role of a molecular size caliber.
Today, there are consistent empirical proofs confirming the exceptional selective molecular



Processes 2022, 10, 1918

27 of 40

transport performance and high permselectivity in small molecules because of the free
volume structure of these polymers.

7. Thermally Rearranged Mixed Matrix Membranes

Recent investigations in membrane gas separations are focused on taking advantage
of the MMM and the Thermally Rearranged polymers’ properties, in order to improve
the performance of gas transport properties, mainly for CO,/CHy, Hy /CO,, CO,/N,
separation. MMMs manufactured with TR-able polymers are known as Thermally Rear-
ranged Mixed Matrix Membranes (TR-MMMs). Membranes manufactured with thermally
rearranged (TR) polymers result in unusually high selectivities and permeabilities, at-
tributed to their unique hourglass configuration, while the addition of particles can add
selective pathways for gas transport [97,185,186]. Despite this field of research being very
recent, promising results in gas separations mixtures have been obtained. For instance, in
2017, Brunetti and co-workers manufactured the first TR-MMDMs loaded with 0.5 wt.% of
oxidized multi-wall carbon nanotubes (MWCNT) for CO, separation with an enhanced
permselectivity and conducted an aging study. The addition of the nanotube entailed
the increase of H, permeability followed by CO,, N, and CHy compared to the neat TR
(increasing from 171 a 201 Barrer for Hp, 105 to 126 for CO,, 9.2 to 9.3 for N, and 4.4 to
4.9 for CHy). Additionally, the influence of addition of nanotubes on aging resulted in
a decrease in CO; permeability after 150 days of 13% [187]. Kim and co-workers (2019)
fabricated TR-MMM for hydrogen separation using a TR-able Polyimide (HPI: HBA-DAM-
6FDA) as polymeric matrix and a zeolitic imidazolate framework-8 (ZIF-8) as filler. As a
result, MMMs loaded with 20% of ZIF-8 and thermally rearranged for 90 min Dwell time,
exhibited excellent H; separation properties, with an increase from 365 to 1206 Barrers
for Hy permeability, before and after thermal treatment, respectively, and selectivity of
22.3 and 25.7 for Hyp /N, and H, /CH, gas pairs, respectively [121]. Smith and co-workers
also carried out a pioneer study on TR-MMMSs prepared by adding PAF-1 into 6FDA-
HABs;DAM;5 (DAM) TR-able polyimide in order to improve permeation properties. As
a result, TR-MMMs showed an increase of 37-fold H, permeability and 55-fold for CO,
gas permeability with similar gas selectivities [97]. Soto and co-workers (2020) developed
a new family of TR-MMMs to enhance CO,/CH, permselectivity using recent porous
polymer networks (PPNs) as fillers on a polyamide, 6FCI-APAF, capable of producing
benzoaxazoles, as a polymeric matrix. In this study, TR-MMMSs showed a notable increase
in gas permeability. For example, CO, permeability increased 34-fold for TR-MMM at 30%
of filler compared to MMM at 30%, with a slight decrease in CO, /CHy, selectivity (from
27.75 pristine membrane to 24.02 for TR-MMM). Similarly, TR-MMMs with PPN as a filler
and polyimides (ortho-hydroxypolyimide, PIOH, or an ortho-acetylpolyimide, PIOAc) as
polymer matrix have been recently carried out by Aguilar-Lugo and co-workers (2021),
where membranes loaded at 30% of filler showed 1036 Barrer for CO, permeability with a
CO,/CHy selectivity of 28 for PIOAc-based TR-MMMs [122].

In general, TR-MMMs offer improvements in gas transport properties favored by the
use of microporous materials with a high thermal stability. In addition, thermal treatment
at high temperature contributes to eliminate the interfacial voids between the filler and
the polymer matrix, leading to an increase in the gas selectivity of the membranes [121].
However, the excellent results in gas permeability can be accompanied by the loss of other
desirable properties such as anti-aging permeability and pressure resistance, which requires
further research [97].

8. Membrane Modules and System Design
8.1. Membrane Modules

The separation units in which the membrane surface is fitted are called membrane
modules, which refer to the central part of a membrane device. The module should allow a
separate conduction of the feed and permeate gas streams on both sides of the membrane.
Figure 14 shows the schematic of the simplest design in which a single module is used.
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A feed stream with a given composition and flow rate is introduced into the separation
module (Feed), divided into two streams, one of which enters through the membrane
(permeate) and the other (retentate) leaves the module in a smaller proportion [26,188]. The
feed composition and flow rate within the module will change as a function of distance, as
the membrane has the ability to transport one component more readily than another [188].

Feed
Retentate

MembranE{_

Permeate

Figure 14. Module illustration of a membrane process.

The modules engineered to date are based on the membrane configuration, classified
in two geometries: (1) flat sheet membranes, which include plate-and-frame and spirally
wound modules and (2) tubular membranes, including tubular hollow fiber and modules
based on fine capillaries or tubes housed such as a shell and tube heat exchanger [29]. The
main difference between these types of membranes is based on their dimensions: tubular
membranes exhibit diameters larger than 10 mm, diameters below 0.5 mm for hollow fibers
and diameters between 10 mm and 0.5 mm for capillary membranes [189].

8.2. Plate-and-Frame Module

Plate-and-frame modules represent the pioneer types of membrane unit, whose design
is based on the conventional filter-press [190]. Plate and frame modules are the most
common setups, which are similar to the flat membranes used in the laboratory. They
can be mounted in plate, bag or spiral-wound form [26]. These module membranes are
separated by a feed spacer, with the separate layers stacked towards each other, like a
sandwich. These spacers serve to seal the module and allow the flow of material through
the drilled holes and alternate channels [29]. The membrane surfaces per module volume
(packing density) range from 100-400 m?/m3. A stop disc is used in order to favor the flow
over the surface membrane and reduce the formation of preferential channels [189]. Plate-
and-frame modules present advantages such as: exchange ability of single membranes,
low sensitivity to particulate blocking of the feed channels and usage of flat membranes
without the usage of glue. In addition, they exhibit disadvantages such as: need of several
sealings, high pressure drop and low packing density [191]. Currently, this kind of module
is still used in ultrafiltration and pervaporation processes and represents the only plate-and-
frame configuration used in solution-diffusion membranes [192]. Since plate-and-frame
modules present smaller membrane surface area per unit volume, they are effective in
pervaporation applications [192]. However, compared to hollow fiber and spiral-wound
modules, plate-and-frame modules are less applied in gas separation [190]. For instance,
oxygen enrichment from air, organic vapor recovery and even medical applications are
among the commercial applications of these modules in gas separation [193].

8.3. Spirally Wound Modules

The spiral-wound format was the first to be commercialized [26] and was initially
developed for reverse osmosis applications. Spiral-wound modules are typically applied in
CO; removal from natural gas and vapor/gas separations [32]. Currently, this configuration
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is also used in ultrafiltration and gas permeation applications, which render it an important
module in membrane applications [194]. This kind of module is used when countercurrent
flow is not required to increase separation efficiency and when pressure drop must be taken
into account [50].

This configuration consists of a plate-and-frame system that wraps around a central
collection tube, similar to a sandwich roll. A spacer material is placed between the mem-
branes to prevent contact of the feed and permeate, as well as to allow free space for the
interaction of gas molecules with the membrane [29]. The interleaved sheets are spirally
wound around a central permeate collection channel [26,188]. The feed stream flows along
the center tube in axial direction, while the permeate flows in radial direction towards
the center tube and is collected on the inside of the envelope. The packing density of this
spirally wound module (300~1000 m?/m?) is greater than that of the plate-and-frame mod-
ule. However, this parameter depends on the channel height, which in turn is determined
by the permeate and feed-side spacer material. According to Caro and co-workers (2007),
spiral-wound modules exhibit a good mass transfer due to feed spacers, are simple, and
present a cost-effective fabrication and relatively high packing density/membrane area-to-
volume ratio (up to 1000 m? /m3). However, spirally wound modules exhibit disadvantages
such as difficultly to be cleaned and long permeate pathway [195]. Less than 20% of gas
separation membranes nowadays are manufactured as spiral-wound modules. Currently,
spiral-wound modules are industrially used in natural gas processing.

8.4. Tubular Modules

Tubular membrane modules are based on cylindrical membranes, which consist of
thin layers of selective membrane deposited on the two membrane faces of a porous
stainless steel, ceramic, or plastic tubular support with a diameter superior to 10 mm.
Tubular membranes can be manufactured with inner diameters ranging from 5-25 mm,
with 12.5 mm being the most common diameter. Although the number of tubes placed in
the module is not limited, it can vary from 4 to 18 tubes [26,188]. The feed flows through
the center of the membrane tubes and the permeate moves across the membrane from the
inside to the outside, subsequently flowing into the larger tube [189]. Ceramic membranes
are mainly assembled in such tubular module configurations. The packing density is rather
low, typically <300 m?/m? [29,188]. The main advantages of this module are: membrane
fouling can be easily controlled, which reduces operating costs, as well as concentration
polarization effects [26]. Thus, given their resistance to fouling (due to the effect of good
fluid hydrodynamics), the use of tubular modules is often restricted to ultrafiltration
applications [196].

8.5. Capillary Module

The capillary module consists of a large number of capillaries assembled together in
a module with an inner diameter of 0.2-3 mm arranged in parallel as a bundle in a shell
tube [26]. They are self-supporting and the free ends of the capillaries are encapsulated
with agents such as epoxy resins, silicone rubber or polyurethanes. There are two types
of module arrangements: (1) membranes where the feed passes through the bore of the
capillary and the permeate exits through the side of the membrane and (2) membranes
where the feed enters the module on the shell side and the permeate exits through the bores
of the membrane [188,189]. The selection of the module arrangement will depend on the
application, and parameters such as operating pressure, pressure drop, type of membrane
material available, etc. Packing densities range from 600 to 1200 m? /m?> [188].

8.6. Hollow Fiber

The hollow fiber module is similarly to the capillary module. Spiral-wound and hollow
fiber modules are commercially available for gas separation. Hollow fibers are based on
a porous, non-selective support layer (~200 um) and an active layer (actual membrane)
(<40 nm). As a result of the small thickness of the active layer, this must be supported by a
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thicker layer in order to obtain mechanical strength, to withstand the pressure difference
between the feed and permeate side [197].

The hollow fiber membrane module consists of a large number of hollow fibers
assembled together into a bundle, which is encapsulated at the ends to prevent leakage
between the feed and permeate chambers [29]. The fibers, arranged in parallel to pass
through the tubular sheets or one or both ends of the device, range between 1.0 and 1.5 mm
outside diameter and the bore of the fibers has a typical diameter of 0.5-1 mm. Two types of
module arrangement can be distinguished: (1) membranes where the feed enters through
the bore of the fiber (“inside-out”) and the permeate is collected outside the membrane in
the housing or (2) membranes where the feed enters on the outside (“outside-in”) and the
permeate passes into the membrane bore. Hollow fiber modules exhibit the highest packing
density among all module configurations, reaching values of up to 30,000 m? /m? [188]. The
high membrane area-to-volume ratio, together with their high packing density and cheap
fabrication cost, are the main advantage of the hollow fiber module. The low-pressure
resistance and mostly laminar flows, which increases mass transfer limitations, rank among
the main disadvantages of this membrane module [190].

8.7. Module Selection Criteria

Gas separation systems are commercially available as hollow fiber or spirally wound
modules and, in some applications, also in plate-and-frame modules. The selection of the
appropriate membrane module is typically determined by cost considerations. Hollow
fiber modules are more economical per square meter, however the fabrication of very thin
selective layers in the form of hollow fibers is a difficult process. As a result, the permeance
in this type of membrane tends to be lower than in flat sheet membranes based on the
same polymer. Hollow fiber modules require more membrane surface area to achieve the
same separation factor. They also require more feed pretreatment than spirally wound
modules for the removal of particles, oil residues and other fouling components [32,59].
According to Ismail and co-workers (2015), the manufacturing cost ($/m?) for hollow
fiber ranges from 2 to 10 $ per m?, from 5 to 50 $ per m? for capillary fibers, from 5 to
50 $ per m? for spirally wound, and from 50 to 200 $ per m? for plate-and-frame and
tubular membranes [26,32]. However, capital costs are not the only factor to consider when
selecting membranes modules. Therefore, it is necessary to consider that the choice of
membrane module will also depend on the application (Table 2) [32,197].

In gas separation plants, especially refinery and petrochemical operations, the cost of
the modules corresponds to only 10-25% of the total cost of gas separation. Indeed, even if
the cost of the membrane modules was reduced, the total cost of the plant would decrease
significantly [32].

The economics of the process of membrane-based separation is determined by process
design. Single-stage configurations entail low capital costs and are only suitable when the
required purity and product recovery are moderate. More demanding applications require
multiple stages of separation and recycling. The design of a membrane system involves
the configuration of the permeator network and the operating conditions of the individual
permeator systems [198]. A key part of the membrane gas separation design is the selection
of the separation configuration. Single-stage configurations without gas recycling are
the most common and simplest design. However, the demand for higher product purity
(for instance methane contents of 98-99.5% in biomethane) and the need for recovery
target products makes the use of recycle streams as well as multi-stage configurations
a must [199]. These multi-stage systems are typically designed using two, three or four
stages [200]. Figure 15 displays the main process configurations.
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Table 2. Characteristics and typical applications of the different modules for gas separation.

Module Configuration Features Typical Applications Used by
High Pressure - Cross-flow - Hjrecovery in refineries Medal
Shell-Side Feed - Feed gas require pretreatment - CO;, removal from Cynara
Hollow Fiber - Good feed flow distribution natural gas Other
Low P?essure - Counter-flow - N from air . Medal
Bore-Side Feed - No Fouling i - Dehvdration of air Air products
Hollow Fibers O rouiing issues chydration ota Parker

- Cross-flow - CO; removal from
e  Spirally Wound Modules -  No fouling issues natural gas MTR
- Wide range of membrane canbeused -  Vapor/gas separations
a Raw biogas c ' ) .
CO, rich gas
«<—— Membranel
tj \ J
Raw biogas _ . (CO, and CH))
Permeate Purified biogas _,D_, B _— recirculation
(waste gas) (biomethane) g )
Membrane 1
Purified biogas
(biomethane)
b d
(CO, and CH,) Purified biogas
CO, rich gas . — p— recirculation ( A— (biomethane)
Membrane 1 | L
J
Raw biogas T
Purified biogas N ——>D—>[ Membrane 2
Membrane 2 (C02 and CH4) T (C02 and CH4)
| recirculation recirculation

CO, rich gas
Membrane 3

Figure 15. Different design configurations for biogas upgrading (a) single-stage configuration,
(b) two-stage configuration with a recirculation loop, (¢) two-stage configuration with sweep and
(d) three-stage configuration with sweep. Adapted from Angelidaki and co-workers, 2018, and Bauer
and co-workers, 2013.

The one-step system uses a single membrane and compressor (Figure 15a), which en-
tails a low energy consumption, with no internal recirculation of the rejected gas [9,31,201].
This configuration needs less maintenance and reduces the operational cost compared
to multistage membrane units [9]. The second-step system (Figure 15b) involves a gas
recirculation loop for the gas retained to a second membrane installed to increase the purity
of biomethane and the recovery of methane [9]. The third-step (Figure 15c) system is also
based on two membranes, where the rejected gas from the first membrane is purified in a
second membrane and recirculated to the first membrane [9]. The most complex configura-
tion (Figure 15d) involves the purification of the permeate from the first membrane in a
sequential membrane in order to increase the efficiency of the process, and the recovery of
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the CH4 from the gas rejected by the first membrane (using a third membrane) and from
the rejected gas of the polishing membrane via recirculation [31].

9. Conclusions

The development of compact and low-cost biogas-to-biomethane and biohydrogen-to-
high purity H, conversion technologies is crucial to ensure the competitiveness of these
green energy vectors, and to promote the implementation of anaerobic digestion and dark
fermentation for organic waste treatment. Nowadays, the removal of CO, from biogas at
the industrial scale is carried out by physical/chemical technologies, which exhibit high
operating costs and corrosion problems. In fact, CO, removal at the commercial scale is per-
formed using very energy-intensive technologies that require a prior removal of H5S, such
as pressurized water scrubbers, chemical and organic solvent scrubbers, PSA adsorption
systems or cryogenic CO, separators. On the other hand, biological technologies for CO,
removal from biogas are still in an experimental development phase and require large areas
of land or the availability of renewable hydrogen. In this context, the energy demand and
effectiveness of membrane-based CO; separation from biogas and biohydrogen is gradually
decreasing as a result of the rapid advance in material science. In the last decades, a wide
variety of polymeric materials have been developed to increase the gas transport perfor-
mance of membranes. However, several challenges remain in the field, such as the trade-off
between permeability and selectivity (which often prevents overcoming the Robeson lim-
its), the physical aging of membranes and material plasticization (which visibly affects
membrane performance). In this context, novel inorganic materials, with outstanding
chemical and thermal properties (superior to polymeric materials) and excellent perfor-
mance in gas separation, have been recently synthesized. However, despite these materials
being difficult to process, their combination with polymeric materials in order to develop
MMMs has resulted in unprecedented gas separation performance. In addition, polymeric
materials capable of producing benzoaxazoles have been recently used to develop ther-
mally rearranged MMMs, leading to excellent gas separation properties, exceeding the
Robeson limit, as well as delaying physical aging. Thus, the development of new materials
with enhanced physical and chemical properties compared with conventional organic and
inorganic membranes, providing a superior performance in terms of permeability and
selectivity, represents the cornerstone in biogas and biohydrogen upgrading.
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