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ARTICLE INFO ABSTRACT

Keywords: Biogas from the anaerobic digestion of organic waste stands as a renewable energy source with a large potential
Biogas SePar?tion to reduce the global dependence on fossil fuels. Biogas applications as a vehicle fuel or natural gas substitute
Carbon dioxide removal requires the separation of the main biogas components, namely methane and carbon dioxide. Such biogas sep-
Biofuels A .. Lo L . .
Biomethane aration is also necessary for valorizing carbon dioxide, which is a valuable molecule in food and beverage in-

dustries, chemical synthesis and greenhouses, among other industrial activities. While most biological
technologies focused on biogas separation are still in the development phase, the use of membranes for this
purpose has increased exponentially in the last decade due to its efficiency, compact design, economic feasibility,
and easy scalability. This article provides a comprehensive overview of the current state of membrane tech-
nology, focusing on both fundamental principles and the latest advancements in membrane systems for biogas
purification and upgrading. 6FDA-based polyimides and polymers of intrinsic microporosity offer promising
prospects for advancing membrane technologies used in biogas upgrading. The incorporation of fillers, such as
zeolites and metal-organic frameworks, into a polymer matrix to create mixed matrix membranes (MMMs)
significantly enhances the overall performance (CO2 permeabilities up to 18,000 Barrer and CO2/CHj4 selectivity
values up to 85) and functionality of the membrane. However, the key challenges for MMMs remain in fabri-
cating defect-free membranes with high COy/CHy selectivity and ensuring long-term stability over several
months.

Membrane performance

energy in the form of biogas [7,8]. As a matter of fact, biogas production

has been consistently identified as an important alternative to reduce the

1. Introduction current global dependence on fossil fuels [9,10]. Biogas is a metabolic
byproduct of the anaerobic degradation of organic matter (carbohy-

Nowadays, approximately 80 % of the global energy demand is drates, proteins, and lipids) performed by the synergistic activity of

primarily supplied by fossil fuels [1]. Extraction, refining and combus- complex and specialized microbial communities. Although biogas
tion of fossil fuels are activities with negative consequences to the composition strongly depends on the redox state of the organic matter
environment, including direct emissions of greenhouse gases to the at- used as a substrate and the operating conditions set in the digesters,
mosphere as well as impacts on aquatic and terrestrial ecosystems [2,3]. methane (CHy) and carbon dioxide (CO») are the main components with
In the past two decades, many initiatives have been proposed for volume percentages of 50-70 and 30-50 %, respectively [7,8]. Raw
switching energy production towards alternative renewable energy biogas also contains other pollutants in trace concentrations, such as
sources [4-6]. In this context, anaerobic digestion ranks among the most nitrogen (Ny), volatile organic compounds, hydrogen sulfide (HsS),
important platforms for a sustainable energy production, representing a ammonia (NH3) and volatile methyl siloxanes (VMS) [11-13]. Among

cost-effective treatment of organic residues while producing renewable
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Nomenclature

CMS Carbon molecular sieve membranes

CTA modified cellulose triacetate

FT Facilitated transport

HCP Hyper-crosslinked polymers

IL Ionic liquids

1 Thickness of membrane separation layer

MMM  Mixed matrix membrane

MOF Metal organic frameworks

MOP Microporous organic polymers

Nm?® Normalized cubic meter

P Permeability (mol m m~2s ! Pa! or Barrer (10’10

e¢m3(STP) cm ecm 2571 cmHg’l))

PA Polyamide

PEC polyester carbonate

PEEK polyether ether ketone

pfee“1 Pressure in the feed (bar)

PI Polyimide

pPe™eat  pressure in the permeate (bar)

pifffd Partial pressure of the gas i, j in the feed (bar)
Ejermeate Partial pressure of the gas i, j in the permeate (bar)

PSf Polysulfone

p Permeance (mol m 2 s~ ! Pa~! or GPU (10~° cm>(STP)
em 257! cmHgfl))

PIM Polymers of intrinsic microporosity

Qfeed Feed gas flowrate m®*h™H

QPe™eate permeate gas flowrate (m> h™1)

E;rmeate Permeate gas flowrate of the gas i, j (m> h™1)

Qretentate  Retentate gas flowrate (m> h™1)

RE; Removal efficiency of the less abundant gas i (%)

VMS Volatile methyl siloxanes

Xij Molar fraction of the gas i, j in the permeate

Vij Molar fraction of the gas i, j in the feed

Zij Molar fraction of the gas i, j in the retentate

ZIF Zeolitic imidazolate frameworks

Oai/j Selectivity

AC Concentration gradient

AP Pressure gradient (bar)

[} Membrane pore size (A)

Drotal Total feed-to-permeate pressure ratio

@i Partial feed-to-permeate pressure ratio

0 Stage cut

0, Recovery degree

n; Recovery yield of the richest gas j in the retentate stream
(%)

biogas trace pollutants, the removal of H,S and VMS (biogas purification)
is particularly important as they mediate corrosion and abrasion issues
in equipment used for energy generation from biogas, such as engines,
turbines, fuel cells and combined heat and power systems [12,14].
Biogas application niches in terms of biorefinery concept are
amplified when CO, is removed and CHy4 concentrations above 95 % (v
v1) are reached. This process, known as biogas upgrading, reduces fuel
transportation costs and allows the application of the resulting methane
as a vehicle fuel and its injection in natural gas networks [15]. Biogas
purification and upgrading can be achieved by means of
physical-chemical and biological technologies. Biological processes,
such as biological methanation of CO3 and photosynthetic processes for
CO5 removal, have emerged as a cost-effective and sustainable alter-
native for biogas upgrading. These processes require low chemical and
energy consumption, being typically operated under ambient tempera-
ture and pressure conditions [16,17]. Biogas upgrading by biological
methanation of CO, consists of the utilization of Hy by hydrogenotrophic
methanogens to transform CO» into CHy4 [18]. Photosynthetic processes
for CO removal, which also are capable of removing HyS from raw
biogas, are based on the use of a consortium of microalgae and bacteria
to uptake these biogas pollutants [13]. Although biological systems are
efficient for removing the most important biogas trace pollutants, a low
removal capacity has been consistently observed for CO,, requiring
biogas retention times in the order of 20-60 min to achieve their com-
plete removal. Such long biogas retention times imply large bioreactor
volumes, which hinders their potential application at full scale [12,19,
20]. On the other hand, physical-chemical technologies, such as ab-
sorption, adsorption, and membranes are commonly applied for CO,
removal from biogas. Absorption is based on the mass transfer of COy
from biogas to a liquid solution, which could be water, an organic sol-
vent, or a chemical reagent (alkanol amines or alkali aqueous solutions).
Adsorption involves the transfer of biogas pollutants onto a solid porous
adsorbent [16]. Membrane technology for biogas upgrading/pur-
ification involves the selective permeation of biogas pollutants, while
methane remains retained [21]. Their application has been traditionally
hampered by their high investment and operating costs derived from
intensive demand of chemicals or the need of high temperature and
pressure conditions [22,23]. Therefore, the development of

cost-efficient and robust technologies for biogas purification/upgrading
is still an important research niche towards consolidating the wide-
spread use of biomethane and reduce the global dependence on fossil
fuels.

Within the aforementioned physical-chemical technologies available
for biogas upgrading, the use of membranes has increased exponentially
in the las five years, accounting for nearly 50 % of the total biogas
upgrading technologies applied in Europe in 2021 [24]. However,
despite the promising future of membrane-based technologies for bio-
methane production, there are still critical challenges to be addressed.
For instance, it is crucial to develop efficient membranes that can
operate at ambient pressures while achieving high CO,/CH, separation
at a low cost. Additionally, there are concerns about the reduced per-
formance of membranes during long-term operation and in the presence
of acidic gases. As a result, the number of studies on membrane materials
for biogas upgrading has increased exponentially in recent years.
Although various studies have recently reviewed membrane processes
for biogas upgrading, many focus primarily on membrane fabrication
and resistance rather than on the upgrading performance of biogas
mixtures or the impact of other biogas components [7,25-27].
Furthermore, some reviews lack an overview of the fundamentals of
membrane technology, which is essential for a comprehensive under-
standing and accurate comparison of different technologies.

The central goal of this work is addressing the state-of-the-art of the
fundamentals of membrane technology to attract non-specialized
readers from biotechnology and environmental engineering fields to-
wards the most recent developments of membrane technology for biogas
purification and upgrading. This review provides also a comprehensive
analysis and comparison of main membrane materials used for biogas
upgrading, including polymeric membranes and inorganic membranes,
with a particular focus on zeolites. The development of novel materials,
such as polymeric matrices with permanent microporosity, and the
possibility of operating membranes at temperatures and pressures close
to ambient conditions are also highlighted. Moreover, the potential of
membrane technology in comparison to other upgrading methods, along
with the key challenges that must be addressed for the advancement and
consolidation of novel membranes for biogas purification and upgrading
are identified and critically discussed. To evaluate the performance of
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the membranes and facilitate a comparative analysis of various mem-
brane materials, quantitative consolidated information was collected.
Data, both quantitative and qualitative, were obtained from a total of
203 studies. To create an unified database, distinct categories were
established for membrane materials and biogas composition. Most of the
selected studies were conducted using biogas mixtures (both synthetic
and real) rather than pure gas experiments, as these better reflect con-
ditions in practice. However, in some instances, results from pure gas
studies were included due to the limited availability of studies involving
biogas mixtures. Studies were generally excluded from this analysis if
they used pure gases or lacked key operational characteristics and per-
formance data, which would preclude a comprehensive evaluation.

2. Fundamentals of membrane-based technologies for biogas
separation

Membrane separation is a suitable technology for biogas purification
and upgrading [8,27]. The features that have traditionally encouraged
the application of membranes for biogas separation include: (i) their
lower investment and operating cost compared to other
physical-chemical technologies; (ii) their environmentally friendly na-
ture since no chemical waste or wastewater is produced; (iii) their
compact nature and easiness of transport; (iv) their modular operation
and scalability when required; and (vi) their ability to recover and
valorize COy in many industrial applications, which enhances the
cost-effectiveness of the upgrading process [28-30]. Thus, approxi-
mately 28 % of biogas processing plants worldwide already included
membrane-based technologies by 2019 [31]. It is expected that this
share increases in centralized plants processing biogas flowrates < 100
Nm® h™! and even in decentralized household digesters, considering the
rapid advances in membrane technology [32].

Gas separation using membranes involves three sequential steps: (i)

CH,-rich stream
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sorption of certain molecules at the high pressure/concentration side,
namely feed side; (ii) diffusion of these molecules through the mem-
brane; and (iii) desorption at the low pressure/concentration side,
namely permeate side [33]. Thus, a gas mixture fed to the membrane is
divided into two main streams, a side stream enriched with permeable
molecules called permeate, and other stream enriched with the molecules
that pass much lower through the membrane known as retentate (Fig. 1).
Specifically, membranes for biogas separation allow gases with higher
solubility in polymers or small molecular size gases, such as Hy, CO5 or
H>S (kinetic diameters of 2.89, 3.30 and 3.60 ;\, respectively) to pass
through the membrane, while larger size molecules or with lower sol-
ubility, such as CHy4 (kinetic diameter of 3.80 A) are retained [23]. The
mass transfer across the membrane is an irreversible process, which
occurs via a pressure and/or concentration gradient that acts as the
driving force for gas separation [21,34].

2.1. Gas transport mechanisms

Membranes can be divided into two main groups based on the ma-
terials used in their manufacture, namely non-porous and porous mem-
branes. Most polymer-based organic membranes are non-porous (also
known as dense membranes), and gas molecules are transported through
the unoccupied spaces between polymer chains. The total space between
polymer chains available for gas flow in non-porous membranes is
commonly referred as the free volume. Instead, most inorganic mem-
branes are made of porous materials where gas molecules are trans-
ported from the high-pressure to the low-pressure side [21,35].

Gas transport in non-porous membranes might occur by means of
either in non-facilitated or facilitated transport (FT) mechanisms. The
non-facilitated separation process is based on a solution-diffusion
mechanism, where molecules in the high-concentration side are dis-
solved in the membrane material. Then the gas molecules diffuse across

Thickness of membrane
separation layer (l)

(—1—\

2 1. Sorption
3 2. Diffusion
3. Desorption

R

Low pressure

!

Fig. 1. Separation of the main biogas components (CH4 and CO,) in a membrane, illustrating the three sequential steps involved in the process. Q, QP, and Q* stand
for the gas flowrates in the feed, permeate, and retentate, respectively. Mole fractions of the i and j components in the feed, permeate, and retentate are represented

by yij, Xij and z;j, respectively.
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the membrane, being finally desorbed on the low-concentration side. In
the solution-diffusion mechanism, the concentration difference between
feed and permeate side entails a concentration gradient, whereas the
pressure inside the membrane and through the membrane thickness is
constant at high-pressure value but decreases rapidly on the permeate
side (Fig. 2A) [4,34,36]. Instead, gas separation in FT membranes
involve the following sequential steps: (i) gas sorption at the high
pressure/concentration side; (ii) reversible gas reaction with a reactive
component (also known as carrier); (iii) diffusion of reaction product
(also known as complex) through the membrane material; (iv) dissoci-
ation of the complex and regeneration of carrier; and (v) gas release at
the low pressure/concentration side [21,37]. As shown in Fig. 2A, gas
transport in FT membranes can take place via a solution-diffusion
mechanism where the gas-carrier complex moves freely across the
membrane. However, gas jumping on fixed or mobile carriers can also
occur. Carriers in non-porous membranes for CO, separation include
amine-containing polymers, CO,-reactive functional groups, or small
reactive molecules embedded within the polymer matrix [21,37,38].
Likewise, amino acid salts and ionic liquids (IL) are some of the repre-
sentative mobile carriers of FT membranes targeting CO, removal from
biogas [7,39,40].

Gas transport in porous membranes occurs from high- to low-
pressure sides through pores and the separation mechanisms mainly
depend on membrane pore size (¢). For instance, gas separation is based
on adsorption-diffusion processes (including Knudsen diffusion) at
¢ < 1000 A, while surface diffusion, capillary condensation, and mo-
lecular sieving occur at

¢ <10 — 20A, ¢ < 304, and 5 < ¢ < 20 A, respectively
[41-43]. In Knudsen diffusion, gas molecules are temporarily adsorbed
on the membrane surface and then reflected in a random direction [21,
44]. Capillary condensation occurs when adsorbed gas compounds in
inner pores condense, being only the soluble gases in this condensed gas
able to flow from high to low-pressure side [42]. In molecular sieving,
small molecules pass through the pores and large molecules are retained
[43]. Fig. 2B depicts a summary of the mechanisms occurring during
biogas separation in porous membranes.

2.2. Operating and performance parameters

In membrane-based technologies for biogas separation, the flux of
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permeate gas through the membrane is proportional to the pressure
gradient between feed and permeate sides. In this regard, the feed-to-
permeate pressure ratio (¢) is one of the most important operating pa-
rameters due to its influence on the molar fractions of the i and j com-
ponents of the biogas mixture. Increasing the feed pressure leads to
higher partial pressures of the i and j gases fed to the membrane, which
ultimately promote the gas separation [45]. Hence, total and partial
feed-to-permeate pressure ratios can be defined according to Eqs. 1 and
2, respectively.

Pfeed
Protal = ppermeate (1)
feed
Pij J
(Pij = permeate (2)

ij

Where P are the total pressures and P;j the partial pressures of theiand j
components in the feed and permeate.

High pressure gradients are achieved by maintaining ¢tota >> 1.
However, although the permeate gas flow rate is high, the less perme-
able gas molecules also might pass through the membrane and the purity
of the permeate stream would be low. Therefore, when the gas stream in
the permeate is intended to be valorized (as in the case of COy from
biogas), then the pressure gradient must be just high enough (@¢ota1 > 1)
to achieve a high purity permeate stream [46]. In practice, membranes
for biogas separation can be operated under two strategies: (i) the gas
mixture is introduced into the membrane using a fan at atmospheric
pressure and a high-pressure gradient can be achieved by generating a
negative gauge pressure (0.04 — 0.5 bar) with a vacuum pump located on
the permeate side, while the retentate stream flows at ambient pressure;
or (ii) the gas mixture is fed to the membrane using a compressor, the
permeate stream leaves the system at ambient pressure, while the
retentate stream flows at high pressure (> 4 bar) [47,48]. The second
operation strategy is frequently used when the retentate stream will be
further treated in another membrane module to increase its purity.

Regarding the evaluation of the membrane performance, the stage cut
(0) is a critical parameter that can be used to determine either the gas
mixture separation or recovery degree. When the stage cut considers the
fraction of the feed stream that permeates through the membrane, this
parameter is a measure of the separation degree (6s) according to Eq. 3.

(non-facilitated)

L

CHy-rich stream Feed
(Retentate)
s VWV
- 2
Membrane Free volume
thickness

CO,-rich stream " Capillary o
(Permeate) C— Knudsen diffusion Surface diffusion condensation O\} Molecular sieving
1
3 Momentary chdgsoa“”" O-Vo Q ©O+0
Feed Permeate adsorption ® O O "O
/O @-<{Adsorption o> Oo%m
Raw biogas Desorption O O
(Feed) O ® i EE S O
Membrane
thickness Permeate flux

(A) Transport mechanisms in non-porous membranes

Solution-diffusion

VW o

(B) Transport mechanisms in porous membranes

Solution-diffusion

(Facilitated)
CO, transport CO, transport

&—-&° N
ela’e’ 4 Bwo

e e
\ranspor o tﬂ

Ci Fixed carriers Mobile carriers

Jumpingon fixed
sites mechanism

Jumping on mobile
sites mechanism

CH, CO, Carrier complex Polymer
chain

Fig. 2. Gas transport mechanisms in (A) non-porous and (B) porous membranes. C and P represent the gas concentration and pressure, while AC and AP are the

corresponding gradients between the feed and permeate sides, respectively.
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Qpermeate

0 = Qfeed

The stage cut expresses the recovery degree (0;) when the retentate-
to-feed flow ratio is considered (Eq. 4).

3

Qretemate

Qfeed

A high purity permeate is achieved when 6; is very close to zero (6s —
0), whereas no separation is obtained if 65 is very close to 1 [4,49,50].
The permeance (P) is a proxy of the ability of the membrane to allow
specific gases to pass through the membrane, considering the permeate

0 = (€3]

flowrate of the i or j gases (ije""eate) across the membrane per area unit

(A) due to a pressure difference between feed and permeate sides as
follows:

Qﬂemeate

7 AR ) ®

Permeance is a useful parameter for industrial-scale applications
because it takes into consideration the membrane area. As shown in Eq.
5, if specific permeance is required, an increase of the Qf;'"‘eate will imply
a proportional increase of membrane area. Thus, the design of modular
membrane processes should be based on this parameter [36,51]. The
membrane permeability (P) is another performance parameter derived
from the permeance, which considers the thickness of membrane sepa-
ration layer (1):

P=2>x1 (6)

Membrane permeability is useful to estimate the mass transport
through the membrane, being an intrinsic material property commonly
employed to compare different materials during the research and
development stage. Unlike permeance, this parameter depends on the
membrane thickness, which is constant and therefore cannot be used to
scale the separation process [52]. The separation factor, most referred as
membrane selectivity (o), is a performance parameter obtained from the
molar fractions of i and j gases on the permeate and feed sides according
to Eq. 7:

Xi /X;
Yi/Yj

Where x; and x; are the molar fractions of the i and j components in the
permeate side, while y; and y; correspond to molar fractions in the feed
side of the membrane, respectively (see Fig. 1). The separation of the gas
mixture occurs when o;/; > 1, the higher the aj/; value, the greater the
separation of gases i and j. On the contrary, no separation will occur in
the membrane if a;/; takes a value close to 1, since x;/x; =~ yi/yj. Most
investigations on membrane-based technologies for biogas separation
have reported the performance in terms of «;/j, considering only
composition data in the permeate and feed streams. Nevertheless, it is
quite important to characterize the retentate composition to quantify the
CH4 concentration reached.

Determining CH4 and CO- concentrations in the retentate stream can
be done by means of a mass balance considering the molar fractions of
the i and j components in the permeate, feed, and retentate sides ac-
cording to Egs. 8-9:

y; Qfeed — (XiQpermeate) + (ZiQretentate) (8)

@)

Qi =

yj Qfeed — (Xj Qpermeate) + (Zj Qretentate) (9)

The removal efficiency (RE) of the less abundant gasi in the retentate
stream (CO3 in biogas) can be calculated according to Eq. 10:

Journal of Environmental Chemical Engineering 12 (2024) 114106

B yiQfeed _ ZiQretentate
- yiQfeed
Likewise, the recovery yield (n;) of the richest gas j in the retentate

stream (CH4 in biogas) can be calculated according to Eq. 11, which is
derived from Eq. 9:

RE; (%) x 100% (10)

_(yretentate
n,(%) = % x 100% an

J
Since membranes cannot separate completely the gas mixture, a
portion of the less permeable gas passes through the membrane. This
fraction of the less permeable gas is called the gas loss and can be
calculated according to Eq. 12:

XjQpermeate
feed
YjQ e
It is important to consider the complete set of performance param-

eters defined by Egs. 1-7 and 10-12 to understand, evaluate, and scale
membrane-based processes for biogas separation.

R;(%) = x 100% (12)

3. Performance of membrane-based technologies for biogas
separation

3.1. Polymeric membranes for biogas purification and upgrading

Polymer-based membranes dominate the gas separation market due
to their high flexibility, process reproducibility, scale-up simplicity and
low manufacturing cost, which is in the range of 1.5-9 € m~2 and 9-45 €
m ™2 for hollow fiber and spiral wound membranes, respectively [29,49,
53]. Membranes targeting CO, separation from biogas are commonly
made of polymers, such as cellulose acetate, cellulose triacetate, poly-
dimethylsiloxane, polysulfones, polycarbonates, polyimides, poly-
amides and poly(methyl pentenes) [4,28,54,55].

Flat-sheet and tubular membranes are also commercially available
configurations for biogas separation. Flat-sheet membranes can be
classified either as plate-and-frame or spiral wound type, whereas
tubular membranes are commonly classified according to their internal
diameter as hollow fiber (< 0.5 mm), capillary (1-3 mm) and tubular
membranes (5-25 mm) [36,45] (Fig. 3). These membranes are typically
arranged within a frame (i.e., a stainless-steel tube) commonly known as
the membrane module. The larger the number of fibers or films packed
into the module, the larger the contact area between gas and membrane,
but at the same time a higher volume of module is required. Hollow fiber
membrane modules are usually preferred for biogas separation purposes
since this configuration can hold packing densities up to ~100, ~33,
~10, and ~8 times higher compared to plate-and-frame, tubular, spiral
wound, and capillary modules, respectively (Table 1) [8,48,56].

Regarding the materials, polysulfone (PSf) is the benchmark for
biogas separation in polymeric membranes. This is mainly due to its
robustness and ability to operate under a wide range of pressure (1 —
10 bar), temperature (5 — 40 °C), and feed gas composition (CO2:CH4
30-45:55-70 % v v_1). When dealing with small biogas flowrates in the
feed (i.e., 0.09-0.18 m® h’l), PSf membranes with a surface of 1.4 m?
can deliver CH4 concentrations of up to 96 % in the retentate stream
with single-stage processes [57]. However, when dealing with biogas
flowrates in the order of 100 Nm® h™!, three-stage processes were
required to achieve a CH,4 concentration above 98 % in the retentate
stream using PSf membranes with 40 m? of effective area [58]. CO2/CHy4
selectivity values of approximately 30 have been reported in the absence
of HyS. Polyimide (PI) is another commercial polymeric material used
for biogas separation at temperatures ranging from 30 to 55 °C, which
support a performance comparable to that observed in PSf membranes
(aco2/cu4 up to 30 and CH4 concentrations in the retentate stream up to
99 %). The best performance of PI membranes has been reported at
feeding pressures of 10-13 bar, slightly higher than the pressures
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Tubular
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Fig. 3. Detailed structure of the main membrane configurations (plate and frame, tubular and spiral wound) used for biogas separation.

applied in PSf membranes. Even when PI membranes have been suc-
cessfully tested with raw biogas, several authors recommend the pre-
vious removal of HyS and NH3 before CH4/CO5 separation [4,59,60].
Membrane modules based on polyester carbonate (PEC) and poly-
ether ether ketone (PEEK) have also been tested for biogas separation at
temperatures between 17 and 35 °C, yielding CH4 concentrations of
80-98 % v v ! in the retentate. However, feeding pressure of up to
25 bar are required in PEEK membranes to achieve CH4 concentrations
of 98 % v v~ in a single-stage process [62-64]. Interestingly, some
studies have shown that membrane modules based on PSf, PI, and PEC
materials can remove HjS from biogas at efficiencies between 55 % and
89 % [6,62,65]. Wet biogas separation (moisture levels of 85-100 %)
has been successfully performed in polyamide (PA) membranes under
feeding pressures of 2-5 bar and temperatures between 21 and 37 °C.
However, CH4 concentrations in the range of 79.6-91.3 % v vl are
obtained in the retentate streams of PA membranes, which represents a
lower performance compared to other polymeric materials in
single-stage processes [65,66]. There is a trade-off between selectivity
and permeability in most polymeric membranes because more perme-
able polymers are less selective and vice versa [41,67,68]. This phe-
nomenon has been attributed to the increase of membrane free volume
mediated by dissolved CO,, which swells the space between polymer
chains and enhances CH4 flux though the membrane [7,69]. Conse-
quently, a single-stage membrane separation process might achieve
either maximum recovery or maximum purity, but not both [50,58]. For
this reason, 2- or 3-stage membrane separation processes are required to
grant CH,4 concentrations > 91.8 % v v 1and CH4 recoveries > 94 % in
the retentate stream (Table 1). On the other hand, implementing more
than 3 separation stages will compromise the economic and technical
feasibility of the process because: (i) permeates must be re-compressed
for its entry in subsequent separation stages, (ii) need for
re-adjustment of the feeding flowrate after the first stage, and (iii) need
for controlling the stage cut in each membrane module [70].
Considering natural gas processing, cellulose acetate membranes
dominate the market with approximately 80 % of all installed polymeric
membrane systems at full scale [71,72]. Cellulose acetate membranes
require feeding pressures > 40 bar and dry gas streams to deliver CHy

recovery yields > 90 % [29]. These high-pressure requirements also
entail higher investment, operating, maintenance costs, which has
traditionally discouraged the use of cellulose acetate membranes for
biogas separation purposes in small- and medium-size biogas production
plants. Therefore, the development of new polymeric membranes with a
high biogas separation efficiency at pressures < 5bar is a critical
research niche for broadening the use of membranes in small- and
medium-size biogas production plants. Further drawbacks of polymeric
membranes for biogas separation processes include: (i) deteriorated
performance under long-term operation at high pressure and tempera-
ture; (ii) swelling, compaction and/or aging issues when operated in the
presence of acidic gases; and (iii) plasticization at high CO, pressures [7,
41,73,74]. In addition, there is still a lack of systematic studies evalu-
ating the performance of polymeric membranes in long-term biogas
separation processes. To the best of the authors’ knowledge, only one
study reported the stability of a PEC membrane for biogas separation
during three months of operation, which highlights the need for more
investigations on this regard [62].

3.2. Inorganic membranes for biogas purification and upgrading

The main characteristics of membranes based on inorganic materials
include: (i) high selectivity and permeability performance; (ii) thermal
and mechanical stability; (iii) resistance to erosion, bacterial degrada-
tion, and harsh conditions; and (iv) stable performance over long-term
operation [49,75]. However, these membranes are also characterized
by a high manufacturing cost, being prone to defects such as pinholes
and surface cracks, especially when manufacturing large surface areas
[72,76]. Inorganic membranes can be classified into two types:
non-porous or dense (¢ < 0.5 nm) and porous membranes (¢ > 0.5 nm).
Porous membranes are further categorized based on their pore size into
microporous (0.5 < ¢ < 2nm), mesoporous (2 < ¢ < 50 nm) and
macroporous (¢ > 50 nm) [77].

Dense inorganic membranes can be based on palladium (and palla-
dium alloys), perovskites, and zirconia (Fig. 4). As far as the authors
know, the application of non-porous inorganic membranes for biogas
separation is still unexplored. This can be explained by the fact that non-
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Performance of polymeric membranes for biogas separation under different operating conditions, where T: temperature; Q™*!: feed gas flowrate; p?: pressure in the
feed; [CH4]gr: CH4 concentration in the retentate stream; Tcy4: CHy4 recovery yield in the retentate; acoz,/cua: membrane selectivity; 6s: stage cut.

Material Module configuration Stages Biogas type

and composition
v v

T (cc) Qfeed
m*h™)

preed [CH4l & Neus (%) Reference

(bar) %v v )

0co2/CH4 05

Psf Hollow fiber 1 Dry synthetic gas 20
CO,:CHy4

45:55

Dry synthetic gas 25
CO2:CH4:H,S
30:69.81:0.19

Dry synthetic gas 25 NR
CO,:CH4

30:70

Dry synthetic gas 25 NR
CO,:CH4

30:70

Raw biogas 5-25 100
CO,:CH4
27.5:72.5

Dry synthetic gas
CO,:CH4:H,0
48.1:48.1:3.8
Dry synthetic gas NR 0.1
CO4:CH4

30:70

Raw biogas NR 0.1
CO2:CH4:H,S

30:69.998:0.002

Dry synthetic gas 30 NR
CO,:CH,4

20:80

Raw biogas 30 NR
CO,:CH4:Ny

19.8:70:9.2

Raw biogas 35 54
CO2:CH4:H,S

38.9:51:0.095

Raw biogas 17 54
CO2:CH4:H,S
50.7:49.1:0.14

Raw biogas 25
CO,:CH4N,

44.6:54.4:1

Raw biogas NR
CO5:CH4:H5S:Hy:No
40.2:53.5:0.2:3:3.1

Wet synthetic gas 37
CO,:CH4:HsS

46.6:53.3:0.1

Wet synthetic gas 37
CO,:CH4:HsS

46.6:53.3:0.1

Wet synthetic gas 21
CO4:CH4

10:90

Wet synthetic gas 21
CO4:CH4

46.2:53.8

Psf Hollow fiber 1

Psf Hollow fiber 1

PSf Hollow fiber 1

PSf Hollow fiber 3

PI Hollow fiber 2

25-50 NR

PI Hollow fiber 1

PI Hollow fiber 1

PI Hollow fiber 1

PI Hollow fiber 1

PEC Hollow fiber 1

PEC Hollow fiber 2

PEEK

Hollow fiber 1

PEEK

Hollow fiber 1

PA Flat-sheet 1

PA Flat-sheet 1

PA Flat-sheet 1

PA Flat-sheet 1

0.003

96 kg/h

41 kg/h

0.002

0.002

0.0018

0.0019

0.09-0.18 1.1 96 48 21.9 0.73 [57]

2 84 45 21.3 0.44 [61

10 95 75.3 NR 0.45 [58]

6 95 49 NR 0.64 [58]

10 98.8 99.1 NR

0.3/0.49/0.53 [58]

1-13 99.1 95.8 NR

0.36/0.45 [4]

9 90 364.3 NR 0.5 [61]

9 85 360.7 NR 0.5 [61]

123 93.8 77.4 7.0 0.34 [59]

4.3 80.7 76 8.9 0.34 [59]

7 96 69.4 3.3 NR [62]

7 96 95.6 22.9 NR [62]

25% 98 40 NR 10.78 [63]

7.8 80 61 22.9 10.69 [64]

2.2 79.6 377.9 23.3 10.48 [65]

5 68.1 396.6 215.1 10.24 [65]

5 91.3 396.0 219.7 10.49 [66]

2.2 79.6 377.2 23.37 10.52 [66]

NR: not reported. PSf: polysulfone; PI: polyimide; PEC: polyester carbonate; PA: polyamide; PEEK: polyether ether ketone. *Corresponds to pressure gradient and not to
feed pressure. Super indexes 1, 2 and 3 indicate that these parameters were calculated with Eqs. 3, 7 and 11, respectively.

porous inorganic membranes are prone to deteriorate in the presence of
CO> and require up to 600 °C to achieve a high permeate flux, limiting
therefore their application for biogas separation [78]. Porous inorganic
membranes can be made from various materials, including metal,
ceramic, glass, zeolite, and carbon molecular sieves (CMS) (Fig. 4). The
structure of metallic membranes comprises a layer of fine metal powder
deposited on a permeable support. Ceramic membranes are composed of
macroporous layers (usually a-Al;03), one or two intermediate meso-
porous layers and a microporous top layer, which is actually the selec-
tive separation layer [45,79]. Glass membranes are made of calcined
silica (SiO3), a material that is highly permeable to small gas molecules
like Hy, however, this material presents a limited permeance for larger

molecules such as CO,, being of poor interest for biogas separation
purposes [80]. Zeolites are crystalline oxides composed of silicon (Si)
and/or aluminum (Al). Membranes based on zeolites, such as chabazite
(CHA), deca-dodecasil 3 rhombohedral (DDR), erionite (ERI),
aluminophosphate-eighteen (AEI), lynde type A (LTA) can separate
molecules like CO, from CH4 in biogas streams since their average pore
size is below 0.43 nm. Thus, zeolites are among the most promising
materials for COo/CHy separation [74,81]. CMS membranes are manu-
factured by thermal decomposition of polymeric precursors such as
polyacrylonitrile (PAN), cellulose triacetate, phenol formaldehyde,
polyimides and poly (furfural) alcohol at temperatures commonly
ranging from 600 to 800 °C [35,72]. Their high surface area and uniform
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Inorganic membranes

Porous
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Fig. 4. General classification and materials of inorganic membranes for biogas separation.

microporosity make them suitable for biogas upgrading applications
[82].

Most studies on biogas separation using inorganic membranes have
reported the use of zeolites to achieve CO; removal (Table 2). Zeolite-
based membranes are highly affine for CO,, which facilitates its
adsorption on the surface [83,84]. The CO,/CHy separation in zeolite
membranes is achieved by the slight difference in the molecular sizes of
both molecules [85,86]. For instance, CHA-type zeolites including
SAPO-34 (silicoaluminophosphate CHA type) and SSZ-13 (high silica
CHA), and DDR-type zeolites such as DD3R (all-silica decadodecasil 3R)
and ZSM-58, among others are particularly attractive for COy/CH4
separation [75]. SAPO-34 membranes are highly selective for CO/CHy4
separations (0coz/cas4 ranging from 94 to 166) due to their higher af-
finity for CO; and their pore size (0.38 nm), which matches the kinetic
diameter of CH4 [87]. Even though the separation performance of
SAPO-34 membranes decreases at high pressures, selectivity values as
high as 50 have been reported at 40 bar [88]. Interestingly, even when
the material SAPO-34 has a low Si/Al ratio, it can tolerate small con-
centrations of water vapor in the feed, being therefore useful for biogas
separation under more realistic conditions [89,90]. Despite their high
separation performance, SAPO-34 membranes typically have a thickness
ranging from 2 to 5pum, which results in CO; permeances of
101077-10107® mol m~2 s~! Pa!. $5Z-13 membranes are simpler and
present better stability in humid and chemical environments than
SAPO-34 membranes due to their high Si/Al ratio [55,86]. However,
although high selectivity values have been reported in some studies (up
to 406) due to its ideal pore size pore size of 0.37 nm x 0.42 nm, the CO»
permeance (1.801078 — 4.6e107 mol m~2 s~! Pa™!) is typically lower
than in the case of SAPO-34 membranes. Nevertheless, the synthesis of
thin membranes (0.4-1.4 um) has increased the CO5/CH4 separation
performance of these membranes, with CO; permeances of up to
4.8010 ® molm 2 s ! pa! [89,91]. Pure silica CHA, also known as
all-silica CHA, is a better alternative than SSZ-13 and SAPO-34 due to its
hydrophobic framework, which results in an outstanding stability and
inertness. Also it exhibits even higher CO, permeances (1.001077 —
4010 mol m 2 s~! Pa~!) with membrane thickness (0.4-8 um) and an
adequate CO5/CHy4 selectivity (29—150) (Table 2). However, its prepa-
ration is challenging since it requires the use of fluoride-containing dry
gel, which is non-homogeneous and leads to high waste production [85].

On the other hand, DDR is a zeolite known for its high thermal, humid,
and chemical stability, similar to that of pure silica CHA, but with a
slightly smaller window opening (0.36 nm x 0.44 nm). As a result, high
CO4/CHj, selectivity values have been achieved at low temperatures and
pressures (105—540). Although the presence of water, along with high
temperatures and pressures, can reduce membrane performance, selec-
tivity values greater than 55 have still been reported (Table 2). Typical
thicknesses of 4-10 pm have been reported, which result in typical CO,
permeances in the order of 108-10" molm2s ! pPal. Despite the
advantages, synthesizing high-performance DDR membranes is chal-
lenging due to the formation of impurity phases and cracks, and they are
still in the developmental stage [90,92]. In this regard, impurities were
avoided in ZSM-58 membranes, although further research is still
required [92].

Other zeolites, such as aluminophosphates AIPO-18 (AEI-type,
0.38 nm pore size) and AIPO-17 (ERI-type, 0.36 nm x 0.51 nm), SAPO-
17 (ERI-type), mordenite framework inverted (MFI) and LTA have been
reported as good candidates for CO5 separation from biogas [93-95].
Overall, hydrophilic zeolite membranes such as AIPO-18, AIPO-17 and
SAPO-17 have a low Si/Al ratio and display a poor moisture resistance,
but these materials have been reported to exhibit acceptable CO5/CHy
selectivity values (25—101) and CO, permeances (1.8¢1077 —1.1e10°°
mol m~2 s™! Pa~!) at pressures below 3 bar with dry synthetic biogas.
The ellipsoidal-shaped pores of ERI-type membranes result in a higher
CO-, affinity compared to spherical pores, leading to improved CO3/CH4
separation performance [94]. MFI membranes have a larger pore size
(0.55 nm) compared to other zeolites, resulting in higher COy per-
meances (7¢10°° — 110> molm 2 s~' Pa~1) but lower CO2/CHy4
selectivity values (2.5-7.1). CO, permeances decrease with lower tem-
peratures and Si/Al ratios. Conversely, selectivity increases as the tem-
perature decreases [96]. Although LTA membranes can be synthetized
by green and low-cost methods, their biogas upgrading performance is
lower in comparison with other inorganic membranes (CO2 permeances
of 3.561077 molm™2 s~! Pa~! and acoz/cus Of 16-22). It must be
remarked that the maximum selectivity values reported for zeolitic
membranes tested with wet synthetic biogas were approximately 50 %
lower than the best selectivity achieved under dry conditions, high-
lighting the relevance of moisture on the resulting biogas separation
performance.
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Table 2
Performance of inorganic membranes (zeolites) for biogas separation under different operating conditions, where T: temperature; Q™ feed gas flowrate; p
pressure in the feed; acos/cns: membrane selectivity.

feed,

Material Support Biogas composition T (°C) Qfeed pleed Oco2/cH4 CO, permeance Reference
©®vvh m®*h™h (bar) (molm2s 'Pal)
CO2:CH4

SAPO—-34 a-Al,03 50:50 25 0.48 *2 129 1.0 x 107° [97]
(dry synthetic gas)

SAPO-34 a-Al,03 50:50 RT NR “1.4 152 3.9 x107° [98]
(dry synthetic gas)

SAPO—-34 a-Al,03 50:50 25 0.048 2 160 1.2 x10°° [99]
(dry synthetic gas)

SAPO-34 a-Al,03 50:50 22 1.2 1.4-40 50-162 1.6 x 10°°-53 x 10°° [88]
(dry synthetic gas)

SAPO—-34 a-Al,03 50:50 22 0.06 *2 94 1.3 x 107° [87]
(dry synthetic gas)

SSZ2-13 a-Al,03 50:50 25 0.12 2 70 4.6 x 1077 [100]
(dry synthetic gas)

SSZ—-13 Tubular porous ceramic 50:50 20 0.18 1.4 180 2.8 x 10°° [91]
(dry synthetic gas)

SSZ2-13 a-Al,03 50:50 30 0.036 2 183 3.1x1077 [85]
(dry synthetic gas)

SSZ-13 a-Al,03 50:50 25 0.24 2 303 1.2 x107° [55]
(dry synthetic gas)

SSZ-13 a-Al,03 50:50 125 0.24 2 55 2.8 x 1077 [55]
(wet synthetic gas)

SSZ2-13 a-Al,03 50:50 25 0.006 1 64 1.8 x 1078 [101]
(dry synthetic gas)

SSZ-13 a-Al,03 50:50 25 0.006 1 205 3.0x 1077 -4.0 x 1077 [101]
(wet synthetic gas)

SSZ—13 Tubular porous ceramic 50:50 20 NR “1.4 116 1.4x10°-34x10°° [86]
(dry synthetic gas)

SSZ-13 Mullite tubes 50:50 25 NR *2 406 29 x1077 [102]
(dry synthetic gas)

SSZ-13 a-Al,03 50:50 50 0.006 1 44 1.0 x 1077 [103]
(wet synthetic gas)

SSZ2-13 Mullite tubes 50:50 30 NR 2 300 2.0 x 1077 [104]
(dry synthetic gas)

SSZ—13 Tubular porous ceramic 50:50 RT NR 1.4 150 48 x10°° [89]
(dry synthetic gas)

Si-CHA a-Al,O3 50:50 25 0.18 1 130 4.0 x 10°° [105]
(dry synthetic gas)

Si-CHA a-Al,03 50:50 20 0.12 2.4 150 2.5 x 107 [106]
(dry synthetic gas)

Si-CHA a-Al,03 50:50 30 0.006 1 29 1.0 x 1077 [107]
(dry synthetic gas)

DD3R a-Al,03 50:50 RT 0.12 7-31.3 55-300 0.9x10%-32x10°8 [74]
(dry synthetic gas)

DD3R a-Al,03 50:50 RT 0.36 31.3 105 1.2 x 1078 [74]
(dry synthetic gas)

DDR a-Al,0; 64:36 45 NR 30 182 6.6 x 10713 [83]
(dry synthetic gas)

DDR Porous silica 50:50 30 0.0036 1 540 2.8 x 1077 [108]
(dry synthetic gas)

DDR Porous silica 50:50 150 0.0036 1 320 3.2x 1077 [108]
(wet synthetic gas)

DDR a-Al,03 50:50 20 NR “1.4 150 8.6 x 1077 [90]
(dry synthetic gas)

DDR a-Al,O3 50:50 20 NR “1.4 80 2.1 x1077 [90]
(wet synthetic gas)

DDR Porous silica 50:50 25 NR “1.4 200 4.2 x1077 [76]
(dry synthetic gas)

DDR Porous silica 50:50 80 NR 1.4 88 0.9 x 1077 [76]
(wet synthetic gas)

DDR a-Al,03 50:50 25 0.048 3 334 45 x 1078 [109]
(dry synthetic gas)

DDR a-AlyO3 50:50 25 0.048 *1 500 3.5x 1078 [109]
(dry synthetic gas)

DDR a-Al,03 50:50 30 0.048 3 300 3.6 x 1078 [109]
(wet synthetic gas)

DDR a-AlyO3 90:10 24 0.0024 2 92 1.8 x 1077 [110]
(dry synthetic gas)

DDR a-Al,03 10:90 24 0.0024 2 62 1.8 x 1077 [110]
(dry synthetic gas)

ZSM—-58 a-Al;03 50:50 25 0.09 3 290 1.7 x 1077 [92]

(dry synthetic gas)

(continued on next page)
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Material Support Biogas composition T (°C) Qfeed pfeed 0co2/CHA CO, permeance Reference
%vvh) m>h™hH (bar) molm2s 'Pal)
CO4:CHy

AIPO-18 Mullite tubes 50:50 30 0.45 *2 93 9.2x1077 [95]
(dry synthetic gas)

AIPO-18 a-AlyO3 50:50 RT NR 1 101 1.8 x 1077 [111]
(dry synthetic gas)

AIPO-17 a-Al,03 50:50 25 0.48 3 25-31 5.0 x 1077 [94]
(dry synthetic gas)

SAPO-17 Mullite tubes 50:50 25 0.48 3 50-53 1.1 x 107° [94]
(dry synthetic gas)

MFI a-Al;O3 50:50 —24 0.48 7 7.1 6.8 x 10°° [96]
(dry synthetic gas)

MFI a-Al,03 50:50 27 0.48 7 2.5 1.0 x 1075 [96]
(dry synthetic gas)

MFI a-Al,O3 50:50 22 NR 6 6.2 7.0 x 10°° [112]
(dry synthetic gas)

LTA clay-Al,O3 45:55 30 0.012 1-3 16-22 3.5x 1077 [113]

(dry synthetic gas)

" Corresponds to pressure gradient and not to the feed pressure. NR: not reported. RT: room temperature; AIPO: aluminophosphate; a-Al,Os: alumina; CHA: cha-
bazite; DDR: deca-dodecacil 3 rhombohedral; DD3R: all-silica decadodecasil 3R; LTA: lynde type A; MFI: mordenite framework inverted; SAPO: silico-alumino

phosphate; SSZ: high-silica aluminosilicate zeolite; ZSM: zeolite socony mobil.

CMS membranes have shown to be efficient in separating gases
through molecular sieving, but generally require working pressures >
10 bar, being applied in natural gas sweetening processes [73].
Although CMS membranes are both permeable and selective, their use
for biogas separation applications are scarce in the literature. Selectivity
values of 59 and 103 have been reported for CMS membranes obtained
from the pyrolysis of polyimides at 800 °C [114,115]. Likewise, a
selectivity of 195 was achieved with a CMS membrane obtained from the
thermal degradation of cellulose acetate at 600 °C [73]. However,
pressures of up to 4-10 bar are required to achieve such high selectivity
values, which has limited the application of these membranes in small-
and medium-size biogas production facilities.

Porous inorganic membranes can operate at relatively low temper-
ature (20 and 35 °C) and pressure conditions (1-7 bar), supporting an
effective transport mechanism compared to polymeric membranes. In
this regard, CMS and zeolite-based membranes are good candidates for
biogas upgrading. However, the massive production of defect-free ma-
terials and the effective testing of these membranes at full-scale condi-
tions constitute two major challenges to overcome towards the
consolidation of these membranes for biogas separation [72,114]. Even
when the research on zeolitic membranes for CO2/CH4 separation has
been extensive, their high manufacturing costs and the poor material
reproducibility represent additional obstacles to tackle [106,116]. For
instance, the manufacturing cost of DDR zeolite membranes is approx-
imately 3000 € m~2, while the cost of conventional hollow fiber poly-
meric membranes is typically ~ 150 times lower [33]. Hence, reducing
the manufacturing costs of porous inorganic membranes for biogas
separation would enhance their chances for massive application in
small- and medium-size biogas production plants.

3.3. Next-generation membranes for biogas purification and upgrading

As discussed in previous sections, the main limitations of polymeric
membranes for biogas separation include plasticization and degradation
at high feed pressures and/or partial pressures of CO5 (4-40 bar), with
the subsequent performance decrease [42,114]. The following strategies
have been proposed to overcome these problems: (i) polymer cross-
linking, (ii) polymer annealing, (iii) blending of high-performance
polymers, (iv) thermal and chemical modifications of polymers, (v)
development of composite membranes, and (vi) particle filling. These
strategies have also been proposed to avoid or minimize faulty
manufacturing and improve membrane reproducibility [7,69].

Copolymerization and blending are two techniques applied for the
manufacturing of membranes with non-facilitated transport, which
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enhance mechanical and durability properties [45]. Blending rubbery
polymers with higher CO, permeabilities and glassy polymers with
higher CO5/CHy4 selectivity has been demonstrated to improve separa-
tion properties and prevent plasticization [117]. A blended mixture of
modified cellulose triacetate (CTA) with 6 % PSf resulted in an ideal
CO2/CHj4 selectivity of 30.7 and a permeability of 11.1 Barrer at 4 bar
and 25°C. This selectivity value was higher than those obtained for the
membranes of pure PSf or CTA, with a permeability slightly lower than
that of CTA (13.5 Barrer) [118]. Additionally, the blended
polyetherimide-polyvinylacetate membranes have shown better sepa-
ration performance compared to pure polymer membranes [119].
However, some of the studies have been tested with pure gases, making
it necessary to test them with synthetic mixtures and real biogas. As
shown in Table 3, polyimide ranks among the most studied materials for
the manufacture of polymeric non-porous membranes targeting biogas
separation. Fluorinated polyimide containing 6FDA (4,4-(Hexafluor-
oisopropylidene) diphthalic anhydride) is an attractive material for
CO4/CH4 separation since the presence of a C(CF3) group increases the
membrane free volume, and consequently, the CO, permeability [120].
Overall, polyimides incorporating the 6FDA might support COy/CHy
selectivity values between 30 and 94 and CO; permeabilities of 10-120
Barrer at pressures ranging from 4 to 14 bar [71,121,122]. Additionally,
copolymers containing 6FDA were tested with gas mixtures that
included HyS. The presence of HyS did not significantly diminish
CO2/CH4 separation efficiency, with HyS/CHy selectivities reported up
to 23 [123]. However, high H,S concentrations (9.95 % v v 1) caused
plasticization and deviations in separation performance [124]. Thermal
annealing can improve the membrane’s stability against HyS, but further
enhancements, such as crosslinking stabilization, are recommended to
optimize performance in streams with high H»S concentrations.

In the last decade, research efforts have been focused on the devel-
opment of polymeric matrices with permanent microporosity (i.e.,
¢ < 2 nm), which can provide a high free volume for enhancing gas
transport through membranes based on these materials [43,130]. The
engineering of microporous organic polymers (MOP) as membranes, in
situ hyper-crosslinking of aromatic non-porous polymeric membranes
(HCP), thermally-rearranged polymers (TR), and the fabrication of
mixed matrix membranes (MMM) are the main strategies to create
permanent porosity in polymeric membranes [131,132]. Polymers of
intrinsic microporosity (PIM) are a subclass of MOP with promising
perspectives in the development of membranes for biogas separation [7,
133] (Fig. 5). In these polymers, the gas solubility and, as a result, CO2
permeability, are higher than in other polymers due to their micropo-
rosity [26]. Overall, the selectivity of PIM-1 (a subclass of PIM) is
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Performance of next-generation polymeric membranes based on polyimides and polymers of intrinsic microporosity for biogas separation under different operating

feed,

conditions, where: T: temperature; p “°“: pressure in the feed and acoz/crs: membrane selectivity.

Membrane type Polymer matrix Biogas composition T (°C) pfeed 0co2/CH4 CO,, permeability (Barrer) Reference
v v Y (bar)
CO,:CHy

Blended polymers 6FDA-DAT1/6FDA-DAT2 50:50 35 4 30-38 90-120 [121]
(dry synthetic gas)

Blended polymers Matrimid®/F-SPEEK 10:90 25 10 47 33.2 [125]
(dry synthetic gas)

Blended polymers PSf/CTA Pure gas (CO5 and CHy) 25 4 31 12.1 [118]

Blended polymers PEI/PVAc Pure gas (CO, and CHy) RT 2 30 NR [119]

Copolyimides 6FDA-DAM-DABA CO,:CH4:H,S 35 6 49 NR [124]
19.9:70.15:9.95
(dry synthetic gas)

Block copolyimides 6FDA-mPDA—6FDA-durene CO,:CH4:N2:H,S 22 34.5 37 19 [123]
10:59:30:1
(dry synthetic gas)

Crosslinked copolyimides 6FDA-DAM-DABA 50:50 22 13.8 44 NR [122]
(dry synthetic gas)

Hydroxyl-functionalized-FTM TPDA-APAF 50:50 35 4 61 39 [114]
(dry synthetic gas)

Hydroxyl-functionalized-FTM TPDA-ATAF 50:50 35 4 34 37 [114]
(dry synthetic gas)

Hydroxyl-functionalized-FTM 6FDA-DAP/6FDA-DAR 50:50 35 4 92-94 7.5-10.5 [71]
(dry synthetic gas)

Hydroxyl-functionalized-FTM 6FDA-mPDA 50:50 35 4 70 15 [71]
(dry synthetic gas)

Amidoxime-functionalized-FTM AO-PIM—-1 50:50 35 2 24 850 [126]
(dry synthetic gas)

CMS membrane PIM—-6FDA-OH 50:50 35 10 59 471 [127]
(dry synthetic gas)

CMS membrane 6FDA-DETDA-DABA 50:50 35 4.1 102.7 1397 [115]
(dry synthetic gas)

Composite membrane PVC-Pebax 1657 50:50 25 5 28 155 [128]
(dry synthetic gas)

Composite membrane Matrimid®/NHs—20 30:70 30 10 86 250 [129]
(dry synthetic gas)

PIM PIM-1 50:50 35 2 13 5600 [126]
(dry synthetic gas)

Thermally-rearranged-FTM PIM—6FDA-OH 50:50 35 10 15 557 [127]
(dry synthetic gas)

NR: not reported. AO: amidoxime-functionalized; APAF: 2,2-bis(3-amino-4-hydroxyphenyl)-hexafluoropropane; ATAF: 5,5'-(hexafluoroisopropylidene)-di-o-tolui-
dine; CMS: Carbon molecular sieve; CTA: cellulose triacetate; DABA: 3,5-diaminobenzoic acid; DAM: diaminomesitylene; DAP: 2,4-diaminophenol-dihydroxyl; DAR:
4,6-diamino resorcinol di hydroxyl; DAT1: 2,6-diaminotriptycene; DAT2: extended iptycene diamine derivative of DAT1; DETDA: diethyltoluenediamine; Durene:
2,3,5,6-tetramethyl-1,4-phenylenediamine; F-SPEEK: Fluorinated sulfonated poly ether ether ketone; FTM: Facilitated transport membranes; mPDA: 3,3"-diamino-4,4'-
dihydroxybiphenyl; NHs: Nanohydrogels; OH: hydroxyl-functionalized; Pebax = Poly(ether-block-amide); PEIL: Polyetherimide; PIM: Polymer of intrinsic micropo-
rosity; PSf: Polysulfone; PVAc: Polyvinylacetate; PVC: Polyvinyl chloride; TPDA: 9,10-triisopropyl-bridgehead triptycene dianhydride; 6FDA: 4, 4-(Hexafluor-

oisopropylidene) diphthalic anhydride.

relatively low (< 13). However, increasing selectivity values can be
achieved at pressures lower than 4 bar by introducing nanostructures,
functionalized materials, applying crosslinking, TR or blending with
other polymers (Table 3). Regarding FT membranes for CO5/CH4 sep-
aration, composite membranes comprising two or more materials (ar-
ranged in layers) have been investigated, as well as the functionalization
of high-performance polymers like PIM and 6FDA to obtain high selec-
tivity and permeability performances.

MMM are the most promising substitutes of conventional membranes
because they combine the easy processability and reasonable cost of
polymers with the high flux/selectivity of inorganic materials. Such
features allow MMM for: (i) increasing the membrane free volume and
facilitate CO5 transport, (ii) obtaining better thermal and chemical sta-
bility, and (iii) increasing the membrane specific area and porosity [68,
134,135]. MMM result from the incorporation of a solid phase known as
filler in a continuous polymer matrix. The porous fillers in MMM sepa-
rate gases by molecular sieving, whereas non-porous fillers increase the
space within the polymer matrix for gas molecules to be easily trans-
ported (Fig. 5). Therefore, the selectivity of small molecules is improved
over larger gas molecules [136]. MMM with good CO5 separation per-
formance must grant a sufficient adhesion and compatibility between
the polymer matrix and the filler to avoid the presence of non-selective
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voids that leads to high fluxes but low selectivity [137]. Inorganic
porous materials, such as zeolites, and metal organic frameworks
(MOFs), have been extensively studied as filler materials in MMM sys-
tems (Table 4).

Zeolites exhibits the advantage of high thermal and chemical sta-
bility. In this context, SAPO-34 has been tested as a filler material due to
its suitable pore size. For instance, incorporating SAPO-34 into MMMs
increased CO5 permeability by 68 % and COy/CHj4 selectivity by 37 %
compared to the pristine 6FDA-DAM membrane when using dry syn-
thetic biogas [138]. However, the use of wet biogas mixtures in MMM
membranes containing SAPO-34 significantly diminishes gas separation
performance due to pore blockage by adsorbed water. This issue can be
addressed by modifying SAPO-34 with fluorocarbons, which enhances
its hydrophobicity [139]. Other zeolites, such as NaY and ZSM-5, have
larger pore sizes (7.4 A and 5.5 A, respectively), allowing both CO, and
CH4 to permeate through the filler material. In this context, increasing
the proportion of these fillers (5-15 %) in the membrane matrix
improved CO, permeance and COy/CHy4 selectivity, likely due to the
enhanced rigidity of the polymer matrix. However, higher filler con-
centrations led to reduced selectivity [140,141]. Other zeolites, such as
5 A, ZSM-25 and T, have also shown an increase in both CO, perme-
ability and CO,/CHy4 selectivity at temperatures of 35-40°C and
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Fig. 5. Classification and characteristics of porous polymeric membranes.

pressures lower than 5 bar (Table 4). MOF is a new class of nanoporous
crystalline materials that has a tremendous potential for CO5 separation.
MOF has ordered structures with strong bonds between inorganic (metal
ions) and organic units (organic linkers), forming tunable porous
structures with pore diameters ranging from 3 to 20 A [142]. Addi-
tionally, MOFs exhibit a high surface area (typically between 1000 and
10,000 m? g~ 1), low density, and enhanced packing capacity [143]. The
most commonly studied MOFs used as fillers in MMMs include Zeolitic
Imidazolate Frameworks (ZIFs), which are based on metal ions with
valence electrons and imidazole derivatives as linkers; Materials Insti-
tute Lavoisier (MIL), which are based on trivalent metal ions and car-
boxylic acid ligands and University of Oslo (UiO), which utilizes
dicarboxylic acid building units, Zrg(p3-0)4(p3-OH) metal precursors,
and an organic linker (Table 4). ZIF-8, characterized by its porous
crystalline structure, large pore size of 11.6 A, and 6-ring window
aperture of 3.4 ;\, has been extensively studied as a filler for CO3/CH4
separation [144]. This is due to his high surface area and exceptional
thermal and mechanical resistance. The incorporation of ZIF-8 into a
6FDA-copolyimide led to a 130 % increase in CO, permeability and a
37 % improvement in CO2/CHj4 selectivity [145]. Another fillers gaining
attention for MMM production for biogas upgrading due to their thermal
stability and enhancement of COy/CHy4 separation performance are
MIL-53 and UiO-66. A study showed that a MMM made of
Matrimid/15 % MIL-53 outperformed both pure Matrimid and MMMs
with zeolite ZSM-5, achieving a 270 % increase in CO, permeance and a
60 % increase in CO2/CHjy selectivity compared to pure Matrimid [140].
Additionaly, the incorporation of UiO-66 nanoparticles into 6FDA
co-polyimides enhanced CO, permeability and CO5/CHy4 selectivity by
up to 180 % and 220 %, respectively [146].

The use of IL has been recently proposed to improve the character-
istics of MMM and the CO; transport. The variety of IL structures and
cation-anion combinations allow a wide range of materials functional-
ization for the manufacturing CO,/CH,4 separation membranes [38,
190]. It must be remarked that manufacturing defect-free MMM with
improved separation performance and without compromising the me-
chanical and thermal stability is difficult and challenging. In this regard,
incorporating IL in MMM has improved mechanical characteristics of
the membrane and its selectivity, offering good interfacial wetting be-
tween the filler and the polymer matrix, as well as higher CO; solubi-
lization in the membrane material [189]. For instance, the incorporation
of IL into a porous organic cage filler significantly improved COy/CHy4
selectivity by 106 % and CO, permeability by 16 % [188]. Metal ions of
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MOF might act also as CO; FT carriers. Thus, fillers like MOF, zeolites,
and titanosilicates are usually functionalized and incorporated into
polymer blends, copolymers, and PIM to manufacture MMM with
facilitated CO, transport [121].

In general, most MMM can be successfully operated under pressures
below 5 bar and temperatures ranging from 25 to 35 °C. Unfortunately,
MMM have been tested under quite low biogas flowrates and, in many
cases, this data is not provided. Therefore, more realistic Qfeed values
must still be investigated in these membranes. However, the results
obtained so far are very promising towards establishing MMM as the
benchmark membrane technology for biogas separation since selectivity
values above 100 have been obtained under low pressure and temper-
ature conditions.

4. Implications for industrial membrane applications in biogas
upgrading and purification

The use of membrane separation for upgrading biogas has consid-
erably increased, being one of the most applied technologies in new
installations. The first large-scale industrial membrane-based biogas
upgrading plant in Europe for simultaneous CH4 and CO; purification
was built in 2016/17 by Tecno Project Industriale in Curno, Italy. It uses
polyimide hollow fiber membranes, 1.3 m long with a 0.5 mm diameter.
The plant can process 1250 m® h™! of raw biogas per line across five
lines, achieving a total biomethane production capacity of 3000 Nm>
h~! with a purity greater than 96 % v v_! [195]. Membrane technology
is attractive due to its high CHy4 recovery and low CH4 losses (<5 % v
v D.In addition, its low energy demand (0.2-0.38 kWh Nm~3) and lack
of chemical use, which avoids the production of toxic compounds, are
significant advantages [7]. As a result, membranes show the best envi-
ronmental performance compared with other physical-chemical tech-
nologies. Specifically, the results of a life cycle impact assessment
revealed that membrane exhibits a lower negative impact compared to
its counterparts in terms of respiratory inorganic, global warming and
non-renewable energy potential [196]. Nevertheless, the membrane
option requires a greater input of energy in comparison to biological
technologies, such as photosynthetic biogas upgrading (Table 5).
Furthermore, the investment costs of membranes modules, mainly for
medium-small facilities, remain quite high (4700-6000 € (Nm3 hhH ’1).
For higher plants, similar investment costs than other technologies have
been reported (1300-2700 € Nm® h™H)™H (Table 5). Although the
initial investment is high, the ongoing maintenance costs (3-4 % of
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Table 4

Performance of next-generation porous polymeric membranes for biogas separation under different operating conditions, polymer matrix and filler. where T: tem-

perature; Q®d: feed gas flowrate; p'%: pressure in the feed; &coz/crs: membrane selectivity.

Membrane type Polymer matrix Filler/Coater/IL Biogas T Qfeed pfeed Acoz/ CO,, permeability Reference

composition (°C) (m3 (bar) CH4 (Barrer)
%vvh h
CO,:CH4

Zeolite-MMM Matrimid® 5 A zeolite 50:50 40 NR 1 36 22.4 [147]
(dry synthetic
gas)

Zeolite-MMM Matrimid®5218 NayY zeolite 10:90 35 NR 2 43 10 [141]
(dry synthetic
gas)

Zeolite-MMM Matrimid®5218 Sm-NaY zeolite 10:90 35 NR 2 56 17 [141]
(dry synthetic
gas)

Zeolite-MMM Matrimid® 5218  Li/Na-ZSM—25 35:65 35 NR 5 35 8 [148]
(dry synthetic
gas)

Zeolite-MMM 6FDA-Durene T zeolite 50:50 30 NR 3.5 12 511.1 [149]
(dry synthetic
gas)

Zeolite-MMM 6FDA-Durene Sm-T zeolite 50:50 30 NR 3.5 7 550 [150]
(dry synthetic
gas)

Zeolite-MMM 6FDA-DAM SAPO-34 50:50 25 NR *2.5 26 1552 [138]
(dry synthetic
gas)

Zeolite-MMM PSf SAPO—-34 50:50 30 NR 3.5 36 NR [139]
(wet synthetic
gas)

Zeolite-MMM PEI SAPO—-34 50:50 30 NR 2 79 NR [136]
(dry synthetic
gas)

Zeolite-MMM Matrimid ZSM—-5 10:90 35 NR 3 14.1 NR [140]
(dry synthetic
gas)

MOF-MMM PSf Bio-MOF—1 10:90 25 0.06 10 39 14.1 [151]
(dry synthetic
gas)

MOF-MMM Matrimid® 5218 CusBTCy 50:50 35 NR 5 51 14 [152]
(dry synthetic
gas)

MOF-MMM Pebax® 1657 Fe-BTC 10:90 25 NR 7 24 220 [153]
(dry synthetic
gas)

MOF-MMM Matrimid® 5218 Fe-BTC 50:50 35 NR 5 28 12 [154]
(dry synthetic
gas)

MOF-MMM 6FDA-Durene KAUST-7 10:90 35 NR 2 62 1300 [155]
(dry synthetic
gas)

MOF-MMM PIM-1 Mg-MOF—-74 50:50 25 NR 4 19.2 18000 [156]
(dry synthetic
gas)

MOF-MMM Matrimid MIL—-53(Al) 10:90 35 NR 3 20 NR [140]
(dry synthetic
gas)

MOF-MMM Matrimid® 5218 MIL—-53(Al) 50:50 35 NR 5 47 18 [152]
(dry synthetic
gas)

MOF-MMM Pebax® 1657 MIL-101 50:50 25 NR 4 49 34 [157]
(dry synthetic
gas)

MOF-MMM PSf MSS-Z8 50:50 35 0.003 3.3 31 25 [158]
(dry synthetic
gas)

MOF-MMM 6FDA-Bisp Ui0O—66 10:90 35 0.003 2 42 108 [146]
(dry synthetic
gas)

MOF-MMM 6FDA-ODA Ui0O—66 10:90 35 0.003 2 57 43 [146]
(dry synthetic
gas)

MOF-MMM 6FDA-DAM Ui0—-66 10:90 35 0.003 *2 30.9 1912 [146]
(dry synthetic
gas)

(continued on next page)
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Table 4 (continued)

Membrane type Polymer matrix Filler/Coater/IL Biogas T Qfeed pleed Acoz/ CO,, permeability Reference

composition (°C) (rn3 (bar) CH4 (Barrer)
%vvh h
CO5:CH4

MOF-MMM PSf/PI Ui0—66-GO 50:50 35 0.003 3.4 51 21 [159]
(dry synthetic
gas)
MOF-MMM Matrimid®/PEG ~ ZIF-8 50:50 25 0.0024 8 15.4 33 [160]
(dry synthetic
gas)
MOF-MMM Matrimid® 5218 ZIF-8 50:50 35 NR 5 44 20 [152]
(dry synthetic
gas)
MOF-MMM Matrimid® ZIF—8/ambz 50:50 35 NR 6.9 43 10 [161]
(dry synthetic
gas)
MOF-MMM 6FDA-Bisp ZIF-8 50:50 25 NR 5 37 80 [145]
(dry synthetic
gas)
MOF-MMM 6FDA-durene ZIF-8 50:50 30 NR 3.5 7.6 320 [162]
(dry synthetic
gas)
MOF-MMM Pebax—1657 ZIF-8 20:80 25 NR 2 13 NR [67]
(dry synthetic
gas)
MOF-MMM PU ZIF-8 90:10 35 NR 5 129 70 [163]
(dry synthetic
gas)
MOF-MMM PI ZIF-8 50:50 35 NR 5 43 47 [164]
(dry synthetic
gas)
MOF-MMM PMPS ZIF-8 50:50 RT 0.006 1.2 7 827 [165]
(dry synthetic
gas)
Amine-functionalized -MOF- Pebax NH,-MIL-53 20:80 35 NR 22 69 159 [166]
MMM (dry synthetic
gas)
Amine-functionalized -MOF- PI NH,-MIL—53(Al) 50:50 25 0.006 *3 60 6 [167]
MMM (dry synthetic
gas)
Amine-functionalized -MOF- PSt NH,-MIL—125(Ti) 50:50 30 NR 3 29.5 29 [168]
MMM (dry synthetic
gas)
Amine-functionalized -MOF- PIM-1 UiO—66-NH, 52.1:47.9 25 NR 1 22 4100 [169]
MMM (dry synthetic
gas)
Functionalized-MOF-MMM 6FDA-DAM UiO—66-NH-COCH3 30:70 35 NR 20 19.7 291 [135]
(dry synthetic
gas)
Functionalized-MOF-MMM 6FDA-DAM UiO—66-NH-COCH3 CO4:CH4:HaS 35 NR 20 18.2 193 [135]
30:65:5
(dry synthetic
gas)
Functionalized-MOF-MMM 6FDA-DAM UiO—66-NH-COCH3 50:50 35 0.003 5 39 1400 [170]
(dry synthetic
gas)
Functionalized-silica-MMM Matrimid® 9725 SO3H-MCM—41 50:50 25 NR 10 32 9 [171]
(dry synthetic
gas)
Composite membrane PIM-1 TA 30:70 30 NR 2 19 3250 [172]
(dry synthetic
gas)
Nanocomposite-MMM Matrimid® 5218 CNTs/GO 30:70 30 NR 2 84.6 38 [173]
(dry synthetic
gas)
Nanocomposite-MMM PIM-1 CuBDC-ns 50:50 25 0.003 “1 15.6 NR [28]
(dry synthetic
gas)
Nanocomposite-MMM PIM-1 POSS 50:50 25 NR 4 12 4087 [174]
(dry synthetic
gas)
Nanocomposite-MMM PIM-1 POSS 50:50 35 NR 5 13 2400 [175]
(dry synthetic
gas)
Nanocomposite-MMM Pebax Ni-ns 10:90 25 NR *2 31.7 170 [176]
(dry synthetic
gas)

(continued on next page)

14



M.R. Rodero et al. Journal of Environmental Chemical Engineering 12 (2024) 114106

Table 4 (continued)

Membrane type Polymer matrix Filler/Coater/IL Biogas T Qfeed pleed Acoz/ CO,, permeability Reference
composition (°C) (m? (bar) CH4 (Barrer)
%vvh h
CO,:CHy

Hybrid-Nanocomposite-MMM Pebax PEG-MWCNT 30:70 22 NR 2 19 44 [177]
(dry synthetic
gas)
Functionalized- Pebax PDA-Ag’ 30:70 30 0.003 2 27 125 [178]
Nanocomposite-MMM (dry synthetic
gas)
FT-MMM Pebax MCM-41 30:70 25 NR 1 18 700 [179]
(wet synthetic
gas)
FT-MMM SPEEK b-IM@PMAA 30:70 25 NR 1 74 2250 [180]
(wet synthetic
gas)
FT-MMM SPEEK TiO,-DA-PEI 30:70 25 NR 1 47 1620 [181]
(wet synthetic
gas)
FT-Zeolite-MMM Pebax PEI-MCM—41 30:70 25 NR 1 40 1400 [179]
(wet synthetic
gas)
FT-Nanocomposite-MMM SPEEK TNT-IM 30:70 25 0.0027 1 54.8 1953 [182]
(dry synthetic
gas)
FT-Nanocomposite-MMM Pebax GO-DA-Zn** 30:70 30 NR 2 28.8 138 [183]
(dry synthetic
gas)
Titanosilicate-MMM PI ETS—-10 50:50 35 NR 8 33.3 5.8 [184]
(dry synthetic
gas)
Titanosilicate-MMM PI TS1-25 50:50 35 NR 8 31.6 7.9 [184]
(dry synthetic
gas)
AS-MMM Pebax® 1657 CaLS 30:70 25 NR 3 29 3585 [185]
(wet synthetic
gas)
CMS-MMM Matrimid® 9725 CMS 50:50 35 NR 9 38 25 [137]
(dry synthetic
gas)
Metal oxide-MMM Pebax® 1657 ZnCo,04 10:90 25 NR 2 31 150 [186]
(wet synthetic
gas)
IL-MMM Pebax [Hmim][NTf,] 10:90 25 0.0051 2 34 650 [187]
@LDHN-6 (wet synthetic
gas)
IL-MMM PIM-1 IL@CC3 50:50 25 NR 2 73 7868 [188]
(dry synthetic
gas)
IL-MOF-MMM PSf Cu-BTC/[Bmim] 50:50 30 NR 4 19 NR [189]
[Tf,N] (dry synthetic
gas)
RTIL-MOF-MMM PSf ZIF—67/RTIL 50:50 25 0.06 10 67 20 [5]
(dry synthetic
gas)

" Corresponds to pressure gradient and not to the feed pressure. NR: not reported. RT: room temperature. AS: anionic surfactant; b-IM@PMAA: polymer brushes
functionalized double-shelled organic submicrocapsules; CaLS: calcium lignosulfonate; CC3: rigid porous organic cage constructed with four trialdehyde and six
diamine molecules; CNTs/GO: carbon nanotubes/graphene oxide; CuBDC-ns: copper 1,4-benzenedicarboxylate nanosheets; CusBTC,: copper benzene-1, 3, 5-tricar-
boxylate; ETS-10: Engelhard Corporation titanosilicate; Fe-BTC: iron 1,3,5-benzenetricarboxylate; F-SPEEK: fluorinated sulfonated poly(ether ether ketone); GO-
DA-Zn?*: zinc ion-modified graphene; [Hmim][NTf,] @LDHN-6: 1-hexyl-3-methylimidazolium bis(trifluoromethylsulfonyl)imide@liquid-decorated layered double
hydroxide nanocage; IL: ionic liquids; KAUST-7: Ni(I)-pyrazine square-grid layers with (NbOF5)? pillars; MCM-41: mobil composition of matter No. 41; MFI-ns:
mordenite framework inverted nanosheets; MIL-53: matériaux de I'Institut Lavoisier n°53 (AI(OH)[0,C— CgH4—CO,]-[05C-CcH4—C0O,]0.7); MIL-101: matériaux de
I'Institut Lavoisier n°101; MIL-53(Al): aluminum-based MIL-53; MIL-101(Cr): chromium-based MIL-101; MOF: metal organic framework; MSS-Z8: meso-microporous
silica-(ZIF-8) spheres; MWCNT: multi-walled carbon nanotube; NaY: Na*t ion-exchanged zeolite; NH,-MIL-53(Al): amine-functionalized aluminum metal-organic
framework; NH,-MIL-125(Ti): amine-functionalized titanium metal-organic framework; Ni-ns: nickel nanosheets; PDA-Ag™: polydopamine (PDA) sphere and silver
species; Pebax: poly(ether-block-amide); PEIL: polyetherimide; PEO: polyethylene oxide; PIM: Polymer of intrinsic microporosity; PMPS: polymethylphenylsiloxane;
PNT@NiCo-LDH: NiCo-layered double hydroxide-decorated polypyrrole nanotubes; POSS: polyhedral oligomeric silsesquioxane; PSf-Ac: polysulfone-acrylate; PU:
polyurethane; SAPO: silico-alumino phosphate; S-MIL-101(Cr): sulfonated metal organic framework; Sm-NaY zeolite SNW-1: Schiff base network; Sm: silane-modified
zeolite; SO3H-MCM-41: sulfonic acid-functionalized MCM-41; SPEEK: sulfonated poly ether ether ketone; T: T-type zeolite; TA: tannic acid; TEPA-TiNTs: tetraethylene
pentamine functionalized titanium oxide nanotubes; TiO,-DA-PEI: amine-functionalized titania submicrospheres; TNT-IM: aminated titania nanotubes; TS-1: titanium
silicate 1; UiO-66: Universitetet i Oslo [ZrgO4(0OH)4(0>CCgH4CO-)6]; UiO-66-NH-COCH3: amino-functionalized UiO-66 to acetamide; ZIF-8/ambz: zeolitic imidazolate
framework-8/2-aminobenzimidazole; ZIF-67/RTIL: zeolitic imidazolate framework-67/Room temperature ionic liquid; ZnCo,04: zinc cobaltate nanosheets; ZSM-5:
zeolite socony mobil — 5; 6FDA: 4, 4'-(Hexafluoroisopropylidene) diphthalic anhydride.
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Table 5
Comparison of upgrading technologies in term of costs and energy demands [23,191-194].
Membrane separation Water scrubbing Chemical scrubbing Organic scrubbing PSA Photosynthetic
Investment costs <250 Nm® h™? 4700-6000 4000-5000 4500-5000 4000-5000 4500-5400 -
(€ mm*h )  250-500 Nm®h~! 2700-4700 2500-4000 3000-4500 3000-4000 2500-4500 6000 (300 Nm® h™1)
5000-1000 Nm®> h! 1300-2700 1000-2500 2000-3000 1000-3000 1750-2500 -
Operating costs 0.2 0.13 0.40 - 0.18 0.03
(ENm~®)
Energy demands 0.2-0.38 0.25-0.3 0.67-0.7 0.4-0.51 0.24-0.6 0.08-0.14
(kWh Nm?)

initial investment costs) are reasonable for long-term operation [23].
Otherwise, operating costs typically include membrane replacement
(every 5-10 years), pressurizing biogas before separation and biogas
pre-treatment costs.

Multiple challenges must be overcome to reduce operating and
capital costs, thereby positioning membranes as the benchmark tech-
nology for small-, medium-, and large-scale biogas/biomethane pro-
duction plants. Overall, conventional polymeric membranes support low
CO4 permeability or low selectivity in the separation of CO2/CHy, thus
requiring two or more membrane modules to ensure high purity of the
resulting CH4 and CO, streams. Another critical drawback of conven-
tional polymeric membranes is their low mechanical resistance under
high pressure conditions and their tendency to plasticize with high CO5
concentrations. On the other hand, the poor manufacturing reproduc-
ibility and high production costs of inorganic membranes, specifically
zeolite-based membranes (2000-3000 € m~?) remain as the critical
drawbacks to tackle towards the widespread application of this material
in small- and medium-size biogas production plants. Thinner mem-
branes would result in lower diffusion resistance, higher efficiency, and
reduced membrane costs, but current methods produce membranes
2-10 pm thick [98]. Reducing zeolite membrane thickness to ~100 nm,
similar to polymer membranes, is highly desirable but very challenging.
Therefore, most efforts are focused on developing new methods for
synthesizing ultrathin zeolite-based membranes. MMM, which combines
the advantages of polymeric and inorganic membranes, have also
emerged as the next-generation materials for biogas separation. The
main challenges to overcome of MMM include the fabrication of
defect-free membranes with a high selectivity in the separation of
CO4/CHy4, which maintains a high mechanical/thermal resistance in the
long-term operation. Research efforts are mainly concentrated in the
development MMM targeting biogas separation. In addition, recent ad-
vances in membrane-based biogas upgrading focus on the development
of improved process configuration. A single-stage configuration is not
used because it is limited by high CH4 losses and requires a higher en-
ergy cost for compression. Although two- and three-stage systems are
common, multi-stage configurations are being explored to reduce costs
and increase CHa purity and biomethane recovery [53].

H,S, VMS and NHj3 are among the most important biogas pollutants,
being also detrimental gases for several types of polymeric membranes.
When biogas is separated by means of membrane technologies, a pre-
vious HpS and NHg purification step is typically required to avoid
membrane deterioration. Nowadays, many membranes have been
developed for the separation of CO2/CHy, but few studies have consid-
ered the development of membranes for simultaneous separation of CO5
and HoS [123,124,197-199]. Although polymers with polar groups like
ether linkages, pristine or modified MOFs and their MMMs, are expected
to exhibit a good H,S separation performance due to their high HyS/CHy
selectivity, experimental evidence of HyS separation and membrane
durability in the presence of H,S are scarce in the literature [142,200].
UiO-66 MOFs were systematically evaluated for their effectiveness in
removing NH3 during air purification processes [201]. However, no
studies have been conducted specifically with biogas. In addition, only a
limited number of studies have recently investigated siloxane adsorption
in membranes using hydrophobic MOFs, such as MIL-101 and Zr-MOF
PCN-777, and these have focused exclusively on siloxane D4
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(octamethylcyclotetrasiloxane) [202,203].

Future research should prioritize the enhancement of membrane
materials to overcome the aforementioned challenges. In particular,
exploring the development of FT-MMMs through the incorporation of
ILs and amine-functionalized materials could be valuable for industrial
applications. Furthermore, separation performance of biogas laden with
common biogas pollutants, such as HyS, NH3 and VMS remain as a
critical research niche that deserve further investigation. Finally, per-
formance evaluation under long-term operation (i.e. weeks or months)
and in wet conditions has become a crucial research focus for mem-
branes intended for biogas separation.

5. Conclusions

Studies performed at lab and full-scale conditions have demonstrated
that membranes constitute a technology platform capable of upgrading
biogas into biomethane (CH4 concentration > 90-95 % v v 1 and CO4
streams, which can be further valorized. New developments on poly-
meric membranes showed that FT membranes are currently the only
type of polymeric membranes capable of achieving high COy perme-
ability at low feed pressures, while polymeric membranes based on
6FDA are the only ones with the potential to separate simultaneously
H,S and COs». If the best performing membrane for biogas separation
must achieve the highest selectivity and permeability at the lowest
operating pressure, then next-generation membranes can be ranked as
follows based on their performance reported in the literature: FT-MMM
> MOF-MMM > Zeolite-MMM. However, it must be stressed that even
when FT-MMM are apparently the most promising membranes for COz/
CH,4 separation, no data on CH4 concentration in the retentate or stage
cut values have been reported for these membranes. Such missing in-
formation is necessary to assess adequately the potential of these
membranes and make fair comparisons with other types of MMM.
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