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This article provides a comprehensive review of the state-of-the-art technology
of polymeric mixed-matrix membranes for CO2/CH4 separation that can be
applied in medium, small, and domestic biogas systems operating at low
pressures (0.2–6 kPa). Critical data from the latest publications of CO2/CH4

separation membranes were analyzed, considering the ratio of CO2/CH4

permeabilities, the CO2 selectivity, the operating pressures at which the
membranes were tested, the chemistry of the polymers studied and their gas
separation mechanisms. And the different nanomaterials as fillers. The intrinsic
microporous polymers (PIMs) were identified as potential candidates for
biomethane purification due to their high permeability and selectivity, which
are compatible with operation pressures below 1 bar, and as low as 0.2 bar. This
scenario contrasts with other polymers that require pressures above 1 bar for
operation, with some reaching 20 bar. Furthermore, the combination of PIM with
GO in MMMs was found to not influence the permeability significantly, but to
contribute to the membrane stability over time, by preventing the structural
collapse of the membrane caused by aging. The systematic analysis here
presented is a valuable resource for defining the future technological
development of CO2/CH4 separation membranes for biogas biorefining.
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1 Introduction

Biogas is a strategic fuel against the dependence on fossil fuels, especially to replace
natural gas (Atelge et al., 2021). Biogas is a mixture of gases with a high content of methane,
and it is produced by the anaerobic digestion of biomass, with a composition as detailed in
Table 1 (Rick Wanek, 2011; Occupational Safety and Health Administration OSHA, 2019;
Piergrossi et al., 2019; Yang et al., 2020). The upgrading of biogas refers to physical,
chemical, and biological processes to enhance its properties by removing unwanted
compounds and producing purified biomethane. Carbon dioxide (CO2) is the second
most abundant component in biogas, and it is chemically inert to the combustion reaction.
However, CO2 reduces the calorific value of the biogas to 20–25 MJ/m³, compared to
biomethane with 35–40 MJ/m³. Other undesirable components in biogas include water,
hydrogen sulfide (H2S), and siloxanes, which even at trace levels can cause corrosion,
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deteriorate the biogas systems, and potentially harm human health
(Baena-Moreno et al., 2019).

Millions of biogas plants are currently in operation in the
world ranging from domestic to very industrial scales. Anaerobic
digestion technology integrates a wide variety of biosystems, in
contrast to natural gas refining that currently takes place at a few
hundred industrial facilities around the world. Various cleaning
methods have been developed to improve the quality of the
biogas at small and medium scale, mainly to remove H2S,
siloxanes, and water. However, there are no widespread or
affordable methods for CO2 removal for smaller scales
(Sanders et al., 2013; Sutanto et al., 2017). Specific polymer
membranes and their composites with fillers in mixed-matrix
membranes (MMMs) have been shown to selectively separate gas
mixtures taking advantage of both the physical and chemical
interactions between membrane material and gas molecules (Vu
et al., 2003; Cheng et al., 2019). MMM refining has the potential
to be incorporated into biogas systems as a scalable and flexible
technology for different system dimensions. MMM technology
has lower costs, easier operation, reduced equipment size, higher
efficacy, and a smaller carbon footprint than other capture and
filtration technologies, such as adsorption filtration systems and
cryogenic distillation; or chemical methods like caustic soda
washing (Chuah et al., 2021). Therefore, the MMM technology
for CH4/CO2 gas separation and biogas upgrading is feasible to
implement in systems at smaller scales.

This review presents a comprehensive and updated
visualization of the advances in the adaptation of polymeric
membrane technology and MMMs for biogas biorefining in
medium- and small-scale biogas systems. This review is
elaborated by collecting, processing, and analyzing the main
characteristics and variables of polymeric membranes used for
CH4/CO2 gas separation and their modification with fillers. The
objective is to identify the optimal characteristics for MMMs in
the context of medium and small-scale anaerobic digestion,
considering the impact these systems would have in practice,
such as operating conditions, component separation efficiencies
and reported yields, which are the main indicator for
development of anaerobic digestion projects. This work
contributes to the development of sustainable and efficient
solutions for biogas biorefinery as a renewable resource of
growing importance in the transition to a low-carbon
economy, as an alternative for countries with
developing economies.

2 Mechanisms for gas separation
through polymeric membranes

The permeability is an intrinsic property of a gas in a specific
material, reflecting its inherent capacity to allow molecules to go
through under specific conditions. Permeability (P) is defined in Eqs
1, 2 by the penetrant diffusion coefficient of transport through the
membrane (D), the solubility coefficient (S), the penetrant
concentration (C), and partial pressure (p) (Galizia et al., 2017):

P � D × S (1)
S � C/p (2)

The permeability and solubility are influenced by the chemical
and physical interactions between the permeating molecules and the
membrane material. The transport of molecules through
membranes relies on diffusion, solution, adsorption, and
molecular sieving mechanisms within the polymer matrix as
illustrated in Figure 1 (Li et al., 2015; Cheng et al., 2019). The
transport process begins with the absorption of gas molecules onto
the membrane surface. Then, the diffusion through the membrane
matrix is driven by the concentration gradient, the affinity of the gas
molecules for the polymer matrix and the ratio of size and shape of
the molecules relative to the pore size within the membrane
structure. For biogas upgrading into biomethane, the selectivity
of either CH4 or CO2 is achieved by taking advantage of the
differences in the physical and chemical interactions of the
molecules with the membrane material. The sieving effect allows,
by kinetic diameter, selectively pass through the molecules through
the membrane pores. Additionally, the chemical affinity between
specific gas molecules and the membrane material can enhance
selectivity by preferentially absorbing certain species (Li et al., 2015;
Cheng et al., 2019).

3 Historical development of mixed-
matrix membrane technology for gas
separation

In 1979, within the context of natural gas refining, the first gas
separation station using polymeric membranes made of polysulfone
(PSF) was built (Galizia et al., 2017). Commercial PSF membrane
technology was developed by Permea, specifically for H2, N2, Ar and
CH4 purification plants (Bollinger et al., 1982). The polymer

TABLE 1 Common components of biogas obtained by anaerobic digestion of biomass. Based on [(Occupational Safety and Health Administration OSHA,
2019; Rick Wanek, 2011; Yang et al., 2020; Piergrossi et al., 2019)].

Compounds Concentration Adverse effects on biogas

Methane CH4 35–85 (vol%) GlobalWarning Potential (GWP) of CH4 is 21 times greater than CO2 if it doesn’t burn

Carbon Dioxide CO2, Nitrogen N2, Oxygen O2, Hydrogen H2 10–65 (vol%) Reduces CH4 purity and the calorific value of the biogas

Hydrogen Sulfide H2S 0–5,000 ppm Corrosive and toxic

Ammonia NH3 0–5 ppm

Siloxanes CnHmSixOy 0–60 ppm Forms SiO2 that clogs pipes and valves in biogas systems

Water H2O 0–1 (vol%) Promotes corrosion
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membranes developed between the 1980s and 1990s account for
80%–90% of today’s membrane separation industry (Galizia et al.,
2017). Since then, different materials have been investigated and
implemented. Figure 2 presents a timeline of the innovations of

polymeric membranes from 1980 to date (Bollinger et al., 1982; Mc
Keown and Budd, 2006; Scholes et al., 2012; Sanders et al., 2013; Li
et al., 2015; Jansen et al., 2016; Liu et al., 2016; Ali et al., 2017; Galizia
et al., 2017). H2 recovery, N2 production, natural gas treatment and

FIGURE 1
Mechanisms of gas separation in polymeric membranes: solution-diffusion, molecular sieving, and facilitated transport through functional groups.
Based on (Li et al., 2015; Cheng et al., 2019).

FIGURE 2
Timeline of innovations in polymericmembranes for gas separation. Based on (Bollinger et al., 1982; Mc Keown and Budd, 2006; Scholes et al., 2012;
Sanders et al., 2013; Li et al., 2015; Jansen et al., 2016; Liu et al., 2016; Ali et al., 2017; Galizia et al., 2017).
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vapor recovery applications were estimated at $1.5 billion annually
by 2017, with natural gas treatment alone accounting for
$300 million per year (Chuah et al., 2021).

Around 1990, different super glassy polymers were developed
for CO2/CH4 separation, such as cellulose acetate (CA),
polyphenylene oxide (PPO), and poly (1-trimethylsilyl-1-
propyne) (PTMSP) (Park et al., 2008; Koros et al., 1988; Puleo
et al., 1989; Sada et al., 1989; Pinnau, 1996; Jansen et al., 2016).
Around the 2000s, there were advancements in the performance of
the membranes investigated with the introduction of thermally
reorganized polymers (TR), which exhibit a microporous
character, being polyimides (PI) the excelling TR (Mizumoto
et al., 1993; Hachisuka et al., 1995; Al-Masri et al., 1999;
Zimmerman and Koros, 1999; Yang et al., 2001; Nagel et al.,
2002; Shida et al., 2006; Wang et al., 2007; Liu et al., 2016).
Other TR, such as polyphenylene benzobisoxazole (PBO)
exhibited outstanding permeability/selectivity ranges, in exchange
for a detriment in mechanical performance (Mc Keown and Budd,
2006). Polymers with intrinsic microporosity (PIM) have emerged,
in the same selectivity/permeability trade off zone as TR as materials
with higher CO2 permeability. PIM varieties have a structure made
up of cyclic chains, which, when polymerized, form structures with
limited packing density, generating high internal void volumes that
result in higher permeability. PIM-1 has been one of the most
researched in CO2/CH4 separation (Scholes et al., 2012; Ali
et al., 2017).

In recent years, advances in membrane technology have shifted
towards the incorporation of fillers into polymer matrices, resulting
in mixed-matrix membranes (MMMs). Some of the incorporated
fillers are carbonous materials, graphene oxide (GO) and few layer
graphene (FLG), metal-organic frameworks (MOFs), and
organosilicon materials as polyhedral oligomeric silsesquioxane
(POSS), which significantly enhance the longevity of their
properties reducing problems as aging and plasticization (Shen
et al., 2015; Xin et al., 2015; Castarlenas et al., 2017; Feijani et al.,
2018; Al-Maythalony, 2019; Li et al., 2020). While the inclusion of
fillers offers promising avenues for enhancing the membrane
performance, challenges such as dispersion of the filler within the
polymer matrix, the potential for agglomeration, and ensuring the
long-term stability and resistance to fouling must be addressed (Li
et al., 2015; Cheng et al., 2019).

The polymeric MMMs developed for the separation of CH4/CO2

mixtures present obstacles for their implementation in low pressure
biogas systems since their physical characteristics are not able to
obtain viable separations with these operating conditions (Ebrahimi
et al., 2016; Kheirtalab et al., 2020; Raouf et al., 2020; Sainath et al.,
2021). Their performance over time, in which the physical aging and
plasticization of the polymer reduces the permeability and selectivity
is also a concern that limits their application to industrial scales.
Although several polymers have shown outstanding properties so
far, the natural gas refining industry is still largely dominated by CA,
with 80% of the 2012 market dominated, followed by PI (Sanders
et al., 2013; Jansen et al., 2016).

More recently, with the development of nanomaterials for
implementation in MMM, ultrathin membranes from
combinations of nanofillers have also been developed, with
exceptional results in their performance. Researchers have
developed graphene oxide membranes with ZIF-8, organosilica

with reduced graphene oxide, and individual sheets of graphene
oxide, among others. Despite their great performance, this type of
membrane lacks two-of-three fundamental aspects in the list
required for its implementation: performance-feasibility of
implementation-manufacturing costs (Li et al., 2018; Sainath
et al., 2021; Zhao et al., 2021).

3.1 Analysis of mixed-matrix membranes
performance for biomethane purification

The implementation of membranes for biomethane purification
at small and medium scale anaerobic digestion systems requires their
viable operation at low pressure. The data of separation performance
of membranes for CH4/CO2 separation from four previous major
reviews (Koros et al., 1988; Vu et al., 2003; Galizia et al., 2017;
Comesaña-Gándara et al., 2019), and multiple investigations (Park
et al., 2008; Koros et al., 1988; Puleo et al., 1989; Sada et al., 1989;
Mizumoto et al., 1993; Hachisuka et al., 1995; Pinnau, 1996; Al-Masri
et al., 1999; Zimmerman and Koros, 1999; Lin and Chung, 2001; Yang
et al., 2001; Nagel et al., 2002; BUDD et al., 2005; Shida et al., 2006;
Wang et al., 2007; Ghanem et al., 2009; Fritsch et al., 2011; Ma et al.,
2012; Li et al., 2015; Shen et al., 2015; Xin et al., 2015; Althumayri et al.,
2016; Ebrahimi et al., 2016; Bernardo et al., 2017; Castarlenas et al.,
2017; Alberto et al., 2018; Feijani et al., 2018; Li et al., 2018; Al-
Maythalony, 2019; Kheirtalab et al., 2020; Li et al., 2020; Raouf et al.,
2020; Yang et al., 2020; Luque-Alled et al., 2021a; Sainath et al., 2021;
Zhao et al., 2021; Mohsenpour et al., 2022) have been analyzed and
visually organized in this section (See database in Supplementary
Material). The data is presented in graphs of CO2/CH4 selectivity
versus CO2 permeability and incorporate the visualization of variables
such as polymer, fillers, and the year of publication of the research.
The pressure at which the gas separation was carried out is also
included in the analysis, which is a variable that may not be as
important for large industrial natural gas operations but is very
significant for low-pressure biogas systems. Special attention has
been devoted to recent research on MMMs using different fillers.
The Pineau (2015) and Robeson (2008) describe limits based of
permeability vs. selectivity historic data points, in order to describe
the behavior of Limits that were added to the graphs as benchmarks,
derived from other studies and described in equations (3–5)
(Comesaña-Gándara et al., 2019), where αCO2/CH4 is the separation
factor of the gases.

Pineau Limit (2015) PCO2 � 22.584 × 106α−2.401CO2/CH4 (3)
Robeson Limit (2008) PCO2 � 5.369 × 106α−2.636CO2/CH4 (4)

αCO2/CH4 � PCO2/PCH4 (5)

Figure 3 shows the selectivity of CO2/CH4 as a function of CO2

permeability, and the pressure of operation is indicated as a color
scale. The data points are shown in grey for the cases where the
pressure information was unavailable. The pressures at which
membranes have been studied for CO2/CH4 separation range
from 0.2 to 20 Bar. It is observed that larger pressures (red dots)
were used for the materials located further below the Pineau and
Robeson limits, and for membranes with lower permeability. The
lower pressures (blue dots) were used for materials located close to
the Pineau and Robeson limits.

Frontiers in Chemistry frontiersin.org04

Guerrero Piña et al. 10.3389/fchem.2024.1393696

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1393696


Figure 4 displays the same set of data, but in this case the
polymer material is indicated with the color scale (Park et al., 2008;
Koros et al., 1988; Puleo et al., 1989; Sada et al., 1989; Mizumoto
et al., 1993; Hachisuka et al., 1995; Pinnau, 1996; Al-Masri et al.,
1999; Zimmerman and Koros, 1999; Lin and Chung, 2001; Yang
et al., 2001; Nagel et al., 2002; Vu et al., 2003; BUDD et al., 2005;
Shida et al., 2006; Wang et al., 2007; Ghanem et al., 2009; Fritsch
et al., 2011; Ma et al., 2012; Sanders et al., 2013; Li et al., 2015; Shen
et al., 2015; Xin et al., 2015; Althumayri et al., 2016; Ebrahimi et al.,
2016; Bernardo et al., 2017; Castarlenas et al., 2017; Galizia et al.,
2017; Alberto et al., 2018; Feijani et al., 2018; Li et al., 2018; Al-
Maythalony, 2019; Comesaña-Gándara et al., 2019; Kheirtalab et al.,
2020; Li et al., 2020; Raouf et al., 2020; Yang et al., 2020; Luque-Alled
et al., 2021a; Sainath et al., 2021; Zhao et al., 2021; Mohsenpour et al.,
2022). The trends discussed above can be correlated to polymer
chemistry by analyzing the clusters of points on the graph. The use
of conventional polymers, such as CA, PC, and PMDA, require
higher operating pressures, concentrating below the Robeson limit.
The recently developed polymers are between the strip formed by
the limits of Robeson and Pineau on the highest permeability values.
Between these limits, two groups of polymers can be discerned
(Atelge et al., 2021): TRs with higher selectivity, lower
permeabilities, and noticeable presence of PI, located at the left
end of the band,; and (Occupational Safety and Health
Administration OSHA, 2019) the PIMs, which operate at
pressures below 1 bar and are located at the far right of the

range, with lower selectivity and higher permeability. These
results indicate that progress in MMMs that can operate at lower
pressure for medium and small biogas systems may be possible with
TRs and PIMs, due to their higher free volume and higher selectivity
and permeability values. The use of TR and PIMs discards the need
for high pressure in which plasticization and aging increase
membrane failure rates. The polymers at the right side of the
graph, showing higher values of CO2 permeability are both the
PIM-1 and the PTMSP, however, the CH4/CO2 selectivity of PIM-1
is around 7 times higher than PTMSP (16.2 for PIM-1 vs
2.2 for PTMSP).

3.2 Analysis of fillers in mixed-matrix-
membranes using PIM-1 for CH4/CO2
separation

The current membranes technology for gas separation meets
two major challenges: plasticization and aging, which are more
predominant at higher pressures (Baena-Moreno et al., 2019). In
CH4/CO2 separation, CO2 interacts with the polymer chains of the
membranes, generating swelling of the structure and plasticization.
Plasticization causes greater flexibility of the chains, increasing the
free volume in the structure and causing higher permeability values
and lower selectivity values. It is a behavior that usually accelerates
when the polymer is subjected to high gas pressures (Rowe et al.,

FIGURE 3
CO2/CH4 selectivity vs. CO2 permeability for different polymeric MMMs in gas separation, indicating the pressure used for each measurement in the
color scale. Based on (Park et al., 2008; Koros et al., 1988; Puleo et al., 1989; Sada et al., 1989; Mizumoto et al., 1993; Hachisuka et al., 1995; Pinnau, 1996;
Al-Masri et al., 1999; Zimmerman and Koros, 1999; Lin and Chung, 2001; Yang et al., 2001; Nagel et al., 2002; Vu et al., 2003; BUDD et al., 2005; Shida
et al., 2006; Wang et al., 2007; Ghanem et al., 2009; Fritsch et al., 2011; Ma et al., 2012; Sanders et al., 2013; Li et al., 2015; Shen et al., 2015; Xin et al.,
2015; Althumayri et al., 2016; Ebrahimi et al., 2016; Bernardo et al., 2017; Castarlenas et al., 2017; Galizia et al., 2017; Alberto et al., 2018; Feijani et al., 2018;
Li et al., 2018; Al-Maythalony, 2019; Comesaña-Gándara et al., 2019; Kheirtalab et al., 2020; Li et al., 2020; Raouf et al., 2020; Yang et al., 2020; Luque-
Alled et al., 2021a; Luque-Alled et al., 2021b; Sainath et al., 2021; Zhao et al., 2021; Mohsenpour et al., 2022).
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2009), occurring regardless of membrane thickness but accelerating
in thinner membranes (Víquez et al., 2018). Glassy polymers exhibit
a characteristic behavior of, in which large proportions of free

volume are a result of packing errors and chain mobility
limitations (Ali et al., 2017). The chemical structure of a glassy
polymer, like PIM, provides a high permeability; however, this

FIGURE 4
CO2/CH4 selectivity vs. CO2 permeability for different polymer membranes in gas separation, indicating the polymer materials with different
numbers and colors guidelines. Based on (Park et al., 2008; Koros et al., 1988; Puleo et al., 1989; Sada et al., 1989; Mizumoto et al., 1993; Hachisuka et al.,
1995; Pinnau, 1996; Al-Masri et al., 1999; Zimmerman and Koros, 1999; Lin and Chung, 2001; Yang et al., 2001; Nagel et al., 2002; Vu et al., 2003; BUDD
et al., 2005; Shida et al., 2006; Wang et al., 2007; Ghanem et al., 2009; Fritsch et al., 2011; Ma et al., 2012; Sanders et al., 2013; Li et al., 2015; Shen
et al., 2015; Xin et al., 2015; Althumayri et al., 2016; Ebrahimi et al., 2016; Bernardo et al., 2017; Castarlenas et al., 2017; Galizia et al., 2017; Alberto et al.,
2018; Feijani et al., 2018; Li et al., 2018; Al-Maythalony, 2019; Comesaña-Gándara et al., 2019; Kheirtalab et al., 2020; Li et al., 2020; Raouf et al., 2020;
Yang et al., 2020; Luque-Alled et al., 2021a; Luque-Alled et al., 2021b; Sainath et al., 2021; Zhao et al., 2021; Mohsenpour et al., 2022).

FIGURE 5
Illustration of (A) the aging mechanism in PIM-1 MMM and (B) the stability enhancement when using GO as filler. Based on (Bernardo et al., 2017;
Alberto et al., 2018).
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structure is not in thermodynamic equilibrium conditions, so it
tends to reorganize over time to reduce the free energy and approach
equilibrium states, i.e., aging, which reduces free volumes and,
consequently, permeability. Figure 5A illustrates the aging of
PIM-1, in which the pores of the structure collapse with time
and the free volume is reduced (Bernardo et al., 2017). The
reduction of free volume affects the CO2 permeability through
the membrane. As with plasticization, increasing the thickness
reduces the advance of the aging phenomenon on the material
(Alberto et al., 2018).

The incorporation of nanofillers in PIM-1 MMMs enhances the
stability of the membrane over time, promising a transformative
impact in the field of filtration technology. Amongst nanostructured
carbon fillers and metal-organic nanostructures displays improved
performance and lower cost compared to graphene nanoporous
membranes (Baena-Moreno et al., 2019) synthesis of such polymer/
nanocarbons composites can take place via different synthesis
approaches in situ synthesis and mixing. Figure 5 illustrates the
structural organization for PIM-1 and the interaction between GO.
The GO acts as a mechanical enforcement that prevents the collapse
or flow of the PIM-1 structure that causes aging and plasticization as
illustrated in Figure 5B, The data of some MMMs were included as
empty circles in Figure 4. The addition of fillers does not improve the
gas separation performance in most cases, as the GO-MMMs do not
concentrate at edges of the polymer clusters, do not exhibit any
specific pattern, and do not display extreme values of selectivity or
permeability. Incorporating fillers in MMM reduces the
permeability slightly, by blocking the flow of molecules in the
structure. The performance improvement over time of PIM-1
MMMs for different nanofillers can be observed in Figure 6,

showing the behaviour of CO2 permeability drop over time and
CO2/CH4 selectivity for eight different funcionalizations of PIM-1:
GO (graphene oxide), GO-ODA (graphene oxide-octadecyl amine),
rGO-ODA (reduced graphene oxide–octadecyl amine), rGO-OA
(reduced graphene oxide–octyl amine), hGO-ODA (holey graphene
oxide-octyl amine), GO-APTS and PIM-1 POSS (polyhedral
oligomeric silsesquioxanes) Althumayri et al., 2016; Alberto et al.,
2018; Luque-Alled et al., 2021a; Luque-Alled et al., 2021b;
Mohsenpour et al., 2022). Molecular representations of every
filler can be observed in Figure 7. The development of PIM/GO
MMMs balances efficiency improvements with cost effectiveness,
offering a viable path to widespread adoption of this filtration
technologies (Chuah et al., 2021).

Significant improvements in delaying physical aging in PIM-1
membranes by incorporating modified graphene oxide (GO)
(Alberto et al., 2018). Octylamine (OA) and octadecylamide
(ODA) were used to branch GO, followed by a chemical
reduction of graphene oxide. The optimal concentration for
ODA-rGO, OA-GO, and OA-rGO was found to be 0.05%wt.
According to Figure 6, over 160 days, CO2 permeability
decreased less in modified membranes compared to pure PIM-1:
69% in pure PIM-1, 45% in PIM-1/0.05% GO-ODA, 49% in PIM-1/
0.05% rGO-ODA, and 39% in PIM-1/0.05% wt rGO-OA.
Comparisons indicate better performance of GO over rGO, and
OA over ODA in terms of initial permeability and aging delay.
Results for combinations of PIM-1 with OA and GO were not
reported, leaving a gap in the analysis of these combined variables
(Alberto et al., 2018).

According to (Luque-Alled et al., 2021a) they have modified
graphene oxide to create “holey” graphene oxide (hGO), introducing

FIGURE 6
Effect of different fillers on permeability of CO2 (barrer) and CO2/CH4 selectivity (mol/mol) from 0 to 155 days in PIM-1 MMM. Based on (Althumayri
et al., 2016; Alberto et al., 2018; Luque-Alled et al., 2021a; Luque-Alled et al., 2021b; Mohsenpour et al., 2022).
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voids within its structure that slightly improved the performance
previously reported by (47), enhancing both the initial permeability
and the result after 155 days. As it can be seen in Figure 6, PIM-1
hGO demonstrated an initial permeability of 6,146 barrer and a final
permeability of 3,763 barrer, with an initial and final CO2/CH4

selectivity of 11.6 and 15.6 respectively. These results signify an
appreciable advancement over non-holey graphene oxide. However,
is notable that even the unmodified PIM-1 membrane in this study
showed similar final CO2 permeabilities than some of the MMMs in
the previous study, suggesting that the baseline PIM-1 membrane
already exhibited excellent performance before functionalization
(Luque-Alled et al., 2021a).

Further research by Luque-Alled et al. (2021b) explored different
modifications ofGO in PIM-1membranes. In this study, they compared
PIM-1, PIM-1GO, and PIM-1GO-APTS functionalization, resulting in
improvements in selectivity rather than permeability after 150 days. The
results, showed in the permeability and selectivity graph in Figure 6,
showed a decline from initial permeability of 6,190 barrer for PIM-1 vs.
5,660 for PIM-1 GO-APTS and 5,072 for PIM-1 GO, and after 3 days
the behavior was similar among all three materials, ranging from 3,283,
3,305 and 3,458 for PIM-1, PIMGO-APTS and PIM-1GO, respectively.
However, CO2/CH4 selectivity improvements were significant, with
PIM-1 GO-APTS showing a rise from 12.6 to 21.7. These results
suggest that APTS’s addition to GO not only enhances the
distribution within the polymer matrix and contributes to a higher
free volume, but also promoting more efficient CO2 and CH4

separation, playing a significant role in the transport of these two
molecules (Luque-Alled et al., 2021a).

PIM-1 membranes were first functionalized with POSS
(polyhedral oligomeric silsesquioxane) by (Rowe et al., 2009),
marking an enhancement in gas separation performance more
than a reduction in permeability reduction over time. This
modification led to an enhancement of CO2 permeability of
initial 8,026 barrers vs. 7,195 barrer of PIM-1. Both the initial
and final permeabilities showed improvements, with final
permeability values recorded at 3,524 barrer for PIM-1 POSS and
3,048 for PIM-1. Additionally, this modification resulted also in
increases in selectivity, from initial values of 12.3 vs. 13.3 to finals
14.6 vs. 16.1, reflecting the benefits of POSS’s organosilicon
structure, being remarkable as a functionalization that enhances
both selectivity and permeability at the same time, a non-usual
behavior in the rest of the previous functionalizations showed in
Figures 6, 7, which follows the usual trade-off relationship between
selectivity and permeability (Luque-Alled et al., 2021a).

When Few Layer Graphene (FLG) were added to the PIM-1,
PIM-1 FLG in Figure 6, a notable enhancement in CO2 permeability
was reported (Althumayri et al., 2016). Initially, permeability was
reported to reach up to 12,700 Barrer, 248% higher than the
5,120 Barrer for the unmodified PIM-1. Even after aging, FLG-
modified membranes maintained a permeability of 9,240 Barrer,
compared to only 3,670 Barrer in the unmodified samples this also
represents an enhancement in aging resistance, reporting a
reduction of 27.24% for PIM-1 FLG vs. a 28.32% in PIM-1. This
substantial increase highlights the effectiveness of FLG in improving
the gas separation properties of PIM-1 membranes (Althumayri
et al., 2016).

FIGURE 7
Illustration of chemical structures for different fillers in PIM-1 MMM. Based on (Althumayri et al., 2016; Alberto et al., 2018; Luque-Alled et al., 2021a;
Luque-Alled et al., 2021b; Mohsenpour et al., 2022).
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4 Conclusions and future perspective

This review comprehensively examined the historical
progression in polymeric membranes and their approach to be
incorporated in medium-scale biogas refining using mixed-
matrix membranes. Throughout the 1980s and 1990s, the
development and application of new polymers like PSF and
the CA evolved, and these materials have now captured
between 80% and 90% of the current CH4/CO2 separation
market. The turn of the millennium saw the emerging of PIMs
and TRs, two families of polymers with enhanced free volume
and improved performance. Advancements in MMMs in the last
decade, particularly with integrating carbonous “graphene like”
materials, organosilicon materials, and MOFs, stand out in this
journey. These recent innovations in materials present significant
advantages over traditional refining methods, including
enhanced selectivity and permeability, low-pressure operation,
and improved resistance to plasticization and aging. This
approach not only boosts operational efficiency but also
enables the deployment of biogas technologies on smaller and
medium scales, paving new paths for energy sustainability.

The polymers that stand out for their high permeability to
CO2 and that enable lower operating pressures due to their
structure and spatial organization, are PIM-1 and PTMSP.
However, PIM-1 exhibits a more efficient CO2/CH4 selectivity
that exceeds the PTMSP average by more than seven times
(ratios of 16.2 for PIM-1 versus 2.2 PTMSP). Selectivity tests
for the PIM-1 were carried out at pressures below 1 bar, with
successful operational measurements even achieved at 0.2 bar.
This pressure range favors the possibility of implementation in
smaller-scale biogas systems compared to other membrane
materials, indicating the most significant potential across
different materials for anaerobic digestion at medium and
minor scales.

The most recent studies show that incorporating nanofillers
into polymeric membranes aims to improve their long-term
performance, despite not doing so immediately, and may even
slightly reduce it due to the use of bulky materials, creating
physical obstruction of mass transport within the polymeric
matrix. However, MMMs show increased efficiency throughout
their useful life, strengthening the membrane resistance to
plasticization and aging due to improved mechanical stability.
The diversity of the results obtained outcomes highlight the
complexity of membrane enhancements, reporting aging
mitigation at the expense of reduced initial and final
permeabilities, indicating a trade-off between longevity and
performance. Conversely, some investigations showcase
improved CO2/CH4 selectivity or initial and final permeabilities
without a corresponding aging resistance, suggesting variability in
nanofiller effects. Notably, few-layer graphene has shown
outstanding increases in permeability, up to 300%. However,
these advancements are not uniformly observed across all
studies, with some polymers exhibiting superior performance
without nanofillers.

Future research should focus on optimizing nanofiller
dispersion and membrane fabrication processes to harness
potential enhancements in aging resistance, permeability, and

selectivity. The integration of graphene-like materials with other
structurally stable nanofillers could further improve material
stability and performance over time. Developing and refining
membrane fabrication protocols is critical, as studies show
substantial discrepancies in performance, even when
comparing between PIM-1 reference material across the
studies, with selectivity variations over 10 points and initial
permeability differences exceeding 2,500 Barrer, causing
differences over 30% between reference materials. Improved
protocols for nanofiller dispersion could enhance initial
material properties, leading to better overall membrane
performance, combining aging resistance with improved initial
and final permeability and selectivity.

To further enhance the development of mixed-matrix
membranes, exploring materials or structural
functionalizations that combine graphene-like materials with
other nanofillers with high free volume, structural stability
and high number of reaction points can be beneficial. Such
combinations could create membranes with increased free
volume and structural stability, potentially leading to
significant improvements in both selectivity and permeability
over time. While recent studies have shown enhancements in
these properties individually, standardized protocols
and optimized synthesis processes could improve results in
baseline material and then integrate these advances
more effectively, leading to reach superior membrane
performance.

Author contributions

JG: Conceptualization, Data curation, Formal Analysis,
Investigation, Methodology, Project administration, Software,
Visualization, Writing–original draft. DA: Data curation,
Investigation, Writing–original draft. PM: Investigation,
Writing–original draft. MC-C: Funding acquisition, Project
administration, Resources, Supervision, Writing–review and
editing. RP-R: Project administration, Supervision,
Writing–review and editing. JV-B: Funding acquisition, Project
administration, Resources, Writing–review and editing. CV:
Conceptualization, Funding acquisition, Investigation,
Methodology, Project administration, Resources, Supervision,
Writing–review and editing.

Funding

The authors declare that financial support was received for the
research, authorship, and/or publication of this article from
Instituto Tecnológico de Costa Rica and Centro Nacional de
Alta Tecnología.

Acknowledgments

We extend our gratitude to the National Nanotechnology
Laboratory of Costa Rica (LANOTEC) and Postgraduate program

Frontiers in Chemistry frontiersin.org09

Guerrero Piña et al. 10.3389/fchem.2024.1393696

https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1393696


of Costa Rica Institute of Technology-TEC-VIE, for enabling the
funding of this research. Our gratitude also goes to Lic. Daniela
Zúñiga and the students of Materials Engineering, Mariana Rojas
and Gipsy Durán, for their collaboration in the preliminary work.
Special thanks to the master’s program in Science and Technology
for Sustainability and its faculty, particularly to Dagoberto Arias,
PhD. Lorena Varela and PhD. Tomás Guzmán, for their
invaluable advice.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated
organizations, or those of the publisher, the editors and the
reviewers. Any product that may be evaluated in this article, or
claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fchem.2024.1393696/
full#supplementary-material

References

Alberto, M., Bhavsar, R., Luque-Alled, J. M., Vijayaraghavan, A., Budd, P. M., and
Gorgojo, P. (2018). Impeded physical aging in PIM-1 membranes containing graphene-
like fillers. J. Memb. Sci. 563, 513–520. doi:10.1016/j.memsci.2018.06.026

Ali, A., Anisi, F., and Argurio, P. (2017). In Comprehensive membrane science and
engineering. E. Drioli, L. Giorno, and E. Fontananova (Kidlington, Oxford: Elsevier
Science).

Al-Masri, M., Kricheldorf, H. R., and Fritsch, D. (1999). New polyimides for gas
separation. 1. Polyimides derived from substituted terphenylenes and 4,4‘-
(hexafluoroisopropylidene)diphthalic anhydride. Macromolecules 32 (23),
7853–7858. doi:10.1021/ma9910742

Al-Maythalony, B. A. (2019). “Metal-organic framework based membranes for gas
separation,” in Advanced nanomaterials for membrane synthesis and its applications
(Germany: Elsevier), 203–226.

Althumayri, K., Harrison, W. J., Shin, Y., Gardiner, J. M., Casiraghi, C., Budd, P. M.,
et al. (2016). The influence of few-layer graphene on the gas permeability of the high-
free-volume polymer PIM-1. Philosophical Trans. R. Soc. A Math. Phys. Eng. Sci. 374,
20150031. doi:10.1098/rsta.2015.0031

Atelge, M. R., Senol, H., Mohammed, D., Hansu, T. A., Krisa, D., Atabani, A., et al.
(2021). A critical overview of the state-of-the-art methods for biogas purification and
utilization processes. Sustain. Switz. 13, 11515. doi:10.3390/su132011515

Baena-Moreno, F. M., Rodríguez-Galán, M., Vega, F., Vilches, L. F., and Navarrete, B.
(2019). Review: recent advances in biogas purifying technologies. Int. J. Green Energy 16,
401–412. doi:10.1080/15435075.2019.1572610

Bernardo, P., Bazzarelli, F., Tasselli, F., Clarizia, G., Mason, C. R., Maynard-Atem, L.,
et al. (2017). Effect of p hysical aging on the gas transport and sorption in PIM-1
membranes. Polym. Guildf. 113, 283–294. doi:10.1016/j.polymer.2016.10.040

Bollinger, W. A., MacLean, D. L., and Narayan, R. S. (1982). SEPARATION
SYSTEMS FOR OIL REFINING AND PRODUCTION. Chem. Eng. Prog. 78 (10).

Budd, P., Msayib, K., Tattershall, C., Ghanem, B., Reynolds, K., Mckeown, N., et al.
(2005). Gas separation membranes from polymers of intrinsic microporosity. J. Memb.
Sci. 251 (1–2), 263–269. doi:10.1016/j.memsci.2005.01.009

Castarlenas, S., Téllez, C., and Coronas, J. (2017). Gas separation with mixed matrix
membranes obtained from MOF UiO-66-graphite oxide hybrids. J. Memb. Sci. 526,
205–211. doi:10.1016/j.memsci.2016.12.041

Cheng, Y., Ying, Y., Zhai, L., Liu, G., Dong, J., Wang, Y., et al. (2019). Mixed matrix
membranes containing MOF@COF hybrid fillers for efficient CO2/CH4 separation.
J. Memb. Sci. 573, 97–106. doi:10.1016/j.memsci.2018.11.060

Chuah, C. Y., Goh, K., and Bae, T. H. (2021). Emerging materials for mixed-matrix
membranes. Membr. (Basel) 11 (10), 746. doi:10.3390/membranes11100746

Comesaña-Gándara, B., Chen, J., Bezzu, C. G., Carta, M., Rose, I., Ferrari, M. C., et al.
(2019). Redefining the Robeson upper bounds for CO 2/CH 4 and CO 2/N 2 separations
using a series of ultrapermeable benzotriptycene-based polymers of intrinsic
microporosity. Energy Environ. Sci. 12 (9), 2733–2740. doi:10.1039/c9ee01384a

Ebrahimi, S., Mollaiy-Berneti, S., Asadi, H., Peydayesh, M., Akhlaghian, F., and
Mohammadi, T. (2016). PVA/PES-amine-functional graphene oxide mixed matrix
membranes for CO2/CH4 separation: experimental and modeling. Chem. Eng. Res. Des.
109, 647–656. doi:10.1016/j.cherd.2016.03.009

Feijani, E. A., Tavassoli, A., Mahdavi, H., and Molavi, H. (2018). Effective gas
separation through graphene oxide containing mixed matrix membranes. J. Appl.
Polym. Sci. 135 (21), 46271. doi:10.1002/app.46271

Fritsch, D., Bengtson, G., Carta, M., and McKeown, N. B. (2011). Synthesis and
gas permeation properties of spirobischromane-based polymers of intrinsic
microporosity. Macromol. Chem. Phys. 212 (11), 1137–1146. doi:10.1002/macp.
201100089

Galizia, M., Chi, W. S., Smith, Z. P., Merkel, T. C., Baker, R. W., and Freeman, B. D.
(2017). 50th anniversary perspective: polymers and mixed matrix membranes for gas
and vapor separation: a review and prospective opportunities. Macromolecules 50 (20),
7809–7843. doi:10.1021/acs.macromol.7b01718

Ghanem, B. S., McKeown, N. B., Budd, P. M., Al-Harbi, N. M., Fritsch, D., Heinrich,
K., et al. (2009). Synthesis, characterization, and gas permeation properties of a novel
group of polymers with intrinsic microporosity: PIM-polyimides. Macromolecules 42
(20), 7881–7888. doi:10.1021/ma901430q

Hachisuka, H., Ohara, T., Ikeda, K. I., and Matsumoto, K. (1995). Gas permeation
property of polyaniline films. J. Appl. Polym. Sci. 56 (11), 1479–1485. doi:10.1002/app.
1995.070561109

Jansen, J. C. (2016). “Glassy membranes,” in Encyclopedia of membranes. Editors
D. Enrico and L. Giorno (Berlin, Heidelberg: Springer Berlin Heidelberg), 880. doi:10.
1007/978-3-662-44324-8_269

Kheirtalab, M., Abedini, R., and Ghorbani, M. (2020). A novel ternary mixed matrix
membrane comprising polyvinyl alcohol (PVA)-modified poly (ether-block-
amide)(Pebax®1657)/graphene oxide nanoparticles for CO2 separation. Process Saf.
Environ. Prot. 144, 208–224. doi:10.1016/j.psep.2020.07.027

Koros, W. J., Fleming, G. K., Jordan, S. M., Kim, T. H., and Hoehn, H. H. (1988).
Polymeric membrane materials for solution-diffusion based permeation separations.
Prog. Polym. Sci. 13 (4), 339–401. doi:10.1016/0079-6700(88)90002-0

Li, C., Wu, C., and Zhang, B. (2020). Enhanced CO 2/CH 4 separation performances of
mixed matrix membranes incorporated with two-dimensional Ni-based MOF nanosheets.
ACS Sustain Chem. Eng. 8 (1), 642–648. doi:10.1021/acssuschemeng.9b06370

Li, W., Samarasinghe, SASC, and Bae, T. H. (2018). Enhancing CO2/CH4 separation
performance and mechanical strength of mixed-matrix membrane via combined use of
graphene oxide and ZIF-8. J. Industrial Eng. Chem. 67, 156–163. doi:10.1016/j.jiec.2018.06.026

Li, X., Cheng, Y., Zhang, H., Wang, S., Jiang, Z., Guo, R., et al. (2015). Efficient CO 2

capture by functionalized graphene oxide nanosheets as fillers to fabricate multi-
permselective mixed matrix membranes. ACS Appl. Mater Interfaces 7 (9),
5528–5537. doi:10.1021/acsami.5b00106

Lin, W. H., and Chung, T. S. (2001). Gas permeability, diffusivity, solubility, and aging
characteristics of 6FDA-durene polyimide membranes. J. Memb. Sci. 186 (2), 183–193.
doi:10.1016/s0376-7388(01)00333-7

Liu, Q., Paul, D. R., and Freeman, B. D. (2016). Gas permeation and mechanical
properties of thermally rearranged (TR) copolyimides. Polym. Guildf. 82, 378–391.
doi:10.1016/j.polymer.2015.11.051

Luque-Alled, J. M., Ameen, A.W., Alberto, M., Tamaddondar, M., Foster, A. B., Budd,
P. M., et al. (2021b). Gas separation performance of MMMs containing (PIM-1)-
functionalized GO derivatives. J. Memb. Sci., 623. doi:10.1016/j.memsci.2020.118902

Luque-Alled, J. M., Tamaddondar, M., Foster, A. B., Budd, P. M., and Gorgojo, P.
(2021a). PIM-1/Holey graphene oxide mixed matrix membranes for gas separation:
unveiling the role of holes. ACS Appl. Mater Interfaces 13 (46), 55517–55533. doi:10.
1021/acsami.1c15640

Ma, X., Swaidan, R., Belmabkhout, Y., Zhu, Y., Litwiller, E., Jouiad, M., et al. (2012).
Synthesis and gas transport properties of hydroxyl-functionalized polyimides with
intrinsic microporosity. Macromolecules 45 (9), 3841–3849. doi:10.1021/ma300549m

Frontiers in Chemistry frontiersin.org10

Guerrero Piña et al. 10.3389/fchem.2024.1393696

https://www.frontiersin.org/articles/10.3389/fchem.2024.1393696/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fchem.2024.1393696/full#supplementary-material
https://doi.org/10.1016/j.memsci.2018.06.026
https://doi.org/10.1021/ma9910742
https://doi.org/10.1098/rsta.2015.0031
https://doi.org/10.3390/su132011515
https://doi.org/10.1080/15435075.2019.1572610
https://doi.org/10.1016/j.polymer.2016.10.040
https://doi.org/10.1016/j.memsci.2005.01.009
https://doi.org/10.1016/j.memsci.2016.12.041
https://doi.org/10.1016/j.memsci.2018.11.060
https://doi.org/10.3390/membranes11100746
https://doi.org/10.1039/c9ee01384a
https://doi.org/10.1016/j.cherd.2016.03.009
https://doi.org/10.1002/app.46271
https://doi.org/10.1002/macp.201100089
https://doi.org/10.1002/macp.201100089
https://doi.org/10.1021/acs.macromol.7b01718
https://doi.org/10.1021/ma901430q
https://doi.org/10.1002/app.1995.070561109
https://doi.org/10.1002/app.1995.070561109
https://doi.org/10.1007/978-3-662-44324-8_269
https://doi.org/10.1007/978-3-662-44324-8_269
https://doi.org/10.1016/j.psep.2020.07.027
https://doi.org/10.1016/0079-6700(88)90002-0
https://doi.org/10.1021/acssuschemeng.9b06370
https://doi.org/10.1016/j.jiec.2018.06.026
https://doi.org/10.1021/acsami.5b00106
https://doi.org/10.1016/s0376-7388(01)00333-7
https://doi.org/10.1016/j.polymer.2015.11.051
https://doi.org/10.1016/j.memsci.2020.118902
https://doi.org/10.1021/acsami.1c15640
https://doi.org/10.1021/acsami.1c15640
https://doi.org/10.1021/ma300549m
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1393696


Mc Keown, N. B., and Budd, P. M. (2006). Polymers of intrinsic microporosity
(PIMs): organic materials for membrane separations, heterogeneous catalysis and
hydrogen storage. Chem. Soc. Rev. 35 (8), 675–683. doi:10.1039/b600349d

Mizumoto, T., Masuda, T., and Higashimura, T. (1993). Polymerization of [o-
(trimethylgermyl)phenyl] acetylene and polymer characterization. J. Polym. Sci. A
Polym. Chem. 31 (10), 2555–2561. doi:10.1002/pola.1993.080311016

Mohsenpour, S., Ameen, A.W., Leaper, S., Skuse, C., Almansour, F., Budd, P. M., et al.
(2022). PIM-1 membranes containing POSS - graphene oxide for CO2 separation.
Sep. Purif. Technol. 298, 121447. doi:10.1016/j.seppur.2022.121447

Nagel, C., Günther-Schade, K., Fritsch, D., Strunskus, T., and Faupel, F. (2002). Free
volume and transport properties in highly selective polymer membranes.
Macromolecules 35 (6), 2071–2077. doi:10.1021/ma011028d

Occupational Safety and Health Administration (OSHA) (2019) Occupational health
and safety. Hydrogen Sulfide.

Park, H. B., Jung, C. H., Lee, Y. M., Hill, A. J., Pas, S. J., Mudie, S. T., et al. (2008).
Polymers with cavities tuned for fast selective transport of small molecules and ions.
Science 318 (5848), 254–258. doi:10.1126/science.1146744

Piergrossi, V., Fasolato, C., Capitani, F., Monteleone, G., Postorino, P., and Gislon, P.
(2019). Application of Raman spectroscopy in chemical investigation of impregnated
activated carbon spent in hydrogen sulfide removal process. Int. J. Environ. Sci. Technol.
16 (3), 1227–1238. doi:10.1007/s13762-018-1756-1

Pinnau, I. (1996). Transport of organic vapors through poly(1-trimethylsilyl-1-
propyne). J. Memb. Sci. 116 (2), 199–209. doi:10.1016/0376-7388(96)00041-5

Puleo, A. C., Paul, D. R., and Kelley, S. S. (1989). The effect of degree of acetylation on
gas sorption and transport behavior in cellulose acetate. J. Memb. Sci. 47 (3), 301–332.
doi:10.1016/s0376-7388(00)83083-5

Raouf, M., Abedini, R., Omidkhah, M., and Nezhadmoghadam, E. (2020). A favored
CO2 separation over light gases using mixed matrix membrane comprising polysulfone/
polyethylene glycol and graphene hydroxyl nanoparticles. Process Saf. Environ. Prot.
133, 394–407. doi:10.1016/j.psep.2019.11.002

Rick Wanek (2011). Occupational health and safety Monitoring H2S to meet new
exposure standards. Available at: https://ohsonline.com/articles/2011/09/01/
monitoring-h2s-to-meet-new-exposure-standards.aspx.

Rowe, B. W., Freeman, B. D., and Paul, D. R. (2009). Physical aging of ultrathin glassy
polymer films tracked by gas permeability. Polym. Guildf. 50 (23), 5565–5575. doi:10.
1016/j.polymer.2009.09.037

Sada, E., Kumazawa, H., and Xu, P. (1989). Permeation of carbon dioxide through
homogeneous and asymmetric polysulfone membranes. J. Polym. Sci. B Polym. Phys. 27
(4), 919–927. doi:10.1002/polb.1989.090270415

Sainath, K., Modi, A., and Bellare, J. (2021). CO2/CH4 mixed gas separation using
graphene oxide nanosheets embedded hollow fiber membranes: evaluating effect of filler
concentration on performance. Chem. Eng. J. Adv. 5, 100074. doi:10.1016/j.ceja.2020.
100074

Sanders, D. F., Smith, Z. P., Guo, R., Robeson, L. M., McGrath, J. E., Paul, D. R., et al.
(2013). Energy-efficient polymeric gas separation membranes for a sustainable future: a
review. Polym. Guildf. 54 (18), 4729–4761. doi:10.1016/j.polymer.2013.05.075

Scholes, C. A., Stevens, G. W., and Kentish, S. E. (2012). Membrane gas separation
applications in natural gas processing. Fuel 96, 15–28. doi:10.1016/j.fuel.2011.12.074

Shen, J., Liu, G., Huang, K., Jin,W., Lee, K. R., and Xu, N. (2015). Membranes with fast
and selective gas-transport channels of laminar graphene oxide for efficient CO 2

capture. Angew. Chem. 127 (2), 588–592. doi:10.1002/ange.201409563

Shida, Y., Sakaguchi, T., Shiotsuki, M., Sanda, F., Freeman, B. D., and Masuda, T.
(2006). Synthesis and properties of membranes of poly(diphenylacetylenes) having
fluorines and hydroxyl groups. Macromolecules 39 (2), 569–574. doi:10.1021/
ma052082n

Sutanto, S., Dijkstra, J. W., Pieterse, J. A. Z., Boon, J., Hauwert, P., and Brilman, D. W.
F. (2017). CO2 removal from biogas with supported amine sorbents: first technical
evaluation based on experimental data. Sep. Purif. Technol. 184, 12–25. doi:10.1016/j.
seppur.2017.04.030

Víquez, J., Mukhtaar, A., Phenny, C., and Omondi, A. (2018). Evaluación de la
eficiencia térmica en estufas fabricadas y modificadas a biogás PALABRAS CLAVE:
PRUEBA DE EBULLICIÓN DE AGUA; EFICIENCIA TÉRMICA; ESTUFAS A
BIOGÁS. RESUMEN.

Vu, D. Q., Koros, W. J., and Miller, S. J. (2003). Mixed matrix membranes using carbon
molecular sieves. J. Memb. Sci. 211 (2), 335–348. doi:10.1016/s0376-7388(02)00425-8

Wang, L., Cao, Y., Zhou, M., Zhou, S. J., and Yuan, Q. (2007). Novel copolyimide
membranes for gas separation. J. Memb. Sci. 305 (1–2), 338–346. doi:10.1016/j.memsci.
2007.08.024

Xin, Q., Li, Z., Li, C., Wang, S., Jiang, Z., Wu, H., et al. (2015). Enhancing the CO 2

separation performance of composite membranes by the incorporation of amino acid-
functionalized graphene oxide. J. Mater Chem. A Mater 3 (12), 6629–6641. doi:10.1039/
c5ta00506j

Yang, L., Fang, J., Meichin, N., Tanaka, K., Kita, H., and Okamoto, K. (2001). Gas
permeation properties of thianthrene-5,5,10,10-tetraoxide-containing polyimides.
Polym. Guildf. 42 (5), 2021–2029. doi:10.1016/s0032-3861(00)00500-0

Yang, L., Liu, X., Wu, H., Wang, S., Liang, X., Ma, L., et al. (2020). Amino-
functionalized POSS nanocage intercalated graphene oxide membranes for
efficient biogas upgrading. J. Memb. Sci. 596, 117733. doi:10.1016/j.memsci.
2019.117733

Zhao, Y., Zhou, C., Kong, C., and Chen, L. (2021). Ultrathin reduced graphene oxide/
organosilica hybrid membrane for gas separation. JACS Au 1 (3), 328–335. doi:10.1021/
jacsau.0c00073

Zimmerman, C. M., and Koros, W. J. (1999). Polypyrrolones for membrane gas
separations. I. Structural comparison of gas transport and sorption properties. J. Polym.
Sci. B Polym. Phys. 37 (12), 1235–1249. doi:10.1002/(sici)1099-0488(19990615)37:
12<1235::aid-polb5>3.0.co;2-j

Frontiers in Chemistry frontiersin.org11

Guerrero Piña et al. 10.3389/fchem.2024.1393696

https://doi.org/10.1039/b600349d
https://doi.org/10.1002/pola.1993.080311016
https://doi.org/10.1016/j.seppur.2022.121447
https://doi.org/10.1021/ma011028d
https://doi.org/10.1126/science.1146744
https://doi.org/10.1007/s13762-018-1756-1
https://doi.org/10.1016/0376-7388(96)00041-5
https://doi.org/10.1016/s0376-7388(00)83083-5
https://doi.org/10.1016/j.psep.2019.11.002
https://ohsonline.com/articles/2011/09/01/monitoring-h2s-to-meet-new-exposure-standards.aspx
https://ohsonline.com/articles/2011/09/01/monitoring-h2s-to-meet-new-exposure-standards.aspx
https://doi.org/10.1016/j.polymer.2009.09.037
https://doi.org/10.1016/j.polymer.2009.09.037
https://doi.org/10.1002/polb.1989.090270415
https://doi.org/10.1016/j.ceja.2020.100074
https://doi.org/10.1016/j.ceja.2020.100074
https://doi.org/10.1016/j.polymer.2013.05.075
https://doi.org/10.1016/j.fuel.2011.12.074
https://doi.org/10.1002/ange.201409563
https://doi.org/10.1021/ma052082n
https://doi.org/10.1021/ma052082n
https://doi.org/10.1016/j.seppur.2017.04.030
https://doi.org/10.1016/j.seppur.2017.04.030
https://doi.org/10.1016/s0376-7388(02)00425-8
https://doi.org/10.1016/j.memsci.2007.08.024
https://doi.org/10.1016/j.memsci.2007.08.024
https://doi.org/10.1039/c5ta00506j
https://doi.org/10.1039/c5ta00506j
https://doi.org/10.1016/s0032-3861(00)00500-0
https://doi.org/10.1016/j.memsci.2019.117733
https://doi.org/10.1016/j.memsci.2019.117733
https://doi.org/10.1021/jacsau.0c00073
https://doi.org/10.1021/jacsau.0c00073
https://doi.org/10.1002/(sici)1099-0488(19990615)37:12<1235::aid-polb5>3.0.co;2-j
https://doi.org/10.1002/(sici)1099-0488(19990615)37:12<1235::aid-polb5>3.0.co;2-j
https://www.frontiersin.org/journals/chemistry
https://www.frontiersin.org
https://doi.org/10.3389/fchem.2024.1393696

	Advances in mixed-matrix membranes for biorefining of biogas from anaerobic digestion
	1 Introduction
	2 Mechanisms for gas separation through polymeric membranes
	3 Historical development of mixed-matrix membrane technology for gas separation
	3.1 Analysis of mixed-matrix membranes performance for biomethane purification
	3.2 Analysis of fillers in mixed-matrix-membranes using PIM-1 for CH4/CO2 separation

	4 Conclusions and future perspective
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


