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ARTICLE INFO ABSTRACT

Keywords: Metal-organic framework (MOF) sorbent materials have recently gained considerable attention in gas separation
Metal-organic frameworks technology. This is because of their unique structural properties, such as high gas permeability and selectivity
Sorbents promoted by large porosity and high surface areas. Integrating MOF fillers with polymer membranes to construct
x;:zf::tiix membranes mixed-matrix membranes (MMMs) has enhanced gas separation and capture performance and stability. This
Biogas review provides a comprehensive current status development in MOFs and their integrated MMMSs composites
Adsorption with focused applications in biogas cleaning for the removal of common trace impurities such as hydrogen

sulfide (H2S), ammonia (NH3), siloxanes, and moisture and upgrading of the subsequent carbon dioxide/methane
(CO2/CHy4) mixture to bio-methane and biogenic CO,. We highlight the structural properties and descriptors
critical for designing MOF sorbents and MOF-based MMMs to improve their adsorption capacities and separation
efficiency in biogas cleaning and upgrading. The tuneable surface modifications of MOFs boasted by the surface-
endowed basic-acidic sites and coordinated open metal sites effectively provide high adsorption capacities and
separation selectivities in biogas processing. The combination of MOFs and membranes offers high separation
efficiencies of biogas-derived CO2 and CHj4 for their diverse potential downstream utilisation. Future perspectives
on advancing further developments in MOF sorbents and MOFs-based MMMs for biogas cleaning and upgrading
to access sustainable and green derivatives with fewer carbon footprints while beneficiating wastes for adopting
a circular economy are highlighted to provide solutions to the shortcomings.

Carbon capture

1. Introduction microorganisms degrade organic materials without oxygen. Biogas

constituents mainly depend on the digested organic matter and digestion

The world is moving towards decarbonisation, with various coun-
tries making pledges to reduce carbon emissions to mitigate climate
impact and ensure future sustainable energy and a clean environment
[1-7]. Renewable energy sectors such as wind and solar have also
expanded worldwide, giving a glimpse of a net-zero climate [8-10].
Biogas falls under the renewable energy umbrella as a biofuel and is used
to complement the well-known renewable energy systems [11,12].
Biogas can be produced through anaerobic digestion, where

conditions. The standard components of biogas are primarily methane
(CHg4, 40-75%), carbon dioxide (CO2, 15-60%), hydrogen sulfide (HsS,
0.005-2%), siloxanes (0-0.02%), ammonia (NH3,0-100 ppm), oxygen
(03, 0-1%), carbon monoxide (CO, <0.6%) and nitrogen (N2, 0-2%)
[13]. The elevated content of CH4 makes biogas an attractive energy
source, and countries such as Germany and China have adopted biogas
to produce electricity, heat, and steam for households and industries and
included it in the natural gas grid [14,15].
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Unfortunately, the drawback of raw biogas preventing its direct use
in energy generation and chemical feedstock is its constituents other
than CHy4, which requires prior cleaning to elevate its properties. For
example, CO, and Ny decrease the CH4 specific calorific value and
Wobbe index [16,17]. Oy increases the explosion hazard, while NH3 and
H20 can cause corrosion within the turbines during combustion
[18-20]. HyS is amongst the more hazardous constituents of raw biogas;
it is corrosive, flammable, and toxic to humans and animals. A low
concentration, such as 5 ppm, can cause respiratory and neurological
symptoms, making it a health hazard [21-23]. Furthermore, for
biogas-derived CO; conversions into green chemicals such as methanol,
dimethyl ether, and organic acids via catalyst-driven hydrogenation or
reduction, a trace of HsS needs to be removed because of its adverse
effects on the performance of the catalysts. Specifically, HaS and sulfur
derivatives (e.g., SO3) in biogas can affect the performance of the sor-
bent materials for biogas CO2/CH4 upgrading or cause poising to cata-
lyst active sites in the typical CO5 and CH4 valorisation reaction, hence
desulfurisation of biogas before upgrading and valorisation.

HyS can be removed from biogas through pre-digestion, during
digestion, and post-digestion. For pre-and during digestion, the HsS
concentration can only be removed up to a certain level and thus still
needs cleaning post-digestion, hence the increase in emphasis on
digestion cleaning/removal [24,25]. Post-digestion cleaning includes
membrane separation, cryogenic distillation, absorption, and adsorption
[26-29]. Membrane separation technology works on selective perme-
ability towards H,S using specific membranes while retaining CHy.
Cryogenic distillation involves liquifying gases at high pressures and low
temperatures based on boiling points [26-29]. The absorption process
consists of the absorption of H,S in a liquid, either physically or chem-
ically. Physical absorption involves dissolving the H5S in a solvent, and
chemical absorption involves dissolving H2S and a subsequent chemical
reaction between H,S and a low solvent [30]. Adsorption consists of
capturing the gases on a high surface area solid. Adsorption technology
is one of the most influential and competitive methods for H,S removal.
An effective adsorbent material must have high surface area and
porosity, good sorption capacity and kinetics, and be regenerable [31,
32].

Metal-organic frameworks (MOFs) have emerged as an attractive
class of nanoporous materials possessing well-structured cavities with
confinement effects suitable for various applications in gas separation
[33-361, gas capture, catalysis [37-40], energy generation [41-44] and
energy storage [45-47]. Due to their profound structure-enhanced
performances in diverse applications, MOFs have recently emerged as
attractive materials in biogas clean-up and upgrading [48]. Interest-
ingly, in the application of MOFs for biogas impurities clean-up and
upgrading or separation of CO,/CHy4, MOFs can be used as sorbents and
membranes integrated with enhanced performance efficiencies because
of their high surface areas, porosity, flexible surface functionalities, and
cavity structure architecture. Previous studies have reviewed the
application of MOFs and MOFs-based mixed-matrix membranes
(MMMs) in biogas clean-up [49,50]. Review articles focusing only on
the capture or adsorption and storage of biogas-derived CO, and air COy
have been reported [51-55]. Recently, Khan et al. has reported a
comprehensive MOFs-based MMMs review for biogas COy/CH4 [56].
The reported work focused mainly on application milestones’ engi-
neering and commercial aspects. In this review, we provide a compre-
hensive current status development in MOFs-based sorbent materials
and their integrated MMMs technologies with focused utilisation in
biogas impurities cleaning removal and upgrading of COy/CH,4 gas
mixture. The scope of this review starts with providing an overview of
the biogas value chain while highlighting the need to purify and upgrade
it before utilising its derivative product streams of CO2 and CHy as
feedstock for energy and chemicals. It further discusses brief structural
properties and classification of commonly known MOFs, including the
general synthesis methodologies that have been established. Further-
more, the application performance of neat and modified MOFs in
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removing biogas impurities, including upgrading CO5/CHy, is critically
presented. Finally, the adaptation of MOF filler integration in the
membrane technology to develop advanced MMM systems is high-
lighted by comparing performance to those of neat MOFs and mem-
branes. Finally, the review provided the updated status of MOFs and
their counterpart’s integrated MMM systems for biogas cleaning and
upgradation separation of COy/CH4 and highlighted perspectives on
future research directions to pursue better MOFs-based materials for
practical potential applications.

2. Biogas refinery concept

Fig. 1 depicts a tentative process flow diagram of a biorefinery
conceptual value chain that can be built around biogas utilisation with
some of the features relating to clean-up and upgrading. Generally,
organic municipal waste is fed to anaerobic digesters where biological
processes break down the organic matter to generate a raw biogas
stream, mainly comprised of CH4 and CO; as major constituents. The
biogas can also present trace contaminants such as HpS, NHg, siloxanes,
moisture, and air. A liquid digestate rich in nutrients can also be pro-
duced with a biogas stream, which can be used as a crop fertiliser. In a
typical biogas process environment, the steps include chilling (i.e., to
remove moisture), biological desulphurisation (to remove H,S), and
lastly, passing over a sorbent material (e.g., activated carbon bed) to
remove unwanted siloxanes [57-60]. These processes can also be
accomplished through adsorption and chemisorption onto highly porous
materials, some activated, resulting in lower operating expenses (OPEX)
costs than water scrubbing [61,62]. The cleaned biogas is then taken to
an upgrading unit, where the CO, component is removed to maximise
the calorific value of the biogas. The result is a pure stream of
bio-methane, which has the same characteristics as natural gas, and a
concentrated stream of COy [61]. This stream of CO5 can then undergo
activation through the reverse water-gas shift reaction to produce syn-
gas, an essential feedstock for Fischer-Tropsch synthesis in the petro-
leum and chemical industry [63,64]. Similarly, CO, can be directly
converted to alcohols, olefins, and hydrocarbons for chemicals and fuel
energy [65].

Bio-methane can be injected into suitable natural gas pipelines or
used directly as a replacement fuel in compressed natural gas-driven
vehicles [66,67]. Bio-methane can also be used as a feedstock in the
pyrolysis and reforming methane for syngas and hydrogen production
[68-70]. In such reaction processes, both hydrogen gas and solid car-
bons are formed over a catalyst [71-73]Hydrogen can be further used
for energy applications, in fuel cells, or as a feedstock to produce green
chemicals. Depending on the type of catalyst used, the solid carbons
formed during the pyrolysis reaction can either be low-grade amorphous
carbons or high-valued carbon nanostructures. These, in turn, can be
used as high-surface-area adsorbents.

Lastly, since bio-methane is a direct replacement for natural gas, it
can also be used as a substitute feedstock in the petrochemical industry
that relies on natural gas reforming to produce syngas. In such opera-
tions, it presents an excellent opportunity to achieve decarbonisation to
some extent. Consequently, biogas should be considered an essential
feedstock to decarbonise several industries since it can provide feedstock
to multiple sectors. While the scale of biogas production would not reach
the quantities needed for large operations, partial feedstock substitution
would allow industry sectors to decarbonise faster. Using biogas, two
greenhouse gases (i.e., CO2/CHy) are captured and utilised in processes,
resulting in greener products with minimal environmental release. This
speaks to a fully circular economy built around utilising organic
municipal waste that usually goes to landfills.

3. Brief classification of MOF materials

MOFs are characterised by metal centres inter-connected by various
organic linkers to create one-, two-, and three-dimensional porous
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Fig. 1. Value-chain diagram of biogas generation, clean-up, upgrade, and valorisation.

structure architectures with tuneable pore volumes and pore diameters
ranging between 3 and 20 A, leading to ultra-high surface areas and
surface chemical properties. Many MOF materials have been designed
and synthesised, and their numbers continue to increase with the
introduction of new ones. Table 1 summarises some common MOFs well-
established in the literature and have been practically evaluated in
diverse applications, including biogas cleaning and upgrading.

The synthesis of MOFs generally employs a combination of metal
ions and organic linkers in the presence of a solvent, as illustrated
schematically in Fig. 2. The most common conventional methods to
synthesise MOFs are based on hydrothermal and solvothermal routes
[74-80]. Unconventional methods such as the mechanochemical
method involving solventless mixing of metal ions and organic linker by
grinding using a mortar and pestle or ball milling have also been re-
ported successfully with the benefits of rapid short reaction times in a
range of 10-60 min [81-84]. Alternatively, both microwave-assisted
synthesis and sonochemical processes with ultrasonic radiation (20

Table 1
Summary of most common MOF materials available in the literature.

MOF class Building blocks constituents Examples

MIL MOFs are based on trivalent
metal ions (Fe3*, AI**, Ga®",
cr®t, va®*, In®") and carboxylic
acid ligands.

UiO MOFs are based on
dicarboxylic acid building units,
Zre(j13-0)4(p3-OH) metal
precursors, and an organic
linker.

ZIFs are based on metal ions ZIF-8, ZIF-90, ZIF-L,
with valence electrons (Zn, Fe, ZIF-71, ZIF-67, ZIF-
Cu, Co) and imidazole 7.

derivatives as linkers.
Isoreticular MOFs are

Materials Institute
Lavoisier (MIL)

MIL-53, MIL-100,
and MIL-88, MIL-
101, and MIL-125.
University of Oslo (UiO) Ui0-66, Ui0-67,
Ui0-68, and UiO-69

Zeolitic Imidazolate
Frameworks (ZIFs)

Isoreticular MOFs MOF-5 or IRMOF-1

(IRMOFs) synthesised by [Zn40]1°" as
building units and various
aromatic carboxylates.
Hong Kong University of  Are derived from the metal HKUST-1 or MOF-

Science and
Technology (HKUST)

precursor of copper and 199 (Cu-BTC)
benzene tricarboxylic acid

(trimesic acid)

kHz-10 MHz) have been implemented successfully in the synthesis of
MOFs with beneficial advantages such as rapid crystallisation times,
phase selectivity, control of small particle size distribution and
morphology [85-90]. While we only presented a panoramic overview of
the MOF materials basics with respect to structure properties and their
synthesis descriptors, for detailed information on the various synthesis
methods and strategies of MOF materials, readers are encouraged to
read comprehensive focused reviews such as UiO [91,92]], MIL [93],
ZIF [94,95], HUASK [96] and others. Furthermore, other comprehensive
synthesis methods reviewed with a special focus on MOF-based hierar-
chically porous materials [97,98], and green synthesis of MOF [99],
mechanochemistry for green synthesis of MOFs [84], bimetallic nano-
particles/MOFs [100] are available.

4. MOFs sorbents for biogas impurities cleaning

Removing trace impurities in biogas and upgrading or separating the
clean mixture of biogas COy/CHy4 stream can be achieved via phys-
isorption and chemisorption. The surface functionalities of the sorbent
materials are critical to establishing the mode of contact between the
biogas constituents and the adsorption materials to determine whether
such interaction proceeds with physisorption or chemisorption. As
illustrated in Fig. 3, several parameters control the physisorption and
chemisorption processes. Furthermore, physisorption occurs when an
intermolecular force exists between the adsorbate and the adsorbent.
When the intermolecular force of interaction is weak, physisorption can
be reversible to a certain extent [101]. On the other hand, chemisorption
occurs when there is an electron transfer between the adsorbate and
adsorbent material to form a chemical bond interaction [102]. Strong
acidic-basic site interactions usually promote chemisorption, coordina-
tion bonds between metal and gas molecules, and ionic and covalent
bonds. It is an irreversible process, thus leading to permanent alteration
in their electronic structures.

4.1. Removal of moisture

The removal of moisture is one of the critical stages in biogas clean-
up. Removing water content or air in the biogas should be the first step
to avoid its impact on the sorbent materials for the subsequent removal
of HyS [104,105]. There have been reports that showed the presence of



Z. Duma et al.

(K J
000
0.00 D

s
Z

Metal Ions Organic Linkers

Solvent

Ni, Fe ,Co ,Cu ,Al ,Zn, Zr elc.

4

Ethanol, Methanol, Water , DMF etc.

™

Carboxylate, Phosphate, Pyridyl, Imidazolate etc.

Materials Today Sustainability 27 (2024) 100812

I'ype of solvent and

Synthesis time Ak

MOFs
ITemperature,
and pH

Pressure

Fig. 2. General illustration of MOF synthesis. Ref. [56].

Physisorption
(-10 to -40 kJ/mol)
« Electrostatic interactions

+ Difusion
® .

L "

*Van der waals forces

P G

Chemisorption
(-80 to -500 kJ/mol)

+ Acid-base
..

* Covalent bond

+ Coordination

&

e « Hydrogen bond
P
« lonic bond Fe
e 7% o

Energy

Fig. 3. Schematic physisorption and chemisorption processes and their respective operational properties. Reprinted from Ref. [103].

moisture in biogas to have a significant effect on the efficiency of
removal of HyS [106]. Furthermore, the reaction of H,O and CO5 has the
potential to generate trace amounts of carbonic acid that could even-
tually be corrosive. Generally, a biogas cleaning setup features a mois-
ture trap column before an HyS removal column. Sometimes, a single
material can perform multipurpose tasks such as removing moisture,
siloxanes, and H»S, and it can also be used in a fixed-bed column for
CO,/CH4 upgrading. The application of MOFs in moisture removal from
biogas is limited in the literature. However, MOFs have demonstrated a
significant breakthrough application in harvesting atmospheric mois-
ture for the potential generation of clean water for human consumption
[107-112]. As a result, it can be expected that the adoption of such
preliminary success in capturing/absorbing atmospheric water could be
applicable in removing moisture during biogas cleaning and upgrading.
The MOF application targeted toward moisture removal in biogas is still
developing.

4.2. Removal of NH3s gas

Organic matter that has been anaerobic digested usually contains
NHj as an impurity [113]. To improve the quality and suitability of
biogas for various applications, the removal of NHs is pivotal. Adsorp-
tion is a well-established method for NH3 removal using everyday ma-
terials such as zeolites, activated carbon, and porous organic polymers
[114-116]. MOFs have recently been demonstrated as promising sor-
bent materials for NHs, and they have often shown better performance
than their predecessors, owing to their structural diversity, large
porosity, and high surface areas [117-120].

A variety of functionalized zirconia based UiO-66 MOFs such as UiO-
66-OH, UiO-66-(0OH),, UiO-66-NO,, UiO-66-NH,, Ui0-66-SO3H, and
UiO-66-(COOH), were evaluated for their performance towards NHg
removal during air purification [121]. According to the results,
Ui0-66-SO3H and UiO-66-(COOH), were less effective in NHj
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adsorption activity than UiO-66-OH and UiO-66-NHbs. In the presence of
bulky functional groups, such as -COOH and -SOsH, the framework
porosity (i.e., surface area and pore volume) significantly decreased. The
—OH group interacted strongly with NH3 and was the least bulky among
the functional groups. The adsorption capacity of UiO-66-OH for NHg
under dry conditions was found to be 5.7 mmol/g. Under humid con-
ditions, functionalized UiO-66 MOFs showed a decrease in NHj
adsorption capacity. A study by Glomb et al. [122] demonstrated that
urea-functionalized dicarboxylic acid enhances the NHj3 uptake of
UiO-66 MOF by 17.8 mmol/g. Other researchers also conducted a study
using synthesised Manchester Framework Material (MFM)-300(Al) for
NH;3 adsorption, which resulted in an adsorption capacity of 15.7
mmol/g and reversible adsorption after 50 cycles [120]. These
long-term performance studies were reported under dry conditions,
albeit it is still being determined whether humid conditions will yield
significant performance improvements.

Using a volumetric measurement at 298 K and NH3 pressures up to 1
bar, Saha et al. [104] measured the equilibrium and kinetics of Zn-based
MOF-5 and MOF-177 MOFs. It was found that MOF-177 absorbs more
NHj than MOF-5 when NHjs pressures are below 0.2 bar, and at 1 bar,
both MOFs adsorb NH3 about the same magnitude (~12.2 mmol/g).
Based on the adsorption results, it was demonstrated that physical
adsorption of NH3 on MOFs dominates when NH3 pressures are below
0.2 bar, after which a chemical reaction between NH3 and the MOF
frameworks occurs, reducing surface area and pore volume. In another
study, NH3 sorption was reported by Moribe et al. for three reticular
porphyrin-based MOFs, namely, Al-PMOF, Ga-PMOF, and In-PMOF,
where metal rod primary building units were coupled with Brgnsted
acidic bridging hydroxyl groups [123]. The reversibility of adsorption
activity was observed on the sorption isotherms of NH3 in Al-PMOF.
Furthermore, Ga-PMOF and In-PMOF showed steeper adsorption
isotherm slopes than Al-PMOF at lower-pressure regions, with decreased
NH; adsorbed between the first and second cycles [123]. MIL-160,
CAU-10-H (Aluminum isophthalate [AI(OH)(bdc)]-nH 2 O), Al-Fum
(aluminium fumarate), and MIL-53(Al) MOFs were studied to capture
and store NH3 [124]. The results from this study performed at 298 K and
1.0 bar exhibited NH3 uptakes of 12.8 mmol/g for MIL-160 followed by
10.0 mmol/g for CAU-10-H, then 8.9 mmol/g for Al-Fum and lastly, 3.0
mmol/g for MIL-53(Al).

In the other study, the structural degradation of highly stable MOFs
after the adsorption of NH3 was evaluated, and it was shown that the
integral molecular structure collapsed post-exposure to the NHj gas
[119,125]. The reversible storage and adsorption of NHs by MFM-300
(Al) MOF have also been investigated [120]. When MFM-300(Al) MOF
was operated at 273 K and 1.0 bar, it showed an NH3 uptake of 15.7
mmol/g and a packing density of 0.70 g cm™> when compared with the
liquid density of NH; (0.681 g cm ™) at 240 K. In addition, the packing
density of NH3 at 293 K is also impressive at 0.62 g cm ™. Additionally,
MFM-300(Al) exhibited complete reversibility under conventional
pressure swing adsorption (PSA) conditions, with no loss in storage ca-
pacity after 50 cycles of adsorption and desorption. While MOFs are
challenging, they remain viable as sorbents for potential applications in
removing NHs from biogas. Apart from MOF properties of large pores,
high surface areas, and open metal sites, their tuneable surfaces of
Brgnsted and Lewis acid/bases sites provide unique structure properties
for enhanced adsorption of NHs. The developments of MOFs specific to
biogas NH3 removal still require further research aiming at designing
MOF properties that could allow adsorptive removal of all trace impu-
rities using single MOFs before CO,/CH4 upgrading or perhaps perform
all such desirable biogas impurities removal and upgrade in a single
MOF composite material.

4.3. Removal of siloxanes

Siloxanes are chemical compounds of Si-O groups with oxygen
atoms attached to organic radicals such as methyl, phenyl, vinyl, and
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ethyl [126]. They are applied in cosmetic product formulations for
softening, deodorants, rubber, oils, and food additives [9]. The presence
of siloxanes in biogas originates from landfill sites and municipal waste
derivatives. Furthermore, their presence in biogas can have a detri-
mental effect during combustion [127,128]. For example, the gaseous
siloxanes inside the combustion turbine or transport engine precipitate
to form oxides. These residues are highly abrasive and can cause wearing
and rusting of the engine’s metal components if the biogas is used as fuel
without pre-cleaning [127]. Table 2 lists some representatives of the
different types of siloxanes in biogas.

There are few studies focused on the adsorptive removal of siloxanes
from biogas. Mito-oka et al. conducted a survey of siloxane D4 adsorp-
tion using both DUT-4 (Dresden University of Technology 4) and Zn4O
(bdc)(bpz)*] MOFs with hydrophobic nature and high surface areas by
exposing them to siloxane D4 for over 3.5 h at 30 °C [129]. Based on the
TGA results, the adsorption capacity of DUT-4 was measured to be 15 wt
% and 30 wt% for Zn40(bdc)(bpz)2]. The post-adsorption analysis of the
MOFs showed high structural integrity, which confirmed their good
stability and ability for regeneration. By using Si NMR, authors
confirmed the chemical shift of the Si atoms in both DUT-4 and Zn4O
(bdc)(bpz)z], which showed that they possessed high affinity toward
siloxane D4 adsorption as corroborated by their high release tempera-
tures of up to 250 °C. This behaviour was attributed to the interaction
relationship between siloxanes and the MOFs, in which the pores of the
frameworks play a critical role. For example, [Zn40(bdc)(bpz)2] has
neck-type shaped 3D connected channels, whereas DUT-4 has
rhombic-shaped 1D straight channels, which are identical to the shapes
of the adsorbed molecules. Under kinetic conditions with 50% relative
humidity at 25 °C, the MOF’s adsorption performance was better when
compared to conventional materials such as activated carbon to achieve
the siloxane removal efficiency of over 70% after 1000 min [129].

Table 3 summarises some of the most promising hydrophobic MOF
materials in siloxane adsorption. Gargiulo et al. studied the adsorption
of siloxane D4 on MIL-101 (Cr) and its regeneration behaviour in ther-
mal treatment [130]. MIL-101 (Cr) had a saturation capacity of 3.2
mol/kg, which is higher than other reported materials. The high surface
area and large micropores significantly enhanced the high adsorption
capacities. MIL-101 (Cr) retained its structural integrity and was fully
regenerated with heating at 423K under vacuum after prolonged expo-
sure to siloxane D4 adsorption. The accessible active sites of MIL-101
(Cr) due to evacuated water molecules connected to the trimeric chro-
mium (III) octahedral clusters accounted for high adsorption activity.
These active sites inhibited the coordination of siloxane D4 molecule
with hydrogen to avoid polymerisation, which showed a physisorption
phenomenon. Due to these active sites, the adsorption isotherm from the
Langmuir equation showed a strong affinity between MIL-101 (Cr) and
siloxane D4. The MIL-101 (Cr) has already been demonstrated to be a
promising adsorbent for H,S, and the results from siloxane D4 adsorp-
tion open opportunities for its potential application in the simultaneous
removal of H,S and siloxane.

Gulcay-Ozcan et al. investigated several MOFs to find the best-
performing MOF that does not require thermal treatment under vac-
uum for regeneration by correlating computational and experimental
results [131]. Firstly, the authors conducted the Computation-Ready
Experimental (CoRE) screening analysis of the MOF data for

Table 2
Some of the volatile methylsiloxanes are present in biogas [126].

Name Abbreviation Molecular structure
Hexamethyl-disiloxane L2 CgH1508Si5
Octamethyl-trisiloxane L3 CgH,40,Si3
Decamethyl-tertasiloxane L4 C10H3005Si4
Hexamethylcyclo-trisiloxane D3 CgH1503Si3
Octamethylcyclo-tetrasiloxane D4 CgHy404Si4
Decamethylcyclo-pentasiloxane D5 C10H3005Sis
Dodecamethylcyclo-hexasiloxane D6 C12H3606Si6
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Table 3
Top 10 promising hydrophobic MOFs identified for D4 uptake at 298 K [131].
MOF Surface Pore Gravimetric Volumetric
area (m?/ volume uptake D4 (gg~!)  uptake D4
g (em®g™) (gem™3)
FOTNIN 2990 3.31 2.68 0.72
(PCN-
777)
RUTNOK 6200 3.72 2.57 0.62
CUSYAR 5700 3.65 2.35 0.59
WUHDAG 5500 2.99 2.01 0.58
HOHMEX 5000 2.74 1.97 0.63
ECOKAJ 3600 2.68 1.97 0.65
DAJWET 5000 3.06 1.93 0.54
RUBDUP 4200 2.90 1.93 0.58
WUHCUZ 5500 291 1.80 0.54
ADATAC 5130 2.57 1.68 0.57

hydrophobic materials with a high D4 adsorption capacity as compared
to the one reported by Gargiulo et al. (i.e., MIL-101 (Cr)). The identified
hydrophobic MOFs were then narrowed to 10 selected MOF types due to
their predicted high gravimetric siloxane D4 uptake. The standard fea-
tures within the chosen MOFs were the void fraction (¢) greater than
0.81, pore volume higher than 1.7 cm®/g, and highest D4 uptakes
ranging from 1.68 to 2.68 g/g (Table 3). The best performing MOF
amongst the 10 selected was FOTNIN (also known as PCN-777), which
exhibited a predicted siloxane D4 gravimetric uptake of 2.68 g/g and
volumetric uptake of 0.72 g cm™> due to its high pore volume and large
mesoporous cages (33.7 A x 28.4 10\) [131]. The adsorption isotherm of
FOTNIN was characterised by a V-shaped profile with a maximum up-
take of 1.8 g/g (0.49 g/cm), which was higher than reported for DUT-4
and MIL-101(Cr). However, it was lower than the theoretical compu-
tational uptake due to a lower pore volume from inadequate pore
evacuation and small windows of super-tetrahedral cages that inhibited
siloxane D4 complete adsorption [131]. The FOTNIN showed 5 wt% less
adsorption capacity after the first regeneration cycle due to D4 mole-
cules trapped on the few defect sites. However, the second cycle showed
repeatability with the same condensation pressure, total uptake, and no
further capacity loss, thus indicating the stability of the material. To gain
an in-depth understanding of the adsorption mechanism of the MOFs,
authors used continuous fractional component Monte Carlo (CFCMC)
simulations with OH/H20 moieties of the Zr6 node on the MOF initially
acting as primary adsorption sites. On the other hand, the siloxane D4
molecule has a heat of adsorption ranging from 65 to 75 kJ/mol, which
is lower than the DUT-4 (194.0 kJ/mol), thus indicating that the
adsorption energetics for PCNC-777 played a role in complete adsorp-
tion and reversibility. As the siloxane D4 adsorption loading increases,
the molecules assemble in a monolayer close to the cage walls of the
MOFs due to their interaction with the organic and inorganic linker
nodes. The final stage is a higher D4 loading, where multilayers are
formed, including occupation cages associated with capillary conden-
sation [131].

4.4. Removal of HsS gas

4.4.1. Pristine MOFs for H3S removal

Physical treatment, such as adsorption, is highly effective in cleaning
any sulfur-containing compound because HyS can be chemically or
physically adsorbed. Generally, the best adsorbent must possess good
physicochemical properties such as high surface area, large pores and
size distribution, and well-defined micropores to enable high-volume
adsorbate uptake [132-134]. One of the early reports for the removal
of HyS from biogas using MOFs was reported by Hamon et al. [135]. The
H,S adsorption performance was tested on various MIL-based MOF types
of MIL-47(V), MIL-100(Cr), MIL-101(Cr), and MIL-53 (Cr, Al, Fe). The
ML-101 and MIL-100 MOFs with rigid and large pores achieved
respectively maximum adsorption capacities of 16.7 and 38.4 mmol/g at
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operating pressures of 20 bar, while MIL-47 (V) had a maximum
adsorption capacity of 14.6 mmol/g. Furthermore, the MIL-53(Cr, Al,
Fe) MOFs showed a two-step adsorption isotherm, with respective
maximum adsorption capacities of 13.12, 11.77, and 8.53 mmol/g.
These uptake values for MIL-53 (Cr, Al. Fe) were attained at the second
step of adsorption promoted by the smaller pore sizes. It has been
established that when completely degassed, the MIL-53 family has an
open pore structure, which closes at the low gas dosage and opens for
high-pressure dosage, thus providing a “breathing effect”. HoS, as a
polar molecule, interacts with the OH groups of the inorganic chain of
the MIL-53 sorbent material, which subsequently leads to pore closure.
In pore opening, the HyS adsorption loading pressure should be high,
which assists in facilitating the disintegration of the formed HyS-OH
bond and overall pore filling having weak interaction. According to the
structural analysis results after adsorption studies, the structure intact of
MIL-53(Fe) was destroyed due to the formation of iron sulfide and
crystallisation of the organic linker. This confirmed that the chemo-
sorption mechanism rather than physisorption was operational. Both
MIL-47(V) and MIL-53(Al, Cr) MOFs exhibited physisorption phenom-
ena through a complete regeneration in vacuum at 393K for 8 h
compared to MIL-53(Fe). On the other hand, the MIL-100 and MIL-101
MOFs exhibited partial irreversibility, which is proposed to be either
from partial structure framework deterioration or strong HyS and OH
group bond adsorption interactions. Another study evaluated the
removal performance of HsS from biogas by using 11 different MOFs
based on MOF-5, MOF-74 (Mg, Zn), ZIF-8, UIO-66, M-BTC (Cu, Fe, Ce),
and CU-BDC(ted) by comparing their respective adsorption break-
through experiments with density functional theory (DFT) analyses
[136]. Amongst the evaluated MOFs, few exhibited the physisorption
phenomenon, which indicated the character of reversibility in their
adsorption activity. For example, Mg-MOF-74 showed good stability
when exposed to HoS with an uptake of 0.24 mmol/g. After the regen-
eration process, the crystal structure of Mg-MOF-74 was still stable to
maintain a high HsS uptake. The stability of Mg-MOF-74 was attributed
to the effect of a strong Mg-O carboxylate bond and a large gap between
the Mg and S atoms, which was further confirmed by computational
molecular dynamic simulation analysis that demonstrated the S(HyS)—
Mg distance of 2.8 A to corroborate the physical adsorption mechanism
[136]. Another example of well-established MOF, UiO-66, demonstrated
a moderate removal HyS uptake of 0.234 mmol/g with good reversible
uptake adsorption activity. The UiO-66 has strong Zr-O bonds, and
computational simulation studies showed that the adsorption of H»S
occurs in the middle of the tetrahedron cage of aromatic fragments
structure, which is distant from the Zr-metal ion. These aromatic frag-
ments of the UiO-66 structure have a potential field effect due to the sp?
carbon that leads to its interaction with H,S [136]. ZIF-8 MOF showed a
reversible activity albeit poor H,S uptake of 0.05 mmol/g compared to
other MOFs because of its Zn atoms, which are completely bonded to the
N atoms, thus leaving no other active site. Based on computational
simulations studies, it was shown that there is a splitting energy of the
d-orbital due to Zn atoms adopting the tetrahedral coordinated structure
[136]. This implies that the electrons from H,S cannot overlap to break
the Zn-N bond, thus allowing the maintenance of the structure integrity
of ZIF-8. A MOF based on highly redox cerium (Ce), Ce-BTC had a higher
reversible HyS uptake activity adsorption of 0.126 mmol/g, better than
ZIE-8. The retaining of the Ce-BTC structural integrity was due to the
division of f and d orbitals into considerable parts with low energy
overlapping to sp orbital of O carboxylates, which is attributed to strong
Ce-O carboxylates bond defending against HyS corrosion [136]. On the
other hand, MOFs such as Zn-MOF-74, MOF-5, and Cu-BTC, amongst
others, demonstrated irreversible HoS adsorption activities due to the
disintegration of their respective structures. For example, Zn-MOF-74,
with an HyS uptake of 1.64 mol/g in the first cycle, displayed a
decreased uptake of up to 0.043 mmol/g after regeneration. This was
due to the deformed open sites of Zn-MOF-74 that allowed the HjS
interaction due to the compromised weak bond on O
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hydroxyl-Zn-O-Carboxylate [136]. MOF-5 had a relatively high uptake
of 1.11 mmol/g, which decreased to 0.04 mmol/g after regeneration.
Like ZIF-8, the Zn atoms of the MOF-5 adopted a tetrahedral coordinated
structural deformation. However, the d orbital of Zn and sp orbital of O
MOF-5 was proposed to be less overlapping, thus leading to weaker bond
energy of Zn-O. The Cu-BTC MOF or HKUST-1, with H,S uptake of 1.1
mmol/g, displayed a change in colour from deep blue to dark during
adsorption because the Cu metal preference to react with the S atom of
the HyS to form CuS which is difficult to desorb at moderate tempera-
tures. The Cu atom and S have a matched d and p orbital that can form a
strong covalent bond with a lower energy level, making it easy for the
Cu-O carboxylate bonds to break in the structure framework of Cu-BTC
MOF [136].

The disadvantage of irreversible activity of HyS-exposed sorbents is a
severe concern that prompted many recent studies to focus on searching
for easily regeneratable materials such as MOF sorbents to remove HaS
from biogas efficiently. For example, Gupta et al. studied the stability
and regeneration of different Cu-based MOFs synthesised via ultra-
sound, such as Cu-BDC, Cu-BTC, and Cu-BDC-N [137]. Cu-BDC
demonstrated the highest HyS uptake adsorption capacity of 105.6
mg/g, followed by Cu-BTC, then Cu-BDC with an uptake of 1.3 mg/g.
When the pristine MOF material was exposed to moisture, its uptake
seemed to increase significantly due to the dissolution of HyS. The
regeneration process was conducted by treating the exposed MOF ma-
terial with methanol and UV radiation. Cu-BTC showed the highest
uptake after regeneration of 95.6 mg/g, and Cu-BDC with an uptake of
31.3 mg/g. UV radiation enables the MOFs to go through a
photolytic-decarboxylation process, which enhances their initial nature,
aiding the adsorption of acidic gases such as HjS.

4.4.2. Modified MOFs for H3S removal

Modifying MOFs is one of the strategies used to improve the
adsorption capacities of the parent pristine MOF materials, and most
modified MOFs consist of a solid dispersive force that allows minor
molecule retention [138]. Bhoria et al. functionalized HKUST-1 and
HKUST-1/graphite oxide (GO) composite with polyethyleneimine (PEI)
that is characterised by high amine density and free primary amine site
at the end of its structure chain [139]. The PEI functionalized HKUST-1
had low H,S adsorption performance because the PEI polymeric chains
inhibited its pores. In contrast, HKUST-1/GO with functionalized PEI
had higher adsorption of HyS with an 80% increment compared to the
neat HKUST-1. The high adsorption performance of the
PEU/HKUST-1/GO composite was attributed to the improved uniform
dispersion of MOF crystals on the functionalized GO surface and the PEI
functionalities having a solid bond to GO, which ensured that the pores
of HKUST-1 were not blocked. Furthermore, the amine group of PEI
consists of long chains capable of increasing the interstitial spaces be-
tween GO layers, thus creating a composite of HKUST-1 to give entry to
more active sites. The effect of GO in the GO/HKUST-1 composite to
improve porosity for adsorption was also demonstrated by Petit et al. in
a study involving the H,S adsorption removal performance of hybrid
HKUST-1 and GO composites prepared in situ with the GO with various
loading amounts ranging from 5 to 46 wt% [140]. The pristine HKUST-1
had an H,S adsorption capacity of 92 mg/g. At the same time, all the
prepared hybrid composites demonstrated improved uptake, with the
highest being 199 mg/g achieved with HKUST-1/GO composite con-
taining 5 wt% of GO. The introduction of GO segmentally modified the
HKUST-1 framework, which led to an increased porosity and surface
area for improved H»S adsorption capacity. Using activated carbon (AC),
Shi et al. fabricated MOF-199/AC modified composites with AC loadings
ranging from 1% to 3.5 % [141]. The MOF-199/AC composite with two
wt% AC achieved the highest H,S adsorption capacity of 8.46 % with a
longer breakthrough time than other composites and the pristine
MOF-199. Besides high surface area and increased porosity, AC pos-
sesses surface oxygen groups that can form chemical links between the
MOF metallic centre and the AC functional groups. Kooti et al.
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investigated the effect of high-loading amounts of nanoporous carbons
(NPc) of 10, 30, and 50% on the performance of modified MIL-101
(Cr)/NPc composite [142]. The MIL-101/NPC composite consisting of
30% loading of NPc achieved the highest H,S uptake of 7.9 mmol/g, less
than the neat MIL-101 (Cr) with an uptake of 10 mmol/g. It was
observed that the difference in the packing density of the MIL-101/NPc
composite compared to pristine MIL-101 played a significant role in the
achieved adsorption capacities. Liu et al. studied the
amino-functionalized UiO-66 compared to neat UiO-66 and other MOF
materials [136]. The UiO-66-NHy MOF achieved a higher uptake than
the pristine UiO-66 with an uptake of 0.909 mmol/g and maintained its
structural integrity. However, after regeneration, the adsorption ca-
pacity of UiO-66-NH; was decreased to 0.38 mmol/g, which was due to
the NH; group not being activated, thus could easily be reactive with
H,S to form NH4HS that is difficult to decompose even upon heating
without destroying the materials structure integrity. Apart from modi-
fying MOFs with carbon-based materials, metal oxides have also
demonstrated significant improvements in enhancing the HyS adsorp-
tion capacities of MOF composites compared to pristine MOFs. Daraee
et al. studied TiO,/UiO-66 composites with various TiO, loadings to
achieve the highest uptake of 0.21 g S/g [143]. The introduction of TiO4
in UiO-66 increased the presence of the active site of Ti on UiO-66,
leading to high adsorption capacity. In the study by Zou et al. [64],
the interactions activity of various MOFs including MOF-74 (Mg, Zn),
MOF-5, ZIF-8, MIL-101(Cr), UiO-66, UiO-66-NH,, Cu-BDC(ted)o s and
M-BTC (M = Cu, Fe, and Ce) characterised by various structure prop-
erties of open metal sites, ligands, porosity and surface areas with HoS
were evaluated (Fig. 4).

5. MOFs sorbents for separation of biogas CO2/CH4

To increase the specific calorific value of biomethane, separation
from CO; is warranted [144]. There is a myriad of proven technologies
for CO5 removal from biogas, including (i) water scrubbing, (ii) cryo-
genic distillation, (ii) chemical and physical absorption, (iv) membrane
separation, and (v) pressure swing adsorption (PSA). The PSA system
makes use of sorbent materials (e.g., zeolites, activated carbons, etc.)
that serve as molecular sieves to separate gaseous molecules based on
size difference to achieve high-purity streams of CH4 (96-98%) [145].
Amongst the PSA-based sorbent materials, MOFs, because of their high
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Fig. 4. Comparison of the performance of various MOF materials for H,S up-
take at 298 K (1 atm) and H,S partial pressure of 1000 Pa. Filled column = H,S
uptake of fresh MOFs. Striped column = H,S uptake of regenerated MOFs.
Reprinted from Ref. [103].
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surface area and porosity, have recently attracted significant attention in
the storage and adsorption of gases, including in the separation of biogas
to relatively pure streams of biomethane and biogenic COy [34,146,
147]. Fig. 5 illustrates the schematic operation of the PSA system in the
CO4/CH4 gas separation with a typical packed MOF sorbent material.
Cavenati et al. [130] demonstrated that Cu-BTC MOF has a higher
adsorption selectivity to CO, than CHy at a higher pressure of up to 40
bar. The study showed that at lower pressure (<5 bar), the selectivity to
CO4, adsorption is enhanced significantly. There is a correlation between
CO4 adsorption and low partial pressures, which is essential as low
operating pressures are industrially desirable. In the other study, Chi-
dambaram et al. [106] investigated the robustness of Al-PMOF and
Al-PyrMOF in biogas upgrading in the presence of moisture. It was
observed that due to the aromaticity of organic linkers, which conferred
hydrophobicity to the MOFs, as well as the inertness of CH4 and lack of
quadrupole moment, the adsorption of CO; is higher in both MOFs at
293 K and 303 K. The adsorption of the gases at the latter temperature
was decreased due to the increased thermal energy of the gases with
elevated temperatures. Furthermore, AI-PMOF had a specific surface
area and pore volume of 1244 m?/g and 0.536 cm®/g, respectively,
whereas Al-PyrMOF exhibited 1109 m?/g and 0.480 cm®/g. Owing to
the superior textural properties, Al-PMOF adsorbed more CO5 (163.92
em®/g) than Al-PyrMOF (95.6 cm®/g) at 2 bar and 303 K, respectively
[106]. In addition, it was shown that due to the hydrophobicity of the
ligands in the MOFs, the presence of moisture in a 50/46/4 vol%
(CO3/CH4/H20) simulated biogas stream did not influence the CO2
breakthrough curve where a breakthrough time of 11 min/g at 1 bar,
303 K, and 10 mL/min was maintained in both wet and dry conditions
[106]. According to Karimi et al. [131], increased pressure and
decreased temperature resulted in higher CO5 adsorption of up to 4.5
mol/kg at 7-8 bar and 313 K. In contrast, a maximum of 3 mol/kg was
adsorbed at 373 K under similar pressure conditions. A similar effect of
pressure and temperature was observed for CH4 and Ny adsorption
isotherms [148]. Furthermore, shaped MIL-160 (Al) was reported to
have higher CO, adsorption than CH4 and Ny, i.e., CO2 > CH4 > Ny,
respectively. The isosteric heats of adsorption were the highest for COy
(—32 kJ/mol at a loading of 1 mol/kg) and lowest for N, (7 kJ/mol at
less than 1 mol/kg loading). An increase in adsorption concentration
resulted in a decrease in isosteric heat of adsorption for CO; and No, with
an increase observed for CH4  Furthermore, using the
linear-driving-force (LDF) model, CO uptake on shaped MIL-160 (Al)
was found to increase with pressure and temperature, where an uptake
(ki pr value) of 0.021 s~! was observed at 0.11 bar compared to 0.096
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s~! at 2.76 bar where both runs were performed at 313 K [148]. When
the temperature was increased to 373 K, a CO, uptake of 0.584 st at
2.8 bar was achieved. It was found that an increase in pressure promoted
faster equilibrium adsorption. For example, 80 s at 0.11 bar and 35 s at
2.3 bar at 313 K, while the uptake equilibrium reached faster at 373 K
(25 s). A similar effect of increased kypr values with temperature and
pressure were observed for CH4 uptake on shaped aluminium carbox-
ylate MIL-160 (Al) MOF. However, the CH4 uptake rates were higher
than for CO,. Furthermore, in the examined selectivity of MIL-160 (Al)
for binary gas mixtures such as No/CO» and CH4/CO; (50/50, v/v) at
313 K and 343 K, the N3/CO4 selectivity was found to be higher than for
CH4/CO> at 1.5 bar (18 vs. 4) [148]. Overall, it was concluded that for
shaped MIL-160 (Al), the CO, adsorption equilibrium was higher than
for CH4 and N3 at 313 K and 3.7 bar, respectively.

Functionalisation of MOF surfaces with amine groups bearing basic
sites is one of the strategies that proved pivotal in improving the
adsorption capacity [149-154]. This was demonstrated by Lin et al.
[138] in testing the effect of amine functionalisation of MIL-101 (Cr) on
CHy4, No, and CO; adsorption capacities at various temperatures and
pressures. The study revealed that amine-functionalized MIL-101 (Cr)
exhibits higher adsorption of CO than N3 and CH4. The adsorption
capacity of CO was 15 mmol/g at 16 °C compared to about 5 mmol/g
and <2 mmol/g for CH4 and Ny, respectively. The superior CO5
adsorption capacity was attributed to the Lewis basicity of the amine
functional groups in MIL-101, facilitating stronger interaction with the
acidic CO, molecule. The N3/CO3 selectivity was reported to be 8-16
and 3-5 for CH4/CO> at 25 °C. The higher adsorption capacity for CHy
compared to Ny was ascribed to its relatively smaller molecular size. A
slight decrease in the adsorption capacity of all the gas adsorbates when
the temperature was increased from 0.4 °C to 25 °C was observed. In a
separate study, Taheri et al. [139] investigated the effect of the synthesis
time of MIL-53 (Al) and MIL-101 (Cr) hybrid composites for biogas
upgrading. It was found that the CO; adsorption capacity of the MOFs
was directly proportional to the surface areas where pristine MIL-53 (Al)
and MIL-101 (Cr), with surface areas of 2254 and 1153.7 mz/g,
exhibited CO, adsorption capacities of 20 and 12 mmol/g, respectively.
The hybrid MOF with the highest surface area of 1745.8 m?/g had
gravimetric CO2 adsorption that was 35% more than MIL-53 (Al) but
20% less than MIL-101 (Cr) at 16 and 12 mmol/g at 40 bar. Further-
more, it was observed that for the adsorption of CHy, an increase in the
synthesis time of the hybrid MOF composites resulted in low pore di-
ameters where the pores become smaller than the kinetic diameter of
CHy4 (0.33 nm). As such, the authors observed that the CH4 adsorption
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capacity did not follow a similar trend to CO5, where an increase in
surface area was not proportional to the adsorption capacity at ambient
temperature and pressures of up to 40 bar. In addition, an Extended
Langmuir (EL) model using a binary CO5/CH,4 mixture at 298 K was
applied. The EL model showed the hybrid MOF composite with the
highest surface area to exhibit the most CO2/CHy4 selectivity at 59.34. In
contrast, pristine MIL-53 (Al) and MIL-101 (Cr) had a selectivity of 12.47
and 4.61, respectively. The high selectivity toward CO5 in the hybrid
MOF composite was attributed to the electrostatic field emanating from
the pristine MOFs, such as the hydroxyl functional groups of MIL-53 (Al)
and the MIL-101 (Cr) open metal sites. For instance, the polarity of CO,
results in strong interactions with the hybrid MOF in addition to the size
exclusion of CH4. Indeed, the pore diameter of MOFs has a huge bearing
on the size of gases that may diffuse in the cavities of the framework
[155,156]. In a separate study, Mahdipoor et al. [157] investigated the
effect of an amine-functionalized benzene dicarboxylate linker on
MIL-101 (Fe) on the adsorption of CH4, COj, and Ny as well as the
selectivity toward each molecule. The study revealed that due to the
quadruple moment of CO5 and the surface electric field of the anion of
the amino-BDC, there was enhanced equilibrium adsorption at moderate
temperature and pressure of up to 40 bar. For instance, increased CO5
adsorption with pressure was observed up to 13 mmol/g, whereas 5 and
3.8 mmol/g adsorption of CH4 and N, were reported. Furthermore,
MIL-101 (Fe)-NH, exhibited higher selectivity to CO, over CH4 and No,
whereas, at pressures of 16.1 bar and 23.5 bar, the selectivity for COy
was found to be 2.21 and 6.46 for a COy/N; binary mixture [157]. For a
CH4/CO> mixture at 298 K with pressures of 16.8 and 27.9 bar, the
selectivity was found to be 2.19 and 4.51, respectively. In addition, it
was found that a hybrid of BET and Khan models resulted in a more
acceptable correlation coefficient of the experimental data for CO,
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adsorption in comparison to the individual models. The beneficial effect
of linker functionalisation on CO; adsorption capacity was further
demonstrated by Chen et al. [158] in a study that compared pristine
Zr-UiO-66 MOF against UiO-66-NH, (amide-functionalized BDC) and
UiO-66-DAM (crosslinked amine-BDC). It was shown that linker func-
tionalisation decreased the surface area of the MOFs. However, CO5
adsorption was enhanced from 41.1 cm®/g in the neat Ui0-66 to 48
em/g in Ui0-66-NH, and 54.1 cm®/g in UiO-66-DAM at 298 K and 1
bar. At lower pressure, the enhancement of CO, adsorption was found to
be even more pronounced. This was because of the amide functionali-
sation of UiO-66, which resulted in stronger adsorption sites for CO; in
the pores. The CH4/CO3 selectivity in a 50%/50% binary mixture be-
tween 0.1 and 1 bar pressure was higher for UiO-66-DAM, followed by
UiO-66 and then UiO-66-NHp. The high selectivity of UiO-66-DAM for
CO4 was ascribed to a strong dipole-quadrupole moment between the
CO4 adsorbate and the polar amide sites in the MOF sorbent material. As
a result, the polarisable functional groups of UiO-66-DAM and
UiO-66-NHy MOFs interacted strongly with the dipole moment of the C
atom in CO,, thereby resulting in higher isosteric heats of adsorption. In
addition to the linkers, the oxygen in CO» binds strongly to open Zr(IV)
metal sites in the clusters on the functionalized MOFs.

In addition to MOFs, zeolitic imidazolate frameworks (ZIFs) have
also been explored for the capture of CO, mixed with various gases [159,
160]. ZIFs are a class of crystalline and porous materials made from
tetravalent transition metals such as Zn and Co bridged by imidazolate
organic linkers, (Fig. 6) [161]. ZIFs, when compared to MOFs, have a
higher CO; adsorption capacity, lower energy consumption, and high
chemical and thermal stability [160]. The porosity of ZIF, especially
ZIF-8, allows for the separation of CO, with a kinetic diameter of 3.4 A
from methane. It has been reported that CO5 diffuses two times faster

Fig. 6. Structures of (a) ZIF-8, (b) ZIF-L, and (c) their pore geometry. Reprinted from Ref. [4].
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than CHy4 in ZIFs, making them suitable for upgrading biogas [162].
Similarly to MOFs, the structure of ZIFs can be functionalized to increase
CO4 adsorption capacity. Abdelhamin, for instance, investigated the
effects of different salts (NaCl, KNO3, K,CO3 and HCOONa) as modu-
lators in the synthesis of ZIF-8 on CO, adsorption [163]. The study re-
ported Type I CO2 adsorption isotherms when using the modulators.
Furthermore, the CO, adsorption capacity increased from 0.80 to 0.99
mmol/g in ZIF-8 (NaOH) and ZIF-L (NaOH), Table 4. The increase in
CO; adsorption was attributed to the residual cations in the framework
of ZIF-8 due to their electrostatic interactions with CO. In addition, the
van der Waals forces of ZIF-8 enhance CO5 adsorption [164]. The syn-
thesis of ZIF-8 may also be modulated using a cellulose derivative such
as 2,2,6,6-tetramethylpiperidine-1-oxyradical (TEMPO)-mediated oxi-
dised nanocellulose (TEMPO) where Abdelhamin et al. reported CO5
adsorption capacities of CelloZIF-8 of 0.33-0.57 mmol/g and 0.58-1.1
for CelloZIF-L (A two-dimensional derivative of ZIF-8) [164]. The
modulated synthesis improves the results in higher pore volumes,
allowing CO, adsorption at high pressure [164]. In addition, hybrid
materials with ZIFs can improve separation from various gas mixtures
[165]. Alrich et al., for instance, investigated the CO5/CHj selectivity of
zeolite 4A and ZIF-95 composites (Zeolite@ZIF-95), Fig. 7 [166]. The
study highlighted that the zeolite@ZIF-95 composite, compared to the
pristine material, had a lower heat of adsorption. Furthermore, the
zeolite@ZIF-95 composite had higher CO, adsorption than CH,4 at 273 K
and 298 K due to the suitable pore diameter and interaction of CO2 with
the imidazolate ligands in the framework. Due to the suitable adsorption
capabilities, ZIFs are a viable alternative to MOFs for biogas upgrading
[167]. In a separate study, Bai et al. prepared N-doped carbon material
derived from the carbonisation of ZIF-8 [168]. At 1 bar and 25 °C,
pristine ZIF-8 had a CO, adsorption capacity of 0.31 mmol/g compared
to 3.8 mmol/g N-doped ZIF-derived carbons. The difference in CO,
adsorption capacity was attributed to the small pore mouth of ZIF-8 used
in the study and the high surface area of the N-doped carbon.

6. MOF-graphene oxide (MOF-GO) composites for CO2
adsorption

MOFs can be functionalized to make composites tailored to enhance
CO4, separation from various gas streams [182,183]. For instance, Zhao
et al. prepared MOF-5-H (Prepared in a homogenous reactor), and their
graphene oxide composites: MOF-5-H with graphene oxide (MOF-5--
GO-H), MOF-5-O with aminated graphene oxide prepared in a drying
oven (MOF-5-AGO-0) [184]. The CO, adsorption capacity at 298K and
4 bar were reported to be 0.64 mmol/g (MOF-5-H), 0.54 mmol/g
(MOF-5-AGO-0), and 1.06 mmol/g (MOF-5-GO-H). The latter was found
to have higher CO, adsorption than pristine MOF-5-H and the
amine-functionalized counterpart, MOF-5-AGO-O. The relatively high
CO4 adsorption of MOF-5-GO-H was attributed to the surface area of
409 m?/g and pore diameter of 0.409 nm, similar to the kinetic diameter
of CO.. In contrast, the pristine MOF-5-H had a pore diameter of 0.550
nm. The study reported that MOF-composites with a pore diameter close
to the kinetic diameter of CO5 enhance adsorption and, therefore, sep-
aration from various gas streams. The CO, adsorption of the
amine-functionalized graphene oxide and MOF-5-O composite
(MOF-5-AGO-0) was higher than that of pristine MOF-5-H at pressures
lower than 1 bar. The higher adsorption was attributed to the
nitrogen-containing amino groups, which offer better interactions with
the CO, adsorbate. However, due to the limited number of amino
groups, there is relatively quick saturation of the adsorption sites, which
results in low CO, adsorption at pressures higher than 1 bar. Zhao et al.
also investigated composites of amine-functionalized GO and Cu-BTC
MOF [185]. The authors used urea at concentrations of 0.030, 0.150,
and 0.300 mol/L to functionalise GO to GO-U1, GO-U2, and GO-U3. The
MOF-GO composites MOF/GO-U1, MOF/GO-U2, and MOF/GO-U3 had
CO4 adsorption capacities of 4.23, 2.76, and 2.02 mmol/g at 303 K and
1 bar. The CO3 uptake of the amine-functionalized GO/MOF composites
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Table 4
Summary of some MOFs’ properties related to porous materials and their per-
formances in CO, adsorption capacity.

MOFs name Synthesis BET surface CO, Ref
method area (m?/g) adsorption
and pore
volume (cm®/
)
IRMOF-3 Solvothermal 981.43 mz/g 1.39 [169]
AMP@IRMOF-3 Solvothermal and 0.5 cm®/g  mmol/g
(75 wt%) 962.57 m%/g 3.9 mmol/
and 0.39 cm®/ g
8
IRMOF-11 Solvothermal 2096 m%/g 13 mmol/g [170]
Ui0-66 DAM Solvothermal 651 m*>/gand  “54.1cm®/  [171]
0.3 cm®/g g
Ui0-66(Zr) Sol-gel reflux 425.32 m%/g b 428.7 [172]
cm3/g
NH,-MIL-53(Al) Solvothermal 212 mz/g 1.89 [173]
mmol/g
MOF-177 Solvothermal 4508 m?/g 335 [170]
mmol/g
MOF-74(Ni)- Solvothermal 652 m?/g and 1.7 mmol/ [174]
cordierite monolith 0.73 cm®/g g
meso-HKUST-1 Hydrothermal 1462 m%/g 7 mmol/g [175]
HKSUT-1 1334 m%/g 6 mmol/g [175]
Al-PM Solvothermal 1244 mz/g ©163.92 [106]
and 0.536 em®/g
cm®/g
Al-PyrMOF 1109 m%/g €95.6cm®/  [106]
and 0.480 g
cm®/g
Cu-PSB Solvothermal 651 m%/g and 4.8 mmol/ [176]
0.3 cm®/g g
UTSA(University of Solvothermal 746 m2/g and 3.79 [101]
Texas at San 0.36 cm®/g mmol/g
Antonio)-16(Co)
UTSA-16(Co)- 223 m%/g and 1.1 mmol/ [101]
cordierite monolith 0.11 em®/g g
Ni-DABCO Solvothermal 2120 m%/g 217 [177]
and 0.82 cm®/ mmol/g
g
Zn-DABCO 1870 m%/g 1.87 [1771
and 0.69 cm®/ mmol/g
g
MOF 210 6240 m%/g 42870mg/  [178]
and 3.6 cm®/g g
MIL-101 (Cr)-NH, Hydrothermal 1675 mz/g 15 mmol/g [179]
MIL-101 (Cr) Hydrothermal 2254 mz/g 20 mmol/g [180]
and 1.18 cm®/
g
MIL-53 (Al) 1153.7 m?/g 12 mmol/g
and 0.55 cm®/
g
MIL-101(Cr)@MIL-53 1745.8 mz/g 16 mmol/g
(AD and 0.52 cm®/
g
MIL-101 (Fe)-NH, Solvothermal 915 mz/g 13 mmol/g [157]
Amino-MIL-53 (Al) Solvothermal - 6.7 mmol/ [181]
8
ZIF-8 (NaOH) Hydrothermal 1300 m?%/g 0.8 mmol/ [163]
and 0.56 cm®/ g
8
ZIF-8 (NaOH + NaCl) 1620 m%/g 0.85
and 0.78 cm®/  mmol/g
8
ZIF-8 (NaOH + KNO3) 1390 m?%/g 1.02
and 0.6 cm3/g mmol/g
2D ZIF-8 (NaOH) - 1.05
mmol/g
2D ZIF-8 (NaOH + - 0.99
NacCl) mmol/g

2 T=298K,P =1 bar.
b T=273K,P=1bar.
¢ T=303K,P =2 bar.
4 T =298 K, P = 50 bar.
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Fig. 7. Zeolite@ZIF-95 composite for CH4/CO; separation. Reprinted from Ref. [166].

was higher than that of the pristine MOF (2.00 mmol/g). Therefore, it
was proposed that the nitrogen content in the composites enhances COy
adsorption via reactions 1 and 2, where CO3 reacts with -NHjy groups of
the amino groups [186,187]. The latter and the n-electron delocalisation
of the GO aromatic groups favour the physisorption of CO; via the
quadrupole moment, which is a more robust interaction than van der
Waals forces [31]. The schematic of the Cu-BTC/GO-U composites is
shown in Fig. 8.

—NH, + CO, < NH;COO™ @

—NH; +NH; COO~ < NHCOO™ + —NHj 2)

In a separate study, Chen et al. investigated various loadings of
graphene oxide on MOF-505 for the separation of CO3/CH,4 and CO2/Ny
[32]. Four MOF-505@GO composites were prepared with GO loading of
2, 5, 8 and 10 wt%, ie. MOF-505@2G0O, MOF-505@5GO,
MOF-505@8GO0, and MOF-505@10GO. At 1 bar and 298K, the pristine
MOF-505 had CO; adsorption of 2.87 mmol/g, whereas pristine GO did
not show any CO; adsorption capacity. The MOF-505@GO composites
were found to have higher CO, uptake than the pristine MOF-505 and
GO, where MOF-505@2GO and MOF-505@5GO had CO, uptakes of
3.46 mmol/g and 3.94 mmol/g. The superior COy adsorption of the
composites was attributed to dispersive forces on the surface, high
surface area, and a surface defect resulting from coordinatively unsat-
urated Cu®>" metal sites in the parent MOF [188,189]. Furthermore, the

study reported that the CH4 and N adsorption capacities of the parent
material and their composite counterparts were significantly lower than
that of CO,, where less than 1 mmol/g of CH4 and less than 0.3 mmol/g
of N5 across all the materials. The difference in adsorption capacity was
reported due to the lack of adsorption sites for CH4 and Nj_ highlighting
the high selectivity toward CO». The benefit of MOF-GO composites on
CO, adsorption was also reported by Cao et al. [190], where
zirconium-based MOF, UiO-66, was used to make composites with 1%,
5%, and 10% GO, i.e., Ui0-66/GO-1, Ui0-66/GO-5, and UiO-66/GO-10.
Pristine UiO-66 had a CO; adsorption capacity of 2.27 mmol/g at 1 bar
and 298 K compared to the Ui0-66/GO-5 composite at 3.37 mmol/g.
The composite with the highest GO content, UiO-66/G0-10, had a CO2
adsorption capacity lower than UiO-66/GO-5, which was due to pore
filling in the UiO-66 MOF by GO, thereby decreasing the available pore
volume for CO5 adsorption. Indeed, various MOF/GO composites have
been reported to have superior CO, uptake compared to the pristine
MOF and GO material [191]. Furthermore, the amino functional groups
in GO, coordinatively unsaturated sites, and the delocalisation of elec-
trons interact strongly with the quadruple moment of CO,, which results
in better adsorption [192].

7. Pure MOF membranes for biogas cleaning

Pure MOF membranes have been explored as potential alternatives

to membrane technologies for removing contaminants from waste

Cu-BTC
% “.”

Fig. 8. Diagram of amine-functionalized Cu-BTC/GO composites. Reproduced from Ref. [185].
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streams owing to their high porosity and customisable pore chemistry.
Only some studies have reported on using pure MOF membranes for
pollutant removal from various gas streams with success and failure. In
most cases, failures were attributable to the frame flexibility [193] or
structure defects [194] that could cause expanded pore aperture size and
provide comparable opportunities for the second species in the gas
mixtures to pass through, leading to competitive diffusion and decreased
selectivity. Therefore, membrane stability is a vital aspect affecting
membrane performance. It has been noted that most MOF membrane
research focused on zeolitic imidazolate framework (ZIF) due to their
impressive separation properties, ease of synthesis, and the feasibility of
forming high-quality membranes [195]. Bux et al. [195] synthesised the
first ZIF 8 membranes and demonstrated their performance for hydrogen
purification. Subsequently, Pan et al. [196] developed a 2 pm thick ZIF-8
membrane on the shell side of yttria-stabilized zirconia (YSZ) hollow
fibre. They demonstrated its application for Hy/CsHg separation,
achieving a high H, permeance of 5077 GPU and an Hy/C3Hg ideal
selectivity of 500. A different study successfully synthesised the ZIF 62
MOF glass membrane by melt-quenching it on alumina support and
utilising it as a membrane material [197]. The material was evaluated
for separation of Hy/CH4, CO2/N3y and CO2/CH4 mixtures, resulting in
50.7, 34.5, and 36.6 separation factors, far exceeding the Robeson upper
bounds. Nguyen et al. [181] demonstrated that high-quality separation
membranes typically exhibit permeance of over 5000 GPUs and high gas
selectivity based on the separation factor. The study by Chiou et al.
[198] emphasised the scarcity of MOF membranes that meet the selec-
tivity threshold necessary for industrial applications, which typically
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requires a selectivity value exceeding 30. Literature concerning using
pure MOF membranes for biogas cleaning and upgrading is scarce.
However, several studies have explored the potential of MOF mem-
branes for separating individual constituents commonly found in biogas.
Table 5 presents the summary of some of the studied pure MOF
membranes.

Pure MOF membranes have generally demonstrated superior gas
separation performance to conventional zeolite and polymer mem-
branes, exhibiting higher separation factors and permeabilities. How-
ever, their widespread application has been hindered by the difficulties
involved in their fabrication, including problems such as framework
flexibility, defects, and grain orientation. Framework flexibility allows
larger molecules to pass through, while defects in the membrane act as
non-selective pores, potentially allowing molecules of various sizes to
pass through, which can affect the overall separation performance of
membranes. Some must show the expected gas permeation behaviour,
making them expensive alternatives. Consequently, researchers have
sought alternative strategies to overcome these challenges, such as
developing mixed-matrix membranes by incorporating MOFs into easily
processable polymers.

8. MOFs with mixed-matrix membranes for biogas cleaning

Membrane technologies have been successfully adopted in gas sep-
aration processes, including upgrading biogas [208]. While they hold
significant promise, they are masked by substantial setbacks, particu-
larly in gas permeability, which results in low fluxes and selectivity, thus

Table 5
Summary of the biogas-related gas separation results of the different MOF membranes.
MOF membrane Support Membrane Gas stream Performance Ref
thickness (pm) mixture
ZIF-8 membrane Supported on stainless steel nets 4.9 H,/CO, H, permeance: 7 x 10~® mol/m? s Pa H, separation factor: [199]
11.3
ZIF 8 Supported on polydopamine 30 H,/CO, H, permeance: 2.1 x 10> mol/m? s Pa [200]
functionalized macroporous stainless- Ha/N, Separation factor:
steel-nets. Ho/CHy H,/CO,: 8.1
H,/CgHgbinary ~ Hy/Ngy: 15
mixtures H,/CHy: 23.2
H,/C3Hg: 329.7
CAU-10-H MOF Porous alumina substrate 4-5 CO,/CHy4 CO, permeance: [198]
membrane COy/N, 1.7 x 107 ¥ mol m~2 s Pa~?! ideal selectivity for CO5/N3:42
CO,/CH4:95
ZIF 8 membrane Tubular alumina (a-Al,03) supports ~5-9 CO,/CH, CO2 permeance: ~2.4 x 107> mol/m? s Pa [201]
mixture CO,/CHj, selectivities from ~4 to 7
Pure ZIF 67 Tubular substrate 1.7 Hy/Ny Ha, permeance of 5.59 x 1077 molm 25! Pa'. ideal [202]
membrane Hy/CH4 separation factors for Hy/N, and H,/CH, are 14.7 and 15.3,
respectively.
ZIF 67 Supported on ZnO hollow fibres 13.8 Hy/Ny H, permeance was 8.98 x 10 8 mol m2s~! pa~?, [203]
membranes H,/CO, Ideal selectivities for H, gas pairs with CO5, N, and CH4 were
H,/CH4 binary 5.14, 11.75, and 15.89, respectively
mixtures
ZIF 8 Ceramic hollow fiber 150 Hy/CH4 H, permeance: ~15 x 1077 mol/m? s Pa. [204]
Ideal selectivity: ~13
Separation factor: 10
H,/C3Hg 7.1 x 1077 mol/m? s Pa.
Ideal selectivity: 1100
Separation factor: 474
ZIF 7 Asymmetric alumina disks 1-2 Hy/N, H, permeance: 8 x 10 8 molm2s 'Pa?! [205]
H,/N, separation factor: 7.7
ZIF-8 Polyvinylidene fluoride hollow fibres 1.2 Hy/CO, H, permeance: 1.6 x 10°° [206]
Hy/N, Ideal selectivity:
H,/CHy4 H,/COy: 6
Hy/C3He Hy/Ny: 10.2
Hy/C3Hgbinary =~ Hy/CHg4: 12.1
mixtures H,/C3Hg: 56.6
Ha,/C3Hg: 160.1
IRMOF-1 a-Al,03 support COy/CH4 CO, permeance of 2.55 x 1077 [207]
Separation factor: 328
CO./N, CO, permeance of 2.06 x 10~ mol m 2s~! pa~!

Separation factor: 410

(1 GPU = 3.349 x 107'° mol/m? s Pa).
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hindering their application on an industrial scale [209]. The low flux in
membranes usually demands large membrane surface areas, which en-
tails high capital costs. Meanwhile, low selectivity leads to elevated
operating costs due to the energy-intensive multistage separation pro-
cesses necessary to mitigate selectivity limitations. Further challenges
include penetrant-induced plasticisation, physical ageing, conditioning,
and the delicate equilibrium between permeability and selectivity,
which some have an effect on CO5 induced plasticisation in industrial
applications for natural gas processing [210]. Fig. 9a depicts summar-
ised critical factors of MOFs, as Fajrina et al. reported [211]. Further,
Fig. 9b presents a schematic diagram comparing the biogas cleaning
performance of pristine MOFs, polymer membranes, and MOF-based
membranes such as mixed-matrix membranes (MMMs) for gas separa-
tion and purification. The percentage impurities removal values indi-
cated in Fig. 9b are used purely for illustrative purposes to show the
benefits of incorporating MOFs in the membrane system, derived from
deductions drawn from numerous research studies documented in the
literature, as summarised below in this section discussion. Furthermore,
Table 6 provides a summary of some reported MOFs and membrane
integrated MMM systems that are promising for the removal of different
trace biogas impurities and the upgrade of CH4/CO,. They demonstrated
the potential for developing an integrated one-material/membrane
MMM composite to achieve excellent efficiencies for biogas trace im-
purities removal simultaneously with CH4/CO upgrade as one operated
entity, one unit, or stage.

As an example, a neat polymer-based membrane on acrylonitrile-
butadiene-styrene/poly (vinyl acetate) for COy removal with more
excellent selectivity for CO3 over N3 in the CO5/N3 mixture compared to
CO,/CH4 separation due to variations in molecular sizes and polarities
of the gases involved was demonstrated [223]. However, the perfor-
mance of this polymer membrane suffered deterioration rapidly because
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of structural stability. Further, two polymer-based materials of
PA12-PEO-50 and PA6-PEO-60 membranes were assessed for their gas
permeability and selectivity across diverse conditions, encompassing
pure and mixed gases [224]. A deterioration in performance was
observed as the testing conditions shifted from pure gas permeation to
20% mixed gas permeation. These highlighted membrane problems,
including their low surface areas, have recently ignited considerable
interest in exploring diverse filler materials, including zeolites and
graphene nanosheets, to mitigate compatibility issues and enhance
membrane selectivity and permeability while maintaining excellent
mechanical strength and ease of processing. Recently, MOFs have
emerged as attractive fillers in MMM composite technologies for gas
separation, including biogas cleaning and upgrade, due to their unique
physicochemical properties [225-228]. The advantages of MOF-based
integrated MMMs compared to neat MOF sorbent or membranes
include enhanced selectivity, increased gas permeability, reduced en-
ergy consumption, scalability, customizability, and the potential for
hybrid synergy [35,229].

MOFs based on UiO-66 and its functionalized NH,-UiO-66 were
immobilised into a polyether block amide (PEBA) membrane to
construct MMM to separate CO5 (Fig. 10a—c). The functionalized NH,-
Ui0-66 showed a stronger affinity for CO, than neat UiO-66 in their
respective MMM composites driven by suitable hydrogen bonding
structure framework interactions between PEBA and NHj-UiO-66,
leading to improved polymer matrix dispersity. Both the UiO-66-PEBA
and NH,-UiO-66-PEBA MMMs demonstrated higher performance for
CO4 separation compared to neat PEBA membrane or individual NHo-
Ui0-66 and UiO-66 MOFs (Fig. 10c). The NHy-UiO-66-PEBA obtained
better separation selectivity for Np/CO2 and slightly reduced CO,
permeability compared to those of non-amine functionalized UiO-66-
PEBA membrane. Even in humid conditions, the NH;,-UiO-66-PEBA
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Table 6
Summary of some MOFs and MMMs composites for biogas cleaning and
upgrade.

MOF based membrane Gas

mixture

Comments on performance Ref

Fluorination of MMM enhanced its
surface molecular-sieving
properties for better performance
compared to neat membranes in
the simultaneous removal of H,S
and CO, upgrading from natural
gas.

Enhanced performance for H,S
removal for MOF filler addition in
the MMM to achieve increased
high H,S permeability and
permeation selectivity.

Enhanced separation efficiencies
of the mixture of H,S/CO,/CHy
(1/9/90) with better permeability
for (HzS + COy) of 63, 104, and
140% and improved (H,S + CO2)/
CHy selectivity of 123, 112, and
103% promoted by MOF filler
addition in various designed
MMMs.

Amine-modified NH,-UiO-66
incorporation designed a high-
performance MMM system with
improved removal performance of
NHj at transfer flux >9 g/m>h and
up to 90% efficiencies.

The performance of 30-HKUST-1
filled MMM for over 28 days was
very stable, maintaining a higher
NHj3 removal capacity than the
pristine HKUST-1, with only 30 wt
% loading of 30-HKUST-1.
PVA-modified MOF filler for
various PFOS, PFHxS, and PTFE
membranes showed substantial
improvement in their removal
NHj3 efficiencies, ranging from 65
to 99% depending on the MOF
filler loading amounts.
Incorporating PVP-MOF filler
modified the membranes’
hydrophilic properties, improving
their removal activity
performances.

We achieved improved NH3
capacity for filler-incorporated
MOF in the GMM membrane of up
to 1.13 mol/kg compared to
typical values of MOF of 2.6 mol/
kg for a packed bed of MOF
pellets.

The PSF-NH,-MIL-125(Ti) mixed
matrix membranes (MMM:s)
demonstrated significant
improvements in gas separation
performance compared to pristine
polymer membranes. The CO,
separation factor increased from
22 to 29.2, while the permeability
rose from 9.5 to 40 as the MOF
filler loading escalated from O to
30 wt% in the MMMs.
Incorporating 15 wt% of ZIF-90A
into a pure 6FDA-DAM membrane
enhanced the CO, permeability
(barrer) and selectivity from 390
to 720 and 24 to 34, respectively.
For loadings up to 25 wt%, the
addition of NH,-MIL-53(Al)
produces a moderate CO;, flow
increase and a slight decrease in

Fluorinated MOF-based
membrane

HoS
CO,
CH,4

[212]

PPOP-COOH/UiO-66
(Zr)-(COOH),

HoS
CHy4

[213]

Fluorinated AIFFIVE-1-
Ni (KAUST-8)-
Polymer membrane

H,S [214]

Ui0-66-NH,-embedded
membranes

NH; [215]

HKUST-1 MMM NH3 [216]

10 wt% Alf-MOF
fabricated into PVA
layer

NH; [217]

UiO-66-NH, MOF PTFE
membrane

NH; [218]

NH,-MIL-125(Ti)/PSF COy/

CH,

[219]

ZIF-90/6FDA-DAM COy/ [220]

CHy4

NH,-MIL-53(Al)/PSF COy/

CH4

[221]
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Table 6 (continued)

MOF based membrane Gas Comments on performance Ref
mixture
CH,4 permeation that boosts COy/
CH,4 membrane selectivity by two-
fold for the best-performing
membrane (25 wt%).
Matrimid 9725/MIL- CO»/ A significant increase in mixed gas [222]
125(Ti) CHy4 selectivity and permeability of the

membrane filled with NH,-MIL-
125 indicates that it is a perfect
candidate for CO,:CH, separations
where highly permeable and
selective membranes are required.
An optimal selectivity of 50 was
already reached at 15 wt% MOF
loading, while higher loadings
further increased permeability
substantially.

with 10 wt% MOF loading maintained its stability for No/CO4 separation
performance at 130 Barrer CO, permeability and 72 selectivity of Ny/
CO2, which surpassed the standardised upper bound of polymer mem-
branes (i.e., Robeson upper bound, 2008) (Fig. 10c). Another example of
amine-functionalized MOF of different class, NHy-MIL-125(Ti)
(Fig. 11a), as a filler to construct polysulfone-based based MMM has
been demonstrated for CH4/CO, gases separation. The incorporated
NH,-MIL-125(Ti) platelets-like particles (Fig. 11b SEM) in the
polysulfone-based MMM significantly enhanced the CO, permeability
with a slight increase in CH4/CO separation factor compared to the neat
polymer membrane (Fig. 11c and d) [219], The separation factor of
NH2-MIL-125(Ti)/polysulfone MMM remained unchanged at elevated
pressures, which indicates that MOF-containing MMMs are promising
for biogas CO2/CH4 upgrading.

In the other study taking advantage of 2D nanosheets morphology of
MOF based on Co-benzenedicarboxylate (CBMN), a layered MMM
composite combining CBMN filler interfaced with a carboxyl-
functionalized polyimide (6FDA-durene-DABA) membrane for COy/
CH, separation (Fig. 12). Benefiting from the high aspect ratio (>1000)
of CBMNs, an intense interfacial contact with 2D MOF coordination
bonds between the -COOH group of 6FDA-durene-DABA and Co?* in
CBMNs was formed that led to MMM with an improved separation
performance of CH,4/CO;, affected by CBMN loadings (Fig. 12a) and ideal
CH4/CO> selectivity of 33.6 + 3.0 which surpassed the 2008 Robeson
upper bound (Fig. 12b). The authors also demonstrated an enhanced
CO4, plasticisation pressure of the MMMs of up to ~20 bar, which was 2-
fold higher compared to that of the neat 6FDA-durene-DABA membrane
(Fig. 12¢). The MMM based on 6FDA-durene-DABA/CBMN (2 wt %)
demonstrated high stability for separation of mixed CO,/CHj4, gases
with selectivity maintained at around 23 and the CO, permeability kept
around 400 barrer over 100 h operational testing period (Fig. 12d).

An MMM system containing Zn(Pyrz),(SiFe) (or SIFSIX-3-Zn) MOF
and crosslinked polyethylene oxide polymer matrix membrane has been
constructed for the separation of biogas CH4/CO; and N3/CO4 mixtures
(Fig. 13a) [235]. The fabricated MMM improved CH4/CO5 and N3/CO4
mixture’s gas permeation and selectivity for COy over CH4 and N
compared to the neat MOF or membrane, respectively. The improved
efficiency in gas separation was attributed to the enhanced MOF fill-
er/polymer membrane interfacial voids created in MMM to promote
selective and CO, uptake [235]. Further studies demonstrated the same
trend of improved overall performance concerning high permeation and
selectivity in the separation of COy/CH4 gas mixture using MOFs
filler-based MMMs of ZIF-90 nanoparticles embedded on three different
poly(imide)s (Ultem, Matrmid, and 6FDA-DAM ZIF-90/6FDA-DAM)
(Fig. 13b) and MOF-74 on PIM-1 (i.e. polymer of intrinsic micropo-
rosity with rigid and contorted polymer chain) (Fig. 13c) [236,237].
Apart from the design of MMMs using single MOF filler type, the recently
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1991 [231] and 2008 [232] Robeson’s plot. Ref. [233].

emerging trend of using composites of different interfaced MOFs as
fillers to develop MMMs is attractive, with highly improved properties
and performance. An improvement in higher selectivity and permeation
for separation of COy/CH4 gas mixture was obtained by combining a
polysulfone (PSF) based MMM incorporated with 16 wt.-% loading of
ZIF-8/MIL-101(Cr) mixed MOFs composites at 1:1 ratio (Fig. 13d)
[220]. The mixed ZIF-8/MIL-101(Cr) integrated MMM performed better
than the MMMs based on analogous single-filler ZIF-8 or MIL-101(Cr)
MOFs.

Recently, ZIFs have gained significant interest in MOF-based mem-
branes due to their excellent hydrophobicity, porosity, and high chem-
ical and thermal stability [238]. This was demonstrated in the study that
investigated the moisture stability of MOFs such as ZIF-8, the combi-
nation of ZIF-8 and ZIF-67 (ZIF-8/ZIF67), UiO-66 and their hybrid
structures of appropriate functional groups and 2D nanosheets
morphology interfaced with polymers membranes of high intrinsic
permeabilities for potential application in biogas upgrading with
excellent efficiencies [48,239]. For example, a poly (amide-b-ethylene
oxide) (Pebax®1657, Arkema) mixed with the nanosized ZIF-7 MOF
achieved higher performance for CO, separation from CH4 and other gas
streams better than virgin Pebax®1657 membrane [240]. A ZIF-7 MOF
incorporated as the filler to develop a thin Pebax 1657-based MMM on
PAN support achieved an optimal performance at a 34 wt% loading of
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ZIE-7. Further, the ZIF-7/Pebax 1657-based MMM/PAN composite
exhibited a CO5 permeance of 39 GPU along with No/CO3 and CH4/CO4
selectivities of 105 and 44, respectively [240]. In the other study, the
addition of MOF fillers in the Pebax® polymeric phase membrane pro-
moted an improvement in the gas separation performance, especially in
terms of permeance where the MMM containing a 10 wt% loading of
UiO-66 MOF reached the optimum value of 11.5 GPU of CO5 (together
with a CH4/COg selectivity of 55.6) [241]. Xu et al. [190] enhanced the
permeation performance of polyether-polyamide block copolymer
membranes by incorporating ZIF-8 MOF nanocrystals that resulted in an
increase in the CO, permeability from 79.2 to 156 Barrer as the ZIF-8
loading increased from 0 to 20 wt%. A similar trend of improvement
was observed in the different studies involving the incorporation of 5 wt
% of ZIF-8-9 in the MMM that achieved the optimal separation perfor-
mance compared to the neat membrane [242]. This configuration
showed a CO, permeability of 99.7 Barrer and No/CO; selectivity of
59.6, with both values highlighting a substantial increase of approxi-
mately 25% compared to the pure Pebax membrane [242]. Chiou et al.
[243] developed a MOF membrane (CAU-10-H) for CH4/CO3 separation
by leveraging the advantageous coulombic effect with aluminium hy-
droxide isophthalate MOF to achieve high CO, selectivity. Notably, the
CAU-10-H MMM system exhibited a CO2/CH4 and N2/CO; selectivity
surpassing 30. Ordonez et al. [244] reported 4 times higher ideal
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CH4/CO; selectivity for ZIF-8/Matrimid MMM with 50 wt% ZIF-8
loading. In another study, the gas transport properties of MMM inter-
faced with Bio-MOF-1 loading of up to 30 wt% resulted in enhanced CO,
permeability of 16.57 Barrer and selectivity of 42.6 and 45.6 for
CH4/CO3 and N3/CO,, respectively. This corresponded to an increase of
168% and 58% for CO; permeability and selectivity, respectively,
compared to pristine polymer membranes [245]. An improved COy
separation from the CH4/CO; gas mixture was demonstrated by Zornoza
et al. [221] by loading 40 wt% MIL-53 in the MMM composite. Else-
where, Shahid et al. [246] achieved a two-fold enhancement in both
single gas CO, permeability to reach 24 Barrer and CH4/CO- selectivity
of 66 by incorporating 30 wt% of MIL-53(Al) into Matrimid® polymer to
construct an effective MMM composite. MOF-based membranes have
superior CO4 separation capabilities for biogas upgrading. In the biogas
cleaning and upgrade, not only CH,4/CO, gases are present but also trace
contaminants such as HyS, SO,, NHs, siloxanes, and volatile organic
compounds, including moisture, which is detrimental to the potential
downstream application of biogas-derived CH4/CO,. Removing these
biogas trace contaminants using MOF-based membranes has also
attracted the attention of many researchers worldwide. However, it is
still in the infancy stage with limited reported applications. For example,
for CO, removal, the appropriate selection of the MOF filler and polymer
membrane matrix is critical in determining the removal efficiency.

9. Conclusion

This review discussed the current growing developmental updates in
the metal-organic framework (MOF) derived sorbent materials for their
application in biogas cleaning (i.e., removal of hydrogen sulfide,
ammonia, siloxanes, nitrogen, and moisture) and upgrading (i.e., sepa-
ration of carbon dioxide and methane, CO5/CHy4). It focused on
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elaborating how the inherent structure properties of MOFs, such as
suitable pore size and volume, high surface area, surface functionalities,
and cavity architectures that are characteristic of MOFs, affect their
performance in attaining high adsorption removal and separation effi-
ciencies of biogas impurities and targeted CO,/CHj4, respectively. It
further discussed the effect of basic-acidic sites and the coordinated
open metal sites in controlling the adsorption of the molecules on their
surfaces, including the mechanical aspects related to desorption to
achieve the desired high gas separation selectivity. The reviewed data
showed a significant impact of the MOF’s surface acid/primary sites
together with the nature of the metal as critical to achieving high
permeability and permeation selective separation of the CO2/CHy gas
mixture. Moreover, modifying MOFs to make composites was high-
lighted as a significant strategy to improve the surface adsorption sites of
the MOFs, resulting in enhanced performance in removing biogas im-
purities and improving CO,/CH4 upgrading efficiencies. Finally,
adapting MOFs as filler materials for integration in membrane tech-
nology to develop advanced mixed-matrix membranes (MMMs) systems
demonstrated an effective breakthrough technology development in
biogas cleaning and upgrading. The design of MOF-impregnated mem-
branes highlights a potential economic technology that could accelerate
the adoption of biogas feedstock in the industrial sector more rapidly to
achieve the targets set for a more circular economy. Through the
beneficiation of municipal and other waste sources, renewable energy,
green chemicals, and other green-derived materials can be produced and
thus encompass the circular economy concept. While MOF sorbents and
their counterpart integrated membranes have demonstrated potential
effectivity in biogas cleaning and upgrading, there are, however, several
observed shortcomings that would still require further research and
development, such as:
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In-depth studies on the developed materials’ long-term stability
and deactivation performance are needed. Understanding how
the materials deactivate is critical in this case. Also, how the
deactivation can be reversed at lower energy consumption will
prove that MOFs are potential sorbents for industrial applications
in biogas cleaning and upgrading.

Studies on MOF integration in membranes are still emerging, and
more baseline performance evaluations coupled with modelling
are needed for standardisation, especially for long-term stability
performances.

Most of the reported data for applications and demonstrations of
MOFs and MOF-incorporated membranes are applied individu-
ally in biogas impurities removal or COy/CHy4 upgrading. Few to
no studies focus on applying pure MOF materials in membranes
which showed lower performance when compared to modified
MOF integrated MMMs in the complete removal of biogas im-
purities and CO5/CHy in a single integrated step. The approach of
using modified MOFs integrated with MMMs will provide an
economical technology with a huge potential application in the
biogas feedstock processing space.

With the recent emergence of new types of MOFs-based bime-
tallic or multimetallic composites, the adoption of these new
MOF materials could perhaps improve the performances of the
neat MOF sorbents, especially in the pre-cleanup stage of gases
such as H2S, NH3, etc. prior to COy/CH4 separation.

Finally, the literature is substantially lacking in using raw biogas
samples apart from mostly simulated CO5/CH4 and trace impu-
rities standards in many studies applying MOFs and their inte-
grated MMMs.

Modelling has proven to be significantly critical in designing
MOFs, which reduces the time and cost of optimising their
properties through trial-and-error laboratory work. We propose a
similar approach in designing MOFs and their membrane com-
posites with enhanced and durable surface-active sites that could
be easily translated into practical industrial applications.
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