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The microporous MIL-120(Al) MOF has been tested for CO,/CH4 separation. The material has been
synthesised in powder form at the kilogram scale and shaped into spherical beads without significant
loss in adsorption capacity (on average, ca. 7% for CO,). MIL-120(Al) is more selective towards CO, (IAST
mean selectivity of 10.6-35 between 0.1-10 bar), showing a good adsorption capacity and a moderate
enthalpy of adsorption (—36.7 to —39.1 kJ mol™ in the low loading regime). Molecular simulation studies

have revealed a probable rotation of the u,-OH groups with increasing CO, pressure altering the CO,
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Accepted 8th February 2026 adsorption capacity at higher pressures. Breakthrough experiments have confirmed the CO,/CHy
selectivity of MIL-120(Al) and have shown that the material can retain its original adsorption separation

DOI: 10.1035/d5ta07225¢ performance after regeneration, following consecutive cycles (10 cycles) and prolonged exposure to
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Introduction

Over the last years, the demand for sustainable energy sources
has been growing, driving intensified research into biogas
upgrading, a critical process to enhance methane (CH,) purity
in raw biogas by removing carbon dioxide (CO,). Biogas is
a renewable energy source that originates from the anaerobic
digestion of organic matter and can serve as a substitute for
fossil natural gas. However, raw biogas can typically contain up
to 50% (V/V) in CO,, along with other contaminants and trace
impurities such as hydrogen sulphide (H,S) and moisture,
which lower its energy value and limit its direct use in
conventional energy grids or as fuel. To maximise its utility,
efficient CO, separation is essential to obtain biomethane with
a high CH, molar content (>96%), making it comparable to
conventional natural gas.™?

Various technologies have been explored for CO,/CH, sepa-
ration in biogas upgrading, including absorption, adsorption,
and membrane separation."> Among these, adsorption-based
cyclic processes using porous materials, like pressure swing
adsorption (PSA), have garnered significant attention due to
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high amounts of water vapour, demonstrating the potential of this MOF for biogas upgrading.

their potential for energy-efficient and cost-effective separa-
tions. Metal-organic frameworks (MOFs), crystalline micro- or
mesoporous hybrid solids, with their high surface area, tune-
able pore structures, and selective gas adsorption properties,
have emerged as promising candidates for this application.**
However, many MOFs suffer from hydrothermal and/or acid-
base instability, complex synthesis routes, and high production
costs, limiting their large-scale implementation.>® MIL-120(Al),’
an aluminium-based ultramicroporous MOF, emerges as
a promising alternative for biogas upgrading due to its high
stability toward coordinating and corrosive gases, such as water,
NO, or SO,.* MIL-120(Al) is among the most cost-effective
adsorbent materials, with an estimated production cost of
approximately 13 $ kg~' and a scalable synthesis protocol.®
Moreover, it exhibits excellent CO, adsorption capacity up to 1
bar,® enabling more energy-efficient separation processes.
Herein, we investigate the CO,/CH, separation performance of
MIL-120(Al) in the context of biogas upgrading (Fig. 1) from
a combination of single-component adsorption experiments
and molecular simulations up to 10 bar, and gas mixture
breakthrough experiments at ca. 1 bar. These allowed the
assessment of its adsorption capacity, pore structure, behaviour
under dry and wet conditions, selectivity and recyclability, while
benchmarking its performance against other adsorbent mate-
rials. MIL-120(Al) demonstrates a remarkable potential for
industrial biogas purification, offering a breakthrough solution
to the pressing challenges of economic scalability and opera-
tional feasibility in sustainable energy applications.
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Fig.1 The study developed in this work for the investigation of MIL-120(Al) for CO,/CH, separation in the context of biogas upgrading. Figure
partially created in BioRender. Pinto, R. (2026) https://BioRender.com/w47s435.

Results and discussion

Adsorption performance under dry conditions

MIL-120(Al) has been synthesised at the kilogram scale using an
environmentally friendly, scalable and high-yield synthesis
method, following a previous protocol developed by some of
us.® The characterisation details, provided in Section S1 in the
SI, confirm the structural integrity, porosity and thermal
stability of the material. Single-component CO, and CH,
adsorption isotherms measured at 25 °C for the powder form of
MIL-120(Al) are represented in Fig. 2A. Additional details are
described in the Experimental section and in Section S2.A in the
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SI. The experimental data and corresponding isotherm model
fittings are reported in Tables S2 and S3 in the SI. As expected,
MIL-120(Al) shows a higher adsorption capacity for CO, than for
CH, in the entire pressure range studied, suggesting the
potential of this MOF for biogas upgrading. In comparison with
other adsorbent materials (additional details in Section S2.D in
the SI), the CO, uptake of MIL-120(Al) at 1 bar, ca. 3.6 mmol g,
is higher than for the reviewed activated carbons®** (AC),
carbon molecular sieves''* (CMS), pillared clays,* silica-based
materials,’*™® and periodic mesoporous organosilicas'® (PMO).
MIL-120(Al) also shows a higher or similar CO, uptake at 1 bar
than the other MOFs reviewed in the SI,***°** with the exception

This journal is © The Royal Society of Chemistry 2026
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Fig. 2 (A) Single-component adsorption isotherms of CO, and CH, at 25 °C measured for the powder form of MIL-120(Al) and calculated by
GCMC for Str2 and Strl, and density plots generated from GCMC simulations for the single-component adsorption at 1 bar of CO, in Str2 and Strl
and of CHy in Str2; (B) mixture isotherms calculated by IAST and GCMC (Str2 and Strl) for a binary CO, : CH,4 mixture with % (V/V) = (50 : 50)%; (C)
isosteric enthalpy of adsorption (AH,q4s) calculated from the Clausius—Clapeyron equation from the single-component experimental data
measured at 25, 35 and 45 °C; (D) comparison of the single-component adsorption isotherms of CO, and CH, at 25 °C measured for the powder
and shaped forms of MIL-120(Al). All isotherms are reported in absolute adsorbed amounts, n;. The dashed lines in (A) and (D) represent the non-
linear least-squares fit of the isotherm model to the experimental data (cf. Table S3 in the SI). The dotted lines in (A), (B) and (C) serve only as
a visual guide of the data trends to the reader. The density maps in (A) were generated from the combined snapshots of GCMC simulations
collected every 100 cycles of the production run. Colour code for framework atoms in the density maps: carbon (C, brown); hydrogen (H, white);
oxygen (O, red); aluminium (AL, blue). Colour code for CO, atoms in the density maps: C (green); O (violet). Colour code for the C atoms from
CHgy (UA) in the density maps: C (orange). CO, and CH4 (UA) atoms were drawn without bonds (where applicable) and on a 1: 8 radii scale relative
to framework atoms in the density maps. Structure drawing and density maps produced by VMD 1.9.4.3¢
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of MIL-160(Al) (as a powder)* and CuBTC." In comparison with
zeolites,'***3* MIL-120(Al) shows a mixed uptake performance:
higher than some, including zeolites beta,* 5A*® and Na-ZSM-
5,%° but lower than zeolites 13X 2®)/NaX,* 4A?” and NaY.?
Grand-canonical Monte Carlo (GCMC) simulations have
been run in RASPA 2.0,** at 25, 35 and 45 °C and up to 10 bar,
and contemplated two different structures for MIL-120(Al), Str2
(Fig. S7 in the SI) and Str1 (Fig. S8 in the SI), in accordance with
the strategy and nomenclature employed in a previous work by
our colleagues up to 1 bar.? The models of these two structures
differ mainly in the position of eight H atoms of the u,-OH
groups in the unit cell (four different pairs of H atoms) and have
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been optimised by density functional theory (DFT) in VASP****
6.1.2. Additional details can be found in the Experimental
section and in Section S2.B in the SI. Regarding CO, adsorption,
Str2 presents higher uptakes than Strl. In MIL-120(Al), CO,
interacts preferentially with the u,-OH groups of the metal
clusters® on both sides of the pore, as can be seen in the density
maps (25 °C, 1 bar) in Fig. 2A, and in greater detail for 0.01, 0.1,
1 and 10 bar in Fig. 3. The CO, density maps at 25 °C are also
represented for the full simulation box in the SI in Fig. S9 to S16
for Str2, and S21 to S28 for Strl. The interaction of CO, with
these u,-OH groups is likely due to the quadrupole moment of

Fig. 3 Density maps of the single-component adsorption of CO, at 25 °C and 0.01, 0.1, 1 and 10 bar obtained for Str2 (top) and Strl (bottom)
from GCMC calculations, as viewed from two directions. For the complete set of density maps, the reader is referred to Section S2.B in the SI.
Colour code for framework atoms: C (brown); H (white); O (red); Al (blue). Colour code for CO, atoms: C (green); O (violet). CO, atoms are drawn
without bonds and on a 1: 8 radii scale relative to framework atoms. Density maps generated from the combined snapshots of GCMC simulations
collected every 100 cycles of the production run. Structure drawing and density maps produced by VMD 1.9.4.3¢
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CO,, that leads to strong electrostatic interactions between the
O atoms in CO, and the H atoms in the u,-OH groups.

As the orientation of some of these groups in Str2 and Str1 is
different, the resulting CO, isotherms are different, as also
verified and discussed by our colleagues in a previous work.®
The predicted Str1 isotherm more closely resembles the exper-
imental isotherm until ca. 1 bar. The small differences observed
until 1 bar between this work and the previous study can be
attributed to both the experimental pore volume, ca. 0.28 cm®
g~ ' in Chen et al.® (value converted from Fig. S1D for MIL-120-
AP powder for p/p° =~ 0.83) vs. 0.21 cm® g~ (for p/p° = 0.85, cf.
Table S1 in the SI) in this work that can be due to minor
structural differences in the synthesised materials, and the
volume of the crystallographic unit cells of the simulated
structures, ca. 1030 A2 for Str1 and ca. 1056 A® for Str2 in Chen
et al.® (values reported originally for the primitive cell, i.e., half
of the total volume of the unit cell) vs. ca. 1045 A® (for the unit
cell, ¢f. Tables S4 and S5 in the SI) for both structures in this
work. As pressure increases, the trend of the experimental
isotherm starts deviating from Strl and moving towards Str2,
following Str2 more closely from 5 bar onwards, as can be seen
more clearly in the semi-logarithmic plot of the isotherms in
Fig. 4. This indicates that there is probably a rotation of the u,-
OH groups as pressure increases, and neither Strl nor Str2 can
fully represent CO, adsorption on MIL-120(Al) on their own. As
such, we suspect that the real structure can be seen as
a composite of not only Str1 and Str2 but also of other structures
with other orientations of the u,-OH groups, highlighting the
hydroxyl rotational flexibility of this framework. Indeed, this
flexibility has recently attracted scientific attention and is
currently being investigated with machine learning potentials
by different research groups.*”*® For the adsorption of CH, there
is no noticeable difference between Str2 and Strl. This is
because CH, does not have a quadrupole moment that can
induce strong (electrostatic) interactions with the u,-OH
groups, thus it is less sensitive to their orientation, unlike CO,.
Its lower uptake is mostly due to weaker van der Waals inter-
actions with the chemical environment inside the pores, that
are the same for both types of structures. In comparison with
the experimental CH, isotherm at 25 °C, there is only a minor
increase in CH, uptake from ca. 2 bar onwards in the simulated
isotherms, that is acceptable within the uncertainty of both
methods. Looking into the density of gas inside the pores at 25 °©
C, the increase in CO, and CH, density from 0.01, to 0.1, to 1, to
10 bar in Str2 and Strl can be seen in greater detail from two
directions in Fig. 3 (only CO,) and in Fig. S9 to S32 in the SI.

Complementary radial distribution functions (RDFs) for the
interaction of each framework atom-type of Str2 (Table S7 in the
SI) and Str1 (Table S8 in the SI) with the C or O atoms of CO, at
25 °C have also been computed in RASPA*" and are plotted for
the same pressures in Fig. S33 to S46 in the SI. Interestingly, for
CO, adsorption in Str2, where the pore-facing u,-OH groups are
oriented toward the same plane inside the pore channel (cf.
Table S4 and Fig. S7 in the SI), it can be seen in the density maps
in Fig. 3, top, that CO, molecules align both perpendicularly
and axially to the pore channel length, as observed previously,®
and that as pressure increases more CO, molecules start

This journal is © The Royal Society of Chemistry 2026
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adsorbing axially to the pore channel length and slightly closer
to the metal chain on the side wall of the pore, resulting in
a rectangle-like shape of adsorbed CO, molecules along the
length of the pore channel (¢f. Fig. 3, top). In the RDF plots in
Fig. S33 to S36 in the SI, it can be seen in general that the
intensity of some of the first RDF peaks between CO, atoms and
framework atom-types increases from lower to higher pres-
sures. This can be attributed to the increase in CO, density
inside the pores, that leads to a closer (denser) and more
ordered packing of the CO, molecules (cf. Fig. 3, top). It should
be noted that RDF peaks at distances greater than 5-6 A can also
represent the interaction of adsorbate atoms with framework
atoms of neighbouring pores, as the maximum pore dimen-
sions, measured from the centre of mass of framework atoms
and without taking into account the van der Waals radii, are ca.
7 A (between the organic linkers at the top and bottom of the
unit cell, ¢f. Fig. S7 in the SI) and ca. 9.4 A (between opposite
oxygens from the metal clusters with atom-type label 8, cf.
Fig. S7 and Table S7 in the SI). For Str1 (cf. Fig. 3, bottom), where
the rotated pore-facing u,-OH groups on each side of the pore
have different orientations relative to each other (¢f. Table S5
and Fig. S8 in the SI), CO, molecules are adsorbed in alignment
with these u,-OH groups, but with a higher density along and in
parallel to the pore channel (¢f. Fig. 3, bottom). The RDF plots
for this structure, represented in Fig. S37 to S46 in the SI, show,
in general, notably higher intensity peaks at 0.01 bar than at
higher pressures. This can be due to the highly specific inter-
actions of CO, at 0.01 bar, that corresponds to a low loading of
ca. 0.4 mmol g~ ' (cf. Fig. 4), with the framework atoms that
results in a well-defined coordination of this low amount of CO,
molecules with the adsorption sites inside the pores. At higher
pressures, as more CO, occupies the available pore space, the
molecules are more dispersed, and the intensity of the peaks
decreases sharply. This is in contrast with the observations for
Str2 (¢f. Fig. S33 to S36 in the SI), as in Str2 the CO, uptake at
0.01 bar is ca. 1.5 mmol g ', and the CO, molecules are already
more dispersed (cf. density maps at 0.01 bar in Fig. 3). Never-
theless, a slight increase in peak intensity can also be seen from
0.1 to 10 bar in some RDFs for Str1, as seen for Str2. For CH,, the
density maps for both structures (cf. Fig. S17 to S20 for Str2 and
S29 to S32 for Str2 in the SI) show a similar density of adsorbed
CH, molecules, that is located along and in the middle of the
pore channel.

Adsorption isotherms were calculated for an equimolar
CO, : CH, mixture at 25 °C based on the Ideal Adsorbed Solu-
tion Theory (IAST),***® from the Virial isotherm model adjusted
to the single-component experimental data (¢f. Tables S2 and S3
in the SI), and by GCMC for Str2 and Str1 (¢f. Table S6 in the SI).
The mixture isotherms, represented in Fig. 2B, show a high
selectivity for CO, over CH,, as the mixture uptakes of CO, are
close to the uptakes of the single-component CO, isotherms,
whereas for CH,, the mixture uptakes are much lower (up to two
orders of magnitude for Str2) than those of the single-
component CH, isotherms. The results for CO, are consistent
with the observations made for its single-component adsorp-
tion: the IAST-predicted mixture isotherm is more similar to
Str1 at lower pressures and to Str2 at higher pressures. For CHy,

J. Mater. Chem. A
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Fig. 4 Semi-logarithmic plot of the CO, and CH, isotherms (25 °C)
represented in Fig. 2A. All isotherms are reported in absolute adsorbed
amounts, n;. The dashed lines represent the non-linear least-squares
fit of the Virial isotherm model to the experimental data (cf. Table S3 in
the SI), and the dotted lines serve only as a visual guide of the simulated
data trends to the reader.

IAST overestimates its mixture uptake in comparison with the
GCMC-calculated uptake for both Str2 and Str1.

The isotherms measured at 35 and 45 °C, represented in
Fig. S4 in the SI, show lower gas uptakes with increasing
temperature, with lower slopes and an overall similar isotherm
shape. The isotherms calculated by GCMC at 35 and 45 °C for
Str1 and Str2 show similar trends to those calculated at 25 °C, as
can be seen in Fig. S47 in the SI: for CO,, Str1 and Str2 are closer
to the experimental isotherms at lower and higher pressures,
respectively, and for CH, both Str1 and Str2 follow the experi-
mental isotherms. The isosteric enthalpy of adsorption, AH,qs,
has been calculated from the Clausius-Clapeyron equation**
using the isotherm fittings from the experimental data for the
three temperatures within the same loading range (cf. Tables S2
and S3 in the SI). The results are represented in Fig. 2C. CO,
shows a moderate enthalpy of adsorption, between ca. —36.7
and —39.1 k] mol " in the lower loading regime (<=3 mmol g %),
and CH, shows a lower enthalpy of adsorption, with values
between ca. —23.6 and —24.0 k] mol™" in the lower loading
regime (=1.2 mmol g~ ). The estimated values for the isosteric
enthalpy of adsorption of CO, are in agreement with the ones
previously reported (ca. —36.3 k] mol " on average, in the range
1-2.5 mmol g !),* and in agreement with the average heat of
desorption obtained from the GCMC calculations ran in this
work (ca. 37.0-43.4 k] mol ™" within the same loading range).
The increase observed above 2.25 mmol g~ * for CO, and above
0.75 mmol g~ for CH, is due to adsorbate-adsorbate interac-
tions, that become more dominant as loading increases and the
available adsorption sites in MIL-120(Al) become gradually
occupied (i.e., compression inside the pores). In comparison
with other materials (¢f. Table S10 in the SI), the CO, enthalpy of
adsorption estimated for MIL-120(Al) is higher than for the
reviewed AC,?*"2* CMS,**** the MCM-41 silica,** zeolites Silica-
lite-1,® NaY*® and Na-ZSM-5,*° and the majority of
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MOFsg'20212343  reviewed, and generally in line with the
remaining zeolites'>**?® reviewed.

MIL-120(Al) has been further shaped into beads to make it
more suitable for continuous operation in industrial biogas
upgrading systems like PSA. Millimetre-sized beads have been
obtained via the wet granulation method using 5% (w/w)
bentonite as binder (¢f the Experimental section and Fig. S2 in
the SI), achieving similar characterisation properties as the
powder material (¢f Section S1.B in the SI) and similar to the
previous study in which a slightly different shaping method had
been used.® The performance of the shaped form of MIL-120(Al)
has also been evaluated. The single-component CO, and CH,
adsorption isotherms at 25 °C, represented in Fig. 2D, are similar
to those measured for the powder form of MIL-120(Al), with only
a small decrease in adsorption capacity (on average, ca. 6% for
CH, and ca. 7% for CO,), attributed to the presence of a non-
porous binder (5% (w/w)) (cf. Fig. S3C and Table S1 in the SI).
This suggests that the shaping procedure did not impact the
overall adsorption properties of the MOF. IAST has also been
used to predict the mean selectivity and phase diagrams of the
separation of CO, and CH, at 25 °C, based on a method proposed
by Myers***® described in previous works.">** The IAST mean
selectivity, represented in Fig. S5 in the SI, shows a similar
increase of the mean selectivity with pressure for both materials
(shaped and powder). MIL-120(Al) also shows a higher IAST-
predicted mean selectivity of CO, over CH, at 5 bar than other
materials reviewed (c¢f. Table S10 in the SI), with the notable
exception of two amine-functionalised SBA-15 materials, on
which CO, is strongly chemisorbed.'® The IAST-predicted phase
diagrams at 5 bar are shown in Fig. S6 in the SI. For the binary
mixture of CO, and CH, at a molar fraction of 0.5 in the gas phase
(¥cn,) - the composition of a typical biogas feed"* - the molar
fraction of CH, in the adsorbed phase (xcy,) is ca. 0.02 for both
samples (cf. Fig. S6A in the SI). This means that the adsorbed
phase is much richer in CO, than in CH, for both materials,
further highlighting the high selectivity of MIL-120(Al) for this
separation. The complete phase diagrams in Fig. S6B in the SI
further confirm that both materials present a similar perfor-
mance in terms of selectivity and adsorption capacity of CO,.

Following these promising results, the adsorption of an
equimolar CO,:CH, gas mixture has been studied under
dynamic conditions, by measuring the breakthrough curves at
25 °C and ca. 1 bar, in a fixed-bed adsorption system illustrated
in Fig. S48 in the SI. Additional experimental details are
described in the Experimental section, in Section S2.C in the SI
and in a previous work.” To evaluate the recyclability of the
material, a series of ten consecutive adsorption-desorption
cycles have been performed, with a duration of 1 h per cycle
(30 min for each adsorption and desorption branch). The ten
sets of curves are represented consecutively in Fig. 5 and over-
lapped in Fig. S49 in the SI. The breakthrough curves confirm
that MIL-120(Al) is more selective towards CO,, as CH, breaks
through the column ahead of CO,. The selectivity calculated
from breakthrough run 1, ca. 89, is higher than for a biomass-
based AC,' similar to that for benchmark zeolite 13X?' and
lower than that for NH,-MIL-53(Al)** (¢f. Table S10 in the SI).
Additionally, a roll-up of CH,, indicative of the displacement of

This journal is © The Royal Society of Chemistry 2026
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Fig. 5 Consecutive CH,4 (dashed lines) and CO, (full lines) break-
through curves for experimental runs 1 to 10 measured at 25 °C and ca.
1 bar for the shaped MIL-120(Al).

the weakly adsorbed CH, by CO,,* is also clearly visible in all
adsorption branches, further emphasising the higher affinity of
the material towards CO,. The adsorption uptakes calculated
from the experimental curves are listed and compared with
those predicted from IAST in Table S9 in the SI. The adsorption
uptakes calculated from the experimental curves for run 1 for
CO, are slightly lower but very close to those predicted from
IAST, however for CH, these differences are higher which can be
attributed to both experimental error in the quantification of
the low amount of CH,4,> and the assumptions of the model.
Due to these differences in CH, uptake, the selectivities ob-
tained from IAST and breakthrough experiments are different.
We recall that IAST values are estimated from the mixture
adsorbed amounts in the material, using the experimental data
of the pure components' adsorption, which may contribute in
part to the observed selectivity differences. Furthermore,
considering the GCMC gas mixture isotherms, obtained for
a theoretical perfect crystal structure, the selectivity at 1 bar
varies between ca. 51 for Str1 and ca. 201 for Str2. Nevertheless,
the overall agreement is a good indicator of the validity of the
methodologies and assumptions used. From run 1 to run 2
there is a loss in CO, adsorption capacity of ca. 35% (ca. 1 mmol
g~ ') that is due to the incomplete regeneration of the material
in 30 min. After run 2, the adsorption capacity is maintained
throughout the remaining cycles, as seen by the overlapped
breakthrough curves and calculated uptakes (¢f. Fig. S49 and
Table S9 in the SI). This shows that the loss in CO, adsorption
capacity is not cumulative and is only a function of the regen-
eration conditions, reflecting the reversible nature of the host-
guest interactions between CO, and the chemical environment
inside the pores of the material, namely the hydrogen bonds
between CO, and the u,-OH groups in MIL-120(Al). For CH,, the
weakly adsorbed component in the mixture, 30 min is sufficient
time to purge the material of all adsorbed CH, and the
adsorption capacity is maintained (cf. Table S9 in the SI).

Adsorption performance under moisture

The impact of water on the adsorption capacity of MIL-120(Al)
has also been studied. Water is an important contaminant in
biogas streams and during an adsorption process it can

This journal is © The Royal Society of Chemistry 2026
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compete for the adsorption sites and significantly reduce the
adsorption capacity. While most of the water can be removed
during the compression stage of the raw biogas feed, some
traces are always present, and its complete removal is very
costly. Thus, as a first assessment, a small amount of water
vapour (ca. 0.16 mmol g%, corresponding to only traces of water
in the gas feed®) was pre-adsorbed onto the powder, and the
single-component adsorption isotherms of CO, and CH, were
measured at 25 °C. The resulting CO, and CH, isotherms are
compared with the isotherms initially measured under dry
conditions in Fig. 6A, and it can be seen that pre-adsorbing ca.
0.16 mmol g~ does not affect the adsorption capacity of MIL-
120(Al) (in powder form), as both sets of isotherms overlap.
This is a clear advantage over some classical zeolites (e.g., 13X)
that are very hydrophilic due to the binding of water on the
surface cations.

The performance of the shaped material has been tested
under humid conditions with an equimolar CO,:CH, gas
mixture at ca. 1 bar and 25 °C in the fixed-bed dynamic
adsorption system, by pre-loading the material with water
vapour in two tests (additional details in the Experimental
section and in Section S2.C in the SI). On the first test, a helium
(He) flow carrying water vapour at a relative humidity (RH) of
50% was passed through the packed bed for ca. 3 h and 30 min,
after which the equimolar CO,:CH, gas mixture was passed

A 6 — .
T=25°C
5 __am { ECOz(dry)
—_— -&
T 4 b Y 1 . -
(=} = A CO; (with 0.16 mmol-g
° J of H,0 pre-adsorbed)
= 3 @ |
£ / o © CH, (dry)
e 2 B JEUSEY S 1
< 3 Lo I
| e © CH,4 (with 0.16 mmol-g™
Tay 1 of H,0 pre-adsorbed)
0 e
01 2 3 45 6 7 8 9 10
p (bar)
B 1.50 T T T T T
. 1_CH,
125 1 1 1_co,
1.00 | ] RH50%-3h30min_CH,
L —— RH50%-3h30min_CO,
s 075 E
\: ————— RH80%-48h_CH,
0.50 1 ——RH80%-48h_CO,
025 11_CH,
11_CO,
0.00 L
0 30
toi (Min)
Fig. 6 (A) Single-component adsorption isotherms of CO, and CH,4 at

25 °C for MIL-120(Al) (powder form), without and with pre-adsorbed
water. (B) Overlap of the adsorption branch of the CO, (full lines) and
CH,4 (dashed lines) breakthrough curves of experimental runs 1,
RH50%-3 h 30 min, RH80%-48 h, and 11, measured at 25 °C and ca. 1
bar for the shaped MIL-120(Al). The dashed lines in (A) represent the
non-linear least-square fit of the Virial isotherm model to the experi-
mental data (cf. Table S3 in the SI).
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through the packed bed. The resulting breakthrough curves,
illustrated in Fig. 6B, overlap with those of run 1 (performed
under dry conditions, ¢f. Fig. 5). With these conditions of %RH
and contact time, the material is still not at saturation equi-
librium due to the slow water adsorption kinetics, and thus, it
does not appear to have any effect on the CO, and CH,
adsorption capabilities of the material. To further understand
the effect of the presence of water vapour inside the pores of
MIL-120(Al), an additional experiment was run under more
severe humid conditions, by flowing He carrying water vapour
at RH = 80% for a prolonged period of exposure of 48 h. The
higher humidity content of the stream and the much longer
exposure time can better ensure the pores inside the material
are saturated with water vapour. The equimolar CO,:CH,
breakthrough run performed after this prolonged exposure to
water vapour, represented by the blue curves in Fig. 6B, now
clearly shows the effect of the presence of water vapour inside
the pores. The curves of both gases are shown to break through
ahead of the curves of previous runs (ca. 2 min and 30 s for CH,
and 5 min and 30 s for CO,) and the calculated uptakes are
reduced by half for CO, and ca. ten times for CH, (cf. Table S9 in
the SI). Despite this significant loss in adsorption capacity, the
slopes of these and the other breakthrough curves remain the
same, which indicates that the presence of even this signifi-
cantly high amount of water vapour inside the pores does not
appear to affect the adsorption kinetics of the gases. Addition-
ally, a final dry breakthrough experiment, run 11, has been
performed after this last humid run, and following material
activation for 12 h with temperature and He flow (¢f. Section
S2.C in the SI). The results of run 11 have shown that the
material has been completely regenerated, as seen by the
overlapped breakthrough curves in pink in Fig. 6B and calcu-
lated gas uptakes in Table S9 in the SI, demonstrating that the
high amount of pre-adsorbed water has not altered permanently
the physical and chemical environment inside the pores of MIL-
120(Al). This performance of MIL-120(Al) is in clear contrast
with the cases of hydrophilic zeolites (with low Si/Al ratios) that
are severely affected by the presence of water.***

Conclusions

The microporous aluminium tetracarboxylate MOF MIL-120(Al)
has been successfully synthesised at the kilogram scale, shaped
and tested for the separation of CO, and CH,, under dry and
humid conditions. The single-component adsorption isotherms
measured for CO, and CH, at 25 °C, on both powdered and
shaped forms of MIL-120(Al), have confirmed the great poten-
tial of the material for the separation of these gases, both in
terms of sorption capacity and high selectivity towards CO,.
Molecular simulation studies suggest a rotation of the u,-OH
groups in MIL-120(Al), that shifts the material between two
different configurations, Strl to Str2, as pressure increases. To
further understand this phenomenon, future work could
include in situ experimental studies, namely neutron scattering,
solid state nuclear magnetic resonance (SSNMR) or extended X-
ray absorption fine structure (EXAFS) spectroscopies. The iso-
steric enthalpies of adsorption for CO, in the powdered MIL-
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120(Al) indicate a consistent affinity for CO, molecules. The
breakthrough experiments carried out for an equimolar CO,:
CH, gas mixture at 25 °C and ca. 1 bar on the shaped material
have confirmed MIL-120(Al) to be more selective towards CO,,
as it breaks through the packed column after CHy, in line with
the best sorbents studied so far for this application. Indeed, the
selectivity values estimated for an equimolar mixture at ca. 5 bar
from IAST (ca. 31) and from the breakthrough curves at ca. 1 bar
(ca. 89) place MIL-120(Al) clearly above other reported MOFs
(except for NH;-MIL-53, where chemisorption is expected) and
in line with the best zeolites, although in MIL-120(Al) the water
presence does not permanently impair the adsorption separa-
tion as in the case of some zeolites with low Si/Al ratios. The
cyclability of the material has also been tested under dry
conditions, and a loss in CO, adsorption capacity related with
the short regeneration time has been observed. However, this
loss has not been cumulative, as it has only been observed from
the first to the second cycle. The adsorption capacity of CO, and
CH, in the MIL-120(Al) powder remains unaffected by trace
exposure to humid conditions. The breakthrough experiments
under humid conditions in the shaped material have further
revealed that even though a prolonged exposure to water vapour
at a high RH (80%) had a significant impact on the adsorption
uptake of both gases, the adsorption kinetics appeared unaf-
fected. Furthermore, after complete regeneration, the perfor-
mance of the material was re-established, showing no
permanent damage to its adsorption capabilities after the pro-
longed exposure to water vapour. In addition to its hydro-
thermal stability, sustainable, cheap and scalable character,
these overall results highlight the great potential of MIL-120(Al)
for biogas upgrading. This strongly supports the continuation
of further studies to optimise the regeneration conditions and
the cyclic separation of biogas, and ascertain the stability of the
material in the presence of corrosive gases.

Experimental

Large scale green synthesis of MIL-120(Al) at ambient
pressure

Deionised (DI) water (16 litres) was heated to 80 °C in a 30-litre
reactor (Fig. S1 in the SI). Once the temperature was reached,
1,2,4,5-benzene-tetracarboxylate (H,BTeC) (2.13 mol, 542 g) and
aluminium acetate, AI[(OH)(OAc),-1.38H,0, (8.57 mol, 1.39 kg)
were added. The resulting suspension was heated to 100 °C and
stirred at 200 rpm for 24 h. The white crude product was
collected by filtration, yielding approximately 1.5 kg of the as-
synthesised sample (STY = 60 kg m™> d™"). It was then
washed twice with boiling DI water overnight. The washed
sample was dried in air.

Shaping of MIL-120(Al) into beads

The MIL-120(Al) powder was shaped into spheres by wet gran-
ulation followed by spheronisation: at first, the MOF was mixed
with 5% (w/w) of an inorganic binder - bentonite - using
a mixer. After that, the powder blend was transferred into the
wet granulator bowl and water was added dropwise while

This journal is © The Royal Society of Chemistry 2026
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mixing until uniform granules were formed. The wet granules
were then fed to the spheroniser with the speed set to 250 rpm
for 10 min to obtain spherical beads. The resulting spheres,
ranging in diameter, d}, from 0.5 to 3 mm, were sieved to ach-
ieve a more uniform size distribution. Beads selected for
experimental measurements were between 1.4 and 2 mm in
diameter (Fig. S2 in the SI). The spheres were calcined at 50 °C
under vacuum for 12 h.

Characterisation of MIL-120(Al) powder and beads

Powder X-ray diffraction (PXRD) data were collected using
a high-throughput Bruker D8 Advance diffractometer working
on transmission mode and equipped with a focusing Gébel
mirror producing Cu K, radiation (A = 1.5418 A) and a LynxEye
detector. Nitrogen sorption data at 77 K was collected on
a Micromeritics Tristar instrument. Prior to the measurement,
the sample was degassed at 150 °C using a Micromeritics
SmartVacPrep degas unit. Thermogravimetric analysis was
conducted using a Mettler Toledo TGA/DSC 2, STAR System
apparatus with a heating rate of 5 °C min~" under oxygen flow.
Mettler Toledo FiveEasyTM Plus pH mV ™" bench meter. Scan-
ning electron microscopy (SEM) micrographs of the MIL-120(Al)
powder were captured using a FEI Magellan 400 scanning
electron microscope.

Experimental single-component adsorption studies

Single-component adsorption equilibrium isotherms of CO,
(99.998%, Air Liquide) and CH, (99.995%, Air Liquide) were
measured for pressures up to 10 bar on MIL-120(Al) in powder
form at 25, 35 and 45 °C and on the shaped beads at 25 °C. The
gas adsorption isotherms were measured in a lab-made stain-
less steel volumetric apparatus used in previous works.'”>**®
The samples were first degassed in situ at 150 °C (heating rate of
5°C min ") for 8 h, under vacuum in the range of 10~° bar. The
experimental isotherms were fit using the Virial isotherm
model,*** and binary gas mixture selectivity and phase
diagrams were estimated based on IAST,* following a method
proposed by Myers* that is described in detail in previous
works.”>* The Clausius-Clapeyron equation was used to
determine the isosteric enthalpies of adsorption.** The experi-
ments performed under humid conditions were run as
described in a previous work,"” with activation in situ at 150 °C
(heating rate of 5 °C min ") for 16 h, under vacuum in the range
of 107° bar, before each isotherm measurement. Additional
details in Section S2.A in the SI.

Molecular simulation studies

The two crystalline structures considered for MIL-120(Al), Str1l
and Str2, were optimised by DFT calculations with VASP,**~*
version 6.1.2. GCMC calculations® were run in RASPA,*' version
2.0, in both MIL-120(Al) structures to compute single-
component (at 25, 35 and 45 °C) and mixture adsorption
isotherms (at 25 °C) for pressures up to 10 bar, with partial
atomic charges obtained with the REPEAT method.>* All RASPA
runs were computed ina 4 x 2 x 5 simulation box, with 2 x 10*
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cycles for initialisation followed by 1 x 10> cycles for produc-
tion. Additional details in Section S2.B in the SI.

Experimental multi-component adsorption studies

Binary breakthrough experiments of CO, (99.998%, Air Liquide)
and CH, (99.995%, Air Liquide) mixtures were conducted on the
shaped MIL-120(Al) beads (particle size with d}, [1.4-2] mm)
under dry and wet (with pre-adsorbed water vapour) conditions
at 25 °C and ca. 1 bar, in a lab-made fixed-bed dynamic
adsorption system, represented in Fig. S48 in the SI. For the
breakthrough experiments under humid conditions, the acti-
vated material was initially exposed to a flow of He carrying
water vapour at the desired relative humidity, after which the
material was exposed to a flow of the dry equimolar CO,: CH,
mixture. Additional details in Section S2.C in the SI.
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