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The metal-organic framework CALF-20 is a super-stable adsorbent utilised for carbon dioxide capture
and storage in cement plants. Furthermore, recent findings suggest its potential for various gas-related
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Introduction

The most pressing concern facing the modern world is climate
change, a phenomenon that poses significant challenges to
ecosystems, economies, and societies worldwide."™ Its origins
can be traced back to the Industrial Revolution, which coin-
cided with the beginning of the Anthropocene,” when the
widespread use of fossil fuels, such as coal, oil, and natural
gas, began to dominate energy production and consumption.
This marked the onset of significant increases in greenhouse
gas concentrations, particularly carbon dioxide. In July 2024,
CO, has reached unprecedented levels of 426 ppm,® primarily
due to human activities such as fossil fuel combustion and
deforestation. In 2023, the burning of fossil fuels for energy,
transportation, and electricity released a new record high of
37.4 billion tonnes of CO, into the atmosphere,6 while intense
deforestation for agriculture and urban development has
reduced the planet’s capacity to absorb carbon dioxide, further
exacerbating the issue.”

As a consequence, the Earth’s average temperature in 2023
has risen by 1.36 degrees Celsius compared to preindustrial
times,® leading to a cascade of environmental impacts. These
include more frequent and severe weather events such as
hurricanes, droughts, and floods, alongside rising sea levels
that threaten coastal communities.” The consequences for
humans are profound: food security’® is increasingly jeopar-
dised by shifting agricultural conditions, access to clean water
becomes strained, and public health risks rise due to an
increase in heat-related illnesses'" and the spread of infectious
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novel and existing materials for gas-related applications.

diseases.'” Vulnerable populations, particularly in developing
countries, are often the hardest hit, facing displacement and
economic instability.

Effectively addressing this pressing issue requires not only
limiting CO, emissions but also developing and implementing
effective carbon capture technologies that can significantly
reduce the amount of carbon released into the atmosphere.*'*
Current strategies for CO, mitigation and negative emission
include: (i) transitioning to renewable energy sources as solar,
wind, hydro, etc.; (ii) improving energy efficiency; and (iii) devel-
oping/creating innovative materials capable of selectively capturing
and storing CO,. Among these, the application of solid adsorbent
materials is widely regarded as a promising research direction,
offering substantial benefits including considerably high CO,
uptake efficiency, material stability, relatively easy regeneration
and fabrication potential, and a wide process operability range.'®

Generally, various classes of solid materials are under inves-
tigation for CO, capture,'® including carbon-based materials,
zeolites, polymers, silica, alumina, metal oxides, amine-based
adsorbents and other porous materials such as metal-organic
frameworks (MOFs). MOFs, in particular, have garnered atten-
tion for their high surface area, which provides numerous sites
for CO, molecules, tunability, porosity, chemical affinity, rever-
sibility, structure diversity, and low energy requirement for
regeneration."”” However, the industrial applicability of MOFs
is often limited by their cost, poor processability, and insufficient
thermal and chemical stability under real-world conditions.
A notable exception is CALF-20 (Calgary Framework 20), a hydro-
phobic MOF that exhibits good CO, sorption capabilities in the
presence of humidity.'® One of the most remarkable attributes
of CALF-20 is its impressive durability; it has demonstrated the
ability to withstand up to 450000 sorption cycles in steam.®

This journal is © The Royal Society of Chemistry 2025
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This resilience not only confirms its applicability for long-term
use but also highlights its potential for integration into existing
industrial processes that require continuous carbon capture and
release. In addition, this material is easily scalable, which
facilitates its swift adoption for industrial applications. Remark-
ably, CALF-20 is now produced at a multi-ton scale by Svante and
is used as an effective CO, sorbent for carbon capture and
storage (CCS) in cement plants."®

Given the recent surge of scientific interest in CALF-20
chemistry (evidenced by over thirty papers published since
2021 in the Web of Science database) and its applicability in
various gas-related applications, we have highlighted the last
ten years of research on this material. Point by point, we outline
its historical background and discuss recent findings concern-
ing the flexibility, stability, processability, and tunability of
CALF-20. We believe that this information will contribute to a
better understanding of the advancements in CALF-20 and
assist in evaluating the potential of both novel and existing
materials for gas-related applications.

General information about CALF-20

CALF-20 garnered widespread interest in the scientific commu-
nity after it was reported by the George Shimizu group in their
2021 Science paper.'® However, this was not the first report on
CALF-20 from this group, as they initially described its synth-
esis and structure in a 2014 patent.”® Moreover, they also
developed and patented a large-scale synthetic procedure for
the MOF five years later.>' Nevertheless, the first scientific
paper on a framework built from zinc(u), oxalate (ox), and
triazolate (trz) ions was published by Wei and coworkers in
2016.”> For the sake of clarity, we will refer to all reports on this
MOF, including those published before the Science paper, as
CALF-20.

This three-dimensional MOF with the formula of [Zn(ox) 5-
(trz)-0.25H,0] was synthesised in a solvothermal reaction
involving 1,2,4-triazole, oxalate, and zinc acetate in a water:
acetonitrile mixture. Heating the mixture at 120 °C for five days
yielded colourless block crystals. Further optimisation of the
synthetic procedure increased the reaction temperature from
120 to 180 °C, while the reaction time was reduced to 48 hours.
The oxalate ion is generated in situ from 2,5-dihydroxybenzo-
quinone added along with the remaining reagents to a 50%
ethanol solution.'® Conversely, the bulk synthesis utilises zinc
oxalate and triazole dissolved in pure methanol. It is worth
noting that mixing the same reagents with sodium fluoride
and dissolving them in water, followed by heating for a week
at 180 °C, resulted in a framework with the formula of
[Zn,(0x)(trz),(H,0)-2H,0] exhibiting the same connectivity as
CALF-20, but with an additional water molecule ligated to each
zinc ion.>® Recently, Higuchi et al. reported a new way to obtain
CALF-20 under ambient conditions.** By stirring zinc acetate
with sodium oxalate in an aqueous methanol solution, followed
by the addition of triazole, CALF-20 powder was obtained in
just six minutes.

This journal is © The Royal Society of Chemistry 2025
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Fig.1 (a) A graphical representation of the crystal structure of the
CALF-20 framework along the c axis, highlighting the zinc-triazolate
corrugated layers linked by oxalate ions. (b) A simplification of the 3D
framework showing its dmc topology. Adapted with permission from
ref. 25. Copyright 2024, Springer Nature.

Single-crystal X-ray diffraction (SC-XRD) experiments revealed
that each zinc atom is five-coordinated (Fig. 1a).>® The coordina-
tion sphere assumes a distorted trigonal bipyramidal shape and
consists of three nitrogen atoms from three distinct trz anions as
well as two oxygen atoms from one ox anion. Neighbouring zinc
cations connected by nitrogen atoms at the 1- and 2-positions in
the trz linker form Zn-N-N-Zn-N-N dinuclear units. The nitro-
gen atom at the 4-position connects the units into corrugated
layers, which are further linked by the ox ligand into a 3D
framework crystallising in the monoclinic space group P2,/c
and exhibiting a dmc topology (Fig. 1b). The two-dimensional
set of channels within the framework reaches 39.7% of the unit
cell volume.

Sorption and separation capabilities
of CALF-20

CALF-20 sorption properties

CALF-20 is now considered a benchmark MOF for CO, capture
purposes owing to its remarkable gas sorption capacities. The
Langmuir surface area calculated based on N, sorption data is
528 m” g~ ' at 77 K. It was later determined that the adsorption
isotherm can be described using the single-site Langmuir
model.>® CALF-20 exhibits a CO, uptake of 4.07 mmol g~*
at 1.2 bar and 293 K with the calculated heat of adsorp-
tion of —39 kJ mol~'. Contrary to the N, curve, the type I
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CO,, adsorption isotherm fits the dual-site Langmuir model
(Fig. 2a).

Understanding the sorption capacities of a material can be
facilitated by an analysis of guest binding in the framework. Lin
and coworkers applied grand canonical Monte Carlo (GCMC)
and density functional theory (DFT) simulations to predict CO,
binding sites. They proposed the middle of the pore as the most
probable position of CO, molecules, with the shortest frame-
work-guest distance of 3.03 A forming between an oxygen atom
from CO, and a hydrogen atom in the triazolate. According
to their calculations, CO,-MOF interactions are mostly of the
attractive dispersion character (85%). The binding sites of CO,
have also been the subjects of other studies. For example, first-
principles calculations on the optimised structure of CALF-20,
implemented by Roy and coworkers, confirmed the above-
mentioned predictions.?® Chen et al. used radial distribution
functions (RDFs) to study MOF-guest interactions at the lowest
loading.*" They found that the CO, molecule can remain in
close proximity to one oxalate ion, as indicated by O,x—Oox
distances ranging from 7.0 to 8.1 A. Finally, a study addressing
the experimentally determined CO, positions in the framework
was published.?” Loading CO, into an activated CALF-20 single
crystal at 10 bar and a subsequent in situ X-ray diffraction
experiment revealed slight changes of the unit cell parameters
induced by gas: while the b parameter expanded from 9.7321(1)
to 9.8435(3) A, the ¢ parameter shrank from 9.5429(2) to
9.4623(3) A. The CO, occupancy, estimated to be 0.45 molecules
per asymmetric unit (ASU), indicates partial saturation of the
crystal with carbon dioxide, compared to the calculated maxi-
mum uptake of 0.89 CO, molecules per ASU at 10 bar. The CO,
molecule is oriented perpendicular to the oxalate. Surprisingly,
neither of these sites corresponds to the positions indicated
in the previously mentioned studies. Furthermore, the shortest
distances between CO, and ox ions measuring 2.96(3) to
3.05(2) A suggest the existence of electrostatic guest-MOF
interactions between them.

Compared to other well-known CO, adsorbents, CALF-20
exhibits unusually low water uptake at low pressures, display-
ing a type V isotherm"® with a clearly visible S-shape up to 30 °C
(Fig. 2a). The isotherm is described by the cubic-Langmuir
model.>® The steep increase in the H,O uptake only appears
at ~10% relative humidity (RH); prior to that, the framework
barely adsorbs any water. At ~15% RH, an inflection point is
observed. The increase in adsorption capacity continues until
~30% RH, with a saturation capacity of ~8 mmol g .
However, other studies have reported even higher uptakes reach-
ing ~1133 and ~15 mmol g '.** The Svante VeloxoTherm
temperature swing adsorption (TSA) process used to regenerate
CALF-20 on an industrial scale involves exposing the material
to steam. However, studies on the equilibrium of water vapour
at temperatures above 100 °C are still scarce. Consequently,
Wilkins and coworkers developed a microscale dynamic col-
umn breakthrough (DCB) system capable of quantifying single-
component steam (with N, as the balance) adsorption and
tested pristine CALF-20 among other adsorbents in this system.*”
The experiments were carried out at ~0.97 bar and 110 °C.

1034 | Chem. Commun., 2025, 61,1032-1047

View Article Online

Highlight

Surprisingly, the inflection point shifts to a higher relative
pressure between ~ 0.3 and ~0.48 bar in the steam experiment
compared to the isotherm measured for CALF-20 at 22 °C.'®
This is an important observation in light of the utilisation
conditions of CALF-20 since it highlights the possibility of an
altered material behaviour at high temperatures in the
presence of humidity. Hastings et al. measured steam adsorp-
tion at even higher temperatures (25-175 °C)** and noted a
significant shift in the isotherm occurring after heating from
25 to 45 °C.

CALF-20 has also been studied as a potential hydrogen
storage agent. Sutton and coworkers carried out a series of H,
sorption experiments at low pressures and cryogenic as well as
near-ambient temperatures,®® revealing that the hydrogen
uptake capacity of this material reaches 20.5 g L™ at 1 bar
and 77 K. This value situates CALF-20 among the top 10% of
MOFs with a similar surface area. However, the H, uptake
decreases significantly at 298 K, measuring only 0.69 g L™
GCMC simulations were performed to determine the perfor-
mance of the material under real-world working conditions: at
5 bar and temperatures ranging from —50 to 50 °C. The work-
ing capacity of CALF-20 measures 10.5 g L™, which is signifi-
cantly below the US Department of Energy target of 50 g L™ .

In their recent report, Borzehandani et al. indicate that it is
crucial to estimate the surface polarity of the adsorbent to
understand its affinity for polar and non-polar gases.>” Thus,
they performed GCMC and molecular dynamics (MD) calcula-
tions to study the adsorption and mobility of two polar (hydro-
gen sulphide, sulphur dioxide) and two non-polar (fluorine,
chlorine) adsorbates in CALF-20. Interestingly, the calculated
adsorption isotherms showed that SO, and Cl, reach the
saturation point at 3 mmol g~ ' at 293 K and nearly zero gas
pressure, indicating that their sorption process requires less
energy than that of CO, which necessitates higher pressures.
This phenomenon may be attributed to better fit of micropores
in the CALF-20 framework for SO, and Cl, rather than for CO,.
The adsorption of H,S is much lower than that of the previously
mentioned compounds, while F, shows hardly any uptake. The
RDF data corroborate these findings, indicating the level of
guest distribution inside the pores in the order of F, < H,S <
Cl, < SO,. The highest heat of adsorption of 45.51 k] mol " for
SO, suggests that, among all the gases studied, sulphur dioxide
forms the strongest guest-MOF interactions. The mean square
displacement calculations revealed that Cl, and SO, move
through the framework at the slowest pace, while F, flows
freely throughout the pores. The authors conclude that this is
due to the lack of charge in the gas, resulting in an insufficient
number of contact surfaces with the MOF.

CO,, sorption of CALF-20 in the presence of water

Flue gas in cement plants contains water. Thus, it is important
for the sorbent used to capture carbon dioxide to show resis-
tance to humidity, preferably maintaining its CO, uptake
capacity. Unfortunately, most MOFs exhibit decreased CO,
uptake in the presence of water. In the case of CALF-20,
however, CO, loading remains stable at humidity levels up to

This journal is © The Royal Society of Chemistry 2025
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Fig. 2 (a) CO, and N, isotherms at 273-373 K measured for pristine CALF-20 (left), CO, isotherm at 303-373 K (centre), and water isotherm at
295-373 K (right) measured for structured CALF-20 (80% MOF, 20% polysulfone). Adapted with permission from ref. 18. Copyright 2021, AAAS.
(b) Competitive breakthrough curves of CO; (left) and water (centre) at 13—-87% RH, 0.97 bar, and 22 °C, and column temperature history (left). Adapted
with permission from ref. 28. Copyright 2024, ACS. (c) Changes in the diffusion coefficient in rising relative humidity with a graphical representation of
corresponding self-association motifs created by adsorbed water molecules. Adapted with permission from ref. 40. Copyright 2023, ACS. (d) CoH,, CoHg,
CoHe, CO,, C3Hy4, CsHg, and CsHg adsorption isotherms at 298 K measured for pristine CALF-20 (left), and breakthrough curves of a seven-component
mixture on pristine (centre) and structured (90% MOF, 10% cellulose; right) CALF-20. Adapted from ref. 45. Copyright 2024, CCS.
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20% RH, as proven by DCB studies (Fig. 2b)."®>*® The competi-
tion between CO, and H,O becomes noticeable beyond 20%
RH. Nevertheless, the decrease in the CO, sorption capacity of
CALF-20 is relatively small, and the MOF still adsorbs over
2 mmol g~' of carbon dioxide up to 50% RH. Then, the gas
uptake shows a significant drop, followed by a complete loss of
CO, sorption capacity beyond 70% RH. Nonetheless, CALF-20
remains the most effective physisorbent in terms of CO, sorp-
tion performance in the presence of water.*®

Moreover, the presence of CO, also changes the H,O adsorp-
tion capacity of CALF-20. The shift in the water adsorption
isotherm with CO, present indicates that carbon dioxide hin-
ders the H,O uptake in CALF-20. According to the simulations,
the framework adsorbs 6 mmol g~ * of water at 20% RH without
CO,, but with CO, present, it only reaches this value at 40% RH.

The higher affinity of CALF-20 for CO, is also confirmed by
the values of isosteric heats of adsorption at low water loadings
(below 2 mmol g~ ') reaching ~ 35 k] mol ™" for H,O and ~39 k]
mol ™' for CO,. However, the heat of adsorption of water
increases with increasing H,O loading, indicating stronger
interactions between water molecules.

Nguyen and coworkers measured competitive loadings in
CO, + H,0 DCB experiments carried out on CALF-20 structured
with polysulfone at 0.97 bar and 22 °C with relative humidity
ranging from 13 to 90%.>® Regardless of the RH, CO, consis-
tently eluted at a dimensionless time of ~47, while water was
only detectable at ~400. Between 13 and 47% RH, the CO,
concentration decreased steadily, while it reduced more rapidly
between 73 and 87% RH. The authors concluded that the
competitive CO, adsorption process may be described by the
modified Langmuir model.

A theoretical study of CO,/H,0 competitive adsorption on a
molecular level was carried out by Ho and Paesani.’* They
employed MD simulations with data-driven many-body
potential energy functions owing to their ability to correctly
predict the behaviour of water and carbon dioxide under
various conditions. The RDF data simulated for both guest
molecules separately suggested that preferential binding sites
for both carbon dioxide and water are located close to the
oxalate ions. The authors imply that a framework with less
polarised charge distributions may show a higher affinity for
CO, than for H,O. This could be realised through the presence
of metal centres in low oxidation states and ligands containing
atoms with low electronegativity. RDFs of CO, + H,O mixtures
under ambient conditions revealed a mutual volume exclusion
of these compounds. Moreover, both of them form long-range
order structural patterns. The subsequent analysis of the
volume exclusion phenomena through MD simulations of the
mixtures under various humidities indicated that between 27.5
and 59.7% RH, water molecules self-associate into networks
connected by hydrogen bonds. This behaviour may be due to
CO, molecules pushing water molecules into less favourable
positions, thereby forcing them to be located closer together,
which results in the formation of networks. The presence of
H,0 networks in the framework causes the CO, adsorption to
be more energetically favourable than in the absence of water.
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The competition between carbon dioxide and water for the
same binding sites leads to faster reorientation dynamics of
CO,. Finally, H,O entropy is more sensitive to CO, because of
the increase in the number of H,O-H,O interactions, while CO,
entropy is only influenced by water at high RH, when more void
space is already occupied by H,O molecules. Similar conclu-
sions were drawn by Magnin et al. (Fig. 2¢).*® Additionally, they
discovered that at a CO, pressure of 0.1 bar, the carbon dioxide
adsorption drops abruptly at ~42% RH, suggesting an effective
way for CO, desorption at moderate partial pressures using
humidity.

Several reports concerning CO,/H,O sorption capabilities of
CALF-20 have used IAST to understand and quantify data
obtained experimentally. However, Krishna and van Baten
implied that IAST estimates deviate from the experimental
observations.”” Under low humidity conditions, IAST tends
to underestimate CO, uptake, whereas at high RH, the CO,
sorption capacities of the framework are overestimated.
In order to explain this phenomenon, they applied conforma-
tional bias Monte Carlo calculations and RDFs. Based on the
theoretical data, it can be established that at low RH, CO, and
H,O0 segregate within the pores (which is in agreement with the
observations from the previously described reports*>*°), while
IAST assumes a homogenous distribution of both compounds
throughout the material. The lack of direct competition
between the adsorbates under these conditions leads to an
underestimation of the CO, loading in CALF-20. At high RH,
carbon dioxide and water compete for the same binding sites.
Furthermore, water molecules are connected into a hydrogen-
bonded network. Thus, the level of competition is significantly
higher than IAST predicts, leading to an overestimation of CO,
sorption capacity. The same trends apply to methane adsorp-
tion and are explained by the same phenomena.*'

CALF-20 separation properties

CALF-20 was initially tested for CO,/N, selectivity. Lin et al.
utilised ideal adsorbed solution theory (IAST) to calculate the
selectivity coefficient, which reached 230 for a CO,/N, mixture
with a 10: 90 ratio."® The first DCB studies performed on CALF-
20 structured with polysulfone confirmed trends indicated by
single-component isotherms. While N, eluted through early on,
at a dimensionless time of ~4, CO, was detected much later
(dimensionless time of ~700 for a mixture with 5% CO,
content). The breakthrough time for CO, decreased along with
the increase of the CO, content in the mixture. On the other
hand, Nguyen and coworkers studying the CO,/N, adsorption
competitiveness®**> concluded that the behaviour could be
predicted using the extended dual-site Langmuir model with
an equal energy site approach. Computational optimisation of
the separation process using a four-step vacuum swing adsorp-
tion with light product pressurization configuration indicated
that CALF-20 should be capable of producing CO, with 95%
purity and 90% recovery. Indeed, the experiments resulted
in 95.5% purity and 88.1% recovery. In another report by
Peh et al., a simulation of a four-step TSA cycle showed that
the productivity of CALF-20 depends on the feed velocity.*?

This journal is © The Royal Society of Chemistry 2025
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Once the velocity surpasses the fluidization limit, a notable
increase in productivity is observed without a pressure drop.
A velocity of 12 m s~ * allows for retention of 88.7% purity and
82.7% recovery.

CALF-20 has also been proposed as a potential candidate for
separation of CO, from acetylene.*® Single-component adsorp-
tion experiments carried out at 1 bar and 298 K showed that
the material adsorbs CO, much more readily than C,H,, with
adsorption capacities of 140.2 and 102.6 cm® ecm™?, respec-
tively. The selectivity calculated using IAST for a 50:50 CO,/
C,H, mixture is 2.7. The estimated heats of adsorption at zero
loading (37.7 k] mol™" and 33.8 k] mol™" for CO, and C,H,,
respectively) match the experimental observations. Neverthe-
less, the study lacks the analysis of CO,/C,H, competitive
adsorption, whether experimental or theoretical.

J. Peng and coworkers** evaluated the role of CALF-20 in the
separation process of propene (C3Hg) and propane (C;Hg).
Equilibrium uptake capacity measured at 650 torr and 363 K
is 76 mg g~ ! for both adsorbates; however, their equilibrium
times differ significantly, with 25 min for propene and 1000
min for propane. The relatively low heat of adsorption for
propene at zero loading of ~43 kJ mol™' suggests that these
gases can be separated kinetically. The framework exhibits the
highest propene/propane selectivity, reaching 1565 at 323 K.

X. Peng et al. examined the ability of CALF-20 to purify
ethylene from a seven-component cracking gas mixture
(Fig. 2d).*> Unary adsorption experiments confirmed that the
framework exhibits the lowest affinity for C,H, in the CO,/
C,H,/C,H,/C,Hs/C3H,/C3Hg/C3Hg mixture. It is worth noting
that, unlike most adsorbents, CALF-20 can effectively adsorb
CO,, C,Hs,, and C,H, even at lower pressures, corresponding to
the composition of real cracking gas. The material also displays
high selectivity for other components over C,H,. Breakthrough
tests revealed the possibility of collecting polymer-grade
(>99.99%) ethylene with a productivity of 19.8 L kg™ *. Impor-
tantly, CALF-20 does not exhibit any loss of its purification
capacity even at high humidity (74% RH). SC-XRD experiments
paired with molecular simulations confirmed that the guest
binding induces slight structural transformations in order to
maximise the MOF-guest interactions.

CALF-20 has also been proven to effectively separate n-butene
from isobutene through a temperature-controlled sieving process
involving structural adjustments facilitating the separation and
increasing the selectivity.*® At 1 bar and 298 K, the material
adsorbs as much as 2.62 mmol g ' of n-C,Hg, which is the
highest value reported to date. In contrast, the iso-C,Hg uptake
under the same conditions reaches only 0.178 mmol g~ . Intrigu-
ingly, the n-C,Hg uptake does not decrease until 373 K, unlike
most materials tested for separating butene isomers. Meanwhile,
the iso-C4Hg uptake decreases with increasing temperature, a
phenomenon that can be used to manipulate the separation
process. Minimum energy path calculations indicated that as
temperature increases, the diffusion rate of n-butene also
increases, thus facilitating the penetration of n-C4Hg molecules
into the framework. Isobutene, in turn, faces a higher energy
barrier of 158 kJ mol~" and cannot move as freely in the narrow

This journal is © The Royal Society of Chemistry 2025
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pores of CALF-20. DCB experiments yielded high-purity (99.5%)
iso-C,Hg, which eluted almost instantly, while n-butene was only
detected after 60 minutes. Notably, the separation process was not
hindered by humidity. These findings were corroborated by
another study conducted by Jiang and coworkers, who achieved
an even higher purity of 99.999% for isobutene.>® Moreover, in situ
SC-XRD studies of gas-loaded CALF-20 indicated the real positions
of n-butene within the framework. It was found to occupy centres
of two different sites where it forms hydrogen bonds with the
oxalate ligands. The C-H---O and C-H---C bond lengths range
from 2.267 to 3.034 A. Interestingly, the accommodation of n-C,Hg
triggers a slight deformation of the CALF-20 framework.

Yu et al. investigated the uptake capacities of noble gases in
CALF-20.*” The adsorption isotherms of xenon measured at
278-298 K exhibit a type I shape, revealing the physical nature
of the sorption process, whereas the krypton isotherm is nearly
linear. The heat of adsorption calculated for Xe is over twice as
high as that for Kr (29 k] mol™* and 14 kJ mol ™, respectively).
Both these characteristics indicate a stronger affinity of the
framework for Xe than for Kr. This is corroborated by the value
of Xe/Kr selectivity calculated based on Henry’s constants and
found to be 12.5. Additionally, breakthrough experiments car-
ried out for a Xe 20:80 Kr mixture show that Kr leaves the
column within the first minute, while Xe does not elute until
four minutes and only reaches feed concentration after ten
minutes. Interestingly, three years after the abovementioned
report, a similar study on CALF-20 was conducted by Wei and
coworkers.*® Based on adsorption data recorded for Xe, Kr, and
N,, they determined the maximum uptake of Xe and Kr at 1 bar
and 298 K to be 2.45 mmol g~ * and 1.12 mmol g, respectively.
The selectivity calculated in the same manner as described
above measures as high as 13.2, matching that of many other
MOFs utilised for noble gas separation. DCB studies corro-
borated the findings from the earlier report. Moreover, the
authors calculated the Xe working capacity to be 0.65 mmol mL ™.

Structural changes and stability of
CALF-20

To date, CALF-20 has demonstrated exceptional stability under
various conditions, including exposure to steam and acid
gases.'® Fan et al decided to extend the knowledge on the
framework by gaining insight into its mechanical and thermal
properties using DFT and machine learning potential molecu-
lar dynamics (MLP-MD) simulations.*® A tensor-based analysis
carried out at 0 K showed that CALF-20 exhibits a rare negative
area compressibility (NAC) behaviour evidenced by a shrinking
of the ¢ axis with concomitant lengthening of the a and b axes
while the framework is compressed. This phenomenon may
cause CALF-20 to be an interesting candidate for mechanical
sensing purposes. The predicted Young’s modulus and Pois-
son’s ratio show high anisotropy and suggest greater durability
of the framework along the a axis, parallel to the oxalate linkers,
whereas the Zn-triazolate layers exhibit higher flexibility. While
mechanical pressure is applied, the material shows similar
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behaviour, with the strain tensor eigenvector along the a axis
reaching up to —188.77 TPa™".

Notably, a rare biaxial negative linear compressibility phe-
nomenon is also observed in CALF-20 crystals. However, no
structural collapse occurs even at pressures up to 1 GPa. Above
that value, a pressure-induced structural transformation
occurs, leading to a metastable, non-porous phase with a high
density of 3.58 g cm . Interestingly, at room temperature,
another transformation occurs between 0.3 and 0.4 GPa, during
which the b and c¢ axes change more than the a axis.

The investigation of the thermal properties of CALF-20
revealed that the framework exhibits negative thermal expan-
sion (NTE) behaviour at low temperatures. The thermal expan-
sion coefficient reaches its lowest value of —10.56 MK~ " at 40 K.
Small changes of the unit cell volume at variable temperatures
also confirm the flexibility of the material. The MLP-MD
simulations applied to assess thermal properties at higher
temperatures showed a continuous decrease in the b axis with
increasing temperature, thereby confirming the NTE pheno-
menon, as evidenced by the thermal expansion coefficients
ranging from —4.22 to —60.81 MK '. The latter value is con-
siderably higher than those reported for other typical MOFs
exhibiting NTE behaviour, e.g. DUT-49 (—32.778 MK "). This
suggests that CALF-20 may also be utilised as a thermal sensor.

The deformation behaviour of the material induced by an
ideal tensile strain was also examined. CALF-20 exhibits
remarkable integrity up to the strain level of 27% at room
temperature, owing to the flexibility of the material resulting
from the NAC and NTE behaviours. Additionally, it also demon-
strates significant mechanical resilience. However, the stress—
strain curve at 0 K revealed a possible phase transition corres-
ponding to the peak at 18.43% when the tensile strain is
applied along the ¢ axis. The DFT optimisation suggested that
the new phase is metastable and capable of readily returning
to the original phase due to a minimal energy barrier for the
reverse transition (0.03 eV per unit cell).

In order to fully understand the stability of CALF-20, it is
essential to examine the influence of various external stimuli
on the framework. A theoretical and experimental study con-
ducted by Oktavian and coworkers in collaboration with Svante
focused on investigating the impact of guest molecules on the
structure of CALF-20.>> Slight discrepancies between the pow-
der X-ray diffraction (P-XRD) patterns of evacuated and ethanol-
soaked powder samples indicated pore contraction and expan-
sion between the Zn-trz layers upon evacuation of solvent
molecules at 110 °C under N, flow (Fig. 3a). After exposure to
CO, or soaking the sample in water, the layers contract again;
however, no pore expansion is observed for the CO,-loaded
sample. Significant changes in the powder pattern were only noted
for the sample exposed to >20% RH, indicating that CALF-20
reacts differently to water vapour than to soaking in liquid water.
Additionally, this analysis suggests that the framework requires less
structural adjustment to accommodate CO, than water, which may
explain its higher affinity for the former compound.

The effect of humidity on CALF-20 was further investigated
by Chen et al.®>* A three-day exposure of the activated CALF-20
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powder to >23% RH at room temperature induces a structural
transformation of the original phase (now dubbed o-CALF-20)
into a new polymorph called B-CALF-20 (Fig. 3b). Interestingly,
the unit cell parameters of this phase are nearly identical to
those of the hypothetical phase predicted to form upon the
application of tensile strain described earlier.*® The Rietveld
refinement of the P-XRD pattern supported by pair distribution
function data revealed the possible structure of the novel
phase. While it retains the symmetry and topology of a-CALF-
20, its most notable feature is the altered coordination environ-
ment of the Zn centres, a result of the elongation followed by a
breakage of one of the bonds between zinc and the oxalate ion.
Thus, the coordination number of the metal cations decreases
from five in o-CALF-20 to four in B-CALF-20. Furthermore,
an adjustment in the positions of triazolate ligands is also
observed. Consequently, the unit cell volume, and therefore the
pore volume, decreases by ~4.8%. The transformation is fully
reversible within 15 minutes, even under a He flow. The sample
experiences no loss of crystallinity. Because the reverse trans-
formation occurs so readily, Chen and coworkers could not
study the sorption properties of B-CALF-20 experimentally.
Nevertheless, the simulations indicated a higher heat of CO,
adsorption at zero loading for f-CALF-20 compared to a-CALF-
20, which may be attributed to a smaller pore aperture in the
former phase. It is worth noting that competitive CO,/H,O
sorption experiments revealed that the phase transition has a
negligible effect on the CO, sorption capacity of CALF-20.>*
However, the RDFs suggested that the pore geometry and the
orientation of oxalate ligands in B-CALF-20 are more suitable
for CO, uptake, as the guest molecule is in close proximity to
two ox ligands instead of only one in o-CALF-20. Curiously, the
authors note that a decrease in the coordination number in the
presence of water is a rare occurrence as water tends to
coordinate readily with open metal sites. They hypothesise that
the phase transformation might be induced by the possibility to
form hydrogen bonds by water molecules instead.

Recently, another phase transformation of CALF-20 was
reported.®” This time, it was triggered by temperature. Heating
a-CALF-20 crystals in a convection oven for ten days at 80 °C
resulted in a single-crystal-to-single-crystal transformation to
y-CALF-20 with the formula of [Zn,(ox)(trz),(H,0)-s] (s - solvent
molecules) (Fig. 3b). Similarly to the o and B phases, y-CALF-20
crystallises in the monoclinic space group P2,/c and displays
the dmec topology. Nevertheless, the coordination sphere of
statistically half the Zn centres contains an additional water
molecule, thus increasing the coordination number from five to
six. The remaining cations are still five-coordinated, but the
coordination geometry changes from distorted trigonal bipyr-
amidal to distorted square pyramidal. There is a pronounced
decrease in void volume from 39.4% in o-CALF-20 to 11.7% in
v-CALF-20. Intriguingly, a shorter heating time of seven days
under the same conditions triggers the formation of a structu-
rally transient t-CALF-20 phase (Fig. 3b). Its connectivity is
identical to that in y-CALF-20. The most significant difference
between these two phases is the bond length between the zinc
cation and the water molecule; this bond is longer in the
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Fig. 3 (a) P-XRD patterns of CALF-20 powder exposed to various stimuli (left side) and visualisation of planes in the CALF-20 structure where the most
prominent shifts were observed (right side): (100) — top left, (011) — top right, (020) — bottom. Adapted with permission from ref. 25. Copyright 2024,
Springer Nature. (b) Structural comparison of all CALF-20 phases reported so far comprising shapes of coordination spheres (top row), coordination
environments of zinc ions (middle row), and views of the frameworks along the a axis (bottom row). Adapted with permission from ref. 32. Copyright
2024, ACS.

1 phase (2.497 A) than in the y phase (2.320 A). Remarkably, the between their structures. It is worth noting that the structure of
powder pattern of t-CALF-20 aligns perfectly with that of t-CALF-20 was derived from SC-XRD data, whereas -CALF-20
previously reported B-CALF-20°"' despite significant disparities was suggested based on the powder pattern. Additionally, the
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geometry of B-CALF-20 is highly unusual. Chen et al. noted that
a decrease of the coordination number of zinc centres in the
presence of water is also a rare occurrence.’® Based on these
factors, we believe that t-CALF-20 represents the correct
description of the phase obtained by Chen and coworkers.
Therefore, we will henceforth refer to p-CALF-20 as t-CALF-20.

CO, sorption isotherms calculated for t-CALF-20 and Y-
CALF-20 suggested that both new phases exhibit lower CO,
uptake than o-CALF-20 (2.5 mmol g~' for t-CALF-20 and
0.5 mmol g~ ' for y-CALF-20 at 1 bar). Theoretical calculations
concerning the y phase revealed that it is more stable in the
presence of water than a-CALF-20. However, the existence of
another, closed-pore §-CALF-20 phase stable at very low tem-
peratures has also been predicted.

Enhanced properties of CALF-20
hybrids

Metal-organic frameworks are often combined with other
materials, commonly referred to as binders, to obtain compo-
sites exhibiting properties of both (or more) constituents or to
enhance the properties of the MOF. Attempts to structuralise
CALF-20 by mixing it with other materials have been made
since the first report by Lin et al, in which the MOF was
combined with polysulfone (80% MOF) and retained the crys-
tallinity of pristine CALF-20. Notably, the resulting composite
exhibits excellent stability under real industrial conditions, as
proven by its resilience to (i) 150 °C steam, (ii) gaseous SO, and
NOy at 20 °C, and (iii) real flue gas. It was also tested using the
Svante VeloxoTherm regeneration process, thus confirming
its industrial applicability. The potential for developing
other composite materials featuring CALF-20 have been vastly
explored, particularly in the context of creating membranes.

CALF-20 membranes

As mentioned before, CALF-20 exhibits stable CO, uptake
capacities along with high selectivity over nitrogen even under
humid conditions, which facilitates the use of this framework
for capturing CO, from wet flue gas. Nevertheless, its morphol-
ogy and relatively large particle size may hinder the CALF-20
incorporation into membranes. To address this issue, Jia and
coworkers investigated the possibility of incorporating this
MOF into a polymer matrix.*® Since membranes made from
pure polymers often do not offer satisfactory permeability
and selectivity simultaneously, a creation of a mixed-matrix
membrane (MMM) might result in obtaining a product with
enhanced performance. Thus, CALF-20 was prepared in a
nanoplatelet form using Zn;(OH)g(NO3),-2H,O as a layered
precursor. Indeed, the microwave synthesis of CALF-20 invol-
ving the aforementioned compound resulted in thin plates of
platelet morphology, dubbed CALF-20(P), with an estimated
thickness of ~30 nm. However, the analysis of the powder
pattern of the initial product revealed that it was t-CALF-20°"
that only transformed into the original a-CALF-20 phase upon
evacuation. CALF-20(P) was then combined with the PEBAX
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MH1657 polymer matrix, yielding ~50 pm thick membranes
with a 3-10% wt MOF content. Sorption experiments carried
out at 1.2 bar and 293 K confirmed that adding CALF-20 into
the membrane improves its permeability by 37% and CO,/N,
selectivity by 67% for MMMs with up to 7% wt. Even though the
diffusivity of the membranes decreases compared to that of a
pure PEBAX sample, the MMMs exhibit improved CO, solubi-
lity. CALF-20 has also been proven to enhance the CO, permea-
tion of the membranes in the presence of humidity.

In their 2024 report, Zhang et al. note that the most relevant
parameter for MMMs from the perspective of their industrial
applicability is CO, permeability, especially at low pressures.’*
Permeability can be provided by polymers of intrinsic porosity
(PIMs) such as PIM-1 built from rigid chains. However, the
addition of CALF-20 into the membrane leads to a significant
increase in its separation capacities. In this study, the MOF
particle size was reduced by extensive ultrasonification and
stirring. As little as 5% loading of the MOF increased the
permeability of the 5%-CALF-20/PIM-1 membrane by 38.7%
compared to a pure PIM-1 membrane (Fig. 4a). Moreover, CO,/
N, selectivity also showed a 25% improvement, thus surpassing
the Robeson upper limit. The authors suggest that this
enhancement could be due to a higher affinity for CO, by
CALF-20 combined with the rigid microporous structure of
PIM-1 allowing for ultrafast CO, transport throughout the
membrane. Theoretical calculations indicated that the CO,/N,
solubility selectivity of 5%-CALF-20/PIM-1 reaches 27.41, while
the diffusion selectivity equals 0.64.

The excellent attraction for CO, demonstrated by CALF-20
can also be applied in new engineering solutions for the
electrocatalytic carbon dioxide reduction reaction (CO,RR).
This material was evaluated by Al-Attas et al. as a potential
catalyst for the reduction of CO, to CO.”> CALF-20 exhibits the
highest selectivity towards the CO,RR achieving a faradaic
efficiency of 94.5% at —0.97 V vs. the reversible hydrogen
electrode (RHE) with a turnover frequency reaching 1360.8 h™*.
However, its stability under cathodic potential is unsatisfactory.
Based on these findings, the authors designed a permselective
gas diffusion electrode (PGDE) capable of selectively capturing
CO, from a diluted gas stream, followed by its immediate reduction
using an Ag-based catalyst.>® The electrode made of porous PTFE
features a CO,-selective MMM on one side and the catalyst on the
other. The membrane consists of CALF-20 mixed with Nafion
polymer to enhance its mechanical stability. The incorporation of
the MOF improves the faradaic efficiency by ~64% at —1.32 V vs.
RHE compared to a pure Ag/PTFE. CALF-20 also circumvents the
decrease of the electrochemical performance of the electrode
caused by O,, which does not permeate the membrane and thus
does not reach the catalyst. Notably, the PGDE retains its faradaic
efficiency under humid conditions.

Other CALF-20 composites

An approach to further improve the CO, sorption capacities of
CALF-20 was proposed by Feng et al>* It involved an in situ
crystallisation of the framework inside microporous poly(acrylate)
beads. Similarly to the crystallisation of platelets mentioned
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Fig. 4 (a) Comparison of a pure PIM-1 membrane to a mixed-matrix one along with a scheme depicting the composition of the latter (left) and a
graphical representation of permeability (bars) and selectivity (points) of CALF-20/PIM-1 membranes (right). Adapted with permission from ref. 51.
Copyright 2024, Elsevier. (b) Preparation scheme of the CALF-20 functional wood (left) and its CO, uptake capacity depending on the MOF loading
measured at various pressures and temperatures (right). Adapted with permission from ref. 30. Copyright 2023, Cell Press.

earlier,”® the P-XRD experiments confirmed the creation of

1-CALF-20. However, the activated sample transformed into
a-CALF-20. This crystallisation technique yielded CALF-20 parti-
cles with an average size of ~170 nm, representing a ten-fold
decrease compared to particles that grew freely in solution
(1.8 pm). The CO, adsorption capacity of the CALF-20@poly-
(acrylate) composite at 0.1 bar and 313 K is 2.78 mmol g,
meaning that its thermodynamic adsorption efficiency surpasses
that of pristine CALF-20 by 32%. The sensitivity of the composite
to temperature suggests it could be regenerated using the TSA
process. Indeed, it was capable of retaining 94.9% of its initial
CO, uptake after seven days under regeneration conditions. It is
worth noting that CALF-20@poly(acrylate) appears to be resistant
to humidity. Multicomponent adsorption experiments revealed a
retention of 97.1% of the CO, uptake capacity of the composite at
90% RH and 313 K, and it was proven to be stable after ten CO,
adsorption-desorption cycles. In addition, the composite shows
resistance to SO,. Interestingly, the synthetic procedure is easily
scalable. Kilogram-grade CALF-20@poly(acrylate) exhibits a
higher CO, adsorption capacity than CALF-20 structured with
polysulfone (1.85 mmol g~ ' vs. 1.65 mmol g ' at 0.1 bar and
313 K, respectively).

Sedighi and coworkers opted for creating a CALF-20 compo-
site with graphene oxide (GO) owing to its ability to enhance

This journal is © The Royal Society of Chemistry 2025

MOF stability and increase the number of active sites, resulting
in improved gas diffusion into the framework.>® Three CALF-
20/GO composites with 10, 15, and 20% wt of GO were
prepared. The GO content leads to a reduction in the IR spectra
compared to pristine CALF-20. This may be attributed to the
breakage of chemical bonds in the MOF. Notably, all compo-
sites exhibit a higher N, uptake than pristine CALF-20, suggest-
ing their larger surface areas than the pure MOF. The more GO
the material contains, the more N, it can adsorb. Specifically,
CALF-20/GO-20 is capable of adsorbing 41.8% more N, com-
pared to pure CALF-20. The same trend is observed in the CO,
sorption capacity. Again, CALF-20/GO-20 displays the highest
CO, uptake reaching 4.05 mmol g " at 1.6 bar and 298 K, which
represents a 42.6% increase compared to the pristine MOF. The
predicted CO,/N, selectivity value of 282.26 at 1 bar constitutes
a 32.7% improvement over pristine CALF-20. A simulation of
dynamic breakthrough curves for a CO, 15% :85% N, mixture
revealed that CO, was detected after 168 min for CALF-20/GO-
20, which is 37 min longer than that for CALF-20. Thus, the
composite displays more favourable competitive CO,/N,
adsorption. Nevertheless, one disadvantage of CALF-20/GO-20
is its higher adsorption enthalpy compared to pure CALF-20.
Additionally, the performance of the composite in the presence
of humidity has not been tested yet.
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Another interesting material for creating functional compo-
sites is wood. It combines biodegradability, modularity, porosity,
and mechanical resilience, and it can be easily altered through
chemical modification. Roy et al. proposed a CALF-20-incor-
porated wood displaying high CO,/N, selectivity (Fig. 4b).>° The
repeatable preparation process comprises two steps: wood
delignification and introduction of CALF-20 microparticles
(ranging from 1 to 2 mm) into the pores of the wood, reaching
up to 10% MOF loading. The resulting material, dubbed
Wd-CALF-20, retains its structure. Furthermore, the addition
of the MOF further strengthens the material, as proven by
thermogravimetric analysis. Wd-CALF-20 is characterised by a
type II N, isotherm, thus confirming the existence of both
micro- and mesopores in the structure. The normalised CO,
uptake calculated per gram of CALF-20 reaches 3.8 mmol g " at
1 bar and 323 K, surpassing that of the pristine MOF. However,
it is comparable to pure CALF-20 at lower pressures, which
suggests that the presence of mesopores in the wood improves
the overall composite performance at ambient pressures.
A study of the adsorption capacities of pristine CALF-20 at high
pressures (up to 30 bar) revealed that the framework reaches
saturation at 5 mmol g~ ' at 1.2 bar. Conversely, Wd-CALF-20
exhibits an increase in CO, uptake directly proportional to the
increase in pressure. At 30 bar and 273 K, the composite
adsorbs 3.7 mmol g~ ' owing to the meso- and macropores
present in the structure. The DCB experiments carried out at
20% RH for CO,/N, mixtures with less than 10% CO, content
revealed improvements in both breakthrough time and the CO,
uptake of the composite.

The implementation of MOF composites in real industrial
processes requires precise control over the shaping of MOF
particles in those materials. Inspired by this notion, Naskar and
coworkers carried out a theoretical investigation of the influ-
ence of polymeric binders on the structuring of resulting
composites and their CO,/N, separation capacities.>® The bin-
ders of choice were carboxymethyl cellulose (CMC), poly(vinyl
acetate), poly(vinyl butyral), and poly(vinyl alcohol). According
to the calculations, CMC exhibits the highest performance
among all binders investigated. First, the CMC-CALF-20 com-
posite demonstrates the strongest level of MOF-binder adhe-
sion. This is attributed to (i) hydrogen bonds forming between
the hydroxyl groups of the polymer and water molecules
coordinated at the MOF surface, and (ii) the ability of CMC to
adjust its shape to the surface of CALF-20 due to its flexible
carboxymethyl groups. This hybrid material also exhibits a
thermodynamic CO,/N, selectivity equal to that of pristine
CALF-20. Lastly, CMC shows no negative influence on CO, kinetics.

MOF composites have also been studied as potential candi-
dates for SO, adsorption. ZIF-8, a material based on Zn and
imidazolate ions, has shown promise in that regard, especially
under humid conditions; unfortunately, its SO, sorption capa-
city is virtually non-existent at low RH. In contrast, CALF-20
has been proven to exhibit sufficient SO, uptake under dry
conditions, but it failed at high RH. Therefore, Peterson et al.
combined these two MOFs to form composite granules cap-
able of SO, filtration across a wide range of humidities.®”
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The materials were mixed in varying ratios with poly(styrene-
block-ethylene-co-butylene-block-styrene) (SEBS), an elastomeric
polymer allowing for satisfactory diffusion of toxic gases. The
phase inversion method was employed to develop the compo-
site beads. Firstly, the performance of pure MOFs was examined
at relative humidities ranging from 0 to 80%. As expected, the
calculated SO, uptake under dry conditions was 1.7 mol kg™*
for CALF-20 and 0.2 mol kg™ * for ZIF-8, whereas the values at high
RH changed to 0.1 mol kg~ " for CALF-20 and 5.1 kg mol " for
ZIF-8. The analysis of the SO, desorption process on CALF-20
confirmed the physical nature of the adsorption. However,
off-gassing of SO, resulted in a ~20% loss of the surface area
of this material. ZIF-8, in turn, was proven to chemically bind SO,,
leading to partial destruction of its structure. These tests were
then followed by CO, and N, adsorption experiments on the
composites. The surface area of the materials increased along
with the increasing ZIF-8 content. The breakthrough tests at
varying humidities revealed that the composite with a 50:50
MOF composition exhibits the best SO, filtration capacity.

The performance of CALF-20 in
comparison to other MOFs

One of the key attributes of CALF-20 is its stability under humid
conditions. It has also been proven to withstand exposure to
steam at 150 °C.'® The structure of the material remained
unchanged even after soaking in water®® or exposing to acid
gases,'® thereby matching or surpassing many benchmark
MOFs,”® including moisture-stable SIFSIX-2-Cu-i,”® water-stable
Ui0-66,%° or ZnF(daTZ), which remains stable in boiling water
and at pH values ranging from 1 to 12.°" Simultaneously,
CALF-20 exhibits high CO, uptake compared to other materials.
Under ambient conditions, it adsorbs 4.07 mmol g~ of carbon
dioxide. Although this is not the highest CO, sorption capacity
reported to date, for instance, MAF-X250x adsorbs 7.14 mmol g~ *.%>
CALF-20 still outperforms materials such as UiO-66-NH,
(3 mmol g~ "),** IR-MOF-74-11I-CH; (2.90 mmol g~ ),** or ZU-301
(2.44 mmol g 1).%

Another material with a comparable CO, sorption capacity
to that of CALF-20 is amine-functionalised Mg-MOF-74, which
can be produced and structuralised on a large scale. This
framework exhibits an interesting cooperative adsorption
phenomenon,®® adsorbing up to 4.1 mmol g~ " of CO, from a
15% CO,-in-N, mixture saturated with water.®” However, a two-
step preparation process involving functionalisation and a
decrease in diamine loading to 97% after only 1000 tempera-
ture swing adsorption cycles®® makes this material inferior to
CALF-20 in terms of its applicability.

The carbon dioxide uptake capacity of CALF-20 combined
with its high CO,/N, selectivity of 230 makes this framework an
excellent CO, adsorbent. Even more importantly, the crystal-
linity of CALF-20 and its CO, sorption performance under
humid conditions remain satisfactory, while most MOFs
show structural instability in the presence of water. For exam-
ple, HKUST-1 exhibits high CO, uptake and remains stable in
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CO,/N, separation processes after multiple TSA cycles,”® but
does not show long-term resistance to humidity.”® On the other
hand, ZIF-8, a promising CO, sorbent, was originally reported
to display exceptional thermal and chemical stability, particu-
larly in boiling water and alkaline solutions.”*
studies have proven that hydrothermal conditions can trigger
structural changes in this material or even lead to its
hydrolysis.”

Another important aspect for the industrial applications of
metal-organic frameworks is their scalability and production
cost. Although materials such as ZIF-8, MIL-100(Fe), or HKUST-1
can be synthesised at a kilogram scale,”® large-scale production of
MOFs is still limited. Nevertheless, CALF-20 excels in this aspect:
the multi-ton scalability of its synthesis has allowed it to be
mass-produced by Svante.*® This is widely regarded as one of
the most successful implementations of a MOF under indus-
trial conditions, primarily due to its economically beneficial
synthetic route.”*

However, several

Experimental and computational
studies of CALF-20-related materials

The astounding success of CALF-20 in carbon capture techno-
logies caused a surge of interest in the development of structu-
rally related materials that could enhance various properties of
this MOF. It turned out that a simple change in reaction
medium may result in a successful production of a novel
framework with new, potentially useful properties. An attempt
to further reduce the synthesis cost of CALF-20 by using water
as the only solvent unexpectedly led to the formation of
its isomer, dubbed NCU-20 [Zn,(trz),(ox)-4H,0] (Fig. 5a).”*
Although NCU-20 crystallises in the space group P2,/n and
maintains the connectivity of its predecessor, slight changes
in the geometry of its network reduce the channel aperture
from 5.2 x 5.7 A in CALF-20 to 4.2 x 4.7 A in NCU-20. This
adjustment enhances its capability for selective adsorption of
propylene (CsHg) over propane (C3;Hg) (Fig. 5b). Single-
component adsorption experiments revealed that NCU-20 can
adsorb up to 94.41 cm® cm? of propylene at 1 bar and 298 K.
This value is higher than that of any other C3Hs/C3H;g sieving
adsorbent to date. Fortunately, propane adsorption under the
same conditions is negligible (6.12 cm® cm ™). The C;H¢/C3Hg
selectivity at 0.5 bar, which corresponds to industrial condi-
tions of propylene production, equals 22.2 and surpasses those
of most other adsorbents. The applicability of NCU-20 for
separation of propylene from propane was also tested using
DCB experiments at high temperatures. The satisfactory differ-
ence between the breakthrough times of these two gases
(~18 min g~" at 353 K) combined with the ability to collect
high-purity (>99.5%) propylene during the desorption process
and the consistent separation performance of the adsorbent
(confirmed after five sorption/regeneration cycles under both
dry and humid conditions) indicates that NCU-20 is a promis-
ing candidate for C;H¢/C3;Hg separation. Furthermore, the
stability of the material was verified after soaking it in room

This journal is © The Royal Society of Chemistry 2025
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temperature water for eight months and in boiling water for
two hours. Finally, the synthetic procedure is easily scalable
and costs $10 per kg, compared to $30 per kg for CALF-20.”*

The CO, sorption capacity of CALF-20 is hindered at rela-
tive humidity above 40%. Wang et al. aimed to increase the
hydrophobicity of the framework by introducing a methyl
group to the triazolate anion.”” As a result, they obtained three
new MOFs based on 3-methyl-1,2,4-triazole (mta) (Fig. 5c),
with the product varying according to the solvent used during
the reaction. Using water or ethanol led to the creation of two
isostructural materials compared to CALF-20, called CALF-20M-
w and CALF-20M-e, respectively. Both materials have the for-
mula [Zn(mta)(ox), 5], but they differ in terms of symmetry and
the mutual arrangement of Zn-mta layers. The pore apertures
in these materials (3.4 x 6.9 A% in CALF-20M-w and 3.2 x 3.2 A’
in CALF-20M-e) are smaller than those in CALF-20 due to the
presence of the methyl group attached to the mta ligand.

On the other hand, the synthesis in methanol yielded a
novel material dubbed NU-220, whose formula is identical to
those of the aforementioned materials. Notably, the framework
displays the highest symmetry among all the MOFs reported by
Wang and coworkers, crystallising in the tetragonal space group
P432,2. 1t also features three distinct types of zinc cations, each
with a different coordination number (ranging from 4 to 6) and
varying compositions of the coordination sphere. Among the four
materials discussed, CALF-20M-e demonstrates the highest CO,
adsorption at low concentrations (Fig. 5d) as well as the highest
heat of adsorption, indicating that it interacts with carbon dioxide
more strongly than other MOFs. While all three new frameworks
exhibit lower water uptake at higher relative humidities than
CALF-20 (Fig. 5d), they adsorb more water at <10% RH, contrary
to the intended outcome of the study. Nevertheless, the analysis of
the CO, sorption capacities under humid conditions carried out
based on DCB studies revealed that NU-220 can adsorb more
carbon dioxide than CALF-20 at <30% RH, while CALF-20M-w
and CALF-20M-e exhibit high uptake capacities at higher humid-
ities, even retaining 20% of their initial capacity at 80% RH. These
new materials outperformed CALF-20, which loses all CO, sorp-
tion capacity at 70% RH.

Standardised accelerated aging studies featuring a 15-day
incubation of all three new MOFs at 343 K and 80% RH proved
the increased stability of the new materials under high humid-
ity conditions. Molecular simulations show that the presence
of methyl groups decreases the likelihood of hydrogen bond
network formation by water molecules, thus enhancing the
humidity resistance of CALF-20M-w and CALF-20M-e. Conver-
sely, immersing NU-220 and CALF-20M-e in water at 453 K led
to irreversible phase transformations resulting in the formation
of CALF-20M-w. All three materials exhibit high chemical
stability, as evidenced by the retention of their crystallinity
after exposure to acidic gases.

Five years before the first report on CALF-20, a microporous
MOF composed of zinc, oxalate, and 3-amino-1,2,4-triazolate
(Atz) with the formula of [Zn,(Atz),(0ox)-0.5H,0], denoted as
ZnAtzOx_MeOH, was shown to adsorb 4.35 mmol g ' of
CO, at 1.2 bar and 273 K, with stability proven over eight

1044 | Chem. Commun., 2025, 61,1032-1047

View Article Online

Highlight

adsorption-desorption cycles.”® A series of topologically related
MOFs obtained from the same reagents, but different solvents,
was then reported by Banerjee et al’’ The connectivity and
symmetry of those phases were identical to those in ZnAtzOx_
MeOH, though each displayed a different level of corrugation.
Moreover, the CO, uptake of the phases synthesised in water
and n-BuOH was higher than that for ZnAtzOx_MeOH, reaching
4.7 mmol g " at 1.1 bar and 293 K. A gate-opening mechanism
was observed for these frameworks at 0.2 bar and 273 K, but
shifted to 0.765 bar at 293 K. The material retained its uptake
capacity even after sixteen sorption cycles. An immersion in
boiling water for a week resulted in no significant loss of
crystallinity and only a 6% decrease of its CO, sorption capa-
city. Nevertheless, the CO, sorption performance of the MOF in
humid conditions has not been investigated.

Based on these findings, J. Peng and coworkers obtained
ZnAtzOx from an H,O/n-BuOH mixture in order to verify the
ability of the framework to separate propane from propene.**
Time-dependent adsorption profiles measured at 650 torr
across a range of temperatures confirmed that this material
adsorbs propene significantly faster than propane, exhibiting
the highest selectivity at 323 K. However, the selectivity coeffi-
cient is notably lower for ZnAtzOx compared to CALF-20 (220
and 1565, respectively). Additionally, the authors confirmed the
water and moisture stability of ZnAtzOx at room temperature:
neither soaking the MOF for one week nor exposing it to
humidity for two days triggered any changes to the powder
patterns of the samples. However, the separation performance
of ZnAtzOx in DCB experiments remains to be investigated.

ZnAtzOx was also tested as a potential separating agent
for xenon/krypton mixtures.’” Its Xe adsorption isotherms at
278-298 K reveal a pronounced step and significant hysteresis,
suggesting the flexibility of the framework. The Xe/Kr selectivity
was studied using DCB experiments, which confirmed that
ZnAtzOx adsorbs Xe preferentially. However, the difference
between the breakthrough times of both gases is only one minute,
rendering this material unsuitable for separation purposes.

CALF-20 is an example of a framework consisting of pillared
layers. A common way to adjust the pore aperture in such
materials, therefore tuning their ability to accommodate dif-
ferent guest molecules, is the functionalisation of the so-called
pillar ligand. An example of such an alteration is a computa-
tional analysis of a family of CALF-20-based MOFs where the
oxalate ligand was replaced by squarate (Squ), fumarate, ben-
zenedicarboxylate,  thieno[3,2-b]thiophene-2,5-dicarboxylate,
and cubanedicarboxylate ions.”® The substitution of the linker
was studied in light of its influence on the CO, sorption
capability of the new frameworks over N, under varying humid-
ity conditions. Binary mixture (CO, 15:85 N,) GCMC simula-
tions revealed that SQquCALF-20 shows the best performance at
low CO, concentrations with selectivity surpassing 500 at 1 bar
and 293 K, which is significantly higher than that for CALF-20
(180). In the presence of humidity, SQuCALF-20 displays greater
hydrophilicity, leading to higher H,O uptake at low RH.
However, this material still adsorbs more CO, than CALF-20
at 20% RH (3.4 mmol g~ " vs. 2.7 mmol g~ for CALF-20).

This journal is © The Royal Society of Chemistry 2025
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Li et al. studied a series of isoreticular polymers built from
Zn-aminotriazolate layers pillared by various 2-substituents of
1,4-benzene-dicarboxylate (bdc-x).”® All six MOFs obtained have
the formula of [Zn(Atz)(bdc-x)y5]. They are isostructural and
crystallise in the tetragonal P4/nnc space group. These materials
contain two types of channels: a smaller, more hydrophobic
one created between carbon backbones of the ligands, and a
larger one, displaying a hydrophilic character due to the
proximity of the amine groups in the triazolate ions. It is worth
noting that, contrary to the oxalate ligand in CALF-20, which
binds to the zinc centre using both oxygen atoms from each
carboxylate moiety, the bdc linkers form only one coordination
bond between the carboxylate and the metal ion. None of the
reported materials adsorbs N, at 77 K. Only [Zn(Atz)(bdc-CH3)o 5]
and [Zn(Atz)(bdc-NH,),5] exhibit CO, uptake at 195 K, as
described by a type I isotherm. The latter MOF also demonstrates
the highest acetylene uptake, reaching 25.3 cm > g~ " at 1 bar and
273 K, with the lowest heat of adsorption among all the materials.
It has also been shown to have the highest affinity for water
vapour in the series, due to its water sorption capacity at partial
pressure below 0.1. However, the report lacks an analysis of the
separation properties of the materials and the assessment of their
stability and uptake capacity under humid conditions.

Perspectives and conclusions

The recent surge of interest in CALF-20 stems from its remark-
able balance of properties, including stability, durability, pro-
cessability, and high CO, selectivity in the presence of water. Its
relatively low preparation cost, compared to other benchmark
metal-organic frameworks for carbon capture and storage,*>®*
has led to an industrial application of this material in cement
plants. This has driven the research community to study the
chemistry of CALF-20 in greater detail.

However, some studies have highlighted that the major
drawback of CALF-20 is its competitive adsorption of water,
which limits its effectiveness at lower CO, concentrations and
higher H,O concentrations."®*® Nevertheless, experiments with
preloaded CO, indicate that CALF-20 might be effective even in
high humidity, where the CO, concentration is as low as 2%.>*
This finding underscores the need to assess the potential of
CALF-20 in natural gas-fired electrical plants, where flue gas
typically contains 3-5% CO, and 10-12% water. Given the
scalability and stability of this material, the potential for
utilising CALF-20 for CO, capture from flue gas in chimneys
or from polluted city air should be investigated.

On the other hand, CALF-20 has already been proven to
effectively separate components of cracking gas mixtures*> and
provide benchmark selectivity of butene isomers.”>*** However,
these properties have only been verified on a laboratory scale,
highlighting the necessity to develop systems allowing for
the employment of CALF-20 for separation purposes under
industrial conditions.

Moreover, reports of certain aspects such as the mechanical
and thermal properties of 0-CALF-20"° remain largely theoretical
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and require further experimental validation. For example, the
predicted negative area compressibility, negative linear compres-
sibility, and negative thermal expansion of o-CALF-20 should be
investigated using varying pressure and temperature single-crystal
or powder diffraction experiments. Computational studies have
suggested transformations of a-CALF-20 into new, denser phases
at high pressures*® or very low temperatures,” which necessitates
experimental verification.

Furthermore, the novel t- and y-CALF-20 phases, which
incorporate water molecules attached to zinc cations and can
be obtained as single crystals,** require analogous theoretical
and experimental investigations. Since these phases are obtained
after prolonged exposure of o-CALF-20 to elevated temperature,
the effect of long-term heating of the material under industrial
conditions should also be studied.

Finally, it is crucial to discover new materials with improved
properties. Research indicates that CALF-20-related materials
repeatedly exhibited superior sorption and selectivity cap-
abilities, even under varying humidity conditions. Importantly,
these materials are comparably cost-effective to produce as
pure CALF-20.”* We anticipate that they will soon become a
key focus in the capture and separation of various gases. To
facilitate the development of this area, computational chemists
should investigate novel and existing MOFs inspired by the
structural features of CALF-20, with particular emphasis on the
identified guest/gas binding sites.>* By adopting this approach,
researchers could gain a better understanding of the feasibility
and scalability of the CALF-20-related materials for practical/
industrial applications. In addition to performance evalua-
tions, these studies should also include comprehensive eco-
nomic analyses of the components and synthetic processes
involved.

In summary, it is essential to recognise that CALF-20 is an
intriguing flexible MOF, which has already been produced on a
large scale and widely utilised in CCS technologies. This
material also shows potential for other gas-related applications.
This report summarises significant advancements in the chem-
istry of CALF-20, providing a foundation for future studies
aimed at accurately assessing the applicability of porous mate-
rials in addressing environmental challenges.
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Atz 3-Amine-1,2,4-triazolate
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MLP-MD Machine learning potential molecular dynamics
MMM Mixed matrix membrane

mta 3-Methyl-1,2,4-triazolate

NAC Negative area compressibility

NTE Negative thermal expansion
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P-XRD Powder X-ray diffraction
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