
Fe₃O₄-Modified CALF-20 Framework for Selective CO₂/N₂ 
Separation and Magnetic Regeneration
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XRD Analysis performed on powders
degassed at 180°C and closed in glass
capillary show the typical diffractogram of
CALF-20 with additional peaks belonging
to Fe3O4.
The TEM image show that the magnetic
nanoparticles are well dispersed on the
surface of the MOF.
Argon adsorption/desorption 
isotherms at 87K
The specific surfaces of CALF20,
CALF20@Fe3O4 composite and composite
granules calculated by BET method are
respectively 597 m2/g , 561 m2/g and 380
m2/g.
CO₂ and N2 adsorption
The CO₂ adsorption isotherms show a
reduction in carbon dioxide uptake for the
composite granules
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Room temperature hysteresis loop of the
composites and bare magnetite nanoparticles.
Incorporation in the MOF structure does not
affect the magnetic properties of the
nanoparticles.

Equilibrium temperature measured by an optical fiber in
direct contact with the sorbent granules as a function of
the applied field. Nitrogen flow 50ml/min. In the inset is
reported the temperature profile recorded at 20,5mT and
191 kHz.
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A sustainable and solvent-minimized liquid-assisted
grinding (LAG) approach was developed for the
rapid synthesis of CALF-20 and its magnetic
composite CALF-20@Fe₃O₄. The mechanochemically
prepared CALF-20 exhibited high crystallinity, a BET
surface area of ~600 m² g⁻¹, and a CO₂ uptake of
5.0 mmol g⁻¹ at 273 K and 1 bar, comparable to
conventionally synthesized materials.
The incorporation of 8 wt% Fe₃O₄ nanoparticles
generated a magnetic composite while preserving
the structural and adsorption properties of CALF-20.
The resulting material showed high CO₂/N₂
selectivity (S ≈ 300) and magnetic behavior suitable
for induction heating applications.
To reduce pressure drop and improve mass-transfer
performance in adsorption columns, the synthesized
powder was shaped into granules. The effect of
granulation on surface area and separation
performance was also investigated.

CALF-20@Fe₃O₄ granulated with poloxamer 188

Optimization of CALF-20 and composite granulation for functional testing under
plant-relevant conditions
Composite material granules based on Poloxamer 188 exhibited limitations related to their mechanical stability and
homogeneity following scale-up production under plant-relevant conditions. To optimize the granulation process, which is
essential for functional testing of the material, new formulations and granulation methods were investigated. Several
formulations employing methocel, bentonite, and ethyl cellulose were evaluated. The best results were obtained by extruding a
CALF-20/bentonite/ethyl cellulose paste, yielding granules with good mechanical strength. The sample demonstrated superior
CO₂ adsorption stability under humid conditions compared with both pristine CALF-20 and the CALF-20 composite. So,
granulating with a hydrophobic agent has improved the sorbent's separation performance in the presence of water.

Metallic node replacement in CALF-20

New MOFs were synthesized by partially replacing the Zn in CALF-20 with Mg or Cu. Materials were prepared with Zn substitutions of 50
mol% and 10 mol% Mg, and 30 mol% and 10 mol% Cu. To develop these materials, mechanochemical and microwave routes were optimized
by adapting the procedure previously established for CALF-20 to accommodate the metal-substitution process. The partial replacement of Zn
with Mg or Cu was expected to enhance CO₂ adsorption capacity through the introduction of metal sites with different charge densities and
polarizabilities, potentially strengthening framework-CO₂ interactions. In addition, this modification was hypothesized to improve CO₂/H₂O
selectivity by reducing the competitive effects of moisture and promoting preferential CO₂ adsorption. Experimental results showed that the
effectiveness of metal substitution strongly depends on the extent of metal incorporation into the framework and on the resulting changes in
the structural and textural properties of the material.
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Although lower than that of pristine CALF-20, the CALF-Cu10MW
sample exhibited the highest adsorption capacity among the metal-
substituted materials. Moreover, it was the only sample in which no
secondary phases were detected. These findings suggest that
microwave-assisted synthesis is preferable to mechanochemical
synthesis for the development of metal-substituted CALF-20-based
materials, as it enables better phase purity while maintaining the
highest adsorption performance among the modified samples.
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CO₂ adsorption retention (%) as a function of 
water vapor relative pressure (P/P₀), normalized 
to the adsorption capacity under dry conditions 
(100%). CO2/N2/H2O mixtures (total flow 40 
cc/min and CO2 15% (v/v)
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Desorption of carbon dioxide triggered
by the application of a magnetic field
(18,9mT and 20,5mT) and by raising
the temperature in a furnace at
10K/min rate. Sample mass 71mg.
Total gas flow 50ml/min
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