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A solvent-free mechanochemical synthesis of CALF-20 is
proposed, offering a rapid and cost-effective route by eliminating
the solvent used and the purification process. With a record
space-time yield of up to 88000 kg m> d%, the mechano-
synthesized CALF-20 exhibits a high CO, adsorption capacity,
highlighting its potential for point-of-use carbon capture.

Carbon dioxide (CO,), primarily emitted from fossil fuel
combustion and industrial processes, is a key contributor
to global climate change. To reduce its impact, various
CO, capture technologies have been developed. Among
them, adsorption has emerged as a promising alternative
to traditional amine scrubbing due to its lower energy
consumption and ease of regeneration. Porous materials,
such as activated carbons,"” zeolites,” and metal-organic
frameworks (MOFs),* have been extensively examined for
their potential as CO, adsorbents. Activated carbons are
inexpensive but often suffer from low selectivity and
require high pressure and temperature due to their
irregular structure and broad pore size distribution.?
Zeolites, with their polar adsorption sites, exhibit reduced
performance in humid environments where water
competes with CO, for adsorption sites. MOFs offer
customizable pore structures and chemistry, making them
promising materials for selective and efficient CO, capture.
Calgary Framework 20 (CALF-20), introduced by Shimizu
and colleagues in 2021, has shown exceptional stability,
high capacity, and selectivity under realistic conditions,
including flue gases at 100 °C with water vapor and acidic
components.®® CALF-20 is currently used by the Canadian
company Svante in their advanced carbon capture
technology.”'® Remarkably, just one gram of CALF-20, with
a surface area of about 500 m? can selectively capture
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large amounts of CO, while requiring only a small amount
of energy for regeneration.

Structurally, CALF-20 features a robust framework
composed of zinc ions coordinated with 1,2,4-triazolate (Tz)
and oxalate (Ox) ligands, forming Zn,(Tz),(Ox). CALF-20 was
originally synthesized via a solvothermal method in
methanol, using zinc oxalate and Tz as the metal and
ligand precursors. While this represented a significant
advancement in CALF-20 development, the process was
energy- and time-intensive, requiring heating at 180 °C for
48 hours and a large volume of solvent. The high solvent-to-
solid ratio (7 = 5.69 uL mg ') was needed to overcome the
poor solubility of zinc oxalate, yet the yield was only 70%.°
To improve efficiency, alternative synthetic strategies have
been explored. One approach wuses microwave-assisted
solvothermal synthesis, which reduces the reaction time to
4 hours and increases the yield to 97%, although it still
requires elevated temperatures of 180 °C and high
pressures.'’ Another approach involves substituting zinc
oxalate with zinc acetate, which enables CALF-20 to
precipitate in water/methanol mixtures within 30 minutes at
room temperature, achieving a 93.3% yield."> While these
approaches successfully reduce the synthesis temperature
and reaction time, they still require substantial solvent use
(n = 2-12 uL mg™", see Table S1), resulting in significant
solvent waste. Recovering and recycling these solvents at
scale remains challenging.  Furthermore, products
synthesized with high # values are often obtained as pastes
or slurries, necessitating all five processing steps ie.,
dissolution, precipitation/crystallization, washing,
separation, and drying to accomplish the synthesis, as
illustrated in Fig. 1. These increase complexity, processing
time and energy wusage, ultimately reducing overall
production efficiency.

The mechanochemical synthesis method offers an
effective, green, and rapid synthetic tool for driving chemical
reactions by applying mechanical force to facilitate mixing
activation.”® Owing to its simplicity and environmental
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Fig. 1 Schematic illustration of the synthesis complexity of CALF-20
as a function of solvent-to-solid ratio (). NG refers to neat grinding
and LAG refers to liquid-assisted grinding.'® The y-axis indicates the
number of processing steps (no. of steps) required in the synthesis: (1)
dissolution, (2) precipitation/crystallization, (3) washing, (4) separation
and (5) drying. Color shading corresponds to the synthetic time, as
shown in the scale bar. This visual highlights the relative complexity of
each method. Additional details are provided in Table S1.

friendliness, mechanochemistry has attracted significant
attention across various disciplines, including organic
synthesis'*'®> and fabrication of advanced functional
nanomaterials.””*® This technique has been successfully
applied to the synthesis of several MOFs, such as ZIFs,>**
MOF-74,%*?3 MIL-100,** UiO-66,>> HKUST-1,>° and MOF-5.%"
To date, only a limited number of studies have explored the
mechanochemical synthesis of CALF-20, particularly using
liquid-assisted grinding (LAG) with # below 2 uL mg™. For
example, in 2025, Raganati et al. reported the synthesis of
CALF-20 within 1 hour using a mechanical milling method
from zinc oxalate, Tz and a small quantity of methanol to
perform LAG with # of 0.90 uL. mg™.*® However, reacting zinc
oxalate with Tz at a stoichiometric ratio of 1:1.7 (with excess
triazole) leads to the formation of oxalic acid as a by-product,
thereby requiring a washing step.

In this study, we demonstrate a solvent-free
mechanochemical approach for the synthesis of CALF-20,
which eliminates the need for post-synthetic purification
steps. Zinc acetate was selected as a metal precursor due to
its chemical reactivity with Tz through acid-base interactions,
facilitating the formation of the zinc-triazolate coordination
network. Additionally, zinc acetate offers a cost-effective
alternative to the conventionally used zinc oxalate. Alongside,
Ox and Tz were employed as organic ligands in the synthesis.
This substitution notably lowers material costs. Furthermore,
as 5 decreases from solution-based synthesis (y > 12 uL
mg ') to neat grinding (NG: # = 0 uL mg™"), a substantial
reduction in synthesis complexity is achieved. Energy
consumption, reaction time and the number of processing
steps are significantly reduced. In addition, the process does
not generate solvent waste during either the synthesis or
post-synthesis stages, thereby reducing environmental
impact, operational costs, and energy requirements typically
associated with solvent handling and drying. As shown in
Fig. 1, NG not only eliminates solvent use but also minimizes
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the overall synthetic steps, offering a more energy-efficient,
sustainable, and scalable route for CALF-20 production and
supporting its potential for commercialization.

The mechanochemical synthesis of CALF-20 was achieved
through the direct grinding of zinc acetate, Ox, and Tz using
mechanical force as illustrated in Fig. 2a. Initially, the
ternary-component mixture was manually ground for a few
minutes at room temperature without the addition of solvent.
A characteristic vinegar-like odor of acetic acid is continually
detected during the grinding, which may indicate the initial
coordination between zinc acetate and Tz, leading to the
formation of the porous coordination network known as
CALF-20 (Fig. 2a). Importantly, this synthesis route does not
require any purification steps, underscoring its operational
simplicity and efficiency. The acetic acid by-product, which
has a boiling point of approximately 118 °C, can be readily
removed during the standard activation process typically
employed prior to the use of CALF-20 in adsorption
applications.

The phase formation and purity of the as-prepared solids
were confirmed using a powder X-ray diffractometer (PXRD).
Based on the flexible feature of CALF-20, the PXRD pattern
depends on the guest molecule inside the structure. The
PXRD pattern of the CALF-20 sample synthesized via the
conventional solution-based method (conv CALF-20) closely
resembles that reported by Wei et al., which corresponds to
the PXRD pattern of CALF-20 before activation (Fig. 2b).*
Upon activation at 180 °C for 3 hours to eliminate moisture,
the PXRD pattern shifts to align with the simulated pattern
of CALF-20 reported by Lin et al. (Fig. $1).° This consistency
confirms the formation of the expected
framework.

Similarly, the PXRD patterns of the ground solids agree
well with the simulated pattern of CALF-20, confirming the
possible formation of CALF-20 via a solvent-free
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Fig. 2 (a) Chemical reaction and three-dimensional structure of CALF-
20, (b) PXRD patterns of varying synthesis methods and (c) SEM image
of mec CALF-20.
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mechanochemical method without any purification process.®
Notably, the characteristic reflections corresponding to the
(100) and (011) planes are observed at 11.2° and 13.6°,
respectively, indicating the a-phase structure of CALF-20.%°
The degree of similarity to the simulated pattern increases as
the grinding exceeded 15 minutes (Fig. S2). Prolonging the
grinding time to 45 minutes did not result in further
significant changes, suggesting that 15 minutes is sufficient
for complete phase formation. Interestingly, even a short
grinding duration of 5 minutes yields CALF-20, although
minor impurity peaks are observed at around 26 = 7.40° and
18.82°. These are likely attributable to intermediate species
such as a Zn-triazole (Zn-Tz) complex or a Zn-oxalate (Zn-Ox)
complex,"® rather than the unreacted precursors (Fig. S3). The
observation highlights the one-step mechanochemical
approach, enabling the rapid formation of phase-pure CALF-
20 within 15 minutes. The as-synthesized material, hereafter
designated as mec CALF-20, was further evaluated for CO,
adsorption performance to be compared with conventional
CALF-20.

It is noted that the (011) reflection in the unwashed mec
CALF-20 sample (Fig. S4) is slightly shifted toward a lower
angle compared to the simulated CALF-20 pattern, due to the
incorporation of acetic acid within the pores, in contrast to
the solvothermal simulated counterparts that contain
methanol. Consistent with the results observed for CALF-20
after the washing process, in which acetic acid is removed
from the pores using water, the PXRD pattern clearly shows a
shift in the (011) reflection compared to the unwashed
sample (Fig. S4). Furthermore, the effect of precursor mixing
order on CALF-20 formation was investigated. PXRD analysis
revealed that CALF-20 forms successfully regardless of the
mixing sequence in which the precursors are combined. As
shown in Fig. S5, all samples exhibit PXRD patterns that are
in good agreement with the simulated CALF-20 structure,
confirming the versatility of the mechanochemical synthesis
approach. The morphology of the synthesized particles was
determined by scanning electron microscopy (SEM), as
shown in Fig. 2c. The mec CALF-20 sample shows rounded
nanoparticles with an average particle size of around 73.10 +
19.90 nm. In contrast, the conv CALF-20 sample displays
significantly larger particles with a broader and less uniform
size distribution, as illustrated in Fig. S6. The smaller particle
size in mec CALF-20 is likely due to the rapid, solvent-free
synthesis achieved through 15 minutes of neat grinding.
These nanoparticles, however, tend to aggregate (Fig. 2c),
potentially requiring fluid-dynamic considerations in
practical systems.*’

The thermogravimetric (TG) profiles of all samples are
shown in Fig. 3a. The initial weight losses of approximately
11% for conv CALF-20 and 6.5% for mec CALF-20 are
observed below 113 °C, attributing to the evaporation of
adsorbed moisture. In the case of mec CALF-20, an additional
weight loss of around 9.4% occurs near 113 °C, which is
attributed to the release of residual acetic acid retained
within the pores of the framework. A major weight loss is

This journal is © The Royal Society of Chemistry 2025
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Fig. 3 (a) TG profiles and (b) CO, sorption isotherms obtained at 298
K for conv CALF-20 and mec CALF-20.

observed above 350 °C for both samples, indicating the
thermal decomposition and structural collapse of the CALF-
20 framework. It is worth noting that the acetic acid weight
loss was found to be lower than the theoretical value (38%
wt), due to partial evaporation during grinding and storage.
This suggests that most of the acetic acid can be easily
removed through spontaneous evaporation, while the
remaining residue can be eliminated during the activation
step, without the need for additional purification. The
thermal stability of the activated mec CALF-20 is comparable
to that of the conventional sample, as shown in Fig. S7. After
thermal activation at 180 °C for 3 hours, the conditions
typically used prior to CO, adsorption measurements, the TG
profile of treated mec CALF-20 exhibits a single weight loss
occurring below 113 °C, attributed solely to the removal of
moisture. This indicates that the residual acetic acid is
effectively removed upon activation.

In terms of synthesis efficiency, the yield of mec CALF-
20, calculated based on the molar amount of zinc, exceeds
90% (based on dried weight), representing a significant
improvement over the conventional method, which yields
approximately 70%. Furthermore, the mechanochemical
method achieves an outstanding space-time yield (STY) of
83000 kg m™ d7', calculated based on the volume of
precursors used. This value is significantly higher than
the typical STYs reported for other MOFs under optimized
conditions, such as MOF-303, MIL-160, Al-fumarate, and
even CALF-20, which generally range from 180 to 3600 kg
m™ d.>?*3 To ensure that the simple NG method does
not compromise one of CALF-20's key features, its water
stability, the mec CALF-20 sample was soaked in water for
12 hours and analyzed by PXRD (Fig. S8). The results
showed that the characteristic diffraction peaks remained
unchanged, confirming that the crystalline structure was
preserved after water exposure.

CO, adsorption measurements were conducted at 298 K to
evaluate the performance of both mechanochemically and
conventionally synthesized CALF-20 samples. Prior to testing,
all samples were activated at 180 °C for 3 hours without any
additional purification steps. As shown in Fig. 3b, the CO,
adsorption capacity of mec CALF-20 with a grinding time of
15 minutes reached 3.57 mmol g " at 298 K and 1 bar, which
is consistent with the values reported by Raganati et al. for
CALF-20 synthesized via a LAG method.”® To assess the
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impact of purification on adsorption performance, the CO,
uptake of the 15-minute ground mec CALF-20 sample was
measured both with and without washing using deionized
water (Fig. S9). The results showed negligible difference
between the two, indicating that the washing is unnecessary
in the present case since residual acetic acid can be
simultaneously removed during the activation step. This
result highlights a major advantage of the NG route, as it
eliminates the needs for post-synthetic purification steps. By
avoiding washing, the NG method simplifies the overall
process, reduces solvent use and waste, and enhances
scalability. Furthermore, the 45-minute ground mec CALF-20
sample demonstrated a CO, uptake comparable to that of the
15-minute ground sample, suggesting that extending the
grinding time does not enhance gas adsorption performance.
However, from a process efficiency standpoint, the 15-minute
mec CALF-20 sample offers the highest STY, making it the
most favorable condition for scalable production.

CALF-20 was also successfully synthesized on a gram scale
through solvent-free mechanochemical synthesis using ball
milling, with the reagent quantities scaled up by a factor of
10. The gram-scaled mec CALF-20 sample exhibits an average
particle size of around 70.61 + 23.03 nm and a phase similar
to those observed in CALF-20 prepared vie manual grinding
(Fig. 4a and b). The CO, adsorption capacity also remains
comparable, reaching up to 3.39 mmol g™ at 298 K and 1
bar, as shown in Fig. 4c. Importantly, this synthesis delivered
a high product yield of 97% along with an outstanding STY
of 88000 kg m™ d'. These results demonstrate the
reproducibility and scalability of the mechanochemical
synthesis approach. Given its success at the gram scale,
further scale-up using a screw extruder reactor is feasible.
This reactor design offers several advantages, including
continuous operation, enhanced mixing, precise control over
reaction parameters, and suitability for industrial-scale
production.*®*” These features support the potential of dry
mechanochemical synthesis as a practical and scalable route
for CALF-20 manufacturing.

N, sorption isotherms of all samples were obtained at
77 K to investigate the textural properties of the CALF-20
samples. The conv CALF-20 sample exhibits a type I
adsorption isotherm, typical of microporous materials (Fig.
S10). The Brunauer-Emmett-Teller (BET) surface area and

b)
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total pore volume of conv CALF-20 were determined to be
551.24 m> g ' and 0.2515 cm® g~', respectively. In contrast,
both the mec CALF-20 and the gram-scaled mec CALF-20
demonstrate a type IV adsorption isotherm, indicating the
presence of mesopores formed by interparticle voids. The
BET surface area and total pore volume of the mec CALF-
20 are 452.09 m* g™' and 0.2282 cm® g™, respectively, while
the gram-scale mec CALF-20 exhibited slightly higher values
of 467.85 m® g and 0.2692 cm® g'. These results
highlight a key trade-off: while mechanochemical synthesis
offers greater simplicity, scalability, and reduced solvent
use, it can come at the cost of lower surface area and
altered pore structure, which could impact performance in
applications such as gas adsorption.

The solvent-free mechanochemical method not only
achieves CO, adsorption performance comparable to that of
conventional solvothermal synthesis but also offers several
key advantages: (1) higher product yield and STY, (2)
elimination of solvents and associated waste, (3) avoidance of
high temperatures and long reaction times, and (4)
simplified one-step synthesis without post-synthetic
purification. As summarized in Table S1, this neat grinding
approach achieves a #n of zero and significantly enhances
STY, highlighting its potential as a green and scalable
alternative.

In terms of economic feasibility, this approach is
substantially more cost-effective, reducing material costs by
up to 10 times compared to the conventional route. As
illustrated in Fig. S11, the primary cost component in CALF-
20 synthesis is the zinc metal source, followed by the organic
ligands and the solvent used during synthesis. By replacing
the expensive zinc oxalate with zinc acetate, the major cost of
the precursors can be substantially reduced. Although oxalic
acid is still required, the absence of methanol minimizes the
impact of ligand costs on total production expenses. The cost
estimation is based on the laboratory-scale reagent prices,
mostly  sourced from  Sigma-Aldrich. In addition,
transitioning from conventional solvothermal synthesis to
solvent-free mechanochemical grinding simplifies the overall
process by eliminating filtration, washing, and drying steps,
thereby reducing operational complexity and costs. This
approach not only minimizes solvent use and environmental
impact but also shortens reaction and post-processing times.
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Fig. 4 (a) SEM image, (b) PXRD patterns, and (c) CO, adsorption isotherms of gram-scaled mec CALF-20 compared with mec CALF-20 at 298 K.
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Its straightforward scalability makes it highly suitable for
industrial implementation.

Conclusions

In summary, CALF-20 was successfully synthesized for the
first time via a solvent-free mechanochemical route using
stoichiometric precursors. This rapid, one-step process
requires no purification and delivers a high yield of 97%
(based on zinc) with a superior space-time yield of 88 000 kg
m™ d7', far exceeding the 550 kg m™> d™' of the optimized
solvothermal method used at the commercial scale. The
mechano-synthesized CALF-20 exhibits a CO, uptake
comparable to the benchmark CALF-20, achieving 3.57
mmol ¢™* at 298 K and 1 bar. Further studies are needed to
scale up the synthesis beyond the gram scale and to evaluate
its performance under realistic operating conditions.
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