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Adsorption and Recovery of CO, in Air Using Metal Organic
Frameworks (CALF-20) Assuming DAC Condition

To achieve carbon neutrality by the year 2050, increasing attention is being directed toward Direct
Air Capture (DAC) technology, which directly adsorbs, enriches, and recovers approximately 400 ppm
of CO: from the atmosphere. Since the air contains not only CO: but also Nz, O, and water vapor, it is
essential to evaluate adsorbents under multicomponent conditions. This article introduces the results
of a performance evaluation of an adsorbent using the BELCAT Il (catalyst analyzer). A column packed
with CALF-20 (Zinc-based Calgary Framework 20), a type of metal-organic framework (MOF), was
employed for the study. CO2 was supplied at room temperature under ambient pressure with
coexisting Nz, Oz, and H20 conditions for adsorption breakthrough measurements (separation). The
system was then heated to 110 °C while maintaining the composition of the supplied gas to measure
CO:. desorption. These adsorption-desorption cycles were repeated to evaluate the adsorbent's
performance.

To evaluate the performance of the adsorbent, we conducted the following two experiments. Using
the BELSORP MAX X (a high-precision gas and vapor adsorption analyzer), we assessed the single-
component adsorption isotherms of the metal-organic framework CALF-20™ at (a) room temperature
(25 °C) and (b) high temperature (110 °C), under vacuum conditions up to 100 kPa. The concentrations
of each component in the air were assumed to be Na: 77.4%, CO2: 400 ppm, and H20: 40% RH (at room
temperature). We calculated the maximum recoverable amount from the respective isotherms for
adsorption at 25 °C and regeneration at 110 °C.

Investigation of single component adsorption amounts for N2, CO», and H,O

Sample : CALF-20 (measured weight: 0.050 g)
Pre-treatment : Under vacuum, 110 °C, 12 hours

Adsorption Gases : N2, CO2, H2O

Adsorption Temperatures :25°C (water bath + circulator), 110 °C (heater)
Equipment : BELSORP MAX X

Using the BELCAT Il (catalyst analyzer), we supplied a multicomponent gas mixture composed of
400 ppm CO32, 21% O:,1.24% H:O (RH 40% at 25°C), and 77.4% N at a flow rate of 50 SCCM to a column
filled with 1g of the CALF-20 sample at 25°C and conducted adsorption breakthrough curve
measurements (Fig. 1).. Following the adsorption measurements, we performed temperature-
programmed desorption (TPD) measurements continuously without altering the composition of the
supplied gas. These adsorption and desorption measurements were considered one cycle, and were
repeated for a total of three cycles. Additionally, we conducted similar measurements using an empty
sample tube as a reference and calculated the adsorption and desorption amounts for each process
from the differences in concentration changes. To quantify CO: in the presence of water vapor, we
used a non-dispersive infrared CO: probe and an H.O probe as detectors.

Evaluation of multicomponent adsorption breakthrough and temperature-programmed desorption

Sample : CALF-20 (sample weight: 1.00 g)

Pre-treatment :Under a flow of 100% N (50 SCCM), heated to 110 °C at a rate
of 10 °C/min, held for 300 minutes, then cooled to 25 °C

Supplied Gas : Multicomponent gas: 400 ppm CO», 21% O, 1.24% H,O (RH
40% at 25°C), approximately 77% N> (50 SCCM)

Adsorption breakthrough curve : Supplied gas flowed at 25 °C for 75 minutes
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Fig.1 Column image and flow path diagram for adsorption and desorption measurement by
BELCAT Il
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The adsorption isotherms of N,, CO,, and H,O on CALF-20 at 25°C and 110°C (BELSORP MAX X)

The results of the adsorption isotherm measurements for N,, CO,, and H,O on CALF-20 at 25°C and
10°C are shown in Fig. 2. For 400 ppm CO,, the maximum CO, recovery amount when adsorbed at
25°C and regenerated at 110°C can be calculated as approximately 0.023 mmolg™ from the differences
in the respective adsorption isotherms. Similarly, the maximum recoverable amounts for 77% N, and
1.24% H,>O were calculated and summarized in Table 1. It was found that the maximum recoverable
amounts for N, and H,O on CALF-20 were 9.1 times (N2: 0.21 mmol g™1) and 371.3 times (H,O: 8.54 mmol
g7?) higher than that for CO,, respectively. These results suggest that CO, separation using CALF-20

Table 1 Adsorption amounts of N, at 77.4%, CO, at 400 ppm, and H,O at 1.24% on CALF-20 at 25°C and 110°C,

ads. temp.

258C
MORE

0.245
0.036

ads. amount

as well as the recovery amounts during the temperature change from 25°C to 110°C
N>

Recovery

amount
(mmolg™)

0.21

ad

H20
ads. amount
24

CO2
aomount
@ 400 ppm
(mmolg™)

0.024
0.001

Recovery y
amour

amount
(mmolg™)

0.023 0.178 8.54

is not equilibrium separation based on differences in equilibrium adsorption amounts, but rather
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kinetic separation based on differences in adsorption rates. Therefore, the basic performance
evaluation (screening) of the adsorbent can be considered based on the adsorption amounts at the
target concentrations from the single-component adsorption isotherms. However, for actual process
evaluation and verification, it is necessary to conduct multicomponent adsorption breakthrough and
temperature-programmed desorption measurements under coexisting conditions of nitrogen,
oxygen, and water vapor, where adsorption rates can also be considered.

The results of the CO, and H,O adsorption and desorption behavior when a multicomponent gas
mixture (400 ppm CO», 21% O, 1.24% H,O (RH 40% at 25°C), and 77.4% N, at 50 SCCM) was supplied
to a column filled with 1g of CALF-20 at 25°C are shown in Fig. 3. Fig. 4 provides an enlarged view of
the first adsorption measurement, the first desorption measurement, and the second adsorption
measurement within Fig. 3.
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Fig.3 Adsorption & desorption behavior of CO, and H,O on CALF-20 during
adsorption breakthrough and temperature-programmed desorption cycles (1-3 cycles)

From these results, it can be observed that 400 ppm CO-, assuming atmospheric conditions, reaches
the breakthrough point (128s) and the endpoint (3173s) faster than H>O at 40% RH (at room
temperature). The desorption amount at 110°C is almost equal to the adsorption amount at room

TPD Enlarged view.
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Fig. 4 Enlarged view of the CO, adsorption behavior on CALF-20 during multicomponent
adsorption breakthrough and temperature-programmed desorption cycles
(1st adsorption cycle, 1st desorption cycle, and 2nd adsorption cycle)

temperature, indicating a high stability of the material. The single-component CO, adsorption
amount measured by BELSORP MAX X is approximately 0.023 mmol g7, while under the
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multicomponent gas flow, it is 0.017 mmol g 1, which corresponds to about 74% of the single-
component evaluation. This value remains stable even after three repeated evaluations, and the time
required to reach the CO, breakthrough point and endpoint is almost the same. In other words, in
this evaluation using CALF-20, the H,O adsorption rate is significantly slower compared to CO,
adsorption rate, and it does not reach the adsorption saturation. Additionally, no CO, desorption
behavior is observed during the adsorption process, indicating that CO, is selectively adsorbed by the
CALF-20. Furthermore, a high material stability is observed for H,O adsorption/desorption cycles, and
reproducible results are achieved over three consecutive evaluations (Table 2).

Table 2 Evaluation of CO, breakthrough time and end time, as well as the adsorption and
desorption amounts for each cycle, and the adsorption and desorption amounts of H,O

t

Is 2nd
end point
C/Cp=0.05 |C/Cy=0.95| C/Cp=0.05 | C/Cy=0.95 | C/Cy=0.05 | C/Cy=0.95

time / sec 128 3173 3135 3173
ads. amount / mmol g* 0.001 0.017 - 0.016 - 0.016
€2 ads. amount / mmol g* 0.017 0.016 0.016
des. amount / mmol g 0.016 0.016 0.016
H,0 ads. amount/ mmol g™ 217 2.09 2.09
des. amount/ mmol g™ 213 212 210

In the evaluation of CO, adsorption and recovery from air under the coexistence of H,O, assuming

DAC technology? it was demonstrated that screening evaluation of adsorbents using single-
component adsorption isotherm measurements at different temperatures with the BELSORP MAX X
is effective. Additionally, by conducting adsorption breakthrough curve measurements and
temperature-programmed desorption measurements using the BELCAT Il in combination with CO,
and H,O detectors, it is possible to quantify CO, adsorption and desorption amounts under conditions
close to practical use and understand their adsorption rate behavior. Repeating the adsorption and
desorption measurement cycles also allow the evaluation of the sample's durability. In the case of
CALF-20, it was shown that the CO, adsorption rate is faster compared to the H,O, and repeated
adsorption and desorption performance is high, indicating its potential use as an adsorbent for CO,
in DAC technology.
Furthermore, the BELCAT Il can be used not only for various catalyst evaluations but also for
multicomponent breakthrough curve measurements using the CO, and H,O detectors employed in
this application note. It can also be used for single-component breakthrough curve measurements
with the built-in thermal conductivity detector (TCD) and qualitative analysis with the BELMASS I
(quadrupole mass spectrometer).
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