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Anesthetic Gases Regeneration
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Abstract: Xe is an ideal anesthetic gas, but it has not
been widely used in practice due to its high cost and low
output. Closed-circuit Xe recovery and recycling is an
economically viable method to ensure adequate supply
in medical use. Herein, we design an innovative way to
recover Xe by using a stable fluorinated metal-organic
framework (MOF) NbOFFIVE-1-Ni to eliminate CO,
from moist exhaled anesthetic gases. Unlike other Xe
recovery MOFs with low Xe/CO, selectivity (less than
10), NbOFFIVE-1-Ni could achieve absolute molecular
sieve separation of CO,/Xe with excellent CO, selectiv-
ity (825). Mixed-gas breakthrough experiments assert
the potential of NbOFFIVE-1-Ni as a molecular sieve
adsorbent for the effective and energy-efficient removal
of carbon dioxide with 99.16 % Xe recovery. Absolute
CO,/Xe separation in NbOFFIVE-1-Ni makes closed-
circuit Xe recovery and recycling can be easily realized,
demonstrating the potential of NbOFFIVE-1-Ni for
important anesthetic gas regeneration under ambient
conditions. )

Introduction

In the medical industry, Xenon is considered a more ideal
anesthetic gas than now-using N,O and fluoroethers because
of its low risk of hypoxia, no metabolism, and no memory
effects on nerve cells.'! Xe also shows promise as a neuro-
protectant both in vitro and in vivo.”) However, the high
cost of Xe prohibits its wide use in the medical industry and
other potential applications. Currently, only one-fifteenth of
the total annual production of Xe is available for medical
application, which is far from clinical needs.”! Therefore, a
portable closed-circuit Xe recovery and recycle device is
highly needed to guarantee sufficient supply for clinical
anesthetic purposes.

Typical gas mixture composition in inhalation anesthetic
gases includes 67 % Xe, 30% O,, and 3 % N,. The exhaled
gas mixture from the patient is 65 % Xe, 27 % O,, 5% CO,,
and 3% N, The current technology uses series of
adsorbent columns followed by cryogenic distillation
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(—139.2°C) to recover Xe;*! which requires a large operating
space and high operating costs. Several alternative technolo-
gies such as membrane separation and adsorption separation
have been proposed as a portable Xe recycling device.
Wang and Kapteijn et al. reported DD3R zeolite mem-
branes for Xe recovery, which show high CO, permeance
and CO,/Xe selectivity in anesthetic composition (<5 %
CO,) and humid conditions.”! Thallapally and Marek group
reported using metal-organic frameworks (MOFs) to recov-
er Xe in exhaled anesthetic gases by selective adsorption of
Xe.! However, both membrane separation and selective
adsorption of Xe by porous materials cannot achieve 100
percent Xe recovery. The maximum CO,/Xe selectivity in
zeolite membrane is 67, while the reported optimal Xe/
CO, adsorption selectivity is only 4.0 in Ni-BTC MOF."! In
fact, high-throughput screening of 12,020 MOFs for Xe
recovery from the exhaled anesthetic gas mixture proves
that the theoretical maximum Xe adsorption selectivity
(SXe/(N,+0,+CO,)) is only 29 if we choose to capture Xe
in exhaled anesthetic gases.”! Moreover, if Xe is preferen-
tially adsorbed in adsorbents, the production of Xe still
needs further desorption process to get the Xe gas.'! At
least four adsorption-desorption cycles are necessary to
achieve the purity and recovery required for the Xe
anesthetic gases (Scheme 1a). While if CO, is preferentially
adsorbed, the desired Xe rich product can be directly
recovered in the adsorption cycle to produce Xe anesthetic
gases, which can save approximately 40% of energy
consumption and reduce device complexity.

(a) Conventional schemes for the recovery of
Xe from exhaled anesthetic gas mixtures

(b) An innovative way to recycle Xe
directly in a closed-circuit

Wet exhale gas mixture
(Xe, 02,C02,N2)

Inhale gas mixture
(Xe, 02)

Wet exhale gas mixture
(Xe, 02,C02,N2)

Inhale gas mixture
(Xe, O2and less
than 3% N2)

Anesthetic gases
Mixing chamber

Scheme 1. Scheme of Xe anesthetic gases regeneration by different
strategies: (a) Common strategies for Xe preferential adsorption
require four or more purification processes via membrane separation
or adsorption separation. (b) An innovative way to directly regenerate
Xe and O, from exhaled anesthetic gas mixture by the removal of CO,
and H,0.
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Herein, we reverse the design of the anesthetic gas
regeneration process by using hydrolytically stable fluori-
nated MOF (NbOFFIVE-1-Ni) to remove CO, from anes-
thetic gases (Scheme 1b). Noticeably, the pore size of
NbOFFIVE-1-Ni falls between CO, and Xe kinetic diame-
ters, resulting in the molecular sieve separation of CO,/Xe.
The exceptional CO,/Xe separation performance of NbOF-
FIVE-1-Ni arises from the combination of preferential
adsorption of CO, and the steric size exclusion of Xe. The
unprecedented CO,/Xe selectivity (825) of NbOFFIVE-1-Ni
could achieve near loss-free Xe recovery in the exhaled
anesthetic gases. Interestingly, the water in the exhaled
gases does not affect the CO, capture capability of
NbOFFIVE-1-Ni, as proved by the actual exhaled gas
mixture breakthrough experiment. The outstanding CO,
adsorption property, easy regeneration capacity, and ex-
cellent reusability of NbOFFIVE-1-Ni make it an ideal
adsorbent for anesthesia gas regeneration.

Results and Discussion

NbOFFIVE-1-Ni has a pillared-layered structure built from
square grid layers (sql) of 6-coordinated nickel centers that
are connected through pyrazine linkers. These layers are
pillared by inorganic (NbOFs)*~ pillars to form a 3D
framework of primitive cubic network (pcu) topology. As
shown in Figure la, NbOFFIVE-1-Ni has square-shaped
channels with periodically aligned proximal fluorine moi-
eties, which allows preferential adsorption of carbon
dioxide. As shown in Figure 1b—d, the channel dimensions
of NbOFFIVE-1-Ni is 3.5 A, which allows the entry of
carbon dioxide molecules (3.3 A) while restricting the entry
of xenon molecules (4.0 A). PXRD was carried out to

Useful component

o, N, Xe

Figure 1. (a) Crystal structure of NbOFFIVE-1-Ni highlighting square-
shaped pore channels; (b) The contracted square-shaped channels with
periodically aligned proximal fluorine moieties; (c) The close-up view of
the pore channels and the pore sizes; (d) Kinetic diameters of different
molecules in exhaled anesthetic gases.
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characterize NbOFFIVE-1-Ni, and the results are shown in
Figure S1. The diffraction patterns of NbOFFIVE-1-Ni were
well corresponded with the simulation curves, indicating
that the synthesized MOF has the same structure as
previously reported.'” Notably, the tolerance to acidic
environments of NbOFFIVE-1-Ni was confirmed by varia-
ble-pH PXRD (Figure S1b).

Nitrogen adsorption of NbOFFIVE-1-Ni indicated the
activated material did not absorb nitrogen at 77 K (Fig-
ure S2). We use CO, as a probe to evaluate the porosity
properties of NbOFFIVE-1-Ni (Figure S3). The Brunauer—
Emmett-Teller (BET) surface area of NbOFFIVE-1-Ni was
219 m?g™!, calculated from the CO, adsorption isotherm at
273 K. The morphology of NbOFFIVE-1-Ni is observed by
scanning electron microscope (Figure S4). The scanning
electronic microscopy (SEM) images showed that NbOF-
FIVE-1-Ni exhibited irregular square particles with diame-
ters of 520 um. The Energy dispersive X-ray (EDX)
mapping result showed F, Ni, and Nb were uniformly
dispersed in NbOFFIVE-1-Ni. The atomic ratios of F, Ni,
and Nb obtained from EDX analysis were 22.37 %, 4.20 %,
and 4.26 % (Table S1), which is consistent with the theoret-
ical values (CggHgFsNNbNiO,s, F:22.20%, Ni:4.44%,
Nb: 4.44 %). The thermal stability of NbOFFIVE-1-Ni was
studied by TGA (Figure S5). NbOFFIVE-1-Ni loses water
between 30°C to 150°C, and remains stable before 300°C
under N, atmosphere. The weight loss of 8 % between 30°C
and 300°C corresponds to a loss of two water molecules
(7.8 wt %).

The single-gas adsorption isotherms of CO,, Xe, O,, and
N, in NbOFFIVE-1-Ni were measured at 298 K. As shown
in Figure 2a, the adsorption isotherm of CO, on NbOF-
FIVE-1-Ni increased rapidly under low pressure conditions,
and reached saturated adsorption capacity of 44.8 cm’g™! at
298 K and 1 bar, whereas the amount of Xe, O, and N,
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Figure 2. (a) The adsorption isotherms of CO,, Xe, O,, and N, for
NbOFFIVE-1-Ni at 298 K and 1 bar. (b) Isosteric heats of adsorption of
CO, for NbOFFIVE-1-Ni. (c) The CO, adsorption isotherms for
NbOFFIVE-1-Ni at 298 K, collected before and after T month exposure
in water. (d) CO, IAST selectivity of CO,/Xe/O, (CO,/Xe/O,, 0.05/0.65/
0.3, v/v/v) tertiary mixture at 298 K and 1 bar.
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adsorbed on NbOFFIVE-1-Ni were only 4.0, 2.5 and
1.9 cm®g™!, respectively. In general, the molar fraction of
carbon dioxide in human exhaled anesthetic gases is only
5 %. NbOFFIVE-1-Ni shows great potential to capture CO,
in exhaled anesthetic gases as it can reach saturated
adsorption at 0.05 bar. In order to further characterize the
affinity of NbOFFIVE-1-Ni for CO,, the isosteric heats of
adsorption (Q,) between CO, and NbOFFIVE-1-Ni were
calculated based on the adsorption isotherms at 273 K,
298 K, and 323 K (Figure S3a). As shown in Figure 2b, the
Q, value of NbOFFIVE-1-Ni for CO, is 46 kJmol™".
Considering that the gas mixture exhaled from the human
body is usually moist, the H,O adsorption isotherm was also
measured at 298K and 1bar (Figure S6). The water
adsorption isotherm indicates that NbOFFIVE-1-Ni has
high H,O adsorption capacity. As shown in Figure 2c, the
water stability of NbOFFIVE-1-Ni was further demon-
strated by the CO, adsorption after 1 month exposure in
water. The unchanged CO, adsorption isotherms prove
NbOFFIVE-1-Ni possesses good water tolerance.” To
evaluate the CO, separation ability of NbOFFIVE-1-Ni, the
COy/Xe selectivity in the ternary mixture was calculated
using ideal adsorption solution theory (IAST).'! Since the
proportion of nitrogen in the inhaled and exhaled anesthetic
gases is essentially constant, only three components were
taken into account. As shown in Figure 2d, the CO,/Xe
selectivity of NbOFFIVE-1-Ni can reach 825 at 298 K and
1 bar, exceeding the reported benchmark materials, such as
NiDOBDC, Zn-BTC, and Mn-BTC™! (Table S2).

To gain further insight on the interaction of CO, and Xe
with NbOFFIVE-1-Ni, we carried out theoretical calcula-
tions using density-functional theory (DFT) and grand
canonical Monte Carlo (GCMC) simulations (see supple-
ment information for detail). DFT calculation results prove
that the electronegative fluorine centers of NbOFFIVE-1-Ni
play a dominant role in the preferential adsorption of CO,.
As shown in Figure 3a, the adsorption energy (AE,) of
CO,@NbOFFIVE-1-Ni during the adsorption process is
—59 kJmol™!, which is consistent with the Q, value. The
electropositive carbon of the CO, is surrounded by four
electronegative fluorine centers from four distinct
(NbOF5)*~ pillars (F--CCO, distance =3.086 A) and the
electronegative oxygen atoms of the CO, are surrounded by
pyrazine hydrogens. GCMC simulations show that the CO,
molecules occupy high energetically favorable positions in
the square-shaped channels of NbOFFIVE-1-Ni (Figure 3b)
and the Xe molecules could not access the channels due to
size limitations (Figure 3c). In addition, the average loading
of CO, and Xe in NbOFFIVE-1-Ni cell under different
pressure show that CO, molecules quickly enter the
channels when the pressure is increased to 10 kPa, while the
Xe molecules cannot enter the channels even the pressure is
increased to 100 kPa. This result further proves that the
NbOFFIVE-1-Ni can achieve complete CO,/Xe molecular
sieving separation (Figure 3d).

In order to evaluate the effectiveness of NbOFFIVE-1-
Ni in practical clinical applications, typical exhaled anes-
thetic gas mixture breakthrough experiments were carried
out at room temperature (Figure S9). During the dynamic
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Figure 3. (a) Optimized geometries of the complexes of
CO,@NbOFFIVE-1-Ni, using Materials Studio (the distance between
atoms is measured in angstroms). (b—c) Images of (b) CO, and (c) Xe
absorbed in NbOFFIVE-1-Ni from the GCMC simulation. (d) Average
loading of CO, (red) and Xe (blue) in per cell of NbOFFIVE-1-Ni.

breakthrough test, the gas ratio is CO,:Xe:0,=
0.05:0.65:0.30, and the activated NbOFFIVE-1-Ni powder
were loaded into the adsorption column. As shown in
Figure 4a, CO, was retained for 44 ming ' by NbOFFIVE-1-
Ni, while Xe and O, broke through the column immediately.
The exclusion of Xe in the NbOFFIVE-1-Ni column is
consistent with the absence of Xe adsorption in NbOF-
FIVE-1-Ni as the pore diameter of NbOFFIVE-1-Ni is
clearly larger than the kinetic diameter of CO, (3.3 A) and
smaller than that of Xe (4.0 A). As a consequence, CO, can
penetrate in the porous structure of NbOFFIVE-1-Ni,
whereas Xe is excluded, in perfect agreement with the
absolute molecular sieving separation between CO, and Xe.
We also investigated CO, permeation under humid con-
ditions to determine the potential of NbOFFIVE-1-Ni for
on-stream CO, removal from the closed-circuit anesthetic
system (Figure 4b). Impressively, the CO, breakthrough
time in NbOFFIVE-1-Ni column is 38 min g’l, which means
the coexistence of H,O in anesthetic gas does not affect its
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Figure 4. Breakthrough curves of CO,, Xe, and O, under dry conditions
(CO,/Xe/O,, 0.05/0.65/0.30, v/v/v). (b) Breakthrough curves of CO,,
Xe and O, under humid conditions (CO,/Xe/O,=0.5/0.65/0.30, v/v/v;
509 RH).
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CO, capture ability. Unlike many other MOF materials,
NbOFFIVE-1-Ni shows a rare simultaneous adsorption of
H,0 and CO,." The breakthrough selectivity of CO,/Xe in
ternary gas mixture CO,/Xe/O, (0.05/0.65/0.30, v/v/v) under
humid conditions was calculated to be 63, proving that the
presence of water did not change the ability of NbOFFIVE-
1-Ni to separate CO, from the exhaled gas mixture (see
supplement information for detail). Even at 50°C, the
retention time for CO, remained the same (Figure S7).

The regeneration performance of NbOFFIVE-1-Ni in
the adsorption column could be evaluated by purging the
column with helium (flow rate: 30 mLmin™") at 60°C. As
shown in Figure 5a, residual trace Xe and O, gases in the
column can be removed fast from the adsorption column,
while CO, is slowly purged out. The productivity from
desorption gases shows that only 0.84 % Xe was retained in
the column, which means 99.16 % Xe was recovered in the
adsorption step (Figure 5b). Saturated NbOFFIVE-1-Ni
could be easily regenerated and the regenerated material
exhibits almost the same CO, adsorption capacity after 5
adsorption-desorption recycles (Figure S8).

Conclusion

In summary, we propose a hydrolytically stable MOF,
NbOFFIVE-1-Ni for low-level CO, capture in a closed-
circuit anesthetic gases system. NbOFFIVE-1-Ni exhibited
high CO, adsorption capacity (2.0 mmolg') at room tem-
perature and 1 bar due to its contracted square channels
decorated with periodically aligned proximal fluorine moi-
eties. The pore size of NbOFFIVE-1-Ni is larger than the
kinetic diameter of CO, (3.3 A) and smaller than that of Xe
(4.0 A), making it is a made-to-order molecular sieving
adsorbent for CO,/Xe separation in anesthetic gases. CO,/
Xe/O, adsorption selectivity of NbOFFIVE-1-Ni based on
IAST simulations indicates its great potential for removal of
CO, from anesthetic gases with a record selectivity of 825.
In addition, the dynamic breakthrough test proved that
NbOFFIVE-1-Ni can efficiently capture CO, with a long
retention time in the mixed gas under both dry and humid
conditions. More importantly, NbOFFIVE-1-Ni could be
easily synthesized in kg scale and made into MOF beads via
templated drying process.l'"”! We believe that NbOFFIVE-1-
Ni could be a valuable adsorbent to be used in closed
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Figure 5. (a) CO,, Xe, and O, dynamic desorption curves of NbOFFIVE-
1-Ni under 50% RH conditions. (b) The productivity of CO,, Xe, and
O, in volume per unit mass of adsorbents under 50% RH conditions.
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systems to remove CO, and recover Xe anesthetic gases
with great promise for the requisite shaping in large
industrial scale.
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