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Industrial specifications require CO, concentrations in natural gas
of below 50 ppm during liquefaction because of corrosion and CO,
freezing. Herein, we report a physisorbent (TIFSIX-3-Ni) that
exhibits new benchmark CO,/CH, selectivity and fast kinetics,
thereby enabling one-step LNG processing to CO, levels of 25 ppm.

Methane, CH,, is the main component of natural gas (NG) and
other fuel sources such as biogas and landfill gas. Its
importance is heightened as we are now at the dawn of the
“Age of Gas”! whereby new technologies develop around the
use of gases as either fuels or feedstock chemicals. Indeed, in
2016, around 30% of global energy was produced by power
stations burning NG?2 and this is expected to rise 45% by 2040.3
Rising global consumption of NG has led to a significant
increase in demand for liquefied NG (LNG), the highest energy
density form of NG for transportation.3 Global LNG demand is
projected to more than double from 8 trillion cubic feet in
2008 to 19 trillion cubic feet by 2035.4 Industrial specifications
require CO, concentrations NG of <50 ppm during liquefaction
because of corrosion and CO, freezing at -161 °C &3, Currently,
CO, is removed from NG to 50 ppm via liquid amine
chemisorption, however, this NG must be processed several
times to realise LNG grade purity.? Regenerating liquid amines
is also energy intensive, reducing the overall efficiency of the
process.”

Physisorption offers promise to greatly improve the energy
efficiency of small molecule industrial gas separations.'® This is
because solid physisorbents are generally less toxic and
volatile, more robust, and easier to regenerate than
chemisorbents. Though much has been done in the context of
solid physisorbents and membranes for upgrading natural gas,
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landfill gas and biogas,” 1113 we are unaware of any studies
that specifically address reducing the CO, concentration of NG
to <50 ppm from CO, concentrations representative of NG
mixtures (<2% in coal seam methane reserves, ca. 15% in
and >50% in stranded gas fields).!* In this
contribution, we investigate six physisorbents that exhibit high
CO,/CH, selectivity, Scym, for their utility in both trace (1%) and
bulk (50%) CO, removal from simulated NG mixtures. The six
materials studied herein represent three classes of
physisorbents that have been generally studied for carbon
capture: four hybrid ultramicroporous materials, HUMs
(TIFSIX-3-Ni  (Figure 1), SIFSIX-3-Ni, TIFSIX-2-Cu-i and
NbOFFIVE-1-Ni) 15-18; 3 MOF (Mg-MOF-74) 1°; a zeolite (Zeolite
13X) 20 21, Mg-MOF-74 and Zeolite 13X are considered the
current benchmark physisorbents for CO,/CH, separations in
terms of both Scy and working capacity.” 22 The performance
of the six sorbents was evaluated from single-component gas
adsorption isotherms, molecular dynamics simulations,
dynamic gas mixture breakthrough experiments and
gravimetric gas uptake experiments.

The single component gas adsorption isotherms of the six
physisorbents were collected for CO, and CH,4 (Fig. 2A) at 298
K. The CO, uptake observed for each physisorbent is consistent
with previous reports.15-21, 23, 24 At 1.0 bar, Mg-MOF-74 exhibits
the highest CO, sorption capacity (7.0 mmol g?1), while the
HUMs exhibit much the highest CO, uptakes at low CO, partial

Australia

Figure 1. CO, loaded structure of TIFSIX-3-Ni (CO,@TIFSIX-3-Ni)
topology as obtained from in-situ synchrotron PXRD.
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Figure 2. A, Low pressure CO, (Solid Triangles) and CH4 (Open Triangles) isotherms at 298 K. B, CO, isosteric heats of adsorption. C, 1%
C0,/99% CH,4 and D, 50% CO,/50% CH,4 gas mixture breakthrough curves. CO, effluent concentrations for E, 1% C0O,/99% CH, and F, 50%

C0,/50% CH,4 gas mixtures.

pressures (<4 mBar). The isosteric heat of adsorption (Qy) for
CO,; at low coverage (Fig. 2B) is ordered as follows: NbOFFIVE-
1-Ni (54 kJ mol't) > TIFSIX-3-Ni (50 kJ mol1) > SIFSIX-3-Ni (45 kJ
mol?) > Mg-MOF-74 (42 k) mol?) > Zeolite 13X (39 kJ mol?) >
TIFSIX-2-Cu-i (35.8 kJ mol?1).2! These Q, values indicate that
the CO, uptake at low partial pressures correlates with the
strength of sorbent-sorbate interactions. In contrast, each
sorbent exhibits much lower CH,4 uptake at 1.0 bar and 298 K
(Fig. 2A and Table 1).

The CO, binding site in isostructural HUMs has previously
been identified through in situ crystallographic experiments
(Supporting Information, Fig. S54) and molecular modelling
(Fig. S23-S24);12 17. 25 CO, molecules lie in the plane of the
equatorial fluorine atoms that afford strong F~CO,
electrostatics. Molecular dynamics simulations indicate that
CH, adsorbs in HUMs such that CH; molecules also interact
with the negatively charged inorganic pillars (SiFg2~ and TiFg2")
(Fig. S21-S22), in this case through multiple weak F-H
interactions. That CO, is adsorbed in HUMs through multiple
stronger F-~CO, interactions results in significantly higher
energies than those that accompany CH, adsorption, which, at
25-30 kJ/mol (Table S7), are relatively high,?> but nevertheless
much lower than those associated with CO, adsorption.
Analysis of the pure gas isotherms via ideal adsorbed solution
theory (IAST) 2¢ provided estimated Scy values under relevant
conditions (298K; CO, mole fractions of 0.01 and 0.5) and the
extreme range of compositions of NG (Fig. S18-S19 and Table
1). NbOFFIVE-1-Ni and TIFSIX-3-Ni were found to exhibit new
benchmarks for Scy (8482 and 3501, respectively), values far
above those of previously reported sorbents (SIFSIX-3-Zn =
231 at low CO, partial pressures!?, Mg-MOF-74 and Zeolite
13X = 159 and 790, respectively). The high Qs and Scy values
exhibited by TIFSIX-3-Ni, NbOFFIVE-1-Ni and SIFSIX-3-Ni
suggest potential for utility in CO,/CH,4 separations.

2| J. Name., 2012, 00, 1-3

Experimental breakthrough studies were conducted for
CO,/CH; (1/99 and 50/50 v/v) gas mixtures at room
temperature. As illustrated in Fig. 2, C and D, CO,/CH,
separation was achieved by all six physisorbents examined;
CH; was eluted through the adsorption bed immediately,
whereas CO, was retained in the adsorbent bed. For 1/99
CO,/CH,4 (Fig. 2C and Table 1), Zeolite 13X was found to have
the highest CO, uptake capacity (2.01 mmol g?). This was
closely followed by TIFSIX-3-Ni (1.7 mmol g'!) and NbOFFIVE-1-
Ni (1.61 mmol g). MS data revealed that CO, concentrations
of less than 100 ppm were realized in the outlet effluent for all
six physisorbents, affording CH4 purity of > 99.99% (Fig. 2E).
Additionally, TIFSIX-3-Ni was found to exhibit even higher CH,
purity of > 99.995% for ~200 min (effluent CO, concentration
ca. 25 ppm). Upon complete saturation of TIFSIX-3-Ni, the
sorbent was found to be fully regenerable via desorption of
CO; at ca. 333 K. NbOFFIVE-1-Ni, SIFSIX-3-Ni and Zeolite 13X
exhibited comparable uptake capacities of CO,, however,
failed to realise the same levels of CH, purity during dynamic
breakthrough experiments. Mg-MOF-74 and TIFSIX-2-Cu-i
were observed to be the worst performing materials for 1/99
CO,/CH, gas mixtures where selectivity becomes the primary
factor.

When the six physisorbents were exposed to the 50/50
CO,/CH, gas mixtures efficient gas separation was once again
exhibited by all six physisorbents (Fig. 2D). Mg-MOF-74,
Zeolite 13X and TIFSIX-2-Cu-i afforded the highest CO, uptake
capacities, while NbOFFIVE-1-Ni, TIFSIX-3-Ni and SIFSIX-3-Ni
gave lower CO; levels in the effluent CH4 stream. Whereas all
six sorbents once again achieved CO, effluent concentrations
of <100 ppm (Fig. 2F), only NbOFFIVE-1-Ni, TIFSIX-3-Ni and
SIFSIX-3-Ni offered CH,4 outlet purities of >99.995% (Table 1).
Despite the larger CO, uptake capacities of Mg-MOF-74 and
Zeolite 13X, they were found to produce CH, effluent streams

This journal is © The Royal Society of Chemistry 20xx
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Table 1. Physicochemical properties, gas sorption and breakthrough data.

Single Component Gas Sorption Studies Dynamic Breakthrough Experiments
Sorbent S Q atlow COZ/(_:I-_“‘ €0, CH, uptake [ CO, uptake Average CO, uptake Average
m g ' ’ f CO_/CH h CO_/CH h
(05bar) | (obary | 0P /M ppm /M, ppm
3501 1.995 0.002
-3-Ni b
TIFSIX-3-Ni 200 50.0 (158) (2.213) (0.220) 1.70 25.1 1.96 37.0
1243 1.808 0.005
-3-Ni b
SIFSIX-3-Ni 220 45.0 (134) (2.670) (0.299) 1.43 45.6 2.37 40.0
8482 2.219 0.004
-1-Ni b
NbOFFIVE-1-Ni 195 54.0 (366) (2.308) (0.100) 1.61 52.3 1.83 49.0
. . 30 0.260 0.014
TIFSIX-2-Cu-i 590 35.8 (16) (4.229) (0.760) 0.67 80.0 2.72 75.0
. 159 1.409 0.011
Mg-MOF-74 1100 42.0 (57) (7.036) (1.007) 1.12 46.7 3.79 78.0
. . 790 1.877 0.009
Zeolite 13X 832 39.0 (171) (6.060) (0.731) 2.01 51.6 3.35 90.0

a) Surface area (m?/g) calculated from Brunauer-Emmett-Teller (BET) theory; b) Based upon 298 K CO, uptake; c) Based upon 77K N, uptake; d) Virial
fitting of CO, sorption data collected between 0-10 mBar; e) CO,/CH, selectivity with ratio of 50:50 and 1:99 at 298 K and 1 bar of total gas pressure,
calculated from IAST theory; f) Uptake in mmol g at 298 K. Q,; and selectivity for materials were determined from dual-site Langmuir-Freundlich equation
after fitting the raw data; g) CO, uptake (mmol g?) based upon uptake before CO, breakthrough occurs; h) Average outlet CO, concentration before

breakthrough.

containing CO, impurities of 78 and 90 ppm, respectively. The
CO, capture performance of TIFSIX-3-Ni combined with its
recyclability (Supporting Information, fig. S$52-S53) and
previously demonstrated stability data,?! suggests potential
utility in a one-step process for CO, removal from NG during
LNG processing regardless of the feed gas CO, concentration.

Kinetics are also an important consideration in gas separations
and, in order to examine the synergistic nature of the
thermodynamics and kinetics for CO, capture, CO, adsorption
kinetic studies were conducted (Fig. S57). Activated samples
were exposed to a constant flow of 1.0 bar CO, at 308 K. The
order of CO, uptake at equilibrium was as follows: Mg-MOF-74
(25 wt. %) > Zeolite 13X (19 wt. %) > TIFSIX-2-Cu-i (17 wt. %) >
SIFSIX-3-Ni (ca. 10 wt. %) > NbOFFIVE-1-Ni (ca. 10 wt. %) >
TIFSIX-3-Ni (ca. 10 wt. %). While NbOFFIVE-1-Ni, TIFSIX-3-Ni
and SIFSIX-3-Ni exhibited lower CO, uptakes, they were found
to offer superior kinetics by reaching 90 % of equilibrium
loading ca. 1 min after exposure to the CO, gas stream. SIFSIX-
3-Ni and TIFSIX-3-Ni were found to exhibit slightly faster
uptake rates than that observed for NbOFFIVE-1-Ni (Fig. S58).

Removal of CO, from NG is one of the most important
industrial gas separations and is currently conducted by energy
and cost-intensive processes. Although adsorption-based
porous materials offer promise to create cost-effective and
energy-efficient separation technologies, existing classes of
porous materials tend to suffer from a trade-off between
adsorption capacity selectivity poor kinetics.
Additionally, solid physisorbents thus far have lacked the Qg
and Sy required to sufficiently reduce the CO, concentration

and or

in NG for LNG processing across all ranges of composition. We
demonstrate herein that a family of HUMs, namely TIFSIX-3-
Ni, SIFSIX-3-Ni and NbOFFIVE-1-Ni, can overcome this trade-
off and enable highly efficient one-step removal of CO, from
CH,4 thanks to their ability to exhibit fast adsorption kinetics

This journal is © The Royal Society of Chemistry 20xx

and new benchmarks for selectivity. We attribute these results
to a combination of high CO, adsorption capacity and strong
F-CO, interactions. The best performing material, TIFSIX-3-Ni,
reduced CO, levels in the CH,4 outlet gas to as low as 25 ppm
(Fig. 2E). Interestingly, despite the lower CH,4 uptake observed
for NbOFFIVE-1-Ni vs. TIFSIX-3-Ni during single-component gas
sorption, TIFSIX-3-Ni achieved higher levels of CO, removal
under all mixed gas conditions. This could result from faster
uptake kinetics (Fig. S58) in TIFSIX-3-Ni, perhaps due to its
slightly larger pore aperture than NbOFFIVE-1-Ni. While the
smaller pore aperture in NbOFFIVE-1-Ni could lead to stronger
interactions or even a sieving effect, it might also reduce the
rate of diffusion of CO, into the adsorbent. We attribute the
faster kinetic profiles of CO, adsorption in TIFSIX-3-Ni coupled
with its high energy of interaction with CO, to be the factors
that most contribute to the efficient CO,/CH, separation.
Conversely, the larger pore size and reduced F~CO,
interactions in TIFSIX-2-Cu-i offer significantly reduced Scy of
30. The poor performance of TIFSIX-2-Cu-i compared to
TIFSIX-3-Ni further illustrates how even subtle changes in pore
size, pore chemistry and pore geometry can impact F~CO,
interactions in HUMs of this type. We attribute the good
performance of Mg-MOF-74 and Zeolite 13X to strong M-CO,
interactions. The unsaturated Mg?* cations in Mg-MOF-74
have a smaller ionic radius and a larger ionic valence vs. the
extra-framework Na* cations in Zeolite 13X.2” The presence of
exposed metal cations, however, is undesirable if it causes
competition with other gas stream constituents. Further,
water vapor has previously been shown to strongly coordinate
to open metal sites, which competes with CO, and can require
excessive amounts of energy (>200 °C) to regenerate.2830 |n
contrast, the breakthrough performance of HUMs for 1/99 and
50/50 mixtures was not observed to decline through 10
successive adsorption/desorption cycles at 353 K (figs. S52-

J. Name., 2013, 00, 1-3 | 3
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S53), results which illustrate both the inherent stability and
facile recyclability of these HUMs.

In conclusion, we demonstrate that physisorbents can
produce ultra-pure CH; (>99.995) by efficient removal of CO,
from both trace (1%) and bulk (50%) concentrations in a one-
step process. Single-component gas sorption isotherms
suggest that all six physisorbents examined herein are efficient
at removing CO, from CO,/CH,; gas mixtures but the gas
separation performance examined by dynamic gas
breakthrough experiments reveals that HUMs exhibit superior
CO,; separation performance. Notably, TIFSIX-3-Ni reduces CO,
levels to ca. 25 ppm regardless of the partial pressure of CO, in
the feed gas and also exhibits fast kinetics. While the Scy of
NbOFFIVE-1-Ni indicates near sieving performance for
CO,/CH, gas mixtures, the narrow pore aperture negatively
impacts kinetic CO, uptake by the material and as a result
reduces overall performance. TIFSIX-3-Ni  therefore
outperforms the other HUM variants in terms of working
capacity and kinetics. We also note that TIFSIX-3-Ni is
particularly facile to prepare by slurry or mechanochemistry
and that the method of preparation does not impact gas
adsorption performance (Figs. S55, S56). This work further
illustrates how study of even the most subtle changes in pore
structure and pore chemistry in HUMs can enable significant
changes in CO, capture performance, in this case for perhaps
the most relevant of carbon capture
applications.
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