SCIENCE ADVANCES | RESEARCH ARTICLE

MATERIALS SCIENCE

Aluminum formate, AI(HCOO)s: An earth-abundant,
scalable, and highly selective material for CO, capture

Hayden A. Evans't, Dinesh Mullangi’t, Zeyu Deng?t, Yuxiang Wang®t,
Shing Bo Peh’t, Fengxia Wei®, John Wang?, Craig M. Brown'”®, Dan Zhao>*,

Pieremanuele Canepa”3*, Anthony K. Cheetham?®*

A combination of gas adsorption and gas breakthrough measurements show that the metal-organic framework,
AI(HCOO); (ALF), which can be made inexpensively from commodity chemicals, exhibits excellent CO, adsorption
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capacities and outstanding CO,/N, selectivity that enable it to remove CO, from dried CO,-containing gas streams
at elevated temperatures (323 kelvin). Notably, ALF is scalable, readily pelletized, stable to SO, and NO, and
simple to regenerate. Density functional theory calculations and in situ neutron diffraction studies reveal that the
preferential adsorption of CO, is a size-selective separation that depends on the subtle difference between the
kinetic diameters of CO, and N,. The findings are supported by additional measurements, including Fourier trans-
form infrared spectroscopy, thermogravimetric analysis, and variable temperature powder and single-crystal

x-ray diffraction.

INTRODUCTION

Efficient CO, capture and storage technologies can reduce the envi-
ronmental impact of fossil fuel use. Conventional chemical sorbents
based on aqueous amine solutions have a considerable capacity for
postcombustion CO; capture but have the disadvantages of thermal
degradation, corrosion, oxidative reactions, and usually energy-
intensive regeneration processes (1). Porous solid sorbents that
capture CO; through physisorption require less energy for regenera-
tion and have great potential for cost-effective CO; capture (2).
However, traditional solid sorbents, such as zeolites and porous
carbon-based materials, also have considerable limitations. In
particular, aluminosilicate zeolites have inadequate CO, uptake
capacity in humid gas streams, and porous polymer and carbona-
ceous materials have low adsorption capacities and poor CO,/N,
selectivities (3).

Metal-organic frameworks (MOFs), with their high surface areas,
tunable pore sizes, surface functionality, and structural diversity,
offer several advantages as the next-generation solid adsorbent
materials for CO, capture (4, 5) but have limitations of their own.
These usually include sensitivity to humidity, poor mechanical
properties, and, for many high-performing MOF materials, com-
plex ligand precursors that may be too costly for large-scale applica-
tions. In the present work, we address the cost and scalability issues
by exploring the adsorption properties of one of the simplest of all
MOFs, aluminum formate, AI(HCOO); (ALF). ALF is a mechani-
cally robust material that can be made from the inexpensive and
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widely available starting reagents, aluminum hydroxide and formic
acid. It exhibits excellent CO, adsorption properties and CO,/N,
selectivities for dried CO,-containing gas streams.

Postcombustion flue gases typically contain CO; (8 to 16%), O,
(3 to 4%), and H,O (5 to 7%), with N, comprising the balance.
Several MOFs have shown substantial gravimetric CO, uptake
capacities for dried flue gas streams. For example, the widely studied
Mg-MOF-74, based on the ligand 2,5-dihydroxyterephthalate (dhtp),
has a leading gravimetric capacity of 8.04 mmol/g (1 bar/298 K) (4).
There are also MOFs with open metal sites or Lewis base sites or
both, micropores (4 A to 6 A), and excess polar functionalities—
such as hydroxyl, amino, pyridyl, and thiol—that have shown con-
siderable CO, adsorption capacities (4, 5). These materials would
require a drying step before CO, capture to be practical, adding
extra cost to the overall process. Other MOFs, however, perform quite
well in wet flue gas streams, drawing attention to the importance of
understanding the role of water with CO, adsorption in each mate-
rial class (6). For example, the SIFSIX family of materials show
impressive performance under realistic flue gas conditions (7-9),
but they contain expensive constituents. The state-of-the-art MOF
material for postcombustion CO; capture is CALF-20, which shows
excellent CO,/N; selectivity and good stability in wet gas streams,
among other qualities (10-12). However, even CALF-20 faces
cost and scalability challenges because its chemical composition,
Zn,(1,2,4-triazole),(oxalate), requires the use of a triazolate and a
relatively expensive zinc precursor. Thus, it remains extremely
challenging to find MOFs that can capture CO; from combustion
point sources in a cost-effective and scalable manner (13). An alter-
native approach, which we explore in the present work, is to reduce
the cost of the MOFs to the point where a drying step, before CO,
capture, becomes a viable option.

RESULTS AND DISCUSSION

The use of the metal(I11) formates, M (HCOO)s, where M = Al Fe,
Ga, In, and Mn (I14), for small molecular separations and gas
capture applications has not been reported previously. The parent
structure of these compounds is of the ReOs type (15), but the M
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formate compounds have only hitherto been reported as their CO,/
water adducts, €.8., AI(HCOO)3~(C02)3/4(H20)1/4(HCOOH)1/4 with
CO,, water, and/or formic acid filling the perovskite A-site cavities.
This material, referred to here as the as-made AI(HCOO); (14), was
prepared by reacting aluminum hydroxide with formic acid (see
Materials and Methods). We activated (removed the guest species)
the as-made AI(HCOOQ); material either in vacuum between 373
and 403 K or by heating to =473 K in air at ambient pressure. The
activated AI(HCOOQ)3, referred to here as ALF, retained its structure
after exposure to air, solvents, and corrosive media and was thermally
stable up to =523 K in air (figs. S8 to S10 and S14).

The crystal structure of ALF (Fig. 1A) was obtained from
Rietveld refinement with neutron powder diffraction (NPD) data;
the fractional coordinates agree with the structure obtained by single-
crystal x-ray diffraction (table S1) and energy minimization using
density functional theory (DFT) calculations (tables S2 and S3). The
crystal structure of ALF has two types of cavities, which we refer to
as the small cavities (SCs) and the large cavities (LCs). There are
three times as many SCs as LCs, and the SC and LC pore volumes at
300 K are 43(3) and 79(9) A®, respectively (obtained using PLATON)
(16). For the SCs, 4 of the 12 formate ligands point their hydrogens
inward (Fig. 1E); and for the LCs, all 12 of the formate ligands point
their hydrogens outward (Fig. 1F).

The inward-pointing formate hydrogens facilitated a favorable
hand-in-glove relation between CO, and the SCs. Furthermore, the
crystal structure contained two types of interpenetrating channels
(Fig. 1B). One channel comprised only SCs (gray squares), and the
other comprised alternating SCs and LCs (purple circles). As discussed
below, a favorable window size along the SC/LC channels relative to
the SC/SC channels [4.561(7) and 4.103(19) A, respectively (figs. S6
and S7)] favored CO, adsorption in the SC/LC channels. The

Brunauer-Emmett-Teller surface area of ALF was estimated to be
588 + 8 m* g (error is 1o; fig. $23).

As shown in Fig. 2 (A and B), despite the microporosity of ALF,
it did not adsorb N at 298 K and at all practically useful temperatures
(see fig. S20) but readily adsorbed CO; at and above 273 K. The low-
pressure CO, uptake was substantial and persisted to 323 K with
noticeable desorption hysteresis loops, suggesting appreciable diffu-
sion barriers for CO; in the SC/SC channels of ALF (see fig. S19).
ALPF’s affinity for water was much reduced compared with other leading
MOFs that are known to be hydrophilic, such as MOF-74-Ni and
Ui0-66-(OH), (Fig. 2C), but it is not negligible, as discussed below.

Although most experimental screening efforts concentrate on
CO; uptake at near-ambient temperature, 298 K, the practical
implementation favors a slightly higher operating temperature due
to other pretreatment units for the postcombustion flue gas. ALF
performed well under these conditions, as shown by our dynamic
column breakthrough experiments at 323 K using a simulated feed
(15/85 mixture of CO, and N,). The CO, concentration front was
substantially delayed compared to that of N, because of selective
adsorption by ALF packed within the column (Fig. 2D; experimen-
tal details in Materials and Methods). The calculated capacity of
CO, coadsorption was 0.8 mmol g™, whereas the N, counterpart
was barely detectable (<0.1 mmol g™'). Furthermore, these charac-
teristics are largely retained in the presence of SO, and NO (fig. S27),
suggesting excellent stability of ALF against corrosive gases. In
terms of the system’s cyclability, the guest-free MOF could be re-
generated by heating to 353 K under a CO, atmosphere and was
stable over more than 100 cycles (Fig. 2E and fig. S15, top).

We have also explored the performance of ALF under wet flue
gas conditions. Experiments in which columns were presaturated
by moisture [relative humidity (RH) = 80.5%] maintained 70% of
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Fig. 1. Experimental and theoretical results on the structure of ALF with and without CO,. (A) The structure of ALF at 300 K determined from neutron diffraction.
Space group =Im3; a=11.3905(1); V= 1477.85(5). (B) Structure of ALF illustrating the two types of interpenetrating LC-SC-LC (purple circles) and SC-SC-SC (gray squares)
channels within ALF. (C and D) Position energy of CO, and N, as the molecules are translated in the small cavity (SC; upper boxes) and large cavity (LC; lower boxes) of
ALF.In (C) and (D), positive energies (blue areas in the color maps) represent energetically unfavorable positions, and white crosses serve as guides for the eye. The absolute
values of the position energies are different in (C) and (D). (E) SC, illustrating hydrogen bonding with formate ligands and CO,. Error value is 1c. (F) LC, illustrating lack of

hydrogen bonding between formate ligands and disordered CO,.
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Fig. 2. Isotherm and breakthrough adsorption data. (A) CO, adsorption isotherms at various temperatures. (B) Comparison of the CO, and N, adsorption isotherms at
298 K. The inset shows the CO,/N, sorption selectivity based on ideal adsorbed solution theory (IAST; defined in Materials and Methods) for a 15/85 mixture of CO,/N, at

298K (323 K in fig. 528). (C) Comparison of the H,0 vapor sorption isotherms of ALF,

MOF-74-Ni, and UiO-66-(OH), at 298 K. (D) Breakthrough curves (uncalibrated) of a

15/85 CO,/N, mixed gas through an ALF-packed column at 323 K. The CO, uptake and CO,/N; selectivity from these curves were 0.80(1) mmol/g and 75(21), respectively.
(E) In situ thermogravimetric analysis (TGA) cycling studies on ALF under dry CO, atmosphere. This graph shows 130 cycles where degassing occurs at 353 K and CO,
adsorption takes place on cooling to 313 K. Each cycle was approximately 30 min. (F) Comparison of the CO, breakthrough curves through ALF packed column at 323 K
under dry and wet conditions. For wet conditions, the column was presaturated by moisture before introducing wet CO,/N, mixed gas. The curves are calibrated after
point-by-point (PBP) correction (see Materials and Methods). Virial fits for the CO, isotherms collected can be found in fig. $22. Langmuir fits and pore size distribution can

be found in figs. S24 and S25, respectively.

their CO, dynamic capacity (fig. S38), suggesting that CO, could
outcompete H,O guests for sites within ALF. Usually, this level of
CO;, preference versus HO in MOFs requires chemisorption sites
like alkyl amine moieties (table S7). While these results suggest that
ALF exhibits promising physisorptive CO, capture characteristics
under wet postcombustion flue gas conditions, further experiments
have shown that the system is, nevertheless, sensitive to moisture
under certain circumstances. As can be seen from dynamic vapor
sorption (DVS) experiments performed on ALF at 303, 313, and
323 K with N; or CO; carrier gases (fig. S36), at 303 K, ALF could
withstand water concentrations up to 90% saturation without deg-
radation with CO, carrier gas. However, at 313 and 323 K, there was
~2% mass loss with CO, carrier gas. Under N, degradation occurred
at all tested temperatures. A noticeable difference between the N,
and CO; experiments is that the degradation of ALF is approxi-
mately three- to fourfold less when CO, is used as the carrier gas.
This indicates that the presence of CO, imparts a partial defense
against water-induced material degradation. These DVS experiments
indicate that, although ALF likely cannot be used to directly treat

Evans et al., Sci. Adv. 8, eade1473 (2022) 2 November 2022

postcombustion flue gas saturated with moisture, it shows promise
when coupled with a suitable upstream drying technology. Drying
to ALF’s stability envelope (=25% RH at 323 K) may be realized by
relatively cheap and facile approaches such as cooling and conden-
sation (17), contrasting the necessity for deep drying to as low as
<100 parts per million [dew point, —40°C (233 K)] to circumvent
binding site poisoning for highly hygroscopic sorbents. Further-
more, ALF’s resilience to humidity near room temperature facilitates
easy handling and storage without inert atmosphere or other
cumbersome precautions if used on an industrial scale.

To probe why ALF adsorbs CO, so effectively, DFT calculations
were performed to map the energy landscapes of both CO, and N,
inside the two cavities (SCs and LCs) of ALF (Fig. 1, C and D) (18).
The DFT adsorption energies of CO,, N, and H,O were computed
within the generalized gradient approximation (GGA), where the
exchange-correlation functional was approximated as proposed by
Perdew-Burke-Ernzerhof (19). van der Waals forces were accounted for
with the DFT-D3 correction scheme proposed by Grimme et al. (20).
Details of the simulations are provided in Materials and Methods.
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From the adsorption energies of CO; and N, in ALF presented
in Table 1, we drew two main conclusions. First, the adsorption
energy was greater for CO; than N, in both cavities. Second, CO,
was preferentially adsorbed in the SC of ALF, whereas N, showed
no preference for either cavity. These results are further emphasized
in Fig. 1 (C and D), which show that, in the SCs, CO, preferred to
orient along the ¢ axis toward the inward-pointing hydrogens,
whereas the energy landscape was flat in the LC with a slight prefer-
ence for the center of the cavity. For N, the energy landscape was
flat for both the SC and LC, with a slight preference to the center of the
cavity. DFT calculations (Table 1) also show that H,O (-51.3 kJ/mol)
adsorption was slightly more favorable than CO, (-48.4 kJ/mol) in
the SC, whereas the CO, adsorption was strongly preferred in the
LC. The similarity in adsorption energies of CO, and H,O implies
less adverse competition for binding sites between CO, and H,O com-
pared to other hydrophilic materials (-60 kJ/mol < AH < —100 kJ/mol)
where H,O binding energies/enthalpies are substantially higher.
This is initially suggested by the substantial retention of dynamic
capacity in the wet gas breakthrough experiments and modeled
mixture adsorption profiles (Fig. 2F and fig. $35). Further experi-
ments, however, as described above, showed gradual degradation of
the ALF at high moisture concentrations (fig. $36). For the flue gas
application, therefore, we again conclude that a drying step will be
required before CO; capture in any commercial implementation.

Figure 3A illustrates the Rietveld refinement fits of ALF with and
without CO,. Nondeuterated samples of ALF were used for all NPD
experiments, which led to a sloping background because of the
incoherent scattering of hydrogen. Figure 3 (A and B) shows selected
results from NPD experiments on CO, adsorbed into ALF performed
at 320 K with various partial pressures of CO,. This temperature
was chosen on the basis of the isotherms of pure CO; (fig. S19),
which indicated that, relative to 300 K, CO, adsorption at 320 K had
improved kinetics. It can be seen in Fig. 3B (top) that, when ALF
was exposed to increasing pressures of CO,, the lattice parameter of
ALF gradually contracted. We note that the increased CO, adsorption
seen between 273 and 323 K (Fig. 2A) is likely due to the expansion of
the ALF unit cell over this temperature range and the increased
dynamics of the formate groups.

Figure 3B (bottom) shows the increasing crystallographic occu-
pancies of CO; in both the SCs and LCs as the pressure increases.
Note that the occupancy of CO; in the SCs was consistently higher
than that in the LCs (Fig. 3B), which was consistent with the ad-
sorption energies from DFT (Table 1). At the highest CO, loading
in Fig. 3B, the occupancy of the SC was =90%, whereas that of
the LC was =50%, giving an approximate overall composition of
Al(HCOO)3(CO;)o7s (recalling that there are three times as many

Table 1. Adsorption energies from first-principles calculations (in
kilojoules per mole) and experimental isosteric enthalpy of
adsorption. The isosteric enthalpy of adsorption is measured at low
molecular loadings (=1 mmol/g) from the CO, gas adsorption isotherms
(fig. S21) and is in good agreement with the DFT results for the SC.

Molecule Small cavity  Large cavity Isosteric'enthalpy of
(kJ/mol) (kJ/mol) adsorption (kJ/mol)
CO, -48.4 -36.2 —47.7
Nz _234 ................... _286 B
Hzo _5]3 ................... _288 s
Evans et al., Sci. Adv. 8, eade1473 (2022) 2 November 2022

SCs than LCs). This occupancy corresponds to a CO; loading
of ~4.8 mmol/g. The CO; loading into ALF under these conditions
is slightly increased when compared with the initial level of CO,
present in the as-made AI(HCOO)3, as the latter only accommodated
CO; in the SCs (14).

The comparison between the SCs hand-in-glove hydrogen-
bonding association with CO, relative to the LCs is shown in
Fig. 1 (E and F). In our model, CO; moved through the LC/SC
channel more efficiently because of the larger window size along the
LC/SC channel. Thus, the distinctive feature of ALF is that these
windows appeared to be just large enough to permit the facile
adsorption of CO; but not large enough to permit the adsorption
of Ny, noting that the kinetic diameter of CO; (=3.3 A) is slightly
smaller than that of N, (=3.64 A) (21). This subtle size difference
enabled ALF to achieve the observed kinetic separation of CO, and
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Fig. 3. Neutron diffraction results from experiments on ALF (National Insti-
tute of Standards and Technology Center for Neutron Research, BT1,1.=2.079 A).
(A) Top: Rietveld refinement fit of activated ALF at 300 K; a=11.39051(12), Ryp = 2.74%,
Rp=2.19%. Bottom: Rietveld refinement fit of ALF exposed to 1 bar of CO, at 320 K;
Rwp =3.35%, Ry = 3.43%. The scan time for the activated sample data was twice that
of the CO; exposed data. Change in lattice parameter of activated sample versus
temperature is shown in fig. S1. Refinements of other datasets are shown in figs. S2
to S4. (B) Top: Lattice parameters obtained from Rietveld refinements as a function
of CO, dosing pressure for ALF at 320 K. Bottom: CO, crystallographic occupancies
obtained from Rietveld refinements as a function of the CO, dosing pressure for
ALF at 320 K. Error bars in graphs denote 1c.
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N,. While most MOFs that show good selectivity for CO, over N,
do so by using nitrogen-containing linkers to enhance the chemical
affinity of the cavities for CO,, we note that the SIFSIX family, like
ALF, uses size selectivity (7-9). We also note that, while hand-in-
glove CO, binding situations are unusual in MOFs, the siting of
CO; in the SIFSIX family of compounds is also similarly favorable.
ALF has some other attractive features that set it apart from other
MOF sorbents. It is readily prepared on a kilogram scale in the
laboratory (fig. S29) with formic acid acting as both a reactant and
a solvent, so no additional solvent is required. We estimate that the
material cost for obtaining ALF on the metric ton scale from two
commodity chemicals, aluminum hydroxide and formic acid, is
only =$1000 per metric ton, making it substantially cheaper than
any of the other MOF alternatives, including CALF-20. We propose
that this cost reduction could enable the inclusion of a drying step
in the flue gas treatment process costing as low as $2 per metric ton
CO; captured in certain embodiments (22). Furthermore, ALF has
excellent mechanical properties (table S9) that are superior to those
of most MOFs (23), wherein it can be pelletized and even ball-milled
while retaining performance (fig. $30). ALF also benefits from good
volumetric performance on account of its relatively high density
(table S7). In addition, preliminary process modeling indicates
that ALF meets the purity and recovery requirements set forth
by the U.S. Department of Energy when operated in a simple heat-
regenerated cycle. The performance, again, is favorable compared
to that of other leading MOF systems (table S8 and figs. S31 to S33).
Last, another intriguing feature of ALF is that it could offer an
efficient vehicle for long-term CO, storage in the future if the selec-
tive reduction of CO, to formic acid with solar hydrogen becomes
more efficient (fig. S16) (24). CO, could then be stored in the stable
ALF framework itself, according to the overall reaction AL,Os; + 6
CO; + 3 Hp — 2 AI(HCOO);. This reaction would yield a storage
capacity for CO; of 81 weight % (not including additional CO, that
could be stored in the channels). If ALF is filled completely with
CO; and formic acid is sourced from captured CO,, then ALF
represents a CO, packing efficiency that is 96.35% of dry ice.

MATERIALS AND METHODS

Reflux synthesis and activation of AI(HCOO);

The as-made AI(HCOO); was synthesized by modifying a reported
procedure (14). In a typical synthesis, formic acid (100 ml) and
aluminum hydroxide (1.2 g, 0.015 mol) were refluxed in a 250-ml
three-neck round-bottom flask at 100°C (373 K) for 48 hours. After
completing the reaction, excess formic acid was extracted by centrifu-
gation, and the white solid was rinsed with a copious amount of
ethanol and separated using vacuum filtration. The air-dried sam-
ple gave a yield of 95% white solid product of AI(HCOO)3(CO3)o.75
(H20)0.25(HCOOH) 25/ [guest included/as-made AI(HCOO);]. On
the basis of our chemical analysis, it is likely that the actual as-made
compound is AI(HCOO)3(CO,)0.75(H20)0.50, with two molecules in
the LCs. Analytical CHN data for AlC;75H4Og (molecular weight,
204 g/mol) are as follows: calculated weight percentages: C, 22.06%;
H, 1.96%; and observed: C, 22.58%; H, 2.32%.

Hydrothermal synthesis of as-made AI(HCOO);

single crystals

In a typical synthesis, formic acid (7 ml) and aluminum hydroxide
(50 mg, 0.234 mmol) were added into a Teflon liner and stirred at

Evans et al., Sci. Adv. 8, eade1473 (2022) 2 November 2022

room temperature for 30 min until they formed a homogeneous
suspension. Then, the contents were placed in a 23-ml Teflon-lined Parr
stainless steel autoclave and heated at 130°C (403 K) for 3 days followed
by slow cooling to room temperature, giving colorless cubic crystals
of aluminum formate [AI(HCOO);(CO,)0.75(H20)0.25(HCOOH)g 25].
The resulting crystals were washed with a copious amount of ethanol
and separated using vacuum filtration. The air-dried sample gave a
yield of 83% of as-made AI(HCOO)j; single crystals.

Activation of as-made AI(HCOO); to ALF

The air-dried, as-made Al(HCOO)3(COz)075(H20)025(HCOOH)025
(0.5 g, 2.16 mmol) was heated at 150°C (423 K) for 24 hours under
high vacuum (1 x 10~* mmHg) or heated in air/ambient conditions
at 180°C (453 K) for 24 hours, yielding quantitative amounts of the
guest-free ALF. Analytical CHN data for AIC3H30¢ (molecular
weight, 162.03 g/mol) are as follows: calculated weight percentages: C,
22.24%; H, 1.87%; and observed: C, 21.23%; H, 1.93%.

Synthesis of MOF-74-Ni

MOFEF-74-Ni was synthesized on the basis of a literature method (25).
In a 100-ml round-bottom flask equipped with a condenser, a
suspension of dihydroxyterephthalic acid (1.03 g, 5.1 mmol) in
deionized water (40 ml) was heated to reflux under strong magnetic
stirring. In a separate flask, nickel acetate tetrahydrate (2.51 g, 10 mmol)
was dissolved in deionized water (10 ml) at 80°C (353 K). The obtained
light green nickel solution was added in one portion to the boiling
ligand suspension under continuous stirring. The reaction mixture was
further refluxed for 1 hour. The final suspension was filtered, and the
yellow microcrystalline powder was washed with warm deionized
water (50 x 3 ml) and methanol (20 x 2 ml) before being dried over-
night at 80°C (353 K). The powder was degassed at 150°C (423 K)
for 20 hours before the measurement of gas sorption isotherms.

Synthesis of Ui0-66-(OH),

UiO-66-(OH), was prepared according to the literature method
(26, 27). Briefly, 2,5-dihydroxyterephthalic acid (1 g, =5 mmol) and
ZrOCl,-8H,0 (1.7 g, =5.2 mmol) were added in a 50 ml of water/
acetic acid (20/30, v/v) mixture and heated under reflux (=105°C,
~378 K) for 1 day to afford a dark khaki powder. The powder was
washed with deionized water three times before soaking in water
and methanol each for 3 days at room temperature, during which the
solvent was refreshed every day. After the final removal of methanol
by decanting, the sample was activated under vacuum at 120°C (393 K)
overnight for further modifications and characterizations.

Single-crystal x-ray diffraction of ALF

Single-crystal x-ray diffraction data were measured on ALF at
200°C (473 K) using a Bruker AXS D8 Venture Mo microfocus
sources equipped with a Photon 100 complementary metal-oxide
semiconductor active pixel sensor detector. The data collection and
integration were carried out with APEX3 software. The structures
were solved by direct methods, and refinement of the structure was
performed by least squares procedures on weighted F* values using
the SHELXL-2014 program package included in the WinGx system
programs for Windows (28).

NPD of ALF and CO,-dosed ALF
Neutron diffraction measurements were performed on a 1.23-g
activated sample of ALF powder at the National Institute of Standards
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and Technology Center for Neutron Research. Data were collected
at the high-resolution neutron powder diffractometer, BT-1, using
a Ge(311) monochromator with an in-pile 60’ collimator, corre-
sponding to a neutron wavelength of 2.079 A. The sample was loaded
into a vanadium sample can in a He environment glove box and
sealed with a soldered lead O-ring onto a copper heating block con-
taining a valved outlet for gas loading. After mounting the sample
onto a bottom-loaded closed cycle refrigerator, the sample was
reactivated at elevated temperatures under vacuum to remove possible
residual helium. The sample was then cooled and measured at various
temperatures for sufficient time to be able to perform high-quality
Rietveld refinements or with 1-hour scans to obtain unit cell values
on heating. For CO, dosing datasets, a custom calibrated gas dosing
manifold setup with a known volume and an attached pressure
gauge was used to either maintain static pressure or deliver specific
stoichiometric equivalents.

NPD data were analyzed using the TOPAS 6 software suite (29).
For consistency, Pawley refinement of the activated sample at 15 K was
used to establish the peak shape used for all subsequent Pawley (30)
and Rietveld refinements. Because of the high symmetry and quality
of the neutron diffraction data, the CO, molecules did not require rigid
body modeling. The CO, molecules were refined as atoms, instead of
rigid bodies, with the thermal parameters of the LC CO, atoms
fixed to the thermal parameter values of the SC CO, atoms.

Variable temperature x-ray diffraction

Variable temperature powder x-ray diffraction (PXRD) patterns were
measured on a PanAlytical X’pert PRO MRD x-ray diffractometer
with Cu Ko radiation (A = 1.5418 A, 30 kV, and 40 mA). PXRD
patterns were recorded on pelletized (10 mm by 10 mm) as-made
Al(HCOO); at various temperatures between 25° and 280°C (298 to
553 K) with a heating rate of 5°/min, a step of 0.025°, and a scan
speed of 1 s per step.

X-ray diffraction for stability analysis

PXRD patterns were measured on a Bruker D8 ADVANCED
diffractometer with Cu Ko radiation (A = 1.5418 A, 40 kV, and
40 mA). All the PXRD patterns were recorded from 10° to 60° (26)
with a step of 0.02° and a scan speed of 1 s per step under ambient
conditions.

DFT procedures

DFT calculations were performed using the Vienna Ab initio Simu-
lation Package code (31, 32) with the projected augmented wave
potentials (33, 34), where the following electrons were treated ex-
plicitly: H, 1s'; C, 2s*2p% O, 2s*2p*% and Al, 3s*3p’. The unknown
exchange-correlation contribution was calculated using the GGA
(19), and the van der Waals interactions were treated using the
Grimme method (DFT + D3) (35). The wave functions were ex-
panded with plane waves up to a kinetic energy cutoff of 520 eV. The
first Brillouin zone was integrated over a 3 x 3 x 3 Monkhorst-Pack
(36) k-point mesh. Structural relaxations were performed until the
interatomic forces were less than 0.01 eV/A. The adsorption energy
of adsorbate M (M = CO,, N, and H,O) inside ALF was calculated as

Eadsorption = (E[AI(HCOO)3;,nM] - E[ AI(HCOO)3] — nE[M])/n

where E’s are the DFT total energies and 7 is the number of adsorbing
molecules in the cubic unit cell. The total energy of the adsorbate

Evans et al., Sci. Adv. 8, eade1473 (2022) 2 November 2022

molecule was calculated by placing a single molecule at the center of
a15 x 15 x 15 A? box. The energy landscape of ALF was calculated
by placing an adsorbate molecule at the center of the cavities (SCs
and LCs), aligned along the [001] direction, and moved along a
translation vector t = (x, y, z), where x, y, and z = —0.1, —0.05, 0.0,
+0.05, and +0.1 in fractional units. Then, all oxygen atoms of CO,
were relaxed using DFT, whereas other atoms and the unit cell were
held fixed. For N, calculations, one of the nitrogen atoms in N,
was kept fixed, whereas, for H,O adsorption, oxygen atoms of H,O
were fixed.

For calculation of the mechanical properties, the same method
as discussed above was used. Geometry optimization was performed
on the basis of the primitive cell of the experimental crystal struc-
ture until the interatomic forces are less than 0.01 eV/A. Then, the
structure of AI(HCOO); was reoptimized under following strains

1+86 0 0
0 1 6/2
0 d/2 1

where 8 = £0.5% and *+ 1%. The elastic constants were extracted
from stress-strain relationship using the method in a previous
study (37).

Breakthrough measurements

The breakthrough experiments were conducted using a homebuilt
setup shown in Fig. 4. The gas cylinders of Ar (99.95%), 15/85 CO,/
N, mixed gas, N, (99.95%), and He (99.95%) were purchased from
Air Liquide Singapore Pte Ltd. The stainless-steel columns used for
loading MOF powders are 4 cm long, and their internal column di-
ameter is 0.3 cm. Metal mesh and cotton wool were placed at both
ends of the column to prevent the system from being contaminated
by sample powders/pellets. A glass fiber heating tape was used for
controlling the setup temperature for column activation, regenera-
tion, and breakthrough experiments at a temperature above room
temperature. The temperature of the heating tape (Omega DHT-
102040LD) was detected and controlled by an Omega thermocouple
(5SC-TT-K-30-36) and a microcontroller (Omron E5CC), respec-
tively. Gas composition at the exit of the column was determined by
a mass spectrometer (Hiden QGA quantitative gas analysis system).
The flow rate of each component gas was calculated by an internal
Ar flow reference with a fixed flow rate of 5 + 0.05 sccm (standard
cubic centimeter per minute).

Before the breakthrough experiments, the adsorption columns
were activated by purging a constant He flow (5 + 0.1 sccm) through
the column at predetermined temperatures [180°, 150°, and 120°C
(453, 423, and 393 K) for ALF, MOF-74-Ni, and UiO-66-(OH),,
respectively] for at least 12 hours until no solvent or moisture signal
could be detected by the mass spectrometer. For dry gas break-
through experiments, a 15/85 premixed CO,/N; flow with a total
flow rate of 2 £ 0.05 sccm was stabilized for 40 min before being
introduced into the column. As for the experiments of wet gas break-
through, a N, flow (2 £ 0.05 sccm) purging through the water reser-
voir [RH = 80.5% at 25°C (298 K) as determined by Omega RH318
hygro-thermometer] was used to saturate the adsorption columns
before introducing the 15/85 CO,/N, mixed gas (2 + 0.05 sccm)
into the column.
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Fig. 4. A scheme of the breakthrough setup used in this study. MFC, Mass Flow
Controller.

Adsorption capacity and selectivity calculations based

on breakthrough data

On the basis of the mass balance of certain gas component in the mixed
gas across the whole packed column (in — out = accumulation)
including the dead volume of the setup (volume inside the setup
excluding the column), it can be derived that

e
evgCoAt, — IevtCtAdt =LAeC,+ LA(1 - g)ge + V4C, (1)
0

where € is the bed porosity estimated on the basis of the crystal den-
sity of the adsorbents, vy is the total interstitial gas velocity (meters
per second) at the column inlet, Cy is the inlet gas concentration
(moles per cubic meter), A is the cross-sectional area of column
(square meters), t, is the elution time (seconds), v; is the interstitial
gas velocity (meters per second) at the exit of the column, C; is the
exit gas concentration (moles per cubic meter), C, is the average gas
concentration in the column (mole per cubic meter), V; is the dead
volume of the setup (cubic meters), L is the column length (meters),
and ¢, is the equilibrium concentration of adsorbate in the adsorbent
(moles per cubic meter) corresponding to the average column
pressure P, (calculated vide infra).

By dividing both hand sides of Eq. 1 with the gas molar flow rate
of this component at the column inlet, Eq. 1 will be rearranged as

f
(1 ENg o L(C 1-e9) ViCe
0f(l Fo)dt = VO(CO + Co) + Fo
The gas concentration at the inlet of the column can be calculated
by the following equation

2)

Y0P

CO_R><T

3)

where y and Pj, are the gas composition and pressure (kilopascals)
at the inlet (upstream) of the column.
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According to Darcy’s law, we assume a linear pressure profile in
the bed. Therefore, the average column pressure (P,) and average
gas concentration (C,) can be calculated as

Pe ~ Pin'zpout (4)
P Pin + Poy

where y; and P, are the gas composition and pressure (kilopascals)
at the outlet (downstream) of the column. Equation 2 can be further
rearranged as

t,
¢ _ﬂ _L Pin+Pout | 1—€9e Vdce
0f<1 F0>dt_V0( 2P, | ¢ co>+ Fo

(6)

The dead volume item in the above equation can be obtained by
performing the dead volume breakthrough experiments using the
bypass of the setup and by performing the integration as

¢
F, - VaC,

1— 25 ) dt = Fopank =
6[( FO> blank FO

where £, is the elution time of the dead volume breakthrough experi-
ments and fpjank is the mean residence corresponding to the setup
dead volume.

Breakthrough selectivity was calculated using Eq. 8

7)

_ ‘hl/cel
qu/CeZ

S (8)

where C,; is the equilibrium concentration of component i in gas phase
and g,; is the gas concentration of component i in the adsorbent.
PBP correction of breakthrough curves of wet CO,
Because the dead volumes of dry gas and wet gas breakthrough
experiments are different, it is necessary to use the point-by-point
(PBP) correction method (38) to calibrate the breakthrough curves
before comparing the breakthrough time of CO, under dry and wet
conditions. In this method, the corrected breakthrough time fcorrected
is calculated as

feorrected = F — To (9)
where t is the breakthrough time of a specific normalized flow rate
F/F, in the breakthrough of adsorption column and #, be the break-
through time of the same normalized flow rate in the breakthrough
experiment of a bypass column. Figure 5 visualizes the PBP correc-
tion of a breakthrough curve.

Gas adsorption experiments

Single-component gas sorption isotherms were measured on a
Micromeritics 3-FLEX surface area and porosity analyzer instrument.
For all the analysis, as-made AI(HCOO); (100 mg) was heated at
150°C (423 K) for 24 hours using Smart VacPrep Micromeritics
high vacuum degas instrument. After 24 hours, the sample tubes
were transferred into the analysis chamber and continued further in
situ activation at 150°C (423 K) for additional 6 hours using in situ
preheating Micromeritics 3-FLEX vacuum chamber. The tempera-
ture on the analysis bath was precisely controlled using a Heidolph
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FIF,

tblank tcorrected t

Breakthrough time

Fig. 5. A scheme showing the PBP correction of a breakthrough curve.

magnetic stirrer Hei-Tec hotplate with Pt 1000 temperature sensor
control system. A saturated solution of dry ice and acetone mixture
was used for collecting the 195-K isotherms, and liquid N, was used
for collecting the 77-K N, isotherms.

Calculation of CO,/N, sorption selectivity
The gas adsorption isotherms of CO, and N, were first fitted to the
Langmuir (Eq. 10) and Henry model (Eq. 11), respectively

_ Gsat bp
T 1+bp (10)
q= K]-[p (11)

where g is the amount of adsorbed gas (millimoles per gram), p is
the bulk gas phase pressure (kilopascals), gs, is the saturation
amount (millimoles per gram), b is the Langmuir-Freundlich param-
eter (per kilopascal), and Ky is the Henry constant (millimoles per
gram per kilopascal).

Ideal adsorbed solution theory (IAST) starts from the Raoult’s
law type of relationship between fluid and adsorbed phase

PiZPyi = Pfxi (12)

DEEI

i=1 i=1

(13)

:%|~u

where P; is partial pressure of component i (kilopascals), P is total
pressure (kilopascals), and y; and x; represent mole fractions of
component iin gas and adsorbed phase (dimensionless), respectively.
P is equlhbrlum vapor pressure (kilopascals).

In TAST, P! is defined by relating to spreading pressure n

P! qi(P;
W_; - fo 1 ; )dPi =1 (Constant) (14)
1
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where 7 is spreading pressure, S is specific surface area of adsorbent
(square meters per gram), R is gas constant (8.314 ] K 'mol™), Tis
temperature (kelvin), and g;(P;) is the single-component equilibrium
obtained from isotherm (millimoles per gram).

For a Langmuir model, we have an analytical expression for the
integral

f q(P)

= II (Constant) = ge¢In(1 + bAPO) (15)

For a Henry model, the analytical expression for the integral is

= IT (Constant) = KHP0

[l (16)
The isotherm parameters will be known from the previous fitting.
For a binary component system, the unknowns will be IT, PY, and P,
which can be obtained by simultaneously solving Eqs. 12 and 14 via
the Python package pyIAST (39).
The adsorbed amount for each component in a mixture is

"™ = xiqr (17)
1 & X
1 _ 18
91 = X o) (18)

where g™ is the adsorbed amount of component i (millimoles per
gram) and gy is the total adsorbed amount (millimoles per gram).
The adsorption selectivity S,qs can be calculated using Eq. 19.

_ 94 (19)

pi/p2

SiasT

Equilibrium-based process modeling for ALF

and comparison with literature-reported sorbents

The essential principle behind adsorption separation is to exploit
the difference in interactions of various components of the gas mixture
with the porous media. A typical process will involve an adsorption
phase where the feed gas is contacted with the porous media and
CO; is preferentially sequestered, as well as a desorption phase at a
different condition permitting the release of the trapped CO; from
the sorbent. In general, regeneration is affected by decreasing the
pressure (accordingly, pressure- or vacuum-swing adsorption) or
increasing the temperature [accordingly, temperature-swing ad-
sorption (TSA)].

The water affinity in ALF and a variety of other reported sor-
bents implies an uptake of water similar, if not exceeding, CO»;
hence, water is recovered alongside CO, as a heavy component. It is
preferable to operate with part, if not all, of the cycle at an elevated
temperature so as to circumvent the use of high vacuum (P, << 0.1 bar)
for the sorbent regeneration. Because the saturation pressure of
water is =7 kPa at 313 K, it is impossible to extract water as a pure
stream from the sorbent by applying vacuum higher than this level.

In light of the above consideration, we applied an equilibrium-
based model of a TSA cycle with the purpose of estimating the
process-level performance of ALF relative to other benchmark
adsorbents. The model was described by Ajenifuja et al. (40) and
covers a basic three-step process with adsorption, heating, and cooling
steps (Fig. 6), with the following simplifying assumptions:
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1)  Thebedis well mixed during the heating and cooling steps.

2)  During the adsorption step, a discontinuous profile sepa-
rating the initial concentration from the feed concentration propa-
gates through the bed until breakthrough.

3)  The pressure drop in the bed is negligible.

4)  The adsorbed and gas phases are in thermal and chemical
equilibrium.

5)  Heat transfer resistances are negligible.

6)  The specific heat capacity of the gas phase is negligible.

7)  The gas phase is accurately described by the ideal gas law.

The CO; capture performance is analyzed on the basis of four
performance indicators of the adsorbents, namely, product purity,
product recovery, cyclic working capacity (WC), and specific ther-
mal energy requirement.

The CO, purity is defined as

N CO2,recovered
N CO2,recovered T N N2,recovered

Product purity = (20)

where Ncoo/N2, recovered 18 the molar amount of CO, or N, recovered
in the heating step.
The recovery is defined as

N CO2,recovered

—_— 21
YCo2,feed Nfeed ( )

Recovery =

where yco2 feed 18 the CO, composition in the feed and Nfeq is the
total molar amount of gases fed into the bed.

The cyclic WC is the molar amount of CO, recovered per unit
mass of the adsorbent

WC = NCOZ,’r;lcovered (22)

The specific thermal energy requirement, sphermal> is the amount

of heat required during the heating step per unit production of CO,

Qheat

NCOZ,recovered - Mwcoa

SPthermal = (23)

where Q" is the total amount of energy input required by the heat-
ing step and Mwco; is the molecular weight of CO,.

Fourier transform infrared
Fourier transform infrared (FTIR) spectra were obtained using an
Agilent Technologies Cary 600 series FTIR spectrometer operating

Adsorption
N,

Heating Cooling

|

CO, (H,0)

t

Feed

T=T, T=T, T,<T<T,

Fig. 6. A scheme of the three-step TSA cycle used in the shortcut model.
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at ambient temperature. KBr was used as the window material for
all the measurements. For the CO,-reloaded experiments, CO, gas
was passed into ALF (0.5 g) for 2 hours at ambient conditions. The
FTIR spectra were measured by pressing ALF into a transparent
thin pellet with KBr. For the water stability tests, 0.5 g of ALF
was soaked in 7 ml of distilled water at room temperature for
12 hours. The vacuum-filtered air-dried ALF was directly subjected
to FTIR analysis.

Thermogravimetric analysis

Thermogravimetric analysis (TGA) was carried out on the Q500
Thermogravimetric Analyzer. All the routine TGA analyses were done
under a N; gas flow (60 ml/min + 40 ml/min, purge + protective).
Both the samples [as-made Al(HCOO); and ALF), ~13 mg] were
heated from room temperature to 400°C (673 K) with a heating rate
of 10°/min.

TGA on 85/85 humid water treated ALFs

TGA was carried out on the Q500 Thermogravimetric Analyzer.
All the TGA analyses were done under the N, gas flow (60 ml/min +
40 ml/min, purge + protective). Post-85/85 humid water-treated
ALFs (=15 mg) were heated from room temperature to 400°C (673 K)
with a heating rate of 5°/min.

TGA CO; cycling

TGA cycling experiments were measured on the Q500 Thermo-
gravimetric Analyzer. Cycling experiments were carried out under
a CO; gas flow (60 ml/min) with protective N, gas (40 ml/min) for
mass balance. For the analysis, freshly made ALF (12 mg) was loaded
onto the aluminum pan and equilibrated at 40°C (313 K) for
120 min, heated up to 80°C (353 K) with a heating rate of 2°/min,
and then cooled down to 40°C (313 K) with a cooling rate of 25°/min.
The same experimental condition was repeated for 130 conjugative
cycles without changing the sample amount and material from the
TGA chamber.

For humid CO,/N, experiments, TGA cycling tests between
40°C (313 K) and 80°C (353 K) were conducted for 50 cycles using 3%
humid CO,/N; (15/85). CO»/N; (15/85) gas flow rate was 20.0 ml/min,
and CO,/N; (15/85) gas was exposed to the sample at 313 K for
30 min in each cycle before activation at 353 K.

Hydrolytic stability tests

Humidity studies were conducted on ALF samples made from as-
made AI(HCOO); (100 mg) samples that were activated for 24 hours
at 180°C (453 K). Each ALF sample during the humidity stability
studies was exposed to 85% humid water at 85°C (85/85) for time
periods in between 1 and 24 hours in a Labec QHT-30 temperature
and humidity chamber with a RH range of 25 to 98% and a tem-
perature range of 20° to 120°C. After completion of respective
exposure times (1 to 24 hours), each sample was then analyzed with
PXRD, TGA, and CO; sorption tests.

CO;, adsorption isotherms were measured following the hydro-
Iytic treatment described above. Before the measurements, the sam-
ples (=70 mg) were reactivated at 180°C (453 K) for 24 hours using
Smart VacPrep Micromeritics high vacuum degas instrument. All
the isotherms were measured at 50°C (323 K) on a Micromeritics
3-FLEX surface area and porosity analyzer instrument. After 24 hours,
the sample tubes were transferred into the analysis chamber and un-
derwent further in situ activation at 150°C (423 K) for an additional
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6 hours using in situ preheating Micromeritics 3-FLEX vacuum
chamber. The temperature on the analysis bath was precisely con-
trolled using Heidolph magnetic stirrer Hei-Tec hotplate with Pt 1000
temperature sensor control system.

DVS experiments

Dynamic water vapor sorption measurements were performed on a
gravimetric instrument (Hiden IGAsorp-CT, Warrington, UK)
using CO, or Nj as the carrier gas. The sample was first loaded at
laboratory ambient conditions [21°C (294 K), 40% RH] and dried in
situ by flowing dry nitrogen gas through the sample chamber at
120°C (393 K) for 6 hours. After drying, the temperature was lowered
to 50°C (323 K). When CO, was used as the carrier gas, the inlet gas
was switched at this point and the sample equilibrated for at least
2 hours until the mass was stable within 0.01 mg/min. Thereafter,
the sample chamber was regulated to the measurement temperature
(either 313, 323, or 333 K) and held for another 2 hours.

An adsorption-desorption cycle was performed by sequentially
ramping the RH from 0 to 90/95% and back to 0% in fixed incre-
ments no more than 10% RH. RH is controlled by varying the pro-
portion of dry and wet gas flowing into the sample chamber. For
runs with CO; as carrier, direct measurement of RH is not possible
due to sensor incompatibility, and hence, the RH is approximated
by the relative proportion of wet gas, which is termed “wet concen-
tration.” The mass change of the sample was recorded in real time
and normalized against the initial (dry) weight. Cycles were repeated
at least two times at each temperature, and the data for the second
run are reported in fig. S36.

Because of mass loss of the samples throughout the measure-
ments, only the run at 30°C (313 K) and CO, as carrier is reflective
of multicomponent equilibria in ALF sorbent. The equilibrium up-
take was estimated by instrument-accompanying analysis method,
which regresses real-time kinetic data against an exponential uptake
function. Isothermal uptake data for this run were reported as %
mass change against wet concentration analogous to the DVS runs
and are shown in fig. S37.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.ade1473
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