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ABSTRACT: Metal—organic frameworks (MOFs) have
attracted significant attention as solid sorbents in gas
separation processes for low-energy postcombustion CO,
capture. The parasitic energy (PE) has been put forward as
a holistic parameter that measures how energy efficient
(and therefore cost-effective) the CO, capture process will
be using the material. In this work, we present a nickel
isonicotinate based ultramicroporous MOF, 1 [Ni-
(4PyC),-DMF], that has the lowest PE for postcombus-
tion CO, capture reported to date. We calculate a PE of
655 kJ/kg CO,, which is lower than that of the best
performing material previously reported, Mg-MOF-74.
Further, 1 exhibits exceptional hydrolytic stability with the
CO, adsorption isotherm being unchanged following 7
days of steam-treatment (>85% RH) or 6 months of
exposure to the atmosphere. The diffusion coefficient of
CO, in 1 is also 2 orders of magnitude higher than in
zeolites currently used in industrial scrubbers. Break-
through experiments show that 1 only loses 7% of its
maximum CO, capacity under humid conditions.

lectrical power generation from fossil fuels, such as coal,

accounts for about 40% of the world’s anthropogenic CO,
emissions." Scrubbing the CO, from these stationary sources is
seen as a practical means of meaningfully reducing emissions in
the near term because existing power plants can be retrofitted
with postcombustion CO, capture systems. Although large
scale CO, scrubbers based on aqueous amines exist, they are
not energy efficient enough to enable widespread carbon
capture and have been estimated to increase the electricity costs
by 60—80%.”° These high energetic and associated monetary
costs are the most significant technological challenges to large
scale deployment of carbon capture and storage. Pressure and
temperature swing adsorption (P/TSA) gas separation systems
are considered among the most promising technologies to
enable cost-effective postcombustion CO, capture* where CO,
must be separated from a humid flue gas composed of ~85%
N,,10—15% CO,. In such systems, the combustion gas is
passed through a solid sorbent bed, which selectively adsorbs
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CO,. When the bed reaches capacity, the captured CO, is
desorbed, releasing near pure CO, for storage. Zeolites, such as
13X, are currently used in large scale PSA systems for CO,
scrubbing of natural gas and landfill gases.” Unfortunately,
zeolites do not perform well in the humid gas streams of
postcombustion CO, capture.’ For this purpose, metal—organic
frameworks (MOFs) have attracted significant attention due to
their high functional tunability.”*

Although MOFs with large CO, uptake capacities are often
promoted as ideal materials for postcombustion CO, capture,’
other adsorption properties are more important for low cost
capture. In particular, the CO,/N, selectivity, the CO, working
capacity (the difference between the uptake capacity at the
adsorption and desorption conditions) and heat of adsorption
(HOA) are critical. Other physiochemical properties such as
the thermal and hydrolytic stability are also critical.'® To assess
how energy efficient the CO, capture will be with a particular
material, Smit and others have advocated using the parasitic
energy (PE) as a single figure-of-merit to compare materials.’
This is the energy required to regenerate the sorbent during the
desorption process in addition to the subsequent energy cost to
pressurize the CO, to 150 bar for transportation. The PE gives
a pragmatic quantification of the efficiency of the solid sorbent
used in these large scale separations. Recently, Huck et al.”
compared the PEs of MOFs and other solid sorbents such as
zeolites. Mg-MOF-74 was found to have the lowest PE (727
kJ/kg of CO,) of all materials evaluated. For comparison, the
PEs for state-of-the-art aqueous amine technologies are
estimated to be at least 1000 kJ/kg of CO,. " Although Mg-
MOF-74 possesses a record low PE, it is known to irreversibly
decompose in humid gas streams. One material that was
computed to have a relatively low PE™ with significant
moisture stability is the ultramicroporous SIFSIX-3-Zn."'

Herein we present a nickel isonicotinate based ultra-
microporous MOF [Ni-(4Pyc),-DMF], 1 (IISERP-MOF2),
with the lowest PE for postcombustion CO, capture reported
to date. 1's CO, adsorption properties that are essentially
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unchanged following steam-treatment and long exposure to
humidity. 1 exhibits high CO, diftusion coeflicient for favorable
adsorption/desorption kinetics. Furthermore, breakthrough
measurements on 1 under both dry and 50% RH conditions
show that 1 retains most of its performance.
IISERP-MOF2,1, has a framework formed by linking isolated
Ni octahedra by 4-pyridylcarboxylate ligands (Figure 1a). Each

(a)

(b)

Figure 1. (a) Building unit of 1, showing the coordination around the
Ni center. (b) 2-fold interpenetrated diamondoid structure of 1 with
only the Ni (green spheres) centers shown. (c) Connolly surface
representation of 1 (probe radius 14 A) showing the ultra-
microporous 1-D channels.

Ni octahedra is coordinated by bidentate carboxylate groups
and two pyridyl units. Reducing the Pyc to linear linkers, the
effective coordination around each Ni is tetrahedral and these
nodes connect to form a classic adamantane unit of the
diamondoid framework with a 2-fold interpenetration (Figure
1b and S2). The interpenetration blocks most channels of the
individual framework leaving only square shaped, 7 X 7 A
channels (excluding van der Waals radii) along the g-axis as
shown in Figure lc. Using a DFT model the pore size (C, CO,
@ 273 K) for 1 was estimated to be 4.7 A. 1 is compositionally
related to an ultramicroporous nickel isonicotinate MOF, 2,
(Nig(p-H,0),(H,0),(C¢NH,0,);5), that has been reported
elsewhere.”* 2 is built from similar SBU’s as 1, but is non-
interpenetrated.

N, isotherms of 1 at 77, 273, and 303 K are shown in Figure
2a. A BET surface area of 470 m?/g and a Langmuir surface
area of 700 m?/ g have been determined for 1. A surface area of
505 m?/ g is calculated using the crystal structure and a N,
probe. Figure 2b shows the CO, adsorption isotherms of 1 at
195, 303, 313, and 333 K. Interestingly, at 195 K the material
uptakes ~7 mmol/g of CO, which is nearly the same as the
saturation uptake it has for N, (cf. 77 K N, isotherm). This
suggests that both gases are able to see the same accessible
pores at low temperature. At 303 K and 0.15 bar, the CO,
uptake of 1 is 1.6 mmol/g. The HOA for CO, in 1 was
determined to be moderate (33 kJ/mol) via both virial fits and
a DFT model (Supporting Information). 1 shows a fairly
consistent HOA across all loadings (Figure 2c and S18).
Grand-canonical Monte Carlo simulations were performed to
examine the CO,—framework interactions. Four unique CO,
binding sites were identified (see Supporting Information).
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Figure 2. (a) N, adsorption isotherms of 1. Inset: zoom-in of the
isotherms at 273 and 313 K. (b) CO, adsorption isotherms of 1. (c)
HOA plots for CO, in 1. (d) CO,/N, selectivity of 1 calculated at 313
K (composition: 14C0O,:86N,) using IAST and without considering
competitive binding.

Analysis of the CO,—framework interactions in these binding
sites reveals that the CO, molecules are primarily held by
dispersion interactions with electrostatic interactions contribu-
ting less than 5% of the total binding energy in three of the four
binding sites and 12% in the fourth site.

1 was found to adsorb unusually low amounts of N, at room
temperature or higher, giving rise to exceptional CO,/N,
selectivities. Figure 2d shows the CO,/N, selectivity of 1
calculated using the experimental single component isotherms
and ideal adsorbed solution theory (IAST) with a composition
of 14C0O,:86N,. At 1 bar and 313 K, conditions of relevance to
postcombustion CO, capture, 1 has an exceptional CO,/N,
selectivity of 1853. We note that this high selectivity is not an
artifact of the competitive binding model used as simply using
adsorption values from the single component isotherms gives a
value of 1084. The selectivity computed for 1 compares very
favorably to other MOFs promoted for postcombustion CO,
capture, such as Mg-MOF-74 (148 at 1 bar and 323 K with 0.15
bar CO, and 0.75 bar N,)** and SIFSIX-3-Zn (1818 at 1 bar
and 298 K with 0.10 bar CO, and 0.9 bar N,).'"*

To compare the postcombustion CO, capture performance
of 1 to other materials, the PEs were calculated following the
methodology of Huck et al.>* Although in their work
proprietary software was used to evaluate the compression
terms of the PE, we used standard equations (Supporting
Information). Nonetheless, comparing the PEs for 43 materials,
our calculated results differed by only 4.5% on average
compared to those reported by Huck with a Spearman rank
correlation coefficient of 0.998. Figure 3 compares the PE
calculated for 1 and a range of other reported materials where
the total energy is broken down into the compression and
thermal components. The PE for 1 was calculated to be 655 kJ/
kg CO,, lower than all materials. > Interestingly, although 1 has
the lowest reported PE of all materials, it is not the highest
performing material in any one category. For example, materials
such as Mg-MOF-74 have better CO, uptake and working
capacities and SIFSIX-3-Cu has a higher CO,/N, selectivity
(5463) (Table S4). The HOA of 1 is not particularly low at 33
kJ/mol. For example, both UMCM-1 and MOF-177 have CO,
HOAs of 10.9 and 13.7 kJ/mol, respectively. However, they
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Figure 3. Optimized PEs (divided into thermal and compression
components) of selected materials calculated with data taken from
Huck et al.* compared to that of 1. For comparison, values calculated
by Huck et al. are shown as black lines.

also possess very high PEs of greater than 2100 kJ/kg CO,.
One reason why 1 has such a low PE, is that it optimized to a
high desorption pressure of 0.2 bar, while most materials
achieved their minimum PE at desorption pressures of between
0.1 to 0.01 bar. The mild desorption pressure for 1 can, in part,
be attributed to the strong response it has to the temperature
increase from the adsorption to desorption conditions. It was
found that the temperature increase from 313 to 333 K resulted
in a 75% decrease in CO, adsorption at 0.15 bar. The high
desorption pressure in 1 gives it the lowest energy of
compression of all materials surveyed. If the energy required
to place the system under vacuum is included in the total PE, 1
not only remains the best material in this respect but the
difference in the PE to the next closest material increases from
39 to 86 kJ/kg CO, (Figure S33).

Aside from having a record low PE for postcombustion CO,
capture, 1, possesses other favorable characteristics for
postcombustion CO, capture. Unlike Mg-MOF-74, which has
open metal sites and is known to decompose in humid
conditions,"”” 1 has no open metal sites and has exceptional
hydrolytic stability. For example, following 7 days of steam-
treatment at >85% RH, there was no loss of crystallinity or
porosity in 1 as confirmed by the PXRD patterns and CO,
sorption measurements (Figure 4a,b). The adsorption capacity
at 0.15 bar CO, saw a decrease of only 1.7%. For the same
sample that sat on the shelf for 6 months (exposed to the
atmosphere with RH > 65%), the adsorption capacity dropped
by only 2.4%. 1 withstands carbonic acid, which is known to
form in humid CO, streams. The CO, adsorption isotherm of 1
remains unchanged following exposure to a flow of humid CO,
for 24 h (see Supporting Information). CO, on/off cycling
experiment was carried out on the ASAP2020HD adsorption
instrument. During this, the sample was subjected to a pressure
swing from 1.18 to 0.02 bar with each the sorption—desorption
cycle lasting for 40 min. As can be seen from Figure 4c, the
amount of CO, adsorbed remains constant and the cycling
happens smoothly. This parallels the large diffusion coefficients
(D,) for CO, within the pores of the MOF (Figure 4d). The
average D, of 1 over a range of CO, loadings was found to be
6.04 X 107 m? s7!, which is higher than that found in other
MOFs with much larger pores such as MOF-S (1.17 X 10~° m*
s™1) or MOF-177 (1.17 X 107 m? s7!)."* Most notably, the D,
is more than 2 orders of magnitude higher than zeolite 13X, the
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Figure 4. (a) PXRD pattern and (b) comparison of CO, adsorption
isotherms of 1 to show moisture stability and scalability. (c) CO,
adsorption—desorption cycles at 30 °C. (d) CO, self-diffusion
coefficients from kinetics measurement. Values for [ISERP-MOF1 is
taken from ref 10. Breakthrough measurements under (e) Dry and (f)
50% RH conditions. The amount of sample used in wet measurement
was ~1/3 of what was used in the dry measurements.

currently used commercial PSA sorbent,'* suggesting that
ultramicroporous MOFs can be well-suited for gas separations.

To examine the adsorption kinetics in more real world
conditions, breakthrough experiments were performed on 1
under dry and wet (50% RH) conditions (Figure 4e,f). In both
cases, the N, comes off before the CO,. Importantly, even
under 50% RH 1 loses only about 7% of its maximum CO,
capacity. This compares closely to what was observed for the
SIESIX-2-Cu-i.'"* The CO, capacity of 1 under dynamic
conditions was found to be 3.97 mmol/g, which is lower than
NiMOF-74 (4.5 mmol/g) but higher than the members of
SIFSIX series'” and the FJU series,'® whose breakthrough
studies were carried out under a relatively higher flow rate (S
mL/min, see Supporting Information).

Few serious green house gas mitigation strategies do not
include carbon capture and storage as part of the solution. The
technological barrier to large scale CCS arises from high energy
penalty to scrubbing CO, with current methods. Although P/
TSA systems are among the most energy efficient CO,
scrubbing technologies, better sorbent materials are still
needed. In this work, IISERP-MOF2 was found to have the
lowest PE reported for postcombustion CO, capture, out-
performing even Mg-MOF-74 (655 vs 695 kJ/kg CO,). 1 has a
modest CO, uptake at 0.15 bar and 313 K, an exceptional
CO,:N, selectivity of 1853 and low heat of adsorption. In
addition to the record low PE, 1 has remarkable hydrolytic
stability, smooth separation kinetics as evidence from the dry
and humid breakthrough measurements, easy scalability, and is
made from readily available and inexpensive precursors, making
it a highly promising candidate for large scale postcombustion
CO, capture even under humid conditions. This work further
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shows that ultramicroporous MOFs can be excellent materials
for gas separation applications.
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