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1.1 INTRODUCTION

1.1.1 The Importance of Carbon Dioxide Capture

Carbon dioxide, an important chemical gas found in the atmosphere, is critical for
the continuation of life on earth. This molecule is required for photosynthesis that
fuels plants, which serve as the main source of food for all humans and animals
and further produce oxygen that is essential for human respiration [1]. Studies have
shown that a small accumulation of CO, in the atmosphere is necessary to warm
earth to a level where glaciation is inhibited, producing an environment where plant
and animal life can thrive [2]. However, there is recent evidence that human activity
related to energy production is generating an abundance of CQO, in the atmosphere
that can no longer be balanced by earth’s natural cycles, an act that is expected to
confront mankind with serious environmental problems in the future. Since CO,
is the most abundantly produced greenhouse gas (Figure 1.1) [3], it is directly
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Figure 1.1 The contribution of different constituent in the greenhouse gas emission.
Source: Victor et al. 2014 [3].

implemented in global warming. It is predicted that if the negligent release of CO,
persists, it could have detrimental effects on our environment that include melting
ice caps, rising sea levels, strong changes in weather patterns, ocean acidification,
ozone layer depletion, poor air quality, and desertification; all of these things could
lead to the potential demise of the human, plant, and animal life, making CO, miti-
gation an urgent need [4, 5].

Eighty percent of the world’s energy is currently supplied by the combustion
of carbon-based fossil fuels [6], an anthropogenic activity that has led to steady
increase in atmospheric CO, levels. Since the beginning of the industrial revolution
in the 1750s, atmospheric CO, concentration has increased from 280 ppm [7] to
above 400 ppm in March 2015 [8, 9]. While the best remediation method is to transi-
tion from traditional carbon-based fuels to clean energy sources, like wind and solar,
energy transitions are historically slow [9]. As such, it is projected that the use of
fossil fuels will continue for years to come, requiring the development of materials
that can remediate the effects of CO, through direct carbon capture and sequestration
(CCS) and/or conversion of this greenhouse gas into value-added chemicals and
fuels. While CO, capture directly from air is considered to be an unfeasible task, car-
bon capture from large point sources, such as coal- or gas-fired power plants, could
be realized. Currently, 42% of the world’s CO, emissions come from production of
electricity and heat [10] and it is anticipated that approximately 80-90% of these
emissions could be eliminated with the implementation of adequate CCS technology
[11]. CCS is a multi-step process that includes the capture of CO, and its transport
to sites where it is subsequently stored. While the processes of storage and transport
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are well-developed technologies, the actual implementation of capture process on
a global scale is still constrained by the development of an adequate gas separation
technology. Thus, the discovery of new materials with high separation ability is a
pertinent obstacle that must be overcome.

1.1.2 Conventional Industrial Process of Carbon Capture
and Limitations: Liquid Amines

The most mature capture technology, which has been around since the 1930s,
includes aqueous alkanolamine-based scrubbers [12]. These chemical absorbents
feature an amine functionality that undergoes a nucleophilic attack on the carbon
of the CO, molecule (Figure 1.2) to form either a carbamate (in the case of primary
or secondary amines) or a bicarbonate species (in the case of tertiary amines) [13].
While amine scrubbers are highly selective in the capture of CO, relative to other
components in a gas stream, operate well at low partial pressures, and can be readily
included into existing infrastructure at power plants, they have several limitations
that inhibit their implementation on scales large enough for post-combustion carbon
capture [14]. The materials are quite corrosive to sources of containment requiring
their dilution with water to concentrations ranging from 20 to 40 wt% of the amine
[15]. The high heat capacities of the aqueous amine solutions combined with high
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adsorption enthalpies of CO,, approaching —100 kJ mol™', creates a large parasitic
energy cost for the subsequent release of CO,. While the strength of CO, binding can
be tuned to some degree with amine substitution (1° > 2° > 3°, i.e., monoethanola-
mine, diethanolamine, or triethanolamine) [13], the regeneration process typically
requires temperatures that range from 120°C to 150°C [16—18]. The instability of the
materials at these temperatures leads to a slow decomposition and hence a decrease
in the materials’ performance with subsequent absorption cycles. Given all of these
problems, this technology, which has already been employed in hundreds of plants
worldwide for CO, removal from natural gas, hydrogen, and other gases, requires
that approximately 30% of the energy produced from a power plant be put back into
the carbon-capture process [12]. It is projected that solid adsorbent materials with
lower heat capacities might cut the energy consumption assumed from the current
carbon-capture technology considerably [19]. For this to be realized, much further
work is required to design porous solid adsorbents that show (i) high stability in the
presence of various components in the gas stream, particularly water, (ii) high selec-
tivity and adsorption capacity, (iii) low cost, (iv) reversibility, and (v) scale ability
[20]. To date, there are several classes of porous adsorbents studied for applications
related to carbon capture including zeolites, activated carbons, and covalent organic
frameworks; however, all of these materials suffer quite significantly from a minimal
adsorption capacity and/or low selectivity [19, 21-25].

1.1.3 Metal-Organic Frameworks and Their Synthesis

One materials solution to the aforementioned carbon-capture problem is a relatively
new class of porous adsorbents known as metal-organic frameworks (MOFs), which
are constructed by metal ions or metal-ion clusters linked together by organic ligands
(Figure 1.3) [26, 27]. Since the discovery in the late 1990s that these materials can
exhibit permanent porosity [28], they have rapidly moved to the forefront of materi-
als research. Looking at publications related to carbon dioxide adsorption in MOFs,
one can see a significant increase in the number since 2005, with over 500 publica-
tions in 2015 alone [29]. This is in part due to their unprecedented internal surface
areas, up to 7000 m? g! [30], which allows the adsorption of significant amount of
guest species. Further, the molecular nature of the predefined organic linkers offers
a modular approach to their design (Figure 1.3). Through judicious selection of the
building blocks, MOF structures can be chemically tuned for a variety of environ-
mentally relevant applications such as gas storage and separation, sensing, and catal-
ysis [31-39]. MOFs have become particularly attractive due to recent reports of
materials with high capacities and selectivities for the adsorption of various guest
molecules [40, 41]. Currently, MOFs hold several world records related to small
molecule adsorption that include (i) surface area [30], (ii and iii) room-temperature
hydrogen [42] and methane storage [43], and (iv) carbon dioxide storage capacity
[44]. The facile chemical tunability of MOFs is their primary advantage relative
to other more traditional porous adsorbents such as activated carbons and zeolites.
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Figure 1.3 (Left) Ball-and-stick model of an MOF, MOF-5 or Zn,O(1,4-benezendicarboxylate),
[27], showing the modular nature of the frameworks, which can be used to tune MOF
properties for the selective binding of gas molecules, making the materials of particular
interest in applications related to carbon capture. Source: Li et al. 1999 [27]. Reproduced
with permission of Nature Publishing Group. (Right) The number of publications related
to “CO, adsorption” and “metal-organic frameworks” increased significantly from 2005
to 2015. Source: Gallagher et al. 2016 [29]. Reproduced with permission of Royal Society
of Chemistry.

Further, their highly crystalline nature combined with a non-homogenous van der
Waals potential energy landscape on the internal MOF surface dictates that incom-
ing guest molecules bind in well-defined positions and orientations; this allows dif-
fraction techniques to be used to readily unveil their site-specific binding properties.
Understanding the structure function relationship allows one to tune the properties
of existing materials or rationally design new materials with specified function.
MOFs are typically synthesized using a combination of metal salts and ligands
via standard hydrothermal or solvothermal methods; reactions are usually carried
out inside of sealed vessels or using Schlenk line techniques with reaction times
that range from hours to days. The aforementioned methodologies are typically
limited to small-scale reactions, from milligram to gram size yields, making them
only suitable for standard laboratory-based characterization. To reduce the energy
requirements associated with these traditional procedures, recent efforts have been
made to search for reaction conditions necessary to produce MOFs at room temper-
ature; however, many of these methods involve non-aqueous solvents such as DEF,
DMF, and ETOH [45]. Given this, more recent efforts have been made to develop
MOF syntheses in water, an effort that makes industrial production of these materi-
als more feasible [46, 47]. Other research has abandoned the more traditional forms
of laboratory-based techniques and moved toward more innovative methods to assist
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in materials scale-up; some examples of non-traditional techniques include micro-
wave [48], mechanochemical methods [49, 50] (such as solvent-free neat grinding or
extrusion), continuous flow reactions [51, 52], and spray drying [53]. Of these tech-
niques, the highest space time yields (STY, kg per m* per day), a process parameter
that is used to determine industrial profitability, are reported for the mechanochem-
ical extrusion methods developed by James et al.; these methods have remarkable
STY values that range between 1 and 3 orders of magnitude greater than those for
other methods, a result of the absence or near absence of solvent and high reaction
rates. Further, it should be noted that the reported surface areas and pore volumes
for the as-prepared materials are similar to those produced on small scales [50, 51].
The latter is an important note because many reports show that surface areas and
CO, adsorption properties suffer quite significantly in the scale-up procedure [54].

While industrial scale synthesis of MOFs is currently limited to a handful
of iconic frameworks, it is expected to become a developing trend as companies
like BASF have shown proof of concept for the production of MOFs on large
scales [55-57] using green synthetic methods (in aqueous media). These materi-
als, targeted for applications related to on-board storage in natural gas and hydro-
gen powered vehicles, are currently available under the trade name Basolite® and
include a few eminent frameworks such as HKUST-1 (Basolite C300 or [Cus(1,
3,5-benzenetricarboxylate),]), MIL-53 (Basolite A100 or [AI(OH)(1,4-benzenedi-
carboxylate)]), ZIF-8 (Basolite Z1200 or [Zn(2-methylimidazole),]), and Fe-BTC
(Basolite F300 or [Fe(1,3,5-benzenetricarboxylate)]), and MOF-177 (Basolite 7377
or Zn,0O(1,3,5-benzenetribenzoate),]) [58-60]. The most critical parameters that
must be considered for the industrial scale-up of MOFs have been recently identified
as the following: (i) the cost of raw material per kg of obtained MOF, (ii) the amount
of MOF produced per m® of reaction mixture per day, (iii) conditions required for
reaction agitation during synthesis, (iv) length of time required and amount of sol-
vent required for sample filtration, and (v) washing conditions necessary for drying
(activating) prepared solids [61].

1.1.4 CCS Technologies and MOF Requirements

Growing energy demands related to continued population growth and the industrial-
ization of developing countries, like China, imposes the need for the continued com-
bustion of fossil fuels, including coal, natural gas, and oil [62, 63]. Considering that
carbon capture from air is not a feasible task, capture at large point sources is certainly
one of the best-case scenarios to significantly reduce global CO, emissions despite the
tremendous effort that is required. It is projected that global reserves of coal, which
has the highest carbon content and is responsible for 43% of CO, emissions from fuel
combustion [64], will last over 110 years at the current production rate [65]. For com-
parison, oil reserves are projected to exist for the next 40-55 years [65-67].
Currently, there are three existing chemical processes used for the combustion
of fossil fuels at large point sources such as coal and gas-fired power plants. These
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three processes, which include (i) post-combustion capture, (ii) pre-combustion cap-
ture, and (iii) oxy-fuel combustion capture, result in the need for a collection of
separation materials capable of operating at different temperatures and pressures and
offer selective adsorption for several different gas mixtures (Table 1.1). The three
processes are briefly described below.

(i) Post-combustion capture at a coal-fired power plant (Figure 1.4a) involves
the separation of CO, from flue gas (1 bar) that consists primarily of CO,
(13-15% by volume), N, (73-77%), H,O (5-7%), O, (3—-4%), and other
minor contaminates like SO, and NO, Flue gas is generated after the
combustion of fuel in air [78]. The high N, content in air lends to flue
gas mixtures with low partial pressures of CO,; as such, the selectivity for
CO,/N, is one of the most critical factors considered in the selection of a
separation material. As in the case of the liquid amine-based scrubbers,
finding a balance between CO, selectivity and binding affinity in MOFs

TABLE 1.1 Typical composition of gas for three carbon capture technologies

Post-combustion® [23, 62, Pre-combustion® [23, Oxyfuel” [76, 77]

Molecules 68-73] by volume 74, 75] by volume by volume
and conditions  Natural gas ~ Coal Nautral gas Coal Air purification”
CO, 3-9% 13-15% 15-25% 26-34% 400 ppm
N, 70-76% 73-77% Trace 0.3-22% 78%

H,O 7-18% 5-7% — 18-38% —

H, — — 70-80% 35-45% 0.5 ppm
CH, — — 3-6% — —

0, 2-15% 34% — — 21%

H,S — — Trace 0.1-02% —

SO, — 800 ppm — — —

SO, — 10 ppm — — —

HCl — 100 ppm — — —

Hg — 1 ppb — — _

(60) 200-300 ppm 20-50 ppm  1-3% 0.5-0.6% —

NO, 10-300 ppm 500 ppm — — 0.3 ppm
Ne — — — — 18 ppm
Kr — — — — 1 ppm

Xe — — — — 0.087 ppm
Ar — — — 0.04% 0.9%
Temperature 40-75°C 40-75°C 40°C 40°C 25°C
Pressure 1 bar 1 bar 5-40 bar 5-40bar 1atm

“The values are from some references reporting typical values for these streams. Although the values for
other power plants may slightly differ from each other, they will be in the same range.
*This value is for the dry air.
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is necessary. Very high CO, binding energies on the sorbents affords high
regeneration energies significantly reducing power plant efficiency [79].

(i1) Pre-combustion capture (Figure 1.4b) involves the separation of CO,
from H, prior to the combustion process and hence zero carbon emission
afterward. In this process, coal undergoes gasification to produce a syngas
that typically consists of CO, CO,, H,, and H,0. Afterward, the syngas
is reacted with steam in a process called the water-gas shift reaction to
form CO, (26-34%), H, (35-45%) with small amounts CO, H,S, and N,.
It should be noted that there is also a significant amount of water present
in the flue gas stream after the water-gas shift reaction. However, much
of the water could be removed using existing technologies. From this
point, the separation is carried out to remove CO, producing a nearly
pure H, fuel that is then combusted to form water. This separation is
significantly easier, relative to post-combustion capture, due to the higher
partial pressures and concentrations of CO,, approximately 5—40 bar and
up to 34% CO,, respectively, making the consideration for the separation
medium a bit more versatile to include solid adsorbents, liquid absorbents,
and membranes [80, 81].

(ii1) As the final alternative, rather than using air for the combustion of fossil
fuels, oxy-fuel combustion (Figure 1.4c) involves a separation of O,
from air before the combustion process. Post-separation this technology
involves a nearly pure feed of O, (purity usually >95%) that is then used
in the combustion step, eliminating the need for the separation of CO, and
N, later. The problems with this separation is that it is currently limited to
energetically unfavorable distillation as most adsorbents designed to date,
such as lithium-containing zeolites, only show limited selectivity of N,
over O, giving rise to gas mixtures with inadequate purity levels [82]. After
combustion, the final gas mixture has CO, (72-85%) with some amount
of water (6-7%) that can easily be condensed giving rise to CO, capture
rates higher than 95%, a feat not yet achieved by pre-combustion and post-
combustion capture separations. Compared with aforementioned processes
utilizing N,-rich air for combustion, the formation of NO, is largely
inhibited due to the initial removal of N,; this will allow for a significantly
smaller NO, removal than in typical power plants.

For the aforementioned carbon-capture cases, there are three potential processes
for regeneration after adsorbent bed saturation including (i) temperature swing
adsorption (TSA), pressure swing adsorption (PSA), and vacuum swing adsorption
(VSA). TSA is a process where the temperature of the bed will be increased (likely
using heat from the power plant) post saturation allowing desorption of the small
molecules from the surface of the adsorbent. The resulting pressure increase drives
the adsorbate out of the bed, and once no further desorption is observed at the tar-
get temperature, a purge gas can additionally be run through the bed to push out



INTRODUCTION

(a) Post-combustion capture system

Electricity
a4

Steam
Turbine

CO; free

41

The type of fuel [_
can be varied stream
Low Pressure High Pressure
Steam Steam |
o

° [

° _
Natural Gas/Coal £g
atural Gas/Coal . =3
Air Boiler O 2l
o

o

(b) Pre-combustion capture system

If natural gas is used, there will be
no need for the air separation unit.
Steam reforming will be used
instead of coal gasification.

Flue Gas to
atmosphere

- CO; rich mm)> €O, To Storage

stream

Electricity
4444

Fuel
/ Cell
— % OR
\ As a feed to
petrochemical units

Syn gas
= mixture: ,, 5 COptHy @
Coal 2 CoH, &2 mi 2
= 2 < & mixture 25 q
Water [mgR K B SG e C02TEN 0, To Storage
2.8  Towardco == Toward CO, &%
I - removal @ capture
S
ik
m-
w
=<

K

Air and/or 0 can be
used for coal
gasification depending
on the process design.

(c) Oxy-fuel combustion capture system

Flue Gas to

atmosphere

Electricity
MM N
N. Steam
2 Turbine |_>
[_ CO, free
Low Pressure High Pressure stream
Steam Steam |
=
= o
- PN el S
Air PSS —>-» ) S 2 €0y rich
8> - Boiler ‘-;c‘%» Ctraam P> 00 To Storage
= o
& o

Natural Gas/Coal

Figure 1.4 Schemes for the three different carbon capture technologies including
(a) post-combustion capture, (b) pre-combustion capture, and (c) oxy-fuel combustion capture.
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additional adsorbate. Subsequently, the bed can be cooled and additional adsorption
cycles can be run. On the other hand, PSA and VSA processes entail lowering the
pressure from which adsorption takes place to permit removal of the surface-bound
guests. For PSA, the inlet valve, where high-pressure gas is allowed to flow into the
bed, is simply closed allowing the pressure inside the bed to approach atmospheric
pressure. Albeit similar, VSA entails lowering the bed pressure below atmospheric.
The low partial pressure of CO, in post-combustion capture makes TSA the most
plausible method for bed regeneration, as it would be energetically unfeasible to
expand the bed or pull vacuum on such a large volume of gas. Considering pre-
combustion capture involves high-pressure flue gas, it is much more feasible to
employ PSA for the regeneration method.

Considering the parameters for these capture technologies and their subsequent
regeneration methods are not easily modified, it is necessary to design adsorbents with
all of these parameters in mind. As MOFs are the most chemically tunable adsorbent
available, they offer unmatched opportunity to find the necessary balance between
various parameters such as binding energies and densities of adsorption sites, capac-
ities, and selectivities, which influence the ability to achieve high working capacities
and low regeneration energies. The final decision related to which adsorbent should be
applied to the carbon-capture process should be taken after a detailed evaluation of the
technical performance and assessment of economic feasibility. Such an evaluation is
imperative for implementation of carbon-capture processes on a global scale.

1.1.5 Molecule Specific

The elevated temperature at which carbon capture is carried out, combined with low
boiling points (Table 1.2) of many of the small molecules in flue gas and air, makes
cryogenic distillations, carried out on scales large enough for CCS, energetically
unfeasible; hence, large energy savings could be realized with the use of solid adsor-
bents that function at much higher temperatures. When working to design adsor-
bent materials capable of separating gases, one must first consider the differences
in the physical properties of the molecules of interest. The similarities in the kinetic
diameters for most of the molecules in flue gas or air make separations dependent
on size exclusion difficult; this makes thermodynamic-based separations that are
dictated by the nature of the adsorptive interactions between the guest molecules and
internal framework surface more feasible. For physisorptive-type interactions, the
separation process relies on guest molecules having small disparities in their phys-
ical properties that include polarizability, quadrupole moment, and dipole moment.
For most of the components in flue gas and air, the values for these aforementioned
physical properties are listed in Table 1.2. While some important differences exist
for instance between CO, and N,, regarding the nature of their intermolecular inter-
actions and their chemical reactivity, these differences are minimal and necessitate
the careful design of carbon-capture materials that exhibit strong, molecule-specific
chemical interactions on their internal surface.
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TABLE 1.2 Chemical properties of small molecules involved in carbon capture

Normal boil-  Kinetic Quadrapole Dipole Polarizability*
Molecules ing point (K)  diameter’ [62] moment® [62] moment’ [40]
CO, 216.55 33 43.0 0 29.1
N, 77.35 3.64 15.2 0 17.4
H,O 373.15 2.64 — 18.5 14.5
H, 20.27 2.89 6.62 0 8.04
CH, 111.66 3.76 0 0 25.9
0, 90.17 3.46 3.9 0 15.8
H,S 212.84 3.62 — 9.78 37.8
SO, 263.13 4.11 — 16.3 37.2
HCI 188.15 3.34 38.0 11.1 26.3
CO 81.66 3.69 25.0 1.1 19.5
NO 121.38 3.49 — 1.59 17.0
NO, 302.22 — — 3.16 30.2
Ne 27.07 2.82 0 0 3.96
Kr 119.74 3.66 0 0 24.8
Xe 165.01 4.05 0 0 40.4
Ar 87.27 3.54 0 0 16.4

“The numbers are expressed with the following unit: 10" esu™' cm™.

*The numbers are expressed with the following unit: 107" esu' cm™.

“The numbers are expressed with the following unit: 1075 cm?.

1.2 UNDERSTANDING THE ADSORPTION PROPERTIES OF MOFs

There are a variety of techniques used to assess MOFs for CO, capture applica-
tions. These include single-component adsorption isotherms, breakthrough analysis,
multicomponent adsorption and a host of in sifu techniques. Several studies have
shown that pairing many characterization methods, particularly adsorption, with
in situ characterization can provide molecular-level insight into the adsorption pro-
cess giving direct evidence of the structural components that give rise to enhanced
or diminished properties [83]. There is hope that in-depth experimental efforts like
these can provide the insight necessary for the eventual deliberate design of new
MOF for energetically favorable carbon-capture technologies.

1.2.1 Single-Component Isotherms

Nitrogen adsorption isotherms, collected at 77 K and up to 1 bar, are typically used
to first assess the pore volume, pore size distribution and surface area of as-prepared
MOF materials. Subsequently, adsorption isotherms can also be used to further
assess a materials performance related to carbon-capture processes. For this, the
isotherms are collected using carbon dioxide (or other small molecules) as probes.
These experiments are typically carried out using commercially available equipment
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at temperatures ranging from 25°C to 40°C and from low pressures up to 50 bar. It
should be noted that these measurements provide insight into a materials (i) adsorp-
tion capacity, (ii) selectivity, and (iii) enthalpy of adsorption [84]. These three met-
rics will be briefly discussed below.

1.2.1.1 Adsorption Capacity Adsorption capacity is expressed
gravimetrically or volumetrically as the amount of adsorbed CO, per unit volume or
mass of adsorbent, respectively. While reports of gravimetric capacity are more
predominate throughout the literature, it is equally important to look at the
volumetric properties of materials as it dictates the required volume of the adsorbent
bed and both parameters also influence the efficiency with which the materials can
be regenerated. It was recently shown that MOF-177, a high surface area adsorbent
(BET surface area >4500 m? per gram of adsorbent), exhibits a volumetric capacity
at room temperature and 35 bar of 320 cm® (STP) per cm?, a value that is over
nine times larger than the quantity of CO, that can be stored in the same empty
container without the MOF [85]. More often than not, high surface areas lend to high
capacities in the high-pressure regime, while low-pressure adsorption measurements
<1 bar are more strongly impacted by the strength and density of the binding sites
(Figure 1.5). It should be noted that high-pressure CO, adsorption isotherms are
important for pre-combustion capture while low-pressure, typically not higher than
1 bar, are more relevant for post-combustion capture.

1.2.1.2 Small Molecule Selectivity Selectivity can be kinetic in nature,
based on size exclusion of molecules of varying size, or thermodynamic in nature,
based on significant differences in interaction energies on the internal MOF surface.
It can be seen from Table 1.2 that the kinetic diameters of the small molecules
of interest for carbon capture, CO,/N,, CO,/H,, and O,/N,, are all less than 4 A.
Considering these issues and that MOF pore sizes are more often than not above
4 A, kinetic-based selectivities become problematic. Instead, the gas separations
are based on thermodynamics. Therefore, chemists must take other physical and
chemical characteristics into consideration when designing separation materials.

The selectivity factor (S), is simply calculated using the following equation (1.1),
where ¢ represents the amount adsorbed of each gas and p represents the partial
pressure of each gas. While this factor is a good way to compare different materials,
it is not real selectivity because it is calculated from single-component isotherms
where the gas molecules are not actually competing for adsorption sites.

g /% (1.1)
P1/P2

Another method commonly used for predicting selectivities from single-
component isotherms is using the ideal adsorbed solution theory (IAST) developed
by Meyers and Prausnitz [86]. For this method, single-component isotherms are
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used to predict the adsorption equilibria for gas mixtures. The adsorption isotherms
are collected for two gases at the relevant temperature and they are mathematically
fit to extract the mole fraction of each species in the adsorbed phase. While the
method is not extensively reviewed here, it is becoming more visible throughout
MOF literature due to the difficulty in acquiring multicomponent adsorption iso-
therms [87]. The validity of IAST estimations for the systems of CO,/CH,, CO,/
H,, CH,/H,, and CO,/N, mixtures in a variety of MOFs (MgMOF-74, MOF-177,
and BTP-COF) and zeolites (FAU, LTA, MFI, and CHA) has been established in
literature [88—91]. While it is true that IAST theory can be utilized in many cases to
give a relatively accurate estimation of the selectivity of different compounds rela-
tive to each other, there are some cases where the accuracy of estimated selectivities
is questionable. A recent study of Cessford et al. investigated the applicability of
IAST to a variety of MOFs with varying structural features and also to a variety of
small molecules with differing sizes, shapes, and polarities. The results, which were
directly compared with GCMC (grand canonical Monte Carlo) simulations, showed
that IAST has difficulty in predicting accurate selectivities when the adsorbates have
large differences in size and shape or the MOF framework exhibits heterogeneities
such as large variations in cavities or pore sizes [92].

1.2.1.3 Isosteric Heat of Adsorption Isosteric heat of adsorption (-Q,)
is an important parameter that gives an indication of the affinity of an MOF toward
a specific small molecule. Often defined as the average enthalpy of adsorption at
constant coverage, it can give further insight into the energy required for the molecule’s
subsequent release, a crucial point to be considered for lowering the overall energy
consumption in carbon-capture processes. Although a high isosteric heat implies
stronger binding of the guest molecule to the surface, large values also indicate a larger
amount of energy for the subsequent release of the guest molecule upon regeneration of
the adsorbent. And so, chemists are constantly striving to find a balance where a small
molecule binds strong (and selectively) enough to give large amounts of high purity gas
after the separation, but weak enough so that the materials can be easily regenerated.

To calculate the isosteric heat, first single-component adsorption isotherms are
collected for at least two temperatures (or more) usually within 10 to 15 K of one
another. These isotherms are then fit using a high order polynomial or other more
physically meaningful mathematical models such as the single or dual site Langmuir
model to formulate an expression representative of the adsorption isotherm [93, 94].
Then the (In P) is plotted as a function of 1/7.

(nP), ==(Q,/R)(UT)+C (1.2)

From the Claussius Clapeyron [95] equation (1.2) (where P = pressure,
R = universal gas constant, 7 = temperature, and C = a constant), the isosteric heat
of adsorption can be determined.
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Another mathematical model for determining the isosteric heat is using a virial-
type equation (1.3) shown below, which is first used to again model the adsorption
isotherm. Afterward, the isosteric heat can be extracted using equation (1.4) [95].

m k
InP=In(m)+1/T)Y an'+Y bn’ (1.3)
i=0 j=0
0, =-RY,an (14)
i=0

The biggest advantage of this mathematical model lies in the fact that the isosteric
heat can be obtained by the direct derivation of the equation (1.3). However, it should
be noted that the dual site Langmuir model is particularly good for accurately fitting
data that have a combination of both strong and weak adsorption sites. Without a proper
fit to the adsorption isotherm, which meaningfully models the physics of the adsorption
of interest, inaccurate determination of isosteric heats will likely be the result. This is
apparent throughout the literature where the same MOF can have markedly different
reported values for isosteric heats. A few examples include HKUST-1 whose isosteric
heats range from 15 to 35 kJ mol™" [96, 97] and Mg,(dobdc) whose isosteric heats range
from 39 to 47 kJ mol™ [98, 99]. This inconsistency in reported results could be related
to improper activations, varied sample quality, or issues regarding the method chosen to
determine the low-coverage isosteric heat. In these cases, theory capable of accurately
determining enthalpies of adsorption can be quite useful for experimentalists to gauge
the quality of their results [83].

1.2.2 Multicomponent Adsorption

A more realistic, yet somewhat experimentally intractable method to assess the per-
formance of a material for carbon-capture applications is through multicomponent
adsorption isotherms. While single-component isotherms are readily accessible
using commercially available equipment, multicomponent adsorption measurements
are time-consuming, require customized equipment, and pose challenges regarding
data analysis. Binary adsorption measurements in MOFs were first carried out in
2009 by Férey et al. [100] who measured the co-adsorption in a mixture of CO,/CH,
in a flexible framework known as MIL-53(Cr) [101] (also known as Cr(OH)(1,4-
BDC) where 1,4-BDC = 1,4-benzenedicarboxylate, MIL = Material des Instituts
Lavoisier). Since this time, other studies have been limited to a few other systems
[102] exposed to binary mixtures and none of these reports assess CO,/N, mixtures.
However, in 2015, Mason et al. reported multicomponent adsorption carried out
in ternary mixtures of CO,/N,/H,0O at temperatures of 298 and 313 K in 15 iconic
frameworks that include MOFs, zeolites, activated carbons, and mesoporous silica
[87]. The amount of CO, adsorbed in these materials in the CO,/N,/H,0O mixtures
at 40°C can be seen in Figure 1.5. This gas mixture was meant to assess materials
performance in a mixture of the main components found in post-combustion flue
gas. It can be seen that the amount of CO, adsorbed in the single (pure)-component
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Figure 1.5 Comparison of CO, adsorption in 15 different framework materials in a
single-component isotherm, (pure CO,) or a multicomponent mixture consisting of CO,, N,,
and H,0. Experiments were carried out at 40°C and at equilibrium. The pressures for the
multicomponent mixture include N, between 0.679 and 0.698 bar, CO, between 0.113 and
0.178, and H,0 between 0.01 and 0.029 bar with the total pressures ranging from 0.821 to
0.890 bar. For the equilibrium pressure, refer to Reference [87]. Source: Mason et al. 2015
[87]. Reproduced with permission of American Chemical Society.

isotherms varies quite significantly from the multicomponent measurements, likely
due to water competing for CO, adsorption sites in the series of materials. For these
measurements, Mason et al. used a custom built high-throughput analyzer capable
of measuring 28 different samples and as many as 8 different gases including H,O.
This instrument is the first reported to be capable of performing high-throughput
multicomponent adsorption measurements at equilibrium [87].

1.2.3 Experimental Breakthrough

Considering post-combustion capture will consist of flue gas flowing through a
packed bed of adsorbent, breakthrough measurements are a good way to prove the
feasibility of MOFs’ performance in more application-relevant environments. A typ-
ical breakthrough apparatus consists of a gas mixing system, a column where the
sample is packed, and a detector, which usually consists of a gas chromatograph
and/or mass spectrometer. A known gas mixture is flowed through the fixed adsor-
bent bed and the detector is used to monitor the downstream gas composition as a
function of time. As the gas flows through the bed, certain components in the gas
stream will break through the bed at different times. The idea is that the gases with
the lowest affinity for the MOF surface passes through the bed more rapidly. As
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such, from a practical point of view, the best adsorbent is the one that exhibits a long
breakthrough time for the small molecule of interest, while exhibiting a short break-
through time for the other components in the gas stream. In this case, the adsorption
bed will have longevity, passing undesired gases through very quickly, while cap-
turing the component of interest. At some point, once the adsorbent bed becomes
saturated with the targeted molecule, the composition of the effluent downstream
will match the initial composition of the gas feed.

Typically, breakthrough experiments are carried out at room temperature and
slightly above [103, 104]. Thus far in the MOF literature, several MOFs have been
studied in multicomponent streams, such as CO,/N, [105], CO,/N,/H,O [106-108],
CO,/H,0 [109], and CO,/N,/O, [110]. Most of the reported studies are only relevant
to post-combustion carbon capture or natural gas sweetening applications. While
breakthrough experiments are relatively straightforward, due to variations in the MOF
particle size, the density of the packed bed, and flow rates of the gas mixture, there
are often difficulties in using this method to get an accurate comparison between
different materials. As such, breakthrough curves are often instead simulated [111].

1.2.4 In Situ Characterization

As in the case of carbon capture, most practical applications for MOFs are reli-
ant on interactions with guest species. Knowing the nature of these interactions
is essential to interpret the properties of existing frameworks, and this knowledge
can be used to inform the design of new materials with specified function. As such,
a number of in situ techniques including single-crystal and powder diffraction
[63, 112, 113], infrared spectroscopy (IR) [114], Raman spectroscopy [115, 116],
nuclear magnetic resonance (NMR) [117-119], X-ray absorption spectroscopy
(XAS) [120], inelastic neutron scattering (INS) [93, 121-123], and quasielesctic
neutron scattering (QENS) [124, 125] have been employed to investigate the static
and dynamic properties of various small molecules in MOFs. These techniques can
be used to provide pertinent information on how and where guest molecules bind,
on the nature of the electronic environment around the adsorption site, and also
how the molecules move throughout the material. As an example, a powder X-ray
diffraction cell and single-crystal X-ray diffraction cells are shown in Figures 1.6
and 1.7. For most in situ experiments, customized gas cells are integrated with a
gas-dosing manifold that is able to deliver a predetermined amount of gas to an
activated sample, which is then heated or cooled to the temperature regime of inter-
est. For measurements focused on obtaining static structural information, usually
temperatures below 100 K are used in order to eliminate dynamic disorder asso-
ciated with the surface-bound molecules. For spectroscopic measurements used
to unveil dynamic properties like diffusion, researchers typically work at higher
temperatures where these dynamic modes are activated [118]. Recent work has
also focused on studying materials under more application-relevant environments
at higher pressures and temperatures and many of these studies are intent on unveil-
ing information related to mechanical stability or framework flexibility [126].
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Figure 1.6 Custom built in situ gas cell used for synchrotron powder X-ray diffraction.

The most predominate forms of characterization throughout the MOF literature
are briefly reviewed in sections 1.2.4.1 and 1.2.4.2. While all of these techniques
have their limitations, when combined, they can provide a complete experimental
picture of the adsorption process and its effect on the structure of the materials.

(b) Glass cap
Gas out

Loop to mount single
crystal

—

Gas valve

Standard Mount Gas in and out

Figure 1.7 A customized gas cell designed for Single-crystal X-Ray Diffraction (SXRD).
The cells can be used for (a) flow through or (b) gas dosing.
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1.2.4.1 Crystallographic Techniques Due to their crystalline nature,
MOFs have a non-homogeneous van der Waals potential energy landscape that
dictates how incoming guest molecules arrange themselves on the internal framework
surface. This makes diffraction the most direct way to probe static site-specific binding
properties of MOFs, and it is a particularly powerful tool when paired with adsorption
isotherms. In addition to providing the location and orientation of surface-bound guest
species, diffraction techniques can be used to unveil a host of information such as
the relative difference in binding energy between neighboring adsorption sites. The
latter is done through sequential dosing-type experiments, where diffraction data are
collected after the sample has been dosed with increasing amounts of gas, allowing
one to see an increasing number of sites populated with higher gas doses. Of course,
this information is gained under the assumption that sites with the strongest binding
energy are populated first. Further, diffraction is used to probe the structural response
of materials under more application-relevant environments with varying pressures and
temperatures that are required for various gas storage and separation applications,
providing information on the framework flexibility and mechanical stability [127].
Last, this technique can provide valuable insight in the nature of host—guest interactions
[128]. While most MOFs are dominated by weak van der Waals interactions and
typically exhibit host—guest distances above 3 A, many reports have shown that the
presence of highly reactive, electron-deficient open metal coordination sites (OMCs)
can create strong electrostatic-type interactions with small guest molecules; these are
often depicted by shorter framework-guest distances ranging from 2.0 to 3.0 A. In
some instances, there are much stronger chemisorptive-type interactions where there
is charge transfer between the MOF and guest species, lending to structural changes
at the adsorption site and/or small molecule [82]. For chemisorptive interactions,
diffraction data usually reveal very short distances between the host framework
and guest species. Further, when compared to those of the unbound species, small
molecule activation can give rise to significant changes in bond distances and/or angles
that can easily be seen in diffraction data [82]. All of this information cannot easily
be determined from in situ spectroscopic techniques, which do not easily provide a
direct visualization of surface-bound guest species. Crystallographic investigations of
a variety of small molecules, such as CO [129], N, [82], CO, [63, 113, 130, 131], H,O
[132], O, [82, 133, 134], NO [135], and H, [133, 136, 137], have been carried out for
a number of MOFs of interest for carbon-capture applications.

One of the first crystallographic studies of CO, adsorption in an MOF was
carried out on a breathing framework known as Cr-MIL-53 [101] that is made up
of Cr(IlMO4 nodes with 1,4-benzodicarboxylic acid struts. The framework pores
undergo expansion and compression as a function of changing pressure. In situ pow-
der diffraction carried out on the hydrated-MIL-53 under various CO, pressures was
used to understand the structural evolution (Figure 1.8a) [131, 138]. Prior to the
introduction of CO,, the material exhibits a narrow pore phase [139], which is main-
tained up to a pressure of approximately 5 bar, where there is co-existence of both
a narrow pore and large pore phase. At 15 bar, there is complete conversion to the
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Figure 1.8 (a) The illustration of structural change of hydrated MIL-53(Cr) unveiled using
in situ X-ray powder diffraction carried out as a function of CO, pressure. (b) Schematic
diagram of corresponding breathing behavior of MIL-53(Cr) as a function of pressure.
Source: Llewellyn et al. 2006 [140]. Reproduced with permission of John Wiley & Sons.

large pore phase (Figure 1.8b). In this structural transition, the unit cell increases by
over 30% from 1012.8 A3 for the hydrated analog to 1522.5 A% after CO, loading.
While the narrow pore material adsorbs minimal CO, the structural phase transition
opens up a significant amount of accessible surface area depicted as a step in the CO,
adsorption isotherm [140].

Most crystallographic reports in the MOF literature include either neutron
or X-ray powder diffraction [141, 142], while only a few studies have used
single-crystal methods [63]. Although the data obtained by single-crystal diffrac-
tion are more complete and hence can give more structural detail, the technical
aspects of the experiment is more difficult. MOF single crystals often experience a
decrease in the quality with sample activation. There are also inherent limitations in
MOF chemistry, due to weak coordination-type bonding that renders metal-ligand
interactions quite labile, which can inhibit the growth of sizeable single crystals
for structural analysis. Hence, there is a bottleneck in the field related to isolating
the reactions conditions necessary for single crystal growth. Further, due to the
extremely small sample size, very minor leaks in gas dosing equipment can cause
contamination and hence problems in the final data refinement. This is particu-
larly a problem for MOFs with OMCs, which typically bind water relatively strong
compared to CO, and other small molecules of interest for postcombustion carbon
capture. As such, in situ neutron or synchrotron X-ray powder diffraction, which
requires significantly larger samples sizes (gram or milligram scale for neutrons an
X-rays, respectively), is more straightforward. For powder neutron or X-ray exper-
iments, activated samples are loaded into either a vanadium sample can or glass/
kapton capillary (Figure 1.6). After data collection, Fourier difference analysis, fol-
lowed by subsequent Rietveld refinement is used to elucidate CO, locations and
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orientations (Figure 1.9a) [63]. Figure 1.9b shows three adsorption sites identified
in Cu,(dobdc) (dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate) with site I bound
at the OMC as determined by neutron powder diffraction. The plot of the diffraction
data (Figure 1.9c) shows an excellent match with the final structural model [63].
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Figure 1.9 (a) Fourier difference map revealing excess scattering density in Cu,(dobdc)
that results from CO, adsorption in the framework channel. (b) A ball-and-stick model
of the finalized structure of Cu,(dobdc) showing three CO, adsorption sites (deter-
mined from Rietveld analysis). (c) NPD data from Cu,(dobdc) (10 K) after dosing with
0.5 CO, per Cu?. The green line, crosses, and red line represent the background, experi-
mental, and calculated diffraction patterns, respectively. The blue line represents the dif-
ference between experimental and calculated patterns. Source: Queen et al. 2014 [63].
Reproduced with permission of Royal Society of Chemistry.
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While crystallographic tools have been used in the characterization of a number
of MOF systems, there are also a few limitations to be considered. The time and
position averaged diffraction data can suffer from static or dynamic disorder that
inhibits the elucidation of fine structural detail associated with small molecule bond
distances and angles [63]. Further crystallographic problems can arise due to poor
crystalline quality and improper sample handling or activation.

1.2.4.2 Spectroscopic Techniques

IR, RAMAN, AND INS  While PXRD can be used to probe the static structure of
materials, IR, Raman, and INS are often used to look at local vibrations and rotations
of guest species throughout MOF materials. These spectroscopic tools are highly
sensitive to molecular interactions in the frameworks. As such, they can also be
used to indirectly probe binding configurations, binding enthalpies, and loading lev-
els. However, this information is usually extracted from peak shifts, broadening, or
intensities and so interpretation should proceed with caution. There are many false
assumptions throughout the literature that peak shifts, which are very sensitive to
the coordination environment around the adsorption site, are directly correlated with
the adsorption enthalpy. Last, the integrated spectral intensities are often assumed to
correlate with loading level. While this can hold true in some instances, sometimes
intermolecular interactions can strongly influence the peak intensities as highlighted
in a recent study H, adsorption in Mg,(dobdc), which was published by Nijem et al.
[143]. They found that high H, loadings resulted in a counterintuitive decrease in IR
intensity due to a decrease in the effective charge of H, at the OMC.

There are three vibrational modes associated with CO,, the asymmetric stretch-
ing mode, v; = 2349 cm™ and bending v, = 667 cm™!, mode are IR-active, while the
symmetric stretching mode, v, = 1388 cm™, is IR-inactive [144, 145]. If there is
significant polarization of the surface-bound molecules, as in the case of OMCs, the
IR-active modes offer a way to probe the nature of the CO, framework interaction.
Dietzel et al. carried out one of the earliest in situ IR studies on Ni,(dobdc) frame-
work to unveil the nature of the CO, interaction with the Ni**-OMC [113]. They
observed several bands associated with the CO, adsorption that were assigned to
the CO, in an end-on orientation at the OMC, an observation that agreed well with
in situ diffraction experiments. The v* mode was slightly red shifted by 8 cm™ with
respect to the gas phase, a result of the charge transfer between the lone-pair of elec-
trons on the CO, to the OMC. They additionally observed a combination mode of v,
+ Upo» Where vy o is the stretching mode of the Ni**~(0)CO, adduct. The position
of vy o was determined to be 67 cm™, a value that is comparable to the expected
value of approximately 70 cm™'. Further, there was observation of the aforemen-
tioned bending mode. While it is expected to be doubly degenerate, a doublet was
instead observed at 659 and 651 cm™. This observation was used to support bending
of the CO, molecule at the OMCs observed in the diffraction data. It should also be
noted that the CO, angle found in the diffraction studies carried out in this work was



22 CARBON CAPTURE IN METAL-ORGANIC FRAMEWORKS

162(3)° [113], a huge deviation from the expected linear geometry. Later studies
showed that this unexpected bending was due to a misinterpretation of the time and
position averaged diffraction data and that the CO, angle should not deviate greatly
from 180° [63].

Since this initial work, IR and Raman have both become highly active tools
for the characterization of many MOFs. Valenzano et al. used variable temperature
IR data to obtain the enthalpy and entropy of adsorption for CO, adsorbed at the
OMC in Mg,(dobdc). The calculated enthalpy of adsorption was estimated to be
—47 kJ mol™', which agreed very well with previously reported values obtained
from adsorption isotherms [146]. An additional in sifu IR study of CO, adsorption
was carried out in the rht-type MOF known as Cu-TDPAT [147] (Cu-TDPAT =
[Cuy(TDPAT)(H,0),]-10H,0-5DMA and TDPAT = 2,4,6-tris(3,5-dicarboxylpheny-
lamino)-1,3,5-triazine), a framework that consists of Cu paddlewheel clusters and
triazine ligands (Figure 1.10a). CO, adsorption studies show not only high carbon
dioxide uptake (0.072 grams of CO, per gram of MOF at 0.15 bar and 298 K) [148],
but also high CO, to N, selectivity (34.2 determined via IAST). An in situ IR study
carried out on the Cu-TDPAT framework, which exhibits both Lewis acidic OMCs
and Lewis basic amine functionality on the triazine linker, gives evidence of two
strong adsorption sites [149]. A follow up study of Lockard et al. monitored cer-
tain Raman-active vibrational frequencies associated with the metal-containing
building unit, the ligand, and surface-bound CO, (Figure 1.10b) [150]. They were
able to monitor a Cu—Cu stretching mode in the paddlewheel, revealing that the
Cu—Cu interaction became stronger with dehydration and with CO, loading, imply-
ing a shorter Cu—Cu distance. Additional Raman active modes were used to show
a rearrangement of the linker configuration to become more planar and hence less
strained upon activation, which was verified using DFT simulations of the Raman
spectra. Further, the Raman-active CO, vibrational modes gave additional insight
into the presence of two strong adsorption sites, one associated with the metal and
one associated with the triazine linker. After poisoning the OMC with the addition
of water, and effectively blocking that adsorption site, the linker reverts back to a
non-planar configuration, enhancing the Lewis basicity of the linker. The latter, in
turn, enhances the CO, interaction with the Lewis base functionality, an observation
that is consistent with theoretical work that predicts that the selectivity for CO, over
N, will be enhanced in wet gas streams [147].

In situ DRIFTS (diffuse reflectance infrared Fourier transform spectroscopy)
studies were utilized to study CO, adsorption in mmen-CuBTTri (Cu-BTTri =
H;[(Cu,Cl),(BTTri)s(mmen),,] [151] and mmen: N,N,-dimethylethylenediamine)
[152, 153]. The idea was to mimic the chemical reactivity observed in liquid amine
scrubbers through the appendage of alkyl amines to the OMC on the internal MOF
surface. After dosing the mmen-CuBTTri framework with CO,, there is disappearance
of a peak at 3283 cm™, which is related to the N-H stretching mode. There is also
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Figure 1.10 (a) Ball-and-stick model of Cu-TDPAT that shows interconnected cubocta-
hedral building units, consisting of Cu-paddlewheels and isophthalate ligands. The pink
balls represent void space. Cu, C, O are represented by blue, grey, and red spheres, respec-
tively. (b) Full Raman spectra of as-synthesized Cu-TDPAT (black), Cu-TDPAT treated with
H,O-saturated CO, (pink), activated Cu-TDPAT (blue), and activated Cu-TDPAT treated with
pure CO, gas (red). Source: Chen et al. 2015 [150]. Reproduced with permission of Royal

Society of Chemistry.



24 CARBON CAPTURE IN METAL-ORGANIC FRAMEWORKS

an emergence of several other peaks that were unobserved before the introduction
of CO,. These significant changes in the spectrum have been attributed to the forma-
tion of zwitterionic carbamates or carbamic acid, which are the expected species via
chemisorption of CO, to the amine functional groups.

Last, recent work of Wright et al. showed that synchrotron-based IR microspec-
troscopy with polarized IR light could be used to determine the orientation of
adsorbed CO, molecules, the CO, loading level, and the enthalpy of adsorption in
single crystals of a small pore amine-containing MOF, Sc,(BDC-NH,), (BDC-NH, =
2-amino-1,4-benzenedicarboxylate) [154]. The measurements, collected during CO,
uptake at partial pressures 0.025-0.2 bar at 298-393 K (Figure 1.11), have 100-fold
higher photon flux density relative to lab sources. Further, this technique yields a
large improvement in the signal-to-noise ratio so that high-quality direction-dependent
polarized IR spectra can be measured for anisotropic crystals. As such, in this study,
measurements could be done at extremely low CO, coverage of ~0.1 mmol g~' which
is equivalent to a site occupancy of 1.5%. This value is within the error of what can
be measured by diffraction experiments and certainly outside the regime of what can
be seen with most other in sifu techniques. While it was not shown in this study, due
to the high rate of CO, diffusion at the temperatures probed, it is suggested that the
technique could be used to elucidate CO, diffusivities. This can be done by following
the temporal and spatial variations over a single crystal [154].
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Figure 1.11 Series of spectra taken from an isobar from a single site of a single
Sc,(BDC-NH,), crystal. As temperature increases, the magnitude of the adsorbed CO, asym-
metric stretch (red arrow) at 2335 cm~' wavenumbers decrease relative to the NH, stretch-
ing modes, one of which is shown with a blue arrow. Source: Greenaway et al. 2014 [154].
Reproduced with permission of John Wiley & Sons.
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It should be noted that while Raman and IR have been used extensively due to
their sensitivity to CO, and several other small molecules of interest, INS, a technique
that does not suffer from selection rules, rarely has been used to study materials for
carbon-capture applications. The reason is that the incoherent scattering cross sections
for C, O, and N are weak relative to those of H [155]. As such, these studies require
long measurement times. Further, for INS measurements, data are first collected for
the activated framework. This is followed by data collection for the framework loaded
with gas, and the spectrum of the bare framework is then subtracted from the spectrum
obtained for the CO, loaded sample. Given the data subtraction, when possible, frame-
works should be deuterated in order to lower the contribution of the framework H atoms
in the background spectrum. Further, in cases where CO, binds very strongly and causes
significant changes in the unit cell parameters, this can shift the framework phonon fre-
quencies. These two problems were highlighted in an INS study of CO, adsorption in
Mg,(dobdc). Despite framework deuteration, Queen et al. could still see no convincing
indication of vibrational modes associated with framework adsorbed CO,. The differ-
ence spectrum instead revealed negative and positive intensities, indicating significant
shifts in the framework modes upon CO, adsorption. This was further verified by neutron
powder diffraction, which showed a significant reduction in unit cell volume from the
bare framework to the CO, dosed one. Both softening and hardening of the vibrational
modes are observed, likely due to the inverse effect CO, adsorption has on the lengths of
the a/b and c-axes, as supported by the diffraction data [63].

NMR [In situ NMR, a powerful technique that can be used to complement
diffraction studies, locally probes the nuclear spins present in the sample, and hence
the local environment around each atom. This technique, which does not require any
long-range order, can provide binding configurations, information on adsorption-
induced framework flexibility, as well as the dynamic properties of imbibed guest
molecules throughout the frameworks (in the millisecond regime). While the
number of studies is growing, in situ NMR experiments reported to date for the
elucidation of host—guest interactions are few in number. To the best of our knowl-
edge, in situ studies have been carried out with the following adsorbates including
Xe [156], CO, [118, 157], H, [158-160], H,O [158, 161], NH; [162], and hydrocar-
bons [163, 164]. It is thought that the lack in utilization of in situ NMR is due to the
lack of accessible instruments, difficulty in data interpretation, and probe restric-
tions. It has been shown that CO, adsorption in frameworks can result in anisotropic
or restricted motions of CO,. As such, the *C NMR signals exhibit characteristic line
shapes that in turn allow determination of information pertaining to the motion of
the adsorbed molecules [165], such as rotational axes of surface-bound CO,. These
characteristic line shapes were observed in in situ *C NMR spectra of CO, adsorbed
in Ni,(2,6-ndc),(dabco) or DUT-8 (2,6-ndc = 2,6-naphthalenedicarboxylate, dabco =
1,4-diazabicyclo[2.2.2]octane) [166] (Figure 1.12), an should be a MOF that exhib-
its a gate opening effect at a characteristic pressure of 5 bar. Below this pressure,
the only signal observed in the NMR is from unbound CO, at 335 ppm; however,
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Figure 1.12 CNMR spectrum of DUT-8(Ni) pressurized with 9.5 bar carbon dioxide meas-
ured at 237 K. Note that the initially closed structure opens during the adsorption exper-
iment at the temperature-dependent gate-opening pressure (~5 bar at 237 K) whereas it
remains open during desorption down to 1 bar (hysteresis). (Blue: experimental spectrum,
green: simulated gas phase signal, magenta: simulated signal of adsorbed CO,; red: Sum
of the simulated signals.). Source: Hoffmann et al. 2012 [167]. http://www.mdpi.com/1996-
1944/5/12/2537/htm. Licensed under CC BY 4.0.

at higher pressures, the framework pops open and a broad signal is observed with
a characteristic shape due to chemical shift anisotropy, Aav of 52 ppm. From these
data, the tilt angle, 0, defined as the angle between the symmetry axis and the rota-
tional axis, can be calculated using the following equation:

(1.5)

2 —
Aav=A[3COS29 1]

The tilt angle determined for DUT-8(Ni) was calculated to be 49(2)° [167]. Fol-
lowing this study, a similar effort was made by Kong et al. to elucidate the CO,
adsorption behavior in Mg,(dobdc) [118]. This study is briefly described in the next
section; however, an image showing the determined 0 value for CO, in Mg,(dobdc)
is shown in Figure 1.13.

QENS Quasielastic neturon scattering (QENS), often combined with molec-
ular dynamics simulations, has on several occasions been used to understand dif-
fusive properties of small molecules in MOFs. One thing to note for QENS is that
the incoherent scattering cross section is minimal for many elements other than H
and so in the case of CO,, collective motions of molecules are measured rather than
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Figure 1.13 Ball-and-stick model of Mg,(dobdc) with CO, adsorbed at the open metal
site, as determined by NPD. The arrows represent the CO,-hopping mechanism proposed
by molecular simulations used to interpret NMR data. The higher-magnification view
represents the fixed rotation angle, 6. The green, red, and grey spheres represent Mg,
O, and C, respectively. Source: Lee et al. 2015 [83]. Reproduced with permission of John
Wiley & Sons.

diffusivities of individual molecules that can be measured for some small mole-
cules like H, and CH,, for instance [125, 168, 169]. Most QENS studies are used
to extract three parameters, the self-diffusivity (D,), which describes the diffusion
of individual molecules, the transport diffusivity (D,), which describes the mass
transport that is induced in the presence of a gradient, and the corrected diffusivity
(D,) which is related to the transport diffusivity via a thermodynamic correction
factor that is calculated from the experimental adsorption isotherm. When looking
at many industrial applications regarding separations, particularly membrane sepa-
rations, where there might be mass transport in non-equilibrium environments, the
transport diffusivity becomes very important and so it is necessary to assess these
terms separately. Because the scattering from CQO, is coherent in nature, the transport
diffusivity is probed. Compared to NMR, QENS measures fast diffusive motions on
time scales ranging from 10" to 10" sec™!. Further, the distances over which the dif-
fusive properties are observed are well defined and variable: typically, for QENS,
the distances range from 2 to 100 A, while in NMR the time scales and distances
are longer compared to QENS. Time scale for NMR is normally in the millisecond
regime and the distances are normally in the microns range.

One of the first QENS studies of CO, adsorption in an MOF was carried out by
Maurin et al. in MIL-47(V) or VO(1,4-BDC) (1,4-BDC = 1,4-benzenedicarboxylate)
[170] to extract the aforementioned three diffusivity parameters over a wide range
of loadings. They found that while D, and D, decrease as functions of loading,
D, shows a non-monotonous response that is rationalized to be the result of inter-
molecular CO, interactions that deviate from the behavior expected for an ideal gas.
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They show that through coupling QENS with molecular dynamics simulations
(QENS-MD), transport diffusivity in MOFs can be directly probed, and hence can be
applied to understand the dynamics associated with industrially relevant gas mixtures
[170]. Since this time, the diffusivity of H, and CO, in the small pore Zr-based MOF
MIL-140A(Zr) has been evaluated using the QENS-MD technique to determine the
self-diffusivities of H,, and the corrected and transport diffusivities of CO, as single
components and also in a binary mixture. Of these two guests, H,, with its smaller
kinetic diameter, was shown to diffuse through the narrow triangular channel of MIL-
140A(Zr) at a significantly faster rate than CO, at the same temperature. In the binary
mixture, H, is still faster, but it shows a slightly slower self-diffusivity, while CO, gets
a bit faster. Despite these slight changes, there is still a significant difference in the
observed diffusivities in the binary mixture, suggesting that this material might be a
good candidate for kinetic-based separations of CO, and H, [171, 172].

COMPUTATIONAL AID FOR DATA INTERPRETATION ~ While spectroscopic tools
are generally accepted as a means to assess small molecule interactions in MOFs,
because of the aforementioned reasons, data interpretation should proceed with
caution. When relevant, it is helpful to utilize theoretical tools capable of incor-
porating vdW interactions to reduce error in data interpretation. There are several
examples throughout the literature where computational tools have proven essen-
tial to interpret spectra. This was highlighted by the work of Lin et al. [119] who
used molecular simulations to reproduce chemical shift anisotropy (CSA) powder
patterns of *C NMR, work that was proven to be essential for the interpretation of
diffusive motions of CO, in Mg,(dobdc). In this study, the NMR measurements of
CO,-adsorbed Mg,(dobdc) [118] revealed a distinct CSA powder pattern, which at
the time was interpreted to be the result of a uniaxial rotation with a fixed rotation
angle 6 that ranged from 56° to 69° (at temperatures from 200 to 400 K). However,
a more recent study used molecular simulations to probe the free-energy landscape
of CO, in Mg,(dobdc) under conditions similar to those used in the NMR study. The
Monte Carlo simulations indicated that NMR signature was instead the result of
a molecular-hopping motion between metals within the crystallographic ab plane
(Figure 1.14). This study implies that the dynamics of CO, within Mg,(dobdc) were
more complex than originally expected [119].

X-ray absorption spectroscopy (XAS), an element-specific technique used to
probe changes in the electronic environments with the adsorption or desorption of
guest species, is highly sensitive yet difficult to interpret without the help of theory.
Near edge X-ray absorption fine structure (NEXAFS) was used to probe the Mg
K-edge firstin the activated Mg,(dobdc), and then again with the DMF and CO, bound
to the open Mg?** site. Spectra were simulated using DFT and then compared with the
experimental spectra. This theoretical analysis proved necessary to understand the
variations in the local electronic environment around the OMC from the activated
MOF to the one with surface-bound molecules [120]. Using in situ XAS (X-ray
absorption spectroscopy), a similar study was carried out to study CO, adsorption
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Figure 1.14 Ball-and-stick model of the OMC in M,(dobdc) with CO, being displaced by
either H,0 or SO, and their energy barriers to activation. M*, O, C, H, and S are repre-
sented by orange, red, great, white, and yellow spheres, respectively. Source: Tan et al.
2015 [173]. Reproduced with permission of American Chemical Society.

around the OMC in Cu-TDPAT [150]. The constant edge position at 8990 eV
has confirmed the oxidation state of the Cu®* throughout the adsorption and deso-
rption process. In addition, the activated framework was exposed to both water and
carbon dioxide, and due to the fact that the edge feature intensity for the CO, dosed
framework was between that of H,O loaded and activated one, it has been concluded
that the interaction of the OMC with the CO, molecule is not as strong as that of
water, giving a strong indication that in a competitive environment, water would
preferentially bind over CO,.

More recently, Chabal et al. used in situ IR combined with ab initio simulations
to investigate competitive binding of small molecules in M,(dobdc) where M = Mg,
Co, and Ni [173]. They investigated the displacement of CO, with several mole-
cules including H,0O, NH;, SO,, NO, NO,, N,, O,, and CH,. They found, despite the
higher binding energy of SO,, NO,, and NO (~70-90 kJ mol'), that H,0 and NH,
(~60-80 kJ mol™") are the only molecules able to sufficiently displace the CO,
(3848 kJ mol™! for the three metals). They used DFT simulations to evaluate the
energy barrier associated with CO, displacement by H,O and SO,. They found the
energy barrier to be approximately 13 and 20 kJ mol~!, for H,O and SO,, respectively.
The calculations revealed that, instead of differences in binding energies, the kinetic
barrier for this exchange is dictated by the interaction of the second guest mole-
cule (in this case H,O or SO,) with the MOF ligands. Hydrogen bonding between
the H,O and oxygen on the organic linker facilitate the positioning of the oxygen
atom of the water molecule toward the metal center (Figure 1.14). These interactions
reduce the exchange barrier for the CO, displacement by H,O. In contrast, the SO,
instead interacts with the benzene ring that is more distant from the metal center, an
occurrence that hinders the exchange process. To the best of our knowledge, this is
the first in situ work that provides insight into competitive co-adsorption [173].
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Due to the aforementioned problems with negligible incoherent scattering
cross sections of many of the elements of interest for CO, capture, many INS
studies actually pair DFT-based calculations to aid in understanding of the host—
guest interactions. For instance, Al,(OH),(bptc) (where bptc = biphenyl-3, 3,
5,5’-tetracarboxylate alternatively known as NOTT-300), shows relatively high
CO, uptake with a value of 2.64 mmol per gram of MOF at 0.15 bar and 298 K
and minimal uptake of CH,, N,, Ar, O,, or H, [174]. INS, paired with DFT-derived
simulations of the INS spectrum, was used as the primary method for characteriza-
tion of the surface-bound CO,, a process that was then validated via powder X-ray
diffraction. The sample was loaded with 1.0 CO, per formula unit, and the INS data
revealed an increase in the intensity of two peaks located at 30 meV and 125 meV.
Further, peaks above 100 meV were shifted to higher energy indicative of a hard-
ening of the framework modes with CO, adsorption (Figure 1.15a). The DFT-
derived INS spectrum showed very good agreement with the experimental one and
indicated that the preferential CO, adsorption site was located in an end-on orien-
tation approximately 2.33 A from the framework hydroxyl group. This implies that
moderate H-bonding interactions were responsible for the observed CO, adsorption
properties (Figures 1.15b and 1.15¢). The low energy peak in the INS spectrum was
assigned to a wagging mode of the —OH that was induced by the presence of CO,,
while the higher energy peak was assigned to the wagging mode of four aromatic
C-H bonds that are found adjacent to the surface-bound CO,. This work shows that
pairing DFT and INS made it possible to visualize the binding mechanism of CO,
and gain necessary insight into the high CO, absorption capacities of the framework
at low pressures. Additionally, the low H, uptake for this material was rationalized
using the same methodology [174].

1.3 MOFs FOR POST-COMBUSTION CAPTURE

1.3.1 Necessary Framework Properties for CO, Capture

Maximizing the framework adsorption capacity (both volumetric and gravimetric)
and selectivity of CO, at low pressures and in the presence of other components in
the flue gas stream is of principal importance to post-combustion carbon capture. As
shown in Table 1.1, this process is carried out at a pressure of =1 bar with CO, vol-
umes that range from 3% to 15% depending on the fuel source and at temperatures
between 40°C and 75°C. As such, absorbents used for post-combustion capture must
show high CO, adsorption capacity at partial pressures less than 0.15 bar, a prop-
erty that can be positively influenced by designing frameworks with high densities
of strong adsorption sites. Other properties required for post-combustion capture
include the ease of regeneration (likely to occur between 100°C and 200°C in a TSA
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Figure 1.15 (a) Experimental and simulated INS spectra for the CO,-loaded
AI(OH),(bptc). The yellow bars highlight the position of peak I and II. (b) Wire view
of the AI(OH),(bptc) obtained using PXRD analysis. The two identified CO, adsorption
sites in the pore channel are represented by a ball-and-stick model. Site | (with the grey
carbon) was determined by INS/DFT and verified via powder x-ray diffraction, and site
Il (with a blue carbon) was determined by powder x-ray diffraction. The dipole interac-
tion between neighboring CO,(l,11) molecules is highlighted in orange. (c) Detailed view
of the interactions between MOF —-OH and -CH groups with CO, molecules in a pock-
et-like cavity (determined by DFT simulation). The modest hydrogen bond between O(5°)
of CO, and H(&*) from the AI-OH moiety is highlighted in cyan. The weak cooperative
hydrogen-bond interactions between O(37) of CO, and H(d*) from —-CH are highlighted
in purple. Each O(8") center therefore interacts with five different H(&*) centers. Frame-
work aluminium, carbon, oxygen, and hydrogen are represented by green, grey, red, and
white, respectively. Source: Yang et al. 2012 [174]. Reproduced with permission of Nature
Publishing Group.
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process), rapid diffusion of gases through the adsorbent, and long-term stability of
materials under application-relevant conditions. While it is considered difficult to
design materials to meet all of these criteria, the facile structural tunability of MOFs
offer an unprecedented opportunity to target new materials with tunable interactions
for the energy-efficient capture of CO,.

Due to the similarities in the kinetic diameter of the two most abundant mole-
cules in the flue gas stream, CO, and N, (3.3 and 3.6 A, respectively) size exclusion
is difficult. As such, most of the focus is on carrying out this separation via physiso-
prtion or chemisorption methods. Knowledge of the fundamental differences in the
physical properties and reactivity of CO, and N, has aided the design of multiple
frameworks that exhibit strong CO, adsorption in the low-pressure regime that is
of interest for post-combustion carbon capture [175]. For example, Table 1.2 shows
that CO, has higher polarizability (CO, = 29.1 x 107 c¢cm?; N, = 17.4 x 10 cm?)
and quadrupole moment (CO,=43.0x 10* esu™' cm™; N, =15.2 x 10% esu™' cm™)
compared to N,. As such, the introduction of structural components that exhibit high
charge densities on the framework surface can be used to polarize incoming CO,
molecules and hence manipulate both the selectivity and the adsorption capacity at
low pressures [176]. As an alternative, CO, is also known to be susceptible to attack
by nucleophiles as demonstrated with the aforementioned liquid amine-based scrub-
bers. Chemisorptive interactions, achieved via Lewis base functionality appended
on the internal MOF surface, are also becoming a common trend in MOF chemistry
[177-180].

1.3.2 Assessing MOFs for CO,/N, Separations

The most common method to assess applicability of MOFs in post-combustion flue
gas capture is through the assessment of CO, and N, single-component isotherms
collected between 293 and 313 K at pressures up to 1 bar [23]. From extraction of
isosteric heats obtained from variable temperature adsorption data and analysis of
the CO, uptake in the low-pressure regime, one can gain immediate insight into the
materials affinity for CO,, its potential regarding adsorption capacity, and the poten-
tial ease of regeneration. It should be noted that, compared to many reports in the
literature, flue gas will be introduced to the adsorbent at temperatures ranging from
50°C to 75°C and then released at temperatures that range from 100°C to 200°C.
As such, there is a clear need in the literature for materials assessment at signifi-
cantly higher temperatures. This fact was highlighted in a recent report by Mason
et al. which show assessment of CO, and N, adsorption in two MOF frameworks,
Mg,(dobdc) and MOF-177, at temperatures ranging from 20°C to 200°C [62]. With
this work, they report a methodology to assess the performance of materials in a
likely scenario using temperature swing adsorption.

Given the partial pressures of CO, and N, in the flue gas of a coal-fired power
plant, MOF selectivities reported in the literature for CO, over N, are usually cal-
culated using the molar ratio of the CO, uptake at pressures of 0.15 bar over the
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N, uptake at 0.75 bar. It should be considered that the significantly larger quadru-
pole moment of CO, over N, will lead to an overestimated N, adsorption in MOFs
that contain highly polarizing adsorption sites because CO, will preferentially bind
to strong adsorption sites and hence reduce the actual amount of adsorbed N, in
a binary mixture. While this molar ratio method is the simplest way to calculate
selectivity, it has been shown in a recent report by Mason et al. that the obtained
values cannot be taken too literally. In assessment of CO, adsorption isotherms of
Mg,(dobdc) between 40°C and 60°C, they show an unrealistic increase in selectivity
for CO, over N, demonstrating the importance of using IAST [181] to calculate the
selectivities for MOFs containing strong adsorption sites [111].

One very important metric for assessing a material for post-combustion
carbon-capture applications is the isosteric heat of adsorption, —Q,. The —Q,, at
low coverage is indicative of the strength of binding of the strongest adsorption
site and strongly influences the low-pressure adsorption capacity and selectivity
of MOFs and further influences their ability to undergo regeneration [182, 183].
Figure 1.16 shows the CO, adsorption capacity and isosteric heats for a number
of frameworks in the low-pressure regime of interest for post-combustion cap-
ture [63, 96, 111, 114, 152, 184-191]. It should be noted that because the den-
sity of adsorption sites is not taken into account in this image, the strength of
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Figure 1.16 CO, adsorption at 0.15 bar, the pressure relevant for post-combustion cap-
ture. It should be noted that all for the data presented were obtained from isotherms
collected at 298 K with the exception of HKUST-1, Cr-MIL-101, and Cr-MIL-101-DETA, which
were collected at 293 and 296 K, respectively. The values in red represent the low-coverage
experimental isosteric heats of adsorption, -Q,, [63, 96, 111, 114, 152, 184-191].
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the adsorption site does not correlate very well with the low-pressure capacity.
However, for the high surface area materials with no polarizing surface function-
ality, such as MOF-177, the adsorption capacity is only 6 mg of CO, per gram
of adsorbent and the isosteric heat is 14 kJ mol~!, while Mg,(dobdc), a material
with much stronger adsorption sites due to the presence of exposed metal cations
(43.5 kJ mol™") and a modest BET surface area of only 1200 m* g™' of adsorbent,
takes up 290 mg CO, per gram of adsorbent at 0.15 bar and 298 K. This shows that
surface area has minimal impact on the low-pressure adsorption properties. Fur-
ther, it can be seen in Figure 1.16 that the strongest binding sites for CO, (hence
the highest —Q, values) are related to frameworks with alkyl amine-based func-
tionality or highly polarizing open-metal coordination sites (OMCs). These two
structural components have been used quite extensively throughout MOF chemis-
try to enhance the overall low-pressure CO, adsorption properties.

1.3.3 MOFs with Open Metal Coordination Sites (OMCs)

In most reported MOFs, weak van der Waals (vdW) forces are the dominant
interactions between the framework and incoming guests; however, recent work
has shown that an effective strategy to increase the surface packing density of
adsorbates is through the generation of MOFs that contain high concentrations of
open metal coordination sites (OMCs) [192]. The incorporation of highly reac-
tive, electron deficient OMCs into frameworks can also enhance both binding
energy and selectivity and permit charge transfer between the framework and
surface-bound guest species [82, 128], a property of much interest for the con-
version of small molecules into other useable products. While many of the frame-
works with OMCs have been discovered serendipitously [26], there are emerging
methodologies for their controlled introduction including the incorporation of
metalloligands [193] and using synthetic protocols where metal clusters contain-
ing OMCs are used ab initio [98]. In all of these cases, the frameworks form with
solvent remaining in the channels and in the metal coordination sphere. Post-syn-
thetic treatment of the materials with a combination of heat and vacuum, a pro-
cess called activation, can liberate the solvent molecules from the framework, and
if the MOF porosity is maintained, the newly generated OMCs are available for
guest inclusion.

Figure 1.16 shows the low-pressure adsorption capacity for several MOFs at
0.15 bar and 298 K. Those highlighted in blue are the adsorption capacities for
MOFs with OMCs while those highlighted in purple are frameworks dominated by
weak vdW-type interactions [98]. It can easily be seen from this plot that the electron
deficient OMCs, which strongly polarize incoming CO,, lend to significantly higher
adsorption at low pressures of interest for post-combustion carbon capture. It should
also be noted that while OMCs provide strong interactions allowing CO, adsorption
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at higher temperatures and lower pressures than typically used for energy-consuming
cryogenic distillation processes, the adsorbate—adsorbent interactions are often weak
relative to the formation of chemical bonds, providing facile release of the molecules
during the regeneration step of a separation process [98].

One of the most well-studied OMC-containing MOFs to date is M,(dobdc),
alternatively known as M-MOF-74, CPO-27-M, or M,(dhtp) where M = Mg,
Mn, Fe, Co, Ni, Cu, or Zn and dobdc* = 2,5-dioxido-1,4-benzenedicarboxylate
(Figure 1.17a) [99, 105, 112, 113, 135, 194-196]. The framework consists of
one-dimensional honeycomb like channels that are constructed by metal oxide
chains interlinked by dobdc* ligands. The significance of this framework is
related to the interesting adsorption properties that derive from the existence of
unique structural features. For instance, upon solvent removal, M,(dobdc) offers
one of the highest densities of OMCs of any framework discovered to date. It also
undergoes chemical substitution with a wide range of first-row transition metals.
The extent of the metal substitution is only rivaled by a few MOF families such
as M-BTT (BTT? = 1,3,5-benzenetristetrazolate), where M = Cr, Mn, Fe, Co, Ni,
or Cu [133, 197-200], and M,(btc),(btc 3— = 1,3,5-benzenetricarboxylate), where
M = Cr, Fe, Ni, Cu, Zn, Mo, or Ru [201-206].

The high concentration of electron deficient OMCs in Mg,(dobdc) leads to an
unprecedented adsorption at low pressures of =0.29 g CO, per gram MOF (0.15 bar
and 298 K) and an isosteric heat of —43.5 kJ mol~' [63]. The low-pressure adsorp-
tion is still the highest reported to date. Multiple in situ techniques including NMR,
IR, EXAFs, and in situ diffraction have shown that the high-initial isosteric heat is
directly related to the presence of OMCs [63, 118, 120, 143, 146]. Rietveld analy-
sis of neutron powder diffraction data followed by subsequent Fourier difference
analysis has revealed CO, bound to Mg?* in an end-on orientation that is angled
with respect to the framework surface, a direct result of secondary vdW interactions
between the CO, and ligand atoms (Figure 1.13). The high isosteric heat is reflected
in the ability of the CO, molecule to get close to the framework with short Mg-CO,
distances approaching ~2.3 A [207]. Britt et al. also showed a facile release of CO,
in Mg,(dobdc) at a moderate temperature of 80°C [98]. Later, Mason et al. calcu-
lated the working capacity for the material to be approximately 17.6 wt% with a
temperature swing process from 40°C (at 0.15 bar CO,) to 200°C [98]. This value is
much higher than MOF-177, a material without strong adsorption sites, which has a
negative working capacity at all evaluated temperatures.

It has recently been demonstrated that chemical substitution of the framework
metals offers tunability with regard to the CO, adsorption properties, Figure 1.17b.
The low-coverage isosteric heats show the following trend: (Cu < Zn < Mn < Fe
< Co < Ni < Mg) for the M,(dobdc) series, one that does not correlate with the
expected ionic radii or Irving Williams series [63]. A first principles study of
Yu et al. show that the trend is instead dictated by the effective nuclear charge
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seen by the CO, as it approaches the OMC [208]. Much additional theoretical
work has been focused on predicting the structures and properties of this fam-
ily of compounds. The wide range of chemical substitution and vast amount of
experimental data provide a platform to test the efficacy and accuracy of develop-
ing computational methods in slightly varying chemical environments [83]. On
the experimental side, in addition to metal substitution, recent efforts have been
made to elongate the framework ligands to tune the pore size. Deng et al. have
constructed an isoreticular series of MOFs that contain expanded versions of the
linker with as many as 11 additional benzene rings giving rise to pore diameters
as large as 98 A [44].

Another iconic framework that has been the subject of a large number of
CO, adsorption studies throughout the literature is Cuy(BTC), (alternatively
known as HKUST-1 or Cu-BTC), which has a cubic structure that consists of
copper-containing paddlewheels, Cu,(COO),, interlinked by BTC* ligands. This
material is shown to have an isosteric heat of —35.0 kJ mol™" with a modest CO,
uptake of 4.56 wt% at 0.15 bar and 25°C [209]. This value is significantly lower
than Mg,(dobdc) due to a lower density of OMCs and the smaller charge density of
the Cu?* cation. This work was followed by Wade et al. performed CO, adsorption
studies on the M;(BTC), analogs that are capable of maintaining their permanent
porosity post-activation [206]. They found the following trend for isosteric heats
of adsorption: Ni > Ru > Cu > Mo = Cr, which range from —36.8 to —26.7 kJ mol".
However, it should be noted that the OMC on the Ni analog is incapable of under-
going complete activation and instead is blocked by coordinated guest molecules
including H,O and MeNH,. As such, it is thought that Coulombic interactions
occurring between the surface-bound CO, and guest molecules could be the cul-
prit for the high isosteric heat [206]. This is further supported by a recent study
of Snurr et al. that shows that slightly hydrated variations of Cuy(BTC), show
improvements in the low pressure CO, adsorption capacity and zero-coverage
isosteric heats of adsorption when compared to the completely activated frame-
work [123]. Framework families like the aforementioned ones that undergo a
broad range of chemical substitution provide a mechanism for tuning the adsorp-
tion properties (Figure 1.17b) while retaining the same structural motif. These
types of in-depth studies offer an unprecedented opportunity to gain insight into
the structure-derived function of MOFs, knowledge that is necessary to understand
how to design new candidates with optimized properties for post-combustion cap-
ture applications.

1.3.4 MOFs Containing Lewis Basic Sites

Much work has been focused on functionalizing the surface of MOFs with a variety
of functional groups that, unlike the Lewis acidic OMCs, can additionally function
as electron-donating Lewis bases. This work has primarily been focused on (i) the
generation of framework ligands with strongly polarizing functional groups and/or
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heterocycles and the (ii) appendage or infusion of MOFs with Lewis base containing
substituents that lend to chemisorptive interactions. The nature of the framework
—CO, interaction, whether it be physi- or chemisorption, respectively, is dictated by
the type of the functional group.

(i) Strongly Polarizing Ligands for Physisorption. The quadrupole moment of
CO, can become polarized by the existence of dipole moments from a variety of
framework functionality. This dipole moment can be generated for instance by the
introduction of heterocycles in the organic ligand or through direct functionaliza-
tion of the ligand with a variety of chemical groups including amine, hydroxyl, thio,
cyano, and halides. The idea is that the stronger polarizing the functionality, the
stronger the interaction with CO,. This effort is highlighted in the zeolitic imida-
zolate frameworks (ZIFs), a class of MOFs that have zeolite-based topologies; ZIFs
are generally described by a formula, M(Im),, that is similar to their zeolite coun-
terparts Al(SiO,) where the Si nodes and oxygen bridges are replaced by metal cat-
ions and imidazolate ligands, respectively. Due to their high porosity and chemical
and thermal stability, they have been investigated for carbon-capture applications.
A variety of ZIF topologies with varying functionalities on the imidazole ligands
have been prepared. Figure 1.18a for instance shows the introduction of various
functional groups into the RHO ZIF framework family reported by Yaghi and
coworkers [210]. It is reported that the improved CO, adsorption of the amine func-
tionalized ZIF-96 relative to the others (Figure 1.18b) is likely due to a combination
of two effects: a large contribution arising from electrostatic interactions, due to the
asymmetric functionalization, and strong vdW interactions arising from the polar-
izability of the functional groups. While this framework family shows some tun-
ability in the CO, adsorption properties, the low-pressure adsorption is moderate,
leaving little room for potential applications in post-combustion carbon capture.
As a significant improvement, An et al. introduced Bio-MOF-11 (also known as
Co,(ad),(CO,CH,),-2DMF-0.5H,0 where ad = adeninate) whose structure con-
sists of Co** paddlewheels capped with two acetate ligands and interlinked by two
heterocyclic adeninate ligands, which have amine-based functionality [211]. This
MOF has a high initial isosteric heat of adsorption of —45 kJ mol™" and an impres-
sive selectivity of 75:1 for CO,:N, calculated from the molar ratios of CO, and N,
uptake at 298 K. While these values are very impressive, it should be noted that
the isosteric heat drops off rapidly with higher loading and stabilizes around
—-35kJ mol!, likely due to the rapid saturation of strong adsorption sites. As a result,
the low pressure CO, adsorption has a modest value of =5.8 wt% at 0.15 bar. While
this value is significantly improved from the aforementioned ZIFs and any reported
framework containing aromatic amines, itis well-below many of the OMC-containing
MOFs (Figure 1.16) and frameworks made with alkylamine functionality [211].
However, a follow-up study of Chen et al. report molecular simulation studies on
Bio-MOF-11. They show that, relative to other nanoporous adsorbents including
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MOFs and zeolites, this framework has one of the highest CO,/N, selectivities, and
it is even slightly enhanced in the presence of water, a factor that makes the material
of high interest for post-combustion capture applications. They further attribute the
preferential adsorption of CO, to the presence of pyrimidine and amino Lewis basic
adsorption sites [212].

More recently Woo and coworkers used in situ single-crystal diffrac-
tion to provide the first observation of CO, binding to an amine in Zn,(C,0,)
(C,N,H;),:(H,0),5 (alternatively known as Zn,(atz)(ox) where atz = aminotri-
azole and ox = oxalate, Figure 1.19) [213], which features an isosteric heat of
—40.8 kJ mol™" and low-pressure capacity of 13.6 at 0.15 bar and 22°C [214].
This MOF has two crystallographically distinct CO, adsorption sites. The first
is located near the free amine group, while the second adsorption site is near the
oxalate, both with distances above 3 A. The intermolecular CO, distances imply
strong intermolecular interactions. Using this experimental work combined with
molecular simulation studies, they concluded that the observed CO, adsorption
properties are a combination of appropriate pore size, strong interaction between
CO, and functional groups on the pore surface, and intermolecular interactions
between neighboring CO, molecules [213].

(i) Lewis Bases for Chemisorption. Amines do not only polarize CO,, in
many instances they can strongly and selectively bind CO, via chemisorptive inter-
actions. Considering the lower heat capacity of solid adsorbents compared to the
liquid amine-based scrubbers, which are already implemented industrially for var-
ious CO, separations, it seems feasible that decorating the surface of MOFs with
pendant alkylamines could lower regeneration energies, and hence give rise to an
overall energy penalty that is closer to the projected thermodynamic minimum
(projected to be about 11% energy penalty) [215]. Some recent work in the MOF
field have been focused on either appending alkylamines to the internal surface of
MOFs via OMCs or through impregnation of MOF frameworks with polymers,
such as polyethyleneimine.

The first report of post-synthetic appendage of small molecules to OMCs
was carried out by Hwang et al. who appended ethylenediamine to Cr** sites in
the MIL-101 framework (alternatively known as Cr,O(1,4-BDC),(H,0),X, where
X =F or NO3") [216]. While the targeted application was Knoevenagel conden-
sation catalysis, several works reported since are focused solely on post-com-
bustion carbon capture. The first report of an amine-appended MOF for flue gas
separation was by McDonald et al. in 2011. At 25°C mmen-CuBTTri (mmen
= N,N’-dimethylethylenediamine and H,BTTri = 1,3,5-tri(1H-1,2,3-triazol-4-yl)
benzene) adsorbs 0.105 g CO, per gram MOF with an IAST selectivity of 327,
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a direct result of the high isosteric heat of CO, adsorption, which was calcu-
lated to be —96 kJ mol™" at zero coverage (—Q,, for Cu-BTTri = 21 kJ mol™"). In
addition to this, in situ IR spectra gave evidence of the formation of a zwitte-
rionic carbamate species indicative of a chemisorptive interaction. Despite the
large initial isoteric heat of adsorption, the CO, uptake was also fully reversi-
ble and the framework could be easily regenerated at 50°C, enabling a cycling
time of just 27 min and no loss of capacity over the course of 72 adsorption/
desorption cycles tested [152]. Later, Hu et al. appended several amines to the
surface of Cr-MIL-101 and showed a threefold enhancement of the low pressure
CO, adsorption properties compared to the bare framework (from 0.022 to 0.085
g CO, per gram MOF at 0.15 bar and 23°C). The isosteric heats of CO, adsorp-
tion increased from —44 [114] to =98 kJ mol~" and the selectivity of the amine-
based analog again showed nearly no N, uptake at 296 K leading to a very high
selectivity factor for CO,/N, [186]. More recently, Lin et al. reported polyethyl-
eneimine (PEI) infused Cr-MIL-101 [184]. Although the surface area and pore
volume of MIL-101 decreased significantly with a 100 wt% PEI loading (BET
surface areas range from 3125 to 608 m? g'), there is a dramatic enhancement in
the CO, adsorption capacity at 0.15 bar that ranges from 0.0145 to 0.185 g CO,
per gram MOF at 25°C, respectively (Figure 1.16). Further, at 50°C, a temper-
ature more relevant to post-combustion capture, the adsorption capacity is still
0.150 g CO, per gram of 100 wt% PEI-Cr-MIL-101 [184].

In 2012, McDonald et al. reported mmen-appendage to Mg,(dobpdc) (dob-
pdc* = 4,4’-dioxido-3,3’-biphenyldicarboxylate) (Figures 1.20a and 1.20b),
which showed 0.088 g CO, per gram MOF at 0.39 mbar (298 K) and 0.138 g/g
at 0.15 bar (at 40°C), conditions relevant to CO, capture from air and flue gas,
respectively [185]. The material also shows excellent performance in the presence
of water [217]. Adsorption/desorption cycling experiments, carried out via TGA,
demonstrate that mmen-Mg,(dobpdc) can be repeatedly regenerated (at 150°C
under N, flow) after many 15 min exposures to simulated flue gas. The working
capacity, calculated to be 0.11 g CO, per gram of MOF, corresponds to a total
CO, removal of 98% [185]. With DSC (differential scanning calorimetry), the
authors further estimated that regeneration would require approximately 2.34 MJ
of energy to release 1 kg of CO, from mmen-Mg,(dobpdc) compared to the 3.6
to 4.5 MJ energy requirement for the state of the art MEA scrubbers [218-220].
Later, in 2015, this study was extended to append mmen onto the internal surface
of multiple M,(dobpdc) analogs (where M = Mg, Mn, Fe, Ni, Co, and Zn). They
show significant tunability in the steep steps observed in the adsorption isotherm.
Using a combination of IR, synchrotron X-ray diffraction, and computational
studies they were able to reveal the origin of the sharp adsorption step in the
isotherm (Figure 1.20c) is the result of a cooperative insertion process in which
CO, molecules insert into metal-amine bonds, inducing a reorganization of the



"A191506 |e21WBYD UuedIBdWY JO uolssiwiad yum pasnpoiday "[81] ZLOTZ ‘| 1® P|RUOQDIN :924N0S
‘aunjesadwal Yim padiys si 1eyl (J1e ui QD jo ainssaud |eiped ayy) Jequ g0 e dais dueys e buimoys sauniesadwal snotiea e (dpdqop)
¢HN-UsWIW Joy swuaylos! uondiospe ‘0D ssadxa (3) pue ‘(dpdgop)BIN-usww (q) ‘(3pdgop)BIAl (8) Jo [9pow piis-pue-jleg QgL 24nbi4

(requ) &
000k 008 009 O0OF 002 0

200 + (apdqop)ZBN-usww (2) (opdqop)zBiy

ot i 10 100 00 -
) "o
50 g
N
0F >
>
g1 8
&
0¢ o
> 3
5z
3
o
° 0€ o
o.cufe o 8 8 %V YYIILL q
2,05 [P T ot WEN ge
2GC|lm = ®
07 (9) (e)



44 CARBON CAPTURE IN METAL-ORGANIC FRAMEWORKS

Figure 1.21 Space-filling models of the solid-state structures of (a) mmen-Mn,
(dobpdc) and (b) CO,-mmen-Mn,(dobpdc) at 100 K. Portions of the crystal structures for
mmen-Mn,(dobpdc) (c) before and (d) after CO, adsorption, as determined from synchro-
tron powder x-ray diffraction data. The latter shows CO, insertion between the amine and
Mn metal. (e) A portion of the crystal structure shows the formation of an ammonium car-
bamate chain along the MOF pore. Green, grey, red, blue and white spheres represent Mn,
C, O, N, and H atoms, respectively; some H atoms are omitted for clarity. Source: McDonald
et al. 2015 [221]. Reproduced with permission of Nature Publishing Group.

amines into well-ordered chains of ammonium carbamate (Figures 1.21a—1.21¢e).
As a consequence, large CO, separation capacities can be achieved with small
temperature swings, and regeneration energies appreciably lower than achievable
with state-of-the-art aqueous amine solutions become feasible [221].

Beyond alkyl amine-containing frameworks, there are few examples of other
Lewis base functionality in MOFs that lend to chemisorptive-type interactions with
CO,. Recently, Gassensmith and coworkers reported the synthesis of an MOF con-
structed by y-cyclodextrin linked together by alkali metals such as Rb (CD-MOF-2)
[157]. The ligand in this MOF, which is decorated with free hydroxyl groups, is a
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natural product produced from starch. Further, the MOF can be prepared readily in
green solvents such as water using slow evaporation methods. While this material was
not assessed for room temperature N, adsorption, it shows extremely high uptake of
CO, at very low partial pressures indicative of very strong binding. As such, solid-state
cross-polarization magic-angle-spinning (CP/MAS) *C NMR spectroscopy was used
to monitor the material before and after exposure to CO,. Upon introduction to CO,,
CD-MOF-2 shows a new peak at 158 ppm that was interpreted as the formation of
carbonic acid functionality, due to a direct interaction between the CO, and surface
hydroxyls. This additional resonance was also accompanied by chemical shifts of
other signature peaks in the MOF supporting the hypothesis that a chemical reaction
was occurring. Later, calorimetry revealed a zero coverage differential enthalpy of
CO, adsorption equal to approximately —113.5 kJ mol™" at 25°C. This value quickly
dropped to around —65.4 kJ mol™" binding event, which was attributed to less reactive
hydroxyls and then another plateau at —40.1 kJ mol™ that was attributed to physisorp-
tive-type interactions. It should be noted that the strongest binding sites appear to be
irreversible; however, this only reduces the capacity slightly with cycling [222].

1.3.5 Stability and Competitive Binding in the Presence of H,0

One of the major drawbacks for the utilization of MOFs in many applications is the
widespread belief that they are unstable in the presence of water, a result of many
reports that show frameworks that break down due to hydrolysis. While these mate-
rials do exhibit coordination-type bonding, that is considered to be weaker than that
of their covalent counterparts, there have been many MOFs synthesized to date that
exhibit water stability [223]. This effort has been driven by the need for materials
that maintain high performance in wet environments, such as post-combustion flue
gas separations. While the amount of water present in a flue gas stream could be
reduced, it is energetically costly and complete removal is likely unfeasible [224].
As such, many synthetic strategies have been taken to provide water stable materi-
als. These methodologies include the use of high oxidation state metals, multiden-
tate ligands, metal nodes with large coordination numbers, MOF modification with
hydrophobic ligands, guests or polymers, and the use of ligands with limited acidity,
like pyrazoles and imidazoles [223, 225-232].

While many of the azole-based ligands can bind metals with similar geome-
tries as carboxylates, the higher Lewis basicity creates stronger metal-ligand bonds
improving both thermal and chemical stability. It is expected that MOF stability will
increase with increasing pK, to give the following stability trend: pyrazole > imi-
dazole > triazole > tetrazole. A recent report of Long et al. reveals the synthesis of
a new pyrazolate framework, Niy(BTP), (H;BTP = 1,3,5-tris-1H-pyrazol-4-yl)ben-
zene), which exhibits stability in boiling water for 14 days with varying pH levels
that range from 2 to 14 [228]. Later, in situ IR studies revealed weak interactions
of Niy(BTP), with CO, CO,, and H,. It is proposed that the pyrazolate ligand forces
the Ni** into a diamagnetic low-spin state with a large energy barrier to transition
from low spin to high spin of 75 kJ mol™', a value derived from ab initio molecular
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modeling [233]. This low-spin state might also inhibit the interaction of the metal
with water and hence add to the overall framework stability. While this study has
focused on improving the strength of the metal-ligand bond other studies have added
hydrophobic functionality to framework ligands such as —CH,, —CF;, and -F [234,
235]. A later study of Navarro et al. reports construction of an isoreticular series of
MOFs denoted as [Nig(OH),(H,0),(L)], where L = a series of azolate ligands with
increasing levels of hydrophobicity shown in Figure 1.22. Moreover, the length and
functionalization of the linkers impact on the pore size as well as on the fine tuning of
the surface polarity and the incorporation of trifluoroalkyl groups gives rise to a sig-
nificant enhancement in the hydrophobicity and an overall improvement in hydrolytic
stability. Although this study was mostly focused on overcoming problems related to
the adsorption of harmful volatile organics in wet environments, these same princi-
ples can be applied to MOFs for various gas separation applications [236].

While the aforementioned studies worked to improve hydrolytic stability and
hydrophobicity in the initial framework design, others have utilized post-synthetic
modifications to manipulate these parameters. A recent report demonstrated that the
encapsulation of HKUST-1 into polystyrene microspheres not only improved the
hydrolytic stability of the framework, but additionally allowed retention of most of
the CO, uptake capacity after exposure of the composite to 80% relative humidity at
27°C for 1 month [235]. This is a significant achievement considering that HKUST-1
readily decomposes in the presence of water, which coordinates to the Cu-OMC on
the paddlewheel cluster, promoting hydrolysis of the metal-ligand bond and hence
framework degradation [237].

For MOFs that exhibit highly charged functionality on their internal surface,
such as OMCs, water will compete for adsorption sites with CO, and in most cases
water will win this battle due to an existing dipole moment. As such, even if MOFs
are deemed water stable, their separation performance must still be assessed in
wet multicomponent streams or at minimum after exposure to water vapor. While
Mg,(dobdc) is currently the best-performing MOF at ambient pressure and dry con-
ditions, it cannot be used for the capture of CO, under flue gas conditions due to
diminished adsorption properties in the presence of water. In a study of Matzger
et al., the breakthrough performance of a series of M,(dobdc) (where M = Zn, Ni,
Co, and Mg) MOFs were evaluated in dry streams of CO,:N, (0.16 bar and 0.84
bar, respectively) after exposure to relative humidity levels that range from 0% to
70%. For Mg,(dobdc), after exposure to 70% RH and subsequent thermal regener-
ation, only about 16% of the initial CO, capacity was recovered. While the other
metal-analogs experienced less of a performance decline, it is clear that in the event
that water does not cause framework decomposition, it will be in competition for the
OMC:s and with further cycling the materials will become saturated [106]. Subse-
quent removal of water adsorbed at the OMCs can often be energy intensive, requir-
ing high heat and vacuum. This work was additionally supported by a recent study
of Mason et al., which carried out multicomponent adsorption studies of several
MOFs in CO,/N,/H,O mixtures. It was found that for every OMC containing MOF
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Figure 1.22 (a) The crystal structure of [Ni8(OH)4(H20)2(L5-CF3)6], viewed as a
combination of n octahedral (yellow polyhedron) and 2n tetrahedral (gray polyhedron)
cavities. (b) Pyrazolate-based ligands used in the synthesis of the [Ni8(OH)4(H20)2(L)6],
MOFs. H2L1 = 1H-pyrazole-4-carboxylic acid; H2L2 = 4-(1H-pyrazole-4-yl)benzoic acid;
H2L3 = 4,4-benzene-1,4-diylbis(1H-pyrazole); H2L4 = 4,4’-buta-1,3-diyne-1,4-diylbis(1H-
pyrazole); H2L5 = 4,4’-(benzene-1,4-diyldiethyne-2,1-diyl)bis(1H-pyrazole); and H2L5-R
(R=methyl, trifluoromethyl). (c) View of the tetrahedral (top) and octahedral (bottom) cages
found in the crystal structures of [Ni8(OH)4(H20)2(L3)6], (left), [Ni8(OH)4(H20)2(L4)6],
(middle), and [Ni8(OH)4(H20)2(L5)6], (right), and the corresponding metric descriptors. Ni,
N, C, O, and F and H are depicted as green, blue, grey, red, and white spheres, respectively.
Source: Padial et al. 2013 [236]. Reproduced with permission of John Wiley & Sons.

studied, that the low-pressure CO, adsorption capacity decreased significantly com-
pared to the capacities in pure streams of CO, (Figure 1.5) [87]. To alleviate this
problem, appending amines to the OMCs, which are known to preferentially bind
CO,, even in the presence of water, can be a useful solution. Given that the amine
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appended frameworks are likely hydrophilic due to the high concentration of func-
tional groups that readily form hydrogen bonding interactions, it also promotes water
adsorption inside of the MOF that could inadvertently induce structural changes or
simply decrease the overall capacity. As such, there is still a need to assess the sepa-
ration ability of many amine-appended frameworks in wet streams [238]. However,
it should be noted that the aforementioned study of Mason et al., also probed several
alkyl amine-containing frameworks using multicomponent adsorption. For every
amine-containing MOF studied, the decreases in the CO, adsorption capacities are
minimal in the presence of water (Figure 1.5). Even in some cases, a slight increase
can be observed upon the introduction of water.

Recently, an alternative strategy for achieving water stability was reported by
Cohen et al., who introduced polyMOFs, which are constructed by ligands with
long hydrophobic polymeric chains. Some of these polyMOF materials are shown to
exhibit relatively high CO, sorption with minimal N, sorption, making them prom-
ising materials for CO,/N, separations. Although the parent MOFs are generally
unstable to water, the polyMOFs demonstrated excellent water stability due to the
hydrophobic polymer, as well as the cross-linking of the polymer chains within the
MOF. Further, the polyMOFs exhibit minimal change in their CO, adsorption prop-
erties before and after water exposure [239]. While many of the studies focused on
enhancing water stability and assessing the performance of MOFs in wet environ-
ments are still in their infancy, this work has already led to significant improvements
in materials performance providing optimism toward the eventual implementation of
MOFs in various energy-relevant gas separations.

1.4 MOFs FOR PRE-COMBUSTION CAPTURE

1.4.1 Advantages of Pre-combustion Capture

Pre-combustion capture, which primarily involves the separation of CO, from H, and
a few other impurities, has several advantages over other carbon-capture technologies.
First, the separation is carried out at high pressure ranging from 5 to 40 bar [81] with
much higher CO, concentrations. As a result, it will be less energy intensive to regener-
ate the material. The high pressure allows implementation of a PSA-type regeneration
process where the pressure is simply dropped to atmospheric, eliminating the need to
heat the material through a temperature swing process, as in post-combustion capture.
Further, the actual separation of CO, from H, is significantly easier due to much larger
disparities in their chemical properties such as polarizability and quadrupole moment
for CO,/H, compared to CO,/N, and O,/N, in post-combustion and oxy-fuel processes
(Table 1.2). These differences provide much higher selectivity for CO, over H, in solid
adsorbents allowing the separation to be done using a purely physisorptive process.
All of these added benefits could allow a more rapid development of separation mate-
rials and their subsequent implementation into industrial separations.
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Currently, the separation of CO, and H, is already carried out on extremely
large scales worldwide, 50 million tons per year, for the purification of H, which
is used primarily in the production of ammonia and various hydrocarbons [240].
This process is typically carried out via PSA with solid adsorbents such as activated
carbons or zeolites [84]. While the process is still too energetically inefficient to
make pre-combustion capture economically viable, significant improvements in the
efficiency of solid adsorbents for the separation of CO,/H, could render the technol-
ogy workable on a large scale or provide further energy savings in existing hydro-
gen purification infrastructure worldwide. It is projected that a 10% energy savings
in already implemented hydrogen purification industries would be the equivalent
of closing 18 coal-fired power plants [88]. The already existing infrastructure for
hydrogen purification and the scale with which this separation is already carried
out, implies that the implementation of pre-combustion capture could be expedited
relative to post-combustion and oxy-fuel technologies.

1.4.2 Necessary Framework Properties for CO, Capture

Most of the energy expended in the separation of CO, and H, is related to mass trans-
port of the gas and PSA regeneration process. As such, much energy savings could
be realized through an improvement in the selectivity and working capacity of the
solid adsorbent. Working capacity is defined as the difference between the amount
of gas adsorbed at the flue gas stream pressure and the amount of gas adsorbed at the
regeneration pressure. High gravimetric and volumetric working capacity lowers the
amount of material required and/or size of the fixed bed for the separation and hence
also lowers the overall energy input for the PSA regeneration process.

Other factors to be considered when selecting materials for pre-combustion capture
should include their long-term stability and that their separation properties are main-
tained in the presence of other minor impurities in a flue gas stream such as CO, H,0, and
H,S. While there are many studies assessing the hydrolytic stability of MOFs previously
mentioned, little is known about their behavior in H,S. Only a few studies are included
in the literature; in one of these Eddaoudi et al. show that SIFSIX-3-Ni (SIFSIX =
hexafluorosilicate) MOF has high selectivity for CO, and is stable in the presence of
H,S [241]. Further, De Weireld et al. have studied H,S adsorption in a series of MIL-
frameworks. They show that two MOFs, including MIL-53(Al, Cr) and MIL-47(V),
maintain their methane adsorption properties after H,S treatment, whereas MIL-100 and
MIL-101 show significant decreases in their CH, adsorption capacities [242].

Considering our limited ability to tune the pore size, pore shape, and sur-
face functionality of activated carbons and zeolites, it is expected that only minor
improvements can be made regarding their efficiency of the separation could be
realized. Indeed, MOFs already offer record-breaking capacity for CO, adsorption
in the pressure regime of interest for pre-combustion capture [85, 105, 243-245].
To date, the highest high pressure carbon dioxide adsorption belongs to NU-11 with
the absolute uptake of 856 cm?® per gram of MOF at 30 bar and 25°C. Further, the
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facile structural tunability of MOFs can allow significant improvements in binding
strength of CO, and hence the selectivity of CO, over H, Last, their unprecedented
internal surface areas, a factor of strong importance for high-pressure separations,
offer significant promise with regard to this separation [88, 246-250].

1.4.3 Potential MOF Candidates for CO,/H, Separations

To date, while there are a number of studies looking at high-pressure CO, adsorption
(up to 50 bar) in MOFs, there are very few studies focused specifically on assess-
ing their properties for hydrogen purification or pre-combustion capture. Currently,
more work is needed to assess the properties of existing frameworks and in turn gain
more insight into the structural features that give rise to enhanced separation ability
of CO,/H, in MOFs. For the most part, current CO,/H, studies are limited to a few
frameworks and are based on the use of single-component CO, and H, adsorption
isotherms to estimate the separation ability of the MOFs in question.

The first experimental study of MOFs for CO,:H, separations by PSA was carried
out by Herm et al. This work features single-component adsorption isotherms for a
series of 5 MOFs, which are further compared to state of the art separation materi-
als including zeolite 13X and activated carbon JX101 [88]. The MOF series were
comprised of two frameworks with OMCs and modest surface areas, i.e. Mg,(dobdc)
(1800 m? g!) [62] and Cu-BTTri (1750 m? g™!) [151], two frameworks with high
surface areas and no polarizing functionality, i.e. MOF-177 (4690 m? g™!) [245] and
Be-BTB (4400 m? g*!, BTB = benzene-1,3,5 tribenzoate) [42], and one flexible frame-
work, Co-BDP (2030 m? g-!, BDP = 1,4benzenedipyrozolate) [251]. Single-compo-
nent adsorption isotherms were collected for H, and CO, at pressures up to 40 bar and
40°C and then IAST was used to estimate the materials behaviors in a binary mixtures
of 80:20 or 60:40 H,:CO,. It was revealed that the materials with highly polarizing
functionality on their internal surface such as the OMC-containing MOFs and zeolite
13X yielded much higher selectivities, between 75 and 859. This was also true for
the activated carbon and was rationalized based on the small pores and overlapping
van der Waals potential. Although the MOFs with high surface areas and no polar-
izing functionality show appreciable CO, uptake at high pressures compared to the
other materials assessed, they have shown inadequate selectivities of significantly less
than 10 (Figure 1.23a), limiting their performance in an actual separation process. In
addition to selectivities, the gravimetric and volumetric working capacities were also
estimated from IAST (Figures 1.23b and 1.23c). Further, if we consider the MOF with
the highest selectivity among those tested in this work (Figure 1.23a) Mg,(dobdc),
the gravimetric and volumetric working capacities can even climb up to 6.4 and
5.9 mol per kg or mol per Liter, respectively. It is suggested that if the separations are
carried out in the high pressure regime with Mg,(dobdc) replacing zeolite 13X, then
the mass and volume of the required adsorbent would be decreased by a factor of 2 and
2.7, respectively. This study shows while materials with high surface areas can have
high adsorption capacities, adsorbents with polarizing functional groups lend to higher
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Figure 1.23 |AST-calculated (a) selectivity, (b) gravimetric, and (c) volumetric CO, working
capacities for an 80:20 H,/CO, mixture at 40°C for the metal-organic frameworks MOF-177,
Be-BTB, Co(BDP), Cu-BTTri, and Mg,(dobdc), the activated Carbon JX101 and zeolite 13X.
Source: Herm et al. 2011 [88]. Reproduced with permission of American Chemical Society.
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CO,:H, selectivities and enhanced performance with regard to working capacity. This
study is further the proof of the concept that MOFs can indeed potentially outperform
the state of the art materials [88].

In light of the previous work, Vaidhzanathan et al. began working with small
framework ligands for the synthesis of ultramicroporous MOFs [250]. They were
inspired by the knowledge that OMCs are susceptible to poisoning by even trace
amounts of water. As such, they began to look at a small pore material without
OMC:s, Ni-(4-pyridylcarboxzlate), (Figure 1.24a) that might lend to overlapping van
der Waals potential and hence high selectivities as in the case of the aforementioned
carbon. This Ni-MOF exhibits a cubic framework with ultramicropores ranging
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2 —a— MgMOF-74 5 "
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Figure 1.24 (a) Structure of Ni-(4-pyridylcarboxzlate), obtained from single-crystal x-ray
structure green, Ni dimers reduced to one node. The green cones trace the six-connected
distorted cubic arrangement formed by collapsing the Ni dimers to nodes and the PyC link-
ers as lines. The yellow ball represents the cages in the structure. Below the structure is the
Connolly surface diagram. The channels labeled | and Ill are interconnected and run along
the a and c axes, respectively, whereas the channel labeled Il propogate along the c axis.
IV represents the cages, which are lined with terminal water molecules in addition to the
ligand groups. (b) IAST working capacities and (c) selectivity characteristics from a 20:80
mixture of CO,:H, at 40°C for a 1-10 bar PSA process. Comparison of the H,/CO, selectivity
of Ni-(4-pyridylcarboxzlate), is compared to other known MOFs and industrial sorbents
determined under the same conditions. Source: Herm et al. 2011 [88] and Nandi et al. 2015
[250]. Reproduced with permission of American Chemical Society.
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from 3.5 to 4.8 A, labeled I-IV in Figure 1.24a. High pressure adsorption isotherms,
collected up to 10 bar at 40°C, were used to calculate the IAST selectivties and
capacities for a 1-10 bar PSA process. The results show that the selectivities of
the material is 285 and 230 for 20:80 and 40:60 CO,:H, mixtures, respectively, and
despite a modest surface area (945 m* g™'), the gravimetric capacity is relatively
high, 3.95 mmol per gram of MOF (Figure 1.24b). While the selectivities are lower
than Mg,(dobdc), they are similar to those observed for zeolite 13X. Further, the
gravimetric working capacity bests all materials analyzed by Herm et al. (at 10 bar)
and more importantly Ni-(4-pyridylcarboxzlate), is shown to retain its CO, adsorp-
tion properties after exposure to H,O. Last, the CO, self-diffusivities (3 x 10 m? s™")
were determined to be as much as two times higher than zeolite 13X and comparable
to the top performing CO, adsorbing MOFs [250].

Other experimental studies have included one by Chen et al. that form
a NbO-type MOF referred to as UTSA-40 (1630 m? g~!, also known as [Cu,(L)
(H,0),] - 6DMF - 2H,0 where L = 6,6-dichloro-2,2-diethoxy-1,1-binaphthyl-4,4-
di(5-isophthalic acid)) that consists of a tetracarboxylate ligand and dicopper pad-
dlewheel cluster. The authors found that the material outperforms several traditional
zeolites, and while the performance is lower than two OMC-containing MOFs,
including Mg,(dobdc) [62] and Cu-TDPAT [148], this framework has a significantly
lower energy cost for regeneration [238].

One weakness in many of the aforementioned studies is the lack of assessment
of the materials performance in the presence of other impurities in the flue gas
stream such as H,0, H,S, CO, and CH, (the latter in the case of methane reforming).
The adsorption behavior of each impurity can vary widely in MOFs as it is dictated
by the pore size, shape, and surface functionalization. It is expected, for instance,
that H,0, H,S, and/or CO could poison the OMCs and block the adsorption of CO,.
While most of the water could be removed by condensation or other adsorbents
placed in route to the fixed bed intended for CO,/H, separation, it is likely that all of
these impurities cannot be removed from the flue gas stream. As such, a more thor-
ough assessment of materials performance in multicomponent streams is needed.
Ideally a study would include both the adsorption properties in the multicomponent
gas stream containing all potential impurities. The best way to test these properties
is via experimental or simulated breakthrough curves. Because experimental break-
through analysis containing very minor impurities or mixtures of more than two or
three components can be extremely time-consuming or in some cases experimen-
tally intractable, Krishna et al. have used computational methods to simulate break-
through curves for a number of MOFs, zeolites, and carbons in the tertiary mixture,
CO,/CH,/H,, and their binary combinations [252]. Their study revealed the utility
of breakthrough simulations for MOFs and further implied that Mg,(dbodc) was
the top performer of the materials tested under dry conditions. As such, this work
was followed by an experimental one of Herm et al. for validation of the computa-
tional methods [253]. For this, breakthrough curves were generated for Mg,(dobdc)
in several multicomponent streams including CO,/CH,, CH,/H,, and CO,/CH,/H,
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[253]. The experiment not only validated the aforementioned simulations, but also
showed that this MOF additionally outperformed zeolite 13X for all three-gas mix-
tures. Later, Wu et al. simulated several MOFs and zeolites in quaternary mixtures
including CO,/CO/CH,/H, and identified a new pre-combustion capture candidate,
Cu-TDPAT [254] and then Banu et al. carried out simulations for a quinary mixture
including CO,/CO/CH,/H,/N, for a series of four Zr-containing MOFs [255].

The results of these studies suggest that MOFs with small pores and open met-
al-sites, or other sources of charged functionality could be used to achieve both
high selectivity and working capacity necessary to improve the efficiency of the
CO,:H, separation. However, considering the few number of data points, more work
is needed to screen a large number of existing MOFs with varying structural features
to gain more clarity related to their structure-derived function. Studies of this kind
will provide insight into how to find the intricate balance between strength of CO,
adsorption and high working capacity. Additionally, while it is clear that MOFs have
a high potential to outperform the state of the art zeolites or activated carbons, more
understanding of MOF properties in flue gas mixtures containing minor impurities
must be obtained.

1.5 MOFs FOR OXY-FUEL COMBUSTION CAPTURE

1.5.1 Necessary Framework Properties for O,/N, Separations

The implementation of oxy-fuel combustion in the power industry is limited by
an adequate, low-cost gas separation technology for the separation of O, from air.
Currently, air purification, which predominately involves the separation of O, from
N,, is most widely carried out via cryogenic distillation; while it provides high
purity O, (99%), due to very low boiling points of O, and N, (-196°C and —183°C
for N, and O,, respectively), it also poses a large energy and economic cost for
execution on the scale that is necessary for CCS. As such, other technologies have
been studied; these included various adsorbents like zeolites and activated carbons
and membrane-based separations. All of these aforementioned technologies can
be implemented; they are limited to processes that can utilize O, at a purity level
that is less than 94%, a direct result of limited selectivity for N, over O, [84].
The development of adsorbent materials that exhibit higher selectivities (lending
to O, purity levels >95%) and are also operational at ambient temperature and
pressure could afford significant energy savings. Compared to post-combustion
and pre-combustion technologies, the capture step for an oxy-fuel process is rela-
tively easy, using existing condensation protocol to isolate CO, (55-65 wt%) from
water (25-35 wt%) after the combustion process [256]. As such, existing power
plants could be easily retrofitted to accommodate this process, which has shown
capture rates of CO, on the order of 95%, a value significantly higher than pre- or
post-combustion capture technologies [257]. In addition to easy implementation,
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the O, stream used for combustion in an oxy-fuel process is first diluted with CO,
to a partial pressure of approximately 0.21 bar to control the flame temperature, an
act that limits the formation of NO, impurities [258].

The most energy consuming part of the oxy-fuel process is generating large
quantities of nearly pure O, [259] from air whose main component is N,. As such,
separation materials must show high selectivities and capacities for O, in the pres-
sure and temperature regime of interest, which is approximately 0.2 bar and 25°C.
The modularity of MOFs makes them ideal candidates for this separation; however,
compared to CO, and N, discussed in the previous section, O, and N, have even
smaller disparities in their physical properties including kinetic diameter, quadru-
pole moment, polarizability, and boiling point, creating a challenge for the design of
adsorbents. Looking at Table 1.2, the polarizability and quadrupole moment of N, is
slightly higher than O,, making most framework materials like MOFs and zeolites
with highly polarizing adsorption sites only slightly more selective for N, over O,.
This will cause the selectivities and hence resulting O, purity to be quite low. As
such, recent efforts in MOF chemistry are instead focused on the differences in the
chemical properties of O, and N,. Of these two small molecules, O, exhibits a signif-
icantly higher electron affinity than N, making redox active MOFs that might give
rise to a reversible electron transfer to O, of great interest for oxy-fuel combustion.

1.5.2 Biological Inspiration for O,/N, Separations in MOFs

Knowledge of the reactivity of O, with transition metal complexes is not new as
this property is exploited in heme containing metaloproteins that are responsible
for transport and storage of O, in mammalian systems. Heme species, also known
as porphyrins, are a group of heterocycles composed of four modified pyrrole sub-
units with Fe?* bound in the center (Figure 1.25a). Much research has been dedi-
cated to producing synthetic molecular complexes that can mimic the reversible O,
binding observed in nature; [84] however, these molecular species have a strong
propensity to react and combine upon formation of the metal-O, complex making
them highly difficult to isolate [260]. The instability of the mononuclear species
has prompted the development of porphyrin-based supports that provide isolation
of the reactive species to inhibit their decomposition and allow experimental obser-
vation of the porphyrin-O, adduct [29]. While observation of this species has been
limited to spectroscopic evidence at low temperature, recent work of Harris et al.
used a heme-based Zr-MOF, PCN-224 [261], to give the first crystallographic evi-
dence of a five-coordinate heme-O, adduct (Figure 1.25b) [262]. Relative to their
molecular counterparts, MOFs contain immobilized, separated active sites and
offer facile structural tunability, allowing control over important metrics such as
binding enthalpy and adsorption capacity for O, and regeneration conditions. Fur-
ther, given their highly crystalline nature, crystallography techniques can be used to
unveil their structure-derived function. As such, MOFs provide an ideal platform to
study O, adsorption and separation.
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AH = -34(4) kd/mol

Yog

Figure 1.25 (a) Heme-based metaloprotein and (b) PCN-224-Fe (left), which forms PCN-
224-Fe-0, at —78°C (right). The structure consists of Zr, clusters interlinked by TCPP ligands
(where TCPP = tetrakis(4-carboxyphenyl)porphyrin. Green octahedra represent Zr atoms;
Fe, N, O, and C atoms are represented by orange, blue, red, and gray spheres, respectively.
The distances and angles for PCN-224-Fe-0O, are Fe-O 1.79(1), O-O 1.15(4), Fe--N, plane
0.526(2), Fe—O-0 118(4), N-Fe-0 104(1). Source: Anderson et al. 2014 [262]. Reproduced
with permission of American Chemical Society.

1.5.3 Potential MOF Candidates for O,/N, Separations

While studies related to O, adsorption are still limited, over the last few years, there
have been several reports that show O, adsorption in redox active OMC-containing
MOFs. These materials are thus far limited to a few SBUs constructed by metals
such as Cr*, Fe?*, and Ti**, all of which have a propensity to undergo redox activity
in the presence of oxygen. One of the first studies of O,/N, adsorption in a redox
active MOF was carried out on Cry(BTC), (BTC?* = 1,3,5 benzenetri-carboxylate)
(Figures 1.26a and 1.26b) [203]. The material, which is isostructural with the
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aforementioned HKUST-1 and has a BET surface area of 1810 m?* g™, displayed both
a high O, loading capacity and high selectivity, =22, for binding O, (0.73 mmol per
gram O, at 0.21 bar) over N, (0.033 mmol per gram N, at 0.78 bar) at 25°C; however,
the material showed a significant loss in capacity with cycling (Figure 1.26¢) [203].

More recently, this same group studied O, and N, adsorption in a redox active
Fe,(dobdc) [82] (Figure 1.27a), which has a BET surface area of 1360 m*> g~! and
features a hexagonal array of one-dimensional channels lined with coordinatively
unsaturated Fe** OMCs. Single-component gas adsorption isotherms collected at
298 K indicate that this framework binds O, preferentially over N, (Figure 1.27c);
however there is an irreversible capacity of 9.3 wt%, corresponding to the adsorp-
tion of 0.5 O, molecule per Fe*~OMC. Upon cooling the material to 211 K, O,
uptake becomes fully reversible and the capacity increases to 18.2 wt%, a value
that corresponds to the adsorption of one O, molecule per Fe**-OMC. Several
techniques, including Mossbauer spectroscopy, infrared spectroscopy, and neutron
powder diffraction were used to investigate this crossover from the physisorption
(211 K) to the chemisorption regime where O, adsorption becomes irreversible.
All characterization pointed to a partial charge transfer from Fe?* to O, at low
temperature and a complete charge transfer to form Fe** and O,?" at room tem-
perature. Rietveld analysis of powder neutron diffraction data confirms this inter-
pretation, revealing O, bound to Fe in a symmetric side-on configuration with an
0-O distance of 1.25(1) A at low tempearture, labeled as site I in Figure 1.27b.
This value is only slightly elongated compared to the distance found in a free O,
species (1.2071(1) A) [263]. Neutron diffraction carried out after the exposure
of Fe,(dobdc) to O, at room temperature reveals a different structure with the O,
species in a slipped side-on mode with OO distance of 1.6(1) A (Figure 1.27b), a
value that is consistent with a two electron reduction of O, to a peroxide species.
These measurements also unveiled two secondary adsorption sites at low tem-
peratures labeled as II and III in Figure 1.27a. Simulated breakthrough curves,
which were calculated via single-component gas adsorption isotherms and IAST,
indicate that the material should be capable of the high-capacity separation of O,
from air at temperatures as high as 226 K, well above the current temperatures
employed in cryogenic distillation [82].

Cr,(BTC), and Fe,(dobdc), are representative members of large isostructural
framework families that have been synthesized with a wide number of transition
metal cations (M;(btc), where M = Cr, Fe, Ni, Cu, Zn, Mo, or Ru [201-206] and
M,(dobdc) where M = Mg, Mn, Fe, Co, Ni, Cu, or Zn [99, 105, 112, 113, 135, 194-
196]). Despite this, no other material in the framework families has shown utility in
the separation of O, from N,. As such, recent work of Bloch et al. have explored a
new framework family known as M-BTT with the sodalite-type structure, M;[(M,
CD);(BTT);],. While the aforementioned MOF family has also been synthesized with
a variety of M** OMCs (M-BTT where M = Mn, Fe, Co, Cu, Cd); only the most
recently synthesized Cr** analog (with a BET surface area of 2300 m? g') shows
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utility in O,/N, separations (Figure 1.28a) [133]. The single-component adsorption
isotherms indicated a high selectivity for O, over N, as the material has a reasona-
bly high O, uptake of 7.01 wt% at 0.2 bar and 298 K and a low adsorption capacity
for N,, which is less than 0.6 wt% at 0.8 bar and 298 K (Figure 1.28b). Consistent
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Figure 1.28 (a) Ball-and-stick model of Cr-BTT and the first coordination spheres for the
Cr centers within O,- and N,-dosed Cr-BTT as determined from Rietveld analysis of powder
neutron diffraction data. Atom colors: Cr dark green, Cl purple, O red, N blue. Values in
parenthesis give the estimated standard deviation in the final digit of the number. (b)
Excess O, and N, adsorption isotherms collected for Cr-BTT at 298 K; the solid lines rep-
resent Langmuir-Freundlich fits to the data. Bottom: Uptake of O, at 200 mbar in Cr-BTT
over 15 cycles at 298 K. Adsorption experiments were performed over 30 min and desorp-
tion was carried out by placing the sample under a dynamic vacuum at 423 K for 30 min.
Source: Bloch et al. 2016 [133]. Reproduced with permission of John Wiley & Sons.
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with the significantly higher O, capacity compared to N,, the material exhibits an
isosteric heat of —65 kJ mol™" and —15.3 kJ mol™" for O, and N,, respectively. IAST
calculations reveal that the material has a selectivity factor greater than 2500 under
conditions necessary for O, separation from air. As shown in Figure 1.28b, Cr-BTT
displays only a moderate capacity loss after the first adsorption/desorption cycle,
with a decreased uptake from 7.01 wt% to 5.6 wt%. After the second cycle, the
capacity drops a bit further to 4.6 wt%, but then appears to plateau for the next
13 consecutive cycles. Despite this slight loss in capacity, the material shows rapid
adsorption/desorption and a reversible capacity of 4.6 wt%. While the capacity loss
is not yet fully understood, several in situ techniques were employed to understand
the O, binding mechanism. Infrared spectroscopy and neutron diffraction were again
used to show experimental evidence of the electron transfer to form a Cr** superoxo
species. The diffraction data are consistent with what was observed in the IR spec-
trum, showing an end-on coordination of the guest species and a Cr-0O, distance
of 1.84(2) A, a value that is in excellent agreement with other previously reported
Cr**-superoxo species (1.876(4) 10\) [264]. As observed in the case of Fe,(dobdc),
the O-O distance is slightly elongated to 1.26(2) compared to free O,, consistent
with the formation of a superoxo. Further, Cr—-N and Cr—Cl distances decrease from
2.064(3) A and 2.57(2) A to 2.026(4) A and 2.52(2) A, upon oxidation from Cr?* to
Cr*, respectively [133].

All of the aforementioned work demonstrates the importance of having redox
active OMCs in MOFs for selective separations of O, over N,. While this work is
dependent on existing framework families that can undergo metal substitution, there
is alot of room for further MOF development for air purification through the use of (i)
metaloligands, which may offer a way to post-synthetically decorate MOF surfaces
with under coordinated metals or (ii) through the infusion or appendage of other met-
al-containing small moleucles on the internal surface of MOFs. A proof of concept
for redox active MOF-composites was highlighted by Zhange et al., which infused
a well-known Cr-MIL-101 with the redox active Fe** containing ferrocene molecule
[265]. Heating the material above 350°C led to a transformation of the ferrocene into
maghemite nanoparticles rendering a composite MOF materials that exhibited a high
selectivity for O, over N,. Experimental breakthrough obtained using a custom-built
apparatus equipped with a residual gas analyzer (in a gas mixture of 0.21% O, and
0.79% N,) showed N, breakthrough within 1 min, while O, required 40 min. At any
rate, MOFs offer an unprecedented opportunity to tailor-make materials with con-
trolled capacities, selectivities, and regeneration energies [265].

1.6 FUTURE PERSPECTIVES AND OUTLOOK

The previous sections have highlighted some of the recent progress made in the
advancement of MOFs toward carbon-capture applications. While we have con-
firmed that there are a number of frameworks currently available for the efficient
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separation of CO,/N,, O,/N,, and CO,/H,, there are still a number of factors that need
to be addressed for their eventual implementation. More understanding of how MOF
materials function in wet environments and in the presence of other minor impurities
present in gas streams is a necessity. To achieve this, it will require experimentalists
to characterize the materials in more application-relevant environments as in multi-
component adsorption and breakthrough analysis. Further, ongoing work should pay
more attention to the temperatures and pressures necessary for the varying appli-
cations as these two factors vary a great deal throughout the literature, making it
difficult on some occasions to gain an accurate comparison between two differing
materials. Also, there are a number of reports that show disparities in measured val-
ues for various properties ranging from surface areas, adsorption capacities, selectiv-
ities, and isosteric heats. As such, more emphasis should be placed on sample quality
and efforts should be made to understand how varying reaction conditions affect the
crystallization and hence subsequent framework properties.

Once the more fundamental problems are addressed, it is expected that MOF
chemistry will naturally gravitate away from the synthesis of new materials and look
toward addressing more engineering-related issues. Some of these areas include:
(i) material scale-up and cost analysis, (ii) nanostructuring materials for pelletiza-
tion, (iii) the impact of pelletization on MOF performance, (iv) assessing their per-
formance over many adsorption/desorption cycles, and (v) accurate determination
of the energy penalty associated with MOF regeneration. While we know that the
parasitic energy cost of liquid amine scrubbers is approximately 30%, to the best
of our knowledge, there are no thorough studies addressing the energy penalty and
economic cost related to MOF adsorbents and so it is a necessity for the future. It
is assumed throughout the literature that these materials will have better perfor-
mance due to lower heats capacities, but a number of factors must be considered. For
instance, there is not a lot of information pertaining to MOF thermal conductivity
[266], a parameter that dictates the efficiency of the adsorbent bed and the duration
of the regeneration cycle of a TSA capture process. In the same regard, there are few
studies addressing the desorption of CO, via PSA in any great detail either.

While it is not discussed to a large extent throughout this chapter, it should be
noted that there are a number of developing computational tools that might allow
accurate structure and property prediction in MOFs [267]. Advancements in this
area could provide experimentalists with target frameworks that will perform well in
predefined gas mixtures and hence deliver these materials more rapidly to industry
[268]. Though progress has been made through cooperative work between theoreti-
cians and experimentalists to understanding MOF—-small molecule interactions, the
rate at which theoretical tools are being actively used to provide optimized MOF
targets remains slow. One challenge, for instance, is the difficulty of developing
synthetic pathways toward a specific structure containing the desired building blocks
or the inability to predict structural changes that occur with adsorption. While these
challenges are large, the partnership between experimentalists and theoreticians is
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becoming more prevalent throughout the literature and hence significant progress
has been made in the area [83]. As such, we are confident that computational tools,
including high throughput screening methods, could push MOF chemistry past the
era of largely serendipitous discoveries and allow for engineering porous media for
solving specific problems.

Given the huge scientific progress made in the last 10 years within MOF
research, we have an optimistic outlook on MOF chemistry for their eventual imple-
mentation in a wide number of energetically relevant gas separations. Unprece-
dented internal surface areas, facile structural tunability, and the ease with which
MOFs readily undergo post-synthetic modification clearly distinguish this class of
materials from other porous counterparts. It is demonstrated throughout the litera-
ture that MOFs offer a unique opportunity for controlled design, allowing one to find
the intricate balance necessary between a variety of properties such as selectivity,
gravimetric and volumetric working capacity, regeneration energy, and framework
stability, making them likely candidates for future carbon-capture technologies.
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