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1. INTRODUCTION

The sharply rising level of atmospheric carbon dioxide result-
ing from anthropogenic emissions is one of the greatest environ-
mental concerns facing our civilization today. These emissions,
which stem predominantly from the combustion of coal, oil, and
natural gas (ca. 80% of CO, emissions worldwide),' are pro-
jected to continue to increase in the future due to economic
growth and industrial development, particularly in developing
nations.” Although the transition of the existing infrastructure
from carbon-based sources to cleaner alternatives would be ideal
in this regard, such a change requires considerable modifications
to the current energy framework, and many of the proposed
technologies are not yet sufficiently developed to facilitate large-
scale industrial implementation. Thus, carbon capture and
sequestration (CCS) technologies that efficiently capture CO,
from existing emission sources will play a vital role until more
significant modifications to the energy infrastructure can be
realized.
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One scenario under which CO, capture technologies could be
rapidly implemented is at stationary point sources, such as coal-
and natural gas-fired power plants. In the United States, 41% of
the total CO, emissions can be attributed to electricity
generation® (ca. 60% worldwide),” and hence the installation
of effective capture systems to existing plant configurations could
offer a large reduction in emissions. The captured CO, would
then be subjected to permanent sequestration, where the CO, is
injected into underground geological formations, such as de-
pleted oil reservoirs or salt water aquifers. Here, similar technol-
ogies are already established in the context of processes such as
enhanced oil recovery (EOR), and several trial CO, sequestra-
tion sites are in construction.” Note that the reuse of the captured
CO, as a reactant in chemical transformations presents an
alternative sequestration pathway, although it would not be a
viable long-term strategy owing to the tremendous scale of
worldwide CO, emissions (ca. 30 Gt per year)® resulting in
the market for any commodities prepared therefrom being
rapidly saturated. A potentially more promising scenario that
could utilize a considerable fraction of the captured CO, would
be its conversion into a fuel for transportation, provided efficient
methods for carrying out the conversion via a renewable energy
source can be developed.®” Nevertheless, regardless of the
sequestration pathway, CCS systems must capture the CO, from
flue gas in an efficient, reversible fashion, and as will be discussed,
the discovery of new materials exhibiting the right properties
for performing CO, capture is an area requiring urgent
development.

In this regard, the most significant challenge for CO, capture
at present is the large energy penalty associated with the capture
process. With current technologies, approximately 70% of the
cost of CCS is associated with the selective capture of CO, from
the power plant flue gas,® a value that must certainly be reduced if
such an approach for CO, mitigation is to become viable. The
high cost primarily arises from the large energy input required for
regeneration of the capture material. Indeed, CO, capture from a
post-combustion flue gas using the most highly developed
current technologies involving aqueous alkanolamine solutions
carries an energy penalty of roughly 30% of the output of the
power plant, most of which is associated with the liberation of the
captured CO, from the capture medium.® Thus, minimization of
the energy input for regeneration, through fine-tuning of the
thermodynamics of the interaction between CO, and the
adsorbent, for example, is one of the most crucial considerations
in improving the energy efficiency of CO, capture.

Metal—organic frameworks are a new class of materials that
could serve as an ideal platform for the development of next-
generation CO, capture materials owing to their large capacity
for the adsorption of gases and their structural and chemical
tunability.'>"”*>~%® The ability to rationally select the frame-
work components is expected to allow the affinity of the internal
pore surface toward CO, to be precisely controlled, facilitating
materials properties that are optimized for the specific type of
CO, capture to be performed (post-combustion capture, pre-
combustion capture, or oxy-fuel combustion) and potentially
even for the specific power plant in which the capture system is to
be installed. For this reason, significant effort has been made in
recent years in improving the gas separation performance of
metal—organic frameworks, and some studies evaluating the
prospects of deploying these materials in real-world CO, capture
systems have begun to emerge.9716 Here, we review the progress
that has been made in this area, with an emphasis on comparing

the performance of metal—organic frameworks to existing
technologies, as well as highlighting the most crucial areas in
which improvements in properties are urgently required. Note
that, as a result of the rapid progress being made, we will limit the
scope to CO, capture from power plants. Other scenarios of CO,
capture, such as natural gas processing (CO,/CH, separation),
capture from transportation emissions, or direct air capture, are
also highly important areas of research, and we direct the
interested reader to a number of reviews that address a broader
scope of gas separations for more detail.'”'"'>'7 719

This review is intended to provide the reader with a compre-
hensive overview of the considerations associated with CO,
capture from power plants using metal—organic frameworks
and is arranged in the following manner. The remainder of
section 1 provides an overview of the CO, problem, a description
of the current technologies utilized for CO, capture from power
plant flue gas streams, and an introduction to metal—organic
framework chemistry. Section 2 summarizes the various perfor-
mance parameters to be evaluated in order to determine the
performance of metal—organic frameworks for CO, capture
applications and outlines a number of key characterization
methods that are used for gaining a detailed correlation between
the structural and chemical features of a metal—organic frame-
work and its adsorption properties. The potential utility of
metal—organic frameworks under the three main scenarios for
CO, capture from power plants, namely, post-combustion cap-
ture (section 3), pre-combustion capture (section 4), and oxy-fuel
combustion (section S) are then discussed. The emerging area of
CO, capture by membrane technologies, where the varying
diffusion properties of the flue gas components are harnessed
to effect gas separation, is presented in section 6. Finally, the
outlook for utilizing metal —organic frameworks for CO, capture
is discussed in section 7, noting areas in which further work is
urgently required in order to realize next-generation metal—
organic frameworks that will be suitable for deployment within
real-world systems.

1.1. Carbon Dioxide Emission from Anthropogenic Sources

The escalating level of atmospheric CO, has been well-
documented in recent times due to its implication in global
warming, generating widespread environmental concerns toward
the continued use of carbon-based fuels. The concentration of
CO, in the atmosphere at the present time is greater than at any
other time in modern history, exceeding 390 ppm in 2011.%°
To put this value into perspective, through analysis of ocean
sediments for seawater pH and calcium, magnesium and carbo-
nate mineralogy, and ice core data, it has been concluded that the
atmospheric concentration has not approached such a level over
the past 400 000 years.*"** Indeed, over that period, prior to the
extremely rapid increases observed over the past few decades, the
atmospheric CO, level has varied only gradually within the range
100—300 ppm. Thus, it is clear that global industrial develop-
ment over the past century has created anthropogenic sources of
CO, leading to a rapid increase in the atmospheric concentration
of CO, to levels well above those to be expected from natural
fluctuations.

As shown in Figure 1, the combustion of fossil fuels represents
over half of the global greenhouse gas emissions.” Global CO,
emissions have increased by approximately 80% over the period
1970—2004 (from 21 to 38 Gt/year), and these emission levels
are projected to increase further over the next several decades
owing to rises in energy demands associated with a growing
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Figure 1. Global greenhouse gas emission sources in 2004 of which
approximately 77% are represented by CO, emissions.”

global population and economic and industrial development.
The International Panel on Climate Change (IPCC) was formed
in 1988 to assess the effects of greenhouse gas emissions on the
global climate and predict possible future outcomes and to
suggest remediation strategies.”> Based on the possible scenar-
ios presented in the most recent IPCC climate report in 2007,
the average global temperatures are expected to rise by between
1.8 and 6.4 °C by the end of the 21st century. Furthermore,
current mitigation approaches are centered around the imple-
mentation of CO, emissions pricing structures on the energy
generation sector and a transition toward low- and non-carbon
fuel sources. Among the strategies outlined, CO, capture from
fossil fuel-fired power plant emissions was deemed paramount
to avoiding exacerbating climate change, since adaptation to
low-carbon and alternative energy technologies, while urgent,
will require many more years of research, development, and
implementation.

1.2. CO, Capture at Stationary Point Sources

Here, we review the main strategies that have been considered to
date for CO, capture from power plants. The CO, emissions
resulting from the combustion of coal for electricity generation rep-
resent 30—40% of the total anthropogenic CO, contributions.”***
In the United States, 43% of electricity production is derived
from coal as of July 2011.%° In 2004, coal was responsible for 82.3%
of the CO, emissions originating from the electricity generation
sector in the U.S.>® Coal-based power generation is expected to play
an increasingly significant role in the future owing to the large
reserves (>100 years) available for extraction,” as well as the
escalating global energy demands. For example, in China, which
surpassed the United States as the largest emitter of greenhouse
gases in 2006, the use of coal for electricity generation is projected to
increase at a rate of 3.5% per year from 2.3 trillion kW - h in 2007 to
7.8 trillion kW-h in 2035.”** A similar trend is predicted at the
global scale, where electricity generation from coal and gas is
expected to increase from 11.8 trillion kW-h in 2007 to 21.9 trillion
kW-h in 2035 (see Figure 2).28

Although the tremendous scale of coal and gas combustion for
electricity generation is of significant concern, it also presents
one of the most promising scenarios under which CO, emissions
could be dramatically reduced. Indeed, the installation of CO,
capture systems within coal- or gas-fired power plants that
selectively remove the CO, component of the flue gas would
significantly reduce the global annual emissions, as well as lessen
the environmental impact of an energy framework that will have
an increased reliance on carbon-based fuels in the short to

726

16,000

—=— World Coal
—=— World Gas
—=— China Coal
—=—US Coal

12,000 4

o]

o

o

o
|

4,000 B

Electricity Generation (/109 kWh)

T T
2020 2030

Year

2010

Figure 2. Progected electricity generation levels for coal and gas from
2007 to 2035.%°

medium term until more environmentally sustainable energy
sources can be deployed. The goal of the US Department of
Energy/National Energy Technology Laboratory effort, which is
being carried out as part of the Existing Plants, Emissions, and
Capture Program, is to develop advanced CO, capture and
compression technologies for both existing and new coal-fired
power plants that when combined can achieve capture of 90% of
the CO, produced at less than a 35% increase in the cost of
electricity.”

Currently, the greatest challenge for the implementation of
CO, capture within power plants is the discovery of new
materials that display suitable physical and chemical properties
to be utilized within real-world systems that reduce the large
energy requirements to perform the capture step. The composi-
tion of a typical post-combustion flue gas is shown in Table 1.
Owing to the relatively low concentration of CO, (15—16%) and
the large quantities of N, (73—77%) originating from the air in
which the coal is combusted, a high selectivity toward CO, is
crucial, such that only pure CO, is captured and subjected to
sequestration. Current technologies involving aqueous amine
absorbents capture the CO, from the gas mixture with a high
selectivity (see section 1.4.1 for further detail), but carry an energy
penalty of a 0proximately 30% of the power produced at the
power plant.”” Here, the energy penalty originates primarily from
the need to heat the large quantities of water in which the amine
is dissolved, as well as the energy required to break the C—N
bond that is formed in the interaction between CO, and the
amine functionality. Thus, from the aspects of cost and envir-
onmental impacts of coal consumption, there is an urgent need
to explore new materials that offer a lower energy penalty,
ideally close to the thermodynamic minimum of approximately
10—20%.°

In the context of coal- or gas-fired power plants, there are three
main scenarios under which new materials could serve to reduce
the energy requirements of capture, as illustrated in Figure 3. In
post-combustion capture (section 3), CO, is removed from the
flue gas that results after combustion of the fuel in air (see
Table 1). This is predominantly a CO,/N, gas separation owing
to the high content of N, in the air used for combustion and has
been the most explored strategy to date since a post-combustion
CO, capture system could be readily retrofitted to existing power
plants. Alternatively, pre-combustion capture (section 4) can be
performed following gasification of the coal prior to combustion,

dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781
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Table 1. Typical Postcombusion Flue Gas Composition for a
Coal-Fired Power Plant’’

molecule concentration (by volume)

N, 73—77%
Co, 15—16%
H,O S—=7%
0, 3—4%
SO, 800 ppm
SO; 10 ppm
NO, 500 ppm
HCI 100 ppm
CcO 20 ppm
hydrocarbons 10 ppm
Hg 1 ppb

producing a high-pressure flue gas flue gas containing H, and CO,.
This carries the advantage of being an easier separation than the
CO,/N, separation required for post-combustion CO, capture.
Once the CO, is removed from the gas mixture, the H, is then used
for electricity generation, resulting in only H,O as the byproduct.
Another possible method of reducing CO, emissions would be to
perform oxy-fuel combustion (section S), in which pure O, is
utilized for the combustion of coal or natural gas. In this case, an O,/
N, separation from air is performed, and the O, is diluted with CO,
prior to combustion, leading to a flue gas that is a mixture of CO,
and H,O, which can be efficiently separated using existing technol-
ogies. Here, we note that each of the three processes requires a
different gas separation, and there is a need for an entirely different
set of materials properties for each separation due to the
different physical properties of the gases, as listed in Table 2.
This serves to highlight the importance of materials optimization,
which will be essential in the development of next-generation
separation materials.

1.3. Options for CO, Sequestration

While the objective of this review is to discuss progress made
in the area of the capture of CO, from power plant emissions, we
now briefly consider the aspect of CO, storage (sequestration) of
the enormous quantities of CO, that would be obtained as a
result of a successful capture framework. Although approxi-
mately 70% of the cost of CCS is derived from the capture step
(a figure that is projected to decrease following future materials
optimization), there are significant practical considerations asso-
ciated with the other steps within a CCS system. For example,
given that the quantities of CO, that would be captured are too
large for reuse by any chemical industry, the sustainable storage
of CO, is paramount of the successful development of the CCS.
Currently, the most feasible scenario is one in which the CO,
removed from the power plant flue gas is, following compression,
injected into an underground containment environment that
facilitates CO, storage without leakage and limited impact on the
surrounding environment. The geological formations considered
most suitable for long-term sequestration of CO, are depleted oil
and natural gas wells, shale, coal, and saline formations.>* Saline
or brine-containing aquifers provide an environment where CO,
is able to react with mineral salts to form carbonates.®® In fact,
injection of CO, gas into oil and natural gas deposits can enhance
the extraction of these fossil fuels by pressurization of the well in
enhanced oil recovery (EOR) processes.36 In this case, the CO, is
usually recovered along with the oil or natural gas, then separated
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Figure 3. Basic schemes showing the types of CO, capture relevant to the
present review. The processes for post-combustion capture, pre-combustion
capture, and oxy-fuel combustion, which are described in further detail in
sections 3, 4, and 5, respectively. The main separation required for each type
of process is indicated next to each of the headings in parentheses.

and injected back into the well. A number of CCS demonstration
projects are in the planning, implementation and operation
stages around the world.”” The smallest example is a coal seam
in Kaniow, Poland, where 760 t of CO, was injected between
2004 and 2005. The largest project is the Erdos project in Inner
Mongolia, China, where 3.6 million metric tons of CO, per year
is captured from a coal-to-liquid fuel plant and used for EOR.

Storage in ocean water at depths of between 1000 and 3000 m,
where CO, is in the liquid form, is another option for sequestration
of CO,. Potentially, up to 1 trillion tons of CO, could be stored
in deep ocean saline water as a result of injecting concentrated
CO, into deep water or creating CO, pools on the ocean floor.*®
Much of the CO, could be stored on the ocean floor in the form
of solid gas hydrates.*” It is well-known that enormous deposits
of methane hydrates exist on the ocean floor. The ice-like solid
complexes of water and CO, formed under high pressure and
cold temperatures may be an achievable form of storage that
would be stable for long periods of time.

1.4. Current CO, Capture Materials

The need for materials that can be used within CO, capture
systems for installation in coal- and gas-fired power plants has
prompted the study of several classes of materials to date. The
development of such materials requires the consideration of
numerous performance parameters, which must be finely tuned
depending on the type of CO, capture and the specific config-
uration of the power plant. Optimization of these parameters
should allow the energy penalty and cost of CO, capture to be
lowered, enabling widespread implementation under the various
scenarios mentioned in section 1.2.

The most crucial performance parameter for any CO, capture
material is its selectivity toward CO,. A high selectivity is

dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781
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Table 2. Physical Parameters of Gases Relevant to Carbon

Dioxide Capture Processes' >33
kinetic dipole quadrupole
diameter  polarizability moment moment
molecule (A) (10 ®em®) (10 Pesu 'em ') (10 ¥ esu *em )
H, 2.89 8.04 0 6.62
Ny 3.64 174 0 152
0, 3.46 158 0 39
CO 3.76 19.5 1.10 25.0
NO 3.49 17.0 1.59
H,0 265 14.5 18.5
H,S 3.60 37.8 9.78
CO, 3.30 29.1 0 43.0
NO, 302 0

essential, such that the CO, component of the flue gas is
completely removed for subsequent sequestration. However,
the affinity of the material toward CO, is also a major considera-
tion for optimizing the energy penalty of capture. Indeed, if the
interaction is too strong, this leads to a high energy requirement
for desorption of the captured CO,. On the other hand weak
interactions, while lowering the regeneration cost, would afford
low selectivities for CO, over the other components of the flue
gas. Furthermore, the material should exhibit a high stability
under the conditions of capture and regeneration, such that it can
be deployed for the lifetime of the power plant. Owing to the
large quantities of CO, that need to be removed from the flue gas,
the materials should take up CO, at a high density, such that the
volume of the adsorbent bed can be minimized.

In the following sections, we describe the main existing CO,
capture technologies in the context of these performance con-
siderations, namely, aqueous alkanolamine solutions and porous
solids, such as zeolites and activated carbons. As we shall see,
none of the materials fulfill all of the criteria mentioned above,
which highlights the urgent need for new materials to emerge
that improve upon the characteristics of these materials. In this
regard, metal —organic frameworks represent an opportunity to
create next-generation materials that are optimized for real-world
applications in CO, capture. However, the other types of materials
also carry a number of advantages, and further optimization of these
materials could also potentially allow development of suitable
candidates that satisfy many of the performance criteria.

1.4.1. Aqueous Alkanolamine Absorbents. Aqueous
alkanolamine solutions have been extensively studied to date
for CO, capture and are still considered the state-of-the-art
despite being known for many decades.®® Here, the amine
functionalities participate in a nucleophilic attack of the carbon
atom of CO, to form a C—N bond, and depending on the amine,
this results in the formation of a carbamate or bicarbonate
species, as shown in Scheme 1.** The affinity of these molecules
for CO, can be tuned to some extent by altering the substitution
of the amine, although the strong orbital interactions usually
require a high energy input for cleavage of this bond, and
subsequent release of CO,. Indeed, the mechanism of CO,
adsorption in the case of alkanolamines falls into the chemisorp-
tive regime, where the enthalpy of absorption lies the range of
—50 to —100 kJ/mol at 298 K and low CO, loadings.*"

Monoethanolamine (MEA, Scheme 1, upper) is perhaps the
most well-studied alkanolamine for CO, capture applications and is
usually dissolved in water at a concentration of approximately
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Scheme 1. Reaction of CO, with Monoethanolamine (MEA)
To Give a Carbamate Product (Upper), and the Corre-
sponding Reaction with Triethanolamine (TEA) Resulting in
a Bicarbonate Species (Lower)

H S ®
- N__O
2 HO/\/NHZ + CO, === o \n/ + HO/\/NH3
[¢]
MEA carbamate
OH o OH
N Q 2
+ COp; + HO0 = Cs. + NH
v HO" S0
HO — A o
OH bicarbonate OH
TEA

20—30 wt %. Here, the reaction of 2 equiv of MEA with CO,
results in the formation of an anionic carbamate species and a
corresponding ammonium cation. The total working capacity of
a 30 wt % MEA solution is between 2.1 and 5.5 wt %, depending
upon the specific configuration of the scrubbing process.*”** In
some cases, MEA is used in mixtures with secondary or tertiary
alkanolamines, such as diethanolamine (DEA) and triethanola-
mine (TEA).*® In the case of TEA, the steric bulk about the
nitrogen center of the tertiary amine results in the formation of a
bicarbonate species rather than a carbamate species. Note that
the stoichiometry of the reactions also has a significant impact on
the maximum loading capacity for CO,, since the primary amines
interact with CO, in a 2:1 ratio, while the secondary and tertiary
amines react in a ratio of 1:1. With regard to the enthalpy
associated with the two reactions shown in Scheme 1, the
bicarbonate species is comparatively less stable relative to the
carbamate compound, resulting in a more readily reversible CO,
absorption reaction for the tertiary alkanolamine. Thus, the
energy required to reverse the amine—CO, interaction generally
decreases in the order of 1° > 2° > 3° amines, although the total
regeneration energy within an actual capture system would
depend on other factors, such as the concentration of the amine.

Several other industrially relevant alkanolamines, including
2-amino-2-methyl-1-propanol (AMP) and N-methyldiethanola-
mine (MDEA), have also been investigated for use in CO,
absorbent solutions. Recently, some new amine-tgrpe solvents,
piperazine™* and imidazolium-based ionic liquids,* have gained
much interest and have been shown to exhibit enhanced absorp-
tion properties in addition to a higher chemical and thermal
stability compared with conventional amine solutions. For
example, a 4:1 mixture of MEA amd MDEA used within a pilot
plant exhibited a reduction in the overall energy requirement for
CO, capture compared with a system employing just MEA as the
amine species in solution.*®

Aqueous alkanolamine solutions have several significant lim-
itations as adsorbents for large-scale CO, capture. First, the
solutions are relatively unstable toward heating, which limits the
regeneration temperatures available for full regeneration of the
capture material. Decomposition of the amine results in a
decrease in absorbent performance over time, diminishing the
lifetime of the solutions. The amine solutions are also corrosive
toward the vessels in which they are contained, although this is
usually prevented by the addition of corrosion inhibitors or by
limiting the concentration of the alkanolamine species to below
40 wt %. Note that the latter is a key disadvantage for the use of
alkanolamines, since a lower concentration results in a larger

dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781
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Figure 4. Heat capacities recorded for alkanolamine solutions*” and a
representative metal—organic framework, MOF-177.** The heat capa-
city of the solid adsorbent is significantly lower, which is expected to
result in a lower energy penalty for CO, capture.

volume of water that must be heated in order to regenerate the
material. In fact, the high heat capacity of water (C,=4.18 JK 'g ')
represents the main contribution to the regeneration energy
costs.*® Indeed, as shown in Figure 4, the heat capacity of both 20
and 40 mol % MEA solutions are close to the heat capacity of
pure water,*” and this is the main reason that solid porous
adsorbents, which can have much lower heat capacities, are
thought to present a promising strategy for reducing the regen-
eration energy penalty.

1.4.2. Solid Porous Adsorbent Materials. The lower heat
capacity of solid porous adsorbents has led to their investigation
as new materials for CO, capture. In particular, zeolites,* which
are porous aluminosilicate materials that possess a high chemical
and thermal stability, have been studied especially in the context
of upgrading of natural gas and CO, capture from post-combus-
tion flue gas.>®>* For example, zeolite 13X, which has a relatively
high surface area (SAggr = 726 m>/g) and micropore volume
(0.25 cm®/g), has been shown to display promising capacities for
CO, at room temperature (16.4 wt % at 0.8 bar and 298 K).>>*°
The large variety of structures®® that have been reported to
date presents an opportunity for the study of the effect of
composition, or certain structural or chemical features, on the
adsorption performance. For example, it has been observed that
the Si/Al ratio of the material can have a significant impact on the
CO, adsorption within zeolite LTA, which in turn has crucial
implications toward the adsorption selectivity and regeneration
costs associated with the capture process.

In comparison with post-combustion CO, capture employing the
alkanolamine solutions discussed above, small-scale pilot plants
using zeolites have demonstrated more rapid adsorption of CO,
and lower energy penalty for the process.”’ However, many of the
zeolites studied to date become readily saturated with the water
vapor present in the flue gas stream, and the CO, adsorption
capacity is consequently reduced over time.*> Furthermore, the
large enthalpy of adsorption of CO, leads to relatively high
CO, desorption temperatures (ca. 135 °C).%* This point highlights
the importance of materials optimization for controlling the affinity
of the pore surfaces toward CO,, and while improved synthetic
procedures that provide a greater degree of control over the
properties of the resulting zeolite have emerged, it still remains
challenging to precisely tune the materials to the extent possible for
metal—organic frameworks. Nevertheless, the robust nature of
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zeolites coupled with their low cost and well-developed structural
chemistry makes these materials an attractive target for use in CO,
capture applications.

One feature of zeolites that may enhance their selectivity
toward CO, is the presence of charge-balancing metal cations
within the pores. As will be discussed in the following sections,
highly charged species on the surfaces of porous solids can afford
high affinities for CO, over other components of flue gas owing
to the propensity for CO, to be polarized to a higher extent
compared with gases such as N, or H,. For this reason, alkali and
alkaline earth metal cation-exchanged chabazite-type zeolites
were investigated as CO, capture adsorbents.®® Indeed, it was
found that the presence of exposed cations within the pores led to
a higher affinity at low CO, coverages, with the zero-coverage
isosteric heat of adsorption falling in the range of —30 to —42k]J/mol.
The effect of such sites will be discussed in full detail when
metal—organic frameworks with exposed metal cation sites are
considered in section 3.

Activated carbons have also attracted much interest as CO,
adsorbents. These materials are amorphous porous forms of
carbon that can be prepared by pyrolysis of various carbon-
containing resins, fly ash, or biomass.” The relatively uniform
electric potential on the surfaces of activated carbons leads to a
lower enthalpy of adsorption for CO,, and hence lower capacities
for CO, compared with zeolites at lower pressures. However, their
significantly higher surface areas lead to greater adsorption capa-
cities at high pressures, which has resulted in activated carbons
being considered for a variety of high-pressure gas separation
applications. In the context of CO, capture, the high-pressure flue
gas produced in pre-combustion CO, capture has been a major
target application for these materials. Indeed, one study has shown
that the upper limit for the CO, adsorption capacity within
activated carbon materials is approximately 10—11 wt % under
post-combustion CO, capture conditions, while it reaches 60—
70 wt % under pre-combustion CO, capture conditions.*® A very
recent study has also demonstrated that careful selection of the
material precursors and the reaction conditions employed can lead
to carbon-based adsorbents that have a volumetric CO, adsorp-
tion capacity that is greater than some of the highest surface area
metal—organic frameworks at high pressure.”’” One further ad-
vantage of activated carbons over zeolites is that their hydrophobic
nature results in a reduced effect of the presence of water, and they
consequently do not suffer from decomposition or decreased
capacities under hydrated conditions.”® Moreover, consistent with
the lower heat of adsorption for CO,, activated carbons require a
lower temperature for regeneration compared with zeolites.*®

Combining the high affinity of amines and the advantages of
using a porous solid adsorbent holds tremendous promise for the
development of new materials that exhibit properties that are
appropriate for CO, capture applications. New materials in
which amines, alkanolamines, or alkylamines are grafted to the
interior surfaces of activated carbons and zeolites are currently
being surveyed experimentally.****~""

In one study, zeolite 13X was impregnanted with MEA at
loadings ranging from 0.5 to 25 wt % by immersing the solid in
methanol solutions of MEA.** It was shown that an intermediate
loading of 18.7 wt % was optimal for the selective adsorption of
CO, over N,, although the surface area decreased dramatically
from 616 to 9 m*/g as a result of the amine molecules filling the
pores of the zeolite. High-temperature (120 °C) adsorption studies
found that the capacity for CO, had increased from 4 to 14 mL/g,
while at temperatures below 75 °C, the capacity was decreased.
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Figure S. Schematic diagrams of idealized temperature swing adsorption (TSA), pressure swing adsorption (PSA), and vacuum swing adsorption

(VSA) processes for regenerating solid adsorbent in a fixed-bed column.

It was also demonstrated that the capacity decreased only slightly
when the gas feed stream was saturated with moisture, compared
with unmodified zeolite 13X. Carbamate species were identified
in the infrared spectrum of the material at 120 °C, suggesting that
the amines within the pores indeed do interact with CO, in a
chemisorptive fashion similar to that observed in the alkanola-
mine solutions.

More recently, activated carbons and zeolite 13X were loaded
with MEA and TEA by solution processing.”' Here, it was found
that both materials exhibited selectivity for CO, over CH, (an
important separation for natural gas sweetening) and N, (post-
combustion CO, capture), although the CO, capacity was
decreased compared with the bare material owing to the lower
surface area accessible to the gas molecules following installation
of the amines. However, it was found that CO, adsorption
capacity increased with temperature from 298 to 348 K, which
was attributed to an enhanced propensity for formation of
carbonate species at the higher temperature.

In addition to zeolites and carbon-based materials, other
classes of porous materials are emerging as potential adsorbents
in CO, ca?ture applications, including covalent-organic frame-
works”*™7” and amine-grafted silicas. 8780 1n addition, micro-
porous organic polymers®"** have been shown to be of possible
utility in gas separations relevant to CO, capture.*>** Here, the
high mechanical processability of polymers (which is one of
the significant advantages they hold over conventional crystalline
porous materials) can be used to fabricate the material into the
desired form, such as membranes. Furthermore, although the
inherent selectivity of polymers is often limited, the fabrication of
composite materials, where porous crystalline materials that
are highly selective toward CO, are embedded within the
polymer phase, may afford new materials with enhanced pro-
perties. Nevertheless, significant work still needs to be per-
formed to identify the most promising class of materials for CO,
capture, although the rich and highly diverse nature of the
materials discovered recently holds tremendous promise for the
discovery of next-generation materials that are optimized for this
application.

1.4.2.1. Temperature and Pressure Swing Adsorption. In
any CO, capture process, the adsorbent must be regenerated
after each adsorption cycle. Regeneration of a solid adsorbent is
typically accomplished by temperature swing adsorption (TSA),
pressure swing adsorption (PSA), vacuum swing adsorption
(VSA), or some combination of these processes. In all cases,
the solid adsorbent will likely be packed into a large fixed-bed
column, and the adsorbate would be desorbed from the material

by increasing the temperature (for TSA) or reducing the pressure
(for PSA and VSA) of the bed.

Due to the possibility of using low-grade heat from the power
plant as a source of energy for regeneration, TSA is particularly
promising for many CO, capture processes.ss’86 In a TSA cycle
(Figure S, left), the saturated adsorbent is heated from ambient
pressure to the optimal desorption temperature of the material.
As the temperature is increased, gas molecules desorb from the
adsorbent surface, and the increased gas pressure drives the
desorbed gases from the column. Once equilibrium is reached at
the maximum desorption temperature and no more adsorbed gas
elutes from the column, a purge is used to push off any desorbed
gases that fill the void spaces of the bed until the purity of eluted
gas falls below a desired level. Finally, the bed is cooled and
prepared for the next adsorption cycle.

For a PSA (Figure S, center) or VSA (Figure S, right) regen-
eration process, the column pressure is lowered after adsorption
in order to desorb the captured gas. For PSA, the inlet gas
is pressurized via compression, and flowed through the column
until saturation. Once the inlet valve is closed, the column
pressure decreases toward ambient pressure. The pressure drop
desorbs significant quantities of adsorbates from the surface,
which elute from the column. Similarly, VSA lowers the pressure
of the column to subatmospheric pressure after adsorption at a
higher pressure. The vacuum applied to the column removes the
adsorbates from the pores. Since post-combustion flue gas is
released near ambient pressure, compressing or applying a
vacuum to such a large volume of gas is expected to be difficult,
and therefore, TSA might represent the most viable process. For
pre-combustion capture, the gas stream is inherently pressurized
after the conversion reactions, and a PSA cycle is expected to be
most appropriate. Indeed, selected metal—organic frameworks
have recently been evaluated in detail for use in post-combustion
CO, capture via TSA and a pre-combustion CO, capture via
PSA 4887

The possibility of optimizing the parameters in each of these
regeneration cycles (i.e., desorption temperature and pressure of
inlet/outlet gas stream) and of combining multiple processes
presents the option of tailoring the regeneration process to
match the properties of a given adsorbent.*®* Above all,
regeneration strategies must be designed to minimize the total
cost of capturing CO,, and as such, there will be a trade-off
between maximizing the working capacity (the amount of CO,
that can be captured in a given adsorption cycle) and minimizing
the energy required for regeneration.**”*”" While detailed
analysis of the energy and economic optimization issues in
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CO, capture is beyond the scope of this review, such efforts will
be crucial in directing the optimization of real-world CO, capture
processes.

1.5. Metal—Organic Frameworks

Metal—organic frameworks are a new class of porous solids
that have attracted much recent attention owing to their potential
applications in a variety of areas, including gas storage, molecular
separations, heterogeneous catalysis, and drug delivery.'®'7>~ %%
These structures consist of metal-based nodes (single ions or
clusters) bridged by organic linking groups to form a one-, two-,
or three-dimensional coordination network. From an applica-
tions point of view, their extraordinary surface areas,” finely
tunable pore surface properties,'® ' and potential scalability
to industrial scale'®* have made these materials an attractive
target for further study. Although a number of excellent reviews
already exist on the synthetic and structural aspects of metal—
organic frameworks,””*>'°%1% e briefly describe a number of
key aspects of these materials to aid the reader in grasping the
promises and challenges of utilizing metal—organic frameworks
for CO, capture.

1.5.1. Synthesis and Structural Features. The synthesis of
metal—organic frameworks is conventionally achieved by em-
ploying a so-called modular synthesis, wherein metal ions and
organic ligands are combined to afford a crystalline, porous
network. A large variety of synthetic methods have been devel-
oped in recent years for the preparation of these materials, and
the conditions that lead to the formation of the desired phases are
widely variable. Indeed, the reported synthetic procedures en-
compass a wide range of temperatures, solvent compositions,
reagent ratios, reagent concentrations, and reaction times, and
the fine-tuning of all of these parameters is crucial in optimizing
the synthesis of the materials. Microwave heating,'”’ sonication-
assisted synthesis,"*'% or mechanochemical procedures''*'"*
have also been employed to effect formation of the framework.
More recently, the first example of electrosynthetic deposition of
metal—organic frameworks has also been demonstrated.'"> In
most of the resulting materials, the solvent used during synthesis
occupies the void space within the pores but can be removed by
application of vacuum or heat, resulting in a large pore volume
and large surface area accessible to guest molecules. In the
context of CO, capture, these surfaces can then be utilized to
perform the gas separation.

One of the most well-studied metal—organic frameworks to
date is the Zn,O(BDC); (MOF-S) compound deépicted in
Figure 6,'">~''* which consists of tetrahedral [Zn,0]°" clusters
bridged by ditopic BDC*~ ligands to form a cubic, three-
dimensional network. Importantly, functionalized derivatives of
the MOF-5 structure type can be prepared using other substi-
tuted linear dicarboxylate linkers, allowing the linker length or
functional groups present on the aromatic backbone to be readily
modified, while preserving the overall connectivity of the
framework."?”"'® This family of materials, referred to as iso-
reticular metal—organic frameworks (IRMOFs), feature consid-
erably different pore sizes and pore functionalities, suggesting
that the properties of the materials can be finely tuned by
employing the appropriate linker type. More recently, this
concept has been extended to other families of materials, such
as the ZrsO4(OH),(BDC)s (Ui0-66),'"''* Al(OH)(BDC)
(MIL-53),""*"*° and Cu,(BPTC) (NOTT-100)"*" structure
types. In each case, the length and functionality of the ligands

can be changed, while forming materials of the same network
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Figure 6. A portion of the crystal structure of Zn,O(BDC); (MOF-S).
Blue tetrahedra represent ZnO, units, while gray and red spheres
represent C and O atoms, respectively; H atoms are omitted for clarity.

connectivities. In the case of the MIL-53 structure type, there is
also a dynamic (flexible) behavior, which is dependent on the
constituents of the material. Note that the flexibility of metal—
organic frameworks is an area that has also be%un to be explored
in the context of providing high selectivity,'*>'** although, as we
discuss in section 3, the evaluation of their performance is more
complex compared with rigid structures. Nevertheless, in the
context of CO, capture, the ability to readily modify the surface
chemistry of metal—organic frameworks is of particular interest
for installing the desired chemical features (such as amines or
polarizing groups) for enhancing the performance of the
material.

An important route to installing the desired functionalities on
the organic bridging unit is the postsynthetic modification of the
surface functional groups following the initial formation of the
crystalline structure.'>'%® One advantage of such an approach is
that functional groups that might interfere with the formation of
the framework owing to their propensity to bind metal ions (such
as amines, alcohols, and aldehydes) can be installed with well-
known organic transformations once the framework scaffold has
been formed, eliminating the need to develop precise reaction
conditions to form the material directly. Such a procedure has
been demonstrated on compounds such as IRMOE-3,'**
DMOF-1-NH,,"*¥'%¢ Ui0-66-Br,"*® and MIL-101(Cr),"*’ and
the scope of reactions available is growing rapidly.

An alternative strategy of preparing metal—organic frame-
works with functionalized surfaces is the generation of materials
possessing exposed metal cation sites in the pores.'**"** As will
be discussed in section 3.2.3, such sites can facilitate highly
selective interactions with certain gas molecules in separation
applications and can also be of benefit for high-density gas
storage applications, since they permit close approach of guest
molecules to the pore surface. One of the most studied materials
featuring such binding sites is Cuy(BTC), (HKUST-1), which
exhibits a cubic, twisted boracite topology constructed from
dinuclear Cu** paddlewheel units and triangular 1,3,5-benzene-
tricarboxylate linkers (see Figure 7)."** The as-synthesized form
of the framework contains bound solvent molecules on the axial
coordination sites of each Cu®" metal center, which can be
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Figure 7. Aportion of the crystal structure of Cuy(BTC), (HKUST-1).'*
Green, gray, and red spheres represent Cu, C, and O atoms, respectively; H
atoms are omitted for clarity.

subsequently removed in vacuo at elevated temperatures to create
open binding sites for guest molecules. Indeed, these sites act as
charge-dense point charges, which provide an opportunity for
discrimination of certain components of gas mixtures based on
their polarizability and dipole or quadrupole moment.

Interestingly, the HKUST-1 structure type can be prepared
using a variety of metal ions (M = Cr, Fe, Zn, Mo).** 7 In fact
new members of several structure types, such as M,(dobdc),
M-BTT,"**" "% MIL-53,"">'*'"1*7 and MIL-88,'** have been
prepared following their initial reports, highlighting that the
metal is an additional variable worthy of consideration when
tuning the properties of the material. In cases where the metal
ions possess exposed coordination sites, the adsorptive proper-
ties can be dramatically tuned based on the charge density
present at the metal coordination site.

In the context of CO, capture, the M,(dobdc) (M = Mg, Mn,
Fe, Co, Ni, Zn) series of metal—organic frameworks displayed in
Figure 8 have recently been intensively studied.'®% 3%'#*15°
These compounds exhibit a honeycomb-type network topology
featuring hexagonal one-dimensional channels with a high den-
sity of exposed M>" adsorption sites. As discussed in section 3,
the specific metal that is employed has a dramatic effect on the
adsorption capacity, binding strength, and material stability,
highlighting the importance of materials optimization for specific
applications. In the case of the Fe,(dobdc), the ability for the
exposed Fe”* cations to engage in redox chemistry has allowed
selective interactions with O, over N,, which is of importance for
oxy-fuel combustion (see section 4). Nevertheless, the systema-
tic study of such a large family of isostructural compounds allows
the effect of changing the metal ion to be identified, and more
studies of this type would allow a greater understanding of the
role of the metal jon in facilitating the adsorption properties of
metal—organic frameworks.

Despite the apparent simplicity of the modular synthesis of
metal—organic frameworks, one of the greatest challenges in
preparing new materials lies in optimizing the reaction conditions
that lead to the desired metal—organic framework in high yield and
crystallinity. Slight changes in the reaction parameters employed,
such as the reactant concentration, the presence of a cosolvent,

Figure 8. A portion of the crystal structure of M,(dobdc) (M-MOEF-74
or CPO-27-M). Black, gray, and red spheres represent M, C, and O
atoms, respectively; H atoms are omitted for clarity.

solution pH, metal-to-ligand ratio, metal counteranion, reaction
temperature, and reaction time, can have a considerable impact on
the products that are obtained. Note that even in cases where just a
single metal and ligand are combined, a large number of network
connectivities may be possible, many of which are nonporous
structures that are not of interest for gas storage and gas separation
applications. These undesired phases can often coprecipitate with
the porous phase of interest, giving rise to a mixture that is not
readily separated owing to the insolubility of the components. Thus,
the discovery of optimized conditions that afford the desired
product can involve a large number of trial reactions in which the
reaction parameters are systematically varied. Consequently, nu-
merous studies involving the use of high-throughput technologies
have appeared in recent years."*>'>'~1>*

1.5.2. Physical Properties. The chemical and thermal
stability of metal—organic frameworks is generally lower than
that of zeolites and other porous inorganic solids due to relatively
weak coordination bonds that connect the metal and ligand
components. Many are especially air- and moisture-sensitive
following evacuation of the pores, leading to the need for careful
handling under an inert atmosphere if the best performance
characteristics are to be obtained. In the case of MOF-S, even
slight exposure of the activated form of the material to the air
results in rapid degradation of the crystallinity of the material and
a concomitant loss of its surface area owing to the hydrolysis of
the Zn—O bonds."">">* For applications such as post-combus-
tion CO, capture, where significant quantities of water are pre-
sent in the incoming gas stream, an increased chemical stability
will be crucial if metal—organic frameworks are to be employed
as separation materials. Several approaches for improving the
stability of metal—organic frameworks (mainly through the use
of components expected to yield stronger metal—ligand bond-
ing) will be addressed in section 3.3.1.

The mechanical properties of metal—organic frameworks is an
aspect that has not been thoroughly explored compared with
organic polymers, though recent progress has been made in correlat-
ing the chemical structure to the observed characteristics.'>® For
CO, capture applications, the materials should be sufficiently
mechanically stable to allow a dense packing of the adsorbent bed
without loss of the network structure. Even slight perturbations
to the structural or chemical features under a high mechanical
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pressure could have a considerable effect on the overall perfor-
mance of the capture system. In terms of the magnitude of the
structural changes that have been observed to date, it has been
demonstrated for the metal—organic framework Cu3(BTC),
that the application of large pressures (on the order of several
GPa) can lower the total lattice volume of the material by as
much as 10%.">’ It is not yet apparent how this compression
would affect the adsorption properties of the material, but such
effects would certainly be worthy of investigation when evaluat-
ing metal—organic frameworks within a real-world CO, capture
system.

An additional bulk property that should be considered when
assessing metal—organic frameworks for installation within a
packed bed is its thermal conductivity. This parameter is crucial
in determining the heating efficiency of the adsorbent bed and
the duration of the regeneration cycle of a temperature swing
adsorption-based capture process. Some analyses of this type
have been performed in recent years, although owing to the
limited scope of the studies, it is not yet established how much
variation might exist in the thermal conductivity between com-
pounds of different compositions and structure types. In a study
of MOF-5,"*® the thermal conductivity was shown to decrease
rapidly at the lowest temperatures (20—100 K), but remain
relatively constant above 100 K. The thermal conductivity value
0f 0.32 W-m- Kis higher than that measured for zeolite NaX,'**
although the significant effect of particle size (larger particles
exhibit higher thermal conductivities) presents a difficulty in
comparing two materials. Nevertheless, the values observed for
MOFE-§ suggest that the thermal conductivity would not be a
barrier for the implementation of metal—organic frameworks
within an adsorbent bed.

One particular advantage of the use of a solid adsorbent such as
a metal—organic framework would be the greatly reduced heat
capacity compared with the aqueous alkanolamine solutions
discussed in section 1.4.1. This is a particularly important
parameter in temperature swing adsorption-based processes
since it reflects the quantity of energy required for heating of
the sorbent material to the desorption (regeneration) tempera-
ture. Indeed, as shown in Figure 4, the heat capacity of Zn,O-
(BTB), (MOF-177) over a temperature range of 25—200 °C
was determined to be between 0.5 and 1.5]-g~ '+ K™, which lies
considerably below the corresponding values recorded for 20 and
40 wt % aqueous MEA solutions.*” Thus, if robust metal—or-
ganic frameworks exhibiting suitable gas separation performance
can be prepared, there is tremendous promise in realizing CO,
capture processes with greatly reduced energy requirements.

2. CO, ADSORPTION IN METAL—ORGANIC
FRAMEWORKS

In this section, we address a number of aspects related to the
adsorption of CO, within metal—organic frameworks that are
important considerations when evaluating new materials for CO,
capture applications, such as the adsorption capacity and en-
thalpy of adsorption. Single-component gas adsorption isotherm
data can further be used to estimate the adsorption selectivity for
CO, over other gases, which is a crucial parameter that deter-
mines the purity of the captured CO,. Detailed knowledge of the
binding environment of CO, within the pores of the framework
can give vital information regarding the structural and chemical
features contributing to the observed material performance, and
in situ vibrational spectroscopy and crystallographic methods

have recently emerged as invaluable tools for probing the adsorp-
tion phenomena. In this section, we present the most significant
results that have been reported in this regard.

2.1. Capacity for CO,

The adsorptive capacity is a critical parameter for considera-
tion when evaluating metal—organic frameworks for CO, cap-
ture. The gravimetric CO, uptake, which refers to the quantity of
CO, adsorbed within a unit mass of the material, dictates the
mass of the metal—organic framework required to form the
adsorbent bed. Meanwhile, the volumetric capacity refers to how
densely the CO, can be stored within the material and is an
equally crucial parameter, since it has a significant influence on
the volume of the adsorbent bed. Both parameters also have an
important role in determining the heating efficiency of the
metal—organic framework, which directly impacts the energy
penalty required for material regeneration and desorption of the
captured CO.,.

The high internal surface areas of metal—organic frameworks
provide an opportunity for large CO, adsorption capacities to
be achieved, owing to the efficient packing and close approach
of the guest molecules on the pore surface. For example, at
35S bar, the volumetric CO, adsorption capacity for MOF-177
reaches a storage density of 320 cm’(STP)/cm®, which is
approximately 9 times higher than the quantity stored at this
pressure in a container without the metal—organic framework
and is higher than conventional materials used for such an
application, namely, zeolite 13X and MAXSORB.'®° Note that,
as mentioned earlier, the volumetric adsorption capacity of
activated carbon materials at high pressures has been demon-
strated to be competitive with metal—organic frameworks,®”
although we do not consider those materials in any further
detail in the following discussion.

The high-pressure adsorption capacities for selected metal—
organic frameworks are tabulated in Table 3. Indeed, the greatest
capacities at high pressures are observed for materials exhibiting
large surface areas, although excellent adsorption properties have
also been demonstrated in a number of materials with modest
surface areas that have a significant density of high-affinity
adsorption sites, such as exposed metal cations. Owing to the
particular relevance to pre-combustion CO, capture, which is
performed at high pressures, these data will be discussed in full
detail in section 4.

The lower-pressure (<1.2 bar) adsorption capacities for
metal—organic frameworks collected at ambient temperatures
(293—313 K) and 273 K are presented in Tables 4 and S,
respectively. At these pressures and temperatures, the adsorptive
properties are predominantly dictated by the chemical features of
the pore surface, and most of the high-capacity materials are those
bearing highly functionalized surfaces. For post-combustion CO,
capture, the pressure of the flue gas (~1 bar) and the low partial
pressure of CO, thereof (Pcol A 0.15 bar) leads to the lower-
pressure region of the CO, adsorption isotherm being the area of
interest (see section 3). Thus, maximizing the adsorption
capacity specifically around 0.15 bar would be expected to lead
to new materials with enhanced performance for post-combustion
CO, capture.

2.2. Enthalpy of Adsorption

The enthalpy of adsorption of CO, is a critical parameter that
has a significant influence over the performance of a given
material for CO, capture applications. The magnitude of the
enthalpy of adsorption dictates the affinity of the pore surface
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Table 3. High-Pressure CO, Adsorption Capacities in Selected Metal—Organic Frameworks between 273 and 313 K

surface area (m’/g)

chemical formula® common name BET
Zn,O(BTE), 5(BPDC) MOE-210 6240
Zn,0(BBC),(H,0), MOF-200 4530
Cuy(TCEPEB) NU-100 6143
Zn,0(EMA); 1120
Mg, (dobdc) Mg-MOEF-74, CPO-27-Mg 1542
1800
Zn3.16C00540(BDC)5 C021-MOEF-5
Bey>(OH),>(BTB), Be-BTB 4030
Zn,0(BDC), MOE-5, IRMOE-1
Zn,O(BTB),,;(NDC) MOF-205 4460
NisO,(BTB), DUT-9
Zn,O(BTB), MOF-177 4500
4690
4898
[Cus(H,0)]5(ptei) PCN-68 5109
Cr;0(H,0),F(BDC), MIL-101(Cr) 4230
3360
Ni,(dobdc) Ni-MOE-74, CPO-27-Ni 1218
[Cu(H,0)]5(ntei) PCN-66 4000
Zn,0(BDC)(BTB), /5 UMCM-1 4100
[Cu(H,0)]5(btei) PCN-61 3000
Cu,(TDCPTM) NOTT-140 2620
Tbys(TATB);4(DMA),, 1783
Cr;0(H,0);F(BTC), MIL-100(Cr) 1900
Cus(BTC), HKUST-1 1270
2211
1571
H,[(CuyCl)5(BTTri)s] Cu-BTTri 1750
Co(BDP) Co-BDP 2030
Zn,(BDC),(DABCO)
Zn(Melm), nZif-8, n = nano 1264
AI(OH)(BDC) MIL-53(Al)
Al(OH)(BDC-NH,) amino-MIL-53(Al)
Zn,(BPnDC),(bpy) SNU-9
Al(OH)(ndc) DUT-4 1308
Cr;0(H,0),F(BDC)5 MIL-101(Cr)
Zn(F-pymo), B-Zn(F-pymo)
Mn(tpom)(SH), MSE-2 622
ZngO4(OH),(BDC), Ui0-66
Zn(Gly-Ala),
Al;,0(OH)15(H,0)3(AL(OH),)(BTC)s  MIL-96(Al)
Cr;0(H,0),F(NTC), 5 MIL-102

Langmuir capacity” (wt %)  pressure (bar)  temp (K) ref
10400 742 50 298 99
10400 739 50 298 99

69.8* 40 298 161
1618 69.0% 28 300 162
68.9° 36 278 131
2060 39.8 40 313 87
2900 65.07 10 273 163
4400 8.5 40 313 87
2900 58.0¢ 10 273 163
3008 4514 40 298 164
6170 626 50 298 99
62.1° 47 298 165
5340 60.8 50 298 99
5400 60.6 40 313 87
6210 56.8% 30 298 108
6033 57.2° 35 298 166
56.9 50 304 167
4792 50.2¢ 30 298 168
54.2° 22 278 131
4600 53.6° 35 298 166
6500 52.7° 24 298 169
3500 50.8° 35 298 166
46.2° 20 293 170
3855 44.2¢ 43 298 171
44.2° 50 304 167
428 300 313 172
40.1 40 303 173
359 15 298 174, 175
2050 428 40 313 87
2780 413 40 313 87
37.6 15 298 176
35.0% 30 298 177
30.6" 25 304 178
30.0¢ 30 303 147
1030 29.9° 30 298 179
1996 264 10 303 180
26.0% 53 283 181
26.0° 28 273 182
816 25.0 20.3 293 183
24.3¢ 18 303 184
19.0¢ 15 273 185
18.6° 20 303 186
13.07 30 304 187

“See List of Abbreviations. * Adsorption capacities are calculated from absolute adsorption isotherms unless otherwise noted and estimated from
adsorption isotherms in cases where the values were not specifically reported. “ Reported capacity was calculated from the excess adsorption isotherm. It
was not clear from the reference whether the reported isotherms were in absolute or excess adsorption.

toward CO,, which in turn plays a crucial role in determining the
adsorptive selectivity and the energy required to release the CO,
molecules during regeneration. Precise control of the binding
strength of CO, is essential if metal—organic frameworks are to
be optimized such that they can lower the energy requirements of
the capture process. Specifically, the use of a material that binds

CO, too strongly would increase the regeneration cost owing to
the large quantity of energy required in order to break the
framework—CO, interactions. Meanwhile, if the enthalpy of
adsorption is too low, although the material would be more
readily regenerated, the purity of the captured CO, would
be lowered owing to the decreased adsorption selectivity, and
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Table 4. Lower-Pressure CO, Adsorption Capacities for Metal—Organic Frameworks at 293—319 K

surface area (m’/g)

chemical formula® common name BET Langmuir  capacity” (wt %) pressure (bar) temp (K) ref
Mg, (dobdc) Mg-MOE-74, CPO-27-Mg 1174 1733 275 1 298 188
27.2 1 298 189
1800 2060 26.7 1 298 48
26 1.1 298 190
1495 1905 26 1 296 150
Cus(BTC),(H,0), 5 HKUST-1, (4 wt % H,0) 27 1 208 191
Co,(dobdc) Co-MOE-74 957 1388 249 1 298 189
CPO-27-Co
1080 234 1 296 150
Ni,(dobdc) Ni-MOEF-74 936 1356 239 1 298 189
CPO-27-Ni
639 22.7 1 298 192
1083 1312 22.6 1 303 193
1070 20.4 1 296 150
Zn,(dobdc) Zn-MOF-74 19.8 1 296 189
CPO-27-Zn
19.6 296 150
816 17.6 1.1 298 160
Cus(BTC), HKUST-1 1400 19.8 1 203 194
1492 18.4 1 298 191
18.3 1 295 189
1781 15.2 1 298 160
1482 15 1 295 195
10.6 0.8 298 192
6.2 1 313 196
857 6.2 1 295 195
Cus(BTC)4(H,0)5 HKUST-1, (8 wt % H,0) 17.4 1 2098 191
Cus(TATB), CuTATB-60, PCN-6 3811 4436 15.9 1 298 197
H;[(CuyCl)5(BTTri)g(mmen),,] mmen-Cu-BTTri 870 154 1 298 198
Co,(adenine),(CO,CHj), bio-MOE-11 1040 15.2 1 298 199
H3[(CuyCl)s(BTTri)s] Cu-BTTH 1770 1900 143 1 298 200
Zn,(ox)(atz), 782 143 1.2 293 201
Ni,(2-amino-BDC),(DABCO) USO-2-Ni-A 1530 14 1 298 146
Cu,(bdeppi) (DMF), SNU-50 2300 2450 137 1 298 202
Fe3[(Fe,Cl)3(BTT)g(MeOH),], Fe-BTT 2010 13.5 1 298 140
Cus(TATB), Cu-TATB-30 2665 3065 134 1 208 197
Cu(bpy)(BE,), ELM-11 12.7 1 208 203
Cu,(bptc) (H,0),(DMF), MOE-505 1547 12,6 L1 298 160
Al(OH)(2-amino-BDC) NH,-MIL-53(Al), USO-1-Al-A 960 12 1 298 146
Al(OH)(bpydc) -0.97Cu(BE,), 705 118 1 208 204
Cu,(TDCPTM)(H,0),, NOTT-140a 2620 117 1 203 170
Co(tImb) -DMF-H,0 886 1170 11.7 1 298 208
Cu,(TCM) SNU-21S 905 111 1 298 206
Cuy(BPT(N,)), UMCM-150(N2) 10.8 1 298 189
Pd(u-F-pymo-N',N°), 600 10.7 0.86 293 207
Al(OH)(BDC) MIL-53(Al), USO-1-Al 1300 106 1 298 146
1235 1627 9.2 1 303 208
Cuy(BPT), UMCM-150 10.2 1 298 189
Ni,(BDC),(DABCO) USO-2-Ni 1925 10 1 298 146
Ni, (pbmp) Ni-STA-12 9.9 1 304 209
Ni3(pzdc),(7H-ade),(H,0), 165 9.8 1 298 210
735 dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781
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Table 4. Continued

chemical formula”

Cuy(TCM)
Cu(BDC—OH)(H,0)
Fe(pz)Ni(CN),
Zn(nbIm)(nIm)
Zn(cnIm) (nIm)
Zn(cyanIm),
Zn(IDC)
7n,0(BDC),

Cr(OH)(BDC)
Ni3(L-TMTA),(bpy)4
Zn,(BDC),(DABCO)
vVo(BDC)
In(OH)(BDC)
Zn40(NO,-BDC);.15((C3Hs0),-BDC); -
[(C;H;0)-BDCJo74
Zn4(OH),(1,2,4-BTC),
Pd(u-H-pymo-N',N*),
7n,0(PDC),
Mn(pmdc)
Pd(2-pymo),
Zn(cbIm)(nIm), (ZIF-69)
Co(tImb)
Zn(brbIm)(nIm), (ZIE-81)
Zn,0(BTB),

Zng(ade),(BPDC)(0-2TEA
Zng(ade)4,(BPDC)40-2TMA
Zn(almelm),

Zn(bIm)(nIm)
Cu(pzdc),(bpy)
Zn,(bttb)(dpntcd)
Cuy(pzde),(pyz)
Al(OH)(bpydc)
Zn,(NDC),(diPyNI) - Li
Zn(mbIm)(nIm)
Zn40[(C;H;0),-BDC],.49(NO,-BDC)g 5.
Zn,(NDC),(diPyNI)
Cuy(O)(OH),(Me,trzpba),
Zng(ade),(BPDC)s0-2TBA
Zn(Im); 13(nIm)o g7
Cds(CPOM)3(H,0)6
H;[(CuyCl)3(BTTri)s(en)s 7s]
In(OH)(BDC)
Zn,(TCPB)(DPG)-Li
Z0,0(TPDC),
Cu,(hfbba),(3-mepy), - 2DMF - 3-mepy

common name

SNU-21H
Cu-BDC—-OH

ZIF-78
ZIF-82

ZIF-96

IMOF-3

MOE-5, IRMOF-1

MIL-53(Cr)

MIL-47
USO-3-In-A
MTV-MOE-5-EHI

IRMOF-11

MOEF-177

TEA@bio-MOF-1
TMA@bio-MOF-1
ZIF-93

ZIF-68

CPL-2

YO-MOF

MOEFE-253

ZIE-79
MTV-MOEF-5-EI
TBA@bio-MOF-1
ZIE-70
en-CuBTTri

USO-3-In

F-MOF-4

surface area (m’/g)

BET Langmuir capacityb (wt %) pressure (bar) temp (K)

695
397 584
620
1300
960
802
2304 2517
2833
1892 2784
1263
3320 4140
600 872
930
1176 1400
408
600
2096
410
600
950 1070
760
5400 4690
4508
1220
1460
864
1090 1229
633°
2160 2490
840
1020 1210
830
1730 1970
231°
345 376
930
1912
736

9.7
9.3
9.3
9.1
9.1
8.8
8.6
8.5
4.5
4

3.5
3.4
32
8.5
8.2
8.1
8.1
8

7.7

7.6
7.3
7.3
7.3
7.3
8.6
7.2
7.2
6.5
3.6
3.4
3.4
6.8
6.7
6.7
6.7
6.6
6.5
6.4
6.2
6.2
6.2
6.1
5.8
5.8
5.7
5.7
5.6
S.S
S.S
54
54
5.3

,_.,_.._.._.._.,_.,_.,_.._.._.,_.._.,_.._.._.._.,_.,_.._.
=

0.86
1.1
0.9
0.86

= b = = e e e e b e e = e e b e e e e e e e e e e
[

298
296
298
298
298
298
298
296
298
298
298
298
298
304
298
296
298
298
298

295
293
298
293
293
298
298
298
298
298
298
298
313
313
298
298
298
298
300
298
298
298
298
298
298
313
298
297
298
298
298
298
293

ref

206
211
212
18,213
18,213
214
215
216
160
217
189
218
99,219
220
221
222
189
146
219

223
207
160
224
225
18,213,226
205
18,213
217

48

160
189
227
227
214
18,213,226
228
229
230
204
231
18,213
219
231
232
227
18,213,226
233
200
146
231
234
235
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Table 4. Continued

surface area (m’/g)

chemical formula” common name BET Langmuir capacityb (wt %) pressure (bar) temp (K) ref
Zng(ade),(BPDC)40 bio-MOF-1 1680 52 1 313 227
Zny(bpdc),(bpe) 137.8° 52 1 298 236
Zn,O(BDC-NH,), IRMOE-3 2160 5.1 11 298 160
S 1 313 196
4.7 1 298 189
K,(DABCO-H,)[Z1(0x).] 5.1 1 298 237
Zn,(bpy) (TCMO) 1150 s 1 298 238
Zny(TCMO) s 1 298 239
Cu,(TP);(OH) Cu-TP-1 258 286 S 1 298 240
Zn,(TCPBDA) SNU-30 707 740 4.9 1 298 241
Cu(dImb) 435 579 47 1 298 242
Zn,(bpdc),(bpee) 4.7 1 298 243
Zn(hymelm), ZIF-25 1110 47 1 298 214
Zn,0(BDC-C,H,), IRMOE-6 2516 46 12 298 160
Zn,(TCPB)(DPG) 46 1 298 231
Zn(hymelm), ZIF-97 564 45 L1 298 214
Zn,(bephfp) FMOF-2 378 45 1 298 244
Zn(melm), ZIE-8 1135 1768 4.3 1 298 189
Cr;0(H,0),F(BDC), MIL-101(Cr) 2674 42 1 319 181
Cu,(hfbba), (3-mepy), Cu—F-MOEF-4B 4.1 1 293 235
Zn3(OH)(p-CDC), 5 4.1 1 208 245,246
Zn,O(BDC)(BTB). 5 UMCM-1 4034 5182 38 1 298 189
Cu(2-pymo), 350 3.8 0.86 293 225
Zno(cbIm)(OH) ZIF-100 595 780 38 1 298 18,247
Zn,(hfbba),(3-mepy), - (3-mepy) Zn—F-MOF-4B 37 1 293 235
Zn(cbIm), ZIE-95 1050 1240 3.7 1 298 18,247
Cufetz) MAF-2 36 1 298 248
Pd(u-Br-pymo-N',N%), 3.4 0.86 203 207
Cd,(ADA),(bpy) Cd-ADA-1 34 1 298 249
Sc,(BDC)s 3 1 303 250
[Fe™(Tp)(CN);],Co™ 154 3 1 298 251
Zn(dcIm), ZIF-71 652 28 1 298 214
Mg(3,5-PDC) Mg-MOF-1 2.7 1 298 252
Cu(hfipbb) (H2fipbb), 5 2.6 1 298 253
Zny(TCPBDA)(bpta) SNU-31 308 2.6 1 298 241
Co4(OH),(doborDC)5 2.6 1 298 254
Zn,(BDC), MOF-2 345 24 1 298 160
Co(doborDC), 2.4 1 298 254
Pd(u-I-pymo-N',N*), 1.9 0.86 293 207
Ndg(OH)o(HSCA)(SCA) Nd-RPF9 1345 19 1 304 255
Co(doborDC),(py) 1.6 1 298 254
Zn,(BDC),(H,0), 14 1 296 222
Mn,(ADA),(bpy) Mn-ADA-1 14 1 298 249
Ni(DBM),(bpy) Ni-DBM-BPY 09 1 298 256
Cu(4-pymo), 65 0.8 1 293 225
Zn;3(Ge(4-carboxyphenyl) ), Ge4A-Zn 417.7 0.5 1 297 257

“See List of Abbreviations. ” Capacities were estimated from adsorption isotherms in cases where the values were not specifically reported. “ Surface area

was calculated by CO, adsorption.

the volume of the adsorbent beds would also be increased due to
the lower density of CO, adsorption.

Owing to the presence of a variety of binding environments
for CO, within the pores of metal—organic frameworks, the

enthalpy of CO, adsorption is frequently expressed as an
isosteric heat of adsorption (Q ) as a function of the quantity
of CO, adsorbed. The Q  value is a parameter that describes the
average enthalpy of adsorption for an adsorbing gas molecule at a

737 dx.doi.org/10.1021/cr2003272 [Chem. Rev. 2012, 112, 724-781
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Table 5. Lower-Pressure CO, Adsorption Capacities in Metal—Organic Frameworks at 273 K

chemical formula”

Cu,(abtc)s

Dy(BTC)

Cu,(EBTC)(H,0),

Al (OH),(OCH3)4(BDC-NH,);
[Zn,(abtc) (DMF),]5
Zn,(BTetB)

[Cuy(abtc) (DMF),]5
Cu,(TCM)

[In30(diazDBC), 5(H,0);](NO;)
C04(OH)2(P'CDC)3
Pd(u-E-pymo-N",N*),
Cu(bpy)2(BF,),

Cu,(bptb)

Zn(Pur),

Zn,(BTetB)(DME),
Ba,(H,0)4[Ln(DSbpyDO);(H,0)]Cl
Cd(DBNBVP),(CIO,),
Zn,(BDoborDC),
Pd(u-H-pymo-N',N°),
Ni(bpy)(BF,),
Zn,(TCPB)(DPG)
Cu(dhbc),(bpy)
Niy(bpy)3(NO5),
Cu,(BPnDC),(bpy), (SNU-6)
Cus(2,7-NDC)5(DEF)(H,0),
Cd(nim),
Li(bim)(DABCO),s(H,0)
Ni(DBNBVP),Cl,
H[Zn,(u3—OH);(DBS)s]
Cu,(CNBPDC),(DME),, (MOF-601)
In,(OH),(obb),
Co4(m—OH,)4(MTB),
Ni,(bpy)3(NO3),, [Ethanol templated]
Zn(pydc)(dma)

LiB(4-MIm),
Zny(BTetB)(py-CF3),
CuB(4-Mim),, (BIF-9-Cu)
Cuy[pegBTB)](H,0),
Mn(NDC)(DEF)

Zn,O(BDC);
Zng(u4-0)[bptb],[Hybptb]
Cd(mim),

Li, (bim),(DABCO)
Cu,(2-MeBPDC),(DMA),
Cu,(IBPDC),(Py)1.67(H20)033
Zny(BPNDC),(bpy)
Cu(dhbpc)(bpy)
Ln[(CPI)(H,0),]
Cd(CEbnbpy)(H,0), - (ClO,),
Cd(eim),
[Nag(H,0)][Eu(DSbpyDO), ] - CI
Ery(PDA);

common name
SNU-5

Cu-EBTC

CAU-1

SNU-4

SNU-5
SNU-21

ELM-11

ZIE-20

ELM-31

MOP-23

CdIF-9

UOC-1

SNU-15

BIF-9-Li

(IRMOE-1, MOE-5)
CdIF-1
MOF-602

MOF-603
SNU-9

CdIF-4

surface area (m>/g)

BET Langmuir
2850
655
1852 2844
1268
1460
1370
1260
905
892
1080
600
1217
800
800
718°
1096°
800°
600
740
2590 2910
760 860
3010
557°
649
980
354.1 518.5
356°
1523 1818
390
1287 1524
191
2420
910
460
1030
147°
283
2420
426°
738

capacity” (wt %)

38.5
272
25.9
24.1
20.6
19.7
19.2
18.4
17.9
16.4
14.2
13.8
12.6
124
12.1
12.1
12.1
12.1
119
11.9
11.6
11
10.6
9.9
8.9
8.8
8.7
8.1
8.1
7.3
72
7
6.9
6.6
6.6
6.4
6.3
6.3
6.2
6.2
6.1
5.6
52
N
S
4.7
4.6
4.3
4.3
4.0
3.8
2.3

pressure (bar)

S Y S

Y U

ref

258
259
260
261
258
262
258
206
263
264
207
268, 266
267
268
262
269
270
271
207
265
272
273
274
278
101
276
277
278
279
101
280
281
274
282
283
262
283
267
284
285
267
276
277
101
101
179
273
286
287
276
288
289
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Table S. Continued

surface area (m*/g)

chemical formula”

Cu(atz)(benzDHP)

Li(bim) (4,4-bipy)
Co(U0,)s(PO;CH,C0,)305(OH) (H,0),
Zn(DHBP)(DMF),

common name

BET
69

142°
209

Langmuir capacity” (wt %) pressure (bar) ref
22 1 290
1.8 1 277
0.74 1 291
0.56 1 292

“See List of Abbreviations. ” Capacities were estimated from adsorption isotherms in cases where the values were not specifically reported. “ Surface area

was calculated by CO, adsorption.

specific surface coverage and is usually evaluated using two or
more CO, adsorption isotherms collected at similar tempera-
tures (usually within 10 K of each other). Usually the tempera-
ture-dependent isotherms are first fit to a high-order polynomial
equation to obtain an expression for the pressure (P) in terms of
the quantity of CO, adsorbed (N), and the Q  values are sub-
sequently computed using the Clausius—Clapeyron equation,*

which takes the form
(lnP)N = = (Qst/R)(l/T) +C (1)

where T'is the temperature, R is the universal gas constant, and
C is a constant. The Q, at each adsorption level is readily
obtained from the slope of the plots of (In P) as a function of
(1/T).

One further parameter of interest for evaluating the strength of
CO, binding, particularly at the lowest CO, pressures, is the
zero-coverage isosteric heat of adsorption. This parameter gives
an indication of the strength of the strongest binding sites within
the material, which, depending on its magnitude, can subse-
quently be attributed to certain chemical features of the pore
surface, such as exposed metal cation sites or amine functional-
ities. The zero-coverage isosteric heat of adsorption is evaluated
by first fitting the temperature-dependent isotherm data to a
virial-type expression,””* which can be written

InP=InhN +%i aiNi—l— i biNi

i=0 i=0

(2)

where g; and b; are virial coefficients, and m and n are the number
of virial coeflicients required for adequate fitting of the isotherms.
The isosteric heat of adsorption can then be evaluated using the
following expression:

(3)

m
Qst = —R Z aN'
i=o

and it follows that the zero-coverage isosteric heat of adsorption
is given by:

Qst = —Rag (4)

An alternative method for calculating the isosteric heat of
adsorption involves the use of a single- or dual-site Langmuir-
type expression to first describe the adsorption isotherms
at different temperatures. The dual-site model is particularly
of benefit when performing the fit for materials featuring
a combination of both strong and weak binding sites and
assumes that the adsorption occurs with a Langmuir-type
behavior at two separate sites.** Thus, the total quantity
adsorbed at a given pressure is given by the sum of two

739

single-site Langmuir isotherms:

gsat,BbsP
1 + bgP

_ gsat, abaP
1 + baP

(5)

where (g4 and gs, 5 are the saturation loadings and ba and by
are the Langmuir parameters for the sites A and B, respectively.
An advantage of this type of expression is that it allows a more
accurate fitting of the isotherms compared with the virial-type
equations, especially when there is a large difference in the
adsorption enthalpy of the adsorption sites. Once the isotherms
are fit, the isosteric heat of adsorption can then be calculated by
reducing eq S to a form in which P is expressed as a function of N,
followed by the use of eq 1.**

Table 6 lists the zero-coverage isosteric heat of CO, adsorp-
tion for metal—organic frameworks reported to date. As ex-
pected, at the lowest coverages, where the magnitude of the
isosteric heat of adsorption is largely a function of the binding
strength of the strongest binding sites within the material,
metal—organic frameworks bearing amine functionalities or
highly polarizing adsorption sites display the highest values.
Note that a thorough evaluation of the performance of a given
metal—organic framework should consider the isosteric heat of
adsorption over the entire adsorption range (not just at zero-
coverage), which is greatly affected by the pressure regime in
which the capture process is to be performed. Furthermore, for
some metal—organic frameworks where multiple studies have
been performed, the values reported for the isosteric heat of
adsorption were found to vary significantly. For example, the Q
values at zero-coverage reported for CO, adsorption within
HKUST-1 range from approximately —15 to —35 kJ/mol, which
presumably is a result of variations in the synthesis and activation
procedures employed for preparation of the samples, and is also
likely to be influenced by the method in which the value is
calculated. This serves to highlight the importance of ensur-
ing that the experimental conditions are optimized prior to
evaluation of the adsorption properties of any metal—organic
framework.

2.3. Selectivity for CO,

In CO, capture applications, a high selectivity for CO, over
the other components of the gas mixture is essential. This
selectivity can originate from two main mechanisms. In size-
based selectivity (kinetic separation), a metal—organic frame-
work with small pore size may permit molecules only up to a
certain kinetic diameter to diffuse into the pores, allowing the
molecules to be separated based on size. For CO,/N, and CO,/
H, separations, the relatively similar kinetic diameters of the
molecules (see Table 2) would require materials operating on a
size-selective mechanism to possess very small pores, which may

dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781
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Table 6. Zero-Coverage Heat of CO, Adsorption in Metal —Organic Frameworks

material chemical formula“

H;[(CuyCl)3(BT Tri)s(mmen), 5]
H;[(CuyCl)3(BTTri)s(en)s 75]
Zn(DCTP)(DABCO)
Crs0(H,0):F(BTC),
Zng(ade)4(BPDC)4O- TBA
Al(OH)(NH,-BDC)

Cus(TATB),
Al (OH),(OCH3)4(BDC-NH,);
Mg,(dobdc)

Cos(ade),(CO,CH;),
Cr;0(H,0),F(BDC);

Ni,(dobdc)

Zn,(ox)(atz),
Pd(u-F-pymo-N',N°),
Cu(dImb)

Pd(u-H-pymo-N'N*),
AL (OH)g(pyromellitate)
Zn,(bpdc),(bpe)
Co,(dobdc)

Li@CNT@Cu3(BTC),
Li@Cuy(BTC),
Zng(ade)4(BPDC)s0-2Me,NH,
Zng(ade),(BPDC)40 - 2TEA
Zng(ade)4(BPDC)40-2TMA
Cuy(TATB),-catenated
Al(OH)(BDC)

Cus(BTC),
Niz(pzdc),(7Hade),(H,0),

CNT@Cus(BTC),
Zn,0(BDC),

Ni,(pbmp)

Al;;0(OH),5(H,0)3(AL(OH)4) (BTC)s

Cx(OH)(BDC)

Er,(PDA),

Fe(pz)Ni(CN),
Al(OH)(bpydc) -0.97Cu(BF,),
Cus(BTC), - 3H,0

Cu(hfipbb) (H,fipbb),
Zn,(bpdc),(bpee)

[In;0(abtc), 5(H,0)s]

Cu(etz)

common name

Cu-BTTri-mmen
Cu-BTTri-en

MIL-100(Cr)
TBA@bio-MOF-1
NH,-MIL-53(Al), USO-1-Al-A

CuTATB-30
CAU-1
Mg-MOF-74, CPO-27-Mg

bio-MOF-11
MIL-101(Cr)

Ni-MOF-74
CPO-27-Ni

MIL-120

Co-MOF-74
CPO-27-Co

bio-MOF-1
TEA@bio-MOF-1
TMA@bio-MOF-1
CuTATB-60, PCN-6
MIL-53(Al),
USO-1-Al

HKUST-1

IRMOF-1, MOF-§

Ni-STA-12
MIL-96
MIL-53(Cr)

HKUST-1 (hydrated)

MAF-2

740

functionality type

amines
amines
amines
exposed cations
amines

amines

amines

exposed cations

amines

exposed cations

exposed cations

exposed cations

exposed cations

exposed cations

exposed cations

exposed cations

— Q¢ (kJ/mol)

96
90
77
62
SS
Ny
38
48
48
47
41
39
45
44

42

37
41
40
39

38
38
38
37

37
36
35
35
35
35
35

30
35
IN

35 (at 5.6 wt %)

34
34
17
1§
34
33
32
30
30
30
30
30
29
29
27

b

b

b

b

c

c

b

b

b

ref

198
200
295
167
227
146
147
197
261
150
131
190
199
167

193

131
201
207
242

207
296
236
150

297
297
227
227
227
197
178

146
298
196
210
297
216
164
196
209
186
178
289
212
204
174, 175
253
243
263
248
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Table 6. Continued

material chemical formula®
Fe,0,(btb)s/3
Cu(pzdc),(bpy)
Co(dpt24),
[Cu(BDC—OH)(H,0)]
[Ni(Bpene)][Ni(CN),]
Sc,(BDC),
Cuy(TDCPTM)(H,0),
NH,[Cus(u3—OH) (u3-4-carboxypyrazolato); ]
Co(mdpt24),
Al(OH)(bpydc)
Zn,(BDC),(DABCO)
[Nag(H,0)6] [Bu(DSbpySO),4]Cl
H;[(CuyCl)5(BTTri)s]
[Bay(H,0)4][Ln(DSbpyDO);(H,0)]Cl
Ni,(BDC),(DABCO)
Zny(OH),(1,2,4-BTC),
Zn(bpy)(TCM)
Zny(BDC),(4,4"-bpy)

CPL-2
MAF-25

NOTT-140
MAEF-26

MOF-253

CuBTTri

MOF-508b

Zn,O(BDC-NH,),
[(Tp)Fe(CN);],Co
Zn,O(BDC)(BTB),

IRMOF-3

UMCM-1

common name

functionality type — Qs (kJ/mol) ref
26 299
26 228
26 300
26 211
25 301
25 250
25 170
25 302
23 300
23 204
22 176
22 288

exposed cations 21 200
21 269
20 176
20 223
20 238
19 303
15 304

amines 19° 196
13 251
12 169

“See List of Abbreviations. Unless otherwise stated, all Q  values are determined by a fitting to the adsorption isotherms, such as the virial or
Clausius—Clapeyron equation. ” Determined experimentally by microcalorimetry. “ Determined experimentally by temporal analysis of products (TAP)

method.

limit the diffusion of gases throughout the material. While some
metal— orsganic frameworks do exhibit pore apertures in this size
regime,” ~ almost all materials that exhibit high surface areas and
high adsorption capacities for CO, possess pore openings that
are significantly larger than the sizes of the molecules. Thus, most
studies of metal—organic frameworks rely on the separation of
the molecules based on adsorptive phenomena.

The adsorptive selectivity (thermodynamic separation) arises
owing to the difference in affinity of the various components
of the gas mixture to be adsorbed on the pore surface of
the metal—organic framework. For selectivity based upon a
physisorptive adsorption mechanism, the separation relies on
the gas molecules having different physical properties, such as
the polarizability or the quadrupole moment, resulting in a higher
enthalpy of adsorption of certain molecules over others. For
example, for the CO,/N, separation relevant to post-combustion
CO, capture, the higher polarizability (CO,,29.1 X 10 % em ™3
N,, 17.4 X 10** cm ™) and quadrupole moment (CO,, 13.4 x
10 C-m% N, 47 x 107*C-m?) of CO, compared with N,
results in a higher affinity of the surface of the material for
C0,*% As will be discussed in full detail in section 3, the
selectivity can be further enhanced by installing highly charged
groups, such as polar organic substituents or exposed metal
cation sites, which take greater advantage of this difference in the
polarizability of the molecules."’

Alternatively, the adsorptive selectivity can arise due to chemical
interactions between certain components of the gas mixture and
surface functionalities of the metal—organic framework. Func-
tionalities that recognize certain molecules based on their
propensity for participating in specific chemistry can result in
much higher selectivities than those obtained from purely
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physisorptive mechanisms. For example, in the case of CO,/
N, separations, the susceptibility of the carbon atom in CO, to
attack by nucleophiles has led to the investigation of materials
possessing strong Lewis bases, such as amines. The interaction of
CO, with an amine can result in a C—N bond as observed in the
aqueous amine solutions, resulting in highly selective adsorption
of CO, over N,. For O,/N, separations in oxy-fuel combustion,
the ability for O, to participate in electron transfer reactions has
led to the investigation of materials constructed from redox-
active metal centers.

2.3.1. Estimation from Single-Component Isotherms.
The most basic method for evaluating the adsorptive selectivity
for CO, from a gas mixture is the calculation of a selectivity factor
using the experimental single-component gas adsorption iso-
therms. Here, the selectivity factor is defined as the molar ratio of
the adsorption quantities at the relevant partial pressures of
the gases. In the case of post-combustion CO, capture, the
partial pressures of CO, and N, are 0.15 and 0.75 bar, respec-
tively. Additionally, selectivity factors should be normalized to
the composition of the gas mixture as given by the following
expression:

_ 01/9
pi/p

(6)

where S is the selectivity factor, g; represents the quantity
adsorbed of component i, and p; represents the partial pressure
of component i. Note that the selectivity factor does not take into
account the competition of gas molecules for the adsorption sites
on the pore surface owing to the fact that it originates from
single-component adsorption isotherms and therefore does not
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represent the actual selectivity that would result from the dosing
of a mixed gas. Nevertheless, it provides a simple point of
comparison for evaluating the performance of different metal—
organic frameworks, and a table of selectivity factors for selected
compounds in the context of post-combustion CO, capture will
be presented in section 3.

2.3.2.Ideal Adsorbed Solution Theory (IAST). In practice,
it is challenging to measure directly the adsorption selectivity of
an adsorbent for gas mixtures, such as those encountered in CO,
capture applications. However, the performance can be conve-
niently predicted from the single-component adsorption iso-
therms of the constituents of the mixed gas via modeling tech-
niques, such as ideal adsorbed solution theory (IAST).**” In this
method, the isotherms are collected at the same temperatures,
and IAST is applied in order to predict the expected selectivity of
the material. Here, we briefly describe the most relevant aspects
of JAST, and discuss its potential for identifying and evaluating
promising CO, capture adsorbents and the challenges associated
with its application.

First, the method used to apply IAST for modeling mixed-gas
adsorption behavior from single-component isotherms will be
outlined. Using a mathematical fitting of the single-component
isotherms the mole fraction of each species in the adsorbed phase
can be calculated by solving the expression

/P~yf/x, Isotherm fit for component i(P) d
P
0

p
component j(P)
p

dp (7)

/P.y, /% Isotherm fit for
—Jo

where «; and y; are the adsorbed and bulk phase mole fractions of
component i, respectively, and P is the total pressure. To
determine the amount adsorbed in the mixture, as opposed to
the mole fraction, the following equation can be used:

1 . X x]

- .0 0
Mtotal " 1

(8)

where, at a given pressure, #y,, is the total number of moles
adsorbed in the mixture and ' is the amount of pure component
i adsorbed per gram of adsorbent.

The two main assumptions of IAST are that the components
must both mix and behave as ideal gases and that the surface of
the sorbent is homogeneous. The accuracy of the theory begins to
diminish at very high mixture fractions of the less-adsorbed
component, since under those conditions the computation
involved in an IAST calculation requires integration of the
single-component of the less-adsorbed species up to extremely
high pressures.’®® The behavior of gases within flexible
metal—organic frameworks is also not accurately described
by IAST in its usual form. It should be noted, however, that a
method for applying IAST to flexible metal —organic frameworks
(or any flexible solid) has recently been developed.**”*"

The IAST method has been used to evaluate gas mixtures
relevant to post-combustion'®***'"31> and  precombus-
tion®"* "> CO, capture. Additionally, IAST and grand canoni-
cal Monte Carlo (GCMC) simulations are often reported
together as a method to validate the results of the IAST
calculations. For example, it has been shown that IAST compares
well with GCMC simulations of CH4/H, selectivity in MOF-5
and HKUST-1 and CO,/H, selectivity in MOF-5.>'® However,
IAST was found to underpredict the CO,/H, selectivity in
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HKUST-1, which was attributed to the differences in size
between CO, and H, coupled with the varied pockets and
channels present in HKUST-1. Later, it was demonstrated that
CO,/H, separations can be accurately modeled by IAST by
substantiating the results with GCMC calculations in MOEF-
1778 A comparison of the IAST results reported for Mg,-
(dobdc) to GCMC simulations found that the theory over-
predicts CO,/H, selectivity in metal—organic frameworks
containing exposed metal cation sites.’!” Here, the differences
were attributed to the fact that the configurational bias Monte
Carlo (CBMC) calculations neglect orbital interactions. The
validity of IAST for CH,/H, separations has been validated in
noninterpenetrated”'®*'” and interpenetrated®*° metal —organic
frameworks. Additionally, it has been demonstrated that, at least
at high pressure, IAST and GCMC predict approximately the
same CO,/N, selectivity in HKUST-1.3*'732*

The quality and fit of the pure component data must be very
good for IAST simulations to be accurate. The sensitivity of the
results of IAST to the fit of the pure component data has been
studied in detail,**® and it has also been highlighted that the issue
of obtaining high accuracy fits to the adsorption isotherms can be
avoided by using isotherms predicted by GCMC simulations.**
This approach, however, does not take full advantage of the
principle benefit of IAST: once a class of metal—organic frame-
works has been shown to be accurately described by IAST for a
given gas mixture, calculus that can be solved analytically can be
used to conveniently evaluate mixed-component adsorption
from the experimental single-component data. As a result,
determining the origin of any deviation between simulations
and IAST for specific adsorbate mixtures or adsorbent types is of
paramount importance for rendering IAST a routine treatment
of pure-component isotherms.>**

2.3.3. Gas Mixtures and Breakthrough Experiments. A
relatively straightforward way of experimentally evaluating the
performance of metal—organic frameworks in gas separations is
by performing breakthrough experiments. In a typical setup, the
gas mixture is flowed through a sample that has been pressed into
apellet or incorporated into a membrane, and the composition of
the outgoing gas stream is monitored, usually by gas chroma-
tography or mass spectrometry. As exemplified in Figure 9 for a
CO,/N, gas mixture, before the material bed becomes saturated
with adsorbed gas, the downstream composition will consist
of virtually pure N, owing to its much lower affinity for
the framework surface. After the bed is saturated with CO,
and breakthrough occurs, the downstream gas composition even-
tually corresponds to the input mixture. Such experiments
have now been performed on metal—organic frameworks for a

variety of binary gas mixtures, such as C0O,/CO,** CO,/
247,303,304,326 147,190,213,247,268,302 — 304,327 — 32
N2, 303,304,3 and COz/CH4) 9 3, 3 304,3 329

as well as ternary gas mixtures, such as CO,/N,/ CH,,0%30

CO,/N,/H,0,*° and CO,/N,/0,.3*° The results provide the
ultimate laboratory demonstration of the separation perfor-
mance of a material prior to scale-up.

2.4. In Situ Characterization of Adsorbed CO,

In situ methods are an important component of studying the
relationship between the structure and chemical features of
metal —organic frameworks and the observed CO, adsorption
properties. For example, crystallographic characterization of
CO, adsorbed in metal—organic frameworks allows direct
observation of the location of the CO, molecules within the
structure, facilitating an understanding of the interactions
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within the material giving rise to the adsorptive behavior.
Although such experiments usually require elaborate experi-
mental facilities, in situ infrared spectroscopy offers a more
convenient probe that can also afford information regarding
the CO, adsorption sites. In the following sections, we
describe some recent examples of the use of these techniques
in elucidating the adsorption behavior of CO, within metal—
organic frameworks.

2.4.1. Structural Observations. The most informative
technique for directly obtaining structural information regarding
CO, bound to the surfaces of metal—organic frameworks is via
X-ray (or neutron) diffraction studies. Here, an activated single-
crystal or powder sample of a metal—organic framework is
inserted into a cell, such as a glass capillary, which is subsequently
evacuated and dosed with a known (usually small) quantity of
high-purity CO, gas.>' Diffraction data are collected, and
structural refinements are subsequently performed in order to
reveal the location of the dosed CO, molecules. Note that

mass flow
controller 1

adsorbent mass
bed spectrometer

N, \_

mass flow
controller 2

1.04

0.8
0.6
0.4

0.2
0.0 J CO2

Time

N, or CO, at outlet (mol %)

-

Figure 9. (top) A schematic of the configuration of an experimental
breakthrough setup and (bottom) example of an idealized breakthrough
curve for a mixed gas consisting of 20% CO, in N,.

although such experiments are conceptually quite simple, a
number of issues complicate the full elucidation of the CO,
adsorption sites. Indeed, from a practical point of view, absorp-
tion of X-rays by the glass capillary, sample integrity upon
evacuation, and disorder of the adsorbate molecules within the
void spaces of the framework can significantly affect the quality of
the refinements. Here, we discuss a number of key studies in
which the location of the CO, adsorption sites within the
metal—organic framework have been elucidated by diffraction
experiments.”****%3> Although these initial investigations were
performed with pure CO, gas, the future use of a mixture of gases
may allow the separation phenomena within metal—organic frame-
works to be observed directly, enabling a greater understanding
of the chemical and structural features that give rise to enhanced
CO, capture performance.

One of the earliest examples of an in situ observation of CO,
adsorption was performed on the flexible MIL-53(Cr) system,***
in which chains of octahedral Cr’" ions are bridged by 1,4-
benzenedicarboxylate linkers to form diamond-shaped one-di-
mensional channels. This framework exhibits a breathing beha-
vior upon adsorption of CO,, resulting in a dramatic change in
the unit cell parameters. In the evacuated state, and at relatively
low pressures of CO,, the pores are narrow (MIL-S3LP, see
Figure 10). However, above a pressure of 4 bar of CO,,
the powder diffraction patterns indicate the evolution of a phase
(MIL-S3HP) in which the predominant low-angle peaks are
shifted to lower angles, indicating an expansion of the pore
dimensions. Indeed, refinement of the unit cell parameters of
this phase indicate an enlargement of the cell volume by
approximately 50%, which is consistent with the increased
filling of the pores with guest molecules and a large step
observed in the CO, adsorption isotherm (304 K) at approxi-
mately S bar. This structural transition is reversible upon
lowering of the pressure, and could be cycled without loss of
crystallinity. Importantly, these observations established a
direct method for the characterization of the framework flex-
ibility of this structure type, which was initially probed via
temperature-dependent solid-state NMR spectroscopy for a
hydrated sample of MIL-53(Al).>*
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Figure 10. Powder X-ray diffraction patterns as a function of CO, pressure in MIL-53(Cr) recorded at 293 K. The framework undergoes a reversible
structural transition upon increase of the pressure of CO,. Reproduced with permission from ref 334. Copyright 2007 Wiley-VCH.
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More recently, the zinc-based metal—organic framework
Zn,(atz),(ox), with a structure comprising two-dimensional layers of
Zn*" ions coordinated by amine-functionalized triazolate ligands
pillared by oxalate ligands, was employed in a single-crystal dif-
fraction study in order to observe framework—CO, inter-
actions.””"**® Figure 11 shows the primary binding site for
CO,, in which the carbon atom of the CO, molecule and the
nitrogen of the amine are in close contact, suggesting localized
adsorption of CO, at these sites. Here, the C- - +N distance of
3.152(6) A and lack of bending in the CO, molecule indicates that
the interaction is physisorptive, with a relatively weak interaction
between the amine moiety and the CO, molecule. It should be
noted that such aromatic amines are not strongly basic and will not
generally lead to a high CO, selectivity via chemisorption.

High-resolution powder X-ray diffraction data has been used
to observe the binding sites and conformation of the CO,
molecules in Ni,(dobdc) (Ni-MOF-74), which possesses ex-
posed Ni** metal cation sites on the pore surface (see Figure 12)."”
Importantly, the diffraction data following dosing with CO,
reveals that the guest molecules are indeed coordinated to the
open metal sites with a bent O—C—O angle of 162(3)°. The
short Ni—Oco, distance of 2.29(2) A is indicative of a strong
interaction owing to the highly polarizing nature of the Ni**
adsorption sites. The disorder within the structure presents a
difficulty in ascertaining the true geometry of the bound CO,,
although infrared studies performed on the same compound are
indeed consistent with a perturbation of the local geometry from
linear to a slightly bent conformation (see section 2.4.2).

Elucidation of the binding sites for CO, within a metal—
organic framework provides valuable insight into the specific
interactions that lead to enhanced adsorption and selectivity
properties. The data obtained from structural characterization of
metal—organic frameworks containing CO, can be used to study
the structural and chemical features of the pore surface that give
rise to such properties and can assist with identifying new
synthetic targets that may exhibit high performance in model
or pilot scale CO, capture processes.

2.4.2. Infrared Spectroscopy. Infrared spectroscopy has
been shown to be a crucial tool for probing the local interac-
tions between CO, and the surfaces of metal—organic frame-
works, 0732733337734 The asymmetric stretching (v, 2349 cm ™)
and bending (v, 667 cm™ ') modes of CO, are infrared-active,
while the symmetric stretching mode (v, 1342 cm ') is infra-
red-inactive.*** In cases where strong binding and polarization of
the molecule occurs, infrared-active modes can serve as a handle
for identifying the nature of the resulting CO, adduct.

Several studies have been performed in which the adsorption
of CO, at exposed metal cation sites has been probed via infrared
spectroscopy.'®” In the case of Ni,(dobdc) mentioned above, the
adsorption of CO, onto the exposed Ni** adsorption sites resulted
in an 8 cm ™~ red shift of the v5 band due to electron donation
from the oxygen lone pairs on CO, to the unoccupied Ni**
orbitals.'” A broad resonance at 2408 cm ™" was assigned to be a
combination mode of V3 + V5o, where Vo is the stretching
mode of the Ni**—O=C=0 adduct; from this assignment
Va_o was determined to be 67 cm ™!, in line with the expected
value of ~70 cm™'. The v, bending mode was split into a
doublet, with an energy separation of 8 cm™'. As previously
discussed, refinement against powder X-ray diffraction data of the
gas-loaded sample indicated that the adsorbed CO, adopted a
bent configuration, with a large uncertainty in the O=C=0
bond angle. The v, doublet was presented as evidence for the
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Figure 11. A portion of the single-crystal structure of Zn,(atz),(ox)
following dosing with CO, as viewed along the crystallographic a-axis.
Yellow, gray, blue, and red spheres represent Zn, C, N, and O atoms,
respectively; H atoms are omitted for clarity. Inset shows interaction
between the amine group and the CO, molecule (light gray speres
represent H atoms).”"**

Figure 12. A portion of the crystallographic structure of Ni,(dobdc)
following dosing with CO,. Green, gray, and red spheres represent Ni, C,
and O atoms, respectively; H atoms are omitted for clarity.'”®

bending of CO, and reduction of the local symmetry, despite the
large geometric uncertainty.

In the related compound Mg,(dobdc), the site-specific en-
thalpy and entropy of adsorption of CO, at the exposed Mg™*
sites were calculated from a van’t Hoff plot constructed using
variable-temperature infrared spectroscopy data.>*” The calcu-
lated enthalpy of adsorption is —47 kJ/mol, which agrees well
with the zero-coverage isosteric heat of adsorption (see section
2.2) obtained from the adsorption isotherms. The negative value
for the entropy of adsorption is presumably a result of the
efficient packing of the CO, molecules at the surface of the
material, as well as the degrees of freedom being lowered as a
result of the strong interaction with the exposed Mg”" sites.

Similar studies performed on the mesoporous MIL-100 and -
101 materials have revealed the direct observation of the inter-
action of CO, with the exposed Cr’" cation sites within these
materials.'”® In MIL-100, a strong V5 absorption band at
2351 cm ™ ' was observed upon dosing of CO, onto the evacuated
material. To confirm the assignment of this band as CO,
molecules adsorbed at the Cr®" sites, the analogous experiment
was performed on the solvated material (which would not be
expected to possess unsaturated Cr’* coordination sites), which
did not reveal the evolution of such an absorption band. Several
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bands were also observed at 2207, 2200, and 2193 cm ™ " and were
assigned as weaker Lewis acidic sites within the material. Inter-
estingly, MIL-101 exhibited only a single band at 2196 cm ™",
indicating the absence of strong adsorption sites. A more recent
study performed on the MIL-100(Fe) compound revealed that a
portion of the Fe®* metal centers in the material could be
controllably reduced during the thermal activation of the
compound.** This was attributed to the departure of one of
the anionic ligands (F~ or OH ) from the coordination sphere
of the Fe®" cation (presumably in the form of a radical), resulting
in the generation of an exposed Fe’* adsorption site. The
intensity of the vibrational band corresponding to the strong
binding sites at agproximately 2173 cm™ ' grows as a function of
the density of Fe*" ions in the material up to a concentration of
approximately 14 mol %, which is approximately 40% of the
available binding sites within the material.

In addition to probing of the interactions between CO, and
exposed metal cation sites, the resolution of interactions between
CO, and functional groups on the organic ligands has also been
studied via vibrational spectra. Diffuse reflectance infrared Fourier
transform spectroscopy (DRIFTS) is an effective tool for analyz-
ing the surface chemistry of porous solids, especially when the
in situ cell environment can be controlled. As discussed below,
this technique has been applied to a handful of functionalized
metal—organic frameworks to date,3447346 revealing valuable
information regarding the nature of CO, adsorption within the
material.

The chemical adsorption of CO, onto basic alkylamines was
recently reported in the N,N'-dimethylethylenediamine (mmen)
functionalized framework H3[(CuyCl);(BTTri)g(mmen);,]
(mmen-Cu-BTTri), which will be discussed in detail in the
context of post-combustion CO, capture in section 3."”® The
N—H stretch of mmen was followed as a 5% CO, in helium
mixture was introduced into a high-pressure DRIFTS cell. As
shown in Figure 13, the N—H stretching band of mmen at
3283 cm™ ' disappears upon introduction of CO, into the cell.
Regeneration by heating and vacuum restores the band to the
spectrum. Chemisorption, suggested by the large isosteric heat of
adsorption measured at zero coverage, was thus confirmed by
infrared characterization. The presence of broad, lower energy
bands, including the emergence of a band at 1669 cm ™, was
further suggestive of the formation of zwitterionic carbamates or
carbamic acid in the absence of water.

The adsorption of CO, onto aromatic amines (e.g., aniline
derivatives) has also been a subject of in situ studies using
DRIFTS.** Although the nitrogen atom within 2-aminoter-
epthalic acid (NH,-BDC) is significantly less basic than that of
mmen, the formation of Lewis acid—base pairs is possible. The
adsorption of CO, onto Zn,O(NH,-BDC); (IRMOF-3) and
AI(OH)(NH,-BDC) (NH,-MIL-53(Al)) was first reported to
result in splitting of the ¥, band through a loss of degeneracy of
the in-plane and out-of plane bends.>** This was found for both
compounds to result in the formation of electron donor—
acceptor complexes, as further substantiated by the appearance of
additional bands between 1000 and 1500 cm ™" in the case of
NH,-MIL-53(Al). Additional work, however, has shown that the
mechanism of CO, adsorption in NH,-MIL-53(Al) is signifi-
cantly more complicated than originally thought. Density func-
tional theory (DFT) calculations augmented additional DRIFTS
measurements to elucidate a surprising flexion-based adsorp-
tion mechanism that does not involve direct interaction of CO,,
and amines. Strong Lewis acid—base interactions would be
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Figure 13. Infrared spectra collected for a sample of H;[(Cu,Cl);-
(BTTri)g(mmen);,] (purple). Upon dosing of the sample with CO,
(red, then green), the N—H stretching band of mmen at 3283 cm !
disappears but is restored following regeneration of the material (blue).
Reproduced with permission from ref 198. Copyright 2011 The Royal
Society of Chemistry.

expected to significantly alter the N—H stretching frequencies
and intensities of amines, as observed within mmen-CuBTTri.
Thus, the negligible distortion of the N—H symmetric and
asymmetric modes of IRMOF-3 and NH,-MIL-53(Al) is a
good indicator that electron transfer between the amine and
CO, is only a minor component of the adsorption energy in
those compounds.

2.5. Computational Modeling of CO, Capture

Computational studies relating to the adsorption of CO,
within metal—organic frameworks'®*****7733! are an impor-
tant endeavor in supporting the experimental work performed in
the area. In this regard, grand canonical Monte Carlo (GCMC)
simulations have been widely employed in predicting the single-
and mixed-component adsorption isotherms in metal—organic
frameworks.>>>~3%* Furthermore, a number of DFT studies have
emerged recently,>*>*% with many focused on determining the
packing arrangement of CO, molecules within the pores and the
associated enthalpy of adsorption,®” and the perturbation of
these as a result of the introduction of certain functionalities to
the periphery of the organic ligands.****%” The latter is aimed at
facilitating direct correlations between the electronic structure of
the metal—organic framework and the observed adsorptive
behavior.*****! Although there has been a significant amount of
recent work performed in terms of developing theoretical methods
for describing adsorption within metal—organic frameworks, sig-
nificant challenges still exist in the area. These include the treatment
of long-range interactions and adsorption of molecules at exposed
metal cation sites,**” the applicability of these methods to large-pore
systems™>*** (such as MIL-100 and MIL-101), and the develop-
ment of more sophisticated algorithms that can account for
flexibility within materials.****** Nevertheless, computational mod-
eling has been recently utilized in the virtual screening for metal—
organic frameworks with high adsorption capacities,'™ new hy-
pothetical structures with high performance parameters,”® and
predicting the stability of existing materials toward contaminants,
such as H,O."*> While we do not provide a thorough coverage of the
theoretical studies pertaining to CO, adsorption in metal—organic
frameworks here, we introduce certain computational results as
appropriate in the forthcoming sections.
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3. POST-COMBUSTION CAPTURE

The combustion of coal in air generates flue gas with a
relatively low CO, concentration (15—16%), while the bulk of
the effluent is composed of N, and other minor components,
such as H,0, O,, CO, NO,, and SO, (see Table 1).**° The gas
stream is released at a total pressure of approximately 1 bar. Since
SO, removal would precede CO, capture, the flue gas would be
expected to enter the CO, scrubber at temperatures between 40
and 60 °C.>**%7 As outlined in section 1.4, an ideal adsorbent for
capturing CO, from post-combustion flue gas would exhibit a
high selectivity for CO, over the other flue gas components, high
gravimetric and volumetric CO, adsorption capacities, minimal
energy penalty for regeneration, long-term stability under the
operating conditions, and rapid diffusion of the gas through the
adsorbent material. The preparation of next-generation metal—
organic frameworks that satisfy all of these requirements is
currently a difficult synthetic challenge, although as discussed
below, significant progress has been made in recent years.

3.1. Metal—Organic Frameworks for CO,/N, Separation

The lower-pressure (<1.2 bar) CO, uptake capacities for all
metal—organic frameworks reported to date are listed in Tables 4
(298—319 K) and S (273 K). Many of the frameworks exhibit
large CO, adsorption capacities at pressures at and above 1 bar,
owing to their high surface areas. However, these compounds are
generally not well suited for post-combustion capture, since the
adsorption capacity at lower pressures is a more relevant con-
sideration due to the low partial pressure of CO,.* Note that in
these tables, the adsorption capacities at 1 bar (the most
commonly reported value) are tabulated to facilitate a general
comparison among different metal—organic frameworks. How-
ever, the adsorption capacities for CO, (0.15 bar) and N, (0.75
bar) at pressures relevant to post-combustion CO, capture are
often not directly reported, and these have been carefully
estimated from the literature gas adsorption isotherms and are
listed in Table 7.

The selectivity calculation for CO, over N, is best performed
using the adsorption capacities at pressures of approximately 0.15
bar for CO, and 0.75 bar for N,. Since the total pressure of a flue
gas is approximately 1 bar, selectivity calculations based upon the
quantity of both CO, and N, adsorbed at 1 bar drastically
overestimate the fraction of CO, in post-combustion flue gas
and the total pressure of the gas. Table 7 lists also the calculated
selectivity values for CO, over N, at 298 K for selected
metal—organic frameworks, as calculated using the molar ratio
of the CO, uptake at 0.15 bar and the N, uptake at 0.75 bar
(eq 6). It is important to emphasize that these selectivity factors
are based on pure-component adsorption isotherms and do not
necessarily represent the true selectivity of the material in a CO,/
N, mixture. As such, the direct measurement of multicomponent
isotherms, which has been recently performed for CO,/CH,
mixtures,””” is necessary in order to evaluate the accuracy of
selectivity factors predicted from single-component isotherms
and IAST. To the best of our knowledge, there are no
experimentally reported CO,/N, binary isotherms yet re-
ported. As a result, calculated selectivity factors are useful
for preliminary evaluations of different materials. Note that,
although gas adsorption measurements have most commonly
been made at or below 298 K, it would be of benefit for a more
realistic evaluation of post-combustion CO, capture perfor-
mance if researchers were to begin reporting adsorption data
in the range of 313—333 K.
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In Table 7, the materials displaying the highest selectivities
are generally those bearing functionalized pore surfaces. Surface
functionalities that interact strongly with CO, (and to a lesser
extent N,) frequently increase adsorbent capacity at low
pressures. Ideally, for high adsorption selectivities, the CO,
adsorption should be maximized at pressures near 0.15 bar.
Note that for metal—organic frameworks with strongly polariz-
ing sites, the selectivity values listed in Table 7 likely under-
estimate the true adsorptive selectivity of the adsorbent. This is
because in a realistic flue gas mixture, the strongest binding sites
would be predominantly occupied by CO, owing to its greater
polarizability and quadrupole moment. Thus, single-compo-
nent isotherms overestimate the adsorption of N, and conse-
quently reduce the calculated selectivity. Utilization of the IAST
method (see section 2.3.2) for selectivity calculations mini-
mizes this effect and enables more accurate selectivity values to
be calculated.*'” Since using IAST to predict selectivity for a gas
mixture requires accurate fits of the pure-component isotherms,
selectivities are instead reported in Table 7 using the adsorption
values obtained directly from the pure-component isotherms.
Indeed, IAST values at the appropriate pressures have been
reported for only a handful of frameworks, but values for certain
adsorbents are mentioned in the discussion that follows.

It should be noted that the relevance of selectivity values
calculated for flexible frameworks via the aforementioned
method has not been fully established, although it is likely that
the quantities calculated by this methodology would over-
estimate the true adsorptive selectivity. This is because flexible
frameworks generally adsorb little N, at 0.75 bar because the
apertures of the framework are not opened by N, in single-
component gas adsorption experiments. However, if CO,
affords the necessary gate opening pressure, the quantity of
N, adsorbed is likely to be significantly higher than that
observed during the single-component experiment. Since IAST
cannot account for such effects, direct selectivity measure-
ments of binary mixtures are likely the only accurate gauge of
selectivity in flexible metal—organic frameworks. Thus, Table 7
omits selectivity values for flexible frameworks, although single-
component CO, and N, capacities at the relevant pressures are
tabulated.

3.2. Enhancing CO,/N, Selectivity via Surface Functionaliza-
tion

Tuning the affinity of the framework functionalities toward
CO, is crucial for optimization of the adsorptive properties. In
the ideal case, the appropriate pore surface properties would
give rise to an adsorbent with high adsorption selectivity and
capacity yet minimize the regeneration energy. In the follow-
ing sections, we outline the various types of function-
alities that have been explored to date for preparing materials
with enhanced CO, capture performance, including amines,
strongly polarizing organic functionalities, and exposed metal
cation sites.

3.2.1. Pores Functionalized by Nitrogen Bases. Metal—
organic frameworks functionalized with basic nitrogen-contain-
ing organic groups have been intensively studied for their CO,
adsorption properties. The dispersion and electrostatic forces
resulting from the interaction of the quadrupole moment of CO,
withlocalized dipoles generated by heteroatom incorporation are
typically responsible for the enhanced CO, adsorption. In some
cases, acid—base type interactions between the lone-pair of
nitrogen and CO, have been observed. The degree to which
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Table 7. CO, and N, Uptake in Selected Metal —Organic Frameworks at Pressures Relevant to Post-combustion CO, Capture

material chemical formula®

Mg, (dobdc)

Ni,(dobdc)
Co,(dobdc)

Cus(BTC),

H;[(CuyCl)3(BT Tri)s(mmen), 5]
Zn,(ox)(atz),

Zn,(dobdc)

Pd(u-F-pymo-N",N*),
Cus(TATB),
Co,(adenine),(CO,CHj),
Fe3[(FeyCl)3(BTT)s(MeOH),
Al(OH)(bpydc) -0.97Cu(BF,),
Zn(nbIm)(nIm)
Al(OH)(2-amino-BDC)
H;[(CuyCl)3(BT Tri)s]
Cu,(bdcppi)(DMF),
H;[(CuyCl)3(BT Tri)s(en)s 7s]
Zn,(bpdc),(bpee)
Ni, (2-amino-BDC),(DABCO)
Cus(BPT(N,)),
Cu;(BPT),
Zn,(BTetB)
Al(OH)(BDC)
Zn,(bmbdc),(4,4'-bpy)
Ni,(BDC),(DABCO)
vV (BDC)
AI(OH)(bpyde)
Znyo(cbIm);3o(OH)
Zn40(NO,-BDC), 15((C3H50),-BDC), 7-
((C7H;0),-BDC)o74
Zn,(BTetB)(py-CFs),
Zn(MeIM),
7n,0(BDC-NH,)s
Zn,0(BTB),
Zn,0(BDC)(BTB), 5
7n,0(BDC),
Co4(OH),(doborDC)5

common names

Mg-MOF-74, Mg-CPO-27

Ni-MOEF-74
CPO-27-Ni
Co-MOEF-74
CPO-27-Co
HKUST-1
mmen-Cu-BTTri

Zn-MOF-74
CPO-27-Zn

CuTATB-60
bio-MOEF-11
Fe-BTT

ZIE-78

NH,-MIL-53(Al), USO-1-Al-A
Cu-BTTri

SNU-50

en-Cu-BTTri

USO-2-Ni-A
UMC-150(N)2
UMCM-150

MIL-53(Al), USO-1-A

USO-2-Ni

MIL-47

MOEF-253

ZIF-100
MTV-MOF-5-EHI

ZIF-8

IRMOF-3
MOE-177
UMCM:-1
MOE-5, IRMOF-1

CO, uptake at N, uptake at
0.15 bar (wt %)”  0.75 bar (wt %) selectivity  temp (K) ref
20.6 1.83 44 303 48
189 1.40 52.3 313 48
16.7 1.08 58.8 323 48
14.5 0.87 61.1 333 48
16.9 2.14 30 298 131, 189
142 298 189
11.6 0.41 101 293 194
9.5 0.20 165 298 198
8.3 293 201
7.6 296 150
6.5 293 207
5.8 0.82 24 298 197
5.4 0.28 65 298 368
S5.3 0.95 18 298 140
4.0 0.34 39 298 204
33 0.36 30 298 18,213
3.1 298 146
29 0.49 19 298 200
29 298 202
2.3 0.17 44 298 200
2.1 0.02 d 298 243
2.1 298 146
19 298 189, 369
1.8 298 189, 369
1.8 0.31 19 298 262
1.7 298 146
1.4 0.01 d 298 370
12 298 146
1.1 298 189
1.0 0.37 9 298 204
1.0 0.15 22 298 247
1.0 298 219
0.9 0.06 S0 298 262
0.6 298 189
0.6 208 160, 189
0.6 0.39 4 298 48
0.5 298 189
0.5 298 189
0.5 0.08 18 298 254

% See List of Abbreviatons.  When not directly reported, values were estimated from adsorption isotherms in the corresponding reference. “ Selectivities were
calculated from the pure-component isotherms by dividing the mass of CO, adsorbed at 0.15 bar by the mass of N, adsorbed at 0.75 bar according to eq 6 in
section 2.3.1.  Single-component isotherms are not expected to be meaningful predictors of mixed-component selectivity for these flexible materials.

nitrogen incorporation enhances CO, adsorption depends sig-
nificantly on the nature of the functional group. To date, three
major classes of nitrogen-functionalized metal—organic frame-
works have been synthesized: heterocycle (i.e., pyridine) deriva-
tives, aromatic amine (i.e., aniline) derivatives, and alkylamine
(i.e., ethylenediamine) bearing frameworks.
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Perhaps owing to the ease of synthesis, a particularly large number of
metal—organic frameworks with organic bridging units derived from
nitrogen—contahﬂ% heterocycles have been studied in the context of

140,200,202,205,215,224,228,230,232,235,241,248,251,268,269,277,288,329
CO, capture.
However, the incorporation of these heterocycles generally
improves capacity only modestly at low pressures. Among the

dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781



Chemical Reviews

Figure 14. A portion of the crystal structure of Co,(adenine),-
(CH;CO,), (bio-MOF-11).3%® Turquoise, gray, blue, and red spheres
represent Co, C, N, and O atoms, respectively; H atoms are omitted for
clarity. The turquoise tetrahedra represent the coordination sphere of
the Co®" ions.

best-performing metal —organic frameworks featuring nitrogen-
containing heterocycles are those incorporating biologically
relevant moieties.”'>**” The ratio of heteroatoms to carbon
atoms in these frameworks can be quite large, resulting in pore
surfaces with significant surface polarization. For example, bio-
MOF-11 was synthesized from adeninate and acetate linkers (see
Figure 14).*1ts CO, adsorption capacity is ca. 5.8 wt % at 298 K
and 0.15 bar, with a corresponding isosteric heat of adsorption at
zero-coverage of —4S kJ/mol. The large initial isosteric heat is
likely partially attributable to the presence of an aromatic amine
that also decorates the pore surface. However, the effects of the
nitrogen heterocycle are considerable because the CO, capacity
of bio-MOF-11 exceeds that of any other aromatic amine
functionalized framework reported to date at 1 bar, despite a
surface area of only 1040 m2/ g

The commercial availability of aromatic amine containing
linkers, especially 2-aminoterephthalic acid (NH,-BDC), and
the expected affinity of amino groups toward CO, has generated
significant interest in aromatic amine functionalized frame-
works, 146:201,258,263,290,371,372 1) particular, the IRMOF series of
frameworks provides a basis for elucidating the effects of
aromatic amines within metal—organic frameworks. At 298 K
and 1.1 bar, Zn,O(BDC); (IRMOF-1 or MOEF-S) adsorbs
approximately 4.6 wt % CO,, while the amine-functionalized
variant Zn,O(NH,-BDC); (IRMOF-3) adsorbs 5.0 wt % CO,,
despite a decrease in the BET surface area from 2833 to 2160 m”/g.'”
The reduced surface area of IRMOF-3 decreases the high-pres-
sure CO, adsorption capacity, but the higher uptake observed
within the material at lower pressures leads to it being a higher-
performance material compared with IRMOEF-1 in the context of
post-combustion CO, capture. We note that there has been a
report of significantly greater adsorption of CO, in IRMOEF-1
(8.5 wt % at 1 bar).>® However, this anomalous result stands in
contrast to the lower value more frequently reported and has yet
to be reproduced to the best of our knowledge.

Amine functionalization has been shown to enhance CO,
capacity in a number of other metal—organic frameworks, includ-
ing Ni,(NH,-BDC),(DABCO), Al(OH)(NH,-BDC) (NH,-
MIL-53(Al)) and In(OH) (NH,-BDC), when their low-pressure
capacities are compared with that of the parent material."*®
However, the amine may not always be directly responsible for
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Table 8. Select pK, Values for the Dissociation of Protonated

Amine Complexes in Water®”?
parent amine PK,
aniline 4.60
pyridine 523
benzylamine 9.38
ethylamine 10.79

the enhanced adsorption. It was recently shown for the well-
studied compound AI(OH)(NH,-BDC) (NH,-MIL-53(Al))
that the aromatic amine has little direct interaction with
adsorbed CO, at low pressures.>* However, the presence of
the amine favors the formation of a flexed, narrow-pore structure
upon evacuation. This same narrow-pore structure, in which
hydrogen bonding is observed between the aromatic substituents
and the Al-based clusters, is not observed for the parent MIL-
53(Al) framework until the material is cooled to temperatures
below 150 K. In the narrow-pore structure, CO, molecules can
interact with multiple pore surfaces simultaneously. Further-
more, DFT calculations showed that interactions between CO,
and hydroxyl groups that line the pore surfaces were stronger in
the amino functionalized material because of the increased
acidity of the hydroxyl moieties. While enhanced adsorption of
CO, in NH,-MIL-53(Al) was originally attributed to direct
interactions between the amino functionality and Cco,,'""
in situ infrared spectroscopy experiments showed that the
N—H resonances of NH,-MIL-53(Al) were only slightly per-
turbed by CO, adsorption. Amines are generally expected to
enhance CO, adsorption in porous materials by acid—base
chemistry, electrostatic forces, or enhanced dispersion forces.
In this case, however, the actual mechanism of binding, when
fully elucidated, was shown to be quite different from those
observed in other frameworks.

For heterocycle- and aromatic amine-based frameworks, en-
hanced adsorption at low pressures is likely only partially attribu-
table to the basicity of the nitrogen donor atom. The pK, values
of ammonium complexes can help explain the basicity differences
between different classes of amines. Table 8 lists the pK, values
for selected ammonium complexes. Note that the conjugate acids
of pyridine and aniline are significantly more acidic than the
conjugate acids of benzylamine or ethylamine. The presence
of electron-withdrawing carboxylate functionalities ortho or para
to the amine would be expected to further reduce the basicity of
aniline derivatives. Thus, the enhanced adsorption of CO,in
metal—organic frameworks containing pyridine and aniline
derivatives is likely primarily attributable to the increased number
of polarizing sites that decorate the pore walls. Without the
formation of Lewis acid—base pairs, the binding of CO, is still
physisorptive and regeneration conditions are generally very mild.

In order to mimic the chemisorptive interactions that are
observed in aqueous amine scrubbers, more basic amine species
need to be incorporated onto the pore surfaces of metal—
organic frameworks. Very strong adsorption of CO, has indeed
been shown to be possible via incorporation of alkylamines into
metal—organic framework pores. As illustrated in Figure 18,
alkylamine incorporation onto the open metal sites of Cu-
BT Triwas found to be an effective method for postsynthetically
modifying this metal—organic framework to enhance the
CO, binding."***® Note that although not explored initially for
CO, adsorption, the grafting of amine moieties onto exposed
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Figure 15. Functionalization of the metal—organic framework Cu-
BTTri through binding N,N'-dimethylethylenediamine (mmen) to the
open metal coordination sites; dark red, green, gray, and blue spheres
represent Cu, Cl, C and N atoms, respectively. The basic amine groups
dangling within the framework pores lead to strong CO, adsorption,
with a zero-coverage isosteric heat of adsorption of —96 kJ/mol.
Reproduced with permission from ref 198. Copyright 2011 The Royal
Society of Chemistry.

metal cations was also previously demonstrated in the MIL-101
system,””* indicating that this approach may indeed be applicable
to a wide range of materials with pores that are furnished with
such sites.

The compound H;[(Cu,Cl);(BTTri)g(mmen),,] (mmen-
Cu-BTTri) was synthesized by stoichiometric functionalization
of Cu-BTTri with the sterically encumbered secondary amine
N,N'-dimethylethylenediamine (mmen)."”® A 3.5-fold increase
in gravimetric capacity at 0.15 bar (to ~9.5 wt %) compared with
the nonfunctionalized Cu-BTTri framework replete with open
metal sites (see Figure 16, upper) was achieved. The highly
selective chemisorptive process in this framework strongly affects
only CO, adsorption. Indeed, N, adsorption decreased at all
pressures compared with the parent framework, because of the
significantly reduced surface area resulting from the pore mod-
ification. Thus, the IAST selectivity of mmen-Cu-BTTri for CO,
at conditions relevant to post-combustion carbon capture is 327
at 298 K. This high selectivity is associated with a large isosteric
heat of CO, adsorption at low pressures, approaching —96 kJ/
mol at zero-coverage, which is substantially higher than the ca.
—15 kJ/mol observed over the entire sorption range for N, (see
Figure 16, lower). In the case of CO,, the isosteric heat initially
sharply decreases with CO, adsorbed, which is consistent with
the highest-affinity amine sites becoming occupied with CO,
molecules. However, despite this decrease, the magnitude is
significantly higher than that observed for the parent framework,
which exhibits an almost constant isosteric heat of approximately
—23 kJ/mol. Although the large initial adsorption enthalpy in
mmen-Cu-BTTri suggests that high temperatures would be
required for desorption of the CO, from the amines, the
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Figure 16. (top) CO, (M) and N, (@) adsorption isotherms collected
at 298 K for mmen-Cu-BTTri (green symbols) and Cu-BTTri (blue
symbols) and (bottom) a plot of the isosteric heat of adsorption of CO,
(M) and N, (@) in mmen-Cu-BTTri (green symbols) and Cu-BTTri
(blue symbols). Reproduced with permission from ref 198. Copyright
2011 The Royal Society of Chemistry.

regeneration conditions were shown to be mild. Following
activation, the material adsorbed nearly 7 wt % CO, from a
15% CO, in N, mixture. Complete regeneration was accom-
plished with a N, purge and fast temperature ramp to 60 °C, with
no capacity loss observed over the course of 72 cycles (27 min per
cycle). More detailed work, such as optimization of the amine,
and the consideration of the effect of the temperature increase
expected from the large quantity of heat originating from the high
isosteric heat of adsorption, and the influence of the other minor
impurities of the post-combustion flue gas on the performance of
the material, would allow the promise of this approach for
industrial applications to be further evaluated.

3.2.2. Other Strongly Polarizing Organic Functional
Groups. In addition to the amine and other nitrogen-based
functionalities discussed in the previous sections, organic linkers
with heteroatom functional groups (other than amines) have also

been investigated in detail for their effects on the CO, adsorption
behavior, 1#101,179,206211,213,214,225,226,231,233,235,238,239,244,253,255,

262,267,270,272,273,275,276,278—280,286,287,292,347 These functional

groups include hydroxy, nitro, cyano, thio, and halide groups, and
the degree to which CO, adsorption is enhanced in these cases
depends largely upon the extent of ligand functionalization and
the polarizing strength of the functional group. In general, more
strongly polarizing groups will influence CO, adsorption more
favorably.

A systematic understanding of polarization strength is perhaps
best observed via the large number of functionalized zeolitic
imidazolate frameworks that have been reported to date.'®*'**2¢
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This subclass of metal—organic frameworks is convenient for
understanding the effects of different functional groups, because
all frameworks incorporate imidazolate-based organic linkers and
most have tetrahedral Zn>" cation nodes. While there are
important topological differences between the many frameworks,
a wide number of isostructural compounds with different func-
tional groups have also been reported, allowing comparisons to
be made between the compounds. For example, a number of
mixed-linker frameworks of the GME topology were studied for
functional group and pore size effects on adsorption.”' Linkers
containing various functional groups afforded a series of frame-
works with drastically different pore sizes. Adsorption was found
not to correlate with the pore size, which varied between 7.1 and
15.9 A. Different functional groups, however, appear to impact
volumetric adsorption capacity. The compound Zn(nbIm)-
(nIm) (ZIF-78) exhibits the largest volumetric capacity because
every imidazolate and benzimidazolate linker was modified with
a polarizing nitro group. Frameworks synthesized from cyano-
and nitro-functionalized (ZIF-82), chloro- and nitro-functional-
ized (ZIF-69), and bromo- and nitro-functionalized (ZIF-81)
imidazolate linkers performed similarly to each other but slightly
worse than ZIF-78. Frameworks partially functionalized with
alkyl groups adsorbed the least quantity of CO, on a volumetric
basis. As expected, the greater the surface polarization engen-
dered by the functional group in the framework, the higher the
CO uptake capacity is at low pressures.

The foregoing conclusion is not immediately apparent if
framework performance is only benchmarked by gravimetric
capacity. On a gravimetric basis, less-functionalized, lighter
frameworks outperformed the more functionalized, heavier
materials. The compound ZIF-70, composed of nonfunctiona-
lized and nitro-functionalized imidazolate linkers (see Figure 17),
exhibits a higher gravimetric capacity than ZIF-78. For the latter
materials, the presence of benzimidazolate linkers increases the
molecular weight significantly, but with the same connectivity,
the unit cell volumes of ZIF-78 (11514 A%)*'* and ZIF-70
(11386 A*)**° are very similar. Thus, the best comparison
between ZIF-70 and ZIF-78 is the quantity of CO, adsorbed
within a fixed volume. Assuming void spaces between crystallites
are similar, a particular volume of ZIF-78 would adsorb 33%
more CO, than the same volume of ZIF-70, which for a
stationary application like carbon capture is relevant to infra-
structure costs. For isostructural materials, volumetric capacity
calculations can elucidate the effects of functional groups without
discriminating against the additional mass.

The IRMOF series of metal—organic frameworks are similarly
suitable for investigating functional group effects on CO, adsorption
in a controlled manner. In one study, multiple functional groups
from different types of organic linkers were incorporated into
individual IRMOF crystallites.”'® Volumetric CO, adsorption capa-
cities were again utilized to account for mass differences between
frameworks. Two potential benefits of this mixed linker technique
are apparent. First, mixed ligand frameworks can incorporate
functional groups (like 2-nitroterephthalic acid) into the IRMOF
structure that could not be incorporated when used alone.
In particular, the nitro functionality was a common feature among
the best performing frameworks synthesized. Second, the pre-
sence of multiple functional groups along a single pore surface
can afford properties that exceed those expected from a simple linear
combination of the individual components. This was demonstrated
by the synthesis of Zn,O(NO,-BDC), ;5((C3Hs0),-BDC), o7
((C;H,0),-BDC)o74 (MTV-MOF-S-EHI) (see Figure 18),
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Figure 17. A portion of the crystal structure of Zn(Im)(nIm) (ZIF-70)
as viewed along the [001] direction. Yellow, gray, blue, and red spheres
represent Zn, C, N, and O, respectively; H atoms are omitted for
clarity.**®
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Figure 18. MTV-MOF-S-EHI is composed of the three ligands
shown.”'? The incorporation of multiple ligands within a single crystal-
lite was reported to improve CO, adsorption capacity at low pressures.

which adsorbs 7.7 wt % CO, at 1 bar and has a CO,/CO
selectivity at 298 K that is over 4 times greater than that observed
within MOF-5, which does not possess any substitutions on the
organic backbone. While the performance and stability of the
IRMOF series of metal—organic frameworks may ultimately
make them unsuitable for CO, capture applications, mixed ligand
and mixed functionality frameworks could potentially lead to
materials with finely tunable properties.

Theoretical work has also modeled the effects of certain
functional groups on CO, adsorption.*® For example, a series
of functionalized zirconium metal—organic frameworks based
upon the UiO-66 structure-type with substituted BDC>" ligands
were constructed via DFT calculations.””> GCMC simulations
were used to predict isotherms for CO, and CH,. The authors
concluded that strongly polarizing groups enhanced CO, ad-
sorption through increased isosteric heats of adsorption. Futher-
more, it was observed that confinement effects attributable to
reduced pore volumes could further enhance CO, adsorption.
Among the most promising materials of this class, the sulfonic
acid and carboxylic acid functionalized materials displayed the
largest selectivity enhancement in the separation of CO, from
CH,."

3.2.3. Exposed Metal Cation Sites. Another strategy that
has been explored as a means for improving the affinity and
selectivity of metal—organic frameworks toward CO, over N, is
the generation of structure types bearing exposed metal cation
sites on the pore surface.'”*~">* These sites are usually obtained
following desolvation of the material, where one of the solvent
molecules in the coordination sphere of the metal center is
removed in vacuo at elevated temperatures. Such metal binding
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sites have been previously shown to facilitate close approach of
guest molecules to the pore surface, which is of benefit for raising
the adsorption enthalpy and storage density of gases, such as H,
and CH,,"**7**”” and in Lewis acid catalysis.*”® In the context of
post-combustion CO, capture, the open metal cation sites serve
as charge-dense binding sites for CO,, which is adsorbed more
strongly at these sites owing to its greater quadrupole moment
and polarizability compared with N,.

The earliest studies of metal—organic frameworks possessing
exposed metal cation sites were performed predominantly on
Cu3(BTC), (HKUST-1, Figure 7)."***7%”° Here, the solvent
molecules present on the axial sites of the paddlewheel units can
be removed to afford open Cu®* adsorption sites. These sites
interact more strongly with CO, due to the high charge density
of the Cu** cation, resulting in a zero-coverage isosteric heat of
adsorption of —29.2 kJ/mol. A number of independent studies
have reported the adsorption isotherms for this compound,
wherein adsorption capacities range from 15.0 to 18.4 wt % at
1 bar and 298 K.'6%189191192194 The difference in these values
likely stems from the degree of purity of the material or the
degree of activation (desolvation) of the compound. Note that
the adsorption properties of metal—organic frameworks contain-
ing bound solvent molecules are highly dependent upon the
desolvation conditions. Furthermore, careful handling of the
materials following activation is essential, as a result of the pro-
pensity of the exposed metal cation sites to become hydrated as a
result of even brief exposure to atmospheric moisture.'">

The adsorption of CO, within the chromium-based metal—
organic frameworks Cr;O(H,0);F(BTC), (MIL-100) and
Cr;0(H,0),F(BDC); (MIL-101) has been studied.®” These
materials exhibit BET surface areas of 1900 and 4230 mz/g,
respectively, and feature exposed Cr>" sites following removal of
the H,O molecules originally bound to the metal centers.'*®
Accordingly, the high charge density of the metal ion affords a
zero-coverage isosteric heat of adsorption of —62 kJ/mol in the
case of MIL-100 and —44 kJ/mol for MIL-101. The storage
capacities were probed at high pressures, and CO, uptakes of
over 40 wt % were observed for both compounds at S0 bar
and 304 K. Although no low-pressure (<1.0 bar) data were
reported, one advantage of these materials is their high chemical
and thermal stability. Indeed, both compounds are water-stable
and can be heated to temperatures approaching 300 °C without
degradation of the framework structure, a crucial characteristic
for post-combustion CO, capture where significant quantities of
H,O are present in the flue gas.

The M,(dobdc) structure type represents one of the most well-
studied families of materials with regard to metal—organic frame-
works bearing exposed metal cation sites (see Figure g).150380—384
The high density of binding sites decorating the hexagonal one-
dimensional pores endow the materials with high adsorption
capacities for CO, at 1 bar and 296 K, ranging from 19.8 to 26.0
wt % within Zn,(dobdc) and Mg,(dobdc), respectively.150 In fact,
the value for Mg,(dobdc) represents the highest low-pressure
gravimetric and volumetric adsorption capacity for CO, in a
metal—organic framework, despite its relatively low surface area
(SAggr = 1495 m*/g), demonstrating the importance of furnishing
the pores with a large number of high-affinity binding sites. The
zero-coverage isosteric heat of CO, adsorption across this series is
significantly affected by the metal cation, wherein Mg, (dobdc) was
observed to display the highest affinity (Q i = —42 kJ/mol), while
Zn,(dobdc) exhibited the weakest interactions (Q = —26 kJ/mol)
among the compounds studied. The isosteric heat of adsorption plot
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Figure 19. Isosteric heat of adsorption, Qy, as a function of loading of
CO, for Mg,(dobdc) calculated at 40 °C using a dual-site Langmuir
model. Reproduced with permission from ref 48. Copyright 2011 The
Royal Society of Chemistry.

shown in Figure 19, calculated using a dual-site Langmuir expres-
sion, shows a significant drop at a surface coverage that is consistent
with the occupation approaching one CO, molecule per Mg”" site,
which would be expected as a result of only weaker binding sites
being vacant at this loading level. Note that the considerable
difference in the isosteric heat of adsorption between the com-
pounds is attributed to the higher ionic character of the Mg—O
bonds in Mg,(dobdc) compared with the Zn—O bonds within
Zn,(dobdc), leading to a higher partial positive charge on the Mg>*
metal centers, which consequently facilitates a greater degree of
polarization on the adsorbed CO, molecules."** Importantly, the
increased affinity for CO, within Mg, (dobdc) leads to a higher CO,
uptake at low pressures and high temperatures (16.2 wt % at 0.15
bar and 323 K), which is crucial for post-combustion CO, capture.
More recently, Mg, (dobdc) and MOF-177 were evaluated for
use in a temperature swing adsorption-based process by collect-
ing single-component CO, and N, adsorption isotherms across a
temperature range of interest for such a process (25—200 °C; see
Figure 20).** The working capacity of the materials was calcu-
lated as a function of the desorption temperature as the difference
between the quantity of CO, adsorbed at a partial pressure of
0.15 bar at the flue gas temperature (40 °C), and the correspond-
ing value at 1 bar at the desorption temperature. For Mg,-
(dobdc), it was demonstrated that the working capacity for CO,
(shown in Figure 21) reaches 17.6 wt % for a 200 °C desorption
temperature. The increase in working capacity with desorption
temperature arises from the fact that the quantity of CO,
adsorbed is reduced at higher temperatures, leading to more
complete evacuation of the pores during regeneration. A similar
analysis performed on MOF-177 resulted in a negative CO,
working capacity across the entire temperature range. This is
ascribed to the relatively limited CO, adsorption capacity at low
pressures due to the lack of strong binding sites within the pores,
which affords a near-linear isotherm that steadily increases up to
the desorption pressure. Even at the higher temperatures, a
relatively high quantity of CO, is retained at 1 bar, leading to a
poor working capacity even at a desorption temperature of 200 °C.
The results highlight the importance of selecting a structure
containing a high density of strong binding sites within the pores,
making Mg, (dobdc) a suitable candidate for further testing.
While most metal—organic frameworks possessing exposed
metal cation sites are obtained by removing solvent molecules
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Figure 20. CO, adsorption isotherms for Mg, (dobdc) collected over a
temperature range of 20—200 °C. Reproduced with permission from ref 48.
Copyright 2011 The Royal Society of Chemistry.
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Figure 21. Estimated working capacity as a function of desorption
temperature (T4) for MOF-177, Mg,(dobdc), and zeolite NaX. The
working capacity is calculated as the difference between the amount of
CO, adsorbed at 0.15 bar at a flue gas temperature of 40 °C and the
amount of CO, adsorbed at 1 bar at the desorption temperature.
Reproduced with permission from ref 48. Copyright 2011 The Royal
Society of Chemistry.

from the metal centers after synthesis of the framework structure,
one alternative strategy that has been pursued is the postsynthetic
insertion of metal ions. For example, an aluminum-based metal—
organic framework Al(OH)(bpydc) (MOF-253, bpydc27 =
2,2/ -bipyridine-5,5’-dicarboxylate) was synthesized, which exhi-
bits the same network topology as AI(OH) (BDC) (MIL-53) and
possesses open bipyridine sites along the one-dimensional pores.***
Owing to the low affinity of the bipyridine moieties toward the
AI** jons used to construct the framework, these sites are vacant
following synthesis, allowing metal ions to be selectively bound
postsynthetically. The framework was loaded with a variety of
transition metal salts, and the resulting products were screened
for their CO, adsorption properties. Of the compounds studied,
the Cu®*-loaded material, A[(OH)(bpydc)-0.97Cu(BF,),, ex-
hibited the best performance, where the quantity of CO,
adsorbed at 1 bar at 298 K increased from 6.2 wt % in the bare
framework to 11.7 wt % following metal insertion, despite a
decrease in the BET surface area from 2160 to 705 m>/g. The
increased uptake is accompanied by a dramatic increase in the

CO,/N, selectivity from 2.8 to 12.0, highlighting the success of
this approach. While the chemical origin of the high performance
of the Al(OH)(bpydc)-0.97Cu(BF,), compound has not yet
been established, the increased affinity of the framework for CO,
is also demonstrated by an increase in the magnitude of the zero-
coverage isosteric heat of adsorption from —23 to —30 kJ/mol,
suggesting that a more suitable chemical environment for CO,
binding is facilitated by the insertion of Cu(BF,), into the
channels of the framework.

3.3. Considerations for Application

Many studies involving the synthesis and evaluation of
metal —organic frameworks for post-combustion CO, capture
applications focus exclusively on the CO,/N, separation
performance of the material, neglecting other important
aspects of actual flue gas. While CO, and N, account for
around 90% of the flue gas composition, understanding the
effects of the gases present in the remaining 10% is critical to
properly evaluating any material for use in a realistic CO,
capture process. Here, we discuss a number of studies that
have aimed to study the performance of metal—organic
frameworks under more realistic conditions, including the
use of humidified gas mixtures.

3.3.1. Stability to Water Vapor. While the primary chal-
lenge of CO, capture is the separation of CO, and N,, the
detailed study of metal—organic frameworks for post-combustion
CO, capture must take into account the fact that flue gas is
saturated with H,O (5—7% by volume).'"*' While partial
dehydration of the effluent may be possible, drying the flue gas
completely prior to extracting CO, is costly and most likely not
feasible on such a large scale.313%7 Ag such, adsorbents used in
CO, capture from flue gas must be stable in the presence of at
least some water vapor. In evaluating metal —organic frameworks
for applications in post-combustion CO, capture processes, it is
important to consider not only the stability of the framework to
water vapor but also the effect of water vapor on the separation of
CO, from N,.

With regard to water stability, the metal—ligand bond is
typically the weakest point of a metal—organic framework, and
hydrolysis can lead to the displacement of bound ligands and
collapse of the framework structure (eq 1)."*° This was first
observed in the zinc-carboxylate based MOEF-S, which is water-
sensitive and begins to lose c?lstallinity upon exposure to small
amounts of humidity."">**>~3*” Molecular dynamics simulations
were used to show that the mechanism of hydrolysis for MOF-5
likely involves the direct attack of H,O at the tetrahedral Zn>*
centers to displace bound BDC”™ ligands and destroy the
framework structure.”™®

ML + H,O0 — M(OH) + LH (9)

Several attempts have been made at understanding the differences
in relative water stability of metal—organic frameworks. High-
throughput screening of frameworks exposed to different tempera-
tures of steam was used to suggest that the strength of the
metal—oxygen bonds within the framework correlates with resis-
tance to hydrolysis, with strong metal—oxygen bonds im}s)arting
greater hydrothermal stability on the resulting framework.">® In a
different study, representative metal—organic frameworks were
tested in different ratios of H,O to DMF, and the resulting
differences in stability were attributed to the metal nodes within
the framework.*® In agreement with previous work, it was found
that the basic zinc acetate clusters characteristic of most zinc
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Figure 22. The general trend of increasing pK, for ligands built from
carboxylic acids, tetrazoles, triazoles, and pyrazoles. The metal—ligand
bond is expected to be stronger as the pK, increases.

carboxylate metal—organic frameworks, such as the IRMOF series
and MOF-177, are most susceptible to hydrolysis.** The trinuclear
chromium clusters found in many of the MIL series of frameworks are
the most stable of the studied building units, while the copper-
paddlewheel carboxylate clusters found in HKUST-1 exhibit inter-
mediate stability.

One of the primary efforts to increase the water stability of
metal—organic frameworks has been through the use of azolate-
based linkers rather than the typical carboxylate linkers.*****'~
The azolate linkers can bind metals with a similar geometry to
carboxylate ligands, but their greater basicity typically leads to
stronger M—N bonds and greater thermal and chemical stability
in the resulting framework. The relative M—N bond strengths
can be predicted based on the pK, values associated with the
deprotonation of the free ligand. As such, stability typically
decreases with the pK,: pyrazole (pK, = 14.4) linkers exhibit
the greatest stability, imidazole (pK, = 10.0) and triazole (pK,=9.3)
are intermediate, and tetrazole (pK, = 4.6) linkers are the most
labile (see Figure 22).>**%* Illustrating the remarkable stability
of some of these frameworks, Niy(BTP), (H;BTP = 1,3,5-
tris-1H-pyrazol-4-yl)benzene) is stable in boiling water at pH
2—14 for at least 14 days.*’

An alternative strategy for increasing the metal—ligand bond
strength in metal—organic frameworks is through the use of tri-
or tetravalent metal cations.">® In general, frameworks contain-
ing Cr**, AI**, Fe**, and Zr*" cations display a high degree of
stability in water. Specifically, MIL-53 (M(OH)(BDC), M = Cr*",
Fe®*, A’") is a flexible framework that exPands or contracts
based on the absence or presence of water.''*'**33* Here, the
structural transition is reversible, and the overall framework
scaffold remains intact upon repeated exposure to water. MIL-
100 and MIL-101 are rigid trivalent frameworks built from
trinuclear metallic clusters that have shown a high stability in
both boiling water and steam.**~*** Similarly, the zirconium-
(IV)-based metal—organic framework UiO-66, which contains
extremely robust ZrgO,(OH),(CO,),, cluster units (see
Figure 23), has been shown to be very water-stable.'"”

Aside from increasing the metal—ligand bond strength, other
strategies have been successfully employed to synthesize metal—
organic frameworks with intrinsic functionalities designed to
protect the material from hydrolysis. For instance, several Zn>*-
and Cu**-based frameworks have been synthesized with highly
hydrophobic surfaces that adsorb only very small amounts of
water at low pressures.** **® Additionally, several metal—
organic frameworks have been synthesized with water-repellant
groups incorporated directly into the or%anic ligands as a means
of protecting the metal core from water.*””~*' In one promising
study, a metal—organic framework (Banasorb-22) isostructural
to MOF-S was synthesized, wherein each of the terephthalic acid
linkers was modified with a trifluoromethoxy substituent.** The
resulting material demonstrated improved stability with regard to

Figure 23. A portion of the crystal structure of the high-stability
metal —organic framework UiO-66.""" Yellow, gray, and red spheres repre-
sent Zr, C, and O atoms, respectively. H atoms are omitted for clarity.

unmodified MOF-S. X-ray powder diffraction patterns indicated
only minor changes to the framework structure after exposure to
steam from boiling water for 1 week, while MOF-S was shown to
decompose into Zn3(OH),(BDC), (MOF-69C) after just 2 h of
exposure to steam.

There have been several investigations of metal—organic
framework stability in liquid water, but few with regard to
different levels of humidity and temperature. Note that due to
the temperature and composition of the flue gas, stability to water
vapor (rather than liquid water) is more relevant to CO, capture
applications."' While several studies have reported water adsorp-
tion isotherms for various metal—organic frameworks, most do
not rigorously evaluate the stability of the framework upon
repeated exposure to water vapor.

In addition to the structural and chemical stability of metal—
organic frameworks in the presence of water vapor, evaluating
any new compound for use in a post-combustion CO, capture
process also requires knowledge of the impact of water on the
CO,/N, separation performance. Indeed, small amounts of
water can significantly affect the CO, adsorption properties of
many zeolites due to its strong adsorption on the highly hydro-
philic surface, which prevents CO, from interacting with many of
the strong adsorption sites in the material.*">

Initial efforts at understanding the effect of water on CO,/N,
separations in metal—organic frameworks have focused on
HKUST-1. It is well-known that this framework can reversibly
bind water, and there have been extensive studies, both theore-
tical and experimental, on this topic,'3!7%171192:298404413,414 1,
its fully hydrated form, one water molecule is bound as a terminal
ligand to each axial Cu®* site. By heating of the material to
100 °C, these water molecules can be desorbed, generating the
activated form of the framework as evidenced by a color change
from turquoise (hydrated) to dark blue (dehydrated)."*® The
effect of water coordination on the CO, adsorption properties of
HKUST-1 was examined."”" In the fully hydrated form, less than
1 mmol/g of CO, was adsorbed at 1 bar, compared with near
S mmol/g for the dehydrated form. This is in agreement with a
similar study that found that after exposure to 30% relative
humidity, HKUST-1 experiences a decrease in CO, uptake to
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about 75% of its original value and a concurrent loss of some
crystallinity.'*>

Surprisingly, when HKUST-1 was loaded with 1 equiv of water
per every two Cu”" sites, the CO, adsorption increased to around
8 mmol/g, representing one of the highest CO, uptakes of any
metal—organic framework at 1 bar (see Table 4)."”' The
increased CO, capacity is attributed to electrostatic interactions
between water bound to Cu”" sites and the quadrupole moment
of CO,. Unfortunately, a loading of one H,O molecule per two
Cu™* sites corresponds to such a low partial pressure of water that
this form of HKUST-1 is unlikely to be realized in any realistic
application.

In a similar study, CO, adsorption isotherms were measured at
different water loadings for HKUST-1 and Ni,(dobdc)."** Both
metal—organic frameworks retained some capacity for CO, at
low water loadings but exhibited essentially no capacity for CO,
above 70% relative humidity (RH). Significantly, water adsorp-
tion resulted in a much faster decrease in CO, uptake for zeolites
SA and NaX than for either metal—organic framework.

The effects of humidity on the performance of the M, (dobdc)
(M = Zn, Ni, Co, and Mg) series of metal—organic frameworks
was studied in order to evaluate their CO,/N, separation
performance under conditions more relevant to post-combustion
capture.**® A flow-through apparatus was used to measure the
breakthrough CO, capacity of each material in a 5:1 N,/CO,
mixture. The samples were then exposed to the same mixture at
70% RH, followed by regeneration at high temperatures. The
breakthrough CO, uptake capacity after regeneration was then
measured (see Figure 24). The compound Mg,(dobdc), which
has the highest reported capacity for CO, at low pressures,
performed the worst out of the series with a recovery of only 16%
of its initial CO, capacity after regeneration. Interestingly, this
result stands in sharp contrast to previous reports that Mg,-
(dobdc) can be fully regenerated after exposure to water without
any effect on its CO, adsorption performance.'”® The reason for
these different results is not yet established, though the observa-
tions could be consistent with incomplete dehydration, which
would dramatically lower the CO, adsorption capacity. Never-
theless, Ni,(dobdc) and Co,(dobdc) performed far better with
recoveries of 61% and 85% of their initial CO, capacity,
respectively. This is in agreement with a similar study that found
Ni,(dobdc) was able to maintain its CO, capacity after steam
conditioning and long-term storage, while Mg, (dobdc) suffers a
significant loss in capacity.*"® The work serves to highlight the
importance of looking at the effect of water on the CO,
adsorption properties of metal—organic frameworks, because
the uptake of CO, as determined from single-component
isotherms may not be the best indicator of material performance
in a real-world post-combustion CO, capture process.

While strong adsorption sites, such as the exposed metal
cations present in the M,(dobdc) series, can be poisoned by
small amounts of water, some flexible metal—organic frame-
works have shown }aromising CO, adsorption properties in the
presence of water.”*° In one report, water induced structural
changes in MIL-53 that promoted a higher selectivity for CO,
over CH,.>*° Similarly, the breakthrough CO, adsorption of the
flexible framework NH,-MIL-53(Al) in the presence of $% water
vapor was also studied.”*® At low pressures, this material adopts a
narrow-pore conformation that prevents the adsorption of
certain gas molecules and improves its selectivity. Interestingly,
CO, is selectively retained by the framework even in the presence
of water.
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Figure 24. Comparison of the flow-through CO, capacities, as deter-
mined from breakthrough experiments using a 5:1 N,/CO, mixture, for
pristine M,(dobdc) and regenerated M,(dobdc) after exposure to
70% RH. Reproduced with permission from ref 326. Copyright 2011
American Chemical Society.

All of the studies presented here have involved either the
measurement of single-component CO, adsorption isotherms
after exposure to water or the measurement of breakthrough
curves. While these experiments are crucial for the initial assess-
ment of metal—organic frameworks for post-combustion CO,
capture, multicomponent adsorption isotherms are of high
priority for evaluating and understanding the performance under
conditions likely to be encountered in an actual capture system.""
To the best of our knowledge, there are no direct measurements
of multicomponent isotherms involving CO, and H,O in
metal—organic frameworks to date.

3.3.2. Other Minor Components of Flue Gas. Although
the gases CO,, N, and H,O account for greater than 95% of the
flue gas mixture, the other minor components (mostly O,, SO,,
NO,, and CO) present cannot be ignored in assessing metal—
organic frameworks for post-combustion CO, capture. While the
exact amount of each species present in flue gas varies based on
the type of coal burned and the specific configuration of a given
power plant, a representative flue gas composition for a power
plant burning low-sulfur eastern bituminous coal is reproduced
in Table 1. Significantly, the effects of these trace gases on the
CO,/N, separation performance of metal—organic frameworks
remains unknown. Future research must also address this issue if
metal—organic frameworks are to be implemented in an actual
post-combustion CO, capture process.

4. PRE-COMBUSTION CAPTURE

Pre-combustion CO, capture is a process in which fuel is
decarbonated prior to combustion, resulting in zero carbon
dioxide production during the combustion step (see Figure 3).
Here, coal is gasified, generally at high temperature and pressure,
to produce synthesis gas or “syn gas”, which is a mixture of mostly
H,, CO, CO,, and H,O (see Table 9).*'® This gas mixture is then
run through the water—gas shift reaction to produce H, and CO,
(“shifted syn gas”) at high pressure and slightly elevated tem-
perature (S—40 bar and 40 °C, depending on the production
plant).*'”~*° Pre-combustion CO, capture, which refers to the
separation of CO, from H, within this gas mixture, can then be
performed to afford pure H,, which is subsequently combusted in
a power plant to generate electricity.
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Table 9. Composition of Shifted Product of Coal
Gasification*”’!

component approximate percentage (vol %)
CO, 25-35
CO 0.5-0.7
H, 30—50
CH, 0
H,O 15—40
H,S 0.1-0.2
N, 03-23
Ar 0.04

4.1. Considerations for Pre-combustion CO, Capture

Solid adsorbents, membrane materials, and liquid absorbers
are currently under consideration as potential candidates for use
in pre-combustion CO, capture.*” With regard to industrial
applications, pre-combustion CO, capture systems based upon
CO,-absorbing solvents are the closest to being realized,*>**
and a number of power plants incorporating such systems are
being constructed. **>**¢ Furthermore, the use of solid adsor-
bents in pressure-swing adsorption-based processes is currently
under intense investigation. Here, the high-pressure gas mixture
is transported through a packed bed of a porous adsorbent
incorporated into a PSA process. The CO, within the flue gas is
selectively adsorbed along with other minor impurities of the
mixture, such as CO, and following a series of concurrent and
countercurrent pressurization and depressurization steps, the
adsorbed gases can be removed, and the capture material can be
regenerated for subsequent CO, capture cycles.**’

4.1.1. Advantages of Pre-combustion Capture. In com-
parison to post-combustion CO, capture and oxy-fuel combus-
tion-based processes, pre-combustion CO, capture carries a
number of advantages that may be of benefit for its rapid
industrial implementation. Perhaps most significantly, the gases
are produced at high pressure, and the partial pressure of CO, in
the mixture is high compared with post-combustion flue gas. As a
result, regeneration of the loaded adsorbent can occur through a
drop to atmospheric pressure, which is energetically favorable
and is more practical compared with a temperature or vacuum
swing-based process. Furthermore, the CO,/H, separation is
inherently easier to perform than CO,/N, or O, /N, separations,
owing to the greater differences in the polarizability and quad-
rupole moment of the molecules."® Thus, for purely physisorp-
tion-based separations, a greater selectivity for CO, over H,
can be anticipated, which may allow next-generation precom-
bustion CO, capture materials to be more rapidly developed
than new adsorbents for post-combustion CO, capture or oxy-
fuel combustion.

4.1.2. Hydrogen Purification. Pressure-swing adsorption
separation of shifted syn gas is a mature technology because of its
wide use in hydrogen purification. Hydrogen used for industrial
applications is generally synthesized from methane reformation
followed by the water—gas shift reaction, which is very similar to
coal gasification. The same processes as for coal gasification are
applied, although the composition of the final products differ in
the partial pressures of the gases (see Table 10), owing to the
differences in carbon content between methane and coal. While
liquid solvents such as Selexol are often used,*”® PSA columns
employing solid adsorbent beds are also common and are
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Table 10. Components of the Shifted Products of Steam
Methane Reformation*'”

component approximate percentage (vol %)
H, 70—80
CO, 15-2§
CO 1-3
CH, 3—-6

responsible for the purification of millions of tons of hydrogen
annually.*'® This hydrogen is used for ammonia synthesis and
large industrial-scale reactions such as the Fischer—Tropsch
synthesis of hydrocarbons.

The ubiquitous nature of hydrogen purification via pressure-
swing adsorption motivates the use of this separation process in
the context of pre-combustion processes in two ways. First,
because the technology is already in use, pre-combustion CO,
capture would only require slight modifications or extensions to
existing processes rather than a complete process overhaul.
Second, from a practical point of view, the tremendous scale
of H, purification (50 million tons of H, annually) suggests
that even slight enhancements in the efficiency of this process
would have significant benefits on the energy infrastructure
as a whole. For example, if the energy cost of purification
(7.3 MW -h per ton of H,) can be reduced by 10%, the energy
savings would represent the equivalent of shutting down 18
average-sized coal-fired power plants.*'®*** Thus, the devel-
opment of next-generation materials for pre-combustion CO,
capture that exhibit improvements in energy efliciency over
existing materials would also have a significant impact on the
economic and environmental costs associated with H, produc-
tion worldwide.

Zeolites and activated carbons (see section 1.4.2) remain the
most well studied solid adsorbents for H, purification of gas
streams from steam-methane reformation.”%*" Zeolite 13X
possesses a high selectivity for CO,, CO, and CH, over H,
compared with BPL activated carbon,*'” although the capacity of
activated carbons is generally greater than that of zeolites.
Considering that these are the state-of-the-art porous solid
adsorbents used for hydrogen purification, we compare the
performance of these materials with metal—organic frameworks
in the following sections to evaluate the potential of the latter to
become the materials of choice for this application.

4.1.3. Metrics for Evaluating Adsorbents. In pressure-
swing adsorption processes, the performance of adsorbents is
evaluated using the selectivity for CO, over H, (eq 6), some-
times in the presence of other gases, such as CO. Although the
selectivity value is the most important factor for determining the
purity of the respective gas phases following the separation
process, an equally important metric for evaluating an adsorbent
is the CO, working capacity. This parameter is evaluated by
taking the difference between the quantity adsorbed at flue gas
pressure and the quantity adsorbed at the lower purge pressure. A
high working capacity is particularly favorable in that less
adsorbent is needed to form the PSA bed that performs the
separation, which in turn decreases initial capital costs and, more
importantly, lowers the long-term energy requirements for
adsorbent regeneration.

An increase in either the selectivity or the working capacity
would decrease the cost of a pressure-swing adsorption-based
CO, capture system, and indeed, it has been reported that
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optimization of both of these parameters is essential for devel-
oping promising candidates for PSA processes.">***

4.1.4. Non-CO, Impurities in CO,/H, Streams. In both
hydrogen purification and pre-combustion CO, capture appli-
cations, the two main gas components are CO, and H,. As can
be seen in Tables 9 and 10, both product gases also contain CO,
and in the case of steam-methane reformation, CH, is also
present. Thus, discovery of materials that selectively capture
CO and CH, in the presence of Hj is also of high importance,
since the impurity gases adsorb onto surfaces less strongly than
CO, and conseqently break through the end of the column with
H,.*** Both of these impurities must be removed owing to the
implications of CH, as a greenhouse gas**> and the high toxicity
of CO. Other trace impurities, such as H,O and H,S, may
also influence the performance of the material over time, and at
the very least, the materials should be robust toward these
components. The stability of metal—organic frameworks to-
ward H,O was considered in the context of post-combustion
CO, capture in section 3.3.1. There is relatively little known
regarding the effect of H,S on metal—organic frameworks,
although initial studies have demonstrated strong (irreversible)
adsorption within materials with exposed metal cation sites,
such as MIL-100.*%%7

4.1.5. Metal—Organic Framework-Containing Mem-
branes for pre-combustion CO, Capture. Membrane se-
paration is an exceptionally promising strategy for precombus-
tion CO, capture.*® This is primarily because the high pressure
of a pre-combustion gas mixture is an excellent driving force
for membrane separation of CO, and H,. The same proper-
ties that make metal—organic frameworks promising precom-
bustion adsorbents are preserved in a membrane separation
scenario. In a MOF-5 membrane, the CO,/H, selectivity is
theoretically higher than the CO,/N, selectivity.*'® The high
capacities for CO, in bulk metal—organic frameworks are not
necessarily lowered when these materials are incorporated into
membranes, since, for example, mixed-matrix membranes of
MIL-53 have been shown to adsorb as much as 6 mol/kg of
CO, at 25 bar.¥*’

Diftusion is a property of gases that is pertinent to mem-
brane separations that is frequently not discussed for bulk
nanoporous adsorbents. This important characteristic has
been thoroughly studied and can be harnessed in CO,/H,
membrane separations in metal—organic frameworks.*** In
MOE-5, the self-diffusivity of H, is much higher than that of
CO,, a requisite property for a H,-selective membrane.**' H,
diffusion in MIL-47(V) and MIL-53(Cr) has been shown to be
2 orders of magnitude higher than the highest values recorded
within a zeolite, which is a potential advantage in incorporat-
ing metal—organic framework-containing membranes into
pre-combustion CO, capture systems. Additionally, CO,
diffusion is slower than H, in MIL-47 just as in MOE-§,***
preserving the selectivity of the separation materials. In
section 6, we will discuss membrane applications of metal—
organic frameworks in more detail.

4.2. Metal—Organic Frameworks as Adsorbents
Metal—organic frameworks have recently been investigated
as potential next-generation adsorbents for pressure-swing
adsorption-based separation of CO, from H,. Their high
surface areas afford enhanced gas adsorption capacities com-
pared with porous solids conventionally employed in multi-
layer beds within current PSA systems, namely, activated

carbons and zeolites, and their tunable surface chemistry is
anticipated to facilitate further optimization of the material
properties. Here, optimization refers to creating adsorption
characteristics that are ideal for the CO,/H, separation with
the aim of reducing the regeneration cost of the PSA adsor-
bent, while maintaining a high gas adsorption working capa-
city and selectivity for CO, over H,.*"”

Despite the opportunity for the development of metal—
organic frameworks as pre-combustion CO, capture adsorbents
(and H, purification adsorbents), relatively few reports have
emerged in this regard. Although evaluation of the performance
of candidate frameworks can be well-approximated via the
collection of high-pressure, single-component CO, and H,
isotherms at near-ambient temperature, there are only a small
number of examples where such experiments have been per-
formed. In cases where they have been reported, the isotherms
have seldom been discussed and analyzed in the context of pre-
combustion capture. Note that in this section, we consider CO,/
H, separations only in the context of pressure-swing adsorption-
based processes in which the separation of the gases is achieved
by a thermodynamic equilibrium that results from the bulk
adsorptive properties of the material. As mentioned above, an
alternative strategy for achieving the separation would be to make
use of the difference in the kinetic diameters or diffusion
properties of the two molecules in a kinetic-based separation
using metal—organic framework membranes, and a thorough
discussion of CO,/H, separations (and other gas separations
relevant to CO, capture) using such materials can be found in
section 6. It should further be noted that, although the present
discussion predominantly addresses CO,/H, separations, CO,/
CO separation is also highly relevant to pre-combustion CO,
capture (see section 4.1.4) and has been investigated in metal—
organic frameworks such as ZIF-100°*’ and mixed-linker MOF-$
variants (multivariate “MTV” metal—organic frameworks).*"’
The separation of CH, and H, is also highly relevant to hydrogen
purification and has been investigated in metal—organic frame-
works in a number of studies.*****~**

Table 3 provides high-pressure adsorption data for metal—
organic frameworks representing many structure types and
surface chemistries, and in general the data demonstrate the
tremendous CO, adsorption capacity owing to the high surface
areas and pore volumes found within the materials. In evaluat-
ing these materials for pre-combustion carbon dioxide capture,
an initial step would be to calculate the maximum PSA working
capacity of the potential adsorbent, which requires knowledge
of its saturation capacity for CO,. While the adsorption
capacity at the lower (purge) pressure is a crucial parameter
for maximizing the working capacity, a high saturation capacity
is a necessity since it serves as an upper limit of the working
capacity.

The selectivity of the material is also a crucial parameter when
considering a material for pre-combustion CO, capture. There
can be a trade-off between the working capacity and the
selectivity, since more selective materials will tend to have a
steeper initial portion in the CO, isotherms (P < 1 bar). This
leads to a lower working capacity because the CO, adsorbed at
the lowest pressures will not be removed at the purge pressure.
Thus, since the working capacity is highly sensitive to the lower-
pressure region of the adsorption isotherm, a single high-pressure
CO, isotherm is not sufficient to evaluate a material for pre-
combustion CO, capture. For example, among the more promis-
ing metal—organic frameworks listed in Table 3 are the MOF-74
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Figure 25. Single-component CO, (green triangles) and H, (blue
circles) adsorption isotherms for the metal—organic frameworks MOF-
177, Co(BDP), Cu-BTTri, and Mg,(dobdc) at 313 K. Reproduced with
permission from ref 87. Copyright 2011 American Chemical Society.

structure types (Mg- and Ni-MOF-74), which possess exposed
metal cation sites (see section 3.2.3). These materials do not have
the highest CO, saturation capacity and also have a relatively
steep CO, adsorption isotherm, but as will be discussed in
section 4.2.1, the balance between selectivity and working
capacity renders them extremely promising for pre-combustion
CO, capture. In contrast, MOF-177 has a high CO, capacity and
a shallow initial rise in its CO, adsorption isotherm. However, its
internal surface imparts little CO,/H, selectivity and after further
investigation, MOF-177 is shown to be a poor pre-combustion
CO, capture material. These two examples serve to stress that
while metal—organic frameworks adsorb large amounts of CO,
at high pressures, they need to be carefully evaluated in order to
elucidate the most promising candidates for pre-combustion
CO, capture.

4.2.1. Investigations Based on Single-Component Iso-
therms. To date, very few experimental studies explicitly inves-
tigating metal—organic frameworks or pre-combustion CO,
capture have been reported. In one recent example, high-pres-
sure CO, and H, adsorption isotherms were measured at 40 °C
for five rerpresentative metal—organic frameworks, and the
selectivities and working capacities were calculated using IAST.*’
Two ri§id, high-surface area frameworks (MOF-177 and Be-
BTB),****” one flexible framework (Co(BDP)),** and two
materials bearin% exposed metal cation sites (Mg,(dobdc) and
Cu-BTTri)***% were studied. Figure 25 shows the isotherms
for four of the five frameworks (the isotherms for Be-BTB were
similar to those obtained for MOF-177).

In terms of adsorption selectivity, Mg,(dobdc) was the best
out of the materials studied, including two activated carbons and
zeolite 13X (see Figure 26). These selectivities were calculated by
applying IAST (section 2.3.2) to the single-component iso-
therms and assuming an 80:20 H,/CO, mixture. All porous
materials with localized charges in the pores (Mg,(dobdc) and
Cu-BTTri) and zeolite 13X demonstrated selectivities between
100 and 1000, as did activated carbons with strong van der Waals
interactions with CO, due to their small pores. The metal—
organic frameworks having largely aromatic internal surfaces
without significant surface charges (MOF-177, Be-BTB, and
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Figure 26. CO,/H, selectivities for an 80:20 H,/CO, mixture at 313 K
as calculated using JAST methods. Reproduced with permission from
ref 87. Copyright 2011 American Chemical Society.

Co-BDP) were found to display low CO,/H, selectivities in
the range of 5—10.

In terms of working capacity for the same gas composition, all
of the metal—organic frameworks exhibited higher volumetric
and gravimetric working capacities compared with zeolite 13X
and activated carbon JX101 (see Figure 27). The high CO,
saturation capacities of the metal—organic frameworks, espe-
cially coupled with strong polar interactions (such as in the case
of Mg,(dobdc) and Cu-BTTri) lead to their high working
capacities. Note that the materials with large pores (MOF-177
and Be-BTB) have a high gravimetric capacity but a low volu-
metric capacity, highlighting the importance of structural con-
siderations when selecting a metal—organic framework for
pre-combustion CO, capture.

The results of this study suggest that metal—organic frame-
works with open metal sites or other sources of localized charge
are particularly promising as pre-combustion CO, capture
adsorbents. They offer high CO,/H, selectivities as well as high
working capacities. Due to the delicate balance between strong
CO, binding and the need for low CO, adsorption at low
pressures (in order to increase working capacity), screening a
wide variety of this class of metal—organic frameworks is of high
importance for identifying the best materials for this application.

4.2.2. Computational Studies. While the performance of
metal—organic frameworks can be probed by collecting high-
pressure CO, and H, isotherms, an alternative option for
screening the vast number of materials would be to simulate
the adsorption of a pre-combustion gas mixture to predict the
separation performance. This can be performed by using only the
crystal structure of a porous material, making it a very powerful
tool. While such a methodology would allow a large number of
structures to be rapidly screened, it should be noted that
synthetic limitations (such as obtaining a perfectly desolvated
sample) make theoretical results a best-case scenario that require
experimental substantiation in the case of the most promising
materials.

In a similar situation to the experimental studies discussed
above, simulation-based investigations of CO,/H, separations
are also limited to a relatively small number of reports. One of the
earliest reports involved an indium-based metal—organic frame-
work, [In;O(abtc), s(H,0);](NO3)-3H,0, consisting of 3,3/,
5,5'-azobenzenetetracarboxylate (abtc) organic bridging units
and charge-balancing nitrate anions in the pores.**” The pre-
dicted selectivity for CO, over H, in a 15:85 CO,/H, mixture
introduced at 298 K increases from approximately 300 to 600
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Figure 27. Gravimetric (left) and volumetric (right) CO, working capacities calculated using IAST for an 80:20 H,/CO, mixture at 313 K, assuming a
purge pressure of 1 bar. Reproduced with permission from ref 87. Copyright 2011 American Chemical Society.

between 0 and S bar and then gradually decreases to 450 up to
30 bar. While the authors did not report the CO, working
capacity for this material, the high-pressure CO, adsorption of a
15:85 CO,/H, mixture was reported and from this isotherm a
maximum working capacity of 7 mmol/g can be approximated.
This is similar to the highest performing metal —organic frameworks
discussed in section 4.2.1, and therefore, if the nitrate anions are
accessible to gas molecules in the experimentally prepared material,
this compound would be very promising for pre-combustion
CO, capture.

Quaternary and quinary mixtures were also simulated in this
study. The quaternary mixture was composed of 15:75:5:5 CO,/
H,/CO/CH, and the quinary mixture was 15:75:5:5:0.1 CO,/
H,/CO/CH,4/H,0. These were included to better model pre-
combustion carbon capture mixtures as discussed in section 4.1.
Both selectivity curves maintain the same shape as the binary
mixture; however, the maximum selectivity drops by approxi-
mately 20 for the quaternary and another 30 for the quinary
mixture. The selectivity continues to decline from S to 30 bar,
and as such, the quaternary mixture drops to approximately 375
and the quinary selectivity to 350. In the context of pre-combustion
CO, capture, this work suggests that a modest amount of water in
the gas mixture could significantly decrease the selectivity for
CO, due to selective binding of H,O over CO, due to its
stronger polarizability. Interestingly, between 0 and 2 bar the
highest selectivity was observed for the quinary mixture,which
was attributed to bound water promoting the adsorption of CO,.

The same four- and five-component mixtures were employed
in evaluating a second cationic metal—organic framework with
charge-balancing nitrate anions.**® The copper-based material,
CugO(TZI)5(H,0)(NO3) - 1SH,O (rht-MOF), was shown to
be much less selective for CO, in both the quaternary and
quinary mixtures, and the initial selectivity of ca. 42, drops to 40
at 1 bar, increases to 60 at 40 bar, and then approximately
plateaus until 50 bar. The authors attributed this difference to the
large pore volume of rht-MOF.

A tetracarboxylate-linked indium-based metal —organic frame-
work was also investigated for CO,/H, separation.451 This
anionic framework with formula Ligs(H30)0s[In(C16HgOs)]
contains charge-balancing Li" cations in the pores, which are
shown theoretically to be the primary binding site for CO,. The
selectivity for CO, in a 15:85 CO,/H, mixture decreases from
1100 to 600 between 0.01 and 1 bar, increases slightly until 10 bar,
and then decreases back down to 500 at SO bar (see Figure 28).
These three regions are attributed to strong binding sites becoming
unavailable with increasing CO, loading, followed by cooperative
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Figure 28. Selectivities calculated from simulations for a 15:85 CO,/H,
mixture at 298 K in Liys(H30)05[In(C15HeOg)] shown with (solid
line) and without (dashed line) inclusion of electrostatic interactions.
Reproduced with permission from ref 451. Copyright 2011 American
Chemical Society.

CO,—CO, interactions becoming predominant, and last the
entropic favorability of H, binding at high pressures. This entropic
effect has been observed previously for other porous materials.**

Simulations for CO,/H, separations were further reported within
an indium-based metal—organic framework, Ingg(CsN,O4H,)os-
Nays(C,HsOH)o6(H20)19, (rho-ZMOE), formed from 4,
5-imidazoledicarboxylic acid as the linker.** This framework is
anionic and contains charge-balancing Na™ cations in the pores,
which bind CO, strongly and preferentially. Only at high
pressures when the cations are completely solvated by CO, does
the CO, begin to bind at other surfaces. This strong Na*—CO,
interaction leads to an initial selectivity of 200 at 10 bar, which
remains steady until 30 bar for a 15:85 CO,/H, mixture.
A maximum working capacity of 4 mmol/g can be estimated from
the high-pressure CO, adsorption of a 15:85 CO,/H, mixture. This
is approximately half that of other metal—organic frameworks with
exposed metal sites (see Section 4.2.1). Interestingly, the Na”
cations shift locations slightly with CO, adsorption.

The effect of replacing the protons on 1,4-benzenedicarboxylate
(BDC) in MOF-$ (see Section 1.4.1, Figure 6) with O™ —Li"
groups was studied computationally in a recent report.>** Upon
exposure to a 20:80 CO,/H, mixture, this structure reaches
predicted CO,/H, selectivities of 10 000 at infinite dilution, com-
pared with approximately 10 for unmodified MOF-S. This was
determined to be solely from electrostatic interactions by turning
these forces off and examining the changes in selectivity.
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The selectivity for CO, in a 50:50 CO,/H, mixture in
HKUST-1 (see Figure 7) and MOF-S were compared via
simulations.”'® In MOE-S, the authors found that the selectivity
slowly increases from less than 10 to approximately 30. HKUST-1
demonstrates a selectivity curve similar to rht-MOF, with an
initial decrease from 100 to 80 by 1 bar, an increase to 150 by
15 bar, and then a decrease to 100 at 50 bar. The last decrease is
ascribed to the favorable packing of the small hydrogen mol-
ecules when gas molecules are filling the pores, as opposed to
physisorption onto the surface. This effect is not seen in MOF-§,
because at 40 bar the pores are not fully occupied. The authors
also compared these selectivities to those generated using IAST
and found that for MOEF-S the prediction is reasonably accurate
but in HKUST-1 IAST underestimates the selectivity with a drop
from 100 at 0 bar to 70 at 50 bar. An additional insight was the
composition-dependence of selectivity, which was shown to be
minimal as the selectivity did not change more than 10% upon
increasing the amount of CO, in the mixture from 10% to 90%.

A compound with a neutral framework structure, Co,(ade),-
(CO,CHj3), *2DMF-0.5H,0 (bio-MOF-11), was studied theo-
retically for pure-component CO, and H, adsorption and a 15:85
CO,/H, mixture.>"® Radial distribution functions demonstrated
that CO, binds at Lewis basic sites of the adenine linker and not
near the framework cobalt atoms. The selectivity of the gas
mixture increases from 270 to 370 between 0 and S bar, then
decreases to 220 at 30 bar. The addition of 0.1 mol % H,O to the
mixture had a negligible effect on the selectivity, in contrast to the
results of the cationic materials discussed above.

Some researchers have focused on comparing groups of
porous solids to extract meaningful trends in CO,/H, separa-
tions. Simulated breakthrough curves (see section 3.2.3) of
CH,/H,, CO,/H,, and CO,/CH,/H, mixtures of five metal —
organic frameworks (as discussed in section 4.2.1), as well as
zeolite 13X, were published recently.*** A packed bed of
metal—organic framework was simulated and both the compo-
sition of the gas mixture exiting the bed as a function of time and
the amount of CO, adsorbed were evaluated. The metric Tyear,
the time at which a specified fraction of impurity (either CO, or
CH,) is present in the gas leaving the bed, was used to
characterize the adsorbents. In terms of Ty and the amount
of CO, adsorbed at Ty, Mg, (dobdc) was determined to be
the best material of those studied (see Figure 29). Note that this
method provides an important means of ranking materials via a
single metric, which takes into account both selectivity and
working capacity.

The effect of catenation (interpenetration) on CO,/H,
selectivity was examined computationally, and it was found that
catenated IRMOFs are much more selective than the noncate-
nated materials.*>* Looking at five different mixture com-
positions (5:95, 30:70, 50:50, 70:30, and 95:5 CO,/H,), the
catenated metal—organic frameworks all displayed selectivites
between approximately 40 and 110, whereas the three noncate-
nated materials were much lower (below 20). The shapes of the
selectivity curves differed for the different compositions, with the
three steps discussed above for Liy s(H30)os[In(abtc)] becom-
ing more apparent with more CO, in the mixture. This sub-
stantiates the attribution of CO,---CO, interactions to the
increase in selectivity after an initial decrease, as this increase is
not apparent in the 5:95 CO,/H, mixture. Furthermore, turning
off electrostatic interactions between CO, molecules only re-
sulted in the loss of this feature in the selectivity trace. The
adsorption sites of the gas molecues of the mixture gas
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Figure 29. Amount of CO, adsorbed as a function of breakthrough
time (Tprear), where the breakthrough concentration of CO, is 0.05%
and the conditions are 313 K, 48 bar adsorption, and 12 bar desorption
pressures. Reproduced with permission from ref 434. Copyright 2011
American Chemical Society.

demonstrated that selective CO, adsorption happens in the
small channels of the catenated frameworks.

A study in which the CO,/H, selectivity for two ZIF materials,
ZIF-3 and ZIF-10, was compared with those of IRMOF-1, -8, -10,
and -14 has been recently reported.>*® In a 10:90 mixture of
CO,/H,, ZIF-3 exhibited the three-step adsorption selectivity
behavior discussed above, with a selectivity factor between 100
and 200, while ZIF-10 increased linearly in selectivity from 25 to
60 between 0 and S0 bar. All of the IRMOF selectivities were
approximately constant with pressure, varying between 7 and 12.
The difference in selectivity between the two classes of frame-
works was attributed to the smaller pore size in ZIFs and
confinement effects, which is a result of the higher degree of
overlap of the van der Waals forces associated with opposing wall
surfaces.

In a separate study, six metal—organic frameworks were
compared with six covalent-organic frameworks (COFs). These
are porous crystalline solids that consist of only covalent bonds
and are typically assembled from the co-condensation of boronic
acids.>** The six COFs studied are very similar with respect to
their properties since they are composed of the aromatic units
connected by boron oxide rings. Five of the six metal—organic
frameworks studied are from the IRMOF series and the sixth was
HKUST-1. Two materials, HKUST-1 and COF-6, were found to
be much more selective than the other materials. The selectivity
in COF-6 was attributed to the small pore size, and the
concomitant confinement effects. Both materials had large dif-
ferences in the heats of adsorption of CO, compared with H,,
and HKUST-1 exhibited a significantly higher electrostatic
contribution to the selectivity.

A compilation of previously published data obtained from
configurational-bias Monte Carlo (CBMC) simulations was
recently reported.”’” The CO,/H, selectivity for a 15:85 CO,/
H, mixture was compared for zeolites NaX, NaY, AFX, CHA, and
FAU-Si in addition to the metal—organic frameworks rho-
ZMOF, Mg,(dobdc), Zn,(dobdc), HKUST-1, ZIF-8, and
MOF-177. The most selective was zeolite NaX followed by
NaY, AFX, rho-ZMOF, and Mg, (dobdc). The working capacities
assuming a 1 bar purge pressure were also plotted for these
materials and the same gas mixture, and Mg,(dobdc), Zn,-
(dobdc), HKUST-1, ZIF-8, and zeolite AFX were the top five
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in terms of working capacity, with Mg,(dobdc) being consis-
tently significantly higher than all of the other materials (see
Figure 30a). In addition, selectivity as a function of working
capacity was also plotted at a pressure of 10 bar to demonstrate
which materials maintained a high working capacity and were
also selective (Figure 30b). Here, Mg,(dobdc) stands out as
clearly the most attractive metal—organic framework candidate
for pre-combustion CO, separation.

Taking all of the simulation work published to date relating
to metal—organic frameworks for pre-combustion CO, capture
into consideration, Mg, (dobdc) is expected to provide the best
overall performance out of the materials studied so far. Im-
portantly, this is consistent with the conclusions from the few
experiments performed thus far (see section 4.2.1). Strategies
for improving upon the performance of Mg,(dobdc) are
urgently required, although the synthesis of new metal—organic
frameworks with pore surfaces decorated with a high concen-
tration of exposed high-valent (trivalent or tetravalent) cations
would be one approach for achieving higher capacities and
selectivities. As discussed in section 4.1.4, examining the effects
of impurity components (H,O, CO, H,S, and CH,) in the pre-
combustion gas stream on the stability and separation perfor-
mance in Mg,(dobdc) as well as other metal—organic frame-
works is an area in which a greater understanding is urgently
needed.

5. OXY-FUEL COMBUSTION

Oxy-fuel combustion refers to the ignition of pulverized coal
or other carbon-based fuels in a nearly pure O, environment and
represents a relatively new process for mitigating CO, emissions
compared with pre-combustion and post-combustion CO, cap-
ture. The significant advantages of this process stem from the fact
that the flue gas (following removal of particulates, water, and
trace impurity gases) is almost entirely CO,, which greatly
simplifies the capture step, and that most existing power plants
could be readily retrofitted with an oxy-fuel combustion system.
Although there are no full-scale plants currently using oxy-fuel
combustion, theoretical studies along with laboratory and pilot-
scale studies have provided an understanding of important design
parameters and operational issues.

A schematic of a typical oxy-fuel combustion process is
presented in Figure 3. Here, in a conventional set up, O,
(purity >95%) is fed into the plant from a cryogenic separation
unit, which separates O, from the other components of dry air
by a distillation process. The O, inlet gas is diluted with CO,
from the flue stream to a partial pressure of 0.21 bar in order to
control the temperature of fuel combustion and to reduce the
formation of NO, impurities that frequentlzf form when coal is
burned in an O,-enriched eltmosphere.45 The exhaust gas,
which is essentially pure CO,, can then be directly subjected
to sequestration using the techniques discussed in detail in
section 1.3. Indeed, in addition to CO, (55—65 wt %), the
other major component of the gas stream is water vapor
(25—3S wt %), which is easily condensed and removed.**¢
In fact, CO, capture rates higher than 95% have been achieved
by this method, a level not currently possible with pre-
combustion and post-combustion separations.*’” A further
advantage related to combustion in an O,/CO, mixture lies in
the fact that compared with a process utilizing air, which is rich
in N, the formation of NO, is largely inhibited, allowing for a
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Figure 30. (a) Working capacities (“delta loadings”) of selected
metal—organic frameworks and zeolites, as calculated for a 15:85
CO,/H, mixture at 300 K with a purge pressure of 1 bar. (b) The
CO,/H, adsorption selectivity as a function of working capacity (“delta
loadings”) of selected metal—organic frameworks and zeolites. The
selectivities and working capacities are calculated for a 15/85 CO,/H,
mixture at at 300 K, with a purge pressure of 1 bar. Reproduced with
permission from ref 317. Copyright 2011 The Royal Society of
Chemistry.

smaller, cheaper NO, removal step than required in current
power plants.

A significant challenge for the implementation of oxy-fuel
combustion methods is in the large-scale generation of pure O,
from air. This separation is currently carried out on a scale of
over 100 Mt/year,**® but the large energy requirement for this
process creates an urgent need for alternative separation
methods if oxy-fuel combustion is to be widely used in mitigat-
ing carbon emissions. Microporous solids that selectively
adsorb O, from the air could potentially significantly reduce
this energy cost. Indeed, zeolites have been used in this
separation on an industrial scale and in portable medical
devices,*” although the separation performance and energy
efficiency is considered to be insufficient for use in oxy-fuel
combustion applications. In this regard, metal—organic frame-
works hold tremendous promise for delivering high-perfor-
mance materials that are specifically optimized for the removal
of O, from the air. As will be discussed, this separation is
essentially an O,/N, separation, for which metal—organic
frameworks exhibiting high selectivities, and O, adsorption
capacities have been recently reported.

dx.doi.org/10.1021/cr2003272 |Chem. Rev. 2012, 112, 724-781
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5.1. Metal—Organic Frameworks for O,/N, Separation

As discussed in previous sections, microporous metal—organic
frameworks are typically selective for the adsorption of CO, over
N, or CO, over H,, based on the large differences in the
quadrupole moments and polarizabilities between the molecules.
However, owing to the very similar physical properties of O,
and N,, their separation using a purely physisorptive adsorp-
tion mechanism is expected to yield very limited selectivity
factors. In fact, because of the higher quadrupole moment and
polarizability of N, compared with O, (see Table 2), many of the
metal—organic frameworks for which O, isotherms have been
measured at room temperature are slightly selective for the
adsorption of N, over O,. For example, O, and N, adsorption
isotherms recorded at 298 K for MOF-177 and UMCM-1, which
are both high-surface area frameworks with BET surface areas of
greater than 4000 m*/g, yield a selectivity factor (calculated as
the number of moles of O, adsorbed at 0.21 bar divided by the
number of moles of N, adsorbed at 0.79 bar) of less than
1.169,228:298390 By rthermore, although small-pore zeolites have
been employed for O,/N, separations based on the differing
kinetic diameters of these molecules, it is unlikely that metal —or-
ganic frameworks could offer the significant improvements
needed for an efficient kinetic-based O,/N, separation process.
Instead, an effective separation of O, from N, within metal—or-
ganic frameworks is expected to be achieved through harnessing
the differences in chemical properties of the molecules, and this
has indeed been the focus of recent work in which high
adsorption selectivities have been reported.

The high propensity for O, to accept electrons from redox-
active metal centers is one feature that can be exploited to
perform the separation of O, from N, within metal—organic
frameworks. Indeed, such interactions are crucial in nature for
biological functions such as O, transport, and a large volume of
biomimetic molecular chemistry has emerged through coordina-
tion complexes containing metal ions such as Fe** or Cu*.*0 4%
Thus, if the surfaces of metal—organic frameworks can be
decorated with electron-rich, redox-active metals with open
coordination sites, these sites may engage in a reversible electron
transfer to O,, but not N,.

Metal—organic frameworks containing such accessible redox-
active metal centers have recently emerged,'**>****~%7! and
these display considerable promise as next-generation O, capture
materials. Note that metal—organic frameworks are expected to
possess several advantages over zeolites, since their larger pores
are expected to facilitate higher gas permeability, and the
adjustable character of the pore surfaces are anticipated to allow
the enthalpy of O, adsorption to be finely tuned for specific
working conditions. Additionally, since the exposed metal sites
are immobilized and separated from each other on the pore
surface by virtue of the framework structure, two metal sites
cannot combine to form O,-bridged species, a reactivity pathway
that is known to diminish the performance of molecular com-
plexes investigated for O, binding.*’>~*"*

Recently, a metal—organic framework bearing exposed
cr** adsorption sites, Cr3(BTC),, a framework isostructural to
HKUST-1 was studied for selective binding of O, over N,.13*
The Cr** sites are available for binding guest molecules and
exhibit a tremendous affinity for O,, leading to an O, adsorption of
11wt % at 298 K and a pressure of just 2 mbar (see Figure 31). At
the same temperature, the quantity of N, adsorbed is just 0.58 wt
% at a pressure of 1 bar. The steep initial rise in the O, adsorption
isotherm is indicative of a strong (chemical) interaction between
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Figure 31. Uptake of O, (red symbols) and N, (blue squares) by
Cr3(BTC), at 298 K. The compound saturates with O, at approximately
2 mbar but shows little affinity for N,. Upon evacuation, the O, isotherm
for a second cycle reveals a slightly reduced capacity. Reproduced with
permission from ref 134. Copyright 2010 American Chemical Society.

the Cr** sites and O, molecules, and the saturation uptake
corresponds to the adsorption of dioxygen at approximately 80%
of available Cr*" sites within the framework. Indeed, UV—vis—nIR
spectroscopy and X-ray absorption spectra confirmed the partial
electron transfer from Cr** to the bound O, molecule to give
roughly a Cr** —superoxide adduct. The charge transfer gives rise to
a significantly stronger interaction compared with the physisorptive
adsorption of N, molecules, resulting in an O,/N, selectivity factor
of 19.3. This selectivity is significantly higher than that observed for
most previously investigated porous solid materials,"”> such as a
carborane-based porous Co>*-based framework, which displays
a selectivity factor of 6.5 at low pressure.”>* Importantly,
Cr3(BTC), displays reversible O, uptake, and heating of the
framework to just 50 °C liberates the majority of the bound
O,. However, following 14 adsorption/desorption cycles,
approximately 35% of the O, adsorption capacity of the
material is lost, presumably as a result of framework decomposi-
tion owing to the highly exothermic nature of the chromium—0,
interaction.

More recently, selective O, adsorption has been studied in
Fe,(dobdc), a metal —organic framework featuring one-dimen-
sional hexagonal channels lined with five-coordinate Fe*
centers (see Figure 8).47¢ Gas adsorption isotherms measured
at 298 Kindicate that this material binds O, at a capacity of 10.4
wt % at 1.0 bar. The N, uptake under these conditions is
considerably lower, reaching just 1.3 wt % at 1.0 bar. Although
this material exhibits a selectivity factor of 6.6, the adsorption
of O, at 298 K was irreversible. Remarkably, at 211 K, O,
adsorption was nearly doubled to 18.2 wt % and fully reversible.
Under these conditions, the material showed negligible loss in
adsorption capacity after 13 cycles. Initial isosteric heats of N,
(—35kJ/mol) and O, (—41 kJ/mol) adsorption in Fe,(dobdc),
calculated from dual-site Langmuir—Freundlich fits to iso-
therms measured at 201, 211, 215, and 226 K, reflect the higher
propensity for O, to accept charge from Fe*. Accordingly,
Fe,(dobdc) exhibits high O,/N, selectivity at these tempera-
tures ranging from 4.4 to 11, reaching a maximum of 11.4 at 201
K and about 0.4 bar. Application of IAST to simulate break-
though curves indicate Fe,(dobdc) is a promising material for
the separation of O, from air at temperatures well above those
currently used for cryogenic distillations.
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Mossbauer spectroscopy, in conjunction with neutron powder
diffraction and infrared spectroscopy, was employed to elucidate the
mechanism of O, adsorption in Fe,(dobdc). At low temperatures,
Fe,(dobdc) was found to adsorb O, reversibly at a capacity
corresponding to the adsorption of one O, molecule per Fe center.
At higher temperatures O, adsorption becomes irreversible and
decreases to one O, molecule per two Fe centers. Mossbauer
spectroscopy indicated that in the absence of O,, the spectrum of
Fe,(dobdc) exhibits a simple quadrupole doublet, with isomer shifts
and quadrupole splitting indicative of high-spin Fe** in a square
pyramidal coordination environment. Upon dosing the material
with O, at 94 K nearly all of the iron centers display a substantially
reduced isomer shift, which lies between typical values expected for
high-spin Fe** and high-spin Fe**, suggesting partial charge transfer
to the adsorbed O,. Warming the material above 222 K in the
presence of O, results in spectra with isomer shifts and quadrupole
splittings typical of high-spin Fe**. The combination of data from
O, adsorption experiments and Mossbauer spectroscopy suggests
that O, binds to the exposed iron sites in Fe,(dobdc) by two
different coordination modes depending on the temperature of
adsorption. At low temperatures, partial charge transfer from iron to
O, results in a material with weakly bound, partially reduced O, at
every Fe center. At higher temperatures, the initial electron transfer
step is followed by a second electron transfer from an adjacent Fe
center. In this scenario, all of the iron centers are oxidized to Fe”,
half being irreversibly coordinated by an O, anion, while the other
half remain five-coordinate.

Infrared spectroscopy and neutron powder diffraction were
utilized to confirm the proposed mechanism of O, binding in
Fe,(dobdc). Upon dosing the sample with O, at 100 K, a number
of new bands were apparent in the difference IR spectra. Most
notable was the component present at 1129 cm ™ ', which, in
conjunction with the first overtone of this stretching mode
appearing at 2238 cm ', is indicative of partially reduced
(near superoxo) O, species coordinated to the Fe centers.
Additionally, upon warming the sample to room temperature,
the superoxo band at 1129 cm™' disappears while a new
component at 790 cm ™" (indicative of metal-bound O,*")
appears. These assignments are consistent with the model
developed from O, adsorption experiments and Mossbauer
spectroscopy.

Direct structural evidence for temperature-dependent bind-
ing of O, to the iron centers in Fe,(dobdc) was provided by
neutron powder diffraction. Refinement of powder diffraction
data collected on a sample at 4 K that was dosed with 2 equiv of
O, periron at 100 Kindicate three different O, adsorption sites
(Figure 32). The first site to be populated by O, is the open Fe-
based binding site. Interestingly, the O, molecule binds in a
symmetric side-on coordination geometry, with an Fe—O
distance of approximately 2.10(1) A. The refined O—O
separation distance of 1.25(1) A is approximately halfway
between the internuclear distance observed for typical super-
oxide (1.28 A) and free O, (1.207 A).*”” The second and third
O, adsorption sites occur within the pores of the material at
occupancies of 0.857(9) and 0.194(8) A, respectively. Refine-
ment of data collected at 4 K on a sample that had been dosed
with O, at room temperature confirmed coordination of a
peroxide species to approximately half of the iron centers in
the framework. Specifically, O, was found to coordinate to
iron in an asymmetric side-on mode with a refined occupancy
of 0.46(2) and a substantially elongated O—O distance of
1.6(1) A.
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Figure 32. A portion of the structure of Fe,(0,),(dobdc)-O, as
viewed down the (001) direction. Orange, gray, and red spheres
represent Fe, C, and O atoms, respectively; H atoms are omitted for
clarity.*””

The O, adsorption characteristics of Fe,(dobdc) and Cr;-
(BTC), highlight the importance of exposed redox-active metal
centers for the development of new metal—organic frameworks
that exhibit selective O, adsorption. A simple strategy for
preparing new metal—organic frameworks with potential utility
for O,/N, separations is exemplified by the synthesis of these
materials. Although Cus(BTC),"”® or Mos(BTC),"*” do not
selectively adsorb O, over N, replacement of the metal cations
in the structure of these materials with Cr*" effectively resulted
in a material with unprecedented O,/N, selectivity. This ap-
proach of preparing frameworks of known structure types with
redox-active metals could potentially be expanded to other
families of materials.

In addition to preparing new metal—organic frameworks for
0,/N, separations, modifications can be made to existing frame-
works to optimize the O, adsorption selectivity. The compound
Fe,(dobdc), for example, exhibits reversible O, adsorption up to
226 K, above which electron transfer reactions result in irrever-
sible O, adsorption. Modification of the bridging ligand by
incorporating electron-donating or -withdrawing groups would
presumably alter the electronics of the material and could result
in a framework that demonstrates reversible room-temperature
O, adsorption. Additionally, a number of metal—organic frame-
works have been shown to be amenable to the postsynthetic
insertion of metal cations.”®**”*~* Incorporation of redox-
active metals into these frameworks may lead to materials with
selective/reversible O, binding properties. As compared with
CO, capture and storage, O,/N, separations with metal—
organic frameworks are still relatively new. However, rapid progress
has been made in this area, and further work is expected to lead to
a large class of O, separation materials that operate with high
capacity at room temperature.

6. METAL—ORGANIC FRAMEWORK-CONTAINING
MEMBRANES

Gas separation using membranes is a kinetics-based process
that relies on differences in the diffusion rates of gas molecules
within the membrane materials. In addition to the chemical
interactions between gas molecules and the surfaces of the
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sorbent, which is the primary determinant of the efficiency of
sorption-based separations, the sizes of the gas molecules and the
microstructure of the membrane play a crucial role in the
separation performance. Membrane-based gas separations have
been effectively used in many industrial-scale processes, such as
H,/CO, H,/CH,, and H,/N, separations, N, separation from
air, and natural gas sweetening, and may potentially be applicable
for use in CO, capture under the scenarios mentioned previously,
namely, post-combustion CO, capture (CO,/N, separation), pre-
combustion CO, capture (CO,/H, separation), and oxy-fuel
combustion (O,/N, separation). Although membrane-based
separations of these pairs of gases have previously been demon-
strated, the membranes must be further improved to function
effectively under the specific operating conditions required for
these CO, capture processes. As mentioned in previous
sections, the separations are often also complicated by the
presence of minor components within the gas mixture. For
example, in post-combustion CO, capture, the partial pres-
sure of CO, within the feed stream is relatively low (~0.1S
bar) and the flue gas contains many other components,
including H,O, SO,, and NO,. These relatively harsh condi-
tions may limit the opportunity of membrane processes for
application in post-combustion CO, capture compared with
sorption-based separation processes. However, recent work has
suggested several membrane process designs for CO, separa-
tion from flue gas mixtures along with detailed calculations on
the energy requirements for each process.*** An excellent
discussion on the desired membrane separation performance
is also presented in the work.

The performance of a membrane is usually described by its
permeability (or permeance) and selectivity. The permeability,
P, of gas component i in a given membrane can be calculated by
the following expression in gas permeation experiments:

p = Ji x 1
Api

(11)

where J; is the molar flux of component i,  is the thickness of the
membrane, and Ap; is the partial pressure difference across the
membrane. The selectivity or permselectivity of a gas pair, 0.,
which is a measure of separation efficiency, can be expressed as
the ratio of gas permeabilities:
Py

i/j P] ( )
Note that when membranes have asymmetric structures, the
permeance is used more frequently than the permeability:

permeance; = Ji (13)
Pi

Owing to their well-defined pore structures, the values of these
parameters can be higher within crystalline microporous materi-
als compared with polymeric membranes, where the gas trans-
port is governed by a solution-diffusion behavior. Analogously,
zeolite membranes with various topologies have demonstrated a
significantly enhanced separation performance when compared
with polymeric membranes. The high surface area and tunable
pore functionalities available in metal—organic frameworks pre-
sents an opportunity to further enhance the performance of
membrane materials, although their use within membranes
is still in a very preliminary stage.*® In this section, we discuss
membranes containing metal—organic frameworks either as a

pure film, or as one component within a mixed-matrix mem-
brane. Although our focus will be predominantly on those
separations that would be of high importance for reducing
CO, emissions from power plants, a number of other CO,
separations, such as CO,/CH, separations, that illustrate the
important considerations for the development of next-genera-
tion membrane materials for CO, capture, will also be discussed
as needed.

6.1. Continuous Films of Metal—Organic Frameworks

A growing number of continuous metal—organic framework
thin films have been fabricated for applications in a variety of
areas, such as supported catalysts, molecular sensors, and gas
separation membranes.*****’ In the context of gas separations,
the studies to date have been limited to membranes with low
surface areas, although significant advances have been made
with regard to the investigation of their gas transport properties
and the fabrication methods of these membranes on porous
substrates.

Initial efforts on the fabrication of metal—organic framework
continuous films have been made on nonporous supports such
as uniformly functionalized organic self-assembled monolayers
(SAM) and silicon wafers. For example, Fe-MIL-88B crystal layers
were grown on a gold substrate functionalized with mercaptohex-
adecanoic acid by a solvothermal treatment with a synthesis
mixture for MIL-53.*% In fact, two metal—organic frameworks
appeared after the reaction; the MIL-53 framework formed in the
homogeneous solution, and MIL-88B framework was heteroge-
neously grown on the substrate. Uniformly distributed organic
functional groups on the substrate allowed metal—organic frame-
work crystals to grow in an oriented fashion. In other studies,
thin MIL-89" and MIL-101*" layers were deposited on silicon
wafers by a dip-coating method using a metal—organic framework
nanoparticle colloidal solution. Continuous metal —organic frame-
work films, however, should be fabricated on porous supports if
they are to be used as gas separation membranes.

The synthesis of layers of MOF-5 on a porous substrate has
been accomplished by microwave heating,*”' wherein a conduc-
tive layer such as graphite was deposited on a porous alumina
substrate followed by selective and rapid formation of crystals of
the metal—organic framework on the coated surface. However,
upon close examination of the morphology of the resulting films,
it was determined that the metal—organic framework layers were
not continuous and were therefore not suitable for applications in
gas separations. Nevertheless, continuous films were obtained
through the conventional solvothermal method, and the result-
ing membranes deposited on an alumina support showed
Knudsen diffusion behavior (H,/CO, selectivity of 4.7) for all
gases studied.*”” Films of MOF-5 were fabricated using the
seeded growth method assisted by microwave heating, and these
also exhibited gas transport behavior consistent with a Knudsen-
type diffusion mechanism.*”* Note that the specific gas transport
mechanism observed for a given continuous metal—organic
framework film is derived predominantly from the structural
features of the framework. Here, the large pore openings and
channel dimensions (>10 A in diameter) within MOF-S pre-
sumably leads to a relatively low contribution of collisions of gas
molecules with the pore walls, resulting in a Knudsen-type
diffusion mechanism. However, one complicating factor in the
analysis was the fact that intercrystalline boundary defects could
not be excluded. The presence of such defects can lead to a
significant contribution to the overall transport mechanism via
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diffusion of the gas molecules between the individual MOEF-§
crystallites within the membrane, although such macroscopic
defects were not observed using scanning electron microscopy
(SEM).

An HKUST-1 membrane has been fabricated on a copper
surface via the hydrothermal method.*** The resulting mem-
brane exhibited a higher H, permeance than conventional zeolite
membranes, with selectivity of ~7 for H, over CO, at 25 °C and
1 bar of feed pressure. This can be attributed to the more rapid
diffusion of H, through the structure compared with CO,, which
displays a relatively high affinity for the pore surface (particularly
the Cu®" sites) due to its greater quadrupole moment and
polarizability.

For the foregoing examples, the pore diameters within the
metal—organic framework structures are significantly larger than
the kinetic diameters of the gas molecules, too large for size
exclusion-based gas separation to be realized. However, a number
of frameworks with smaller pores have been utilized in mem-
branes to demonstrate size-based separations. For example, a
continuous membrane has been fabricated from Cu(hfipbb)-
(H,hfipbb) s, which exhibits narrow one-dimensional channels
with small pore windows (3.5 x 3.2 A”in diameter), comparable
to those in small-pore zeolites, such as LTA, CHA, and DDR.**
Here, although continuous films could not be formed directly on
bare alumina supports using solvothermal methods, submicrometer-
sized crystals of the framework could be anchored to the surface
after treatment of the substrate with a polyethyleneimine coating.
The membrane was then fabricated by secondary growth from
the seeded support and showed good gas selectivity, especially at
high temperature (190 °C), with a selectivity of ca. 6 for CO,
over N,, and ca. 23 for H, over N, at 1 bar of feed pressure.
However, the observed permeance within the membrane was
very low, presumably as a result of the incorrect orientation of the
one-dimensional channels of the structure with respect to the
membrane.

The gas transport properties of several continuous films of
zeolitic imidazolate frameworks (ZIFs), including ZIF-8,%¢ 4%
ZIE-7,427501 71822 592 and ZIF-90,°% were recently reported.
Initially, films composed of ZIF-8 were fabricated on titania
supports through a microwave-assisted solvothermal synthesis.**®
As shown in Figure 33, a well-intergrown layer of ZIF-8 crystals
was produced on the top of the support. The successful forma-
tion of continuous ZIF-8 layers was also visualized with a sharp
transition between Zn and Ti signals in an energy-dispersive
X-ray spectroscopy (EDX) map. The gas separation properties of
the resultant membranes were investigated for various gases.
Surprisingly, despite the pore diameter of 3.4 A for ZIF-8 falling
between the kinetic diameters of CO, and CH,, the membrane
showed a very low selectivity for CO, over CH, (a = 4—5) at
25 °C and 1.1—2 bar. The membrane also showed limited
selectivity for CO, over N,, and the selectivity for H, over
CO, of ca. 4.5 is close to the Knudsen selectivity, although the
membranes did show a higher H, permeance compared with the
Cu(hfipbb) (H,hfipbb), s membranes.

Continuous membranes of ZIF-7, which exhibits a pore
diameter of approximately 3 A, were fabricated by seeding of
the alumina support with nanocrystals of the framework, fol-
lowed by microwave-assisted solvothermal growth.**” Polyethy-
leneimine was added to the aqueous seed solution not only to
stabilize the nanoparticles in the suspension but also to enhance
the linkage between the seeds and the support through hydrogen
bonding interactions. As shown in Figure 34, a well-intergrown
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Figure 33. SEM image (left) and corresponding EDX mapping (right)
of a cross section of a ZIF-8 membrane. In the EDX map, orange and
cyan represent Zn and Ti, respectively, clearly showing the clean
formation of the ZIF-8 layer on the titania support. Reproduced with
permission from ref 496. Copyright 2009 American Chemical Society.
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Figure 34. (a) Top down and (b) cross-section SEM images of a ZIF-7
membrane. (c) Cross-section SEM image of the ZIF-7 membrane (left)
and the same image overlaid with an EDX mapping (right). In the EDX
mapping, orange and cyan represent Zn and Ti, respectively, and the
results clearly show the clean formation of the ZIF-7 layer on the alumina
support. Reproduced with permission from ref 500. Copyright 2010
Wiley-VCH.

ZIE-7 crystal layer was deposited on the support. Due to the thin
nanoseed layer and the short secondary growth time during
which microwave heating was performed, a ZIF-7 membrane
with a thickness of just 1.5 (m, representing one of the thinnest
metal—organic framework-based membranes reported to date,
could be readily prepared. This membrane showed relatively
modest selectivities of 6.7 (single-component) and 6.5 (mixed-
component) for H, over CO, at 200 °C and 1 bar. Here, it was
hypothesized that the permeance of molecules with a diameter
greater than the pore diameter, namely, CO,, N,, and CHy, is
due to a contribution arising from non-size-selective mass
transport through the imperfect sealing of the membrane or
through the grain boundaries of the polycrystalline ZIF-7 film.
Indeed, in a more detailed gas transport study within ZIF-7
membranes, an improved selectivity for H, over CO, of 13.6
was observed from an equimolar binary mixture at 220 °C and 1
bar.*®! Significantly, the gas separation performance of the
membrane did not deteriorate in the presence of steam, which
is an important consideration for applications in post-combus-
tion CO, capture.

In a more recent study, membranes of ZIF-22, which possesses
the zeolite LTA topology with 3 A pore windows, were fabricated
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Scheme 2. Surface Modification of Al,O3 with 3-Aminopro-
pyltriethoxysilane Moieties, Which Can Then Be Used in
Covalently Grafting Imidazolate Functionalities for Anchor-
ing ZIF-90 Crystals onto the Surface>”’
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on porous titania supports treated with 3-aminopropyltriethox-
ysilane (APTES).*** Here, it was speculated that the 3-amino-
propylsilyl groups could coordinate to the exposed Zn** centers
on the surface of the nanocrystals, enabling them to be directly
tethered to the substrate surface, where they could then act as
seeds for further film growth. However, in a similar case to the
ZIF-7 films, the permeation of molecules larger than the pore
diameter of 3 A was large, and the membrane showed only a
modest selectivity for H, over CO, of 7.2 at 50 °C and 0.5 bar.
When the feed pressure was increased to 1 bar, the H,/CO,
selectivity decreased to S.1.

Continuous films of ZIF-90, which is isostructural to ZIF-8 but
with aldehyde groups on the organic bridging unit, have also been
fabricated on an alumina support treated with APTES.>* In this
work, the aldehyde groups within the organic linker were utilized
for the covalent anchoring of the framework onto the surface
through a reaction with the aminopropyl group installed on the
support (see Scheme 2). Subsequent nucleation and film growth
of ZIF-90 about these sites resulted in a high-quality membrane
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displaying selectivity for H, over CO, of 7.3 at 200 °C and 1 bar.
However, permeation of molecules with a kinetic diameter larger
than the crystallographic pore size of 3.5 A led to low selectivities
for CO, over N, and CO, over CH,.

Membranes comprising ZIF materials have also been re-
ported using a variety of other substrate types. For example, a
ZIF-8 film was deposited on a tubular porous alumina support
seeded with ZIF-8 nanoparticles of ~45 nm diameter.>** The
resulting membrane showed very high CO, permeance
[(1.7—2.5) x 10~° mol/m?*-s-Pa] with a selectivity for CO,
over CH, of 4—7 at 22 °C and 1.4 bar.

Another method for ZIF membrane synthesis involves mod-
ification of the surface of the support with the organic ligand of
the metal—organic framework of interest followed by conven-
tional solvothermal synthesis.**> Here, it has been found that
performing the synthesis at an elevated pH can play a crucial role
in forming dense, well-intergrown membranes. In the presence of
sodium formate, the imidazole units on the surface of the ZIF
crystals are thought to be fully deprotonated due to the increase
in pH (see Figure 35), resulting in isotropic growth in all crystal
directions to yield large, high-quality crystals. In contrast, at low
pH, random crystal branching and growth were observed,
presumably as a result of only partial deprotonation of the
surface imidazole groups. The permselectivities of the resulting
ZIF-8 membranes were 11.6 for H, over N, and 3.9 for H, over
CO, at 25 °C and 1 bar.

More recently, ZIF-8 films were prepared on a flexible nylon
substrate via a contra-diffusion of metal and imidazole linker
solutions at room temperature.506 Here, two reagent solutions
were initially separated by a porous nylon sheet within a U-tube,
and then, following diffusion of the reagents through the nylon
barrier, ZIF-8 crystals formed on both sides of the nylon sheet at
the interfaces where the reagents combine. Unfortunately, the
resulting membranes exhibited a selectivity for H, over N, of just
4, suggesting that their quality is relatively low compared with
those fabricated using other methods of growth.

Table 11 summarizes the CO, separation performance of all of
the continuous-film membranes formed from metal—organic
frameworks reported to date. Although some membranes exhibit
very high gas permeabilities, significant improvements in the
selectivities are required if they are to be adapted for use in a
viable CO, capture process. Significantly, the performance in the
context of H,/CO, selectivity is generally just slightly improved
over the selectivity that would be expected from a Knudsen-type
diffusion mechanism. Furthermore, metal—organic framework
membranes capable of performing CO,/N, and O,/N, separa-
tions have not yet been reported. However, the numerous
examples of high-quality continuous-film membranes formed
from zeolites and exhibiting attractive separation performances
highlights the crucial need for the development of improved
preparative methods for metal—organic framework membranes.
In particular, advances in control over the microstructure of the
membranes, such as the minimization of intercrystalline grain
boundary defects**”*°® and control of the orientation of the
crystallites,”®”**” are important for the realization of high-
performance membranes for CO, capture applications. The
formation of high-quality films is also crucial for fully char-
acterizing the performance of metal—organic framework-
based membranes.

Efforts to better characterize the intrinsic capabilities of
metal—organic frameworks in membrane-based separation pro-
cesses have also begun to emerge. Recently, the gas transport
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Figure 35. A schematic of the proposed role of sodium formate in promoting the growth of large ZIF-8 particles through complete deprotonation of the
surface imidazole functionalities. Top-view SEM images of ZIF-8 films after secondary growth are also shown (a) in the presence of sodium formate and
(b) without addition of sodium formate. The larger crystal sizes in panel a result in a more dense membrane, which is essential for good performance in
gas separation applications. Reproduced with permission from ref 50S. Copyright 2010 American Chemical Society.

Table 11. CO, Separation Performance of Metal —Organic Framework Continuous Films

metal—organic framework gas permeance (mol/m”-s-Pa) selectivity testing conditions ref
Cu(hfipbb)-(H,hfipbb),.s H,, 2 x 10°° H,/CO,, ~4 25190 °C, 1 bar 495
Cus(BTC), H,, (1.0—13) x 10°° H,/CO,, ~7 25°C, 1 bar 494
Zn,0(BDC), H,, 4.7 x 1076 H,/CO,, 4.7 25°C, 1 bar 492
SIM-1 H, 8 x 10°° H,/CO,, ~2.5 50 °C, 0.5—3.0 bar 512
ZIF-7 H,, (7.5—8.0) x 10°® H,/CO,, ~7 200 °C, 1 bar 500
ZIF-7 H,, 4.5 x 1078 H,/CO,, 13 220 °C, 1 bar 501
ZIF-8 H,, 5.1 x 1078 H,/CO,, 4.5 25 °C, 1.1-2.0 bar 496
ZIF-8 CO, 1.7-2.5 x 10°° CO,/CH,, 4—7 22 °C, 1.4 bar 504
ZIF-22 H,, 2.0 x 1077 H,/CO,, 72 50 °C, 0.5 bar 502
ZIF-90 H,, 2.5 x 1077 H,/CO,, 7.3 200 °C, 1 bar 503
properties have been measured through a single crystal of Cu,- T 16X1072 ]
(bza)4(pyz) (bza = benzoate; pyz =°p5yrazine), the structure of 2 axi012 —— =
which exhibits a pore size of about 4 A.>'° The high dependence o 12x102 — d
of the gas transport properties on the orientation of the g 1.0x 1012 d
metal—organic framework crystal (see Figure 36) illustrates T 0.8x 1072

the importance of controlling the growth direction within
polycrystalline films. In addition, the gas selectivities observed
for this particular single-crystal membrane are greater than for
any other metal—organic framework membrane reported to
date, with a CO,/N, selectivity of 14, and a CO,/CH, selectivity
of 25. Interestingly, CO, is more permeable than H, in this
structure, suggesting an adsorption-selective mechanism rather
than a simple diffusion-selective mechanism. Such studies clearly
indicate that the gas transport performance of metal—organic
framework membranes can indeed be high, but only upon
incorporation within high-quality structures.

For the preparation of high-performance membranes, the
metal—organic framework should be wisely chosen to suit the
target separations. To this end, computational studies on mass
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Figure 36. Single-component gas permeabilities of a Cu,(bza),(pyz)
single-crystal membrane when the crystal orientation is controlled such
that the one-dimensional channels within the structure of the framework
are aligned (red) and perpendicular (turquoise) with respect to the
direction of the incoming gas flow. Reproduced with permission from ref

510. Copyright 2010 American Chemical Society.

transport properties in metal—organic frameworks can be used
to predict the performance of the resultant membranes. For
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Figure 37. Schematic illustration of mixed-matrix membranes (a) incorporating metal —organic framework crystallites within a dense film and (b) in an

asymmetric membrane geometry.

example, a recent study predicted an excellent CO, separation
performance in a Mg,(dobdc) membrane.®'" The permselec-
tivity of 200 estimated for a CO,/H, mixture at 27 °C and 10 bar
was higher than that of any other metal—organic framework
studied, as well as the experimental result for the SAPO-34
membrane, which possesses the zeolite CHA topology with 3.8 A
pore window. The selectivity estimated for the CO,/N, mixture
was also higher than 40 in this material. This outstanding
performance arises from the chemical and structural properties
of Mg, (dobdc), in which, as discussed in section 3.2.3, a large
concentration of open metal sites allows CO, to be selectively
adsorbed onto the pore channels over other species. Then, in the
one-dimensional channels of the framework, CO, molecules
bound to pore walls can effectively slow the more mobile partner
species (H, and N,), resulting in a high CO, permselectivity in
the mixture. The CO, permeance in the Mg, (dobdc) membrane
was also predicted to be much higher than that of the SAPO-34
membrane, owing to its larger pore dimension (11 A), further
emphasizing the outstanding performance of Mg, (dobdc) and
its potential as a membrane material for applications in CO,
capture.

6.2. Mixed-Matrix Membranes

An alternative approach to the formation of metal—organic
framework-based separation membranes is through the incor-
poration of crystals into a polymeric membrane matrix, as
depicted in Figure 37. One key advantage of such “mixed-matrix”
membranes is the ability to combine the processability and
mechanical stability of polymers with the excellent gas separation
properties of crystalline, microporous solids. Zeolite molecular
sieves have been most widely employed for this purpose so far,
but reports of studies with mixed-matrix membranes containing
metal—organic frameworks have also begun to appear.'> The
incorporation of metal—organic frameworks is particularly at-
tractive due to their high surface areas, adjustable pore dimen-
sions, and tunable surface functionality, which might enable
the fabrication of membranes exhibiting properties that are
optimized for a specific separation. Furthermore, the high
processability originating from the polymer phase could allow
large-scale fabrication of high-quality membranes for industrial
applications using conventional methods. Similar to the contin-
uous metal—organic framework membranes described in section
6.1, their mixed-matrix counterparts are still in the early stages of
investigation, and many improvements are required in the
selection of materials and development of fabrication methods
in order to realize high-performance membranes.

Composite membranes incorporating the three-dimensional
metal—organic framework Cu,(PFs)(NO3)(bpy)4-2PFs-2H,0
confined within an amorphous glassy polysulfone polymer have
been investigated.*’> The very narrow channels within this
framework structure, measuring 4 x 3 A in the crystallographic
b-direction and 3 x 3 A% in the c-direction, should be suitable for

applications in size-exclusion based gas separations. The gas
permeability measured at 35 °C and 1 bar was found to decrease
slightly as a function of the amount of metal—organic framework
loaded within the polymer matrix, although membranes contain-
ing S wt % of the framework did show an enhanced selectivity of
ca. 200 for H, over CH, versus ca. 50 for the pure polymeric
membrane. Unfortunately, the CO, transport properties of this
system were not reported.

Mixed-matrix membranes have also been studied with varying
amounts of HKUST-1 incorporated within two different poly-
mers: a rubbery polydimethylsiloxane (PDMS) and a glassy
polysulfone.’'* The polysulfone membrane showed a gradual
increase in CO, permeability with increasing HKUST-1 loading,
up to 10 wt %. Membranes containing 5 wt % of HKUST-1
exhibited further enhanced selectivity of ca. 25 for CO, over N,,
as compared with ca. 20 for pure polysulfone membranes.
The selectivity dropped significantly when the framework load-
ing was increased to 10 wt %. Meanwhile, a 10 wt % HKUST-1/
PDMS membrane showed a substantial enhancement in CO,
permeability from 2500 to 3000 barrers, with a modest increase
in the selectivity from 8.2 to 8.8. Here, again, the performance
was not improved when the metal—organic framework loading
was further increased.”"*

Mixed-matrix membranes containing CuSiFs(bpy), and
MOF-S within a commercial polyimide (Matrimid) have been
fabricated and tested.>"> Gas permeation measurements per-
formed at 35 °C and 2 bar revealed that incorporating the
copper-based framework, which exhibits a structure with 8 A
pore windows, within the polymer increased the CO, perme-
ability but decreased the selectivity for CO, over N,. In contrast,
the selectivity for CH, over N, was enhanced. This can be
rationalized on the basis that the framework has a high affinity
for CH,, presumably due to its large surface area and relatively
large pore windows. The Matrimid membranes incorporating
MOE-S showed increased CO, permeability with a modest
increase or no change in gas selectivity, according to pure gas
permeation tests conducted at 35 °C and 2 bar.’'® As the best
example, in a membrane containing 30 wt % MOE-5, the CO,
permeability was almost doubled with a 10% increase in the
selectivity for CO, over N, compared with the pure polymer
membrane. Disappointingly, the mixed gas permeation tests for
this membrane formulation revealed H,/CO, and CO,/CH,
selectivities lower than the corresponding values of the pure
polymeric membrane.

One of the major challenges for mixed-matrix membrane
studies is the issue of nonideality at the interface between the
dispersed microporous crystals phase and the polymer matrix,
particularly when glassy polymers are employed. To over-
come this problem, a mixed-matrix membrane based on a
low-T, (glass transition temperature) polymer, polyvinyl-
acetate (PVAc) was fabricated in an attempt to achieve a
defect-free morphology.”'” Mixed-matrix membranes containing
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Cu(BDC) showed enhanced separation performance compared
with the pure PVAc membrane when tested at 35 °C and 4.5 bar.
Membranes containing 15 wt % of Cu(BDC) exhibited a 34%
increase in the CO, permeability and a 10% increase in the
selectivity for CO, over N,. This rather modest gas separation
enhancement can be attributed to both a molecular sieving effect
from the relatively small pores of the framework (5.2 A pore
windows) and improved adhesion between the metal—organic
framework and polymer phases.

A number of ZIF-based mixed-matrix membranes have also
been reported. In particular, the CO, transport properties of ZIF-
8/polysulfone mixed-matrix membranes have been investigated
via gas permeation measurements and pulsed-field gradient
NMR techniques.®'® The CO, self-diffusion coefficient mea-
sured by NMR spectroscopy at 25 °C increased with ZIF-8
content, from 2.1 X 10~® cm”/s for pristine membranes to 9.3 x
10~® cm®/s for membranes containing 30 wt % ZIF-8. Gas
permeation tests confirmed the significantly improved CO,
permeability for the mixed-matrix membrane. Detailed analysis
further revealed that the ZIF-8 particles also contribute greatly to
the CO, permeation by increasing the gas solubility within the
composite membranes. Additionally, ZIF-8/Matrimid mixed-
matrix membranes were tested with various single-component
and mixed gases at 35 °C and 2.7 bar.>'® Gas permeability
increased with the loading of ZIF-8 up to a level of 40 wt %.
Noticeable increases in selectivities, as evaluated from both
single-component and mixed gas permeation, were observed at
aloading level of 50 wt % for gas pairs including small molecules,
such as H,/CH,, CO,/CH,, H,/C3;Hg, and CO,/C3Hg, sug-
gesting that the ZIF-8 phase may act as a molecular sieve for
smaller gas molecules.

Membranes comprising ZIF-90 dispersed within various
polyimides have also been investigated.”*’ As shown in Figure 38,
the ZIF-90 crystals were evenly distributed within the polymer
matrix and interfacial voids were not observed by SEM. Gas
permeation tests revealed that when less permeable polymers
such as Ultem and Matrimid were used as the matrix, the
membrane displayed an increase in the CO, permeability with
no change in the selectivity for CO, over CH,;. However, an
enhancement in both permeability and selectivity was observed
when a highly permeable polyimide SFDA—DAM (6FDA = 2,2-
bis(3,4-carboxyphenyl)hexafluoropropane dianhydride, DAM =
diaminomesitylene) was employed as the matrix. This result
highlights the importance of a careful selection of both the
polymer and metal—organic framework phases based on gas
permeabilities, such that the performance of the resulting mixed-
matrix membrane is optimized for a given separation. Indeed,
one of the most promising membranes displayed excellent
performance for post-combustion CO, capture; exhibiting a
CO, permeability of ca. 700 barrers with a selectivity for CO,
over N, of 22 at 25 °C and 2 bar.

Most recently, in order to improve the CO, separation
performance of polymeric membrane, an amino-functional-
ized metal—organic framework, NH,-MIL-53, was incorpo-
rated into polysulfone.**” Presumably due to the hydrogen
bonding interactions between the amine functionalities within
the metal—organic framework crystal and the sulfone groups
of the polymer, high NH,-MIL-53 loadings of up to 40 wt %
were achieved. However, the best CO,/CH, separation per-
formance was observed in 25 wt % NH,-MIL-53 loaded mem-
branes. In the gas permeation study at 35 °C and 3 bar, although
there was no significant improvement in CO, permeability,

Figure 38. SEM images of cross-sections of mixed-matrix membranes
incorporating ZIF-90 within (a) Ultem, (b) Matrimid, and (c) 6FDA—
DAM. Reproduced with permission from ref 520. Copyright 2010
Wiley-VCH.

CO,/CH, selectivity was almost doubled in the mixed-
matrix membranes as compared with pure polysulfone
membranes. Even higher selectivity (ca. 110) was observed
at —10 °C and 10 bar, although the CO, permeability
decreased significantly.

The aforementioned mixed-matrix membranes were all mea-
sured in a dense film form to investigate their intrinsic gas
transport properties. However, such membranes should ideally
be fabricated in an asymmetric form in which a thin active surface
layer is supported by a porous sublayer to minimize the mass
transport resistance (see Figure 37b). Only a very limited
number of studies investigating the gas separation performance
of asymmetric mixed-matrix membranes containing metal—
organic frameworks have been reported to date. Asymmetric
HKUST-1/Matrimid mixed-matrix membranes have been fabri-
cated via the phase inversion method.”*! Here, to seal the defects
within the membrane, the metal—organic framework/polymer
thin surface layer was coated with the highly permeable polymer
PDMS. The resultant membrane showed a substantial increase in
CO, permeance with modest enhancement in the selectivity for
CO, over N, compared with pure Matrimid membranes. Asym-
metric membranes with HKUST-1 crystallites embedded within
a polyimide matrix have been prepared in a hollow fiber form, a
capillary geometry with a small diameter.>*> These displayed an
enhancement in both the H, permeability and selectivity for H,
over CO,, although the CO,/N, separation performance was
not improved by incorporating the metal—organic framework
into the polymer.
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Table 12. CO,, Separation Performance of Metal —Organic Framework Mixed-Matrix Membranes

MOF and polymer

Cu(BDC), PVAc
HKUST-1, PDMS
HKUST-1, polysulfone
CuSiFs(bpy),, Matrimid

MOFEF-§, Matrimid
ZIF-8, Matrimid
ZIF-90, 6FDA-DAM

HKUST-1, Matrimid”
HKUST-1, polyimide”

—16

8

1 barrer = 3.348 x 10

mol-m/(mz-s-

gas permeability (barrers)”

C0,,33

CO,, 3000
CO,, 68

H,, 17-26
CO, 8—15

H,, 30—54
CO,, 11-20
H,, 2971
CO,, 9—24
CO,, 600—800

CO,, 12—18 GPU*
H,, 876 GPU
CO,, 88 GPU

selectivity testing conditions ref
CO,/Ny, 35 35 °C, 4.5 bar 517
CO,/N,, 9 not reported 514
CO,/N,, 25§ not reported 514
H,/CO,, 2 35 °C, 2 bar 515
CO,/N,, 30—33
H,/CO,, 2-3, 35°C, 2 bar 516
CO,/N,, 35—40
H,/CO,, 3—4 35 °C, 2.7 bar 519
CO,/N,, 23—30
CO,/N,, 22 25 °C, 2 bar 520
CO,/CH,, 37
CO,/Ny, 2327 35°C, 10 bar 521
H,/CO,, 10 25 °C, 2 bar 522
CO,/N,, 9

pa). bAsymmetric membranes. © Gas permeation unit, 107% cm*(STP)/(cm?*+s+cm Hg).
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Figure 39. CO,/N, separation performance of metal—organic frame-
work mixed-matrix membranes. The solid line represents the upper
bound of polymeric membranes, as determined in 2008.°** ZIF-8/
Matrimid from ref 519; ZIF-90/6FDA-DAM from ref 520; MOF-5/
Matrimid from ref 516; Cu(BDC)/PVAc from ref 517; CuSiF¢(bpy),/
Matrimid from ref 515; HKUST-1/PDMS from ref 514; HKUST-1/
polysulfone from ref S14.

The CO, separation performance of metal—organic frame-
work-based mixed-matrix membranes is summarized in Ta-
ble 12. Due to the properties of the polymer matrix, these
membranes generally exhibit enhanced gas selectivity com-
pared with the pure metal—organic framework films, especially
in the case of CO,/N, separations. Figure 39 shows the CO,/
N, separation performance of the mixed-matrix membranes
reported to date. Although many membranes exhibit enhanced
characteristics compared with pristine polymers, no metal—
organic framework mixed-matrix membrane in which the
performance exceeds that of the best polymers has been
demonstrated to date. As mentioned above, the prepara-
tion of high-performance membranes relies on the careful selec-
tion of both the polymer and the metal—organic framework
phases.”****® This is also highlighted in a computational study
on metal—organic framework mixed-matrix membranes.>>?

*
100 o Poly(methyl-methacrylate)

Ideal selectivity (CO,/CH,)

Matrimid
Ultem* X
X
Polysulfone  x
104 PPO
Silicone rubber x
PTMSPx
0.01 01 1 10 100 1000 10000

CO, permeability (Barrer)

Figure 40. Predicted CO,/CH, separation performance of hypothe-
tical mixed-matrix membranes. Squares represent hypothetical pure
polymer membranes on the upper bound limit (Robeson line). Trian-
gles and circles show the predictions for a mixed-matrix membrane with
a 30% volume fraction of IRMOF-1 (MOF-S) and Cu(hfipbb)-
(H,hfipbb)ys, respectively. The performance of several well-known
polymer membranes are also shown. Reproduced with permission from
ref 523. Copyright 2010 The Royal Society of Chemistry.

As shown in Figure 40, CO,/CH, selectivity cannot be
improved compared with pristine polymers when MOE-S,
possessing much larger pores than the kinetic diameters of
both CO, and CHy,, is incorporated into the polymer matrix. In
contrast, mixed-matrix membranes comprised of a small-pore
metal—organic frameworks, such as Cu(hfipbb)(H,hfipbb) s,
can show higher gas separation performance than pure poly-
meric membranes. The properties of the resulting mixed-matrix
membranes can also be tuned depending on the selection of
the polymer. In particular, when the gas permeabilities of
both phases are well-matched, the enhancement in gas separation
performance can be maximized. In addition, a high degree of con-
trol over the interfacial morphology between the metal —organic
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framework and the polymer is also a prerequisite for the
fabrication of high-performance mixed-matrix membranes. Many
efforts have been made to obtain improved morphologies,
including particle/polymer adhesion and the uniform distribu-
tion of particles. The methodologies developed for zeolites
or other molecular sieves do not necessarily apply to metal—
organic frameworks, but it is likely that new and improved
fabrication techniques customized specifically for these materials
will soon afford membranes with enhanced gas separation
properties.

7. CONCLUDING REMARKS AND OUTLOOK

The foregoing sections have described the recent progress made
in the investigation of metal—organic frameworks as potential new
solid adsorbents to be used within CO, capture systems. Indeed,
tremendous CO, adsorption capacities have been demonstrated in
the highest surface area materials, and high adsorptive selectivities
have also begun to emerge in materials furnished with functionalized
surfaces. With regard to the prospects of creating new materials
suitable for real-world applications, the high degree of control over
the structural and chemical features of metal—organic frameworks is
particularly promising for optimization of their properties, not only
for the type of CO, capture to be performed but also for the specific
composition of the flue gas of a particular power plant. Such a
precise tuning of the material characteristics is expected to result in
considerable improvements in the sorbent performance, leading to
reduced energy requirements for the capture process compared with
current technologies. In this section, we briefly outline the main
issues that need to be addressed in order to achieve next-generation
materials capable of fulfilling the criteria required for the gas
separations relevant to post-combustion CO, capture, pre-combus-
tion CO, capture, and oxy-fuel combustion.

In the area of post-combustion CO, capture, the primary
need is for more chemically and thermally robust materials
capable of withstanding the high levels of water present in the
flue gas stream, while also tuning the temperature required for
regeneration. Increasing the strength of the metal—ligand
bonds through the incorporation of high-valent metal cations
(e.g., AP** and Ti*") or more strongly binding organic ligands
(e.g., pyrazolates and triazolates) is one approach by which
this may be achieved. Furthermore, although most of the
adsorption studies to date have evaluated the performance of
materials through single-component CO, and N, adsorption
isotherms or breakthrough experiments using a CO,/N, mixed
gas, the impact of the presence of water and other minor
components in the flue gas is an aspect where a greater
understanding is urgently needed. In addition to affecting the
separation performance, the impurity components (O,, CO,
SO,, NO,) may have significant consequences in terms of the
long-term stability of the materials, as well as the energy
requirements for regeneration. Thus, the study of metal—or-
ganic frameworks under conditions that simulate realistic
working conditions (gas composition, temperature, and pres-
sure) is essential for fully evaluating the performance of a given
material.

For pre-combustion CO, capture, metal —organic frameworks
have recently been demonstrated to show enhanced CO,/H,
selectivities and working capacities over conventional materials,
such as activated carbons and zeolites. Although only a small
number of compounds have been experimentally studied to date,
a significant body of theoretical work examining this separation in

metal—organic frameworks now has emerged. Nevertheless,
there remains a need for a broader range of frameworks to be
examined in order to identify the materials that provide the best
properties for application in a real-world capture process. Similar
to post-combustion capture, there is a need for the effect of the
minor components of the flue gas (predominantly CO and CH,)
to be fully elucidated, although these trace impurities are not
expected to significantly interfere with the performance of the
materials owing to their relatively weak interactions with the
surfaces of metal—organic frameworks. Moreover, the practical
aspects of employing a pressure swing adsorption process, such
as the desorption of CO, by purge, have not yet been investigated
in detail. More thorough investigations of the complete process
under the conditions relevant for pre-combustion CO, will allow
the prospects of employing these materials in an industrial setting
to be more accurately evaluated.

Oxy-fuel combustion has emerged as an application in which
the chemical tunability of metal—organic frameworks may allow
high-performance materials to be prepared. The ability of the
exposed electron-donating metal centers within Fe,(dobdc) to
bind O, preferentially via charge transfer interactions has led
to a high O,/N, selectivity, but the low temperatures at which
the binding can be reversed is a significant drawback of the
material. At room temperature, the O, adsorption is irrever-
sible owing to a two-electron transfer process and the con-
comitant formation of a peroxide (O,>") species bound to the
metal centers. An enhanced control over the electronic proper-
ties of the exposed metal cation sites would allow the electron
transfer to be limited to a one-electron process, which has been
shown to permit the reversible binding of O, at high capacity.
The generation of new metal—organic frameworks bearing
exposed redox-active metals (such as Cr**, Mn?*, Fe**, Co*",
or Cu") and the fine-tuning of the electron density available at
these adsorption sites through substitution of the organic
backbone of the materials are expected to afford new materials
that reversibly bind O, near ambient temperatures with high
selectivity and working capacity.

The large-scale implementation of metal—organic frame-
works for CO, capture will also inevitably require the con-
sideration of a number of other aspects in addition to the
adsorptive properties of the materials. The performance of the
materials should be evaluated in the context of engineering
process models that take performance parameters, such as the
working capacity and selectivity, as input to allow optimized
working conditions to be developed for each adsorbent. Life-
cycle analyses should be performed in order to ascertain the
feasibility of bulk preparations of the most promising me-
tal—organic frameworks, taking into account the many practical
considerations for large-scale synthesis, including the supply
chain of the precursor materials, cost, environmental impact of
waste products, and recycling following use of the adsorbent.
Before such detailed analyses are performed, however, the
synthetic challenge of preparing robust new materials that are
truly well-suited to each capture scenario must be addressed.
Owing to the large number of possible metal—organic frame-
work structures that can be assembled, the use of computational
and theoretical approaches may assist the synthetic efforts by
identifying new target materials predicted to display the appro-
priate properties. The tremendous progress already made in
improving the properties of metal —organic frameworks is indeed
promising for real-world applications, and we remain optimistic
that materials capable of serving as next-generation CO, capture
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adsorbents will be discovered through continued investigations

in the field.
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LIST OF ABBREVIATIONS

abtc 3,3/,5,5'-azobenzenetetracarboxylate

ACMP acetylene-mediated conjugated microporous polymers
ADA adamantanediacetate

ADC 4,4’ -azobenzenedicarboxylate

ade adenine

almelm 4-methylimidazole-5-carbaldehyde

AZPY 4,4’ -azo(bis) pyridine

atz 3-amino-1,2,4-triazole

BBC 4,4’ 4”-(benzene-1,3,5-triyl-tris(benzene-4,1-diyl) )-
tribenzoate

bbIm S-bromobenzimidazole

BBPDC  4'-fert-butyl-biphenyl-3,5-dicarboxylate

bephfp 2,2/ -bis(4-carboxyphenyl) hexafluoropropane

BDC 1,4-benzenedicarboxylate

bdcppi N,N'-bis(3,5-dicarboxyphenyl) pyromellitic diimide

bdi 5,5'-(buta-1,3-diyne-1,4-diyl) diisophthalate

BDoborDC  1,4-bis(1,12-dicarbonyl-closo-dodecaborane)-
benzene

benzDHP  1,4-benzenedihydrogenphosphonate

benzTB N,N,N',N'-benzidinetetrabenzoate
bIm benzimidazole

BME-bdc  2,5-bis(2-methoxyethoxy)benzene-1,4-dicarboxylate

BPDC biphenyl-4,4’-dicarboxylate

bpe 1,2-bis(4-pyridyl)ethane

bpee 1,2-bis(4-pyridyl)ethylene

bpetha 1,2-bis(4-pyridyl)ethane

BPnDC benzophenone-4,4'-dicarboxylic acid

bpp 1,3-bis(4-pyridyl) propane

bpta 3,6-di(4-pyridyl)-1,2,4,5-tetrazine

bptb 2,2/ -biphenol-3,3',5,5' -tetrakis(4-benzoate)

BPTC 3,3,5,5' -biphenyltetracarboxylic acid

bpy 4,4 -bipyridine

bpydc 2,2'-bipyridine-S,5'-dicarboxylate

BTB 4,4 4" benzene-1,3,5-triyl-tribenzoate

BTC 1,3,5-benzenetriscarboxylate

btdc 2,2'-bithiophene-5,5’'-dicarboxylate

BTE 4,4 4"-(benzene-1,3,5-triyl-tris(ethyne-2,1-diyl) )-
tribenzoate

btei 5,5',5"-benzene-1,3,5-triyltris( 1-ethynyl-2-iso-
phthalate)

BTetB 4,4’ 4" 4" benzene-1,2,4,5-tetrayltetrabenzoic acid
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BTP
bttb
cbIm
CDC

CEbnbpy

cis-chdc
CNBPDC
CNC
cnlm
CNT
CPIL
CPOM
cyamIm
DABCO
DBM
DBNBVP

DBS
dcIm
dhbc
dhbpc
DHT
diazZBDC
DCTP
dImb
diPyNI

DMA
dobdc
doborDC

dpa
dpe
DPG
DPNI

dpntcd

DPT
dpt24
DSbpyDO
dtp
EBTC
elm
ELM

etz

FMA
F-pymo
Gly-Ala
hymelm
H,abtc
H,bdi
H,BPT
H,bpydc
H,BPDC
H,DHBP
H,fipbb
Haidc
H,MTB
Hzobb

1,3,5-tris(1H-pyrazol-4-yl)benzene

4,4’ 4" 4" benzene-1,2,4,5-tetrayl-tetrabenzoate

S-chlorobenzimidazole

1,12-dihydroxydicarbonyl-1,12-dicarba-closo-
dodecaborane

(R)-6,6'-dichloro-2,2’-diethoxy-1,1’-binaphthyl-
4,4'bipyridine

1,4-cyclohexanedicarboxylate

2,2'-dicyano-4,4’-biphenyldicarboxylic acid

4-carboxycinnamate

4-cyanoimidazole

carbon nanotubes

S-(4-carboxy-phenoxy)isophthalate

[ (4-carboxyphenyl) oxamethylJmethanoate

4-aminoimidazole-5S-carbonitrile

triethylenediamine (1,4-diazabicyclo[2.2.2]octane)

dibenzoylmethanato

(8)-2,2-diethoxy-1,1’-binaphthyl-6,6'-bis-
(4-vinylpyridine)

44/ -dibenzoate-2,2’-sulfone

4,5-dichloroimidazole

2,5-dihydroxybenzoate

4,4’ -dihydroxybiphenyl-3-carboxylate

dihydroxyterephthalic acid

5,5'-(1E)-1,2-diazinediylbis( 1,3-benzendicarboxylate)

3,3"-dicarboxy-1,1:4',1"-terphenyl

1,4-di(1H-imidazol-4-yl)benzene

N,N'-di-(4-pyridyl)-1,4,5,8-naphthal-enetetracarboxy-
diimide

N,N'-dimethylacetamide

2,5-dioxido-1,4-benzenedicarboxylate

1,12-dihydroxy-carbonyl- 1,12-dicarba-closo-
dodecaborane

1,1’ -biphenyl-2,2'-dicarboxylate

1,2-di(4-pyridyl)ethylene

meso-1,2-bis(4-pyridyl)-1,2-ethanediol

N,N'-di-(4-pyridyl)-1,4,5,8-naphthalenetetracarboxy-
diimide

N,N-di(4-pyridyl)-1,4,5,8-naphthalenetetracarboxy-
diimide

3,6-di-4-pyridyl-1,2,4,5-tetrazine

3-(2-pyridyl)-S-(4-pyridyl)-1,2,4-triazolate

4,4’ disulfo-2,2"-bipyridine-N,N' -dioxide

2,3-di-1H-tetrazol-5-yl-pyrazine

1,1'-ethynebenzene-3,3',5,5'-tetracarboxylate

2-ethylimidazole

elastic layer-structured MOF

2,5-diethyl-1,2,4-triazole

fumarate

S-fluoropyrimidin-2-olate

glycylalanine

4-hydroxymethyl-5-methylimidazole

1,1'-azobenzene-3,3',5,5' -tetracarboxylic acid

5,5'-(buta-1,3-diyne-1,4-diyl) diisophthalic acid

biphenyl-3,4,S-tricarboxylate

2,2 -bipyridine-S,5'-dicarboxylic acid

4,4’ biphenyldicarboxylic acid

1,4-dihydroxy-2,5-benzenediphosphonic acid

4,4'-(hexafluoroisopropylidene)-bis(benzoic acid)

4,5-imidazoledicarboxylic acid

methanetetrabenzoic acid

4,4’ -oxybis(benzoic acid)

Hoxonic
Hoppt
H;pzdc
IBPDC
IDC

Im

IN
MAF
MAMS
mblm
mdpt24
Me,bpz
mlm
m-TATB
nbIm
NDC
ndc

nlm
NTC
ntei

pba
pbmp
p-CDC

PCN
PDA
pdc
PDC
pegBTB

phen
pmc
pmdc
ptei

Pur

194
pydc
pymo
pyrde

pyz
pzdc

SCA
TATB
TBA
TCEPEB

TCM
TCMO
TCPB
TCPBDA

TDCPTM
TEA

TED

tImb
TMA

TPBTM
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4,6-dihydroxy-1,2,3-triazine-2-carboxylic acid

3-(2-phenol)-S-(4-pyridyl)-1,2,4-triazole

3,5-pyrazoledicarboxylic acid

dimethyl-2,2-diiodo-4,4'-biphenyldicarboxylate

2-methylimidazolate-4-amide-5-imidate

imidazole

isonicotinate

metal azolate framework

mesh-adjustable molecular sieves

S-methylbenzimidazole

3-(3-methyl-2-pyridyl)-S-(4-pyridyl)-1,2,4-triazolate

3,3,5,5'-tetramethyl-4,4'-bis(pyrazolate)

2-methylimidazole

3,3,3" s-triazine-2,4,6-triyltribenzoate

S-nitrobenzimidazole

2,6-naphthalenedicarboxylate

naphthalene-2,6-dicarboxylic acid

2-nitroimidazole

naphthalene-1,4,5,8-tetracarboxylate

5,5,5"-(4,4' 4" nitrilotris(benzene-4,1-diyl)-
tris(ethyne-2,1-diyl) ) triisophthalate

4-(pyridin-4-yl)benzoate

N,N-piperazinebismethylenephosphonate

1,12-dihydroxycarbonyl-1,12-dicarba-closo-
dodecaborane

porous coordination network

phenylenediacetate

3,5-pyridinedicarboxylate

pyrenedicarboxylic acid

2,2'-penta(ethylene glycol)biphenyl-3,3',5,5'-tetrakis-
(4-benzoate)

1,10-phenanthroline

pyrimidine-5-carboxylate

pyrimidine-4,6-dicarboxylate

5,5'-((5'-(4-((3,5-dicarboxyphenyl) ethynyl) phenyl) -
[1,1:3',1"-terphenyl]-4,4"-diyl)-bis(ethyne-2,
1-diyl) )diisophthalate

purine

pyridine

3,5-pyridinedicarboxylate

pyrimidinolate

pyridine-2,3-dicarboxylate

pyrazine

2,3-pyrazinedicarboxylate

sulfonatocalix[4]arene

4,4’ 4" s-triazine-2,4,6-triyl-tribenzoate

tetrabutylammonium

1,3,5-tris[ (1,3-carboxylic acid-S-(4-ethynyl)phenyl))-
ethynyl]benzene

tetrakis[4-( carboxyphenyl)-oxamethylJmethane

tetrakis[ 4-(carboxyphenyl)-oxamethyl | methanoate

1,2,4,5-tetrakis(4-carboxyphenyl)benzene

N,N,N',N -tetrakis(4-carboxyphenyl)-biphenyl-4,-
4'-diamine

44 4" 4" tetrakis| 3,5-di( carboxylate)-1-phenyl ] -
tetraphenyl methane

tetraethylammonium

triethylenediamine

1,3,5-tris(1H-imidazol-4-yl)benzene

tetramethylammonium

hydrotris(pyrazolyl)borate

N,N',N"-tris(isophthalyl)-1,3,5-benzenetricarboxamide
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tpom tetrakis(4-pyridyloxymethylene)methane
TP 2-tetrazolepyrimidine

TZI tetrazolylisophthalate

2,7-ndc naphthalene-2,7-dicarboxylate
2-stp 2-sulfonylterephthalate
3-mepy 3-methylpyridine

4-bcba-H3  bis(4-carboxy-benzyl)amine
44'-bpe  transbis(4-pyridyl)ethylene
4-mIm 4-methylimidazolate
5-MeO-ip  5-methoxyisophthalate
5-NO-ip  S-nitro-isophthalate
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