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Introduction

Sujit K. Ghosh'#* and Susumu Kitagawa™ *

'Centre for Energy Science, Indian Institute of Science Education and Research (IISER),
Pune, India, *Department of Chemistry, Indian Institute of Science Education and
Research (IISER), Pune, India, *Institute for Integrated Cell-Material Science (iCeMS),
Kyoto, Japan

*Corresponding authors: e-mail address: sghosh@iiserpune.ac.in and kitagawa-g@icems.
kyoto-u.ac.jp

Metal-organic frameworks (MOFs) or porous coordination polymers (PCPs) form a
distinguished subset in the domain of coordination chemistry: they are broadly
regarded as coordination networks bearing potential voids [1]. Constructed from
organic struts which extend infinitely in a periodic manner through metal nodes,
MOFs represent an advanced class of porous materials that have been subject to a
remarkable upsurge over the last few decades. The myriad choice of building
blocks along with access to combinatorial chemistry affords the synthesis on
demand of architectures whose properties can be directly linked to the structural
characteristics. These features have made MOFs highly sought-after over congener
porous solid materials, for example, zeolites and activated carbon. Further, the
ability to modulate nanospace properties, control pore size and nature, access meso-
porosity, utilize reticular chemistry, and incorporate active sites in porous com-
pounds as per demand has resulted in MOFs commanding research interest across
disciplines. The spectrum of potential applications using MOFs has broadened with
the evolution of this field, which prominently include gas storage/separation,
adsorptive separation of industrially challenging liquid mixtures, ion-conduction,
sensing and photonics, heterogeneous catalysis, drug delivery, etc. [2,3].

The rise of MOF chemistry can be primarily ascribed to the following broad
reasons: growing knowledge of structural characteristics retrieved from a library
of reported compounds, and the greater precision to obtain read-out and control
host—guest chemistry in different media. In particular the rise of third generation of
MOFs (soft porous crystals) has actuated the development of MOFs toward applica-
tions based on such host—guest chemistry [4]. The ability to have guest-responsive
structural dynamics has further propelled their ability to operate as functional solids
with a high precision and selectivity of guest accommodation and recognition
response. Apart from softness, MOFs bear the inherent ability to incorporate
specific active sites which have promoted the applicability of these compounds
toward a wide array of gas or liquid adsorption, which are either environmentally
noxious or industrially relevant. In addition to the liberty of designing a specific
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probe/sorbent, MOFs offer the choice to pick transduction mechanisms based on
the specific field of application, such as electromagnetic responses, photonic
responses, and naked-eye colorimetry. Other than conventional applications,
recently MOFs have started demonstrating affirmative potential toward their utility
in the recognition, capture, and detoxification of environmental toxins that are
present in different media including air, water, and soil.

Addressing environmental pollution has become one of the greatest challenges
for human civilization in the 21st century. This is clearly reflected in the list of
sustainable development goals benchmarked by the United Nations [5]. The direct
correlation in the higher emission or release of toxic species with the change in
ecological balance has prompted the pressing need to curb the presence of pollu-
tants. For instance, in 2018, a report by World Health Organization (WHO) raised
the alarm, by suggesting that more than 90% of the human population on Earth is
breathing polluted air [6].

Porous materials have emerged as suitable receptors to entrap environmental pol-
lutants or detoxify them into safe substances on account of very high surface areas,
high porosity, and ease in design of molecular scale functional voids. Due to several
advantages MOFs score over conventional porous adsorbents, but the major bottle-
neck in pursuit of MOFs realizing applicability in this domain has been the stability
under operating conditions or susceptibility of MOF compounds to decompose
upon exposure to moisture. Recently, there has been a conscious effort in the field
to address this issue and encouraging progress and long-term promise has been wit-
nessed [7]. Apart from stability, another issue which has retarded the investigation
of MOFs under real-time conditions has been the lack of strategies to form devices
from microcrystalline MOF powders. Hence, composites based on MOFs have
received greater attention, and more intensive research in this regard can propel the
realization of MOF-based devices [8]. In addition to these major roadblocks, issues
such as toxicity, durability, life-cycle assessment studies (LCA), bulk-scale synthe-
sis, and cost-effectiveness are unavoidable and require careful consideration while
proposing the utility of a newly developed material in real-time scenarios [9,10].

The book attempts to focus on the progress of MOFs and understand the long-
term trends which have been studied and proposed by the leading names across the
globe. Chapter 8, Metal-organic frameworks for detection and desensitization of
environmentally hazardous nitro-explosives and related high energy materials, by
Ghosh and coworkers emphasizes the utility of MOFs toward sensing and desensiti-
zation of nitroaromatic compounds (NACs) and related explosive compounds.
Chapter 2, Metal-organic framework-based carbon capture and purification technol-
ogies for clean environment, by Zaworotko and coworkers revisits the major mile-
stones in the domain of MOFs for the storage and separation of greenhouse gas
carbon dioxide (CO,) and explains the roadmap going ahead. Carreon and cowor-
kers have described the role of MOFs as heterogeneous catalysts for the greener
ways of generating fuels in Chapter 9, Green deoxygenation of fatty acids to
transport fuels over metal-organic frameworks as catalysts and catalytic supports.
The subsequent two chapters, Chapter 3, Sensing and sequestration of inorganic cat-
ionic pollutants by metal-organic frameworks (Ma and coworkers) and Chapter 4,
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Metal-organic frameworks for recognition and sequestration of toxic anionic pollu-
tants (Ghosh and coworkers), deal with the various approaches wherein MOFs have
been able to sense or trap ionic pollutants. Chapter 5, Metal-organic frameworks for
the capture of volatile organic compounds and toxic chemicals, by Serre and cowor-
kers discusses the state-of-art for utilizing MOFs for air-pollution control.
Chapter 6, Metal-organic frameworks for capture and detoxification of nerve
agents, by Farha and coworkers extends the discussion in previous chapter and
highlights the progress of MOFs toward the capture and detoxification of chemical
warfare agents. Zhou and coworkers (Chapter 7: Metal-organic frameworks for cap-
ture and degradation of organic pollutants) and Maji and coworkers (Chapter 10:
Potential of hydrophobic metal-organic framework-based materials for environmen-
tal applications) provide a flavor of the research carried out toward remediation of
water pollution with the focuses on degradation of organic pollutants and separation
of oil—water mixtures, respectively. The growing dependence on nuclear power has
resulted in the emission of high quantum of nuclear waste in aqueous streams.
Wang and coworkers (Chapter 11: Radionuclide sequestration by metal-organic fra-
meworks) describe the progress of MOFs toward the capture of such radioactive
species. Finally the chapter by Ricco and coworkers (Chapter 12: Metal-organic
framework-based devices for detection and removal of environmental pollutants)
gives the reader a flavor of the research in the community devoted toward the
development of MOFs in workable forms or as components of portable devices.

All the contributing authors are thanked for their insightful contributions, and
the Elsevier team are thanked for all the backroom support. The book endeavors to
provide the reader, either in academia or industry, with an essence of the research
in the domain of MOFs devoted toward pressing practical concerns, and the editor
hopes that the wide array of topics covered in this book can accomplish that
objective.
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Metal-organic framework based
carbon capture and purification
technologies for clean
environment
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2.1 Introduction—the societal relevance of carbon
capture and sequestration

The human race is now in the “age of gas,” which means that gases and vapors
have largely replaced liquids with respect to fuels for society and feedstocks for the
chemical industry [1]. The energy footprint associated with gas and vapor purifica-
tion is enormous; currently 40% of the energy consumed in the chemical industry is
used just for commodity separations and purification. This equates to roughly 15%
of global energy production and it has been estimated that the demand for commod-
ities could triple by 2050 [2]. Whereas EU member states are committed to a 40%
reduction in greenhouse gas emissions as part of the 2030 climate and energy
framework [3], which also calls for 27% improvement in energy efficiency, these
ambitious societal goals will likely become moot if the high energy footprint associ-
ated with commodity purification remains unaddressed.

The foremost anthropogenic gas carbon dioxide, CO,, lies at the heart of achiev-
ing energy sustainability for several reasons. Sustained burning of fossil fuels since
the beginning of the industrial revolution has increased atmospheric CO, concentra-
tion to >400 ppm from 280 ppm [4]. Today’s power plants will emit a further 300
billion tons of CO, in the future, enough to contribute an additional 20 ppm of CO,
to the atmosphere. Atmospheric CO, is not just relevant to climate change, it
becomes a major health issue as concentrations of as little as 600 ppm can lead to
respiratory illnesses [5]. Occupational health and safety regulations dictate that CO,
concentrations in confined spaces should be limited to <0.5% CO, [6]. In this con-
text, air purification devices are employed in spacecraft and submarines to control
CO, concentrations [7]. Industrially, trace removal of CO, is important in purifica-
tion of flue gas and natural gas (NG) processing. Specifications require CO, con-
centrations in NG liquefaction (LNG) of <50 ppm to avoid corrosion and CO,

Metal-Organic Frameworks (MOFs) for Environmental Applications. DOI: https://doi.org/10.1016/B978-0-12-814633-0.00003-X
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freezing [8]. These applications encompass a diverse range of CO, concentrations,
conditions, and gas mixtures, thereby making it unlikely that there is a single solu-
tion for C-capture. Rather, bespoke approaches and materials with optimal proper-
ties are needed to address the specific requirements of a given carbon capture
application.

Since fossil fuels will remain the primary energy source for generations and
gases with CO, impurities are important feedstocks for the chemical industry, new
approaches to cost-effective and energy-efficient carbon capture and sequestration
(CCS) are urgently needed. The broad roll-out of CCS has thus far been hampered
by high costs (50—100 US$ per ton of CO, captured at best), the techno-economic
uncertainties of CCS technologies, and to date, the lack of suitable material alterna-
tives to liquid amine-based CCS technologies [9]. Liquid amine CCS technologies
are the current state-of-the-art for carbon capture and they have been utilized in this
context for over half a century. This is despite the fact that liquid amines rely upon
chemical reactions that are energy-intensive, they are not economically viable for
broad deployment, and they offer little room for innovation. The ambitious targets
for CO, emissions reductions by 2030 therefore require innovative approaches to
CCS technologies that improve both the energy footprint and cost-effectiveness of
CCS. In this chapter, we focus upon the potential offered by new classes of
advanced physisorbents for carbon capture, C-capture, which in principle are capa-
ble of reducing the energy footprint of C-capture processes by up to 90% [2].
Table 2.1 lists the various approaches to C-capture and presents their advantages/
disadvantages along with an assessment of their upside potentials. The state-of-the-
art with respect to bulk-scale C-capture can be subdivided into two main classes as
defined by the mode of capture.’

1. Chemisorption functions through chemical reaction between the capture material (sorbent)
and CO, (Fig. 2.1, left). The primary advantage of chemisorbents is that they are typically
highly selective but, because recycling of the sorbent requires the breakage of chemical
bonds, they tend to exhibit a high energy footprint. In addition, the kinetics of chemisorp-
tion processes is likely to be relatively slow if CO, concentrations are low. Examples of
chemisorbents include the following:

a. The state-of-the-art for bulk-scale C-capture at industrial scale involves liquid amines
as chemisorbents. These processes, initially developed in the 1930s, are built around
liquid amine solutions that chemically react with CO,. Drawbacks: Whereas liquid
amine-based “wet scrubbers” are effective at C-capture they suffer from high regenera-
tion energy (> 140°C), large equipment size, amine degradation, and equipment corro-
sion [10]. These factors collectively amount to a 30%—40% reduction in the overall
efficiency of a power plant when liquid amine CCS is employed for postcombustion
C-capture and the associated costs are in the range of €70—100 per ton. Further, there
is very limited potential to significantly improve performance.

b. Solid chemisorbents such as soda lime have also been used for C-capture, especially in
closed circuit breathing environments. Drawback: reactions are too slow for large-
scale C-capture applications.

c. Liquid chemisorbents developed for wet air C-capture have also used the soda-lime
process. Drawback: CO, abatement costs are prohibitively high, the American
Physical Society estimating costs of US$600 per ton of CO, [11].



Table 2.1 Comparison of the strengths and weaknesses of selected C-capture methods.

Amine grafted Liquid Amine grafted Ionic liquids | Soda lime | Zeolites | MOFs HUMs Molecular

inorganics amines MOFs sieves
Selectivity High High High High High Low Low Very high | Infinite
Stability High Low Medium High High High Low Medium Low
Humidity effect Low Low Medium Low Low High High Medium Low
Material cost Medium Low High Low Low Low Medium/high | Low High
Process cost Medium Low High Medium Low Low Medium Low High
Recycling cost Medium High Medium Medium/high | Very high [ High High Low N/A
Working capacity | Medium Medium Medium Low Medium Medium | High Medium N/A
Kinetics Medium Fast Medium Fast Fast Medium | Medium Fast N/A
Upside potential Medium Low Medium Medium Low Low High High High
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Figure 2.1 Types of sorption based separation/purification: chemisorption versus physisorption.

d. Amine-modified porous materials: the introduction or “grafting” of amine functional
groups onto porous materials (typically MOFs, mesoporous silicas, and zeolites) can
significantly increase the affinity of a porous material towards CO,. Drawbacks: high
regeneration energy (> 90°C), the materials can be typically expensive and/or difficult
to produce, and they can suffer from chemical and thermal instability [12,13].

e. lonic liquids (ILs) which contain amine groups have been touted as a potential long-
term replacement for liquid amines in CCS technologies as ILs have been found to
exhibit significantly better chemical and thermal stability than aqueous amines.
Drawbacks: 1Ls exhibit relatively low uptake and working capacity and IL—CO, inter-
actions are based upon the same chemisorption process as liquid amines so they also
require elevated temperatures during the IL regeneration cycle [14].

2. Physisorption represents a fundamentally different approach to C-capture since it relies
upon the physical properties of CO, such as its ability to engage in noncovalent interac-
tions and its size (Fig. 2.1, right). In principle, as indicated by Table 2.1, advanced physi-
sorbents that selectively capture CO, from gas mixtures offer the greatest upside potential
for a revolution in C-capture technology since they would require much less energy for
recycling, can exhibit high working capacity, and, if designed properly, will be unaffected
by moisture. However, there are still obstacles that must be overcome before deployment
becomes feasible.

a. Porous physisorbents offer potential to improve the energy efficiency of C-capture
because of their relatively low energy footprint for recycling. The current benchmark
physisorbents are zeolites and metal-organic frameworks, MOFs, specifically, zeolite
13X and Mg-MOF-74, respectively. Drawbacks: these top-performing physisorbents
are handicapped by relatively poor selectivity for CO, over the other components of
industrial gas mixtures (principally CHy, Nj, O,, and, especially, H,O), which limits
their use for trace C-capture. The relatively high cost and/or poor stability of MOFs
are also of concern [15].

b. Size exclusion could be used by molecular sieves to separate CO, from larger gas
molecules [16]. Drawbacks: requires a material with a very specific pore size, fabrica-
tion into a membrane is difficult, and would not restrict water vapor, which exhibits a
smaller kinetic diameter (2.65 A) than that of CO,.

c. Hybrid ultramicroporous materials (HUMs). HUMs [17,18] are a recently introduced
class of physisorbents that exhibit new benchmarks for CO, selectivity versus impor-
tant gases such as N, and CH,. HUMs therefore have the potential to address the full
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Figure 2.2 Relationship between the costs of C-capture, CO, selectivity, and working
capacity for solid physisorbents [23].

range of C-capture applications, including trace capture. HUMs combine <0.7 nm
pores with strong electrostatics that enhance the energetics of sorbent—sorbate interac-
tions [19—22]. HUMs are therefore highly selective and can target even the most chal-
lenging separations/purifications, such as removal of trace impurities of CO, from gas
mixtures and C-capture from complex wet gas mixtures. The selectivity performance
of HUMs (Scy > 1000) is such that they can be projected to significantly improve the
process cost of carbon capture (Fig. 2.2) [23].

In this chapter we focus on the potential for advanced physisorbents based upon
porous coordination networks such as MOFs [24], porous coordination polymers,
PCPs [25], and HUMs [17,18] to enable innovation with respect to their deployment
in CCS technologies. We emphasize how the molecular level control of pore size and
pore chemistry that can be achieved in such physisorbents and their compositional
diversity can be used to tailor performance with respect to separation of gas mixtures
in a manner that is not so readily achieved in other classes of sorbents. However, we
also address the hurdles that remain to be overcome before implementation can occur.

2.2 Spectrum of performance parameters and criteria
for evaluation of sorbents

Before we discuss specific classes of sorbents, it would be appropriate to address
relevant performance parameters and criteria. A spectrum of performance para-
meters must be addressed and evaluated before a sorbent is selected as a lead candi-
date. Some are more relevant to early stage discovery whereas others matter at later
stages of development. These criteria are presented in Fig. 2.3 and are discussed
individually in this section.
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Figure 2.3 The spectrum of performance parameters that must be met by a sorbent being
considered for development with respect to storage and/or purification technologies.

2.2.1 Working capacity

Working capacity is a key criterion for evaluating sorbent performance since it
influences how much sorbent is required for a particular process. The saturation
uptake of a sorbent provides information on the maximum amount of CO, that can
be adsorbed by a given sorbent and can be readily determined using pure gas
adsorption experiments that provide gravimetric or volumetric measures of uptake.
Gravimetric saturation uptake capacity is the amount of CO, adsorbed per unit
mass sorbent (gram CO, g_1 sorbent, or cm® CO, g_1 sorbent) at 195K.
Volumetric saturation uptake capacity is the CO, uptake per volume of sorbent
(g CO, cm ™ sorbent, or cm® CO, cm ™ sorbent) at 195K. These saturation uptake
values are useful as a first assessment of the potential utility of a sorbent. However,
the uptake of CO, adsorbed at the loading conditions that are relevant to the process
in question is a more relevant parameter. Working capacity (ANco,), the difference
between the uptake of CO, at the adsorption (loading) and desorption (release) con-
ditions of temperature and pressure of the process in question, is the most relevant
measure of uptake performance.

AIVCOZ = Nuds - Ndes

Whereas CO, uptake values at 1 bar are relatively easy to measure and fre-
quently reported, they are unlikely to be reliable indicators of sorbent performance
at the partial pressures of CO, typically present in a complex gas mixture [26]. CO,
uptake at the process relevant partial pressure(s) serves as a more appropriate
parameter and can also be determined from pure gas isotherms (Fig. 2.4). Fig. 2.4
also highlights how important the type of isotherm can be with respect to working
capacity. Most rigid sorbents exhibit type-I or Langmuir isotherms (Fig. 2.4, left)
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Figure 2.4 Schematic illustrating how the working capacity can differ between adsorbents
with the same uptake but with two distinct isotherm types. Left: a type-I isotherm as
exhibited by most rigid microporous sorbents; right: a type F-IV isotherm as found in
flexible sorbents that can switch between closed (nonporous) and open (porous) phases [27].

whereas flexible sorbents can exhibit stepped or type F-IV [27] isotherms (Fig. 2.4,
right). The latter is much less common but can be highly advantageous since work-
ing capacity can be 100% of uptake capacity in flexible materials.

2.2.2 CO; selectivity, S,q4s(CO5)

CO, selectivity for a sorbent defines the sorption uptake ratio of CO, over another
gas under a given set of conditions. Selectivity versus nitrogen (Scy) is relevant
with respect to postcombustion C-capture whereas selectivity versus methane (S¢;,)
is particularly relevant for NG purification. As revealed by Fig. 2.2, a fivefold
increase in Scy, for example, from 100 to 500, would be expected to significantly
reduce C-capture expense per tonne (>45 to ~30€t ' CO,) [23]. Selectivity also
impacts the purity of adsorbed gas and levels in the outlet (effluent) gas stream. For
a binary mixture, the adsorption selectivity (S,q5 or ;) is defined as follows

Sads = Qi/qj
Pi/Pj

where g;; and p;; denote the working capacities and partial pressures for components

i and j, respectively. This is also referred to as Ideal selectivity (IS) or molar selectivity.
An alternative method is to calculate Henry’s law selectivity, wherein the CO,

selectivity over Nj is calculated based on the Henry’s constants (K) of the gases:

Kh(co
SCN — ( 2)

Krn)

The ratio of the Henry’s law constants, that is, Henry’s law selectivity reflects
the real mixture selectivity only at very low pressure and low loadings [28].
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IAST. A commonly used method to estim