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1Introduction

Sujit K. Ghosh1,2,* and Susumu Kitagawa3,*
1Centre for Energy Science, Indian Institute of Science Education and Research (IISER),

Pune, India, 2Department of Chemistry, Indian Institute of Science Education and

Research (IISER), Pune, India, 3Institute 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 (CO2) 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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2Metal-organic framework based

carbon capture and purification

technologies for clean

environment
Soumya Mukherjee, Amrit Kumar and Michael J. Zaworotko*

Department of Chemical Sciences, Bernal Institute, University of Limerick, Limerick,

Republic of Ireland
�Corresponding author. email address: xtal@ul.ie

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, CO2, 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 CO2 concentra-

tion to .400 ppm from 280 ppm [4]. Today’s power plants will emit a further 300

billion tons of CO2 in the future, enough to contribute an additional 20 ppm of CO2

to the atmosphere. Atmospheric CO2 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 CO2

concentrations in confined spaces should be limited to ,0.5% CO2 [6]. In this con-

text, air purification devices are employed in spacecraft and submarines to control

CO2 concentrations [7]. Industrially, trace removal of CO2 is important in purifica-

tion of flue gas and natural gas (NG) processing. Specifications require CO2 con-

centrations in NG liquefaction (LNG) of ,50 ppm to avoid corrosion and CO2

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 CO2 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 CO2 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 CO2 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 CO2 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

1. Chemisorption functions through chemical reaction between the capture material (sorbent)

and CO2 (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 CO2 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 CO2. 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 h70�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: CO2 abatement costs are prohibitively high, the American

Physical Society estimating costs of US$600 per ton of CO2 [11].
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Table 2.1 Comparison of the strengths and weaknesses of selected C-capture methods.

Amine grafted

inorganics

Liquid

amines

Amine grafted

MOFs

Ionic liquids Soda lime Zeolites MOFs HUMs Molecular

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



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 CO2. 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. Ionic 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: ILs exhibit relatively low uptake and working capacity and IL�CO2 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 CO2 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 CO2 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 CO2 over the other components of

industrial gas mixtures (principally CH4, N2, O2, and, especially, H2O), 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 CO2 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 Å) than that of CO2.

c. Hybrid ultramicroporous materials (HUMs). HUMs [17,18] are a recently introduced

class of physisorbents that exhibit new benchmarks for CO2 selectivity versus impor-

tant gases such as N2 and CH4. HUMs therefore have the potential to address the full

Figure 2.1 Types of sorption based separation/purification: chemisorption versus physisorption.
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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 CO2 from gas

mixtures and C-capture from complex wet gas mixtures. The selectivity performance

of HUMs (SCN. 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.

Figure 2.2 Relationship between the costs of C-capture, CO2 selectivity, and working

capacity for solid physisorbents [23].
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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 CO2 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 CO2 adsorbed per unit

mass sorbent (gram CO2 g
21 sorbent, or cm3 CO2 g

21 sorbent) at 195K.

Volumetric saturation uptake capacity is the CO2 uptake per volume of sorbent

(g CO2 cm
23 sorbent, or cm3 CO2 cm

23 sorbent) at 195K. These saturation uptake

values are useful as a first assessment of the potential utility of a sorbent. However,

the uptake of CO2 adsorbed at the loading conditions that are relevant to the process

in question is a more relevant parameter. Working capacity (ΔNCO2
), the difference

between the uptake of CO2 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.

ΔNCO2
5Nads 2Ndes

Whereas CO2 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 CO2 typically present in a complex gas mixture [26]. CO2

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)

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.
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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 CO2 selectivity, Sads(CO2)

CO2 selectivity for a sorbent defines the sorption uptake ratio of CO2 over another

gas under a given set of conditions. Selectivity versus nitrogen (SCN) is relevant

with respect to postcombustion C-capture whereas selectivity versus methane (SCM)

is particularly relevant for NG purification. As revealed by Fig. 2.2, a fivefold

increase in SCN, for example, from 100 to 500, would be expected to significantly

reduce C-capture expense per tonne (. 45 to B30h t21 CO2) [23]. Selectivity also

impacts the purity of adsorbed gas and levels in the outlet (effluent) gas stream. For

a binary mixture, the adsorption selectivity (Sads or αij) is defined as follows

Sads 5
qi=qj
pi=pj

where qi,j and pi,j 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 CO2

selectivity over N2 is calculated based on the Henry’s constants (KH) of the gases:

SCN 5
KHðCO2Þ
KHðN2Þ

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].

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].
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IAST. A commonly used method to estimate selectivity is based upon Ideal

Adsorbed Solution Theory (IAST), which uses the single-component adsorption iso-

therms of CO2 and competing gas(es) [29]. IAST calculations, which can be per-

formed using a modified version of the program IAST [29], pyIAST [30], are

limited by three assumptions:

1. The pure components form an ideal mixture (no change in area or enthalpy upon mixing

of pure components), a reasonable approximation for most systems.

2. The area accessible to both adsorbates is equal (i.e., the sorbent is not a molecular sieve).

3. The thermodynamic properties of the sorbent do not change relative to the thermodynamic

properties of the sorbate (i.e., there is no sorbate-induced phase transition).

IAST uses the data points of the experimental single-component isotherms under

a particular temperature for different gases interpolated via numerical quadrature:

A

RT
πi P

x
i

� �
5

ðP1

0

nxi Pð Þ
P

dP1
Xk21

j51

ðPj11

Pj

nxi Pð Þ
P

dP1

ðPx
i

Pk

nxi Pð Þ
P

dP (2.1)

A model of each isotherm is formulated where the spreading pressure,

A=RTπi P
x
i

� �
, from absolute vacuum to the first data point is assumed to follow

Henry’s law:

nxi Pð Þ5KHP (2.2)

where nxi is uptake, and P is pressure, and therefore:

ðP1

0

nxi Pð Þ
P

dP �
ðP1

0

KHdP5 nxi P1ð Þ (2.3)

Between the first to the last experimental isotherm data points, the function

nxi Pð Þ is approximated via linear interpolation:

ðPj11

Pj

nxi Pð Þ
P

dP � mj Pj11 2Pj

� �
1 bjlog

Pj11

Pj

� �
(2.4)

where mj is the slope and bj is the intercept of the line that passes through the

points Pj; nxi Pj

� �� �
and Pj11; nxi Pj11

� �� �
. The index k defines the range

Pk #Px
i #Pk11. Therefore the integral

Ð Px
i

Pk

nx
i
Pð Þ

P
dP acts in the same way as Eq. (2.4)

but accounts for the line that passes through interpolated points. This means that

the spreading pressure is most sensitive to the low-coverage regime of the single-

component adsorption isotherm [30]. It is important to note that Langmuir, BET,

Langmuir�Freundlich, dual-site Langmuir�Freundlich and quadratic equations can

be employed instead of Henry’s law to fit/model the pure component isotherms, as

applicable [31].
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The practical advantage of selectivity values derived from IAST and Henry’s

Law is that they enable estimation of the separation performance solely from

single-component sorption isotherms without the need for complicated and costly

mixed-gas equipment. However, breakthrough measurements in a fixed-bed reactor

with model i.e., simulated gas mixtures are much closer to the actual practice of

gas capture/separation, and sorption selectivity predicted from IAST calculations

can drastically differ from real mixed-gas separations because the latter is con-

ducted under kinetic flow conditions, often under nonequilibrium conditions [32].

Moreover, regenerability and recyclability (particularly, moisture-mediated) cannot

be accurately evaluated using adsorption instruments, whereas these parameters can

be addressed by mixed gas breakthrough measurements. Further, a few process

engineering aspects, such as particle size influence on backpressure of the column

or heat management issues, can be modeled that are beyond the reach of pure gas

adsorption measurements [33]. Therefore, dynamic breakthrough experiments using

dry and wet gas mixtures are in general a much better indicator of real-world

performance.

Breakthrough experiments are typically conducted at room temperature with

B0.5 g of pre-activated sample placed in a quartz tubing of predetermined uniform

diameter to form a “fixed bed.” The sorbent bed is purged under a steady flow of

He before the breakthrough experiment is conducted. Upon cooling to 25�C, a mul-

ticomponent gas mixture of desired composition, typically with He as the carrier

gas, is introduced. For C-capture/commodity purification testing, this feed is gener-

ally binary in nature, that is, CO2/N2, CO2/CH4, CO2/C2H2, H2/CO2 (each, either

dry or moisture-mediated). Whereas the inlet gas composition is precisely con-

trolled and kept unaltered during experiment(s), the outlet gas composition is con-

tinuously monitored by mass spectrometry (MS) or gas chromatography (GC) until

complete breakthrough is achieved. Experiments in the presence of controlled rela-

tive humidity (% RH) are performed by passing the gas stream through a water

vapor saturator at 25�C. After each dry and wet breakthrough experiment, the

packed column bed is regenerated using temperature or pressure swing or a combi-

nation of both, under constant He flow for extended time to ensure complete sample

regeneration. The amount of adsorbed gas i (qi) is calculated from the breakthrough

curve as follows:

qi 5
VTΔTPi

m

Here, VT is the total flow rate of gas (cm3 min21), Pi is the partial pressure of

gas i (atm), ΔT is the time for initial breakthrough of gas i to occur (minutes), and

m is the mass of the sorbent (g). The separation factor (α) for the breakthrough

experiment, that is, breakthrough derived selectivity, is determined as follows:

α5
q1y2

q2y1
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where yi is the partial pressure of gas i in the gas mixture. In the case where one

gas component has negligible adsorption, the amount of gas adsorbed is treated as

# 1 cm3 for calculation purposes. To compare the relative C-capture/purification

efficiency of different adsorbents, it is important to consider three parameters: sepa-

ration factor (α), working capacity (as calculated from the breakthrough profiles),

and breakthrough time. Strong CO2�sorbent interactions and fast kinetics will

improve these performance parameters.

2.2.3 Regenerability

Minimizing the energy input for regeneration via fine-tuning of the thermodynamics

of interaction between the sorbent and CO2 is one of the most critical considera-

tions to improve the energy efficiency of C-capture [26]. This is dependent upon

two factors: enthalpy of adsorption and adsorption/desorption kinetics. Pressure

swing (PSA), vacuum swing (VSA), and temperature swing (TSA) are the methods

most commonly used to regenerate sorbents. For PSA (Fig. 2.5, middle) or VSA

(Fig. 2.5, right) recycling, the column pressure is reduced after adsorption in order

to desorb the captured gas, that is, Pdes,Pads. For PSA, the inlet gas is pressurized

via compression and flowed through the column until it reaches saturation. On clos-

ing the inlet valve, the column pressure declines toward ambient pressure. During

this process, significant amounts of sorbate desorb and elute from the column. VSA

reduces column pressure to subatmospheric pressure after adsorption at a higher

pressure to remove the sorbate. For gas release near ambient pressure (e.g., post-

combustion), compressing or evacuating such a large volume of gas is difficult, and

TSA (Tdes. Tads) is likely to be more viable (Fig. 2.5, left) [34]. That precombus-

tion involves an inherently pressurized gas stream (after the conversion reactions)

Figure 2.5 Schematic diagrams of temperature swing adsorption (TSA), pressure swing

adsorption (PSA), and vacuum swing adsorption (VSA) employed for sorbent regeneration in

a fixed-bed column.

Source: Reprinted with permission from K. Sumida, D.L. Rogow, J.A. Mason, T.M.

McDonald, E.D. Bloch, Z.R. Herm, et al., Carbon dioxide capture in metal-organic

frameworks, Chem. Rev. 112 (2012) 724�781. Copyright (2016) American Chemical

Society.
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means that a PSA cycle is most likely to be preferred [35]. The efficiency of sor-

bent regeneration is affected by two primary factors, the enthalpy associated with

adsorption and the kinetics of adsorption/desorption.

2.2.3.1 Enthalpy of adsorption (Qst)

Isosteric enthalpy of adsorption, Qst, is a measure of the heat released during

adsorption and therefore provides a guide to the energy required to regenerate the

sorbent. The amount of heat needed to regenerate a sorbent is a parameter that sig-

nificantly influences regeneration cost. Qst(CO2) for a sorbent can be calculated

from its low-pressure CO2 adsorption isotherms collected at different temperatures

(often the temperatures studied are 273K, 283K, and 298K). In general, virial-type

equations are used to fit at least ten low-pressure points in the adsorption data at

multiple temperatures (Eq. 2.5) [36].

lnP5 lnn1 ð 1
T2

Þ
Xj

i50

ain
i 1

Xk
i50

bin
i (2.5)

Qst is then calculated from the virial model using Eq. (2.6).

2Qst 52R
Xj

i50

ain
i (2.6)

Qst is the coverage-dependent enthalpy of adsorption, and R is the universal gas

constant. Generally, higher relative enthalpies of adsorption result in higher selec-

tivity and would render a sorbent more suited for removal of trace amounts of

adsorbate from industrial gas streams. However, a high enthalpy of adsorption

would also be expected to result in a high energy footprint for recycling the sorbent.

This is an area where physisorbents would be expected to offer significant advan-

tages over chemisorbents because even a high Qst value for a physisorbent is likely

to be less than that of a chemisorbent. For example, some physisorbents that have

been subjected to temperature swing regeneration require a regeneration tempera-

ture of ,55�C (e.g., HUMs like SIFSIX-2-Cu-i [19], TIFSIX-2-Cu-i [37], SIFSIX-

14-Cu-i [20]), whereas B75�C�150�C treatment is required for chemisorbents

studied for C-capture such as PEI (Polyethyleneimine) modified MCM-41 [38] and

TEPA (tetraethylenepentamine) modified SBA-15 [39].

2.2.3.2 Sorption kinetics

Adsorption�desorption cycle time is greatly dependent upon the CO2 adsorp-

tion�desorption kinetics of a given material. Kinetics can be measured via dynamic

breakthrough and temperature-programmed desorption experiments. This aspect of

sorption performance remains thus far understudied in MOFs and PCPs. Sorbents

that adsorb and desorb CO2 in a shorter time are preferred as these reduce cycle
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time as well as the amount of sorbent required, and ultimately curtail cost. This is

another performance parameter where physisorbents might be expected to offer sig-

nificant advantages over chemisorbents, especially for trace capture of CO2.

2.2.4 Recyclability (hydrolytic, mechanical, and thermal stability)

A sorbent must demonstrate stability under the conditions of a process and during

many cycles of adsorption�desorption. Strong thermal, mechanical, and hydrolytic

stability under the conditions of a process are essential for recycling of sorbents.

Unfortunately, poor mechanical stability to pressure changes and/or poor hydrolytic

stability that result in poor recyclability plague most MOFs. Sorbents which need

heating during regeneration, either TSA or PTSA (pressure-temperature swing)

must be thermally robust since repeated heating cycles will otherwise cause sorbent

degradation.

The thermal stability of sorbents can be evaluated using two complementary

methods. High-resolution thermogravimetric analysis coupled with either MS or

FT-IR can be used to determine the identity and quantity of component weight loss

versus temperature. Variable-temperature PXRD can probe if elevated temperatures

result in reversible or irreversible structural changes. These tests can be used to

determine the optimal activation procedures for a sorbent during gas sorption

experiments and temperature swing recycling. Hydrolytic stability can be addressed

by using standard stability tests that were designed to measure shelf-life of drug

substances and drug products. In particular, accelerated stability tests conducted at

40�C and 75% RH over 1, 7, and 14 days [40] can determine the likely shelf-life of

a sorbent. Unlike most MOFs, a number of HUMs were found to exhibit hydrolytic

stability comparable to inorganic materials such as silicas and zeolites [15,41].

2.2.5 Sorbent cost based upon substrates

Sorbents that exhibit excellent sorption performance must also be judged based

upon the cost of substrates used to prepare the sorbent. The practicality of using a

MOF sorbent in a C-capture process will not just rely on its physicochemical prop-

erties but also upon the cost of its ingredients. That metal salts are generally inex-

pensive means that linker ligand cost is typically the main factor that will affect the

cost of a sorbent. Many MOF sorbents are based upon polycarboxylate ligands,

some of which are prepared using cross-coupling reactions. Nevertheless, there are

a number of commercially available, inexpensive ligands. For example, 4,40-bipyridine,
bipy, is the most common ligand in the recently published MOF subset of the

Cambridge Structural Database, CSD with over 4000 entries [42]. Among carboxy-

lates, 1,4-benzenedicarboxylate (BDC) based structures are the most commonly

studied with B3100 entries. These ligands would be highly appropriate starting

points for sorbent design, synthesis, and manufacture given the scale of sorbent pro-

duction that would be needed for most C-capture applications.
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2.2.6 Feasibility of scale-up

Scale-up can represent an obstacle to the development of a sorbent [43]. Upon iden-

tifying a sorbent candidate with desirable properties and performance, it must be

determined if it can be manufactured in sufficient quantity to enable later stage

development including formulation and pilot-scale testing. Synthetic methods that

are amenable to scale-up are generally understudied in the context of MOFs, yet

such studies are needed in order to move a sorbent to higher technological readiness

levels (TRLs). Pilot-scale MOF production through direct mixing or solvent-free

solid-state grinding, that is, mechanochemical methods (e.g., ball milling, high pres-

sure compression, single or twin-screw extrusion (TSE), solvent-free grinding with

heating), is desirable but not always viable. Nevertheless, TSE has been implemen-

ted for kg per hour-scale MOF production and offers the advantages of continuous

synthesis with reduced or no solvent requirements [44]. Given that mechanochemi-

cal synthesis is a subject of growing academic interest [45], the amenability of a

sorbent to mechanochemical synthesis is likely to become a part of sorbent selec-

tion protocols.

2.3 Overall evaluation of sorbent performance: sorbent
selection parameters

The ideal sorbent would be expected to optimally address all of the parameters

discussed in Section 2.2. In the early stages of sorbent development, selectivity,

working capacity, and adsorption enthalpy are of particular relevance to identify

potential lead candidates for further development. However, it is likely that

there will be a trade-off between these factors since, for example, high surface

area materials are less likely to offer high selectivity. Evaluating a series of

candidate sorbents is a nontrivial task because of trade-offs. A few selection

metrics have recently emerged to simplify the process of identifying lead candi-

date sorbents.

� The adsorbent performance indicator (API) was recently proposed by Llewellyn et al.

[46]. API considers the volumetric working capacity (WC), adsorption enthalpies (Δadsh)

and selectivity values (α1/2), as indicated below:

API5
ðα1=221ÞAWCB

1

ΔadshC

A, B, and C are multiples used to weigh the relative importance of each term that is

used to calculate the API for a sorbent for gas 1 over 2. Selectivity of component 1 over

component 2 (α1/2) can be calculated from IAST selectivity or molar selectivity [29]. The

API affords a parameter that can be used to compare sorbents in order to facilitate selec-

tion of a lead candidate for a given process. However, it does not address some of the

later stage parameters discussed above.
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� The separation potential (ΔQ) has been put forward by Krishna as a key sorbent selection

criteria, which combines Sads(CO2) and working capacity (ΔNCO2
) in a manner which

mimics aspects of a fixed bed adsorption process [47].

ΔQ5Nads;CO2
3 ðpi=pCO2

Þ2Nads;i; pi and pCO2
denote the partial pressures for compo-

nent i (N2 or CH4, in general) and CO2, respectively.
� Keskin et al. proposed a new approach of considering percent regenerability (R%) to

comparatively assess MOFs because high CO2 selectivities in sorbents often suffer from

very low R% (,75%) [48].

R%5
ΔNCO2

Nads;CO2

3 100%

� The adsorbent performance score (APS) was introduced in 2018 [49] and is the product

of selectivity and working capacity. Efficient adsorbents that exhibit high selectivity and

high working capacity would offer high APS values.

APS5 SadsðCO2Þ=i 3ΔNCO2
; in general, i: N2 or CH4 in the binary mixture.

2.4 Current CO2 capture technologies

2.4.1 Point-source CO2 capture

Reduction of CO2 emissions from point sources such as power plants can be

addressed using three main approaches: (1) postcombustion; (2) precombustion; and

(3) oxy-fuel combustion (Fig. 2.6). All three approaches suffer an energy penalty of

c. 10%�14% on account of the energy footprint associated with gas feed separa-

tion, capture, conditioning, and compression/liquefaction of the captured CO2 [50].

Figure 2.6 The three types of point-source CO2 capture.

Source: Adapted from K. Sumida, D.L. Rogow, J.A. Mason, T.M. McDonald, E.D. Bloch, Z.

R. Herm, et al., Carbon dioxide capture in metal-organic frameworks, Chem. Rev. 112

(2012) 724�781.
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This reduces power plant efficiency and somewhat overshadows the upside poten-

tials of all these technologies [51].

2.4.1.1 Postcombustion

Processes that involve C-capture after combustion must take into account flue gas

cleaning processes such as removal of dust, nitrogen, and sulfur compounds and are

collectively termed “Postcombustion” processes [52]. In postcombustion capture,

CO2 is removed from the flue gas that results after combustion of the fuel in air

(composition as described in Table 2.2). This is predominantly a CO2/N2 gas sepa-

ration owing to high N2 content in the ambient air used for combustion and has

been the most explored strategy thus far since a postcombustion C-capture system

could be retrofitted to existing power plants. Liquid amine absorption or amine

scrubbing currently represent the state-of-the-art for bulk CCS and CCU but liquid

amines suffer from cost and corrosion challenges.

Liquid amine processes have been tested and applied for industrial CO2 removal

from process gas streams largely because they are based upon chemisorption and

they can exhibit high separation/purification performance [38,53]. The most com-

monly used amines are alkanolamines, such as monoethanolamine (MEA), dietha-

nolamine (DEA), and methyldiethanolamine (MDEA), dissolved in water. A

schematic illustration of a liquid amine absorption plant for CO2 postcombustion

capture is presented in Fig. 2.7A. Liquid amine absorption is an energy-intensive

technology and its most extensive use is in the context of NG sweetening.

Table 2.2 Typical conditions for the three major C-capture processes: postcombustion,

precombustion, and natural gas sweetening processes.

Precombustion Postcombustiona Natural gas upgrading

Gas composition (by mole)

CO2 10%�15% 37.7% 0.1%�8%

H2O 5%�10% 0.14%

O2 3%�4%

H2 55.5%

CO 20 ppm

NOx , 800 ppm

N2 70%�75% 3.9% 0%�0.2%

SOx , 500 ppm

CH4 70%�95%

H2S 0.4% 0%�15%

C21 0%�15%

Conditions

Temperature (�C) 40�75 40 30�40

Pressure (bar) 1 30 5�120

aAfter water-gas shift reaction is over.
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The utility of liquid amines with respect to power plants is handicapped by their

high energy footprint, c. 30% of the power plant’s output and the inherent corrosive

nature of amine absorbents. The high energy cost for amine regeneration results

from the relative stability of the carbamate or bicarbonate species generated after

reaction between CO2 and amines (Fig. 2.7B) [55]. A bicarbonate requires less

energy to recycle than a carbamate, so the energy required to reverse amine�CO2

interactions usually follows the trend primary. secondary. tertiary amines. The

overall regeneration energy in a C-capture system would also depend on other fac-

tors such as amine concentration [26]. Amine scrubbing technologies typically suf-

fer from decomposition of liquid amines in the presence of oxygen, other foreign

substances (e.g., dust) and SOx or NOx mediated amine degradation [50].

2.4.1.2 Precombustion

Precombustion methods combine converting the fuel in question (composition as

presented in Table 2.2) to hydrogen-rich synthesis gas and capturing the resulting

CO2 prior to combustion. Decarbonized fuel gas is then channeled to a combined

gas and steam turbine cycle for electricity production. The C-capture process occurs

next to fuel gas production and CO conversion to CO2 and H2. Precombustion can

therefore be regarded as C-capture from the reformed synthesis gas of an upstream

gasification unit (Fig. 2.6) [50]. Plant designs enable conversion of the gas pro-

duced from gasification (commonly known as “syngas”) to H2 and CO2 and

removal of CO2 from the syngas stream prior to the combustion of the H2 rich gas

in the gas turbine [56]. The state-of-the-art with regards to precombustion is

deployed in NG processing and NG reforming, whereby CO2 acid gas removal

Figure 2.7 (A) Schematic of a typical liquid amine scrubber system. (B) CO2 capture with

monoethanolamine (MEA) (reacts in 1:2 stoichiometry) to yield carbamate, and the

analogous reaction with triethanolamine (TEA) (reacts in 1:1 stoichiometry) leading to

bicarbonate species.

Source: (A) Adapted from B. Dutcher, M. Fan, A.G. Russell, Amine-based CO2 capture

technology development from the beginning of 2013—a review, ACS Appl. Mater.

Interfaces 7 (2015) 2137�2148 [54]. (B) Adapted from K. Sumida, D.L. Rogow, J.A.

Mason, T.M. McDonald, E.D. Bloch, Z.R. Herm, et al., Carbon dioxide capture in metal-

organic frameworks, Chem. Rev. 112 (2012) 724�781.
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(AGR) is accomplished using liquid amine absorption [57]. The AGR stripping and

regeneration processes are consequently energy-intensive and reduce the overall

efficiency of the NG production process.

2.4.1.3 Oxy-fuel combustion

The terms “oxy-fuel combustion” or “oxy-fuel process” denote the combustion of

carbon containing fuels with pure oxygen (Fig. 2.6). Instead of air, use of nearly

pure O2 for fuel combustion results in CO2 enrichment of the flue gas. Unlike con-

ventional power plants, for which CO2 content in flue gas is typically 12%�15%

by volume, CO2 content for combustion products from oxy-fuel plants lies around c.

90% by volume [10]. On condensing the steam produced in such plants, pure

CO2 flue gas can be obtained which, after demoisturization, drying, and compres-

sion, can be transported to a storage site [58]. An advantage to this technology is

that combustion products can be pumped directly to the storage site without any

further purification due to the high CO2 content present in the outgas feed.

However, recycling a considerable fraction of flue gas stream back into the com-

bustion chamber along with a changed volume of excess air present a number of

technical/scientific challenges. For example, the lowered fraction of excess O2 can

lead to burning out issues and corrosion of the combustion chamber walls. In addi-

tion, thermodynamic integration of the CO2 processing units into multistaged CO2

condensors is a challenge.

2.4.2 Direct air capture of CO2

Direct air capture (DAC) is the process of capturing CO2 directly from air and gen-

erating a concentrated stream of CO2 for sequestration or industrial use as a com-

modity [59]. DAC belongs to a group of technologies referred to as negative

emissions, or carbon dioxide removal technologies [10], as it is capable of scaveng-

ing CO2 that has already been released from point sources [60]. First introduced by

Lackner in 1999 [61], there has been much discussion of the benefits and need of

DAC, which is a subject of growing scientific and technological interest. An increas-

ing number of academics have been shifting their attention to developing materials

and processes for DAC and several start-up companies (e.g., Climeworks, based in

Zurich) are pushing this technology from lab scale to pilot-scale demonstration.

DAC technology can also be relevant to control of CO2 levels in confined spaces

such as submarines and spacecraft [62]. For indoor environmental quality, DAC

materials could facilitate onsite trace (1000�10,000 ppm) capture of CO2 [63].

DAC requires the presence of strong yet reversible CO2 binding sites in the sor-

bent and, in the case of physisorbents, optimal pore size and shape. That the kinetic

diameters of CO2 (3.3 Å), O2 (3.46 Å), and N2 (3.64 Å) are similar and the atmo-

spheric concentration of CO2 is relatively low, makes DAC a technical and scien-

tific challenge of the highest order. DAC is also economically challenged since

costs have been estimated of c. $600 per ton of CO2 [64] and can only be partly

compensated by reusing CO2 in greenhouses. The emergence of high-performance
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sorbents means, however, that this “artificial trees technology” could cost $100 per

ton of CO2 by 2025 or 2030 and capture 1% of global CO2 emissions by 2025 [64].

2.4.3 Industrial trace CO2 removal

A number of industrially relevant gas mixtures contain trace-level impurities of

CO2 that must be removed. Some of the more important gas mixtures are discussed

below.

2.4.3.1 Acetylene purification

Acetylene (C2H2) is an important chemical commodity that, amongst other uses,

serves as a source of acrylic acid to manufacture acrylic fibers, glasses, paints,

resins, and polymers [65]. The closely related physicochemical properties of C2H2

and CO2 (Fig. 2.8; boiling points: �84.7�C and �78.5�C, respectively; molecular

dimensions 3.33 3.33 5.7 and 3.23 3.33 5.4 Å, respectively) mean that separat-

ing these gases is challenging [37]. Current C2H2 production methods involve the

partial combustion of methane (CH4) or separation from the distillates produced

during steam cracking in the petroleum-refining process. Both methods introduce

CO2 as contaminant which must be removed later. C2H2 purification currently

deploys organic solvents (DMF or acetone) to extract CO2 and generates a large

amount of solvent waste. Physisorbents that offer highly selective C2H2/CO2 sorp-

tion performances would be much more energy-efficient than solvent extraction

[66] but the strict upper pressure limits for processes involving pure C2H2 (2 bar)

and the aforementioned closeness in physicochemical properties means that physi-

sorbents are yet to be deployed.

2.4.3.2 Natural gas sweetening

NG, which is comprised of methane (80%�95%), ethane, propane, butane, and

nitrogen, has a lower carbon-content than petroleum fuels such as diesel and gaso-

line (Table 2.2) [67]. Global NG production has grown an average of 2.3% per year

over the past decade in OECD (Organization for Economic Cooperation and

Development) countries [68]. Emerging economies such as Iran (16.2%) and China

(14.7%) recorded even higher consumption increases in 2015 [68]. NG is the

Figure 2.8 The similar physical parameters of C2H2, CH4, and CO2.
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second largest energy source in power generation, now representing 22% of gener-

ated power globally, and it is the only fossil fuel whose share of primary energy

consumption is projected to grow [69]. A large proportion of NG is transported

globally in liquefied form (LNG). However, before liquefaction of NG is con-

ducted, CO2 levels must be reduced to below 50 ppm to avoid corrosion [70]. The

similar kinetic diameters (3.8 vs 3.3 Å) and close boiling points of CH4 and CO2

once again represent a separation challenge (Fig. 2.8).

Three approaches can be used to purify NG: absorption, adsorption, and mem-

branes. Chemisorption by liquid amines is the state-of-the-art despite the aforemen-

tioned toxic, volatile, and corrosive properties of amines. Further, liquid amines are

prone to decomposition and loss of performance over time [54]. They also suffer a

high energy penalty during regeneration [71]. Membrane technology is a promising

alternative for removing CO2 from NG, however its utilization is limited as it is dif-

ficult to fabricate large-area, defect-free membranes. Although physisorbents have

been studied for upgrading NG, landfill gas, or biogas (15%�50% CO2 impurity),

reducing trace levels of CO2 from NG to below 50 ppm is a challenging task as tra-

ditional porous solids such as activated carbons (ACs) and zeolites do not exhibit

high enough selectivity (. 200) to accomplish this task.

2.4.3.3 Hydrogen purification

H2 is an important feedstock for multiple industries such as the metallurgical and

steel industries, petrochemical and refining industries, glass manufacturing, and

H2O2 production. The purification or separation of hydrogen has traditionally uti-

lized solid-state diffusion technology, that is, noble metal (Pd) and metal alloy (Ag-

Pd) membranes [72]. For hydrogen recovery/purification where the feed stream is

at low to intermediate pressure (,1000 pounds per square inch) and where down-

stream process requirements demand minimum pressure reduction/high purity

hydrogen product, PSA technology can meet process demands [73]. Isothermal

PSA process with only depressurization needed to regenerate the sorbent bed results

in a higher lifetime of the adsorbent material. However, slow kinetics and limited

performance parameters, including a trade-off between diffusivity and working

capacity for this membrane-based state-of-the-art necessitates the search for

advanced physisorbents.

2.5 Types of sorbents currently being studied for CO2

capture

2.5.1 Ionic liquids

ILs are often regarded as a potential long-term substitute for liquid amines in CCS

technologies as ILs can exhibit significantly better physicochemical stability than

aqueous amines [74�76]. Thus, the use of ILs as alternative solvents would result

in a number of advantages over traditional amine-based CO2 extraction methods.
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ILs are salts that are liquid at or near ambient conditions and common examples of

the ions used in ILs are presented in Fig. 2.9. Negligible vapor pressure is perhaps

the main advantage of ILs since this means zero contamination of the gas stream

and negligible loss of IL during a separation process. In addition to offering a lower

energy footprint in the solvent regeneration step because of low volatility, key prop-

erties of ILs include high CO2 solubility, good thermal stability, and the possibility

of systematically tuning composition toward improved properties [77]. Amine-

modified ILs, also known as task-specific ILs (TSILs), are widely discussed in

literature in terms of their physical and chemical interactions with CO2 [78]. Shear

viscosity, η plays a role in process design of ILs because high viscosity after CO2

adsorption can lead to mass transfer limitations [79]. Other drawbacks of ILs are

that they exhibit relatively low capacity and the origin of IL�CO2 interactions is

chemisorption. Relatively high temperatures are therefore needed for IL regenera-

tion [14]. Recent reports have introduced amine-IL mixtures with low viscosity/cost

[80] but much work will be needed to overcome the other limitations of ILs/TSILs.

2.5.2 Solid adsorbents

A large number of solid sorbents, including MOFs, have been recently investigated

as potential candidates for low temperature C-capture [26,55,81,82]. As discussed

Figure 2.9 Common cations and anions used in ionic liquids studied for C-capture.
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in Section 2.2, selection of candidates cannot be based just upon their adsorption

properties (working capacity, enthalpy of adsorption, kinetics) because other factors

must play a role in the selection of lead candidates. A lead candidate should there-

fore exhibit high CO2 uptake at low-pressure, high CO2 selectivity, fast adsorption/

desorption kinetics, good mechanical properties, high hydrothermal and chemical

stability, and low cost of ingredients and manufacture.

2.5.2.1 Chemical adsorbents/chemisorbents

IUPAC defines chemisorption as adsorption that results from chemical bond forma-

tion (strong interaction) between the chemisorbent and the adsorbate in a monolayer

on the surface [83]. A number of chemisorption processes are being investigated.

Calcium looping/soda lime process: Calcium looping (CaL) technology, which is

based on multicycle carbonation/calcination of CaO in gas�solid fluidized bed

reactors at high temperature, has emerged in the last few years as a potential

C-capture technology [84]. CaL is in essence a family of C-capture technologies

that use CaO as a regenerable sorbent for CO2:

CaO sð Þ1CO2 gð Þ2CaCO3 sð Þ; ΔH5 178:8 kJ mol21

Both carbonation and calcination reactions are conducted at elevated tempera-

tures (650
%
oC�700

%
oC and 900

%
oC, respectively) to allow efficient heat recovery in

the process or during the steam cycle of power generation [85]. Use of this chemi-

cal loop was first attempted in the 19th century as it was noted that gasification

gases would afford higher heating power when coal was gasified in the presence of

CaO.

The alkali carbonate-based process offers potential due to the relatively small

energy penalty imposed upon a power station (estimated at 6%�8%), its potential

use in large-scale circulating fluidized beds (a mature technology), and the low cost

of CaO (crushed limestone) [86]. The major downside to this process lies with the

significant decline in limestone reactivity over repeated cycles [87]. Ongoing

research concerning this process therefore revolves around investigating different

methods to either reduce the rate of decay in reactivity, to boost the long-term reac-

tivity of sorbent, or to improve sorbent reactivation.

Amine-modified inorganic materials (AMIMs): An advantage of some porous

inorganic solids is their amenability to grafting of active groups such as amines

onto their internal pore surface. Inorganic porous materials such as mesoporous sili-

cas (i.e., MCM-41, SBA-15 etc.) are generally characterized by low CO2 uptake

due to weak surface interactions with CO2. However, their highly ordered pore sys-

tems and tuneable pore sizes offer large surface areas/pore volumes and a high den-

sity of surface silanols provides excellent opportunities for grafting and

modification of sorption properties.

In 1995, Leal and Bolivar introduced C-capture in amine-modified silica when

they functionalized a silica aerogel with propylamine [88]. Since then, CO2 adsorp-

tion by AMIM sorbents has been a subject of great interest. In 2002, Xu et al.
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developed PEI modified MCM-41 to serve as a nanoporous “molecular basket” for

CO2 in waste gas streams (Fig. 2.10). CO2 adsorption capacity of as high as 133 mg

CO2 g21 adsorbent was achieved [38]. Yue et al. subsequently studied the CO2

sorption performance of TEPA modified SBA-15 (mesoporous silica). By leaving

the organic template in situ, micelles were used for dispersing guest species and the

TEPA dispersed within the channels of SBA-15 were found to be highly accessible

to CO2. A high adsorption capacity of 173 mg CO2 g
21 adsorbent was reported [89].

Belmabkhout et al. induced a series of modifications on MCM-41: they synthe-

sized a pore-expanded form (PE-MCM-41) and successively introduced amine

groups in its expanded form (TRI-PE-MCM-41) [91,92]. TRI-PE-MCM-41, which

combines the advantages of a large pore structure due to the presence of amine

groups, showed a dramatic improvement in adsorption capacity, especially in the

low-pressure region. CO2 uptake at 0.1 bar and 25�C was comparable with that of

zeolite 13X (2.2 mmol g21). Despite its capacity being comparable with zeolite

13X, the amine-modified sample exhibited a significant increase of CO2 uptake in

the presence of water, which is critical for most C-capture applications. The use of

a secondary amine was found to improve the recyclability of this adsorbent thanks

to reduced amine degradation and deactivation [13,93,94].

Figure 2.10 CO2 adsorption mechanism on aminosilane modified mesoporous silica.

Source: Adapted with permission from http://www.rite.or.jp/chemical/en/theme/2014/04/

solid2.html, Research Institute of Innovative Technology for the Earth (accessed 20.10.18)

[90]. Copyright (2018), Chemical Research Group, CO2 Capture and Green Processes

(Kyoto, Japan).
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Despite exhibiting strong performance, these materials suffer from a number of

limitations. As chemisorbents, AMIMs can suffer from issues such as sorbent deg-

radation over repeated cycling and amine deactivation in the presence of NOx,

SOx, O2, and CO2 [13,95]. Similarly, amine-modified adsorbents exhibit Qst(CO2)

values of 70�100 kJ mol21. Whereas these high Qst(CO2) values lead to high

CO2/N2 selectivity, this strong affinity demands temperatures .70�C to reverse

the process [96].

2.5.2.2 Physical adsorbents/physisorbents

IUPAC defines physisorbents as sorbents in which the adsorptive forces are inter-

molecular forces (van der Waals forces) of the same kind as those responsible for

the imperfection of real gases and the condensation vapors, and which do not

involve a significant change in the electronic orbital patterns of the species involved

[97]. There are several classes of physisorbents as discussed below.

Zeolites: Zeolites are crystalline, microporous aluminosilicates based upon tetra-

hedral building units. These frameworks are anionic in nature and so they allow for

ion exchange and their robust nature enables reversible dehydration [98]. Type X

and A zeolites are the most well-studied adsorbents in terms of their C-capture

applications [99�103]. Zeolite NaX (or 13X) is considered to be a benchmark CO2

physisorbent suitable for PSA regeneration, especially at conditions relevant to

postcombustion capture (0.15 bar and 40
%
oC�50

%
oC). The moderately high Qst(CO2)

exhibited by 13X (c. 44 kJ mol21) is driven by sodium open metal sites and narrow

pore channels. This leads to high values of SCNB420 and CO2 uptake at low CO2

partial pressures (c. 3 mmol g21 at 0.1 bar) [19]. 13X is therefore a benchmark CO2

sorbent under low temperature and low partial pressure conditions.

Despite these promising adsorption properties, zeolites suffer from being

strongly hydrophilic. Introduction of moisture into the gas stream significantly

reduces their C-capture performance [15]. The presence of water alters the electric

field and reduces interaction strength between the quadrupole of CO2 and cations,

therefore resulting in lower uptake [104]. The presence of even very small amounts

of moisture therefore greatly reduces the separation performance of zeolites.

Moisture can also alter the morphological structure of zeolites, which can in turn

influence adsorption kinetics [105]. The high affinity to moisture also significantly

affects the regeneration energy requirements during adsorption�desorption cycles.

Regeneration temperatures as high as 300�C are required to remove water mole-

cules which are strongly bound to the open metal sites in zeolites [15]. The hydro-

philic nature of most zeolites therefore results in high energy for regeneration and

has limited their utility in C-capture.

ACs: Carbon-based adsorbents have also been studied for CO2 separations

including materials such as ACs, carbon nanotubes, and graphene. ACs are amor-

phous in nature and can exhibit relatively high surface area. While the surface prop-

erties of ACs can vary widely, these materials are advantageous because of their

inertness to moisture [106] and, thanks to the lack of strong polar groups, they tend

to exhibit low moisture affinity. However, the lack of active sites also reduces the
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strength of interactions with CO2, results in lower enthalpy of adsorption, and low-

ers CO2 uptake at low partial pressures and ambient conditions [107]. Qst(CO2)

values are generally lower for ACs than for other classes of sorbent with values in

the range 15�30 kJ mol21 [102,106,108]. Adsorption studies on ACs have therefore

tended to focus upon high pressure C-capture applications as uptake is much better

at high pressure. Very few studies on ACs have investigated their feasibility for

low-pressure flue gas applications using vacuum or temperature swing regeneration

approaches. However, when compared to zeolites, ACs’ ability to maintain their

sorption performance and structural integrity, even under harsh operating condi-

tions, make them an option for eventual use in industrial CO2 separation and

adsorption processes.

2.6 Metal-organic frameworks

MOFs, which can be regarded as a subclass of metal-organic materials (MOMs)

[109], have been widely touted as C-capture alternatives to traditional amine-based

sorbents [24,110,111]. Their primary advantage lies with their enormous structural

and compositional diversity, a consequence of their amenability to design from first

principles [112�114]. Initial approaches to design exploited the “node-and-linker”

concept [115�117] whereby metal cations or clusters serve as nodes and organic

bifunctional linker ligands sustain the connectivity of the resulting network. The

first, and still the most studied linker ligands, [118,119] were 4,40-bipyridine, which
was used to design sql [120,121] and dia [122,123] topology networks, and 1,4-ben-

zenedicarboxylate [124], which was exploited as a linker in sql [124] and pcu [125]

topology networks. The use of crystal engineering approaches enabled materials

chemists to tailor pore size and chemistry by rational selection of the organic linker

ligand, its functional groups and the metal-based node. Certain topologies [126] are

particularly amenable to design because of the large number of available nodes,

especially square lattice (sql) [121], primitive cubic (pcu) [17], diamond (dia)

[123], and twisted boracite (tbo) [127]. The modular nature of such coordination

networks means that systematic structure�function studies can be readily conducted

in a way that is not feasible for inorganic porous materials such as zeolites. Such

studies of “platforms” of related porous materials can provide insight into how sub-

tle changes in pore size and chemistry address important sorption properties such as

working capacity and selectivity [19,128].

MOF platforms can be evaluated with respect to their uptake capacity and selec-

tivity for adsorption of CO2 from mixed-gas streams. As discussed earlier, postcom-

bustion C-capture requires sorbents which exhibit high CO2 uptake and selectivity

at ambient or just above ambient temperatures and CO2 partial pressures of around

0.15 bar. In the cases of biogas production and NG sweetening, sorbents must per-

form at CO2 partial pressure of up to 0.5 bar. Applications such as DAC and CH4

purification for LNG production must be effective when CO2 is present as a trace

gas in gas mixtures (,0.01 bar CO2). Table 2.3 presents a summary of the
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Table 2.3 CO2 sorption data of selected MOFs relative to traditional benchmark sorbents.

Adsorbent Functionality Qst(CO2)

(kJ mol21)

Surface area

(m2 g21)

Uptake (mmol g21) Selectivity (SCN) Temperature

(K)

Reference(s)

Low pressure

(mbar)

0.15 bar 1 bar

Zeolite 13X 49 780 3.3 6.9 440 (IS) 298 [19,129]

Zeolite NaX 40 570 3.0 68 (IS) 298 [82,130]

MIL-100(Cr) UMC 63 1716 NA NA 1.6 NA 298 [131]

Mg-MOF-74 UMC 47 1495 NA 5.35 8.1 182 (IS)(15:85) 296 [132]

Mg2(dobpdc) UMC 44 3270 NA 4.85 6.42 NA 298 [133]

MIL-101(Cr) UMC 44 4230 NA 0.3 4 12.64 (IS) 303 [134,135]

Cu-TDPAT UMC 42.2 1938 NA 1.38 5.89 34 (IS)(15:75) 298 [136]

Ni-MOF-74 UMC 41 1070 NA 4.28 7.09 307 (IAST)(15:85) 296 [132]

UiO-66-(CH3)2 UMC 38 868 NA 1.3 4.01 58 (IS)(15:75) 293 [137]

Co-MOF-74 UMC 37 1080 NA 2.76 6.69 NA 296 [132]

HKUST-1 UMC 35 2257 NA 1.33 5.35 28 (IS) 298 [127,138]

Cu-TPBTM UMC 26.3 3160 NA NA B3.1 22 (IS)(15:85) 298 [128]

Zn4(pydc)4 UMC 27.7 319 NA 0.8 2.05 42 (Henry) 296 [139]

UiO-66 UMC 26 1105 NA NA 1.8 23 (IAST)(15:75) 298 [140]

PCN-61 UMC 22 3000 NA NA 2.8 15 (IS) 298 [141]

CPO-27-Mg-c AFS 132 400 2(5) 3.6 5.42 NA 298 [142]

MIL-101-DETA AFS 98 1644 NA 1.95 3.56 346 (IS) (15:85) 296 [143]

mmen-CuBTTri AFS 96 870 NA 2.38 4.2 327 (IAST) (15:75) 298 [144]

[Mg2(dobdc)

(N2H4)1.8]

AFS 90 1012 3.89(0.4) 5.18 5.51 NA 298 [145]

en-CuBTTri AFS 90 345 NA B0.6 1.27 25 (IS) (1:1) 298 [146]

en-MIL-100(Cr) AFS 80 484 NA NA 2.4 NA 308 [131]

dmen-

Mg2(dobpdc)

AFS 75 675 NA 3.77 B5 554 (IS) (15:75) 298 [147]

mmen-

Mg2(dobpdc)

AFS 71 70 2.05(0.4) 3.13 3.86 200 (IS) (15:75) 298 [133]

(Continued)



Table 2.3 (Continued)

Adsorbent Functionality Qst(CO2)

(kJ mol21)

Surface area

(m2 g21)

Uptake (mmol g21) Selectivity (SCN) Temperature

(K)

Reference(s)

Low pressure

(mbar)

0.15 bar 1 bar

en-Mg2(dobpdc) AFS 51 1253 3.3(5) 3.62 4.57 230 (IS)(15:75) 298 [148]

MIL-101(Cr)-

NH2

AFS 50 1675 NA 0.4 2 16 (IS) 298 [149]

CAU-1 AFS 48 1268 NA 2.5 7.2 101 (IS) 273 [150]

bio-MOF-11 AFS 45 1040 NA 1.8 4.1 75 (IS) 298 [151]

[Co3(OH)2(btca)2] AFS 42.9 125 NA 1.45 5.089 46.3 (IS) 273 [152]

[Zn2(tcpt)OH] AFS 40.9 905 NA 0.8 3.125 33.6 (IS) 298 [153]

Zn2(Atz)2(ox) AFS 40.8 782 (CO2 273K) NA B2 3.78 NA 293 [154,155]

NH2-MIL-53(Al) AFS 38.4 400 NA 1.1 1.9 18 (IS)(273K) 296 [156]

rht-MOF-9 AFS 32 2420 NA 1.75 5.75 NA 298 [157]

UiO-66-NH2 AFS 28 1123 NA 1.15 2.6 32 (IS) 298 [140]

MAF-66 AFS 26 1014 NA 1.2 4.4 225 (IS)(15:85) 298 [158]

men-

Mg2(dobpdc)

AFS 1036 NA 3.7 4.5 131 (IS)(15:75) 298 [159]

PEI-MIL-100(Cr) AFS 608 NA 4.2 5 609 (IS) 298 [160]

MOOFOUR-1-Ni SMC/HUM 56 456 (CO2 195K) NA 1.8 2.45 86 (IAST)(10:90) 298 [161]

NbOFFIVE-1-Ni SMC/HUM 55.4 280 (CO2 273K) 1.3(0.4) 2.15 2.2 601 (IAST) (15:85) 298 [162]

TIFSIX-3-Ni SMC/HUM 55.3 209 (CO2 298K) 1.1(0.4) 2.36 2.46 492 (IAST) (15:85) 298 [163]

TIFSIX-3-Co SMC/HUM 54.6 211 (CO2 298K) 0.8 (0.4) 2.45 2.4 480 (IAST) 298 Our work

SIFSIX-3-Cu SMC/HUM 54 215 (CO2 298K) 1.24 (0.4) 2.4 2.5 10500 (BT)

0.1:99.99

298 [164]

NbOFFIVE-1-Zn SMC/HUM 53.1 205 (CO2 298K) 0.55 2.29 2.4 383 (IAST)(15:85) 298 Our work

LIFM-11 SMC 53 1176 NA 0.9 3.5 69 (IAST)(15:85) 298 [165]

NbOFFIVE-1-Co SMC/HUM 52.9 215 (CO2 298K) 0.625 2.47 2.56 395 (IAST)(15:85) 298 Our work

TIFSIX-3-Zn SMC/HUM 51.6 206 (CO2 298K) 0.53 (0.4) 2.41 2.44 381 (IAST)(15:85) 298 Our work

SIFSIX-3-Ni SMC/HUM 50.8 215 (CO2 298K) 0.35(0.4) 2.32 2.57 380 (IAST)(15:85) 298 [15]



CROFOUR-1-Ni SMC/HUM 50 505 (CO2 195K) NA 1.05 1.9 195 (IAST)(10:90) 298 [161]

UiO-66-AD6 SMC 49.85 1020 NA 0.6 2.6 NA 298 [166]

SIFSIX-3-Co SMC/HUM 49 223 0.17 2.5 2.6 307 (IAST)(15:85) 298 [167]

SIFSIX-3-Zn SMC/HUM 45 250 (CO2 298K) 0.089(0.4) 2.45 2.67 99 (BT)(10:90) 298 [19]

TMU-5 SMC 44 400 NA 0.44 1.78 32 (IAST)(1:1) 298 [168]

SIFSIX-3-Fe SMC/HUM 42.4 358 0.089 2.5 2.56 180 (IAST)(15:85) 298 [169]

(Na,Cd)-MOF SMC 42 526 NA 1.5 2.71 50 (IS)(15:75) 298 [170]

NJU-Bai7 SMC 40.5 1155 NA 1.8 2.95 97 (IS)(273) 298 [171]

NJU-Bai8 SMC 37.7 1103 NA 1.23 2.61 97 (IS)(273) 298 [171]

DICRO-3-Ni-i SMC/HUM 37 388 NA 1.11 2.45 79.3 (IAST)(15:85) 293 [172]

NJU-Bai3 SMC 36.5 2690 NA NA B3 60 (IS)(1:1) 273 [173]

SNU-100-Co SMC 36 1000 NA 1.11 3.79 31 (IS)(15:85) 298 [174]

UTSA-16 SMC 35 628 NA 4.4 7.14 314.7 (IAST)

(15:85)

296 [175]

Ni-4PyC SMC 35 945 NA 0.7 5.5 NA 298 [176]

TIFSIX-2-Cu-i SMC/HUM 35 685 NA 1.9 4.1 NA 298 [37]

SNU-100-Ni SMC 34.5 982 NA 1.1 3.79 37.4 (IS)(15:85) 298 [174]

MOF-5 SMC 34 3800 NA 2.1 10.1 (IS) 298 [160]

SIFSIX-2-Cu-i SMC/HUM 32 735 NA 1.71 5.36 70 (BT)(10:90) 298 [19]

JUC-132 SMC 30.3 253 NA 0.6 1.7 32 (IAST)(15:85) 298 [177]

ZIF-78 SMC 29 620 NA 0.9 2.6 50 (IS) 298 [178]

SNU-151 SMC 27.1 1563 NA 0.66 3.34 30 (IAST)(15:85) 298 [179]

PCN-88 SMC 27 3308 NA 1.16 4.01 25 (IAST)(15:85) 298 [180]

SIFSIX-1-Cu SMC/HUM 27 1468 NA 1.36 6.25 NA 298 [21]

UTSA-49 SMC 27 710 NA 0.66 3.125 94 (IAST)(15:85) 298 [158]

NJU-Bai21, PCN-

124

SMC 26.3 1979 NA 0.9 5.35 93 (IS)(15:85) 298 [181]

NOTT-125 SMC 25.4 2471 NA NA 4.04 16 (IS) 298 [182]

NOTT-122 SMC 24.5 3286 NA NA 4.6 NA 298 [182]

MOF-505 SMC 23.5 2304 NA 0.4 1.5 NA 304 [183]

DMOF-1 SMC 22 1870 NA NA 2 4 (IS) 303 [184]

SIFSIX-2-Cu SMC/HUM 22 3140 NA 0.27 1.83 8.4 (BT)(10:90) 298 [19]

Abbreviations: BT, breakthrough selectivity; IAST, ideal adsorbed solution theory derived selectivity; IS, ideal selectivity; NA, not applicable.



C-capture performance parameters of the best-performing MOFs including their

uptake capacities at 0.15 and 1.0 bar, CO2/N2 selectivity (SCN), and Qst(CO2).

Table 2.3 is organized into three sections based upon the key functionality of the

sorbent that drives the C-capture process: the presence of unsaturated metal centers

(UMCs); pores that contain amine-functionalized sites (AFSs); structures that are

based upon saturated metal centers (SMCs) for which a different sorption mecha-

nism must occur. The latter section also includes high-performing HUMs in which

there are both organic and inorganic linker ligands. The ensuing discussion

addresses these three classes of MOFs individually.

In the context of the performance parameters presented in Table 2.3, the desired

C-capture sorbent should ideally balance low Qst(CO2), high selectivity (SCN), and

high working capacity. Unfortunately, these three performance parameters are usu-

ally mutually exclusive. For example, despite excellent working capacity, the top-

performing UMC-rich MOFs suffer from moderate SCN. With respect to AFS-rich

MOFs, whereas the selectivity and working capacity can be strong, there is typi-

cally a high energy penalty for regeneration if the Qst(CO2) is .60 kJ mol21. Most

MOFs based upon SMCs exhibit Qst(CO2) that is ,40 kJ mol21, a value that is too

low to offer strong selectivity. However, certain classes of SMC-based sorbents are

amenable to the introduction of combinations of organic and inorganic linkers,

allowing custom-design of sorbents with optimal pore size and strong electrostatics

that strike the right balance of selectivity (new benchmarks), Qst(CO2)

(45�60 kJ mol21), and working capacity (. 2 mmol g21). In particular, several

HUMs exhibit optimal thermodynamics and kinetics of the type that is well-suited

for both trace and bulk C-capture.

2.6.1 Unsaturated metal centers

UMCs, also referred to as “open metal sites”, are one of the most commonly

employed strategies for promoting selective gas sorption in solid physisorbents.

UMCs in MOFs are typically created by activation of the as-synthesized materials.

Activation typically means removing guest solvent molecule(s) that are coordinated

to the metal nodes. Once the solvent molecules are removed, the UMCs serve as

the primary binding sites for CO2 molecules through weak coordination or interac-

tions between UMCs and CO2 driven by the high quadruple moment

43.03 10227 esu21cm21, that is, 1.343 10239 Cm2 of CO2. The presence of UMCs

enhances CO2 uptake even under reduced CO2 concentrations. In situ neutron dif-

fraction studies have established that UMCs can function as CO2 binding sites

through the strong dipole�quadrupole interactions [32,185].

UMC-rich MOFs studied as potential C-capture sorbents include the benchmark

MOF Mg-MOF-74. Mg-MOF-74 (Fig. 2.11B) has been made by several groups

[186�188] and is a member of the platform of materials known as M-MOF-74,

CPO-27-M or M/M2(dobdc) (M5Mg, dobdc42: 2,5-dioxido-1,4-benzenedicarboxy-

late). Mg-MOF-74 exhibits the highest CO2 uptake of any porous physisorbent,

8.1 mmol g21 or 162 cc cc-1 at 298K and 1 bar, and is one of the most selective

C-sorbent MOFs [132,189]. The structure of Mg-MOF-74 is comprised of
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[Mg2O2(O2CR)2] infinite rod-shaped secondary building units and linear 2,5-dioxi-

do-1,4-benzenedicarboxylate (dobdc) linkers that generate cylindrical channels with

a diameter of c. 11 Å. After activation, the walls of the channels are lined with

UMCs. Mg-MOF-74 is a platform because its structure is maintained with different

metal cations. The Lewis acidity of the UMCs dramatically impacts C-capture per-

formance as reflected in the respective Qst(CO2) values under conditions relevant to

C-capture. The high uptake at 0.15 bar (5.35 mmol of CO2 per gram) is a conse-

quence of the high Qst(CO2) value (47 kJ mol21 at low coverage). Under flue gas

postcombustion conditions (15:85 CO2/N2), the SCNB182 of Mg-MOF-74 is higher

than its Zn, Co, Ni, Fe and Mn variants and, thanks to its lower density, it exhibits

the highest BET surface area, 1495 m2 g21, among M-MOF-74 variants [19,175].

Breakthrough experiments suggest that the CO2/CH4 separation performance of

Mg-MOF-74 exceeds that of NaX, MIL-53-NH2 and ZIF-78, producing a high

purity CH4 stream from a 20% CO2/80% CH4 gas mixture (Fig. 2.12) [190].

The superior uptake at 0.15 bar and high zero-loading Qst(CO2) of Mg-MOF-74

have been attributed to the ionic character of the Mg-O bonds formed between the

UMCs and CO2, though its CO2 binding affinity falls to c. 30 kJ mol21 at higher

loadings after the UMC sites are occupied. Though Mg-MOF-74 exhibits excep-

tional CO2 sorption capacity and selectivity, its performance and those of its iso-

structural M-MOF-74 variants suffer in the presence of moisture. Exposure to 20:80

CO2/N2 at 70% RH [192] reduced the initial CO2 uptake capacity of Mg-MOF-74

by B84% after a single regeneration cycle (150�C under Ar), whereas Ni- and Co-

MOF-74 retained 60% and 85% of their initial capacity, respectively. The negative

impact of humidity on CO2 uptake has also been observed in other UMC-rich

MOFs and require much harsher sorbent bed regeneration conditions [138].

Replacing dobdc by dobpdc (dobpdc42: 4,40-dioxidobiphenyl-3,30-dicarboxylate),
an expanded analog of Mg-MOF-74, Mg2(dobpdc), with 18.4 Å wide channels,

resulted in lower Qst(CO2) and higher BET surface area (3270 m2 g21) [133].

Figure 2.11 The porous structures of (A) HKUST-1; (B) Mg-MOF-74; and (C) MIL-101

(Cr). C, O, Cu are represented by gray, red, purple spheres, respectively while yellow and

green polyhedra denote Mg and Cr, respectively.

Source: Reproduced from http://www.metal-organic-frameworks.eu/adsorbentien_engl.

shtml#mofs (accessed 26.07.18) [191] with permission. Copyright (2018) Materials Center at

TU Dresden.
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Nevertheless, Mg2(dobpdc) ranks second among UMC MOFs in terms of gravimet-

ric uptake of CO2 at 0.15 bar.

A high density of UMCs, dipole�quadrupole CO2 interactions through

NH. . .OCO hydrogen bonds and/or pore surface-appended Lewis basic sites (LBSs)

in (3,24)-c rht-type MOFs (e.g., Cu-TPBTM, PCN-61 and Cu-TDPAT) afforded

good uptake and selectivity at 0.15 and 1 bar. The Qst(CO2) of Cu-TDPAT

(42.2 kJ mol21 at zero loading) makes it the top-performing rht-type MOF.

However, the CO2 selectivities are only moderate in the broader context with Cu-

TDPAT (34).Cu-TPBTM (22). PCN-61 (15). This order is likely linked to

decreasing LBS-density in concert with more confined UMC-rich pores

[128,136,193]. Some other UMC-functionalized MOFs with relatively high

Qst(CO2) values include mesoporous MILs such as MIL-100(Cr) and MIL-101(Cr),

which exhibit large pore windows of 2.53 2.9 nm (MIL-100) and 2.93 3.4 nm

(MIL-101) (Fig. 2.11C). MIL-100(Cr) was found to exhibit the highest Qst(CO2)

(63 kJ mol21) of all UMC-rich MOFs that have been studied in this context [134].

Figure 2.12 (A) The channel structure of activated Mg-MOF-74 is replete with UMCs; (B)

dynamic gas breakthrough experiments for a 20% mixture of CO2 in CH4 for Mg-MOF-74.

Source: Adapted from D. Britt, H. Furukawa, B. Wang, T.G. Glover, O.M. Yaghi, Highly

efficient separation of carbon dioxide by a metal-organic framework replete with open metal

sites, Proc. Natl. Acad. Sci. U.S.A. 106 (2009) 20637�20640 with permission.
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Among microporous MOFs with UMCs as the primary functionality of relevance to

C-capture, UiO-66-(CH3)2 i.e., Zr6O4(OH)4(2,5-Me-bdc)6 [137], and HKUST-1

[127,194] (Fig. 2.11A) exhibit SCN values of B58 and 28, respectively. These

values are consistent with low coverage Qst(CO2) values of 38 and 35 kJ mol21,

respectively.

While decorating mesopores with UMCs has afforded examples of MOFs with

exceptional sorption and separation performance, this approach is handicapped by

the tendency of UMCs to bind strongly with water molecules and/or the possibility

that UMCs will be hydrolytically unstable [195]. Under industrially relevant condi-

tions, MOFs replete with UMCs have tended to exhibit dramatically reduced perfor-

mance when exposed to CO2 containing gas streams that also contain water vapor

[196]. When UMCs exhibit strong water affinity then there will be competition

between H2O and CO2, thus reducing the density of available CO2 binding sites.

Further, coordinated water molecules often require elevated temperatures

(. 200�C) for sorbent regeneration [15,41]. In some cases, sorbent degradation has

been shown to afford a significant drop in C-capture performance [15,197,198]. For

these reasons it seems unlikely that MOFs based upon UMCs will be viable candi-

dates for industrial scale C-capture from flue gases.

2.6.2 Amine-functionalized sites

The grafting of nitrogen-containing functional groups, particularly amines, onto

the Connolly surfaces of sorbents has evolved as a paradigm to enhance CO2

adsorption capacity and selectivity. Grafting is typically accomplished by postsyn-

thetic modification (PSM) of classes of porous materials such as silicas and zeo-

lites. The crystalline and modular nature of MOFs offers a more diverse approach

to molecular level tuning in order to study amine-driven C-capture performance

[26,81]. There are two approaches that have been used to introduce amine func-

tionality into MOFs.

The first approach involves covalent modification of linker ligands with amine

groups (1-, or 2-, or 3-degree amine) prior to synthesis of the MOF, that is, pre-

synthetic functionalization. Incorporation of pendant amine groups into the guest-

accessible void space of MOFs can greatly enhance the C-capture properties versus

the corresponding parent structures. Further, the ready commercial availability of

aromatic amine containing linkers, especially 2-aminoterephthalic acid, NH2-BDC,

has resulted in the generation of a number of amine-functionalized MOFs. IRMOF-3,

Zn4O(NH2-BDC)3, (Fig. 2.13A) [199], a variant of MOF-5, has been studied in this

context [125]. At 298K and 1.1 bar, IRMOF-3 exhibits CO2 uptake of 5.0 wt.%,

higher than that of its parent IRMOF-1 [Zn4O(BDC)3], 4.6 wt.%, despite reduced

BET surface area of 2160 versus 2833 m2 g21.

Other examples of amine-functionalized linker ligands in MOFs include MIL-

101(Cr)-NH2 (50) [149,200], CAU-1 [Al4(OH)2(OCH3)4(H2N�BDC)3] (48) [150],

bio-MOF-11 [Co2(ad)2(CO2CH3)2] (45) (Fig. 2.13B) [151], [Co3(OH)2(btca)2]

(btca: benzotriazole-5-carboxylic acid) (42.9) [152], [Zn2(tcpt)OH] (tcpt: 2,4,6-tris-

(4-carboxyphenoxy)-1,3,5-triazine) (40.9) [153], [Zn2(Atz)2(ox)] (Atz: 3-amino-1,
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2,4-triazole; ox: oxalate) (40.8) [154,155], NH2-MIL-53(Al), that is, [Al(OH)

(NH2-BDC)] (38.4) [156], rht-MOF-9 (32) [157], Uio-66-NH2 (28) [140], MAF-66

[Zn(atz)2] (26) [158] (numbers in parentheses denote the Qst(CO2) values in

kJ mol21 at low coverage, for the respective MOF). Interestingly, although the

strategy of using 2-aminoterepthalate (NH2-BDC) as a linker instead of BDC is

effective from a design perspective, improvements in selectivity and ensuing sepa-

ration performance were only modest for Uio-66-NH2, NH2-MIL-53(Al), CAU-1,

MIL-101(Cr)-NH2, Zn2(NH2-BDC)2(TED) [201], Ni2(NH2-BDC)2(TED) [202], and

In(OH)(NH2-BDC) [203] (TED: triethylenediamine).

An alternative approach to incorporating amines into MOFs revolves around

PSM of MOFs. PSM has afforded MOFs with high Qst(CO2), 70�130 kJ mol21 at

low coverage, and high Sads(CO2). Typically, interactions between the localized

amine dipoles and the quadrupole moment of CO2 would be alone enough to

Figure 2.13 Structures of (A) IRMOF-3 and (B) bio-MOF-11. (C) Pure component

isotherms for CO2 (squares) and N2 (circles) adsorption at 298K for mmen-CuBTTri (green)

(packing view on right) and CuBTTri (blue).

Source: Adapted from T.M. McDonald, D.M. D’Alessandro, R. Krishna, J.R. Long,

Enhanced carbon dioxide capture upon incorporation of N,N0-dimethylethylenediamine in the

metal-organic framework CuBTTri, Chem. Sci. 2 (2011) 2022�2028; http://

matrixsensorsinc.com/wp-content/themes/matrixsensors/assets/images/mofs/IRMOF-3.jpg

(accessed 27.08.18) [204] with permission.
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enhance C-capture performance, but there is also the possibility of chemisorption.

NH2-functionalized MOFs might also be expected to be less impacted by the pres-

ence of moisture than UMC-rich MOFs, especially if the amines bond to UMCs.

However, if the presence of amines in pore voids results in chemisorption there will

be elevated energy requirements for sorbent bed regeneration. 60% UMC functiona-

lization of CPO-27-Mg, i.e., Mg-MOF-74, with ethylenediamine by Bernini et al.

afforded CPO-27-Mg-c, a chemisorbent with Qst(CO2)B132 kJ mol21 [142].

Although saturation uptake at 298K, 5.42 mmol g21 is less than the parent, Mg-

MOF-74, the amine-on-UMC strategy enhanced sorbent�CO2 interactions with a

B2.8-fold increase in Qst(CO2). Chen and colleagues reacted hydrazine with

Mg2(dobdc) to form [Mg2(dobdc)(N2H4)1.8] [145], a MOF that set a new record for

C-capture performance at atmospheric CO2 (0.4 mbar, 3.89 mmol g21) and

postcombustion-relevant (150 mbar, 5.18 mmol g21) conditions. The high concen-

tration of hydrazine-derived free �NH2 groups (6.01 mmol g21 or

7.08 mmol cm23) enabled reversible carbamic acid formation with CO2 and a high

Qst(CO2) value of B90 kJ mol21. This amine-tethered MOF was studied by

temperature-vacuum swing adsorption and was found to exhibit a lower regenera-

tion temperature than that of other alkylamine-functionalized MOFs. An expanded

analog of dobdc (dobpdc: 4,40-dihydroxy-(1,10-biphenyl)-3,30-dicarboxylic acid)

was used to prepare Mg2(dobpdc), a MOF with B18.4 Å pore diameter.

Mg2(dobpdc) was modified with N,N0-dimethylethylenediamine (mmen) to afford

mmen-Mg2(dobpdc) [133], which has a small BET surface area of 70 m2 g21 but

strong 298K C-capture: 2.05 mmol g21 at 0.0004 bar; 3.13 mmol g21 at 0.15 bar;

3.86 mmol g21 at 1 bar. This performance is consistent with chemisorption with a

low loading Qst(CO2) of B71 kJ mol21. However, after CO2 loading of

B2.5 mmol g21, accessible �NH2 sites saturate and Qst(CO2) is reduced to

B23 kJ mol21. Other PSM approaches using Mg2(dobpdc) afforded dmen-

Mg2(dobpdc) [147] and en-Mg2(dobpdc) [148] (dmen: N,N0-dimethylethylenedia-

mine; en: ethylenediamine). Both MOFs were found to exhibit strong C-capture

properties, but there is a regeneration energy penalty because of the high Qst(CO2)

values 75 and 51 kJ mol21, respectively. Ethylenediamine (en) was used by Long

and coworkers to modify CuBTTri, H3[(Cu4Cl)3(BTTri)8] (H3BTTri: 1,3,5-tris(1H-

1,2,3-triazol-5-yl)benzene) and form en-CuBTTri, a MOF that features CuII UMCs

[146] and a high Qst(CO2) of B90 kJ mol21. CuBTTri serves as a proof-of-

principle for AFS sorbents prepared by PSM from UMC-rich parent MOFs. A high

zero-coverage Qst(CO2) of B96 kJ mol21 for its analog mmen-CuBTTri [144]

(mmen replacing en during PSM) is a handicap even though its C-capture perfor-

mance is excellent: 4.2 and 2.38 mmol g21, at 1 and 0.15 bar, respectively

(Fig. 2.13C); SCNB327 (IAST; CO2/N2: 15:75) [144].

The UMC-lined mesopores of MIL-101(Cr) were modified with diethylenetria-

mine (DETA) to yield MIL-101-DETA [143], a MOF with BET surface area

B1644 m2 g21, c. 48% less than MIL-101(Cr). This MOF was found to exhibit

Qst(CO2) of B98 kJ mol21. Using a simple “impregnation” process, Liang Chen

and coworkers developed a series of MIL-101(Cr) variants with different polyethy-

leneimine (PEI) loadings [160]. Other mesoporous MOFs, for example, MIL-100
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(Cr), have also been tethered with alkyl amines and en-MIL-100(Cr) exhibits a low

loading Qst(CO2) of B80 kJ mol21. Different types of LBSs, for example, aliphatic,

aromatic, and heterocyclic amines may show diverse effects on improving material

properties versus the corresponding parent MOFs. While amine-functionalized

MOFs can be readily prepared and in many cases exhibit improved C-capture per-

formances over their parent MOFs, there are still challenges to overcome. Given

that chemisorption is the mechanism of C-capture, relatively high regeneration

energies are typically needed (. 90�C) [205]. Further, their production can be

energy-intensive [12] and they may still be prone to chemical/thermal/hydrolytic

instability [13,94,206]. Finally, even if low loading Qst(CO2) is enhanced, once the

amine sites are saturated, high loading Qst(CO2) will likely be greatly reduced.

Overall, AFS MOFs tend to offer C-capture performances for dry and wet gas mix-

tures that is superior to their parent MOFs and some traditional physisorbents [196],

but it is unclear if they can compete on cost and performance with cheaper amine-

modified materials such as silicas and zeolites.

2.6.3 Saturated metal centers

Whereas UMCs and amine functionalization are validated to enhance C-capture

under ideal conditions, they tend to be negatively affected by industrially relevant

conditions, especially the presence of moisture [144,207]. MOFs and related materi-

als with SMCs offer the possibility of a different approach whereby C-capture per-

formance is driven by optimal pore size and pore chemistry for C-capture versus

other relevant gases and vapors. Such an approach is gaining relevance thanks to

the amenability of certain MOF platforms to crystal engineering and the strong per-

formance of some of the resulting SMC materials. The use of crystal engineering

approaches means that sorbents which are modular in nature, as is the case for sev-

eral MOF platforms, can be systematically fine-tuned through careful selection of

metal nodes and/or organic linkers, and, in some cases, by control of interpenetra-

tion [109]. This type of sorbent can be subdivided into two classes of materials: (1)

MOFs in which organic ligands are used to control pore size and pore chemistry;

(2) ultramicroporous materials that are based upon combinations of organic and

inorganic linker ligands (HUMs).

2.6.3.1 Metal-organic frameworks in which organic ligands are
used to control pore size and pore chemistry

Among MOFs containing SMCs, zeolitic imidazolate frameworks (ZIFs) are per-

haps the most widely studied sorbents. ZIFs are based upon polyhedral cages

formed from tetrahedral nodes and angular imidazolate linkers. These neutral coor-

dination networks can exhibit zeolitic topologies and feature pores that are larger in

scale than those of zeolites. Structures of ZIFs can be fine-tuned by variation of the

linker ligand functionality. However, whereas ZIFs are structurally diverse and tend

to exhibit thermal and hydrolytic stability, they generally exhibit low CO2 uptake at

0.15 and 1 bar and poor selectivity versus CH4 and N2. ZIF-78 (BET surface area:
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620 m2 g21), the top-performing ZIF with respect to C-capture, is decorated with

nitro groups and exhibits CO2 uptake of c. 2.6 mmol g21 at 298K and 1 bar, but its

selectivity (B50) is average. Such selectivity values are indicative of the weak

CO2�sorbent interactions that tend to occur in MOFs with SMCs and exclusively

organic linkers with no AFS functionality.

Control over pore size, in particular in the ultramicroporous regime (pore

diameter, 7 Å), has resulted in significant developments with respect to selectivity

and uptake values. [K(H2O)2Co3(cit)(Hcit)] (H4cit5 citric acid), a diamonoid, dia,

network known as UTSA-16 [175], (BET surface area5 628 m2 g21) was found to

exhibit volumetric CO2 uptake of 160 cc cc-1, a value second only to that of Mg-

MOF-74 at 296K and 1 bar. Further, UTSA-16 outperforms Mg-MOF-74, and

therefore all other UMC-rich sorbents, in terms of CO2/N2 selectivity (314.7 vs

182). UTSA has pore dimensions of 3.33 5.4 Å2 which facilitate multiple sor-

bent�sorbate interactions and are assumed to be behind its outstanding perfor-

mance. Neutron powder diffraction measurements conducted upon CO2-loaded

UTSA-16 revealed a CO2 binding site in which coordinated water molecules and

uncoordinated carboxylic OH groups interact with a CO2 molecule. UTSA-16 loses

its coordinated aqua ligand at elevated temperatures to afford a nonporous com-

pound. The C-capture performance of UTSA-16 and its low cost ingredients make

it a potential lead candidate for later stage development.

In 2015, Vaidhyanathan and coworkers reported a new ultramicroporous MOF,

Ni-4PyC (4PyC: 4-pyridinecarboxylate) (Fig. 2.14A) with ultramicroporous pore

windows (3.53 4.8 Å). Ni-4PyC set a new benchmark for CO2/H2 selectivity (285)

and working capacity (3.95 mmol g21) (Fig. 2.14B) [176]. The sorption perfor-

mance of Ni-4PyC makes it a candidate for H2 purification and precombustion trace

C-capture processes. The performance of Ni-4PyC is likely a result of the high den-

sity of CO2 binding sites and cooperative CO2�CO2 interactions. An agw topology

network, NJU-Bai3 [173], synthesized from an amide-functionalized tricarboxylate

ligand 5-(4-carboxybenzoylamino)-isophthalate, was found to exhibit moderately

high Qst(CO2) of B36.5 kJ mol21. This high surface area (2690 m2 g21) MOF also

exhibits moderate SCN (60) and CO2 uptake capacity (3 mmol g21 at 273K). The

isoreticular (3,6)-connected networks NJU-Bai7 and NJU-Bai8, synthesized from 5-

(pyridin-3-yl)isophthalate and 5-(pyrimidin-5-yl) isophthalate, respectively, contain

uncoordinated N-atoms and exhibit good selectivity SCN of 97 for NJU-Bai7, 111.3

for NJU-Bai8 and Qst(CO2) (40.5 kJ mol21: NJU-Bai7 vs 37.7 kJ mol21: NJU-

Bai8). SCMB40.8 makes NJU-Bai8 a potential candidate for further study in the

context of NG purification.

Postsynthetic ligand exchange of the terephthalate moiety in UiO-66 with a

series of alkanedioic acids (HO2C(CH2)n�2CO2H; n: 4, 6, 8, 10) resulted in free car-

boxyl moieties lining the pores. The CO2 uptakes of UiO-66-ADn (n5 4, 8) were

observed to be similar to that of UiO-66. However, UiO-66-AD6 [166] was found

to exhibit 1 bar uptake that is 34% higher at 298K and 58% higher at 323K versus

that of UiO-66. Qst(CO2) of B49.85 kJ mol21 is the highest yet reported for the

UiO-66 platform of MOFs. The strong performance of UiO-66-AD6 was attributed

to carboxyl group-CO2 interactions.
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Despite relatively low BET surface area of B400 m2 g21 and low saturation

uptake, the azine-functionalized pore surface of the Zn(II) MOF TMU-5 was found

to exhibit Qst(CO2) of B44 kJ mol21. The strength of interaction was attributed to

narrow pores (dimension: 5.63 3.8 Å2) that facilitate CO2-specific dipole�quadru-

pole interactions [168]. Microwave-assisted synthesis was recently used to prepare

a heterobimetallic (Na,Cd)-MOF, [Cd3Na6(BTC)4(H2O)12], with high volumetric

CO2 adsorption capacity (5.2 mmol cm23 at 298K and 1 bar) and a BET surface

area of B526 m2 g21. Other sorption parameters are moderate with Qst(CO2)

Figure 2.14 (A) Ultramicropores viewed along crystallographic c-axis of Ni-4PyC; (B)

simulated comparison of working capacity and sorption selectivity characteristics of Ni-

4PyC, relative to a few industrial sorbents and MOFs (determined from (i) H2:CO2 (80:20),

and (ii) H2:CO2 (60:40) gas mixtures at 313K) [176].
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of B42 kJ mol21 and SCNB50 [208]. [Cd3Na6(BTC)4(H2O)12] is facile to regenerate

and can be prepared in 1 hour, thereby making it another example of an ultra-

microporous sorbent that could be further studied for C-capture applications.

Successive functionalization of a T-shaped ligand with amide and N-oxide groups led

Xiong et al. to “open-donor” N-oxide sites in LIFM-11. The N-oxide sites impact its

CO2 sorption enthalpy (53 kJ mol21, the highest value among SMC-MOFs unless

inorganic linkers are present) and the SCN is B69 at room temperature [165].

Mechanistic insights into its CO2 adsorption and preferred binding sites suggest that

N-oxidization of N-donor ligands is potentially a new approach to generate MOFs

that offer good C-capture performance along with facile regeneration/recyclability.

SMC-based MOFs with Qst(CO2) in the range 20�40 kJ mol21 offer an opportu-

nity for energy-efficient C-capture as they require relatively low regeneration

energy. However, sorbents based upon SMCs and exclusively organic linkers often

suffer from weak C-capture performance because, ultimately, strong sor-

bent�sorbate interactions are required for selectivity driven separations such as

trace C-capture under ambient conditions.

2.6.3.2 Ultramicroporous materials that are based upon
combinations of organic and inorganic linker ligands
(hybrid ultramicroporous materials)

The paradigm of fine-tuning pore size and pore chemistry mentioned earlier is

exemplified by HUMs, which are based upon combinations of organic linkers and

inorganic pillars. It should be noted that under the 2015 provisional recommenda-

tions of a IUPAC task group, HUMs should not be classified as MOFs. This is

because HUMs exploit inorganic linkers and a MOF was defined as a coordination

network with organic ligands containing potential voids. MOFs, therefore, would

not include any inorganic species as linker ligand [209]. Further, the IUPAC panel

explicitly discouraged use of the term “hybrid organic�inorganic materials,” an

umbrella under which HUMs clearly belong.

The systematic study of pore size and pore chemistry in HUMs has afforded a

number of HUM sorbents that offer new benchmarks, in some cases by more than

an order of magnitude, for CO2 selectivity over N2 [19,162], H2 [176], CH4 [19],

and C2H2 [37]. The first generation of HUMs was based upon crystal engineering

of pillared sql networks that exist as pcu nets if an inorganic linker anion is used to

pillar the sql networks. These HUMs are highly modular as there are at least three

variables: the metal moiety; the linker used to generate the sql network (which typi-

cally controls pore size); the linker used to pillar the sql network (which typically

controls pore chemistry) (Fig. 2.15). The prototypal pillared sql network, SIFSIX-1-Zn,

[Zn(4,40-bipyridine)2(SiF6)]n, was reported in 1995 (Fig. 2.16A) [17]. Its Cu analog,

SIFSIX-1-Cu, was subsequently studied in the context of NG storage [210].

Another platform of pillared sql networks that would be classified as a MOF is

exemplified by the pcu net DMOF-1 [211], which was reported in 2004. DMOF-1

is not a HUM because it is comprised of MOF-2, [Cu(1,4-BDC)2] sql networks

[124] pillared by the organic linker DABCO, 1-4-diazabicyclo[2.2.2]octane.
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DMOF-1 serves as the parent of a particularly large platform of sorbents because of

the large number of readily accessible dicarboxylate linkers and di-aza linkers.

Several groups have studied these materials extensively [212�214]. Most

recently, the use of extended ligands (X-ligands) has resulted in the generation of

variants of DMOF-1 with high levels of interpenetration and the observation of

stimulus-responsive phase changes [215].

It is perhaps surprising that the C-Capture performance of MFSIX (MF226 , where

M5 Si, Ti, etc.) sorbents was not studied until 2012 [21], when SIFSIX-1-Cu and

SIFSIX-4-Cu (25 1,2-bis(4-pyridyl)ethane) were investigated. SIFSIX-1-Cu, the

narrower pore, denser sorbent was found to exhibit higher gravimetric uptake

thanks to its higher Qst(CO2). The previously reported ultramicroporous variant

SIFSIX-3-Zn (35 pyrazine) (Fig. 2.16B), was concurrently studied and found to

exhibit promising CO2 uptake at low partial pressures and 298K [216]. In 2013, a

crystal engineering approach from Zaworotko and coworkers enabled precise con-

trol over pore size in three members of the “SIFSIX” platform: SIFSIX-2-Cu, its

interpenetrated polymorph, SIFSIX-2-Cu-i, and SIFSIX-3-Zn [19]. The smaller

pore diameter (5.15 Å) of SIFSIX-2-Cu-i versus SIFSIX-2-Cu (13.05 Å) resulted in

much stronger CO2�sorbent interactions as evidenced by higher Qst(CO2) (31.9 vs

22 kJ mol21 for SIFSIX-2-Cu-i and SIFSIX-2-Cu, respectively) and higher CO2

uptake (1.9 vs 0.22 mmol g21 for SIFSIX-2-Cu-i and SIFSIX-2-Cu, respectively) at

low-pressure (0.1 bar) CO2 and 298K. SIFSIX-3-Zn, the narrowest pore material

Figure 2.15 Schematic illustration of the modularity of pillared square grids that form pcu

nets.

Figure 2.16 Prototypal HUMs as exemplified by: (A) SIFSIX-1-Zn; (B) SIFSIX-3-Zn; (C)

NbOFFIVE-1-Ni; (D) MOOFOUR-1-Ni.
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performed even better and unexpectedly set a benchmark for SCN of B1800, almost

an order of magnitude better than any existing physisorbent and two orders of mag-

nitude better than most MOFs. Modeling studies indicated that a combination of

ultramicropores with an aperture just above the kinetic diameter of CO2 and strong

electrostatics from the SiF226 pillar afforded the very high Qst(CO2) value of

B45 kJ mol21. Subsequent work revealed that enhanced SCN and SCM could be

manifested though systematic substitution of the pillar from SIFSIX-1-Cu SiF226
� �

to TIFSIX-1-Cu TiF226
� �

and SNIFSIX-1-Cu SnF226
� �

[217].

In 2014, Eddaoudi and coworkers reported that another HUM variant, SIFSIX-3-

Cu [164], exhibits CO2 uptake capacity of 1.24 mmol g21 at 400 ppm and 298K, a

new benchmark for CO2 uptake under conditions relevant to DAC. Substitution of

Zn for Cu reduced the pore diameter from 3.84 Å in SIFSIX-3-Zn to 3.5 Å in

SIFSIX-3-Cu, resulting in an even higher Qst(CO2) of B54 kJ mol21. Zaworotko

and coworkers addressed the potential use of HUMs for DAC by comparing several

sorbents including SIFSIX-3-Ni, two MOFs (HKUST-1 and Mg-MOF-74), zeolite

13X, and TEPA-SBA-15 (an amine-modified mesoporous silica). SIFSIX-3-Ni was

found to be by far the best-performing physisorbent with equilibrium compositions

of 8% CO2 and 92% water upon exposure to humid laboratory air [15]. In a follow-

up study [41], SIFSIX-3-Cu was evaluated for CO2 DAC and found to have even

higher CO2 uptake under DAC conditions. These studies collectively reveal that

even subtle pore size and pore chemistry changes can profoundly impact C-capture

performance.

While the modular nature of the MFSIX platform enables systematic expansion

of the MF226 derived HUM platforms, there are other inorganic anions that can be

used as pillars. Fluorinated oxy or “FOXY” anions such as NbOF225 can also serve

as pillars, the prototype being NbOFFIVE-1-Cu (15 pyrazine), a compound first

reported by Poeppelmeier in 1996 [218]. The DAC properties of NbOFFIVE-1-Ni

(Fig. 2.16C) were investigated [162,219] and revealed new benchmarks for gravi-

metric and volumetric CO2 uptake (c. 1.3 mmol g21 and 51.4 cm3(STP) cm23) for

any physisorbent at 400 ppm and 298K (Table 2.4 and Fig. 2.17).

HUMs are not limited to pcu nets. The first examples of uninodal 6-c mmo

topology HUMs are members of the isostructural family MOOFOUR-1-Ni

(Fig. 2.16D), CROFOUR-1-Ni and WOOFOUR-1-Ni [161]. Sharp type-I 298K

CO2 isotherms for all three sorbents revealed uptakes of 2.45, 2.27, and

1.91 mmol g21 and low loading Qst(CO2) values of 65.5, 56, and 50 kJ mol21,

respectively. At flue gas composition and full loading (10:90 CO2/N2 binary mix-

ture), SCN values of 86, 195, and 179 exceed the values exhibited by almost all

UMC-rich or amine-modified MOFs.

Another inorganic anion that can function as a pillar for HUMs is the dichromate

Cr2O
22
7

� �
anion. The use of dichromate pillars and 4,40-azobipyridine linkers coor-

dinated to Zn21, Co21, Ni21, and Cu21 resulted in the interpenetrated HUMs

DICRO-3-M-i [M0(apy)2(Cr2O7)]n (apy: 4,40-azopyridine, M0 5Zn21, Co21, Ni21,

Cu21). The interpenetrated variants were all found to exhibit better C-capture prop-

erties than the corresponding noninterpenetrated variants [172]. The benchmark per-

formance of HUMs when combined with good stability, easy fine-tuning, and facile
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Table 2.4 CO2 DAC performances for representative sorbents.

Adsorbent DAC (1 atm; 49% RH) Moist CO2 (0.15 atm; 75% RH) Dry CO2 (0.15 atm)

CO2 H2O CO2 L kg21 (L L21) SCW CO2 H2O CO2 L kg21 (L L21) SCW CO2 CO2 L kg21 (L L21)

TIFSIX-3-Ni 17.1% (17.9) 9.09 (14.97) 12.80 83% (92) 46.84 (77.15) 0.87 100% (105) 53.45 (88.03)

NbOFFIVE-1-Ni 16.5% (18.5) 9.42 (16.57) 12.35 85% (88) 44.80 (77.84) 0.91 100% (95) 49.28 (86.73)

SIFSIX-3-Ni , 8% (8.0) . 92% (93) 4.07 (6.55) 5.43 62% (76) 38% (46) 38.69 (62.29) 0.27 100% (109) 55.49 (89.34)

HKUST-1 1% (2.1) 99% (178) 1.07 (0.95) 0.63 8.5% (12.8) . 91% (137) 6.52 (5.78) 0.02 100% (70) 35.64 (31.61)

Mg-MOF-74 , 4% (6.3) . 96% (171) 3.21 (2.94) 2.60 51% (68) 49% (65) 34.62 (31.71) 0.17 100% (235) 119.64 (109.59)

Zeolite 13X 1% (1.5) 99% (146) 0.76 (0.99) 0.63 22% (26.3) 78% (93) 13.39 (17.54) 0.05 100% (140) 71.27 (93.36)

TEPA-SBA-15 93% (158) 7% (12) 80.44 n.a. 830 92% (130.3) 8% (11) 66.33 n.a. 1.92 100% (152) 77.38 n.a.

SIFSIX-3-Cu 13.8% (14.1) . 86% (88) 7.18 (11.55) 10.03 65% (101) 35% (54) 51.42 (82.68) 0.31 100% (119) 60.58 (97.41)

DICRO-3-Ni-i . 2% (1.9) , 97% (80) 0.97 (1.40) 1.47 , 53% (19.2) . 47% (17,2) 9.77 (14.08) 0.19 100% (23.9) 12.17 (17.54)

SIFSIX-2-Cu-i 1% (1.6) 99% (155) , 1.00 (1.247) 0.63 59.5% (18.1) 40.5% (12.3) 9.21 (11.48) 0.24 100% (31) 15.78 (19.68)

MOOFOUR-1-Ni . 5% (2.5) , 95% (49) 1.27 (1.60) 3.29 60% (39) 40% (26) 19.85 (25.01) 0.25 100% (58) 29.53 (37.21)

Ni-4PyC 2% (3.3) 98% (154) 1.68 (1.74) 1.28 61% (15.6) 39% (20.1) 7.94 (8.20) 0.26 100% (26) 13.24 (13.68)

DMOF-1 . 2% (1.3) , 98% (56) 100 (0.83) 1.28 56% (9.7) 44% (7.7) 4.94 (4.08) 0.21 100% (17.3) 8.81 (7.28)

ZIF-8 23% (2.3) 77% (7.6) 1.20 (1.10) 18.67 75% (2.5) 25% (. 1) 1.27 (1.16) 0.50 100% (1.8) 0.92 (0.84)

MIL-101 , 1% (,1.0) . 99% (95) , 1.00 (0.62) , 0.63 40% (11.2) 60% (16.8) 5.70 (3.53) 0.11 100% (33.1) 16.85 (10.45)

UiO-66 , 1% (0.7) . 99% (195) 0.36 (1.45) , 0.63 29.6% (8.4) 70.4% (19.6) 4.28 (5.30) 0.07 100% (31.8) 16.19 (20.04)

UiO-66-NH2 , 2% (11.2) . 98% (237) 5.70 (7.38) 1.28 46.7% (51.3) 53.3% (58.5) 26.12 (33.83) 0.15 100% (59) 30.04 (38.90)



recycling makes them attractive options for many C-capture applications and per-

haps the top option of any sorbent class for trace C-capture applications. The possi-

bility that HUMs might enable a new generation of carbon negative technologies

such as DAC now exists and HUMs appear to be primed for study at higher TRL

levels.

2.7 Summary and future outlook

Herein, we have described how MOFs and related materials such as HUMs have

evolved as potential sorbents for use across a range of C-capture applications. The

basic sorption properties of MOFs and HUMs, such as selectivity and working

capacity, mean that the upside potential for their utility as energy-efficient C-capture

sorbents is higher, perhaps much higher, than existing C-capture sorbents (Table 2.1).

Figure 2.17 (A) Crystallographic direct visualization of CO2 molecules trapped inside the

NbOFFIVE-1-Ni ultramicroporous channels along [001] (top) and [010] (bottom) directions;

(B) Qst(CO2) versus CO2 uptake (at 1000 ppm for 1 day) trade-off for NbOFFIVE-1-Ni when

compared to CO2 sorbent benchmarks; (C) binary breakthrough experiments for NbOFFIVE-

1-Ni with dry and wet mixed-gas CO2/N2 (1%/99%) feeds at 1 bar and 298K (10 cm3 min21

flow rate).

Source: Reprinted (adapted) with permission from P.M. Bhatt, Y. Belmabkhout, A. Cadiau,

K. Adil, O. Shekhah, A. Shkurenko, et al., A fine-tuned fluorinated MOF addresses the needs

for trace CO2 removal and air capture using physisorption, J. Am. Chem. Soc. 138 (2016)

9301�9307. Copyright (2016) American Chemical Society with permission.
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This is largely because of two reasons: their inherent modularity can afford “plat-

forms” of related sorbents with similar structure but different chemical composition

to facilitate investigation of structure�function relationships; some of these plat-

forms enable exquisite control over pore size and pore chemistry in a manner that

is infeasible for other classes of sorbents. What we have learned to date is that pore

chemistry and pore size are both critical with respect to their influence upon selec-

tivity and working capacity. Selectivity is particularly important for trace separa-

tions, such as DAC, whereas working capacity is particularly relevant for high

concentration C-capture separations, such as NG sweetening and flue gas remedia-

tion. However, in order for the full promise of MOFs and HUMs to be realized,

they must address the spectrum of challenges that need be overcome before they

can be developed to higher TRL levels for industrial scale applications. As detailed

in Fig. 2.3, there are several practical considerations that must also be taken

into account such as sorbent cost (raw materials and manufacturing process), recy-

clability (stability to hydrolytic, thermal, and mechanical stress), and regeneration

energy (the sweet spot seems to be in the 40�60 kJ mol21 range exhibited by

strong physisorbents and weak chemisorbents).

2.7.1 Immediate challenges

It is highly unlikely that there will be a “one size fits all” C-capture sorbent since

there are multiple C-capture applications and the process conditions of pressure,

temperature, gas mixture composition (including wet and dry), and CO2 levels

(from trace to bulk) can vary so widely. This raises another challenge that arises

from the fact that there are now on the order of 20�30,000 MOFs and HUMS in

the public domain; the number of potential sorbents is presently growing faster than

they can be systematically evaluated. In essence, we have managed to create an

“embarrass des richesses” because there are so many potential sorbents thanks to

the wide range of chemically different but functionally similar platforms of sorbents

that now exist. The problem could be described as not so much having to find a

needle in a haystack, but having to first find the right haystack (platform) so that

the right sorbent can be developed for the right application. One way to partially

address this challenge might be to use practical considerations such as cost, hydro-

lytic stability and thermal stability as early filters so that researchers do not invest

much time and money on sorbents that will inevitably fail later in development.

However, this approach would lessen the growth in fundamental knowledge con-

cerning structure�property relationships and there are still gaps that must be filled

in this fundamental knowledge. Another approach could be to develop predictive

models of C-capture performance that are reliable enough to guide synthetic materi-

als chemists. With respect to modeling, considerable progress has been made in

recent years with respect to “virtual screening” of a large numbers of sorbents

[220,221] and developing new force fields to better understand the energetics

around why some sorbents such as HUMs perform better than others with similar

features [222]. However, models that can reliably address how sorption
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performance changes under different conditions and with different gas mixture

compositions are not yet within reach.

2.7.2 The next big challenge

The development of membranes from top-performing sorbents is not yet generally

viable but is a highly desirable goal. This is because there are engineering and eco-

nomic advantages over competing separation technologies. For example, gas treat-

ing membrane systems represent a safe and efficient option for water vapor and

CO2 removal from NG, especially in remote locations. Membrane systems are also

largely compliant with various gas volumes, CO2 concentrations, and/or product-

gas specifications. Commercialization of membrane technology for gas purification/

separation commenced about three decades ago using polymer materials such as

polysulfones, cellulose acetate, and polyimides, with emphasis upon NG upgrading

and nitrogen blanketing [223]. The guest-accessible ultramicro-/micro-/mesoporos-

ity (inferring high fluxes) and the tunable pore apertures and chemically tailorable

surface chemistry of MOFs and HUMs should in principle enable them to serve as

C-capture membranes. However, inconsistent intergrowth at the membrane�support

interface, poor moisture stability, and little control over “nonporous pathways” typi-

cally result in poor separation performances for MOF membranes [224]. Moreover,

successful fabrication of pure high quality MOF membranes is challenging even

when compared to zeolite membranes because of the following reasons: low hetero-

geneous nucleation density; less propensity for direct chemical bond formation

between the organic linkers of MOFs and the support surfaces; the reduced bond

strength of coordination bonds versus metal oxides and intergrowth of MOF crystals

[225]. Also, the differential thermal expansion coefficients between the MOF layer

and the support have led to crack formation during membrane activation and/or sol-

vent removal. These are perhaps the main reasons behind the current scarcity of

MOF membranes in the literature, in general, and C-capture membranes, in

particular.

Nevertheless, there are some indications that MOF membranes could become

viable. A bottom-up approach led MOF-5 to be introduced as the first pure MOF

thin film, whereby nucleation of the crystallites occurred on self-assembled organic

monolayers terminated by carboxylic acid functional groups attached to an Au(111)

substrate [226]. However, Knudsen diffusion behavior (i.e., pore size is comparable

to kinetic diameter of the gas adsorptives) driven separation of gases (CO2, H2,

CH4, N2, and SF6) could be only harnessed by a fabricated MOF-based membrane

(MOF-5 on porous α-alumina) [227]. ZIF-8, [Zn(2-mIm)2] was prepared as a

porous alumina composite membrane and recorded high SCM because of a molecu-

lar sieving mechanism [228]. The separation of CO2 from H2 was demonstrated

using the exfoliated material with up to 1 nm thickness. Size exclusion governed

H2/CO2 selectivity (. 200) at 393K and 1 bar was reported for an exfoliated mem-

brane comprised from the 2D framework [Zn2(bIm)4] (bIm5 benzimidazolate)

[229]. In general, CO2 size selective MOFs that combine a small pore aperture

(within the range of the kinetic diameter of the target gas) and strong sorbent�CO2
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interactions are the best current candidates for membrane-based C-capture applica-

tions. Small apertures and high CO2 affinity promote the diffusion and solubility

parameters, positively influencing the membrane separation process. Nevertheless,

implementation of MOFs in membrane technology must still overcome intercrystal-

line growth [185].

Cu BPDC-TED/PAET (TED: triethylenediamine, PAET: poly(3-acetox-

yethylthiophene)) was used to introduce MOFs into the domain of mixed-matrix

membranes (MMMs) in which single gas permeation measurements led to SCM of

3.2 [230]. Polymer combination-aided MMMs have been reported from only c. 15

different MOFs [185]. For example, 10 wt.% Mg-MOF-74/PI MMMs made of

glassy polyimide (PI) and Mg-MOF-74, were found to exhibit enhanced CO2 per-

meability (from 650 to 850 barrers) and SCN (from 14 to 23) when compared to the

pure PI membrane performance [231]. Post-treatment of the membrane, enhancing

interfacial adhesion between polymer and MOF fillers, PSM, and tweaking the

membrane morphology to alter the effects of permselectivity, solubility, and diffu-

sivity could end up affording MMMs that meet industrial specifications (Fig. 2.18)

[232]. However, limitations such as lower permeation from MMMs, solidification,

and higher MOF loading-derived defect formation remain to be addressed before

these MMMs can be studied at higher TRLs.

Figure 2.18 CO2 selectivity (SCN) versus CO2 permeability (in barrer) plots for pure

polymeric, mixed-matrix, and pure MOF membranes, relative to the Robeson upper bound

profiles.

Source: Reprinted by permission from C.A. Trickett, A. Helal, B.A. Al-Maythalony, Z.H.

Yamani, K.E. Cordova, O.M. Yaghi, The chemistry of metal-organic frameworks for CO2

capture, regeneration and conversion, Nat. Rev. Mater. 2 (2017) 17045, [copyright] (2017).
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3.1 Cationic inorganic pollutants

Each section of this chapter includes a short synopsis of the cationic inorganic pol-

lutant being addressed in the research discussed. Importantly, these introductions

contain information on the speciation of the pollutant in relevant environmental

compartments as well as the health effects and hazards they pose, particularly to

humankind. Cationic inorganic pollutants consist of heavy metals and their oxida-

tion products that are exotic and injurious to the environment and exhibit a ten-

dency to exist in a cationic state. These compounds, which originate from the waste

and/or end-product of industrial processes, can and should be remediated due to the

negative effects they have. In most cases, alternative materials have been developed

that are phasing out the need for products from these negligent industrial

operations.

The materials discussed herein include cadmium, chromium, lead, mercury, and

the nuclear waste products uranium, barium, cesium, and rubidium.

3.2 Design of metal clusters and organic linkers

The ability of metal-organic frameworks (MOFs) to selectively sense and sequester

cationic inorganic pollutants depends on the careful selection of both of its compo-

nents—the metal cluster and the organic linker. While the latter is most frequently

functionalized, as we will see they each are capable of being controlled to serve

some desirable purpose. The adsorption of cationic species to MOF structures is

addressed by several key concepts. Firstly, the physical quality of the porous mate-

rials can be tailored with functional groups to draw the pollutant from the solution

and localize it at the MOF in equilibrium with the rest of the solution [1]. The

availability of these functional sites depends on their orientation in the crystal struc-

ture as well as the pore size and shape. Ideally, the functional part of linking ligands

and metal clusters will point outward into the pore void, allowing for effective

Metal-Organic Frameworks (MOFs) for Environmental Applications. DOI: https://doi.org/10.1016/B978-0-12-814633-0.00005-3
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interaction with the adsorbate, while the size of the pore can be tuned as a sieve,

preventing atoms or molecules of certain size or shape (that may otherwise compete

with the desired adsorbate) from entering the MOF. Secondly, the MOF can be

designed to produce an electrostatic or Lewis acid�base interaction between its

components and the cationic pollutant. A functional group amended to the MOF

such as a thiol, sulfone, amine, or azine among others [2,3] can be utilized as a

Lewis base to interact with the Lewis acidic cation, binding them together at the

MOF’s surface or within its porous interior directly. These binding sites can be

occupied by guest ions that are less favorable than the pollutant, allowing for a con-

trolled ion-exchange mechanism. Conditions for ion exchange can be optimized by

consideration of hard�soft acid�base interactions, choice of nascent guest ion, ion

concentration, and pH. Hydrogen bonding is also frequently considered and found

to be the cause of effective adsorption.

3.3 Detection

High fidelity detection of cationic inorganic pollutants without employing destruc-

tive techniques can be designed in MOFs by considering the effects saturation with

a desired analyte will have on how the clusters or ligands behave. This can manifest

itself as changes in color, vibrational energies, electronic transitions, conductivity,

luminescence quenching, and secondary or even tertiary interactions with concomi-

tant compounds [4,5]. These methodologies will be highlighted in each section as

they are employed in the work discussed. The changes that occur in the material

can be analyzed using techniques such as Fourier-transform IR (FT-IR), X-ray pho-

toelectron spectroscopy (XPS), UV-Vis diffuse reflectance, or even chronoampero-

metric measurements, among others; these data can then be correlated to the known

concentration of analyte in a solution and used to determine unknown concentra-

tions in real samples.

3.4 Selectivity

An effective sensor or remediator should also be able to target an analyte with high

specificity and measure content accurately, ideally in the presence of multiple con-

taminants. Careful tuning using the concepts just mentioned enables this and testing

is performed using detection analysis methods coupled with several types of studies,

which likewise are highlighted in the research being reviewed. An example method

would be parallel testing, where the MOF is exposed to individual competitive ion

solutions to show results for each, followed by addition of the analyte to show a

change in results. This technique and variations of these kinds of studies are com-

mon for characterization of MOFs, as are the ever-important real-world sample

studies!
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3.5 Cadmium

The element cadmium was discovered simultaneously as an impurity in zinc car-

bonate, also known as calamine, by Freidrich Stromeyer and Karl Leberecht

Hermann in 1817. Its name is taken from the Latin word cadmia, for the mineral it

was found in. Much like its periodic neighbors zinc and mercury, cadmium is most

commonly found in a 12 oxidation state. The group 12 metal does not have partly

filled d or f electron shells making it unlike most other transition metals in terms of

reactivity and electronic behavior. Its most common uses in alloying, electroplating,

and battery manufacture have fallen to the wayside as less toxic alternatives have

been discovered.

3.5.1 Health and hazards

Cadmium is present in human diet as an oxide, having the highest known concen-

tration in shellfish, seeds, and grains. These foodstuffs, among others, most effec-

tively accumulate the metal from their environment [6]. Dietary intake is minor

compared to routes involving gaseous or colloidal inhalation, which occur in occu-

pational settings where the metal is processed and in cigarette smoke. These routes

can result in lung cancer [7] among other kinds [8], as well as renal diseases and

osteoporosis. Multiple regulatory agencies across the world have deemed cadmium

a carcinogen.

3.5.2 Speciation

The IUPAC definition of speciation: “the distribution of an element amongst

defined chemical species in a system” [9]. Speciation of the element being consid-

ered, in this section cadmium, is critical to understand how it will accumulate in

various systems and determine the means of exposure. The natural occurrence of

cadmium is scant, save for the zinc ores that are mined for it. Anthropogenic emis-

sions present the main cause of cadmium pollution, resulting in particularly high

concentrations around urban industrialized areas. Cadmium from industrial pro-

cesses is often associated with chloride, resulting in highly soluble forms such as

CdS, CdSO4, CdCl2, and Cd-aluminosilicates. In aqueous solution these compounds

yield Cd(II) to some extent which is the form the MOFs reviewed here interact

with.

3.5.3 Calcium-based metal-organic framework FJI-H9 [10]

Hui Xue, Maochun Hung, et al. had work published in Chemical Science in 2016

regarding the reversible uptake of Cd(II) in a regenerative MOF and characterized

the materials’ ability to both adsorb the metal and provide a means for in situ detec-

tion down to 10 ppm. Taking inspiration from work done for the adsorption of Hg

(II) by strong Hg-S interactions [11], MOF FJI-H9 achieves up to 286 mg g21
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adsorption of Cd(II) ions. The MOF is generated by the reaction of 2,5-thiophenedi-

carboxylate with CaCl2, forming an orthorhombic crystal of structure [Me2NH2
1]

[Ca2(C6H2O4S
22)2(CH3COO

2)(DMA)]�DMA (dimethylacetamide) (Fig. 3.1).

Crystals of FJI-H9 were soaked in 0.1 M cadmium nitrate/acetonitrile solution.

The cadmium loaded MOF was washed with acetonitrile and characterized by sev-

eral combustion analysis techniques—carbon/hydrogen/nitrogen analysis (CHN)

and inductively coupled plasma (ICP), as well as elemental and thermogravimetry-

mass spectrometry (TG-MS). The latter revealed a 2.5:1 cadmium to calcium ratio

and TG-MS showed 15.5% composition of volatile solvents. These data led the

group to report that 1 mol of the MOF was able to sequester 1.78 mol of Cd(II).

The material moderately adsorbs mercury, but is otherwise selective.

Extended X-ray absorption fine structure (EXAFS) suggests unexpectedly that

there is no CdS interaction, but rather three variants of Cd-O interactions and the

presence of four waters for every cadmium. This belies the presence of Cd H2Oð Þ12
4 ,

possibly stabilized by closely held nitrate anions. Based on IR signal differences,

the group posits that Cd(II) ions displace the methylammonium ions in the frame-

work, providing more favorable counterion stability. FJI-H9 was shown to effec-

tively indicate the presence of cadmium ions at low concentrations via a

fluorescence quenching mechanism. Fig. 3.2 shows several concentrations of aque-

ous cadmium nitrate and the respective change in emission intensity.

The group believes this is a product of Cd(II)-DMA (dimethylacetamide) interac-

tion. Under the same conditions, this quenching is not observed for other heavy

metals such Mg(II), Co(II), Ni(II), Mn(II), Zn(II), Fe(II), and Pb(II), and impor-

tantly, Hg(II), which is the only other heavy metal tested to have substantial adsorp-

tion. Importantly, the framework can be in situ deconstructed and subsequently

regenerated with a 10% loss of material each cycle.

Figure 3.1 (A) Coordination environment of FJI-H9. Labeling follows C5 gray, N5 blue,

O5 red, S5 yellow, Ca5 green, and H is omitted. (B) Crystalline framework with Ca

clusters as green polyhedra reveals pore shape and size, as well as functional group

orientation.

Source: Adapted from H. Xue, Q. Chen, F. Jiang, D. Yuan, G. Lv, L. Liang, et al., A

regenerative metal-organic framework for reversible uptake of Cd(ii): from effective

adsorption to in situ detection, Chem. Sci. 7 (9) (2016) 5983�5988 with permission from

The Royal Society of Chemistry.
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3.5.4 Copper-based metal-organic framework utilizing sulfonic
acid moieties [12]

Yang Wang, Guiqin Ye, et al. had work published in the Journal of Materials

Chemistry A by the Royal Society of Chemistry in 2015 regarding a copper-based

MOF that was stepwise postsynthetically modified with sulfonic acid groups for the

selective uptake of cadmium from aqueous solutions. The MOF Cu3(BTC)2SO3H

(BTC5 1,3,5-benzenetricarboxylate) or Cu-MOF for short was hydrothermally syn-

thesized as Cu3(BTC)2 and then postsynthetically amended with thiol pendants at

the metal Cu metal clusters. These were then oxidized to sulfonic acids, and each

compound in the series was characterized to illustrate the enhancement of cadmium

uptake. Successful attachment of the sulfonic acid group was confirmed by FT-IR

which revealed S-O stretch bands from 1000�1350 wavenumbers. Structural integ-

rity was considered by PXRD: Cu3(BTC)2 and Cu-MOF spectra were compared

and found to be consistent. Spectra were also collected after the uptake of Cd(II) to

further indicate structural steadfastness (Fig. 3.3). The BET surface area taken from

N2 adsorption isotherms at 77K of Cu-MOF was found to be 445 m2 g21, suggest-

ing effective inclusion of the sulfonic acid groups as this is less than that of the

unmodified Cu3(BTC)2.

Adsorption of Cd(II) was optimized to a pH of 6 and an exposure time of

10 minutes. At pH below 2.1 the sulfonic acid groups bear positive charge and repel

Cd(II), while above pH 6 Cd(II) tends to precipitate as a hydroxide salt. Kinetic

studies relying on the Lagergren pseudo-second-order kinetic model [13] revealed a

Figure 3.2 Fluorescence emission spectra for FJI-H9 in several Cd solution concentrations

illustrating quenching effect.

Source: Adapted from H. Xue, Q. Chen, F. Jiang, D. Yuan, G. Lv, L. Liang, et al., A

regenerative metal-organic framework for reversible uptake of Cd(ii): from effective

adsorption to in situ detection, Chem. Sci. 7 (9) (2016) 5983�5988 with permission from

The Royal Society of Chemistry.
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rate constant of 0.6818 g mg21 min and the Langmuir model [14] (for monolayer

adsorption) determined the maximum uptake capacity of 88.7 mg g21, conferring

an ideal aging time. The adsorption was also characterized by the Freundlich model

(for heterogeneous adsorption). The correlation coefficients (R2) for each test point

to the Langmuir model as a superior fit to the data collected, informing its use in

determining the maximum uptake capacity. Further, adsorption isotherms were also

taken for Cu3(BTC)2 and Cu3(BTC)2SH to illustrate the enhanced uptake of Cu-

MOF by the careful postsynthetic modifications, reporting an uptake capacity of

67.8 and 74.5 mg g21, respectively. The ability for the unmodified parent structure

to show adsorption of cadmium is attributed to complexation with residual carbox-

ylate groups.

Selectivity against competing ions was characterized by parallel metal ion solu-

tions of Na(I), Mg(II), Ca(II), Pb(II), Cu(II), and Ni(II) at concentrations ranging

from 0.5 to 100 mg L21 (with 1 mg L21 Cd(II)). Cu-MOF retained a removal effi-

ciency of at least 95.1% with Pb(II) being the strongest competitor. Desorption of

Cd(II) from Cu-MOF was easily achieved by rinsing the laden material with deio-

nized water and after oven drying could be reused. The material experienced a 15%

decrease in adsorption capacity after six cycles and preservation of the crystalline

structure was confirmed by PXRD, making it practical for recycled use.

3.6 Chromium

The lustrous, corrosion-resistant transition metal chromium was discovered in in

1797 by a French pharmacist while working with the lead mineral crocoite. The

bronze swords and arrowheads found on soldiers of the Qin dynasty Terracotta

Figure 3.3 (A) FT-IR spectra showing introduction of sulfonic acid groups. (B) PXRD of

Cu3(BTC)2, Cu3(BTC)2-SO3H, and Cu3(BTC)2-SO3H after treatment with Cd confirming

structural integrity of Cu-MOF.

Source: Adapted from Y. Wang, G. Ye, H. Chen, X. Hu, Z. Niu, S. Ma, Functionalized

metal-organic framework as a new platform for efficient and selective removal of cadmium

(ii) from aqueous solution, J. Mater. Chem. A. 3 (29) (2015) 15292�15298 with permission

from The Royal Society of Chemistry.
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Army from the late 300s BCE were found remarkably well preserved due to a coat-

ing of a chromium oxide [15], illustrating the element’s resistance to corrosion

through its passivation by a dense, impermeable oxidized layer. This quality consti-

tutes 85% of its commercial use as an electroplating metal and in the production of

stainless steel [16]. Other important uses are in dying and pigmentation as a vivid

red or yellow color, like that often associated with American school buses, though

use of the lead-containing chromate (and other antiquated metal-based pigments)

has declined with the advent of organic pigments.

3.6.1 Health and hazards

The two important forms of chromium when considering both the environment and

human health are of the trivalent and hexavalent oxidation states. Cr(III) is an

essential trace nutrient for mammals while Cr(VI) is a genotoxic carcinogen. In the

environment, these two species transmute between one another depending on vari-

ous conditions such as pH or the presence of tightly binding ligands [17]. Most

chromium-containing ore is processed through Cr(VI) to sodium dichromate dihy-

drate, from which virtually all materials and compounds are prepared. The preva-

lence of the hexavalent form in this way leads human exposure during processing

and application. Individuals working with stainless steel welding, for example, can

generate Cr(VI) particles that lead to lung carcinomas, asthma, and damage to nasal

epithelia and skin.

3.6.2 Speciation and reactivity

Though Cr(III) is not considered toxic, it is nevertheless important to develop an

understanding of how it exists in the environment due to its equilibrium relationship

with Cr(VI). In the unlikely absence of molecules with which it can form com-

plexes (when considering natural waters), trivalent chromium in neutral or alkaline

water primarily exists as Cr(H2O)3 and CrOH21. Cr(III) is a hard, acidic molecule

that often forms hexacoordinate octahedral complexes with oxygen, nitrogen, and

sulfur electron donors. Oxidation of Cr(III) to Cr(VI) in natural waters is generally

low due to the high redox potential between the two species. It is reported [18] that

the primary pathway involved mediation by manganese oxide. The presence and

formation of Cr(VI) species hinges on both pH and concentration of Cr(VI). Within

natural waters, CrO21
4 ; HCrO2

4 ; and CrO22
7 are prevailing species where the latter

begins to condense to an orange-red dichromate ion above 1022 M. Concentrations

of chromium in freshwater range from 0.5 to 100 nM, while saltwater varies from

0.1 to 16 nM.

Speciation of chromium in terrestrial compartments likewise depends on pH—in

acidic soils insoluble Cr(OH)3 aq. dominates, but above pH 5.5 mainly CrOH21 is

present. Regardless, both forms are strongly adsorbed by clay compounds or com-

plexed by organic macromolecules such as humic acids which immobilize the

metal. There are however complexing agents in soil, citric acid, for example, that

enhance the solubility and mobility of chromium. Atmospheric chromium exists as
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particles or droplets and serves as the main means of transport for the metal, with

species following the same trends as those found in water, with a similar depen-

dence of pH.

3.6.3 Cadmium metal-organic framework for Cr(VI) sensing and
sorption [19]

Hung Fu, Ying Zhao, et al. had a manuscript accepted by Dalton Transactions in

2017 regarding the synthesis and characterization of a two-dimensional water

stable MOF with high ethane and methane selectivity as well as efficient sensing

and sorption of hexavalent chromium. The cadmium-based TIPA-MOF [Cd

(TIPA)2(ClO4)2] � (DMF)3(H2O)2 is constructed of triisopropanolamine (TIPA)

linkages and contains perchlorate ions that exchange with Cr(VI). Crystals were

characterized by single-crystal X-ray, PXRD, elemental analysis, and IR. The sens-

ing capabilities of this MOF were investigated via parallel aqueous phase fluores-

cence emission tests of several compounds (BF24 ; VO
32
4 ; MoO22

4 ; WO22
4 ; ClO2

4 ;
SO22

4 ; NO32; Br2; Cl2; I2; SCN2; Cr2O
22
7 ; CH3COO

2; OAc2; C2O
22
4 ; OX22)

at 0.0001 M concentration and 320 nm excitation wavelength. The dichromate ion

was found to have the most significant quenching effect of the battery, the others

being negligible (Fig. 3.4).

A solution containing potassium dichromate and concomitant ions at 10-fold

greater concentration illustrated selectivity of the MOF for chromium as the

quenching remained nearly the same as the equivalent solution of just dichromate.

Titration experiments revealed an upper limit of 40 ppm and a lower limit of detec-

tion at 8 ppb. This is much lower than that of the contamination threshold of

100 ppb set by the US Environmental Protection Agency (EPA). Based on UV-Vis

studies, the group proposes that the dichromate ions compete with the ligand for

Figure 3.4 (A) Luminescence intensity spectra of TIPA-MOF in various anion solutions. (B)

Emission spectra of TIPA-MOF in K2Cr2O7 solutions at various concentrations.

Source: Adapted from H.-R. Fu, Y. Zhao, Z. Zhou, X.-G. Yang, L.-F. Ma, Neutral ligand

TIPA-based two 2D metal-organic frameworks: ultrahigh selectivity of C2H2/CH4 and

efficient sensing and sorption of Cr(vi), Dalton Transact. 47 (11) (2018) 3725�3732 with

permission from The Royal Society of Chemistry.
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light absorbance, which would reduce ligand�metal charge-transfer ergo reducing

luminescence. It is worth noting that PXRD revealed that quenching is not depen-

dent on failure of the crystal structure, and in fact the material is reusable with 81%

efficacy after five recycles. Adsorption of Cr(VI) was determined to be 116 mg g21

at a 51% exchange with perchlorate ions after 24 hours.

3.6.4 Zirconium metal-organic framework MOR-2 high Cr(VI)
adsorption [20]

Sofia Rapti, Debajit Sarma, et al. had a paper published by the Royal Society of

Chemistry in the Journal of Materials Chemistry A in 2017 regarding a micropo-

rous MOF MOR-2 that can rapidly adsorb Cr(VI) with high capacity and be effec-

tively adapted for use in ion-exchange chromatography.

The zirconium-based MOF (H16[Zr6O16(H2PATP)4] Cl8�xH2O, x5 8�12) contains

((pyridin-1-ium-2-ylmethyl)ammonio)terephthalate (H2PATP) ligands which, notably,

are the first example of presynthetic amending of the terephthalate moiety with the

large ammonium-pyridinium structure illustrated (Fig. 3.5). Typically, large functional

substituents such as this adversely affect the growth of MOF crystals [21]. The chlo-

ride ions present serve to interchange with Cr(VI). MOR-2 crystal structure was char-

acterized by PXRD, elemental analyses, thermogravimetric analysis, and energy-

dispersive X-ray spectroscopy (EDS). It was found to have a BET surface area of

354 m2 g21 and type-I adsorption�desorption isotherms (suggesting microporosity)

and ion-exchange experiments fitted to the Langmuir model report a maximum sorp-

tion capacity of Cr(VI) at 193.76 6.7 mg g21, the highest reported when this work

was published. Saturation of the compound with dichromate ion was reached within

1 minute with 99.1% removal capacity between pH of 2 and 9.

Figure 3.5 Illustration of the ligand H2PATP highlighting functional sites.

Source: Adapted from S. Rapti, D. Sarma, S.A. Diamantis, E. Skliri, G.S. Armatas, A.C.

Tsipis, et al., All in one porous material: exceptional sorption and selective sensing of

hexavalent chromium by using a Zr41 MOF, J. Mater. Chem. A 5 (28) (2017) 14707�14719

with permission from The Royal Society of Chemistry.
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The ion-exchange column edition exhibits excellent functionality when com-

pared to similar materials. MOR-2-HA was designed for use as a stationary phase,

formed by suspension of MOR-2 in sodium alginate with the addition of HCl. This

composite with the polysaccharide was necessary to prevent elution of MOR-2 in

aqueous media, under which conditions it forms a viscous gum. Some characteriza-

tion of MOR-2-HA is tabulated and additional information including ion-exchange

column tests are reported.

Photophysical properties were determined using UV-Vis diffuse reflectance and

steady-state emission spectroscopy. The former of MOR-2 shows absorption around

266 nm and a lower energy band from 380 to 450 nm. These bands belong to π�π�

and n�π� transitions (n being the lone pair of the methylammonium group). The

higher energy band at 266 nm sees contribution from Zr cluster transitions [22].

In the presence of chromate and dichromate, additional and unique features are

observed that reflect ligand to metal charge transfer (LMCT) as illustrated in

Fig. 3.6. Fluorescence titration experiments were performed to collect calibration

curve data. A limit of detection (LOD) and limit of quantification (LOQ) were

found to be 4 and 13 ppb, respectively. Using real samples of chrome plating waste

in distilled water an LOD of 6 and LOQ of 18 ppb were found. When potable water

was used instead, these values increased dramatically to 35 and 110 ppb.

The selectivity of MOR-2 was characterized by parallel tests against competitive

ions for Cr(VI) ion exchange. Chloride, nitrate, and bromide ions had negligible

effect even at 1000-fold concentration, but sulfate ions were able to lower the

adsorptive capacity of MOR-2 to 52% at two- to fourfold concentration.

Potable and industrial water samples containing varying amounts of these ions were

able to be effectively remediated of Cr(VI) by MOR-2 as well, showing similar

Figure 3.6 Diffuse reflectance spectra for MOR-2 adsorbed with chromate and dichromate

against fluorescence spectra revealing some overlap.

Source: Adapted from S. Rapti, D. Sarma, S.A. Diamantis, E. Skliri, G.S. Armatas, A.C.

Tsipis, et al., All in one porous material: exceptional sorption and selective sensing of

hexavalent chromium by using a Zr41 MOF, J. Mater. Chem. A 5 (28) (2017) 14707�14719

with permission from The Royal Society of Chemistry.
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fluorescence quenching resolution from 0 to 648 ppb. The mechanism proposed fol-

lowing density functional theory (DFT) calculations using [PhNH2CH2-PyH]
21 as a

model for H2PATP suggested weak association of dichromate via three hydrogen

bond interactions. Furthermore, chromate anions appear capable of deprotonating

either the pyridinium or methylammonium ions, resulting in HCrO2
4 ions that like-

wise associate with the ligand via hydrogen bonding.

3.7 Lead

The soft, ductile carbon homolog lead has the highest atomic number of any

stable element and three of its isotopes are the products of the naturally occurring

radioactive decay chains. It is easily isolable, ancillary to silver ore processing, and

was first known by prehistoric western Asian people. Its inertness, ductility, and

other physical qualities led to its widespread use which peaked in ancient Rome as

plumbing (derivative of its Latin name plumbum), currency, roofing, and munitions.

It has been proposed that the advent of lead plumbing played a part in the fall of

Rome, though arguments against this are asserted based on its passivation in moist

air or aerated water [23]. Nevertheless, lead is highly poisonous and affects nearly

every organ in the body. Its wide array of modern uses, particularly in paint and

fuels, has been greatly diminished with the advent of less toxic alternatives.

3.7.1 Health and hazards

Unlike most other toxic compounds or metals, there is no minimum acceptable expo-

sure. Lead is primarily distributed to the brain, liver, kidney, and bones. Most of it is

eventually excreted but some amount remains stored in bones and teeth. Children are

particularly susceptible to lead poisoning as they absorb and retain three to five times

the amount adults do [24]. Common routes of exposure include mining and smelting

of lead-containing ores as well as manufacturing and recycling of lead-based pro-

ducts. Most of the lead used now comes from recycling. The effects of lead exposure

range in severity, but even at blood concentration levels of 5 μg dL21 leads to

changes in brain development that result in decreased intelligence quotients and anti-

social behavior. It has also been linked to hypertension, anemia, immunotoxicity,

and damage to reproductive organs. Organolead compounds are particularly danger-

ous as they are readily absorbed through the skin and lungs.

3.7.2 Speciation

Lead in nature commonly occurs in two oxidations states: Pb(IV) and Pb(II). The

former is typical of lead’s organic chemistry and common for the carbon group,

while the latter is characteristic of its inorganic chemistry. The presence of organo-

lead compounds in the environment is generally attributed to the use of alkylated

species used as antiknocking agents in fuels. These tend to decompose to some

extent but are highly bioavailable. Inorganic lead species are found as the free ion
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and in other bound forms; the most common are PbBrCl and PbBrCl � (NH4)2SO4 as

products of vehicle exhaust and Pb(SO4) which is associated with lead smelting

processes. The species of lead present in terrestrial samples is directly related to

concentration and pH [25,26].

3.7.3 Lanthanide-based metal-organic framework for selective
detection of Pb(II) [27]

Guanfeng Ji, Jingjuan Liu, et al. had work published by the Royal Society of

Chemistry in the Journal of Materials Chemistry A in 2017 regarding highly sensi-

tive and selective detection of Pb(II) using a 2D terbium MOF. Produced under

hydrothermal conditions, Tb-MOF ([Tb(3,5-dicarboxyphenolate anion)(H2O)5])

crystal structure was determined using single-crystal X-ray. Luminescence was

characterized in solid state and aqueous conditions revealing excitation at 334 nm,

common to lanthanides [28]. Emission peaks for the f-f transitions of Tb(III) were

found at 492, 546, 587, and 623 nm and have been attributed to the LMCT from

the antennae-like effect of the ligand. The group also reports negligible change in

luminescence intensity after storage in deionized water or across pH values of

3�12, adjusted used HCl and NaOH.

Selectivity capabilities were analyzed using parallel metal ion aqueous solutions

to determine the quenching effects of various metals, as shown in Fig. 3.7. These

Figure 3.7 (A) Luminescence intensities of 5D4-
7F5 transitions [4] at 545 nm of Tb-MOF in

0.001 M metal ion solutions. (B) Images of Tb-MOF associated with each metal ion under

UV light.

Source: Adapted from G. Ji, J. Liu, X. Gao, W. Sun, J. Wang, S. Zhao, et al., A luminescent

lanthanide MOF for selectively and ultra-high sensitively detecting Pb21 ions in aqueous

solution, J. Mater. Chem. A 5 (21) (2017) 10200�10205 with permission from The Royal

Society of Chemistry.
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were prepared at 0.001 M and the results shown were determined after two hours.

The quenching effect can be seen by the naked eye. Quantitative analysis of the

quenching efficiency was characterized using a Stern�Volmer equation and suggest

an excellent, nearly linear correlation coefficient at low concentrations (83 1024 to

3.43 1027 M, the lower concentration end being the LOD). At higher concentrations

a meaningful deviation from linearity is reported; the group believes this to be due to

self-absorption by the metal ions. Selectivity was characterized similarly, but the bat-

tery of solutions was replaced with a concomitant solution of previous metal ions,

where their total concentration was 0.001 M. Luminescence intensity in this mixed

solution remained above 88% and introduction of Pb(II) effectively quenched this.

Some applications work was performed. A thin film of Tb-MOF was fabricated

by a hot-pressing process containing 0.5 wt.% of Tb-MOF. This material was

applied to strips which were placed in a similar mixed-ion solution as that used for

selectivity testing. These strips successfully made the qualitative determination of

the presence of Pb(II) against other metal ions and show a simple and practical

application of Tb-MOF for such analyses.

The mechanism of the quenching is believed to be due to electrostatic interac-

tions between Pb(II) and the Lewis basic phenolic oxygen of the ligand.

Characterization was done following luminescence lifetime studies which point

toward a dynamic and a static mechanism. It was found that the UV-Vis absorption

of the metal ions does not overlap with the absorption and emission spectra which

could suggest that interaction between the ligand and Pb(II) significantly hinders

the LMCT to the Tb(III). XPS and FT-IR confirmed a weak interaction between

phenolic oxygen and Pb(II).

3.7.4 Electrochemical DNA-functionalized porphyrinic metal-
organic framework for Pb(II) sensing [29]

Lin Cui, Jie Wu, et al. had work published in Analytical Chemistry in 2015 regard-

ing an efficient electrochemical sensor for the detection of Pb(II) using an Fe(III)

based MOF (FeP-MOF) containing porphyrinic ligands functionalized with DNA

that amplifies electrochemical signals in the presence of Pb(II) against other metal

ions, yielding a LOD of 0.034 nM. The complex functionality of this material relies

on the catalytic cleavage of GR-5 DNA strand by Pb(II) from gold nanoparticles

(AuNPs); the remaining strand attached to FeP-MOF via embedded AuNPs then

hybridizes with a hairpin probe (HP) that is immobilized to a carbon electrode as

illustrated in Fig. 3.8. The porphyrinic ligand then catalyzes the oxidation of chromo-

genic 3,30,5,50-tetramethylbenzidine (TMB) by hydrogen peroxide which is followed

by the electrochemical reduction of the oxidation product at the sensors surface.

Measurements are then made using a chronoamperometric method that can be corre-

lated to Pb(II) concentration as a significant increase in steady-state current.

The biomimetic oxidase-like catalytic properties of FeP-MOF were evaluated by

reaction of TMB with H2O2 in aqueous solution. It was shown by current-voltage

(CV) electrochemical measurement that modification of a carbon electrode with

75Sensing and sequestration of inorganic cationic pollutants by metal-organic frameworks



FeP-MOF increased the reduction peak current, indicative of an electrocatalytic

reaction. Stability of this component of the material’s functionality was determined.

FeP-MOF-modified carbon electrodes were exposed to pH ranging from 3 to 10

and temperatures from 4�C to 60�C for 2 hours. At pH of 3 and 10, catalytic activ-

ity was found to be 62.3% and 41.9%, respectively. At 60�C it maintained 87%

activity. This is impressive compared to biological counterparts horseradish peroxi-

dase and hemin, which maintain activities of 1.3% and 18.6% at pH 3, and 11.6%

and 20.8% at pH 10, respectively.

The structure of the MOF that FeP-MOF is amended from was used to confirm

the crystal structure of FeP-OF by X-ray diffraction (XRD) [30]. The material has a

BET surface area of 279 m2 g21 and FT-IR was used to show metalation with Fe

(III) of the porphyrinic ligand. Embedding of AuNPs to FeP-MOF was shown by an

absorption peak of 520 nm that did not occur prior to inclusion as well as SEM

imaging revealing dispersion across the surface.

Figure 3.8 (A) FeP-MOF synthesis and functionalization with GR-5. (B) Ability of FeP-MOF

to detect Pb(II) in solution and mimic peroxidase allowing it to interact with the cathode.

Source: Adapted from L. Cui, J. Wu, J. Li, H. Ju, Electrochemical sensor for lead cation

sensitized with a DNA functionalized porphyrinic metal-organic framework, Anal. Chem. 87

(20) (2015) 10635�10641 with permission from the American Chemical Society.
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Sensitivity of the material to Pb(II) characterized under optimized conditions

revealed an impressive correlation coefficient of 0.9994 ranging from 0.05 to

200 nm. The LOD of 0.034 nm is 350 times lower than that permitted in drinking

water by WHO. Application of this material to real samples was done using spiked

soil samples. Related data is tabulated in Fig. 3.9. Selectivity was investigated using

a mixed metal ion solution. At 50-fold concentration of competing ions a negligible

response was observed.

3.8 Mercury

The element mercury has been found in Egyptian tombs dating back past 1500

BCE. It has been known of and collected for various ritualistic and extravagant rea-

sons for millennia. It was believed to be the prima materia (first material) of metal

[31], from which all metals came, and possessed healing and life extending proper-

ties. Now, the heavy d-block element is known for its toxicity and modern usage in

various measuring instrumentation such as thermometers and barometers. The

application of mercury in these tools is being phased out as less harmful alternatives

are found. Industrial uses of mercury, such as the production of sodium hydroxide

and chlorine from salt, are also being replaced.

Figure 3.9 (A) Chronoamperometric response of FeP-MOF to 5 μM metal ion solutions at

1100 mV. Pb21Mn1 data represents FeP-MOF in the presence of a mixed metal ion solution

at same concentration. (B) Chart showing determination of Pb(II) in spiked soil samples.

RSD is relative standard deviation.

Source: Adapted from L. Cui, J. Wu, J. Li, H. Ju, Electrochemical sensor for lead cation

sensitized with a DNA functionalized porphyrinic metal-organic framework, Anal. Chem. 87

(20) (2015) 10635�10641 with permission from the American Chemical Society.
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3.8.1 Health and hazards

Mercury is the third most toxic substance on the planet, ranked by the Agency for

Toxic Substances and Disease Registry, coming after arsenic and lead. Exposure to

humans has three main routes: pigments used in paints and plastics predating 1990;

mercury vapors present in fossil fuels, medical waste incineration, and industrial

processes; and finally through bioaccumulation. The latter occurs through bacteria

that consume inorganic mercury compounds that they fix into organic methylmer-

cury. This tends to reach its highest biological concentration in fish, which are then

consumed by humans [32]. The average body half-life for MeHg is 40 days—in the

brain it can be up to 20 years.

The slew of negative health effects and issues caused by various forms of mer-

cury has been contained in the mnemonic DEADLY METHYLMERCURIALS

(Fig. 3.10). Mercury exposure can result in more than 250 unique symptoms which

can complicate diagnosis.

3.8.2 Speciation

About half of the mercury introduced to the environment comes from volcanic

activity, the other half primarily from coal-fired power plants and gold production.

Elemental and mercuric forms, Hg(0) and Hg(II) respectively, exist in the atmo-

sphere in equal parts but the latter is the most important when considering exposure

and reactivity. Hg(II) is generally associated with halogens such as HgCl2 and

hydroxide. These species are highly water soluble and, as an example, can be

Figure 3.10 Mnemonic for various health effects induced by mercury exposure.

Source: Developed by K.M. Rice, E.M. Walker, M. Wu, C. Gillette, E.R. Blough, Environmental

mercury and its toxic effects, J. Prev. Med. Public Health 47 (2) (2014) 74�83 [33].
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absorbed in cloudwater where it would later be introduced to the ground or bodies

of water as rain. In general, these common species of mercury undergo several

transformations, interchanging with one another: Hg(0) can be oxidized to Hg(II)

by ozone, hydroxyl radicals, or hydrogen peroxide (all present in air moisture); Hg

(II) can be reduced to Hg(0) by reaction with gaseous sulfates or aqueous sulfites

[34]. While atmospheric mercury can interact directly, the deposition into terrestrial

and aquatic systems that leads to bioaccumulation in the foods we eat accounts for

the greatest amount of exposure.

3.8.3 Postsynthetically modified UiO-66 for selective detection [35]

Xin Zhang, Tifeng Kia, et al. had work published in the Journal of Solid State

Chemistry in 2017 regarding a zirconium-based MOF for the selective sensing of

Hg(II) in aqueous medium. The group utilizes copper catalyzed click chemistry to

postsynthetically modify UiO-66-N3 with phenylacetylene, generating a triazole

with which Hg(II) is expected to bind. The intense luminescent properties of this

moiety are strongly quenched in the presence of mercury- readily differentiated

from concomitant metals due to their lesser binding affinities. Experimental charac-

terization of this follows like solutions (1 mL, 102 2 M) of several cationic metals

M(NO3)z (Mz1 5Ca21, Al31, Cr31, Fe21, Fe31, Co21, Ni21, Cu21, Na1, K1,

Mg21, Ag1, Zn21, Hg21, and Pb21) (Fig. 3.11). Results suggest a high specificity

Figure 3.11 Black bar represents fluorescence of UIO-66-PSM at 544 nm. Yellow bars are

30 s after the addition of 10 mM of metal ion, while blue bars measure these solutions after

the addition of Hg(II).

Source: Adapted from X. Zhang, T. Xia, K. Jiang, Y. Cui, Y. Yang, G. Qian, Highly

sensitive and selective detection of mercury (II) based on a zirconium metal-organic

framework in aqueous media, J. Solid State Chem. 253 (2017) 277�281 with permission

from Elsevier.
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for mercury which the group attributes to several factors: Hg(II)’s relatively larger

radius, its diverse coordination, the rigidity and soft-acid character of the triazole

moiety, and the strong Hg-N interaction.

The crystal structure of UiO-66-PSM was characterized with scanning electron

microscopy, showing an octahedral geometry and nanoparticle size of

500�600 nm, and powder X-ray diffraction, which yielded a pattern in good accor-

dance with that of simulated UiO-66 [36]. FT-IR spectra of UiO-66-N3 displayed

one peak at 2120 wavenumbers, indicative of an azide asymmetric stretch.

Following postsynthetic modification this peak is reduced, which is ascribed to the

change from azide to triazole. for the N2 sorption studies at 77K gave a BET sur-

face area of 412.45 m2 g21 for UiO-66-PSM. The postsynthetic transformation is

further elucidated by excitation and emission studies. UiO-66-N3 had very weak

fluorescence due to the electron withdrawing azide, while UiO-66-PSM, upon exci-

tation at 484 nm, produced a strong broad band emission around 544 nm from the

π�π� transition of the organic linkers. The bonding of Hg(II) into the PSM MOF at

the triazole is characterized by XPS. The N 1s peak at 403.4 eV is shifted to

406 eV upon the addition of mercury, showing N�Hg interaction that explains the

quenching effect.

A linear relationship between fluorescence quenching and mercury concentration

was established from 0 to 78.1 μM and indicates UiO-66-PSM can be used for

quantitative determination of Hg(II) (Fig. 3.12). A limit of detection value of

5.88 μM is comparable to previously reported fluorescence sensors. A final test

against real water samples with added mercury describe the practical application of

the MOF.

Figure 3.12 Stern�Volmer plot of I0/I�1 versus the concentration of Hg(II), showing a

good fit. Where I0 and I are the luminescence intensities before and after Hg(II) inclusion.

Source: Adapted from X. Zhang, T. Xia, K. Jiang, Y. Cui, Y. Yang, G. Qian, Highly

sensitive and selective detection of mercury (II) based on a zirconium metal-organic

framework in aqueous media, J. Solid State Chem. 253 (2017) 277�281 with permission

from Elsevier.
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3.8.4 UiO-66-NH2 DNA [37]

Lan-Lan Wu, Zhuo Wang, et al. had work published in ChemPubSoc Europe in 2016

regarding the preparation of a MOF-DNA hybrid for the selective fluorescent-based

sensing and sequestration of Hg(II), down to 17.6 nM concentration. The key to this

material’s functionality lies in the binding affinity of mercury ions to thymine�thymine

(T-T) mismatched pairs in oligonucleotides. Mercury fits between the interacting faces

of the base pairs, creating a thymine�Hg(II)�thymine sandwich complex (T-Hg21-T)

[38]. The group incorporates a thymine rich single-stranded DNA (ssDNA) labeled

with a fluorophore (FAM) at the 30 end to serve as a probe (Fig. 3.13).
The probe strongly fluoresces at 480 nm under 510 nm light. When in the pres-

ence of UiO-66-NH2, photoinduced energy transfer (PET) quenches the probe via

hydrogen interactions and π�π stacking between the aromatic organic linker and

the base-pair groups of the dye. When Hg(II) is introduced, the formation of

hairpin-like T-Hg(II)-T structures affect the conformation of the dye and isolate it

from UiO-66-NH2, restoring fluorescence. This suggests that the MOF-DNA sys-

tem’s fluorescence intensity is a function of mercury concentration. To characterize

their theory, fluorescence emission spectra under varying conditions in a 7.4 pH

tris-HCl buffer were collected. The free probe has strong emission at 510 nm which

declines with the introduction of the modified UiO-66; the fluorescence quenching

efficiency (Qe) is found to be close to 75% (Fig. 3.14). Further, the introduction of

Hg(II) significantly enhances the otherwise quenched signal, noting that the probe

is not affected by just mercury—the presence of UiO-66-NH2 is necessary.

Inversely, the UV/Vis diffuse reflectance spectrum of UiO-66-NH2 shows there is

no absorbance from the material at the dyes emission wavelength, indicating fluo-

rescence resonance energy transfer does not occur between the two.

Figure 3.13 Conceptual illustration of the fluorescence mechanism.

Source: Adapted from V. Guillerm, S. Gross, C. Serre, T. Devic, M. Bauer, G. Ferey, A

zirconium methacrylate oxocluster as precursor for the low-temperature synthesis of porous

zirconium(iv) dicarboxylates, Chem. Commun. 46 (5) (2010) 767�769 with permission from

the American Chemical Society.
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The selectivities for various metals were tested under identical conditions to that

of the Hg(II) fluorescence tests. Fig. 3.15 illustrates the significant fluorescence

enhancement relative to the other cationic metals tested. It is worth noting that the

detection limit reported is lower than the toxicity level in drinking water (30 nM)

for mercury as defined by the World Health Organization (WHO) (Fig. 3.16).

Figure 3.14 (A) illustrates the relationship between Hg(II) concentration and fluorescence

intensity across 500�650 nm. Each fluorescence curve is representative of a point on the

inset graph. (B) Expresses the linear relationship between fluorescence intensity and Hg(II)

concentration.

Source: Adapted from X. Zhang, T. Xia, K. Jiang, Y. Cui, Y. Yang, G. Qian, Highly

sensitive and selective detection of mercury (II) based on a zirconium metal-organic

framework in aqueous media, J. Solid State Chem. 253 (2017) 277�281.
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3.8.5 Nickel-based metal-organic framework for visual detection
and selective remediation [39]

Shibashis Halder, John Mondal, et al. published work in the journal Dalton

Transactions in 2017 regarding a MOF capable of remediation of Hg(II) ions from

water with high selectivity for the cation and a visual indication of its presence.

Figure 3.15 Selectivity of the MOF-DNA system against other metals. F0 and F represent

the fluorescence intensity before and after the addition of 10 μM metal ions, respectively.

Source: Adapted from V. Guillerm, S. Gross, C. Serre, T. Devic, M. Bauer, G. Ferey, A

zirconium methacrylate oxocluster as precursor for the low-temperature synthesis of porous

zirconium(iv) dicarboxylates, Chem. Commun. 46 (5) (2010) 767�769 with permission from

the American Chemical Society.

Figure 3.16 FT-IR spectra showing SCN-MOF (Complex 1) prior to inclusion of Hg(II) and

after (Complex 2), illustrating the blueshift effect of the metal ion adsorption.

Source: Adapted from H. Urata, E. Yamaguchi, T. Funai, Y. Matsumura, W. Si, Incorporation

of thymine nucleotides by DNA polymerases through T�HgII�T base pairing, Angew. Chem.

122 (37) (2010) 6666�6669 with permission from The Royal Society of Chemistry.
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Relying on the affinity of Hg(II) to coordinate with large, soft atoms such as sul-

fur [40], the group proposes a nickel-based MOF [Ni(3-bpd)2(NCS)2]n, where 3-

bpd is 1,4-bis(3-pyridyl)-2,3-diaza-1,3-butadiene, referred to as SCN-MOF.

Analyses show that two thiocyanato moieties bind the Ni center with uncoordi-

nated S, offering conditions for the binding of Hg(II). This is confirmed by FT-IR

spectra where the typical 2069 wavenumbers band of SCN2 blueshifts in the pres-

ence of Hg(II) as CN bond order increases and electron density is pulled away

from the sulfur.

Mercury uptake studies were performed by measuring change in color (from

green to gray) of a Hg(II) and SCN-MOF solution over time, and efficiency was

characterized by the amount of Hg(II) remaining in the solution after the uptake

studies completed. Selectivity was characterized by a battery of tests against other

metals and metalloids (Al31, Zn21, Fe31, Na1, K1, Mg21, Ca21, Pb21, Cd21,

As31, and Ag1) that relied on the observation of color change, all performed in

aqueous solution under ambient conditions. No other metal tested elicited a visually

appreciable change in color, suggesting little to no interaction through a similar

mode as Hg(II). The insolubility of the MOF in aqueous solution provides a simple

means of separation—filtration of the solid complex after Hg(II) uptake effectively

remediates the water of its mercury content. The group suggests a 2:1 ratio of

nickel to mercury in the Hg(II) �MOF complex by theoretical calculations, where

two Hg(II) bond through one sulfur via S-Hg and weak Hg-Hg interaction. The pos-

sibility of transmetalation was explored by analysis of mother liquor for free nickel

ions with dimethylglyoxime in ammoniacal medium, which was not positively con-

firmed by a telling red precipitate. The binding and removal process was found to

be irreversible. Treatment of the Hg(II) �MOF complex with thiourea and hydro-

chloric acid precipitated mercuric sulfide but also resulted in the decomposition of

the MOF.

3.9 Radioactive wastes

The waste generated from the manufacture and use of nuclear fuel is separated into

three phases: the front end, when radioactive ore is processed into fissionable mate-

rial; the service period, during which the fuel is being spent; and the back end,

when the spent fuel is reprocessed into forms suitable for safe storage. On the front

end of the process, uranium ore is located and mined using open-pit or leaching

methods. The ore is milled into U3O8, also known as yellowcake, then converted

either to UF6 which is later enriched, or UO2, depending on the kind of reactor it is

meant for. The service period includes safe and reliable transport of fissile material

and management of the active fuel rods. The back end considers methods for sepa-

ration of remaining fissile material (for reuse) from spent fuel which is solution-

based and increases the overall amount of waste but generally reduces its radioac-

tivity [40]. There are multiple methods for this, but the most commonly employed

is PUREX (Plutonium and Uranium Recovery by Extraction).
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3.9.1 Health and hazards

Ionizing radiation can cause damage and abnormalities in living tissue. This is par-

ticularly dangerous with respect to DNA as changes to genetic material can result

in cancer among other negative effects. Acute exposure to radiation can result in

sickness or death within hours to days, while chronic exposure leads to delayed

health issues such as cataracts, cancer, and benign tumors [41]. Routes of exposure

are categorized and internal and direct. Internal exposure includes ingestion or

inclusion of radioactive material into the body, where alpha and beta particles pose

a serious threat to health. Direct exposure regards radiation from outside of the

body. Alpha particles are too large to pass through clothing and skin, but beta and

gamma radiation can penetrate the body.

3.9.2 Speciation

The constituents of radioactive waste considered here come from spent fuel rods.

Materials that interact directly with the fuel rod such as cladding or fuel rod pools

contain some amount of radioactive material as well and are also considered a

waste product of nuclear reactors. Waste is classified as low-level (LLW),

intermediate-level (ILW), and high-level (HLW). Spent fuel rods contain fission

products of 235U, primarily of which are 90Sr and 137Cs, but can include various

other transuranic species, some of which are described in Fig. 3.17. Strontium is

divalent and behaves similarly to calcium while Cesium is monovalent. Uranium

has several common oxidation states (III, IV, and II) while plutonium has states I

through IV.

3.9.3 Cryptand inspired metal-organic framework for detection
and adsorption [42]

Sergey A. Sapchenko, Pavel A. Demakov, et al. had work published in Chemistry:

A European Journal by ChemPubSoc Europe in 2017 regarding a zinc-based cryp-

tand ligand MOF with luminescence dependent on the adsorption of group I metal

cations. The material shows selectivity toward heavier alkali metals, Rb(I) and Cs

Figure 3.17 List of elements and their isotopes by percent content of the fission products of
235U.
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(I) in particular. (H3O)2[Zn4(ur)(Hfdc)2(fdc)4] (ur5 urotropine, H2fdc5 furan-2,5-

dicarboxylic acid) or C1 for short, was produced under solvothermal conditions and

characterized using single-crystal X-ray revealing a 3D framework with 61% acces-

sible volume containing two distinct pore types; one is hydrophobic and hosts DMF

and water molecules, while the other has void-facing oxygens from the fdc22

ligands with hydroxonium counterions. The latter pore is similar to the container-

like cryptand supramolecules which strongly complex cationic guests by oxygen

and nitrogen lone-pair interactions.

Adsorption of metal cations by C-MOF was characterized by soaking in 0.01 M

metal nitrate solutions in NMP for 1 day. Crystal stability was confirmed by PXRD

and metal content was determined by dissolution in H2O2/DMF followed by atomic

emission spectroscopy (AES), revealing preferential binding for Rb(I) and Cs(I) over

Li(I), Na(I), or K(I). Selectivity was characterized with a 0.001 M concomitant metal

nitrate solution containing all five metals referred to previously. It was found that less

than 10% of hydroxonium cations were replaced by Li(I) and Na(I) while about 40%

were replaced by Cs(I) with an overall molar ratio of 1:15:34:47:695Li/Na/K/Rb/Cs.

Photoluminescence was found to occur under excitation at 340 nm showing a

broad band around 470 nm in solid-state emission; the group attributes this to intra-

ligand electron state transitions. Ion exchange with metal cations doesn’t produce

significant change in the emission band but rather the intensity and quantum yield

are affected depending on the metal. Potassium and rubidium produced the most

pronounced effect with around a 30% reduction, with cesium at a 19% reduction.

3.9.4 Metal-organic framework-based ion traps for irreversible
barium adsorption [43]

Yagyuang Peng, Hongliang Huang, et al. had work published in Applied Materials

& Interfaces by ACS in 2016 regarding a zirconium-based MOF (MOF-808-SO4, or

Zr-MOF) postsynthetically functionalized with sulfate groups, as well as a

chromium-based MOF (MIL-101-SO3H, or Cr-MOF) with in situ sulfonic acid

functionality for the highly efficient, irreversible uptake of Ba(II). The former exhi-

bits excellent uptake capacity while the latter possesses rapid uptake kinetics.

Both Zr-MOF and Cr-MOF were characterized using PXRD, revealing by com-

parison to synthesis of unfunctionalized parent materials that both exhibit appropri-

ate crystal structure. The decrease in N2 adsorption corroborates a decreased BET

surface area due to sulfate/sulfonic acid functionalization. The successful amend-

ment of both MOFs with respective sulfur groups was shown by FT-IR and XPS.

Sulfur-oxygen stretching bands at 1135 and 1080 wavenumbers, as well as sulfur

2p binding energies of 168.8 and 168.0 eV for Zr-MOF and Cr-MOF, respectively,

are attributed to the attachment of the moieties to each framework. These values

were found to shift for Zr-MOF with uptake of Ba(II). TGA and ICP reveal no

excess Zr or Cr present in the MOF materials. This was done by comparing metal

content of theoretical models of Zr-MOF and Cr-MOF with experimental metal

content.
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Barium uptake studies were performed at an optimized 5.8 pH in aqueous solu-

tions. Both Zr-MOF and Cr-MOF were shown to include .90% of Ba(II) in 5 min-

utes, and .99% at equilibrium; Cr-MOF showed faster overall sorption. The group

attributes this quality to superior pore structure. Cr-MOF induced a decrease in pH

to 4.7 while Zr-MOF did not due to differing sorption mechanisms, where the sul-

fonic group chelates the metal by proton exchange. This mechanism was used to

explain Cr-MOF’s lower capacity in terms of ion competition. Sorption isotherms

were used to show almost no uptake in parent materials, while Zr-MOF possesses a

saturation capacity of 131.1 mg g21 and Cr-MOF’s is 70.5 mg g21. Cr-MOF vastly

outperforms many sorbents used for this purpose. Adsorption across a temperature

range was determined to be an endothermic process by calculation of the adsorption

free energy.

Selectivity for Ba(II) was characterized against ions present in nuclear wastewa-

ter (Cs(I), Zn(II), Ni(II), Co(II), Sr(II), La(III), Eu(III)) as shown in Fig. 3.18.

Both MOFs maintain an efficiency over 93% in mixed metal ion solutions with

concomitant ions having a magnitude higher concentration. Release of Ba(II) into

clean water was found to be small. Each MOF was saturated with Ba(II) and rinsed

with water, then allowed to soak with shaking for 7 days. Zr-MOF retained 98%

while Cr-MOF retained 92% of adsorbed Ba(II)—this was determined by ICP of

the MOFs.

The lower uptake capacity for Cr-MOF is believed to be due to its competitive

ion mechanism as well as the nature of its functional group. The sulfonic acid is

partly less active due to the terephthalate ligand it is attached to, making the lower

uptake particularly evident when compared to Zr-MOF, where the sulfate group is

connected to the metal cluster and does not experience the competitive ion effect or

the deactivation as illustrated in Fig. 3.19. This interpretation is reinforced by DFT

calculations [44].

Figure 3.18 Effect of mixed metal ions on the adsorption of Ba(II) by Zr-MOF (A) and Cr-

MOF (B).

Source: Adapted from Y. Peng, H. Huang, D. Liu, C. Zhong, Radioactive barium ion trap

based on metal-organic framework for efficient and irreversible removal of barium from

nuclear wastewater, ACS Appl. Mater. Interfaces 8 (13) (2016) 8527�8535 with permission

from the American Chemical Society.
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3.9.5 Terbium-based metal-organic framework for selective
uranium detection [45]

Wei Liu, Xing Dai, et al. had work published in Environmental Science &

Technology in 2017 regarding a terbium MOF (Tb-MOF) functionalized with

highly Lewis basic ligands for the selective sensing of uranyl UO21
2

� �
in aqueous

solutions. Tb-MOF was synthesized under solvothermal conditions and its structure

determined by single-crystal X-ray revealing a mesoporous, noninterpenetrated 3D

framework. It was found to have a surface area of 525 cm2 g21 based on the BET

method. The H3TATAB ligands in the material orient such that the extensive Lewis

basic amine and triazine sites were coordinated inwards toward the pore voids with

carboxylate groups connecting to the [Tb2(CO2)4] metal clusters (Fig. 3.20).

Hydrolytic stability was confirmed by aging in various metal salt solutions as well

as real lake and seawater samples with pH ranging from 2 to 10. Solubility of Tb-

MOF in these solutions was found to be low, ranging from 1.15% to 5.35% lost to

solution at pH 4, which was decidedly the optimized pH for uptake. Gamma radia-

tion resistance ensures application to HLW solutions.

Fluorescence detection experiments were carried out by establishing presence of

characteristic Tb(III) transition bands at 488, 545, 581, and 620 nm—each repre-

senting a 4f-4f transition type [46] with a quantum yield up to 44.8%. Following,

Tb-MOF was saturated with various concentrations of UO2(NO3)6(H2O) in deio-

nized water at pH 4. Quenching was attributed to LMCT and supported by DFT cal-

culations, EXAFS, and XANES—it could be observed by the naked eye. The

Langmuir model was used to fit the quenching ratio as a function of uranium

Figure 3.19 Optimized geometries illustrating the interactions of Ba(II) with Zr-MOF metal

cluster (A) and Cr-MOF ligand (B) (Zr in cyan, Cr light blue, Ba green, C gray, S yellow, O

red, H white).

Source: Adapted from Y. Peng, H. Huang, D. Liu, C. Zhong, Radioactive barium ion trap

based on metal-organic framework for efficient and irreversible removal of barium from

nuclear wastewater, ACS Appl. Mater. Interfaces 8 (13) (2016) 8527�8535 with permission

from the American Chemical Society.
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concentration with an R2 value of 0.9911. Further, the quotient of uranyl concentra-

tion and the quenching ratio as a function of uranyl concentration revealed an

impressive R2 value of 0.9999, suggesting a highly accurate quantitative detection

of uranyl over a concentration range of 0.2�350 mg L21. Adsorption kinetics study

showed a reasonably fast uptake with 98% removal at pH 4 at 5 and 50 mg L21.

The LOD was shown to be Tb-MOF concentration dependent and was optimized to

0.05 g L21 of Tb-MOF in uranyl solution. The LOD value under these ideal condi-

tions was determined to be 0.9 μg L21.

Selectivity was characterized by a battery of highly concentrated (0.5 g L21) metal

nitrate solutions (Th(IV), Eu(III), Al(III), Sr(II), Ca(II), Cs(I), Cs(I), and K(I)) and

several mixed solutions of these metal nitrates. In the former, after confirmation of a

negligible effect (except for Eu(III)), uranyl was added and found to effectively

quench each solution’s luminescence. In the latter case, it was found that these mixed

metal ion solutions did not prevent selective uranyl uptake by Tb-MOF (Fig. 3.21).

Sorption was further characterized for NaCl, Na2CO3, and humic acid (a compo-

nent of soil) mixtures. In all cases uranyl uptake remained above 93%. Calculations

on tests run with fresh lake and seawaters reported LODs of 14.0 and 3.5 μg L21,

respectively. An artificial seawater sample containing uranium was used to give

perspective against ICP-MS determination of uranyl content. This technique

reported a concentration of 114.6 μg L21 while the method described in this work

reported 106.7 μg L21.

The pore environment and adsorption mechanism were elucidated by XANES,

EXAFS, and DFT calculations. It was found that various degrees of hydrated uranyl

are chelated via U-N bonding to the lone pairs of the Lewis basic sites primarily in

a hexagonal bipyramid coordination geometry rather than interacting with oxygen

of the carboxylate groups, which are saturated by Tb and sterically hindered by

hydrophobic benzene. Uranyl complexation in this way has a negative free energy

indicating thermodynamic favor.

Figure 3.20 H3TATAB (4,40,4v-((1,3,5-triazine-2,4,6-triyl)tris(azanediyl))tribenzoic acid).
Source: Adapted from J. Zhao, Y.-N. Wang, W.-W. Dong, Y.-P. Wu, D.-S. Li, Q.-C. Zhang,

A robust luminescent Tb (III)-MOF with Lewis basic pyridyl sites for the highly sensitive

detection of metal ions and small molecules, Inorg. Chem. 55 (7) (2016) 3265�3271 with

permission from the American Chemical Society.
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AG acid red

ARS alizarin red S
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EPA Environment Protection Agency
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g gram

HSAB hard soft acid base

IC indigo carmine

iMOF ionic metal-organic framework

IUPAC International Union of Pure and Applied Chemistry

J-T effect Jahn�Teller effect

K kelvin

kcal kilocalorie

Kd distribution coefficient

kJ kilojoule

Ksv Stern�Volmer constant

LDH layered double hydroxide

LMCT ligand-to-metal charge transfer

M molar
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MeOH methanol
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min minutes

mL milliliter

MO methyl orange

MOF metal-organic framework

mol moles

MR methyl red
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NMR nuclear magnetic resonance

ppb parts per billion

ppm parts per million

PSM postsynthetic modification

PXRD powder X-ray diffraction

SC-SC single-crystal to single-crystal

SCXRD single-crystal X-ray diffraction

UV�vis ultraviolet visible

WHO World Health Organization

ΔG differential Gibbs energy

4.1 Introduction

Anions are ubiquitous in nature with the presence of anions in inorganic minerals,

biological systems, etc., wherein they are known to play crucial roles in various life

processes [1,2]. Many inorganic anions that play crucial roles like PO32
4 pose a

threat above a permissible concentration limit leading to significant environmental

pollution. The advent of global development can be regarded as a major cause for

the pollution of natural ecosystems. Among the major sources of contaminants,

toxic/polluting anions are recognized as a significant contributor towards pollution.

Widespread industrialization including mineral and coal mining, development of

various pharmaceuticals/cosmetics/textiles industry has had a direct impact in

increasing the concentration of such anions in various rivers and lakes, thus contam-

inating the potable drinking water [3,4]. Development of nuclear power plants has

also contributed towards the rise of toxic anions. Nuclear power plants release

radioactive anions with a longer half-life thus making it essential to sequester such

anions [5]. The alarming levels of toxic anions, viz., pertechnetate TcO2
4

� �
, arse-

nate ðAsO22
4 Þ, dichromate Cr2O

22
7

� �
, selenate ðSeO22

4 Þ, hypochlorite OCl2ð Þ, etc.,
in potable drinking water pose a serious threat to living species as they disrupt the

normal metabolic functions and may lead to gene mutations. One of the most lethal

anions, that is, cyanide (CN�) is a highly potent poison that is well-known for its

killing properties. Anionic pollutants especially phosphate anions are well known

for river eutrophication owing to the extensive usage in pesticides. The US

Environmental Protection Agency (EPA) has categorized these anions as extremely

toxic and has specified the exact permissible concentration range for drinking water

[6] (Table 4.1). The rise in concentration of hazardous anions has been directly

linked with several diseases including cancers, lung and kidney dysfunction, brain

diseases including Alzheimer’s, etc. [9�12]. Several of these pollutant anions also

include bulky anions, that is, dye molecules utilized in food/textile industries for

various purposes [13]. These industrial waste effluent streams consist of variable

pH, extreme ratios of such toxic anions which are omnipresent that lead to selectiv-

ity issues, thus posing a challenge for the designing materials that exhibit selective

capture and sequestration of such anions [14,15]. Anions having similar shape, size,

and charge are known to exhibit similar physical and chemical properties thus
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Table 4.1 Some of the elements in their anionic forms as recognized toxic by the regulatory bodies [7,8] along with the different forms in

which they commonly exist

S. No. Element Anions Geometry and Shape Chemical Diagram Guideline Concentration

1 Arsenic AsO32
4 ; HAsO22

4 Tetrahedral 10 μg L�1

2 Selenium SeO22
4 ; SeO22

3 ; HSeO2
3 Tetrahedral, Distorted pyramidal 0.04 mg L�1

3 Chromium CrO22
4 ; Cr2O

22
7 ; HCrO2

4 Tetrahedral 0.05 mg L�1

4 Technetium TcO2
4 Tetrahedral 900 pCi L�1

5 Chloride ClO2
4 ; ClO

2 Tetrahedral, Linear 250 mg L�1

6 Fluoride F2 Linear � 1.5 mg L�1

7 Cyanide CN2 Linear � 0.2 mg L�1



rendering it difficult to capture toxic/pollutant anions in the presence of its conge-

ners that have high binding tendencies accompanied with unusually high concentra-

tion levels. As compared to the isoelectronic cation, anions have a larger size, thus

a lower charge/size ratio, thereby decreasing the electrostatic interaction between

the anion and the framework.

Anion capture and sequestration has gathered widespread attention within the

scientific community as it poses extreme challenges to the design of materials that

can selectively capture toxic anions in the presence of highly competing anions

[16]. To target highly selective and specific capture response, materials that exhibit

high distribution coefficient (kd) B104 towards specific anions are targeted for

selective removal of trace levels of toxic anions in water, from a mixture of com-

peting anions that have a similar response towards the material. To accompany the

selectivity, facile regeneration plays a crucial role in deciding the cost-effectiveness

of the capture process. An easier recyclability tendency of a material plays an

extremely vital role in bringing down the cost of the operation leading to large-

scale implementation.

Such low-cost materials are desired when industries directly release waste efflu-

ent directly to rivers thus contaminating major water bodies and making it

extremely difficult to find drinking water that meets the demands of the World

Health Organization (WHO) requiring major contaminating anions within ppb con-

centration levels. Extensive research and development is currently being pursued in

order to develop novel materials with the aforementioned features accompanied

with low-cost input for the global-scale implementation of toxic anion sorbent

materials.

4.1.1 Classification of anionic pollutants

Anionic pollutants can be classified on the basis of charge, size, toxicity, mineral/

organic-based anions, hydration energies, HSAB principle, and geometry. Such a

classification is shown in Table 4.1.

Anions can be classified on the basis of charge, that is, monoanionic, dianionic,

trianionic in nature. A few examples of monoanionic pollutant anions include

CN2; Cl2; MnO2
4 ; diatomic anions include CrO22

4 ; HAsO22
4 ; SeO22

4 ; trianionic

anions include PO32
4 ; AsO32

4 . Another convention based on the different geometry

of the anions can be widely classified as linear, trigonal, tetrahedral, pentagonal,

octahedral, pentagonal, bipyramidal, etc. [17]. The geometry of anions often sel-

dom plays a vital role in the exchange, wherein the nontoxic surrogate anion with

similar geometry leads to a facile exchange phenomenon, thus validating the

importance of geometry. Owing to the varied size of the pollutant anions and their

charge, these anions pose varied range of hydration energies. The hydration

enthalpies of pollutant anions are a crucial factor in designing materials. Anions

are also classified on the basis of the hard�soft acid�base principle [18]. An

anion with a high charge/size ratio is considered as hard, while anions with a low

charge/size ratio are considered as soft in nature. Anions that are hard in nature,
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that is, having a high negative charge can attract a positive charge. Thus it

becomes facile to capture harder anions selectively in the presence of the compet-

ing softer anion counterpart.

The Hofmeister effect is a crucial phenomenon linked with the observed anion

exchange behavior [19]. The Hofmeister effect describes in general the order of

anion exchange based on hydration energy, solvation energy, etc. In a liquid/liquid

separation medium, depending on the solvent medium, it can be summarized that in

solvents/sorbents having no potential hydrogen bond donor sites the feasibility of

the anion exchange is directly dependent on the size/charge ratio. The hydrophobic-

ity of the anion also determines the feasibility of any anion exchange process. Size/

charge ratio is inversely proportional to the facile behavior of the anion exchange

process. The equation that is involved in the overall process can be summarized as

follows:

ΔG
�
p 5ΔG

�
S �ΔG

�
h

wherein ΔGp is the Gibbs energy of partition; ΔGS is Gibbs energy of solvation;

and ΔGh is Gibbs energy of hydration. These are very important parameters to con-

sider the thermodynamic parameters like hydration energies of the targeted pollut-

ant anions in order to design materials for the capture of the anions. Hydration

energies of anions with a significant Z2/r ratio pose a high enthalpy of hydration,

thus sorbate materials having multiple potential hydrogen donor sites should over-

come the expense of the dehydration of the sphere of hydration.

4.1.2 State-of-art for remediation of such pollutants

As already described, anionic pollutants are a major concern for living species

due to their highly toxic nature. The advent of industrialization has had a large-

scale impact on ecosystems in an adverse way. A very crucial source for the

sustainability of life on Earth comprises of the fresh drinking water bodies, and

the vast usage of such anions in various industries and households has led to the

widespread contamination of such resources, which has led to several diseases

and gene mutation in a few cases. Thus extreme concerns were raised globally

for the capture of pollutant anions for environmental remediation to lessen the

effect on the natural habitat. A significant extent of research associated with the

capture of such anionic pollutants has already been carried out. Various materi-

als including anion exchange resins, Layered double hydroxides (LDHs), porous

polymers, Zeolites, etc., have been explored in detail for the capture of toxic

anions via ion exchange mechanisms. Anion exchange resins are made of an

insoluble polymer network to which exchangeable anions are electrostatically

bound which can be exchanged with the targeted pollutant anions in solution.

LDHs are constituted of the formula [M1�x
21Mx

31(OH)2]
x1 [Ax/n]mH2O

wherein A: anion [20]. In this material, anions are present within the interlamel-

lar layers and the exchange process involves the exchange of these anions with
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the toxic anions [21]. Due to the problems present in the existing materials

researchers are investigating novel materials for tackling the present issues. A

novel domain of anion exchange materials that have emerged in the last decade

are the porous coordination polymers that have shown interesting anion

exchange properties.

4.1.3 Metal-organic frameworks and their classification

Metal-organic frameworks (MOFs) have emerged as an attractive subset of porous

materials, which simultaneously incorporate the features of a single crystalline

nature along with advantages of conventional polymers [22]. As per IUPAC, a

MOF is defined as a “coordination network with an open framework having poten-

tial voids” [23]. These coordination polymers are built from bi-/multidentate

organic struts which are held periodically by coordination bonds with metal nodes

(ions/clusters). On account of ample combinatorial liberty, MOFs offer remarkable

synthetic advantages over congener porous solids such as zeolite and porous car-

bons. Further, the ability to perform isoreticular chemistry to modulate electronic,

physical, or chemical features on demand makes MOFs a fascinating subclass of

polymeric solids.

Owing to the facile ability to functionalize such materials, MOFs have found

suitability for a range of applications [24]. Functionalization in MOFs can be prede-

signed or achieved postsynthetically by tuning the building blocks of any MOF,

viz., metal ion/cluster, ligand, or guest molecules. The unambiguous structure-

�property correlation makes development of such functional compounds for real-

time applications an exciting area of exploration. Broadly, MOFs can be classified

into two classes based on the charge of the coordination bonded polymer into (1)

neutral MOFs and (2) ionic MOFs. Although neutral MOFs have been predomi-

nantly reported in the literature of MOFs, ionic MOFs provide inherent functionali-

zation owing to the presence of the uncoordinated charged species [25]. The typical

synthetic approaches to synthesize functional MOFs for the recognition/capture of

anionic pollutants are described below.

4.1.3.1 Neutral metal-organic frameworks

Typically, neutral MOFs can be regarded as unsuitable scaffolds as receptors of

anionic species, but there have been certain reports where neutral MOFs have been

found to respond to anions. In such cases, either the metal-anion bond in the parent

compound has been disrupted to permit the entry of the foreign anion (anion strip-

ping) or the ligand backbone has been employed for screening anions based on

affinity. In certain cases, postsynthetic modification (PSM) reactions to systems

having modifiable sites can be executed to impart ionicity to compounds which are

electronically neutral (Scheme 4.1).
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4.1.3.2 Ionic metal-organic frameworks

Ionic metal-organic frameworks (iMOFs) form an important subset of MOFs, which

bear the presence of uncoordinated ions in the porous voids. Ionic MOFs are further

classified into cationic MOFs and anionic MOFs based on the charge of the frame-

work. Although cationic MOFs offer intrinsic characteristics for reception of anions,

the synthetic approaches for target-specific applications are not trivial, as less

research has been reported for such compounds. Generally, cationic MOFs are syn-

thesized using neutral N-donor bi-/multidentate ligands, leaving the maintenance of

the charge equilibrium to the anionic component of the metal salt used in the synthe-

sis. Another presynthetic approach to synthesize cationic MOFs is based on the use

of zwitterionic linkers, which may bear either carboxylate or neutral N-heterocyclic

terminal moieties. The backbone of such polymers inherently affords the presence of

substitutable anions making such compounds of interest for anion sensing or trap-

ping. In principle, anionic MOFs are unsuitable receptors for interacting with incom-

ing anions owing to the seemingly unfavorable repulsion within the coordination

nanospace. Thus it is unusual to propose design strategies to prepare anionic MOFs

for interaction with anions. Despite this background, in certain cases anionic MOFs

have found suitability for recognition or capture of anions; opening up the possibility

of remediation of anionic pollutants by all kinds of MOFs.

Scheme 4.1 Schematic illustration of the different pathways to synthesize cationic MOFs.

Reproduced with permission from A. Karmakar, A.V. Desai, S.K. Ghosh, Ionic metal-

organic frameworks (iMOFs): Design principles and applications, Coord. Chem. Rev. 2016

(307) 313�341. Copyright (2016) Elsevier.
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4.1.4 Mechanism for anion capture in metal-organic frameworks

Interaction of guest anions with MOFs can happen via an ion exchange process in

which the entrapment can happen through noncovalent interactions or a chemical

reaction with the framework backbone, or coordination to the metal nodes. The

brief modes of anion interactions have been discussed below.

4.1.4.1 Anion trapping

Ion exchange has been the preferred approach for the capture of anionic pollu-

tants owing to the highly favorable interaction between the host and the sorbent

thus leading to the highly specific capture of anionic pollutants. Usually the

preferred route is the exploration of the inherent ionic nature of cationic MOFs.

These frameworks are built from neutral nitrogen donors leading to the forma-

tion of cationic framework with extra-framework anions which are utilized for

anion exchange with toxic anions. The other pathway towards the formation of

cationic framework is the anion stripping method, wherein the oxidation of the

metal center leads to charge imbalance and thus an anion needs to be incorpo-

rated rendering the framework cationic in nature [26]. These anions can be

exchanged with toxic anions for environmental remediation. Yet another

approach involves the replacement of nonstructural labile linkers which can be

easily replaced via strongly coordinating toxic anions thus leading to capture

[27]. This strategic replacement of nonframework linkers has been recently

developed and is widely explored in Zr(IV)-based MOFs. A postsynthetic

approach, that is, chemical modification of framework via synthetic approach,

such as the reaction with alkyl halide, leads to the formation of a cationic net-

work which can be used for anion exchange [28]. Salt inclusion is another tech-

nique wherein anion incorporation within the framework occurs in combination

within the cations, thus a concomitant capture of anions happens for remedia-

tion [29].

4.1.4.2 Anion recognition

MOFs bear the feature of having multiple readout transduction modes, making

them highly sought-after as recognition centers for various kinds of analytes.

These typically include colorimetric, photoluminescence, electrical, changes to

surface areas, magnetic responses, etc. [30�33]. The change in signals is

brought by the difference of the interaction of foreign anions with the frame-

work through direct coordination bonding or via noncovalent interactions, such

as anion-pi, H-bonding with the framework backbone, against the original com-

pound (Scheme 4.2).
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4.2 Recognition and sequestration of anionic pollutants
by metal-organic frameworks

MOFs have shown immense potential to sense, entrap, and detoxify several noxious

anionic pollutants. The overview of such reports has been presented further using

representative examples.

4.2.1 Sensing of anionic pollutants

The ability to tailor the framework building blocks, bestows the ability for MOFs to

function as sensors for a variety of targeted species. In the case of anionic species,

various noncovalent interactions of the guest with the framework backbone can

Scheme 4.2 Schematic representation of the broad pathways to prepare MOFs for the

capture or recognition of anionic species along with the broad outline of mechanisms

involved in capture and signaling processes.
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alter the transduction pathway of the readout signal. On account of tunable architec-

tures and pore surface character, MOFs have been screened as sensory probes to

recognize different anionic pollutants; some of the important findings in this regard

have been summarized further.

4.2.1.1 Oxoanion pollutants

Among the different oxoanion pollutants released in water streams, oxoanions of Cr

(VI) have commanded significant research attention. Some of the important reports

of MOFs being employed for sensing of these pollutants are provided further.

In an early example by Wang and coworkers, a Ag(I)-based cationic MOF

{[Ag2(btr)2] � 2ClO4 � 3H2O}n [btr5 4,40-bis(1,2,4-triazole)], was reported which

functioned as a sorbent to capture dichromate anions (Fig. 4.1A) [34]. In addition,

owing to the presence of Ag(I) metal centers, the luminescence response during the

ion exchange process was checked. The emission peak in the parent MOF corre-

sponding to the LMCT transition (ligand-to-metal-charge transfer) was significantly

quenched upon ion-inclusion of Cr2O
22
7 in the framework (Fig. 4.1B). The change

in intensity was ascribed to the decrement in the LMCT process owing to the stron-

ger interactions of Cr2O
22
7 with the ligand.

Wang and coworkers further explored the scope of MOFs to function as lumines-

cent probes for the detection of dichromate anions [35]. The authors explored the

ability of a Zn(II)-based MOF, viz., {[Zn2.5(cpbda)(OH)2] � solvent2}n, where

H3cpbda: 4,4
0-((5-carboxy-1,3-phenylene)bis(oxy))dibenzoic acid, to detect differ-

ent anions and cations. The parent compound exhibited a LMCT-based peak which

underwent quenching upon incremental addition of Cr(VI) anions. The authors

observed a notable change in luminescence intensity even at a low concentration of

Figure 4.1 (A) Packing diagram of the Ag(I)-MOF {[Ag2(btr)2] � 2ClO4 � 3H2O}n. (B) Solid-

state emission responses of the (a) parent compound, (b) Cr2O
22
7 exchange.

Source: Reproduced with permission from X. Li, H. Xu, F. Kong, R. Wang, A cationic

metal-organic framework consisting of nanoscale cages: capture, separation, and luminescent

probing of Cr2O722 through a single-crystal to single-crystal process, Angew. Chem. Int.

Ed. 52 (2013) 13769�13773. Copyright (2013) John Wiley & Sons.
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164 ppm for Cr2O
22
7 (6.4%) and CrO22

4 (8.9%). The quenching process was

ascribed to the photoinduced electron transfer happening on the surface of the

framework and guest molecules.

Zhao and coworkers reported an investigation of sensing activity by two Zn(II)-

based MOFs, viz., [Zn(btz)]n and [Zn2(ttz)H2O]n where H2btz: 1,5-bis(5-tetrazolo)-

3-oxapentane, H3ttz: 1,2,3-tris-[2-(5-tetrazolo-ethoxy]propane [36]. The two linkers

were prepared in situ during the synthesis of MOFs from respective cyano-terminal

linkers. The authors observed distinct emission profiles for the two compounds

which was ascribed to the π��π and π��n transitions in the ligands. Significant

quenching was observed upon addition of Cr(VI) oxoanions, which was retained

even in the concurrent presence of competing anions. The detection limits for

Cr2O
22
7 anions for the two MOFs were calculated to be 23 1026 and

23 1025 mol L�1; while the Ksv values were found to be 4.233 103 and

2.193 103 L mol�1, respectively. Similar trends were observed for CrO22
4 also. The

sensor could be recovered and used to sense the Cr(VI) oxoanions over multiple

cycles.

The groups of Gu and Liu reported an amino functionalized MOF, viz.,

[Zn2(TPOM)(NH2-BDC)2].4H2O, where TPOM stands for tetrakis(4-pyridyloxy-

methylene)methane and NH2-BDC for 2-aminoterephthalic acid, as a fluorescent

probe for the detection of Cr(VI) anions [37]. The MOF exhibited a strong emission

peak at 420 nm which underwent quenching upon addition of Cr(VI) anions

Cr2O
22
7 and CrO22

4

� �
, and the fluorescence response was selective even in concur-

rent addition of competing anions. The Ksv values for detection were calculated to

be 7.593 103 and 4.453 103 M21 for Cr2O
22
7 and CrO22

4 , respectively. The detec-

tion limits were estimated to be 3.9 and 4.8 μM, respectively. The authors reported

a control experiment of using a MOF with no secondary functional site and found

that the limits of detection had a drastic variation. Thus the presence of the pendant

amine groups for detection of Cr(VI) was ascribed as the primary reason for the

observed fluorescence change.

As a step towards practical implementation of MOF-based adsorbents for the

capture of heavy metal oxoanions, Manos and coworkers synthesized a MOR

(metal-organic resin) which could be used to prepare ion exchange materials

(detailed discussion in subsequent sections). Apart from adsorption, the compound

was tested as a fluorescent sensory probe towards Cr(VI) oxoanions (Fig. 4.2) [38].

The MOR had a low detection limit of 4 ppb and the sensing ability was retained

over a wide pH range. The quenching behavior was attributed to the energy transfer

from the n�π� levels of the ligand to the Cr2O
22
7 LMCT transition. The sensing

behavior was found to be retained even in the presence of excess SO22
4 anions.

Wang and coworkers reported the synthesis of a Eu(III)-based MOF and studied

its ability to sense Cr(VI) in aqueous medium [39]. The Eu(III)-nodal MOF, viz.,

[Eu7(mtb)5(H2O)16]�NO3
�8DMA�18H2O, where H4mtb stands for 4-[tris(4-carboxy-

phenyl)methyl]benzoic acid, was found to be thermally stable and resistant over a

wide pH range of 2�12. Owing to its cationic nature and stability, the authors

reported the sensing performance of the MOF towards chromate ions, and it was

found to be highly sensitive (limit of detection 0.56 ppb) and selective in the
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presence of common anions. The sensing ability was also evaluated in Dushu lake

water and seawater, wherein the detection limits were found to be within the EPA

permissible limit. The change in luminescence was attributed to a combination of

multiple factors including energy transfer and light absorption.

Further, Cheng and coworkers reported a series of Cd(II)-based coordination

polymers and explored their ability to sense chromate and dichromate anions [40].

The CPs, viz., {[Cd2(bptc)(2,2
0-bipy)2(H2O)2]}n, {[Cd2(bptc)(phen)2].4H2O and

{[Cd2(bptc)(4,4
0-bipy)(H2O)2].4H2O}n, featured structural diversity including 1D

ladder chain, 2D layer, and 3D porous framework. The authors studied the com-

pounds for their ability to sense both chromate and dichromate anions in an aqueous

medium and they were found to be selective in nature. The presence of both light

absorption and energy transfer from donor (coordination polymers) to acceptors

was ascribed as the pathways for fluorescence quenching.

Cao and coworkers assessed a series of benchmark stable MOFs for the function

of dichromate capture and recognition [41]. The authors narrowed their interest to

HKUST-1, ZIF-8, MIL-100(Fe), UiO-66, UiO-67, and NU-1000. Among these

MOFs, NU-1000 exhibited superior capture ability for dichromate with an uptake

capacity of 76.8 mg g�1, which stands among the highest for a neutral MOF

(Fig. 4.3). The selective capture was observed over a pH range of 1�7. Apart from

capture, NU-1000 was found to be an efficient sensor with a detection limit of

1.8 μM, with a fluorescence quenching response. The authors ascribed this to the

presence of active sites such as Zr-OH groups.

Li and coworkers extended the work on novel MOF-based luminescent sensors by

reporting a new Zr(IV)-based luminescent MOF, viz., Zr6O4(OH)7(H2O)3(BTBA)3
(BUT-39) where H3BTBA stands for 4,40,4v-(1H-benzo[d]imidazole-2,4,7-triyl)

Figure 4.2 (A) Representation of the ligand used in the synthesis of the MOF. (B) Optical

pictographs of MOR-2 (Metal-organic resin) and respective anion exchanged phases. (C)

concentration-dependent titration of MOR-2 against aqueous solution of K2Cr2O7.

Source: Reproduced with permission from S. Rapti, D. Sarma, S.A. Diamantis, E. Skliri, G.

S. Armatas, A.C. Tsipis, et al., All in one porous material: exceptional sorption and selective

sensing of hexavalent chromium by using a Zr41 MOF. J. Mater. Chem. A 5 (2017)

14707�14719. Copyright (2017) Royal Society of Chemistry.
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tribenzoic acid [42]. The MOF was found to be stable in different conditions and

exhibited a strong fluorescence signal. The compound was able to selectively and

rapidly detect dichromate anions at low concentrations (Fig. 4.4). The Stern�Volmer

constant for the quenching process was estimated to be 1.573 104 M21, while the

limit of detection was calculated to be 1.5 μM. The MOF could also function as a

reversible sorbent which could be regenerated using 2 M KNO3 solution.

4.2.1.2 Cyanide

Apart from ionic MOFs, neutral compounds also have been found to be

suitable receptors for the detection of anionic species. Ghosh and coworkers pre-

sented the utility of a neutral, stable MOF, viz., ZIF-90, modified with a secondary

site for the recognition of toxic cyanide anions [43]. The authors utilized the post-

synthesis modification (PSM) pathway to incorporate the dicyanovinyl group

Figure 4.3 (A) Change in fluorescence emission intensity of NU-1000 upon addition of

different anions. (B) Change in luminescence intensities in binary mixtures of Cr2O
22
7 and

competing anions; (C) concentration-dependent fluorescence titration of NU-1000 against

Cr2O
22
7 ; and (D) corresponding Stern�Volmer plot.

Source: Reproduced with permission from Z.-J. Lin, H.-Q. Zheng, H.-Y. Zheng, L.-P. Lin,

Q. Xin, R. Cao, Efficient capture and effective sensing of Cr2O7
22 from water using a

zirconium metal-organic framework. Inorg. Chem. 56 (2017) 14178�14188. Copyright

(2017) American Chemical Society.
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(DCV) by Knoevenagel reaction. The DCV groups function as the specific active

site as the cyanide anions form adducts with the DCV group (Fig. 4.5A). The addi-

tion of CN2 to the MOF dispersed in H2O/DMSO (1:1) resulted in a quenching

response (Fig. 4.5B). The luminescence response was selective with no changes

towards other competing anions such as F2; Cl2; Br2; SCN2; NO2
3 ;

NO2
2 ; and N

2
3 . Additionally, the response towards CN2 was retained in binary mix-

tures of anions as well. The limit of detection was estimated to be 0.54 ppm and the

quenching constant value was reported to be 3.33 105 M21.

Apart from detection, detoxification of toxic anions is equally important from an

environmental perspective. In this regard, Ghosh and coworkers reported the investi-

gation of a postsynthetically modified MOF which could function as a sensory probe

and a substrate to detoxify toxic cyanide anions [44]. The well-established bio-MOF-

1 was chosen as the basic compound; it bears the presence of uncoordinated cations.

The free cations were substituted with 3,6-diaminoacridinium cations (DAAC) by an

ion exchange protocol which yielded 70% loading (Fig. 4.5C). The cyanide anions

could react with the DAAC dye molecules and led to the formation of a covalently

linked product which could leach out from the system. The initially clear supernatant

solution turned fluorescent upon release of the product dye and a turn-on response

with an emission in the green region was achieved. The feasibility of reaction-based

sensing was validated by no response with other common anions, and selective

response upon addition of cyanide anions in binary mixtures (Fig. 4.5D). The detec-

tion limit was reported to be 5.2 ppb, which is well below the permissible limits of

cyanide ions in sources of water. Apart from batch studies, the feasibility of detec-

tion was checked in cancer cells and the cell toxicity was also studied. The cell tox-

icity studies revealed that the by-product of the reaction did not affect the cells

significantly, further endorsing the design strategy and choice of the compound.

Figure 4.4 (A) Bar diagram showing differential response of fluorescence quenching upon

addition of different anions to BUT-39; (B) concentration-dependent fluorescence quenching

of BUT-39 towards Cr2O
22
7 .

Source: Reproduced with permission from T. He, Y.-Z. Zhang, X.-J. Kong, J. Yu, X.-L. Lv,

Y. Wu, et al., Zr(IV)-based metal-organic framework with T-shaped ligand: unique structure,

high stability, selective detection, and rapid adsorption of Cr2O7
22 in water, ACS Appl.

Mater. Interfaces 10 (2018) 16650�16659. Copyright (2018) American Chemical Society.
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4.2.1.3 Other anions

Apart from a luminescence signal, detection by naked-eye response holds much

importance. In this regard, Dong and coworkers reported a two-dimensional Cu(II)-

MOF, viz., {[CuL2(H2O)0.5](NO3)2.3.25(CH2Cl2).(CH3OH).0.5H2O}n, (L—4,40-
(9,9-dibutyl-9H-fluorene-2,7-diyl)dipyridine), which had the presence of both

weakly coordinated and noncoordinated nitrate anions in the framework (Fig. 4.6A)

[45]. The authors carried out ion exchange with several monodentate anions such as

F2, Cl2, Br2, I2, SCN2, and N2
3 , where a drastic color change from blue (in the

case of parent MOF) to different shades of brown and green in a very short time

was observed (Fig. 4.6B). The naked-eye change was ascribed to the presence of

Jahn�Teller distortion commonly observed in Cu(II)-based coordination com-

plexes. Apart from single ion capture, responses to binary mixtures were carried out

which showed separation could be achieved.

Bu and coworkers further explored the ability of Cu(I)-based MOFs for the func-

tion of naked-eye recognition of different anions [46]. The fourfold interpenetrated

Figure 4.5 (A) Proposed mechanism of reaction-based response of postsynthetically

modified ZIF-90 towards cyanide anions; (B) luminescence spectra showing concentration-

dependent response of M-ZIF-90 for cyanide; (C) schematic illustration showing

chemodosimetric approach for recognition of cyanide anions; (D) bar diagram representing

the changes in the fluorescence intensities for different anions towards bio-MOF-1*DAAC.

Source: For (A) and (B), reproduced with permission from A. Karmakar, N. Kumar, P.

Samanta, A.V. Desai, S.K. Ghosh, A post-synthetically modified MOF for selective and

sensitive aqueous-phase detection of highly toxic cyanide ions, Chem. Eur. J. 22 (2016)

864�868. Copyright (2015) John Wiley & Sons. For (C) and (D), reproduced with permission

from A. Karmakar, B. Joarder, A. Mallick, P. Samanta, A.V. Desai, S. Basu, et al., Aqueous

phase sensing of cyanide ions using a hydrolytically stable metal-organic framework, Chem.

Commun. 53 (2017) 1253�1256. Copyright (2017) Royal Society of Chemistry.
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Figure 4.6 (A) Synthesis protocol employed for the preparation of Cu(II)-based cationic

MOF; (B) naked-eye responses upon inclusion of different anions; (C) packing diagram

showing presence of free nitrate anions in the cationic MOF; (D) colorimetric responses of

the parent compound upon encapsulation of anions; (E packing diagram of compound

showing porous channel; (F) SC-SC response transformation upon inclusion of anion and

corresponding optical pictographs of the respective phases.

Source: For (A) and (B), reproduced with permission from J.-P. Ma, Y. Yu, Y.-B. Dong,

Fluorene-based Cu(II)-MOF: a visual colorimetric anion sensor and separator based on an

anion-exchange approach. Chem. Commun. 48 (2012) 2946�2948. Copyright (2012) Royal

Society of Chemistry. For (C) and (D), reproduced with permission from Y.-Q. Chen, G.-R.

Li, Z. Chang, Y.-K. Qu, Y.-H. Zhang, X.-H. Bu, A Cu(I) metal-organic framework with 4-

fold helical channels for sensing anions, Chem. Sci. 4 (2013) 3678�3682. Copyright (2013)

Royal Society of Chemistry. For (E) and (F), reproduced with permission from A. Karmakar,

A.V. Desai, B. Manna, B. Joarder, S.K. Ghosh, An amide-functionalized dynamic metal-

organic framework exhibiting visual colorimetric anion exchange and selective uptake of

benzene over cyclohexane, Chem. Eur. J. 21 (2015) 7071�7076. Copyright (2015) John

Wiley & Sons.
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MOF, viz., {[Cu(pytpy)]. NO3. CH3OH}n where pytpy stands for 2,4,6-tris(4-pyri-

dyl)pyridine, underwent structural transformation in a SC-SC process to have water

molecules replace the methanol solvent molecules to obtain a new phase {[Cu(pyt-

py)]. NO3. H2O}n (Fig. 4.6C). The authors sought to sense a range of anions

F2; Cl2; Br2; I2; N2
3 ; SCN

2; CO22
3

� �
by ion exchange. Upon anion exchange a

drastic color change was observed which was linked to the choice of the incoming

anion (Fig. 4.6D). In addition to naked-eye response, the ion exchange process

could be monitored using fluorescence response owing to the presence of conju-

gated linker and Cu(I) metal node. Inclusion of different anions resulted in either a

shift of peak maximum of the MOF emission or a change in intensity.

On similar lines, Ghosh and coworkers reported an investigation of a Cu(II)-cen-

tered MOF which exhibited a colorimetric response towards SCN2 anions (Fig. 4.6E

and F) [47]. A one-dimensional coordination polymer, viz., {[CuL2(NO3)2].

(o-xylene). DMF}n where L: 5-(tert-butyl)-N1, N3-di(pyridin-4-yl)isophthalamide,

was treated with different anions such as SCN2, N3
2, Cl2, Br2, I2, and F2. In the

case of SCN2, a naked-eye colorimetric change was observed from blue (parent

MOF) to green which could be studied using SC-SC transitions. The anion exchange

was associated with drastic structural transformation, wherein the color change could

directly be associated with the J-T effect prevalent for Cu(II) complexes.

The study on anion recognition by a luminescent MOF was reported by Ghosh

and coworkers [48]. A dynamic MOF, viz., {[Zn(L)(MeOH)2}(NO3)2 � xG}n where L
stands for (1E,10E)-N,N0-(ethane-1,2-diyl-bis(4,1-phenylene))bis(1-(pyridin-2-yl)
methanimine), was reported which underwent structural transformation upon the loss

of guest solvent molecules. The cationic MOF could encapsulate a range of anions

such as ClO2
4 ; SCN

2; N2
3 ; N CNð Þ22 . The parent compound had an emissive signa-

ture which showed drastic changes in the luminescence for the anion exchanged

phases (Fig. 4.7A). The differential fluorescence responses were attributed to the

varied interactions of the anions with the framework. On similar lines, the group

reported similar anion-modulated luminescence behavior in a flexible luminescent

MOF, viz., {[Zn(L)2](NO3)2 � xG}n where L stands for [(E)-N0-[1-(pyridin-4-yl)ethyi-
dene]hydrazine carbohydrazide [49]. The parent cationic MOF was exchanged with

ClO2
4 and BF24 anions and the exchange was accompanied with distinct changes in

the luminescence profiles (Fig. 4.7B). Wang and coworkers further reported explora-

tion in this domain by synthesizing a Ag(I)-based luminescent porous coordination

polymer [50]. A 3D compound, viz., {[Ag2(μ3-L)2](ClO4)2}n, where L stands for N-

(4-(4H-1,2,4-triazol-4-yl) phenyl)formamide, was prepared which exhibited anion-

dependent changes in the emission signature of the parent compound.

4.2.2 Capture of toxic anionic species

4.2.2.1 Capture of inorganic pollutants

4.2.2.1.1 Cr(VI)-based oxoanion pollutants
The interconvertible form of chromate ion is dichromate anion which is also found

in several effluents. Unlike chromate, the size and geometry of dichromate anion is
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bigger and has two atoms of Cr(VI) per molecule of the anion. Much research has

been devoted to the capture of Cr(VI) species using MOFs. Some of the key high-

lights have been described below.

In an early report of employing MOFs to capture chromate anions, Oliver and

coworkers chose a cationic MOF previously reported by the same group, viz.,

[Ag2(4,4
0-bipyridine)2(O3SCH2CH2SO3) � 4H2O], referred to as SLUG-21 [51]. The

cationic compound bearing weakly interacting 1,2-ethanedisulfonate anions was

found to be an efficient host for many oxoanions, including chromate anions

(Fig. 4.8). The capacity of the compound was reported to be 60 mg g�1 for chromate.

The authors extended their investigation to related systems having binuclear

complexes [52]. Two isostructural mononuclear compounds, viz., Zn-SLUG-35

{[Zn(H2O)4(4,4
0-bipyridine)2](O3S-C2H4-SO3) � 4H2O} and Co-SLUG-35 {[Co

(H2O)4(4,4
0-bipyridine)2](O3S-C2H4-SO3) � 4H2O}, were synthesized hydrother-

mally and further binuclear compounds having similar cationic structures were

formed. The compound having Zn:Co ratio as 1:1 was found to have the highest

capacity to trap chromate anions (68.5 mg g�1) by exchanging EDS anions which

are present in the interlamellar region. The superior performance of the solid solu-

tion was highlighted in the selective uptake even in the presence of excess anions

such as nitrate and sulfate.

This idea of employing cationic materials for trapping of inorganic oxanion pol-

lutants was extended by Zhao and coworkers [53]. The authors synthesized a

mixed-metal MOF, viz., {[Dy2Zn(BPDC)3(H2O)4](ClO4)2 � 10H2O}n [BPDC—4,40-
dicarboxylate-2,20-dipyridine anion], having perchlorate anions uncoordinated in

Figure 4.7 (A) Representation of the anion exchange process in the Zn(II)-based cationic

MOF and the corresponding fluorescence responses under UV light; (B) solid-state

fluorescence spectra of the ligand, parent MOF, and the anion exchanged phases. The

corresponding images are shown alongside.

Source: For (A), reproduced with permission from B. Manna, A.K. Chaudhari, B. Joarder, A.

Karmakar, S.K. Ghosh, Dynamic structural behavior and anion-responsive tunable

luminescence of a flexible cationic metal-organic framework, Angew. Chem. Int. Ed. 52

(2013) 998�1002. Copyright (2012) John Wiley & Sons. For (B), reproduced with

permission from A. Karmakar, B. Manna, A.V. Desai, B. Joarder, S.K. Ghosh, Dynamic

metalorganic framework with anion-triggered luminescence modulation behavior, Inorg.

Chem. 53 (2014) 12225�12227. Copyright (2014) American Chemical Society.
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the structure. The cationic MOF was able to capture CrO22
4 anions rapidly with an

uptake capacity of 0.85 mol mol21. As a step relevant for practical implementation,

selectivity and recyclability of the sorbent were studied, wherein the MOF was

found to have selective affinity over common anions and the release was achieved

by adding an excess of CO22
3 or SO22

4 anions. As the MOF is composed of a lumi-

nescent core, it could also function as a luminescent probe for the sensing of chro-

mate anions.

In an elegant early work of showcasing the utility of MOFs for trapping dichro-

mate, Wang and coworkers synthesized a Ag(I)-based cationic MOF consisting of

octahedral and tetrahedral cages, and bearing uncoordinated ClO2
4 anions, viz.,

{[Ag2(btr)2] � 2ClO4 � 3H2O}n [btr5 4,40-bis(1,2,4-triazole)] [34]. The compound

was found to be stable in water and routine organic solvents. The MOF having 1D-

porous channels bearing free anions could function as a heterogeneous ion

exchanger and the process was monitored unambiguously using SC-SC studies. The

uptake capacity of the MOF was reported to be 0.73�0.93 mol mol21. The MOF

was able to operate even under low concentration and selectively over common

ions such as NO2
3 ; CF3SO

2
3 ; and BF24 . Owing to the presence of ligand-to-metal-

charge-transfer (LMCT), the parent MOF was highly emissive and the entrapment

of dichromate could be sensed by a drastic change in the fluorescence intensity.

Soon thereafter, Ding and coworkers investigated Ag(I) and triazole-linker-based

compounds for the capture of dichromate and permanganate [54]. Two compounds,

viz., {[Ag4(L1)6](BF4)4}n and {[Ag2(H2O)(L2)2](BF4)2}n [L1—4-(4-methyl-2-pyri-

dine)-1,2,4-triazole; L2—4-(5-methyl-3-pyridine)-1,2,4-triazole], having a cationic

framework showed aqueous phase capture of the two anions. The uptake capacities

were calculated to be 0.55 mol mol21 (KMnO4) and 0.53 mol mol21 (K2Cr2O7) for

compound {[Ag4(L1)6](BF4)4}n; while the corresponding values for the other com-

pound were 0.51 and 0.56 mol mol21, respectively. The capture of dichromate was

found to be selective even in the concurrent presence of competing anions.

Figure 4.8 SC-SC transformation in SLUG-21 showing inclusion of perchlorate anions.

Source: Reproduced with permission from H. Fei, M.R. Bresler, S.R.J. Oliver, A New

Paradigm for anion trapping in high capacity and selectivity: crystal-to-crystal transformation

of cationic materials, J. Am. Chem. Soc. 133 (2011) 11110�11113. Copyright (2011)

American Chemical Society.
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The utility of Ag(I) and triazole-based systems as stable, cationic sorbent materi-

als was further emphasized in a report by the groups of Ding and Li [55]. The syn-

thesis of a metal-organic nanotube, viz., {[Ag(μ3-abtz)] � (NO3) � (0.125H2O)}n
[abtz—1-(4-aminobenzyl)-1,2,4-triazole] was reported. The uncoordinated nitrate

anions were found to be suitable for exchange with Cr2O
22
7 anions with absorption

capacity of 211.8 mg g�1. The compound could be recovered (although not

completely) after the addition of excess (200-fold) nitrate ions and used for adsorp-

tion over multiple cycles.

Du and coworkers also explored the possibility of Cr(VI) trapping in a Ag(I)-based

MOF obtained by tandem SC-SC processes [56]. The cationic compound after two

steps, viz., [Ag(L)](CF3CO2)(H2O), could be used as an ion exchange sorbent for

Cr2O
22
7 in a SC-SC manner resulting in the formation of the compound [Ag(L)]

(Cr2O7)0.5(solvent) (Fig. 4.9). The uptake performance was calculated to be

Figure 4.9 (A) Schematic illustration showing encapsulation of dichromate anions. (B)

UV�vis absorption spectra of the supernatant for titration of Ag(I)-based MOF against

aqueous dichromate solution and the corresponding photographs of the bulk solution and the

single crystals.

Source: Reproduced with permission from C.-P. Li, H. Zhou, S. Wang, J. Chen, Z.-L. Wang,

M. Du, Highly efficient Cr2O7
22 removal of a 3D metal-organic framework fabricated by

tandem single-crystal to single-crystal transformations from a 1D coordination array, Chem.

Commun. 53 (2017) 9206�9209. Copyright (2017) Royal Society of Chemistry.
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207 mg g�1, with the distribution coefficient of 2.83 103 mL g21. The water-stability

of the MOF was harnessed in studying the trapping ability in a chromatographic col-

umn. The binary competing experiments revealed the compound to be a selective sor-

bent towards dichromate. The compound could be regenerated by dipping in 120-fold

excess of KNO3, with about 86.8% release of trapped dichromate.

Similarly, Zhang and coworkers reported trapping of dichromate using two Zn

(II)-based cationic MOFs {[Zn2(tipa)2(OH)] � 3NO3 � 12H2O}n (FIR-53) and {[Zn

(tipa)] � 2NO3 �DMF � 4H2O}n (FIR-54), from a tripodal neutral N-donor linker [tipa

—tris(4-(1H-imidazol-1-yl)phenyl)amine)] [57]. Both the compounds were highly

porous with FIR-53 having cross-section porous channels of 183 13 Å2. The com-

pound was found to exhibit dichromate uptake capacity of 74.2 mg g�1 and the

authors could achieve SC-SC ion exchange (Fig. 4.10A), providing significant

insight into the exchange process. Also, FIR-53 could function as a selective and a

reversible sorbent with no remarkable effect on the uptake efficiency after regenera-

tion (Fig. 4.10B). Likewise FIR-54 having pore windows of 10.53 10.5 Å2, had a

high capture amount of 103 mg g�1 for dichromate. Unlike FIR-53, the reversibility

for FIR-54 was found to be poor, suggesting that the structural aspects had an

important role in directing ion exchange of oxoanions.

Figure 4.10 (A) SC-SC transformation for the anion exchange process; (B) cycling

experiment for dichromate anion capture and release; (C) representation of the approach

employed for the ion exchange�based capture of dichromate anions; (D) time-dependent

UV�vis spectra of the supernatant solution for titration against dichromate anions.

Source: For (A) and (B), reproduced with permission from H.-R. Fu, Z.-X. Xu, J. Zhang,

Water-stable metal-organic frameworks for fast and high dichromate trapping via single-

crystal-to-single-crystal ion exchange, Chem. Mater. 27 (2015) 205�210. Copyright (2015)

American Chemical Society. For (C) and (D), reproduced with permission from Q. Zhang, J.

Yu, J. Cai, L. Zhang, Y. Cai, Y. Yang, et al., A porous Zr-cluster-based cationic metal-

organic framework for highly efficient Cr2O7
22 removal from water, Chem. Commun. 51

(2015) 14732�14734. Copyright (2015) Royal Society of Chemistry.
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Along with mechanistic understanding, chemical and thermal stability is an

important facet of material development. Among the well-studied MOFs, com-

pounds based on Zr(IV) have commanded notable attention owing to robust struc-

tures and high chemical resistance. Typically, these MOFs are neutral and are

unsuitable as ion exchange sorbents. Qian and coworkers employed the PSM

reaction on a neutral bipyridyl-functional MOF-867 (ligand [BPYDC]—2,20-bipyri-
dine-5,50-dicarboxylate), to impart ionicity leading to the subsequent isostructural

framework ZJU-101 having extra-framework anions (Fig. 4.11A) [58]. The

uncoordinated NO2
3 anions were substituted with incoming Cr2O

22
7 anions with a

high uptake capacity of 245 mg g�1 (Fig. 4.11B). The performance was appreciably

high even in the concurrent presence of competing ions such as

Cl2; Br2; NO2
3 ; SO

22
4 , I2, and F2. Control adsorption experiments with MOF-867

validated the ion exchange process.

The contribution of Zhou and coworkers towards the development of Zr(IV)-

based MOFs, was extrapolated to examine the efficacy for such applications [60].

A mixed-linker MOF {Zr6O4[OH]6[H2O]2[BTB]2[TCPP]} [PCN-134; TCPP—tetra-

kis(4-carboxyphenyl)porphyrin; BTB—benzene tribenzoate], exhibited removal of

95% of dichromate from an aqueous solution (50 ppm) within 10 minutes. The

coordinated hydroxides and water molecules were ascribed for the dichromate bind-

ing to the framework. The authors examined the adsorption tendencies by varying

the linker ratios, and optimized the best performing MOF as PCN-134-22%TCPP.

The adsorption performance was found to be retained even in concurrent presence

(twofold excess) of some common ions. The authors further evaluated the tendency

of the compound to photocatalytically reduce the adsorbed Cr(VI) to Cr(III) and

found the activity was better than some reported compounds, such as MIL-125-

NH2.

The work on Zr(IV)-based compounds was later extended by Liu’s group [61].

The authors synthesized a Zr(IV)-based MOF for the sorption of Cr2O
22
7 . The

Figure 4.11 (A) Packing diagram showing presence of aligned sulfate anions. (B)

Photographs of the anion exchange experiments and EDX mapping profiles showing

homogeneous loading of the guest anions in the compound.

Source: Reproduced with permission from A.V. Desai, B. Manna, A. Karmakar, A. Sahu, S.

K. Ghosh, A water-stable cationic metal-organic framework as a dual adsorbent of oxoanion

pollutants, Angew. Chem. Int. Ed. 55 (2016) 7811�7815. Copyright (2016) John Wiley &

Sons.
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MOF, viz., [Zr6O4(OH)4L4(H2O)2(HCOO)4] � 9DMF � 12H2O [JLU-MOF50; L—50-
methyl-(1,10,30,1v-terphenyl)-4,40-dicarboxylic acid] had the Zr6 clusters with coor-

dination from hydroxides. As such Zr-bonded hydroxides have been known to be

useful for the sorption of oxoanions, the authors examined the utility of the MOF

for capture of Cr(VI) oxoanions. Although the uptake capacity for Cr2O
22
7 was

92 mg g�1, the porosity and suitably aligned hydroxide groups rendered a remark-

ably high capture rate of 32.5 mg g21 min21. The adsorption performance was

retained even in a high concentration (10-fold molar) of competing anions such as

Cl2, Br2, I2, NO2
3 , and SO22

4 .

To extend the systematic development of cationic MOFs for such applications,

Ghosh and coworkers presented a rational design strategy to construct

stable cationic MOFs targeting the capture of oxoanions [59]. The building blocks

of the framework, viz., Ni(II), tridentate imidazole-based linker, and SO22
4 anions,

were combined for assimilating a hydrolytically stable framework {[Ni2(tipa)3(SO4)

(H2O)3] � (SO4) � xG}n (1-SO4; G—guest molecules) (Fig. 4.11A). The authors pro-

posed that the geometry of the anion in the host-framework also plays a vital role

in the exchange ability and efficiency. The exchange of two different oxoanions—

permanganate (as a surrogate for TcO2
4 ) and dichromate—was reported, validating

the hypothesis (Fig. 4.11B). Although the uptake kinetics were comparatively

slower, the MOF exhibited high loading capacity of dichromate of 166 mg g�1. The

affinity towards MnO2
4 and Cr2O

22
7 was retained even in the concurrent presence

of common ions, and anions with tetrahedral geometries such as ClO2
4 ;

NO2
3 ; BF

2
4 ; and CF3SO

2
3 .

Extending the work on cationic MOFs built from tridentate neutral N-donor

ligands, Guo and coworkers reported the utility of a Cd(II)-based MOF {[Cd(tipo)

(HCOO)(H2O)] �NO3 �DMF}n [tipo—tris(4-(1H-imidazol-1-yl)phosphine oxide], as

an effective sorbent for the trapping of Cr2O
22
7 [62]. The MOF exhibited a capture

limit of 228 mg g�1. On account of large pores, the MOF was able to undergo ion

exchange rapidly with over 91% removal within 30 minutes. The capture was

reported to be selective even in the presence of interfering anions such as

Cl2; Br2; I2; NO2
3 ; and SO22

4 .

The ability of a sorbent to provide a readout during the adsorption process is

highly desirable. Likewise MOFs equipped with the feasibility of tuning the physi-

cal properties can be functionalized to provide a signal upon capture of the foreign

guests. In this regard, Li and coworkers reported a Cu(II)-based cationic MOF

{[Cu4(μ3-OH)2(mtrb)2(1,4-bda)2] �Br2 � 6H2O}n [bda—1,4-benzenediacetate; mtrb—

1,3-bis(1,2,4-triazol-4-ylmethyl)benzene] for the rapid and efficient capture of

dichromate anions [63]. Unlike previously synthesized MOFs, this MOF was a rare

example of a cationic MOF connected by tetra-copper clusters. The MOF is highly

porous with a 1D channel of 123 12 Å2 facilitating the anion exchange process.

The authors could monitor the process via SC-SC, providing significant insight

regarding the mechanism. The uptake limit for the MOF was calculated to be

128 mg g�1 and the cycling experiments yielded satisfactory regeneration of the

parent phase. Also, the performance was found to be selective in binary mixtures of

Cr2O
22
7 with ClO2

4 ; NO
2
3 ; BF

2
4 ; Br

2; and SO22
4 . Owing to the MOF based on Cu
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(II) nodes, the ion exchange process was accompanied with naked-eye colorimetric

change, providing an additional transduction pathway.

Li and coworkers reported another Cu(II)-based MOF {[Cu2L(H2O)2] �
(NO3)2 � 5.5H2O}n [H4LCl2—1,10-bis(3,5-dicarboxyphenyl)-4,40-bipyridinium chlo-

rine] for the removal of dichromate anions [64]. The authors employed the rela-

tively uncommon design strategy of using a zwitterionic ligand to synthesize a

cationic framework. The compound was held by the [Cu2(O2C)4] paddlewheel units

and had two kinds of porous channels with dimensions of 5 Å and 15.54 Å. The

MOF had a relatively high uptake capacity of 222.5 mg g�1.

Among the targeted objectives in the development of MOFs, scalability is among

the prominent facets. Yang and coworkers extended the research in this domain by

reporting an easily scalable Ag(I)-centered cationic MOF {[Ag8(tz)6] �
(NO3)2 � 6H2O}n. [tz—3,5-diphenyl-1,2,4-triazolate] [65]. The hydrophobic nature

of the pores was correlated with the ion exchange process. The exchange of HCrO2
4

was found to be rapid and reversible with a saturation capacity of Cr(VI) of

37 mg g�1 at 303K.

While the vital aspects of material development are being examined at the

batch-scale experiment level, it is important to investigate the viability for practical

implementation. In this regard, Manos and coworkers demonstrated the utility of

MOF-composite as feasible ion exchange sorbent towards real-time application

[66]. Typically, MOFs are obtained as powders and form suspensions in water;

hence they cannot be directly employed as sorbents for real-world remediation. The

protonated form of UiO-66-NH2, referred to as MOR-1 [Zr6O4(OH)4(NH3
1-BDC)6]

Cl6 [BDC—1,4-benzene dicarboxylate], was employed to form a composite with

alginic acid (HA) to yield a composite of MOR-1-HA (Fig. 4.12A and B). The

composite in mixture with sand was applied as the stationary phase in an ion

exchange column for the trapping of Cr2O
22
7 in a cost-effective manner. From batch

studies the sorption limit for Cr2O
22
7 was estimated to be 2426 17 mg g�1 for

MOR-1-HA, with 2.76 0.2 moles per formula unit of MOR-1 (Fig. 4.12C). Also

the removal performance was retained (91%�98%) over pH range of 3�8; and

satisfactory capacities under high acidic conditions (81% and 90% at pH 1 and 2).

The authors further extended their investigation for synthesis of these composites

by developing a protocol for green and rapid synthesis of the composite MOR-1-

HA [67].

The principal authors of the previous work, elaborated the scope of their idea by

modifying the UiO-66 framework to make it cationic [38]. The MOF

[H16(Zr6O16(H2PATP)4)Cl8 � xH2O] [referred to as MOR-2, where H2PATP—2-

((pyridine-1-ium-2-ylmethyl)ammonio)terephthalate], formed a composite with

alginic acid (HA) to function as the stationary phase in an ion exchange column.

The studies with MOR-2 yielded uptake capacity of 194 mg g�1 with rapid capture

(,1 minute). The column experiments with satisfactory reusability (,20% loss of

performance) over multiple cycles validated the efficacy of the composite material.

Apart from a standalone ion exchange process, capture of Cr(VI) species has

been observed in some neutral MOFs such as ZIF-67 or Cu(BTC) by different

mechanisms [68�73]. Also, MOF-based composites have been found to offer
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interesting features towards remediation of such pollutants [74]. Broadly, although

the exploration is still in its nascent stages, MOFs are showing encouraging poten-

tial as sorbents for trapping Cr(VI) species, which is evidenced by their relative per-

formance with competing materials. The ability to tune, modulate features of MOFs

with existing knowledge will actuate the realization in real-time applications.

4.2.2.1.2 Radioactive oxoanion pollutants
Use of nuclear energy and employment of radionuclides for medical purposes has

resulted in a large consumption and disposal of radioactive pollutants. In particular

the long half-life and rapid mobility in aqueous media necessitates the development

of robust materials to entrap such hazardous species. MOFs too have found suitabil-

ity for such applications and some of the important reports are discussed below.

Ziegler and coworkers presented an early report to demonstrate the effectiveness

of cationic MOFs for adsorbing ReO2
4 anions, which is a model for the radioactive

TcO2
4 [75] The authors chose a previously reported crystalline solid, viz., Pb[B

(Im)4] � (NO3) � (nH2O) [where Im—Imidazole] for carrying out the ion exchange

studies (Fig. 4.13A). Detailed NMR studies with the exchanged phases were carried

out and a single crystal was formed in the presence of fivefold excess of perrhenate

Figure 4.12 (A) Schematic illustration showing the approach employed by the authors for

preparing MOR-1; (B) stepwise representation of the protocol employed for the preparation

of the composite material MOR-1-HA; (C) adsorption profile for MOR-1-HA at pH5 3 for

dichromate anion sorption.

Source: Reproduced with permission from S. Rapti, A. Pournara, D. Sarma, I.T. Papadas,

G.S. Armatas, A.C. Tsipis, et al., Selective capture of hexavalent chromium from an anion-

exchange column of metal organic resin�alginic acid composite Chem. Sci. 7 (2016)

2427�2436. Copyright (2016) Royal Society of Chemistry.
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ions. The crystal structure supported the claim of ion exchange as ReO2
4 anions

were located in the interlayer spacing of the structure (Fig. 4.13B).

In an early work on utilizing cationic frameworks as ion exchanger for TcO2
4 ,

Albrecht-Schmitt, Alekseev, and coworkers reported a robust borate-based cationic

solid [ThB5O6(OH)6][BO(OH)2] � 2.5H2O (NDTB-1) for trapping oxoanions

(Fig. 4.13C) [77]. The ion exchange ability towards several oxoanions was initially

investigated, with particular focus on the removal of TcO2
4 from aqueous solutions.

The authors reported removal of 72% anions within 36 hours. The same group later

extended this work with extensive investigation of the ion exchange process with

regard to capacity, kinetics, and distribution coefficient (Fig. 4.13D) [76]. The ion

exchange for TcO2
4 was found to proceed with second-order kinetics with a rate

constant of 0.059 s21M21. The uptake capacity was estimated to be 162.2 mg g�1

with Kd of 1.05343 104 mL g21. The compound could be recovered by removing

the entrapped anions by exchanging with excess solutions of PO32
4 or SeO22

4 .

Although the compound was bearing radioactive metal nodes, it provided a proof-

of-concept for further exploration and development of cationic materials for entrap-

ping radioactive oxoanions.

Figure 4.13 (A) Illustration showing anion exchange process employed for the trapping of

perrhenate anions; (B) Ortep diagram for the perrhenate exchanged phase; (C) packing

diagram for NDTB-1; and (D) photographs of the crystals for NDTB-1 and corresponding

anion exchanged phases.

Source: For (A) and (B), reproduced with permission from B.H. Hamilton, T.A. Wagler, M.

P. Espe, C.J. Ziegler, Sequestering perrhenate with a borate-based coordination polymer: a

model for pertechnetate separation, Inorg. Chem. 44 (2005) 4891�4893. Copyright (2005)

American Chemical Society. For (C) and (D), reproduced with permission from S. Wang, P.

Yu, B.A. Purse, M.J. Orta, J. Diwu, W.H. Casey, et al., Selectivity, kinetics, and efficiency

of reversible anion exchange with TcO4
2 in a supertetrahedral cationic framework, Adv.

Funct. Mater 22 (2012) 2241�2250. Copyright (2012) John Wiley & Sons.
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Later Zhou, Wang, and coworkers presented another thorium-based MOF for the

capture of ReO2
4 and Cr2O

22
7 [78]. The authors presented the first example of a

mesoporous cationic MOF, viz., [Th3(bptc)3O(H2O)3.78]Cl � (C5H14N3Cl) � 8H2O

[SCU-8; H3bptc—(1,10-biphenyl)-3,40,5-tricarboxylic acid], which was synthesized

by an ionothermal reaction. The MOF was found to be stable over a wide pH range

(4�12), making it suitable for anion exchange. SCU-8 was found to be an efficient

anion exchanger for Cr2O
22
7 and ReO2

4 . In the case of the latter, more than 80%

removal was observed for a 0.04 mmol L21 solution within 2 minutes and the equi-

librium was reached in 10 minutes. The uptake capacity was reported to be

534.07 mmol mol21.

Oliver’s group proposed the utility of their layered compound, viz., SLUG-21

and SLUG-22 {Cu2(4,4
0-bipyridine)2(O3SCH2CH2SO3) � 3H2O} for capturing

ReO2
4 and MnO2

4 , both of whom act as surrogates for the radioactive TcO2
4 [79].

The comparative findings suggested that SLUG-21 (Ag(I)-metal node) bearing

higher redox stability could function as a more efficient sorbent for both

ReO2
4 and MnO2

4 over SLUG-22 (Cu(I)-metal node).

Wang’s group extended their work on Ag(I)-centered triazole-based MOFs to

report a series of cationic frameworks [80]. Among the synthesized MOFs, the com-

pound [Ag(btr) � PF6 � 0.5CH3CN] [btr—4,40-bis(1,2,4-triazole] was found to be a

selective ion exchanger towards MnO2
4 in aqueous solution. The uptake capacity

was reported to 0.56 mol mol21, with noticeable change in the luminescence

response during the ion exchange process. The selectivity was confirmed by the

preferential uptake of MnO2
4 even from a mixture of common ions such as

NO2
3 ; BF

2
4 ; and ClO2

4 .

As discussed previously, Zr(IV)-based MOFs have been found to present high

chemical resistance, making them highly sought-after for practical applications.

Thallapally and coworkers reported the utility of modified UiO-66-NH2 for the cap-

ture of ReO2
4 , which was employed as a model for TcO2

4 [81]. The modification of

the compound included protonation of the primary amine by treatment with 2 M

HCl solution. The capture limit for ReO2
4 was estimated to be 159 mg g�1.

Wang’s group synthesized the first cationic MOF based on uranyl clusters, viz.,

[(UO2)(HTTTPC)(OH)]Br � 1.5DMF � 4H2O [SCU-7; H3TTTPCBr3—1,10,1v-(2,4,6-
trimethylbenzene-1,3,5-triyl)-trimethylene-tris(4-carboxypyridinium)tribromide],

having a 2D structure [82]. The synthesis of the compound was optimized by vary-

ing the reaction conditions to obtain SCU-7 over the neutral framework SCU-6.

The compound exhibited capture for ReO2
4 by ion exchange in an aqueous solution

of 1 ppm with 90% trapping within 2.5 hours.

Wang and coworkers extended their work on the development of MOFs for the

capture of TcO2
4 by reporting a Ag(I)-based eightfold cationic framework [83]. The

synthesized framework [Ag2(tipm)] � 2NO3 � 1.5H2O [SCU-100; tipm—tetrakis[4-(1-

imidazolyl)phenyl]methane] was found to present high hydrolytic stability and

resistance towards high doses of β and γ radiation (Fig. 4.14A).

Ion exchange studies for capture of TcO2
4 revealed that about 95.2% concentra-

tion was reduced within 30 minutes (Fig. 4.14B), suggesting rapid kinetics.

Detailed experiments on the capture of ReO2
4 yielded that the exchange is feasible
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even in the presence of high doses of SO22
4 and NO2

3 , with gradual decrement in

the uptake amounts with increasing concentration in the case of later. The open

metal site of Ag(I) was found to be the driving force for the uptake of the oxoanion.

Treating the ReO2
4 -exchanged phase in high concentration of NaNO3 (1 M) led to

the recovery of the parent phase with 86% removal. The capture limit of ReO2
4 was

reported to be 541 mg g�1 and Kd value to be 1.93 105 mL g�1.

These studies were extended on a more stable Ni(II)-based framework built

from the same ligand backbone, viz., [Ni2(tipm)2(C2O4)](NO3)2 � 2H2O (SCU-

101) (Fig. 4.15A) [84]. Like the previous case, intial experiments were carried

out with TcO2
4 but detailed investigations were reported with the surrogate

Figure 4.14 (A) Structural transformation for the Ag(I)-MOF towards inclusion of

perrhenate anions; (B) time-dependent UV�vis spectra for TcO2
4 exchange experiment.

Source: Reproduced with permission from D. Sheng, L. Zhu, C. Xu, C. Xiao, Y. Wang, Y.

Wang, et al., Efficient and selective uptake of TcO4
2 by a cationic metal-organic framework

material with open Ag1 sites, Environ. Sci. Technol. 51 (2017) 3471�3479. Copyright

(2017) American Chemical Society.

Figure 4.15 (A) Coordination environment for Ni(II)-MOF; (B) time-dependent UV�vis

spectra for TcO2
4 inclusion studies; and (C) figure showing interaction of TcO2

4 anion with

the framework.

Source: Reproduced with permission from L. Zhu, D. Sheng, C. Xu, X. Dai, M.A. Silver, J.

Li, et al., Identifying the recognition site for selective trapping of 99TcO4
2 in a hydrolytically

stable and radiation resistant cationic metal-organic framework, J. Am. Chem. Soc. 139

(2017) 14873�14876. Copyright (2017) American Chemical Society.
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ReO2
4 . SCU-101 could remove .95% anions from an aqueous solution in

10 minutes (Fig. 4.15B), which is faster than commercially available resins such

as A532E and A530E. The capacity for ReO2
4 was estimated to be 217 mg g�1

with Kd of 7.53 105 mL g�1. Treatment with excess NaNO3 led to recovery of

the parent phase and the recycling performance was found to be satisfactory

over four cycles. Further, the ion exchange process was found to be feasible

over a wide pH range of 3�12, showcasing the advantages of MOFs over con-

ventional inorganic layered materials. Additionally, competing anion experiments

exhibited preferential uptake for ReO2
4 , even when the competing anions were

present in very high concentration. Owing to the high crystallinity of the frame-

work, the authors could gain structural insights after the ion exchange process of

TcO2
4 (Fig. 4.15C). The binding energy of interaction of TcO2

4 was calculated to

be �20.42 kcal mol�1.

Further, the same group investigated trapping of radioactive oxoanions in a pre-

viously reported Ag(I)-based layered cationic coordination polymer, viz., [Ag(4,40-
bipyridine)]NO3 (denoted as SBN) [85]. The authors obtained the single crystal of

the exchanged phase which revealed strong binding of the ReO2
4 anions with the

accessible coordination sites of Ag(I) nodes. Interestingly, the exchanged phase was

found to be highly stable, which was also confirmed by theoretical calculations, and

the removal of the adsorbed anion was not possible. The uptake capacity was

reported to be 786 mg g�1.

4.2.2.1.3 Selenium-based oxoanion pollutants
Selenium is observed to enter the environment via both organic and inorganic

forms. On account of bioavailability and higher solubility, inorganic forms of sele-

nite (SeO22
3 ) and selenate (SeO22

4 ) have become important oxoanions of interest in

material development. In this regard, MOFs can offer potential alternatives for the

capture of such anionic pollutants in water sources.

The features of Zr(IV)-centered MOFs, including robustness and higher physico-

chemical stability, have made them highly sought-after for several applications.

Farha and coworkers explored the possibility of trapping selenite and selenate by

investigating a series of established Zr(IV)-based MOFs [86]. The authors chose the

well-studied UiO-series MOFs with different pendant groups and the NU-1000

compound. Aqueous solutions of 100ppm concentration of selenate and selenite

were initially taken to test the adsorption ability the different MOFs (Fig. 4.16A).

While UiO-66 could adsorb 54% (selenite) and 34% (selenate), UiO-66-NH2 and

UiO-66-(NH2)2 showed higher uptakes. The authors ascribed the adsorption in only

UiO-66 to the ion exchange with the bound hydroxides, while in the case of the

other two MOFs the additional uptakes were on account of the hydrogen bonding

interactions with amine groups. NU-1000 bears the presence of nonstructural

ligands which facilitated the high capture of selenate (88%) and selenite (90%).

Detailed mechanistic investigations were carried out to understand the kinetics,

uptake preferences, and binding sites (Fig. 4.16B). Importantly, NU-1000 could

function as an efficient sorbent even under low concentration of oxoanions of

selenium.
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4.2.2.1.4 Arsenic-based oxoanion pollutants
Arsenic which is a highly toxic element is prevalent in groundwater in the form of

its oxyanions. Typically it exists in the form arsenite (HxAsO3
32x) and arsenate

(HxAsO4
32x). MOFs offer promise as sorbents of such toxic anions and below are a

few representative illustrations.

Capture of As(V) was investigated by Huang and coworkers by testing the ability

of Fe-BTC (BTC—1,3,5-benzene tricarboxylate) porous coordination polymer [87].

The authors found that arsenic could be adsorbed in the interior of the MOF and exhib-

ited significantly higher uptake over iron oxide nanoparticles. The kinetic studies

revealed that the adsorption could be fitted in a pseudo-second-order kinetic model.

Some other benchmark MOFs, including MIL-53(Al) and MIL-53(Fe), were

investigated for the capture of arsenate [88,89]. In the case of the former, the

authors observed an uptake capacity of 105.6 mg g�1, with the optimal condition of

capture at pH 8. Competing anions did not alter the performance, except for the

presence of PO32
4 . Detailed characterization suggested that electrostatic attraction

and hydrogen bonding were influencing the adsorption process. Vu et al. reported

similar studies for the ability of MIL-53(Fe) to capture arsenate. The uptake capac-

ity was reported to be 21.27 mg g�1 and the kinetics were found to follow pseudo-

second-order behavior.

The ability of the highly porous and stable ZIF-8 compound to capture arsenate

was evaluated by Li and coworkers [90]. The capacity of adsorption was estimated

to be 76.5 mg g�1 and a very low equilibrium concentration (9.8 μg L21). The

authors proposed the mechanism of adsorption to initial dissociative adsorption of

water yielding a high distribution of surface hydrogens. These hydrogen bond

groups hold the incoming As(V) species and lead to high capture.

Liu, Zhang, and coworkers reported the ability of ZIF-8 nanoparticles for the

capture of As(III) and As(V) species [91]. The uptake limits were calculated to be

Figure 4.16 (A) Bar diagram showing the extend of adsorption of selenite or selenate anions

in different Zr(IV)-based MOFs; (B) kinetic profile for the adsorption profile for selenate and

selenite anions.

Source: Reproduced with permission from A.J. Howarth, M.J. Katz, T.C. Wang, A.E.

Platero-Prats, K.W. Chapman, J.T. Hupp, et al., High efficiency adsorption and removal of

selenate and selenite from water using metal-organic frameworks, J. Am. Chem. Soc. 137

(2015) 7488�7494. Copyright (2015) American Chemical Society.
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49.49 and 60.03 mg g�1 for As(III) and As(V), respectively, at 298K and pH 7.0.

Common ions such as SO22
4 and NO2

3 were found to have almost no effect on the

uptake of arsenic species, but PO32
4 and CO22

3 retarded the adsorption process.

Detailed characterization suggested that electrostatic interactions in addition to the

presence of polar sites strongly influence the observed adsorption process.

Among MOFs which offer unusually high stability, Zr(IV)-systems have been

found to prominently feature. Chen, Li, and coworkers examined the well-studied

UiO-66 MOF for its applicability to capture arsenic species [92]. The MOF was

able to uptake over a wide pH range of 1�10 with the highest uptake capacity at

pH 2 of 303 mg g�1. Notably this value was higher than the capacities for commer-

cially available adsorbents. The mechanism for capture was attributed to the forma-

tion of Zr-O-As coordination bonds and the high uptake was ascribed to the

presence of multiple active sites of hydroxyl groups and carboxylate ligands.

Li and coworkers reported the study with another Zr(IV)-based MOF, viz.,

MOF-808 [Zr6O4(OH)4(BTC)2(HCOO)6] [93]. The authors synthesized nanoparti-

cles of the MOF using microwave irradiation in a very short time and utilized them

as sorbents of As(V) oxyanions. The uptake capacity for arsenic was reported to be

24.83 mg g�1 and more importantly for practical implementation, the MOF was

found to be recyclable and retained its performance (82.10% of initial uptake) even

after five cycles of adsorption�desorption.

4.2.2.1.5 Trapping of other inorganic anions (phosphate/fluoride, etc.)
Although phosphate is not as toxic as other heavy metal pollutants, it commands sig-

nificant attention as it is produced on a large scale and is required for several applica-

tions. The discharge into water streams can lead to the imbalance of aquatic

ecosystems and hence its remediation is an important objective for material chemists.

With regard to MOFs, the strength of the metal�ligand bond is crucial when

choosing the appropriate system for the capture of phosphates. Lin and coworkers

investigated the utility of two isostructural systems, viz., UiO-66 and UiO-

66@NH2, as sorbents of phosphate anions [94]. The authors observed rapid and

high uptake of phosphate anions for both the compounds, with higher adsorption

for the MOF bearing pendant amine groups. The interaction of Zr-metal nodes with

phosphate was ascribed as the main driving force for the uptake and, in the case of

UiO-66@NH2, the interaction with amine groups led to higher uptakes. Importantly,

the adsorption was found to be selective over common ions such as bromate, nitrate,

nitrite etc. As a proof-of-concept, the authors investigated the ability of the MOFs to

remove phosphate present at a dilute concentration from human urine.

Lin and coworkers utilized the high binding affinity of phosphate anions to pre-

pare porous metal phosphates using MOFs as precursors [95]. The authors proposed

the concept of ligand extraction for the preparation of porous inorganic materials

by removing the organic ligands by using high concentrations of phosphate anions.

The prepared metal phosphates were subsequently used for the removal of radionu-

clides from simulated wastewater streams.

Similarly to phosphate, the remediation of fluoride anions from water streams is

another application seeking greater relevance as the presence of excess fluoride can
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result in a range of health hazards. Liu and coworkers screened a series of well-

established water-stable MOFs to understand their effect on the adsorption of fluo-

ride anions [96]. The authors observed that among the chosen MOFs (MIL-53,

MIL-68, CAU-1, CAU-6, UiO-66, and ZIFs), UiO-66 exhibited the highest adsorp-

tion capacity of 41.36 mg g�1. From the observations, the authors concluded that

the presence of -OH groups is the strong driving force for defluoridation by MOFs.

The competing anion experiments were performed and the authors found that in the

presence of CO22
3 , the adsorption of F� was significantly affected. Lin and cowor-

kers extended such work by thoroughly investigating the ability of UiO-66@NH2

for the removal of fluoride from water [97]. The authors observed that the adsorp-

tion capacity was reduced for pH .7, but the presence of other halides did not

affect the performance. Several characterizations were recorded, which suggested

that NH2-F
2 interactions drove the high selectivity of fluoride anions.

De and coworkers investigated an Al(III)-fumarate-based MOF, which is known

to be stable for the capture of fluoride anions (Fig. 4.17A) [98]. Owing to the high

porosity and high stability in water, the compound was sought as a suitable sorbent

for the application of interest. The uptake capacity was reported to be 600 mg g�1

at 293K (Fig. 4.17B). The authors proposed that the hydroxyl ions in the parent

compound were replaced with incoming fluoride anions. The adsorption kinetics

was found to follow the pseudo-second-order pathway. The adsorption was found

to be selective even in the concurrent presence of anions such as Cl2, HCO3
2,

NO3
2, and PO32

4 .

The work on fumarate-based MOF was extended by Wan and coworkers [99].

The authors chose MIL-88A, which is built from FeCl3 and fumaric acid. The

adsorption of fluoride ions was rapid and the equilibrium was attained within

10 minutes. The capacity at room temperature was reported to be 40.42 mg g�1.

Like the previous case, the authors found that the adsorption of fluoride was selec-

tive over common ions such as Cl2; NO2
3 ; SO

22
4 ; PO32

4 ; and HCO2
3 . Based on

detailed experiments, the authors inferred that the process was endothermic and the

adsorption could occur under different temperatures also.

Figure 4.17 (A) Figure showing coordination environment in AlFu MOF and the packing

diagram; (B) graph representing the pH-dependent adsorption of fluoride ions.

Source: Reproduced with permission from S. Karmakar, J. Dechnik, C. Janiak, S. De,

Aluminium fumarate metal-organic framework: a super adsorbent for fluoride from water,

J. Hazard. Mater. 303 (2016) 10�20. Copyright (2016) Elsevier.
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The major reason for the growing interest in the development of MOFs is the

ability to ascribe precise structure�property correlation. To demonstrate this fea-

ture, Dastidar and coworkers reported SC-SC-based capture of fluoride anions by a

Cu(II)-based coordination polymer [100]. The second phase was characterized using
19F-NMR in addition to SCXRD studies.

4.2.2.2 Capture of organic anionic pollutants

Bulkier anions, viz., anionic dye molecules, are categorized as very hazardous pol-

lutants [101]. These anionic pollutants have very high absorption coefficients and

they block sunlight in most of the lakes and rivers leading to eutrophication, and

thus disturbing the food chain. With the widespread growth of textile industries, its

direct impact has been towards the increase in the concentrations of such anionic

dyes, thus contributing towards water pollution. Large chromophoric organic dyes

have been diagnosed as potential causes for varied allergies and are potentially

mutagenic and carcinogenic in nature. Thus, remediation of such organic dyes is

very crucial for living species. For the removal of such anionic dyes, ion exchange

materials have gained significant attention as they can selectively capture anionic

pollutants. Cationic MOFs have exhibited immense potential in the capture of such

anionic pollutants owing to the porous nature and exchangeable anions present

within the voids of the frameworks. MOFs can be tailored to the needs, since fra-

meworks with a vast range of pore size, aperture, and charge can be synthesized as

per requirements which can be well suited to the capture of anions of different size

and charge.

In 2013, PMOFs, that is, positive frameworks, were explored as an ion-exchange

column for the separation of organic anions [102]. This report was an important

example in the domain of MOFs which showed their tremendous potential in the

selective capture of anionic dyes. The M3O(COO)6 trimeric cluster was utilized for

the building of highly stable positively charged frameworks along with the use of

two types of linker, that is, monovalent anionic and divalent anionic linker, with

NO2
3 anions for balancing the charge (Fig. 4.18A). This report categorized several

anionic dyes according to the size of the organic dye, thus establishing a size crite-

ria while the charge of the organic dyes were also varied by attaching different

numbers of sulfonate groups. The effect of the charge and size was studied by per-

forming exchange studies with PMOFs (Fig. 4.18B and D). Dyes with sizes greater

than the pore aperture showed exclusion while dyes with sizes less than the pore

aperture showed uptake depending on the shape of the dyes. Selective anionic dye

capture was observed in presence of cationic dyes as well as neutral dyes. Also the

authors observed rapid regeneration of the adsorbent with no loss in uptake capacity

(Fig. 4.18C).

In another study by Kaskel and coworkers, cationic framework with molecular

formula [Cu(Imid)(H2O)]1 was synthesized [103]. The inherent ionic nature of the

linker led to the construction of a cationic framework which was utilized for ion

exchange. The framework showed the adsorption of organic dyes, viz., fluorescein,

methyl red (MR), Nile blue, with no uptake observed for Nile red. The ionic nature
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of the dye was very crucial, as observed from the uptake profiles. The correspond-

ing anionic species of the dye can be adsorbed electrostatically to the pore walls

and may also replace water molecules at the metal center thus making the MOF

neutral in nature.

Cheng and coworkers synthesized a cationic cage-based framework solvother-

mally with the molecular formula {[(Cu4Cl)(CPT)4(H2O)4] 3NO3 � 5NMP � 3.5H2O}n
[NMP—N-methyl-2-pyrrolidone] [104]. The nitrate anions were exchanged with a

MO in a methanolic solution, which was quantified using UV�Vis spectroscopy.

The selectivity of the framework was examined towards anionic dyes by a compara-

tive uptake experiment in which methylene blue showed no uptake at all.

Rhodamine B and Congo Red were tested for their adsorption via exchange but they

showed exclusion owing to the size effects. The reversibility was tested via

exchange with chloride, wherein they found successful release of MO with a short

span thus establishing the reversibility criteria that is essential for real-time usage.

In another report, Du synthesized a cationic coordination polymer utilizing linker

L5 3-(2-pyridyl)-4-(3-pyridyl)-5-(4-pyridyl)-1,2,4-triazole with an overall molecu-

lar formula [Ag7(L)6](ClO4)7(solvent)]n [105]. The porosity of the framework with

an inherent ionic nature was utilized for the successful capture of Acid Red 26

Figure 4.18 (A) Figure showing topology of the In(III)-MOFs along with the building

blocks used. (B) UV�vis spectra of the supernatant showing selective anionic dye capture

(inset: photograph of the vials during the exchange process). (C) Naked-eye change in color

of MOF-powder and supernatant solution along with the time-dependent response in the

UV�vis spectra for showing reversible uptake of methyl orange (MO) dye. (D) UV�vis

spectra of the supernatant for two anionic dyes (OG22 and MB22) and mixture phase

showing size-selective capture of dye.

Source: Reproduced with permission from X. Zhao, X. Bu, T. Wu, S.-T. Zheng, L. Wang,

P. Feng, Selective anion exchange with nanogated isoreticular positive metal-organic

frameworks, Nat. Commun. 4 (2013) 2344. Copyright (2013) Springer Nature.
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which has been named as an important pollutant by the European Union (EU)

(Fig. 4.19A and B). This dye is known for its subsequent release of aromatic amines

and is classified as a carcinogen. The perchlorate anions present within the hexago-

nal channels of the framework were exchanged with varied dyes. The framework

showed the highest sorption of anionic dye AG2622 with an uptake of 96%

(Fig. 4.19C). Competing sorption analysis was undertaken between AG2622,

Mordant Red 5, and Acid Red 4, of which AG2622 showed the greatest uptake

(Fig. 4.19D). The reversibility in the exchange process was further tested by

exchanging with nitrate anions and this experiment revealed that the compound

could successfully release the adsorbed dye, which is crucial.

Ghosh and coworkers recently exhibited the capture of several anionic dyes in a

wide pH range of 4�14. They synthesized a robust framework, viz. [{Ni(L)2}.

(BPSA) � xG]n, utilizing multidentate linker L [L—Tris(4-(1H-imidazol-1-yl)phenyl)

amine}] and BPSA, that is, 4,40-biphenyldisulfonic acid (Fig. 4.20A and B) [106].

The compound exhibited unusual stability among the cationic MOFs existing in the

literature. This high stability and the inherent ionic character was harnessed for the

capture of anionic dyes like MO, Alizarin Red S, Indigo Carmine, MR, while selec-

tively excluding the cationic dyes like methylene blue.

Figure 4.19 (A) Coordination environment in Ag(I)-MOF (anion and H-atoms have been

omitted for clarity). (B) Packing diagram showing aligned arrangement of free ClO2
4 anions

along the pore channel. (C) Time-dependent UV�vis spectra for ion exchange of Acid Red

26 dye. (D) Comparative description of the different dyes investigated for ion exchange and

the relative uptake.

Source: Reproduced with permission from C.-P. Li, H. Zhou, S. Wang, H.-H. Yuan, S.-Z.

Zhang, M. Du, A nanoporous Ag(I) coordination polymer for selective adsorption of

carcinogenic dye Acid Red 26, Chem. Commun. 53 (2017) 4767�4770. Copyright (2017)

Royal Society of Chemistry.
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The framework showed a colorimetric response at different pH thus making this

compound unique in terms of colorimetric response (Fig. 4.20C). The capture was suc-

cessfully studied via UV�Vis studies and the crystals exhibited a transition to varied

colors depending on the pH and dye thus substantiating the capture of various dyes.

4.2.3 Performance of metal-organic frameworks compared with
known materials

MOFs have exhibited tremendous potential in the field of anion exchange via vari-

ous batch investigation studies performed for studying such ion exchange.

However, for the industrial usage MOFs need to be explored in comparison with

the already existing materials, such as ion exchange resins, ion exchange columns,

Figure 4.20 (A) Coordination environment and (B) packing diagram of Ni(II)-MOF used for

the capture of different anionic dyes. (C) Table summarizing colorimetric response towards

anionic dyes across a wide pH range and the corresponding FESEM images of the respective

phases.

Source: Reproduced with permission from A.V. Desai, A. Roy, P. Samanta, B. Manna, S.K.

Ghosh, Base-resistant ionic metal-organic framework as a porous ion-exchange sorbent,

iScience 3 (2018) 21�30. Copyright (2018) Elsevier.
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etc. MOFs are isolated as powdered materials, thus until now batch investigation

studies have been carried out extensively in literature. Most of the known materials,

for example, ion exchange resins, etc., have shown a few disadvantages, as these

materials swell up and thus result in slow kinetics of the exchange process.

The different materials for chromium capture include layered materials that have

been explored. SLUG-21 [51] and Zn-Co-SLUG-35 [52] have shown selective

uptake of chromium over other competing anions while no studies have been per-

formed regarding the reuse, sorption kinetics, and capture over a varying pH range.

LDHs also exhibited slower kinetics towards the oxoanion capture together with

less selectivity in the presence of competing anions [107�110].

Further, in the case of selenate and selenite capture, other materials such as alu-

minum oxide, iron oxide, amino functionalized zeolites, amine-functionalized

resins, and polymer resins have been analyzed for the capture of oxoanionic species

of Se such as selenate and selenite. These materials exhibit lower exchange capacity

and the kinetics of exchange experiments is quite slow [111]. For instance, the alu-

minum oxide materials show an uptake of 32.7/11.3 mg g�1 for SeO22
3 and SeO22

4 ,

respectively [112]. Breakthrough sorption experiments have been performed in

zirconium-loaded polymer resin which reported a capacity of 8.8 mg g�1 [113].

In the domain of sorption of toxic phosphate (PO32
4 ) oxoanions, metal-oxides

and LDHs have been explored but these materials exhibit slow sorption kinetics

and extremely low capacity. These materials also exhibit irreversibility in terms of

phosphate exchange owing to the strongly coordinating nature of the anions, thus

they cannot be reused [114�116].

Arsenic-based oxoanions sorption is also reported in the field of oxide-based

materials, iron-chitosan flakes, treated laterite, activated alumina, etc. but the

adsorption capacities are limited to a very low value. Thus, novel materials are

required for the capture of such highly toxic arsenate anions. Other anions such as

fluoride anion capture has been explored owing to the persistent problem of the

presence of excessive fluoride anions in various water bodies [117,118].

Another important anion TcO2
4 , which is highly hazardous in nature, has been

captured via various other materials such as polymeric resins exhibiting anion

exchange. But owing to the slow kinetics, weak radiation resistance, poor selectiv-

ity, low sorption capacity, and poor chemical stability, there is a need for the explo-

ration of novel materials [119�125].

Fluoride ion capture also has been extensively studied in various materials

including ferric hydroxide, chitosan-based mesoporous materials, bone char, alumi-

num, carbon, calcium-based sorbent, etc. but the adsorption capacity of these sor-

bents are quite limited [126�131].

4.3 Conclusion and future outlook

Environmental remediation by novel ion exchangers has witnessed a rise recently

owing to the widespread pollution worldwide. MOFs have recently emerged in the
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field of ion exchange for the sequestration of toxic anions with the development of

water-stable MOF-based systems. MOFs score over other porous materials in terms

of the inherent tunability with regards to functionality which has been explored

extensively. The molecular engineering facet of MOFs accompanied with the single

crystalline nature gives a molecular level control of the interactions between the

host sorbent and the pollutant—the derived knowledge from these is very important

in the design principles. In addition, the mechanism of the exchange can be pre-

dicted via such SC-SC studies. Along with the direct visualization via SCXRD, fea-

tures of MOF such as the pore size and pore apertures can be tuned with respect to

the size and shape of the anion, resulting in enhanced selectivity towards the cap-

ture of toxic anions over other competing anions. MOFs have been utilized for the

capture of varied kinds of hazardous anions including derivatives of Tc(VI), As

(V), As (III), Se (IV), Se (VI), Cr(III), Cr(VI), Mo(VI), CN2, and also radioactive

anionic species such as 79Se, 99Tc, etc. In addition to the small toxic anions as men-

tioned above, MOFs have also been utilized for the capture of bulky anionic dyes

such as MO, and Orange Red that have extensive utilization in the dye industry.

Among others, recently the capture of toxic pharmaceuticals has been explored

with MOFs. In general, the diverse applicability of MOFs towards reversible cap-

ture of very hazardous anionic pollutants has paved the way for these materials as

potential anion exchange sorbent materials.

MOFs present a bright future as anion exchange�based materials. The tunable

nature of the pore, selectivity, appended functionality, fast capture kinetics, and

regeneration can yield MOFs that could be among the materials of the future. There

are a few aspects in which more research on anion exchange in MOFs should be

focused, including the regeneration and reversibility criteria. An important aspect that

requires the attention of the scientific community is towards the development of com-

posites for such anion exchange�based applications. MOFs as standalone powders

may pose severe challenges before MOFs can be applied to real-time anion exchan-

ge�based systems. Thus, various polymeric forms should be explored in detail for

actual scenarios. Another aspect that needs attention is the synthetic design principles

of such ionic MOFs. The wastewater sludge usually varies dramatically in terms of

the pH, thus ionic MOFs that have a wide range stability should be explored. The

cost-effectiveness is another parameter that plays a crucial role in the long-term

applicability. Hence, cost-effective materials that are cheap and widely available

should be selected for the synthesis of ionic MOFs. Along with the cost, the anions

that are eluted after such exchange processes should be environmental friendly in

nature as they may provide a cleaner and greener way to go ahead. Thus, MOFs have

extensive potential in toxic anions capture for environmental remediation.
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RTO regenerative thermal oxidizer

SO2 sulfur dioxide

VCP volatile chemical product

VOC volatile organic compound

5.1 Context: volatile organic compounds, detrimental
effects, emission sources, and removal

Nowadays, air quality is a major worldwide concern along with malnutrition, die-

tary risks, high blood pressure, and tobacco. In 2016, air pollution was responsible

for 7.5% of all deaths and consequently ranked sixth in terms of disability-

adjusted life years which represent the burden of disease that could be avoided by

modifying the environment [1]. A lower air quality is often attributed to volatile

organic compound (VOC) emissions which have notorious health effects, such as

respiratory problems (asthma) [2], neurological symptoms (nausea, lethargy, head-

aches, and depressions) [3,4], and cancers (leukemia) [5]. More indirectly, these

compounds may be oxidized in the presence of nitric oxides (e.g., NO and NO2)

to form tropospheric ozone (O3) [6,7], a strong oxidizer able to induce respiratory

diseases [8].

Amongst anthropogenic VOC sources, automotive vehicles, the petrochemical

industry, and everyday household products are the most significant contributors in

terms of emissions. Motor vehicles produce NOx, carbon monoxide (CO), non-

methane hydrocarbons, and carbon dioxide (CO2) during combustion. This gas mix-

ture has an impact on the O3 level in urban regions. However, some studies show

that pollution levels caused by car traffic have decreased by at least almost an order

of magnitude over the last 20 years in Europe and in the United States thanks to the

improvements made on the fuel composition, engine design, and use of better per-

forming catalytic converters (oxidization of CO and hydrocarbons and reduction of

NOx) [9,10]. Consequently, the contribution of car emissions is less pronounced

than decades ago and keeps decreasing with time. In the case of the petrochemical

industry, the impact of VOCs on the local air pollution depends on the industrial

activities and the strategies followed to reduce their ecological fingerprint. Several

studies have been carried out in order to measure VOC, NOx and O3 concentrations

produced by industrial plants. The largest US petrochemical estate in Houston has

been shown to be responsible for a high level of ozone in the area because of its

VOCs emissions. However, it has been revealed that amongst the emitted mole-

cules, the capture of only two alkenes, ethene and propene, may reduce the majority

of ozone produced [11]. In the case of the industrial complex near the urban region

of La Plata in Argentina, VOCs concentrations in the area have decreased to an

acceptable level after a program designed to reduce diffuse and fugitive emissions

[12]. While VOCs emissions from industries and vehicles are decreasing with tech-

nological improvements, the use of volatile chemical products (VCPs) such as pesti-

cides, coatings, printing inks, adhesives, personal care products, and cleaning

agents represents a substantial part of VOCs emissions to the atmosphere, estimated
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at half of what fossil fuel produces in industrialized cities. VCPs include several

categories of organic molecules. Alcohols like ethanol and isopropanol can be

found in cleaning agents, personal care products, and alcoholic beverages. In paint

thinners, acetone is widely present and alkanes with long chains (nonane, decane,

and undecane) are mainly found in solvents like mineral spirits [13]. For the other

uncommon VOCs, they are produced during specific activities, such as cooking

which releases aldehydes [14]. VCPs sources are less easy to locate than vehicle or

industry emissions and therefore more difficult to regulate. However, these VOC

concentrations may be high in spaces such as apartments, restaurants, and other

indoor environments what raises serious public health problems.

In order to remove VOCs at a large scale, several industrial processes have been

developed and are rather efficient. Amongst them, two main categories can be dis-

tinguished: (1) VOCs adsorption followed by their recovery and treatment for reuse

or sale (including biological processes for chemical transformation into valuable

products); and (2) complete degradation by incineration or thermal, catalytic, or

biological oxidation. Typically, the removal of VOCs from automotive painting

may be carried out by using an adsorbent such as activated carbons, zeolites, or

both to increase their interactions with polar compounds. The VOC-laden air is

introduced within a fixed-bed system composed of pelletized activated carbon. This

material is replaced periodically once saturated (after years). The air from the

adsorbent bed is then sent to an adsorption system containing an activated carbon

and/or zeolite [15,16]. At this step, the adsorbents are continuously regenerated

thermally on a cyclic basis. The adsorbed molecules are released and may be trea-

ted and stored. This process allows a removal efficiency between 90% and 99%

[17]. However, the most common procedure adopted in the automotive industry,

after the thermal desorption [18], consists of sending VOCs to regenerative thermal

oxidizers (RTOs) for their complete degradation. RTOs are composed of a combus-

tion chamber surrounded by two heat-storage sections with a heat-transfer medium

for the storage of energy produced during the oxidation. The temperature within the

combustion chamber is above 650�C [19] and is maintained constantly with the

input of energy provided by the combustion of VOCs (15% of the energy demand)

mostly using natural gas. The VOCs oxidization efficiency is very high, close to

98% [20].

Despite great technological progress in the field of the capture and treatment of

VOCs, air pollution remains a critical issue due to the high energy penalty associ-

ated with their capture and abatement. This is why the design of more efficient

materials or processes for their removal is still an important challenge.

In order to design efficient adsorbents for VOC removal, several criteria must be

taken into account. Porous adsorbents may be of high interest due to the possible

molecular sieving effect for the capture or separation of VOCs. A good matching

between the pore diameter of the adsorbent and the kinetic diameter of gas mole-

cules may favor both the selective capture of molecules and their confinement in

the porosity of the adsorbents through attractive interactions. Zeolites present

specific pore sizes generally between 0.3 and 3 nm according to the structure.
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Besides, activated carbons have a broad range of pore sizes (micro-, meso-, and

macroporosity) and, therefore, are less selective toward VOCs. However, activated

carbons generally display higher adsorption capacities, pore volumes, and specific

areas than zeolites. Consequently, a lower amount of adsorbent is required leading

to a huge impact on the cost and design of the final adsorbent for the capture of

VOCs. The affinity of VOCs for the adsorbent is also a key parameter for the selec-

tive and efficient capture of VOCs and requires strong host/guest interactions.

Activated carbons are mainly hydrophobic but depending on the synthesis condi-

tions, they can also exhibit functional surface polar groups (e.g., carboxyl group)

[21], thereby allowing the adsorption of a broad range of molecules from apolar to

polar. Zeolites are mainly known to be hydrophilic. However, it is possible to tune

their hydrophobic/hydrophilic balance through dealumination which implies a

decrease of the Al/Si ratio [22]. For both activated carbons and zeolites, water may

interact with both the surface and the bulk, and potentially replace VOC already

adsorbed. This phenomenon dramatically reduces the efficiency of these adsorbents

and involves their use in specific environmental conditions. The selectivity for the

adsorption of VOCs in humid conditions can be enhanced by tuning the physico-

chemical properties of the adsorbents. The chemistry of zeolites is more versatile

than activated carbons due to the presence of a wide range of negatively charged

frameworks with different topologies and positively charged counterions. In this

material, it is possible to tune the amount of Brönsted and Lewis acid sites, change

the Al/Si ratio, and exchange the positively charged counterion with transition

metals capable of interacting with adsorbates through π-complexation. However,

the chemical composition of zeolites is mainly restricted to a small range of atoms

(Si, Al, O) and the characteristics of their porosity in terms of diameter and geome-

try are not large enough to cover the adsorption of a wide range of VOCs. In the

context of an industrial application, the cost and the adsorbent stability are other

key parameters. Activated carbons are cheaper than natural or synthetic hydropho-

bic zeolites. Nevertheless, activated carbons must be replaced every 6 months to 5

years while zeolites are highly thermally stable and therefore do not need frequent

replacement. Consequently, the investigation of new types of materials combining

the advantages of both classes of adsorbents, activated carbons, and zeolites, is nec-

essary for the selective and efficient adsorption of VOCs.

Recently, a new class of highly porous crystalline adsorbents, denoted metal-organic

frameworks (MOFs), have emerged with a strong potential in the field of gas

storage and/or separation, particularly for hydrogen [23], methane [24], and carbon

dioxide [25] in the context of global warming. These highly versatile hybrid crystal-

line micro- or mesoporous solids, based on inorganic subunits and polycomplexing

ligands, exhibit usually high surface area (up to 7000 m2 g21 for NU-109E and

NU-110E) and pore volumes (3.75 and 4.40 cm3 g21 for NU-109E and NU-110E,

respectively) as well as tunable sorption properties suitable for optimized

sorbate�sorbent interactions [26]. Pore size may be modified for a given topology

(same inorganic unit and crystal system) by choosing a suitable organic linker

length as demonstrated previously [27]. Moreover, the functionalization of the

organic linker by using chemical groups such as �CF3, �alkyl chain, or �NH2
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may modulate the hydrophobicity/hydrophilicity balance of the MOF [28], while at

the same time optimize the host/guest interactions. Beyond their level of versatility,

the main critical issue concerns the lack of chemical stability, especially in aqueous

solutions or humid conditions. However, recent studies provided a better com-

prehension of the parameters which govern this major limitation (thermodynamic

and kinetic stability factors) [29,30]. Moreover, while activated carbons and zeolites

are produced industrially at a large scale, reliable manufacturing procedures need

to be developed for MOFs. For that purpose, various synthetic approaches have

been investigated such as solvothermal, electrochemical, mechanochemical, and

microwave-assisted synthesis [31]. The development and improvement of these

approaches also allowed the shaping of MOFs in order to produce functional textile,

pellets, paper sheets, membranes, foams, and granules [32,33].

This chapter is intended to give a useful survey of recent progress concerning

the use of MOFs for the capture of VOCs and toxic gases for environmental appli-

cations. Our aim is to address the influence of a few selected physicochemical

MOFs’ features on the efficiency and selectivity of these key challenging separa-

tions. This chapter is divided into two main parts: capture of VOCs (hydrocarbons,

alcohols, aldehydes, ketones, and carboxylic acids) and capture of toxic chemicals

often in interactions with VOCs in the environment (SO2, H2S, CO, and NO). The

adsorption of NH3 and the other species of the NO family are not included in this

chapter but may be found in the recent review by Bobbitt et al. [34].

5.2 Design of metal-organic frameworks for the capture
of volatile organic compounds

5.2.1 Hydrocarbons: from saturated to unsaturated molecules

Hydrocarbon emissions (including alkanes, alkenes, and aromatics) from petro-

chemical industries, vehicles, and the use of VCPs cause health problems. Amongst

alkanes, it has been proven that n-hexane may be metabolized in the body to form

different compounds, such as 2,5-hexanedione, which is highly neurotoxic for

human beings [35]. Ethylene is an unsaturated molecule widely used in the industry

of polymers but is also a plant hormone involved in many aspects of plant growth,

development, and survival. However, even if ethylene is beneficial for plants, at

concentrations as high as 1.0 ppm [36], it becomes harmful for vegetation inducing

toxicity symptoms such as reduced growth, premature senescence, and reduced

flowering and fruit production [37]. Mainly produced by petrochemical industries,

benzene is responsible of aplastic anemia, leukemia, leukocytopenia, thrombocyto-

penia, granulocytopenia, and pancytopenia and has thus been classified as a human

carcinogen, the limit of exposure of which decreases from year to year (100 ppm in

1927, 10 ppm in 1977, and 1 ppm in 2000) [38].

In order to compare MOFs to other materials, the adsorption properties of sev-

eral zeolites, activated carbons, and a MOF (HKUST-1) have been studied by Zhu
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et al. for the adsorption of ethane, propane, and butane [39]. The selective adsorp-

tion and catalytic properties of zeolites make them of great interest in the petro-

chemical industry [40,41]. The charge-compensating cations of zeolites may

dramatically affect the adsorption properties of the material. The electric field gen-

erated by the cation may interact with the adsorbates through, for instance, the

π-bond of ethylene (which has a strong quadrupole moment) leading to a better

affinity. Three of the main critical parameters are the nature of this cation (atom

and valence), the cation size, and the number of cations (Si/Al ratio) [42].

However, the uptake capacity of zeolites is generally quite limited as a result of

their low pore volume and specific area in comparison to activated carbons and

MOFs, as well as a possible partial blockage of the porosity due to the accommoda-

tion of solvated cations. Capture of hydrocarbons with activated carbons has been

widely studied [43]. With their generally high surface area and pore volume and

their hydrophobicity, activated carbons are prone to the adsorption of hydrocarbons in

large amounts. However, the adsorption of hydrocarbons in these materials suffers from a

lack of selectivity according to the high pore size distribution of activated carbons.

With their tunable pore size, hydrophobicity/hydrophilicity balance, and, there-

fore, adsorption properties, MOFs represent an excellent alternative for the efficient

adsorption and separation of hydrocarbons.

Pirngruber et al. considered three types of MOFs that bear coordinatively unsatu-

rated sites (CUS), or consist of apolar or anionic frameworks (Fig. 5.1). Their sepa-

ration ability was studied through binary breakthrough experiments for different

representative molecules: two aromatics (o- and p-xylene), one alkene (1-octene),

and one alkane (n-octane) [44].

Authors first pointed out the unexpected selectivity of the apolar adsorbents

(Table 5.1). Indeed, as the speed of elution in a gas chromatographic column is

mainly driven by the adsorbate boiling point, the order of elution should be: 1-

octene, n-octane, p-xylene. However, for the apolar adsorbents (ZIF-8, ZIF-76,

Figure 5.1 Series of materials composed of (A) apolar adsorbents, (B) CUS-MOFs, and (C)

cationic adsorbents with their corresponding selectivity toward hydrocarbons.

Source: Reprinted (adapted) with permission from D. Peralta, G. Chaplais, A. Simon-

Masseron, K. Barthelet, C. Chizallet, A.A. Quoineaud, G.D. Pirngruber, Comparison of the

behavior of metal-organic frameworks and zeolites for hydrocarbon separations, J. Am.

Chem. Soc. 134 (2012) 8115�8126. Copyright (2012) American Chemical Society.
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and zeolite β), the elution order is instead p-xylene, 1-octene, n-octane. The

rapid elution of p-xylene was shown to be due both to a diffusional limitation as

well as weak interactions between the guest molecules and the structure. For ZIF-

76 and zeolite β, only thermodynamic considerations were shown to rule the

adsorption process. A similar observation has already been made previously for

MIL-47 [45], a MOF without any polar adsorption site, whereas the better affinity

for n-octane is attributed to weak hydrogen bonds between the oxygen atoms of the

ligand and the CH groups of the alkane. Nevertheless, in the case of ZIFs, this

assumption should be ruled out because of the absence of oxygen atoms within the

structure. The high degree of flexibility of alkane chains may favor a high packing

of these molecules and thus their preferred adsorption within the pores, whereas the

confinement of unsaturated and rigid molecules cannot be optimized. This selectiv-

ity has been confirmed for a mixture of ethane/ethene and propane/propene; ZIF-8

adsorbs alkanes over alkenes through a sieving mechanism. Another example is

given by Kapteijn et al. with ZIF-7 [46]. In that material, pores are too small

(B0.3 nm) for a direct adsorption of ethane molecules. Ethane molecules interact

with the organic linker (benzimidazolate) to induce their rotation (gate-opening

effect) allowing their access to the main cavities. This observation has also been

made for a mixture of propane/propene [47].

In the case of polar adsorbents, unsaturated molecules are prone to interact more

strongly than alkanes with the framework (metal sites, acid sites) or the extra-

framework cations. Double bonds have an electric multipolar moment which may

interact with the electric field within the pores. Consequently, the expected order of

elution is n-octane, 1-octene, p-xylene. This hypothesis is in fair agreement with

the observed order of elution for RHO-ZMOF and zeolite NaY due to the counter-

ions (DMA1 (DMA5 dimethylacetamide) and Na1 for RHO-ZMOF and zeolite

NaY, respectively) [48]. Nevertheless, 1-octene is preferentially adsorbed by

MOFs with open metal sites (HKUST-1 and CPO-27-Ni) with respect to p-xylene.

Table 5.1 Selectivities for selected adsorbentsa at 298K

Pressure

(Pa)

NaY HKUST-1 CPO-27-Ni RHO-

ZMOF

ZIF-8 ZIF-76 Siliceous

zeolite β

5C8/nC8

Selectivity 5.4 2.7 3.8 1.0 0.9 0.9 0.7

PX/nC8

Selectivity 27.2 1.5 1.6 1.5 0.7 0.8 0.2

PX/5C8

Selectivity 9.6 0.7 0.7 1.6 0.7 0.9 0.3

OX/PX

Selectivity 1.4 1.3 3.3 1.3 0.3 1.1 0.5

In the binary mixtures, the molar fraction was between 0.005 and 0.007 (without xylenes) and between 0.003 and
0.004 (with xylenes).
anC8, n-octane; 5C8, 1-octene; PX, p-xylene; OX, o-xylene.
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Such a difference can be explained by the lower steric hindrance of alkenes that

can additionally coordinate with the metal centers through the double bond. The

adsorption selectivity based on the presence of CUSs has been firstly investigated

with HKUST-1 by Semanscin et al. for the separation of ethane/ethene binary mix-

tures [49]. A computational study showed that ethylene interacts more strongly than

ethane through hydrogen bonding interactions established between the oxygen

atoms from the copper paddlewheel units and the �CH2 protons of ethylene [50].

In the case of MIL-100(Fe), propene is retained within the structure by interactions

with the iron trimers [51]. However, the partial reduction of Fe31 into Fe21

enhances the propylene/propane selectivity and increases the isosteric heat of

propylene adsorption from �30 to �70 kJ mol21. The influence of the nature of the

metal has also been studied for the M2(dobdc) series by J.R. Long. This material

exhibits high density of open metal sites and therefore may interact significantly

with unsaturated molecules. The selectivity for ethylene/ethane and propylene/

propane mixtures follows the trend Fe21.Mn21.Ni21�Co21.Mg21.Zn21

which is correlated to the softness of the metal center [52].

The adsorption selectivity for o-xylene (OX)/p-xylene (PX) mixture was also

investigated by Pirngruber et al. for these categories of materials and emphasizes

the potential of MOFs for the adsorption of specific molecules. Both molecules

(OX and PX) may be distinguished on the basis of their dipole moment (0.64 and

0.00 D for OX and PX, respectively) and their critical diameter (7.4 and 6.7 Å for

OX and PX). It appears that NaY, RHO-ZMOF, CPO-27-Ni, HKUST-1, and ZIF-

76 are ortho-selective unlike ZIF-8 and siliceous zeolite β. The para-selectivity of

ZIF-8 is due to a molecular sieving and, in the case of zeolite β, it can be explained

by a favored arrangement of PX within the pores. This selectivity between xylene

isomers may also be found in the mesoporous MIL-101(Cr) [53]. OX exhibits stron-

ger retention caused by interactions between its two methyl groups and the tere-

phthalate ligands of the MIL-101(Cr) framework. Moreover, the higher polarity of

OX compared to PX leads to a more favorable adsorption within the pores [54].

The shape of the pores can also impact the adsorption properties and selectivity

of MOFs for hydrocarbons. Serre et al. studied the effect of this parameter on the

adsorption of benzene, linear and branched alkanes [55] into three different MOFs:

UiO-66(Zr), MIL-125(Ti), and CuBTC (Fig. 5.2). UiO-66(Zr) is composed of

Zr6O4(OH)4 hexanuclear oxoclusters interconnected through 12 terephthalate anions

to give a cfc porous structure comprising large octahedral and small tetrahedral

pores with a diameter of 10 and 7 Å respectively. MIL-125(Ti) is built up from

Ti8O8(OH)4 oxoclusters 12-fold connected through 12 terephthalate anions to form

a cubic-centered network comprising large octahedral and small tetrahedral pores

with diameters of 12 and 6 Å, respectively. CuBTC (or HKUST-1) is formed from

a combination of copper (II) dimers and benzene-1,3,5-tricarboxylate leading to the

presence of large cages with diameters of 10 and 12 Å and smaller octahedral cages

of 5.6 Å. In contrast to the other selected MOFs the adsorbate can pass through the

large cages of HKUST-1 without passing through the small cages.

For these three materials, adsorption occurs first within the small cages (tetrahe-

dral cages). Slight differences can nevertheless be pointed out in terms of selectivity
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for the three types of hydrocarbons studied (Table 5.2). For UiO-66(Zr), the adsorp-

tion in small cages is governed by the degree of confinement. Therefore, bulkier

branched alkanes 2,2-dimethylbutane (22DMB), 2,3-dimethylbutane (23DMB), and

2-methylpentane (2MP) are preferentially adsorbed from a binary mixture with

n-hexane. The branched isomers have more numerous interactions with the pore

wall. In the case of n-hexane, the different carbon groups of the molecule (�CH2

and �CH3 groups) may not interact with the structure due to a possible mismatch

between the pore shape and the linear conformation of the alkane [56]. For MIL-

125(Ti) and CuBTC a reverse selectivity is observed due to a better interconnection

between the small and large cages delimiting almost small 1D channel. Indeed,

n-hexane molecules remain linear and the �CH3 and �CH2 groups can interact more

efficiently with the structure. It has to be noticed that for the three MOFs studied,

benzene is always preferentially adsorbed compared to n-hexane. This is due to the

formation of stacking configurations with the aromatic rings of the organic linker

(a parallel alignment of benzene with the aromatic ring of the ligand). But this

selectivity is less pronounced for MIL-125(Ti) and CuBTC as a result of the open

tetrahedral pockets which diminish the confinement effect. In UiO-66(Zr), these

pockets are closed and in order to make molecules enter into the pore, a rotation of

the two phenyl rings of the organic linkers is required leading to a larger aperture.

Table 5.2 Selectivity for binary mixtures of hydrocarbons (50:50) in selected materials at

0.1 kPa evaluated from configurational bias grand canonical Monte Carlo simulations

UiO-66(Zr) MIL-125(Ti) CuBTC

22DMB/nC6 7.6 0.5 0.82

23DMB/nC6 5.2 0.61 0.79

nC6/2MP 0.9 6.8 3.9

Benzene/nC6 5.5 1.4 1.5

Figure 5.2 The pore structure of (A) UiO-66(Zr), (B) MIL-125(Ti), and (C) HKUST-1(Cu)

where the large octahedral pore (blue part) is surrounded by tetrahedral pores (or channel)

(green part).

Source: Reprinted (adapted) from N.A. Ramsahye, P. Trens, C. Shepherd, P. Gonzalez, T.K.

Trung, F. Ragon, C. Serre, The effect of pore shape on hydrocarbon selectivity on UiO-66

(Zr), HKUST-1 and MIL-125(Ti) metal organic frameworks: insights from molecular

simulations and chromatography, Microporous Mesoporous Mater. 189 (2014) 222�231.

Copyright (2013) with permission from Elsevier.
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The impact of the MOF topology has also been explored by De Vos et al. for the

separation of xylene isomers [57]. Three MOFs (MIL-125(Ti), MIL-125(Ti)-NH2,

and CAU-1(Al)-NH2) have been selected for a better understanding of their para-

selectivity for a vapor mixture of p-, o-, and m-xylenes. On the basis of the computa-

tional analysis and experimental results, it appears that the combination of narrow

tetrahedral and larger octahedral cages induces this para-selectivity. Accommodating

xylene isomers within the small tetrahedral cages requires energy. However, because

of their different kinetic diameter, the energy penalty for each isomer differs and

follows the trend: PX,OX,MX. Moreover, several PX molecules may be

adsorbed into the tetrahedral cages while OX and MX are too large and, therefore,

present some difficulties to enter this cage. Consequently, it leads to enhancement of

the selectivity for PX. In addition, microcalorimetric experiments showed that at low

and high loadings, the adsorption enthalpy for PX is much more negative than those

for MX and OX. This is due to a better host/guest interaction with the structure and a

more efficient intermolecular packing arrangement between PX molecules.

For complementary information, we suggest to read the review of Long dealing

with the separation of hydrocarbons by MOFs [58] and the one of Eddaoudi dis-

cussing the structure/separation relationship for hydrocarbon vapors [59].

5.2.2 Alcohols

Methanol is a precursor for the synthesis of more complex molecules of great

importance such as ethylene and propylene and can also be considered as a bioder-

ived fuel [60]. However, this alcohol possesses strong toxic side effects such as

blindness (alcoholic beverage) [61]. Methanol vapors induce less significant dam-

age to human beings but may cause nausea, fatigue, and irritation in the throat or

airways [62]. Long-term ethanol vapor exposure produces psychological effects

such as depression and anxiety [63]. Exposure to isopropanol for a long period of

time may also provoke clinical symptoms of toxicity manifested by hypoactivity,

ataxia, prostration, and kidney damages [64]. These chemicals may be found in

body care and everyday products.

Due to their hydrophilic character, zeolites are usually preferred over activated

carbons for the capture of alcohols. Zeolites are widely studied for the removal of

water from bioethanol by tuning the pore size and the hydrophilic character [65]

and are also used for the selective capture of biobutanol from the fermentation broth

in the presence of water [66]. However, these acidic sorbents may catalytically con-

vert alcohols into potentially more harmful chemicals [67]. MOFs therefore repre-

sent alternative candidates due to their high loading capacity and high adsorption

selectivity for alcohols without playing any catalytic role and, therefore, avoiding

the formation of undesirable by-products [68,69]. It is noteworthy that the separa-

tion of alcohols was mainly reported previously in liquid phase while this chapter

only focuses on the adsorption of alcohol vapors [70,71].

Flexible MOFs are of great interest due to their unusual selective sorption behav-

ior. This is mainly due to their ability to change their pore size in response to a

stimulus (chemical, pressure, temperature). McGrail et al. designed a flexible MOF
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named TetZB from zinc nitrate, tetrakis[4-(carboxyphenyl)-oxamethyl]methane,

and bipyridine for the adsorption of polar solvents such as propanol isomers, metha-

nol, ethanol, water, acetone, and chloroform [72]. The flexible character of TetZB

is due to the ability of the benzoate ring to twist around the central quaternary car-

bon allowing the organic linker to adopt different geometries such as tetrahedral,

near-flattened, and irregular. The transient breakthrough simulation at 298K for a

binary mixture (50/50) of 1-propanol and 2-propanol shows that both molecules can

enter into the pores (Fig. 5.3). However, the first one exhibits a higher retention

time even though these sorbates possess the same kinetic diameter (4.7 Å). This dif-

ference arises from the more linear shape of 1-propanol compared with 2-propanol

which allows its easier adsorption into the pores. This indicates that this separation

is mainly governed by molecular packing effects in favor of linear molecules com-

pared to branched isomers. Ideal adsorbed solution theory (IAST) calculations for

equimolar vapor mixtures of ethanol/2-propanol, ethanol/1-propanol, 1-propanol/2-

propanol, and methanol/ethanol can give two main tendencies (Fig. 5.3). At low

pressures below 1 kPa, adsorbates with long chains are preferentially retained

within the structure. The same behavior is also observed for ZIF-8 and SAPO-34

[73,74]. However, at higher pressures above 1 kPa, the selectivity is reversed and

the adsorption of smaller molecules is favored. This phenomenon is due to the high-

er saturation capacity of small alcohols.

The potentiality of flexible MOFs has also been explored by Férey et al. for

MIL-53(Cr) [75]. This material was investigated by adsorption gravimetry, micro-

calorimetry, ex situ X-ray powder diffraction, thermal analysis, IR spectroscopy,

Figure 5.3 (A) Breakthrough simulation characteristics for the separation of 50/50 mixture

of 1-propanol (blue line) and 2-propanol (red line) in an adsorber packed with TetZB at 20

kPa and 298K. (B) Adsorption selectivity obtained by IAST calculations for equimolar

mixtures of ethanol/2-propanol (green line), ethanol/1-propanol (pink line), 1-propanol/2-

propanol (blue line), and methanol/ethanol (red line) mixtures in TetZB at 298K.

Source: Reproduced (adapted) from R.K. Motkuri, P.K. Thallapally, H.V.R. Annapureddy, L.

X. Dang, R. Krishna, S.K. Nune, C.A. Fernandez, J. Liu, B.P. McGrail, Separation of polar

compounds using a flexible metal-organic framework, Chem. Commun. 51 (2015)

8421�8424 with permission of The Royal Society of Chemistry.
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and molecular modeling. It appears that two structural transitions are induced by

the adsorption of methanol and ethanol vapors (partial closing and reopening of the

pores). In the narrow-pore form, four alcohol molecules are present per unit cell

and in interaction with �OH groups of the structure. Microcalorimetric measure-

ments coupled to DFT calculations showed that the adsorption of ethanol is more

energetically favored than methanol or water. This suggests a possible separation of

ethanol vapors in humid conditions. It is interesting to note that two types of host/

guest interactions have been identified: (1) hydrogen bonds between μ2�OH groups

from the surface of the MOF structure and the oxygen atom from the hydroxyl

group of the alcohols; and (2) hydrogen bonds between the oxygen atoms from the

carboxylate group of the organic linker and hydrogen from the alcohol. A dynamic

pore-opening/pore-closing process occurs during the selective adsorption of C1�C3

alcohols by the flexible 1D MOF [Cu(BF4)2(bpp)2] (bpp5 1,3-bis(4-pyridyl)pro-

pane) [76]. Without adsorbate within the structure, this material presents hexagonal

cavities surrounded by six BF24 anions and does not show open porosity. The syn-

chrotron powder analysis and single-crystal structural analysis explain the mecha-

nism underlying the adsorption process. The adsorbate induces a dynamic structural

transformation allowing the guest to enter into the hexagonal cavity followed by

the pore-closing (Fig. 5.4). Methanol, ethanol, 1-propanol, and 2-propanol may be

adsorbed according to this mechanism, unlike 1-butanol. The reason is that 1-

butanol does not fit with the hexagonal cavity and therefore cannot induce the

dynamic structural transformations required for the adsorption, resulting to its

exclusion. This last example illustrates how MOF may separate alcohol molecules

according to the molecular sieving effect.

Liquid-phase epitaxial (LPE) growth technique, also known as step-by-step

deposition, was used to process thin films of MOFs with tunable properties such as

the thickness, the size, and orientation of the MOF crystallites. Fischer et al. used

this technique for the design of heterostructures containing more than one type of

MOF (Fig. 5.5) [77]. The selected materials belong here to the [Zn4O(carboxypyra-

zolate)3]n class of compounds and are combined to give a hierarchical structure.

[Zn4O(3-methyl-5-isopropyl-4-carboxypyrazolate)3]n (Zn-MI) and [Zn4O(3,5-

dimethyl-4-carboxypyrazolate)3]n (Zn-DM) may be associated to give a material

denoted Zn-MI(x)-Zn-DM(y) (x and y refer to the number of deposition cycles of

Figure 5.4 Illustration of the dynamical structural transformation of [Cu(BF4)2(bpp)2]

leading to the adsorption of suitable species (blue disk) and the exclusion of nonsorbable

species (green lozenge). BF4 anions are illustrated by red blocks.

152 Metal-Organic Frameworks (MOFs) for Environmental Applications



each MOF component), where Zn-DM is firstly formed on the substrate followed

by the deposition of Zn-MI. Zn-DM presents a window aperture of 43 4 Å with a

pore diameter evaluated at 6 Å [78]. Due to the bulkier chemical groups present in

the ligand, Zn-MI exhibits smaller windows, the size of which is not given in the

literature to the best of our knowledge. This assembly has been used for the selec-

tive adsorption of alcohols with various kinetic diameters (methanol (MeOH),

3.6 Å; isopropanol (iPrOH), 4.7 Å) and in the presence of water (kinetic diameter

of 2.6 Å).

This technique allows tuning the adsorption properties of the final materials by

varying the number of deposited MOF layers and thus, the composition of the shell

surrounding the first deposited MOF. In the case of Zn-MI(x)-Zn-DM(y), the

amount of methanol adsorbed increases from pure Zn-MI to pure Zn-DM with

intermediate values for a mixture of them (x5 10�20 and y5 20�30). However,

by using isopropanol as the adsorbate, the difference in adsorption capacity is less

pronounced for heterostructures and remains similar to Zn-MI (Fig. 5.6). The acces-

sibility of isopropanol being limited by the pore size of Zn-MI, and since Zn-MI

constitutes the shell of Zn-DM with larger pores, isopropanol cannot penetrate the

material. This complex structure is therefore capable of selectively adsorbing mole-

cules according to a molecular sieving effect. Moreover, in the context of MeOH/

water coadsorption, despite its smaller kinetic diameter, water is not adsorbed

within the heterostructure while MeOH shows the same adsorption behavior as in

pure phase. This specific selectivity is due to the intrinsic MOF hydrophobic char-

acter even in the presence of a binary mixture. This study demonstrates the ability

of MOFs to selectively adsorb alcohol molecules according to their kinetic diame-

ter, even in the presence of water, by varying the window aperture of the material.

Figure 5.5 Illustration of the LPE process for the fabrication of heterostructured [Zn4O

(carboxypyrazolate)3]n.

Source: Reproduced (adapted) from S. Wannapaiboon, M. Tu, K. Sumida, K. Khaletskaya, S.

Furukawa, S. Kitagawa, et al., Hierarchical structuring of metal-organic framework thin-

films on quartz crystal microbalance (QCM) substrates for selective adsorption applications,

J. Mater. Chem. A 3 (2015) 23385�23394 with the permission of The Royal Society of

Chemistry.
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For more information about the selective adsorption and separation of alcohol

vapor but also in liquid phase, we recommend reading the article of Li et al. [79].

5.2.3 Carbonyl compounds: aldehydes, ketones, and carboxylic
acids

A few aldehydes and ketones such as formaldehyde, acetaldehyde, acetone and

acrolein are classified as VOCs and present a strong negative environmental impact.

Cooking is one of their major sources (e.g. barbecue) for aldehydes while ketones

can be released from the use of paint thinners. Formaldehyde and acrolein are con-

sidered as highly carcinogenic and may provoke eye and respiratory irritations

[80,81]. Acetone may be found in paint thinners and causes irritative and narcotic

effects [82]. Due to their higher boiling point compared to other VOCs, carboxylic

Figure 5.6 Adsorption isotherms of (A) methanol and (B) isopropanol at 25�C obtained with

an environmental-controlled QCM for heterostructured materials Zn-MI(x)-on-Zn-DM(y).

Adsorption isotherms of (C) isopropanol in the presence of 45% p/p0 of methanol (red

triangle) with the single component isotherms of methanol (black square) and isopropanol

(green square) as references.

Source: Reproduced (adapted) from S. Wannapaiboon, M. Tu, K. Sumida, K. Khaletskaya, S.

Furukawa, S. Kitagawa, et al., Hierarchical structuring of metal-organic framework thin-

films on quartz crystal microbalance (QCM) substrates for selective adsorption applications,

J. Mater. Chem. A 3 (2015) 23385�23394 with the permission of The Royal Society of

Chemistry.
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acids are considered as semivolatile organic compounds (SVOCs). Oxidation of

VOCs such as alkenes in the atmosphere can lead to the formation of carboxylic

acids in the presence of ozone. As a result, formic and acetic acids are involved in

the formation of acid rain [83]. Moreover, they can also be produced from

cellulose-containing objects such as papers stored in libraries and archives [84]. An

increase of carboxylic acid concentration may also lead to severe respiratory pro-

blems affecting, for example, the development of small airways in lung [85].

Amongst all carbonyls, formaldehyde is one of the most studied VOC adsorbates.

Activated carbons are mainly used as adsorbents for its removal because of their high

surface area and their high uptake capacity [86]. In the case of acetone, activated car-

bons are also typically used [87] while a combination of zeolites and an oxidant-

generating device has been shown to be efficient for the removal of this VOC from

air [88]. In the case of activated carbons, the adsorption of ketones may induce their

transformation, such as for instance, the decomposition of methyl ethyl ketone

(MEK) into 2,3-butanediol [89]. This type of side-reaction may also occur with zeo-

lites but usually the use of hydrophobic zeolites with a controlled surface chemistry

can circumvent that problem. This is why hydrophobic zeolites are generally pre-

ferred over activated carbons for the adsorption of ketones and aldehydes. The main

disadvantages of zeolites are a loss of performance at high carbonyl concentrations

and their limited uptake capacity. In the case of carboxylic acids, the choice of a

suitable adsorbent is also dependent on the regeneration process. Because of their

higher boiling point, the desorption process takes place at high temperatures, typi-

cally higher than 120�C. Consequently, activated carbons are not suitable for this sep-

aration. In contrast, zeolites may be used due to their high thermal stability [90].

However, the regeneration of zeolites requires a desorption step at high temperature

due to the strong affinity of this adsorbent for carboxylic acids and this results in an

energy penalty for the separation process. Concerning the adsorption of carbonyl

compounds by MOFs, the available data are, to our knowledge, still very scarce.

According to Lamonier et al., an efficient adsorbent for formaldehyde must pos-

sess a combination of small pore sizes, high specific surface, and high micropore

volume. The choice of the metal, such as Al, Ag, and Cu, is also crucial and may

improve the adsorption efficiency [91]. Moreover, it has been shown that functional

groups like hydroxyl, pyridonic, and pyridinic structures may improve the adsorp-

tion of aldehydes. From that statement, Zheng et al. compared the performance of

MIL-101(Cr) and its ethylenediamine (ED) grafted-homolog (Fig. 5.7) [92]. It

showed that the presence of ED significantly increased the amount of adsorbed

formaldehyde within the structure, from 3.34 mmol g21 for bare MIL-101(Cr) to

5.49 mmol g21 for ED-MIL-101(Cr)-3 (MIL-101(Cr) modified with 18.5 mmol of

ED). This last adsorption value is much higher than that reported for other adsor-

bents such as activated carbon and zeolites (B0.04 mmol g21), ferrihydrite/SiO2

(0.27 mmol g21), and is in line with other amine-grafted porous solids such as

amine-grafted silicas (4.3 mmol g21). According to Jones et al. the mechanism of

formaldehyde adsorption in the presence of an amine (Fig. 5.7) can be explained by

the attack of the lone pairs of nitrogen atoms (amines) by the carbonyl carbon fol-

lowed by a proton exchange process leading to an unstable hemiaminal
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intermediate. Then, dehydration occurs to form an imine. All these reactions are

reversible and consequently, ensure the recyclability of the adsorbate. Lamonier

et al. have also confirmed this reversible adsorption�desorption process for MIL-

53(Ga). However, this material exhibited lower uptake capacity compared to zeo-

lites NaX, NaY, and CuX due to the presence of extra-framework cations. It was

also noticed that formaldehyde polymerizes into paraformaldehyde within the pores

of these zeolites and, consequently, between 2% and 8% of the adsorbed molecules

could not be desorbed except at temperatures above 200�C. Moreover, these materi-

als are strongly hydrophilic and interact with water molecules leading to a competi-

tion between formaldehyde and water, especially when one of them is very diluted.

Adsorption of acetone by CuBTC has been investigated by Trens et al., both

experimentally and computationally [93]. It appears that acetone may be located at

the center of the octahedral cages or coordinated to Cu(II) without any significant

preference (similar adsorption energies comprised between �50 and �60 kJ mol21).

Interestingly, desorption under vacuum leads to an almost complete regeneration of

the adsorbent. However, the total recovery occurs when the material is exposed to

humid atmosphere.

Until now, only a few studies have been reported for the capture of carboxylic

acids by using MOFs, despite their notorious impact on the environment. In order

to better understand the possible benefit of considering MOFs for acetic acid

adsorption, Pinto et al. studied the impact of the organic linker functionalization,

the pore size, and the hydrophobicity character of several MOFs in the context of

the preservation of historical objects [94]. On the basis of the acetic acid isotherm

results, the Henry’s constant was evaluated for a series of MOFs: MIL-101(Cr),

MIL-101(Cr)-en [en5 ethylenediamine] (also named ED-MIL-101(Cr)), UiO-66,

UiO-66-NH2, UiO-66-2CF3, UiO-NDC, ZIF-8, MIL-140A and B (Table 5.3). It

appears that MIL-101(Cr), MIL-101(Cr)-en, and UiO-66-NH2 show the best perfor-

mances in pure phase. MIL-101(Cr) adsorbs a significant amount of acetic acid

Figure 5.7 (A) Uptake of formaldehyde in ED-MIL-101(Cr). (B) Formaldehyde adsorption

capacities of as-synthesized MIL-101(Cr) (red column) and of modified MIL-101 containing

1.32 mmol g21 (green column), 2.38 mmol g21 (blue column), 2.47 mmol g21 (pink column)

of grafted ED and of the decomposed MIL-101(Cr). (C) Mechanism of imine formation from

diamine and formaldehyde.

Source: Reproduced (adapted) from Z. Wang, W. Wang, D. Jiang, L. Zhang, Y. Zheng,

Diamine-appended metal-organic frameworks: enhanced formaldehyde-vapor adsorption

capacity, superior recyclability and water resistibility, Dalton Trans. 45 (2016) 11306�11311

with the permission of The Royal Society of Chemistry.
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thanks to its high pore volume and the presence of CUSs. However, it has to be

noticed that the grafting of ethylenediamine on the metal center leads to a decrease

of this adsorption efficiency due to a reduction of the pore volume. The case of

UiO-66-NH2 illustrates the impact of the functionalization of the organic linker on

the adsorption of acetic acid since this compound exhibits the best performance

compared to the other UiO-66 type MOFs. This study also demonstrated that the

pore size effect has a strong impact on the affinity for the adsorbate. The comparison

between isoreticular structures such as UiO-66/UiO-NDC and MIL-140A/MIL-140B

indicates that a suitable pore size is a key parameter for an efficient adsorption.

However, under realistic conditions of the preservation of cultural heritage in

museums, acetic acid is released in a humid ambient atmosphere. It may be

expected that the performance of adsorbents may dramatically change in humid

conditions. Therefore, the coadsorption of acetic acid in the presence of water might

be considered to evaluate the performance of adsorbents. In a homemade box com-

posed of a sensor capable of evaluating the acetic acid concentration over time, the

capture efficiency was compared between the selected adsorbents at 40% of relative

humidity (RH) (Fig. 5.8). Here, a small amount of acetic acid is first injected in a

closed chamber with humid atmosphere in the presence of the adsorbent. The con-

centration of acetic acid vapor in the chamber is measured with time. The lower the

final acetic acid concentration is, the higher the adsorption capacity of the material

is. Because of a potential competition between water and acetic acid molecules,

hydrophobicity may increase the selectivity toward less polar molecules than water

such as acetic acid for this study. Therefore, the performance of the less hydropho-

bic MOFs (e.g., UiO-NH2, MIL-101, MIL-101-en) is significantly reduced com-

pared to the results for the adsorption in pure phase. On the other hand, MIL-140B

and UiO-66-2CF3 surpass all other materials thanks to three main parameters:

hydrophobicity, suitable pore size (MIL-140B), and strong interactions with the

adsorbate (�CF3 groups). Such results are confirmed by molecular simulations.

Table 5.3 Evaluated Henry’s constant of acetic acid adsorption at 25�C (KH) and water

adsorption at 30�C (Kw)

Mean6 SD

Material KH (mmol g21) KH (gvapor g
21

sample) Kw (mmol g21)

MIL-101-Cr 2126 7 12.76 0.4 46.86 2.5

MIL-101-Cr-en 896 5 5.46 0.3 18.36 0.1

UiO-66 216 1 1.26 0.1 20.46 2.9

UiO-66-NH2 1936 21 11.66 1.3 27.26 1.2

UiO-66-2CF3 336 1 2.06 0.1 8.96 0.7

UiO-NDC 2.16 0.4 0.126 0.03 7.06 0.5

MIL-140A 2.16 0.1 0.136 0.01 2.16 0.2

MIL-140B 196 1 1.136 0.07 1.006 0.02

ZIF-8 0.56 0.1 0.036 0.01 0.676 0.002

These both constants were calculated from the initial slope of the isotherms.
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5.3 Design of metal-organic frameworks for the capture
of toxic chemicals

5.3.1 Sulfur-containing compounds: sulfur dioxide

Sulfur dioxide is a gas inducing acid rains but is also harmful for human popula-

tions because of its irritating effects. SO2 emissions are increasing due to human

activity. These anthropogenic emissions come mainly from the combustion of coal

and fuel containing some traces of sulfur compounds which are then oxidized into

sulfur dioxide. Typically, in the case of coal, the gas produced after combustion can

show a sulfur dioxide concentration between 500 and 3000 ppm [95]. Usually, a

large part of that concentration (above 95%) is reduced by using different processes

such as Wellman�Lord process and flue-gas desulfurization [96]. However, despite

these precautions, traces of SO2 are still released in the environment, although in

urban regions its concentration should not exceed 8 ppb as recommended by the

World Health Organization (WHO) [97]. Therefore, in order to reduce its impact on

health and environment, it has been considered to use adsorbents for the SO2

capture.

Usually, this adsorption process occurs in an atmosphere containing water and

oxygen. In this case, activated carbons form strong interactions with SO2 leading to

the formation of sulfuric acid. Their uptake capacity is generally high because of

their microporosity and specific area. However, it requires a treatment to remove
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Figure 5.8 Acetic acid concentration over time inside a closed chamber at 23�C, 40% of

humidity rate after the injection of 1 μL of acetic acid in the presence of 50 mg of (A)UiO-

66 (brown), UiO-66-NH2 (orange), UiO-66-2CF3 (blue), UiO-NDC (green), MIL-140A (red)

and MIL-140B (purple); and (B) MIL-101(Cr) (dark line), MIL-101(Cr)-en (pink line), ZIF-8

(green line), activated carbon RB4 (dashed black line), and zeolite NaY (dashed gray line).

Source: Reprinted (adapted) with permission from K. Dedecker, R.S. Pillai, F. Nouar, J.

Pires, N. Steunou, E. Dumas, G. Maurin, C. Serre, M.L. Pinto, Metal-organic frameworks for

cultural heritage preservation: the case of acetic acid removal, ACS Appl. Mater. Interfaces

10 (2018) 13886�13894. Copyright (2018) American Chemical Society.
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the by-products (H2SO4 or sulfate salts if hydroxides are impregnated into the mate-

rial). Zeolites are also good candidates because of their microporosity and the

strong influence of counter-cations on the adsorption capacity. However, the stabil-

ity is a major concern for some of them (e.g., calcium-exchanged zeolite type Y)

resulting in the formation of sulfate salts that are difficult to remove for the regen-

eration of the adsorbent. MOFs may be tuned for a suitable pore size inducing

numerous interactions with SO2. Moreover, the stability of the material may be con-

trolled to facilitate the regeneration of the material.

For a better comprehension of the parameters that drive the adsorption of SO2 by

MOFs, Qiu et al. recently published a molecular modeling study, dealing with the

correlation between the structure of MOFs and their SO2 uptake capacity. Ten topi-

cal MOFs were considered (IRMOF-1, -8, -9, -10, -15, MOF-177, MOF-505,

CuBTC, MIL-47, and ZIF-8) [98]. At low pressure, the heat of adsorption is the

most important parameter. In order to optimize this effect, a suitable pore size must

be chosen to maximize the interactions between the structure and the gas molecules.

Thus, ideally the pore size must be at least 0.4 nm what is close to the SO2 dynamic

diameter (4.11 Å). As a result, MOF-505 exhibits the highest uptake among the

selected MOFs. At higher pressure, the main parameters are the free volume and

accessible specific area which correlate well with the SO2 uptake capacity. At

106 Pa (10 bar), IRMOF-10, MOF-177, and IRMOF-15 are the best materials. At

intermediate pressures, heat adsorption, free volume, and accessible specific area

must all be considered for an optimized SO2 adsorption.

MFM-300(In) [In2(OH)2(L)] (H4L5 biphenyl-3,30,5,50-tetracarboxylic acid) has

been studied by Schröder et al. for its potential adsorption properties for SO2 [99].

In situ synchrotron powder and single-crystal X-ray diffraction experiments have

been carried out for the determination of the SO2 molecule positions within the

structure. Two sites of adsorption SOI
2 and SOII

2

� �
have been established. The first

site is located near the inorganic chain where hydroxyl groups interact with SO2

(OQSQOI. . .H�O). The second site is located perpendicularly to SOI
2

(OQSQOII. . .SQOI) leading to a high molecular compacity and a high SO2

uptake evaluated at 8.28 mmol g21 at 298K and 1 bar. Moreover, this material may

be regenerated after adsorption by heating at 373K for 2 hours under reduced pres-

sure and shows stability toward SO2 uptake.

In order to obtain an adsorbent with better performances, Xing et al. studied four

MOFs named SIFSIX-Cu-1, SIFSIX-Cu-2, SIFSIX-Cu-2-i (i5 interpenetrated), and

SIFSIX-Zn-3 presenting a pillared square-grid 3D structure where SiF226 anions sep-

arate the metal centers [100]. Amongst them, SIFSIX-Cu-1 exhibits the highest SO2

uptake with 11.01 mmol g21 at 298K and 1 bar. This high value can be explained

by the favorable Sδ1. . ..Fδ2 and Oδ2.. . .Hδ1 (hydrogen atoms from the organic

linker) interactions which allow to keep four SO2 molecules in an unit cell

(Fig. 5.9). In addition, these adsorbed molecules may interact with two other SO2

molecules to allow a secondary adsorption. SIFSIX-2-Cu possesses a lower adsorp-

tion efficiency because of its longer organic linker which induces an increase of the

pore size and consequently diminishes the degree of confinement effect. This

impact of the pore size is illustrated with SIFSIX-3-Zn for which the smaller pore
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volume limits the SO2 uptake despite its high adsorption enthalpy (54.1 kJ mol21).

Interestingly, at low partial pressure, SIFSIX-2-Cu-i adsorbs more SO2 than

SIFSIX-Cu-1 (2.31 vs 1.80 mmol g21 at 0.002 p/p0 at 298K). This is mainly due to

the higher compacity of the structure leading to stronger intermolecular

interactions.

In 2016, the stability of MOF was evaluated in conditions of the SO2 capture.

S. Nair et al. established that ZIF-8 (considered as a robust MOF in many condi-

tions) was not chemically stable in the presence of SO2 [101]. The structure remains

intact with dry SO2 gas or only with water vapor but in the presence of 10�20 ppm

of SO2 and 85% RH, the degradation of ZIF-8 occurs. It has been shown that

H2SO3 and H2SO4 produced from SO2 and water during the experiment induce the

protonation of imidazolate (ZIF-8 organic linker) and lead to the formation of (bi)

sulfite and (bi)sulfate groups and thus to the degradation of the MOF. The same

year, another study has been published concerning the stability of MIL-125(Ti) and

MIL-125-NH2(Ti) toward SO2 uptake [102]. Amongst both materials, MIL-125(Ti)

is of lower stability than MIL-125-NH2. As for ZIF-8, bisulfite by-products have

been identified and therefore an identical degradation mechanism was proposed.

For complementary information, we recommend the review of Jones concerning

the removal of SO2 by various materials including activated carbons, zeolites, and

MOFs [103].

5.3.2 Sulfur-containing compounds: hydrogen sulfide

At atmospheric pressure and room temperature, hydrogen sulfide is a gas character-

ized by a strong smell of rotten egg. It may induce irritation to nose, eyes, and

Figure 5.9 Crystal structure of (A) SO2-loaded SIFSIX-1-Cu and (B) SIFSIX-2-Cu-i

obtained from Rietveld refinement. Color code: (A) F, light blue; Si, light orange; C, gray;

H, white; N, blue; Cu, light pink; O, red; S, yellow; S-F interaction, red dashed line; (B) the

first interpenetrated net, normal colors; the second net, green; S-F interaction in the first net,

red dashed line; S-F interaction in the second net, blue dashed line.
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throat at 5 ppm and may cause a loss of consciousness at a concentration greater

than 500 ppm [104]. This gas may be generated naturally by the hydrolysis of metal

sulfides from volcanic rocks, the activity of sulfate-reducing bacteria, and rotten

vegetation. Human activity is also a contributor to H2S emissions. One of the main

sources is in oil refineries where the sulfur content of crude petroleum is removed

through, for instance, the hydrodesulfurization process involving a hydrogen gas

stream and leading to H2S production as a by-product.

In order to reduce their H2S emissions, industries developed several processes

which may be categorized as following: absorption processes (amine gas treating tech-

nologies), cryogenic distillation, and adsorption processes [105]. This latter offers the

possibility to develop less energy-consuming and less expensive technologies for an

efficient capture of H2S. Amongst the adsorbents used for the capture of H2S, acti-

vated carbons have been considered as an interesting candidate due to their low cost.

Pure activated carbons may be used directly but the impregnation of amines or hydrox-

ide salts leads to increased performance [106,107]. However, due to the presence of

sulfur-containing products resulting from the reaction between H2S and amines/hydro-

xides, the treatment and regeneration of these adsorbents may lead to more complex

and energy-consuming processes. Zeolites have also been explored for the capture of

H2S [108] as they do not necessarily require activation with chemicals such as amines.

Nevertheless, high temperatures are necessary for their regeneration and therefore,

their use may make the process energy-consuming and expensive. MOFs were

explored in the 2000s for their tunable adsorption properties for the capture of H2S.

Their high surface area, high adsorption selectivity, and their possible regeneration at

moderate temperatures make them promising materials for H2S removal.

For the adsorption of H2S, different factors have been explored for the selection

of an efficient MOF adsorbent. De Weireld et al. conducted a comparative study

between several MOFs such as MIL-53s (Al, Fe and Cr), MIL-47(V), MIL-100(Cr),

and MIL-101(Cr) characterized by differences in terms of flexibility/rigidity, nature

of the metal center, presence of Lewis or Brönsted acid sites, and pore size/volume

(Fig. 5.10) [109]. MIL-100(Cr) and MIL-101(Cr), rigid MOFs with the largest pore

size and Lewis acid sites exhibit large H2S uptake at 2 MPa of 16.7 and

38.4 mmol g21 respectively. The rigid MIL-47(V) presents a type I isotherm and a

maximum uptake capacity of 14.6 mmol g21. For the flexible MIL-53 materials, as

observed previously upon CO2 or H2O adsorption, a two-step isotherm is observed

due likely to a contraction of the structure at low pressure as a result of interactions

between H2S molecules and the OH groups from the inorganic chains. At higher

pressures a pore reopening occurs due to a breaking of H2S
.. . .OH interactions and a

total filling of the pores. It appears that H2S adsorption for MIL-100(Cr) and MIL-

101(Cr) is partially reversible because of strong interactions between H2S with the

metal sites and/or a possible partial structure degradation. However, the adsorption

process of H2S by MIL-47(V) and the MIL-53 series (except for the Fe analogue

which is unstable) is fully reversible.

This reversibility has also been demonstrated for MIL-68(Al), a porous material

forming a three-dimensional network constituted of straight chains of corner-

sharing metal-centered octahedra of formula AlO4(OH)2 connected to each other by
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terephthalate ligands and �OH groups. This assembly forms triangular and hexago-

nal pores with a diameter of 6.0�6.4 and 16�17 Å respectively (Fig. 5.11) [110].

Within this structure, H2S molecules are preferentially located in the triangular

pores due to the high degree of confinement leading to high adsorption energy

(B21 kJ mol21) and uptake capacity (12 mmol g21 at 30�C and 12 bar). The effect

of the functionalization of the organic linker was studied by Vaesen et al. for MIL-

125(Ti) and MIL-125(Ti)-NH2 structures [111]. The amount of H2S adsorbed at

30�C and at 1 bar was evaluated at B6 and B8 mmol g21 for MIL-125(Ti) and

MIL-125(Ti)-NH2 respectively. The impact of the metal nature has been studied by

Allan et al. with two isostructural CPO-27(M) [M5Ni, Zn] [112]. The exposure of

H2S induced the degradation of the CPO-27(Zn) structure while CPO-27(Ni)

remained intact and exhibited a capacity uptake up to 12 mmol g21 at atmospheric

pressure. However, the regeneration of this material, under vacuum at 150�C, was
not complete and it was required to increase the desorption temperature (200�C) to
allow the removal of a larger part of the adsorbate but inducing at the same time a

partial degradation of the structure [113]. The MOF stability upon the H2S sorption

was evaluated for ZIF-8 and CuBTC [114]. It appears that the crystalline structure

of ZIF-8 is altered under the exposure of H2S while the degradation of CuBTC

leads to the formation of CuS. Eddaoudi et al. have also explored the stability of

isostructural soc-MOFs(In, Fe, Ga, and Al) for the capture of H2S [115]. This

structure results from the assembly of trinuclear metal carboxylate clusters

[M3O(O2C-)6] and 3,30,5,50-azobenzenetetracarboxylate as organic linker, leading

to the formation of an extended (4,6)-connected MOF (Fig. 5.11). The results

showed that only soc-MOF(In) and soc-MOF(Ga) are chemically stable and may be

Figure 5.10 Crystalline structures of (A) the MIL-53’s (Al, Cr, Fe) and MIL-47(V)

composed of (B) corner-sharing chains as inorganic subunit and of (C) the MIL-100(Cr) and

MIL-101(Cr) formed from (D) trimers chromium octahedra. (E) excess adsorbed quantities

(mmol g21) evaluated at 303.1K for MIL-47(V) (black), MIL-53(Cr) (purple), MIL-53(Al)

(blue), MIL-53(Fe) (orange), MIL-100(Cr) (green), and MIL-101(Cr) (red).

Source: Reprinted (adapted) with permission from L. Hamon, C. Serre, T. Devic, T. Loiseau,

F. Millange, G. Férey, et al., Comparative study of hydrogen sulfide adsorption in the MIL-

53(Al, Cr, Fe), MIL-47(V), MIL-100(Cr), and MIL-101(Cr) metal2 organic frameworks at

room temperature, J. Am. Chem. Soc. 131 (2009) 8775�8777. Copyright (2009) American

Chemical Society.
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used for the efficient removal of H2S. In another study, Peng confirmed the potenti-

ality of soc-MOF(In) for the capture of H2S, whose uptake capacity at 50 bar and

30�C was evaluated at 1.8 mmol g21 [116].

We suggest reading Siepmann’s review concerning the main existing techniques

for the capture of H2S and the use of MOFs as adsorbent [105].

5.3.3 Carbon monoxide

Also called “the silent killer,” the emission of carbon monoxide has led to numer-

ous deaths in the past and is still considered as the most common and dangerous in-

house gas. According to a report from the center of disease control and prevention

(CDC), CO is implied in more than 500 deaths per year in the United States [117].

On average, a concentration of 100 ppm or greater may affect health or even cause

the death of the exposed person [118]. Its toxicity comes from its ability to bind

strongly to blood to form carboxyhemoglobin which prevents oxygen to be set and

carried in the body by hemoglobin [119]. CO can be produced from a partial com-

bustion of carbon-containing compounds in the presence of an insufficient amount

Figure 5.11 (A) Crystalline structure of MIL-68(Al) composed of triangular (green circle)

and hexagonal (red circle) channels (metal polyhedra, pink; carbon atoms, gray; oxygen

atoms, red; hydrogen atoms, white). (B) Crystalline structure of the soc-MOF (M, plum; C,

gray; N, blue; O, red; the cavity sphere, yellow sphere). The structure is composed of

trinuclear metal carboxylate clusters [M3O(O2C�)6] (purple polyhedral) and 3,30,5,50-
azobenzenetetracarboxylate as organic linker (green rectangle).

Source: (A) Reproduced (adapted) from L. Hamon, C. Serre, T. Devic, T. Loiseau, F.

Millange, G. Férey, et al., Comparative study of hydrogen sulfide adsorption in the MIL-53

(Al, Cr, Fe), MIL-47(V), MIL-100(Cr), and MIL-101(Cr) metal2 organic frameworks at

room temperature, J. Am. Chem. Soc. 131 (2009) 8775�8777 with the permission of The

Royal Society of Chemistry. (B) Reproduced (adapted) from Y. Belmabkhout, R.S. Pillai, D.

Alezi, O. Shekhah, P.M. Bhatt, Z. Chen, et al., Metal-organic frameworks to satisfy gas

upgrading demands: fine-tuning the soc-MOF platform for the operative removal of H2S, J.

Mater. Chem. A 5 (2017) 3293�3303 with the permission of The Royal Society of

Chemistry.
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of oxygen. This phenomenon can be encountered in houses because of a malfunc-

tion of the heating system or in chemical industries where carbon monoxide is

either the desired product for other chemical processes or a by-product released out

of the plant. In this latter case, the amount of CO emitted may accumulate in the

atmosphere playing the role of a greenhouse gas and leading to the development of

heart diseases [120].

In order to reduce the amount of CO released in the atmosphere, several technolo-

gies based on transition metals (Pt, Au, Ni, Ag, and Cu) are currently applied in

industries (CO chemical conversion) and in vehicles (exhaust pipe). Metal salts/metal

nanoparticles can be supported on porous materials in order to enhance their disper-

sion as well as the accessibility of the active metal sites to CO for its conversion (oxi-

dation or reduction) or simply its adsorption. Activated carbons are often used for

this purpose but the amount of metal salts required to induce a high affinity of the

activated carbon toward CO may be very high. Typically, an activated carbon con-

taining 8.6 wt.% of AgCl adsorbs 0.95 g kg21 of CO at 323K and 101 kPa. Better

results may be obtained at higher temperatures (423K) with 30.6 wt.% of PdCl2 lead-

ing to the adsorption of 18 g kg21 [121]. Zeolites show interesting CO adsorption

properties thanks to their extra-framework cations which can interact with carbon

monoxide [122]. This family of materials is promising for the capture of CO.

However, it appears that it is difficult to increase the number of adsorption sites

because of the limited number of structures and a lack of potential tunable character-

istics (modification of the pore size, surface area, and the density of adsorption sites).

The versatility of the MOF chemistry may potentially be a key for the design of

adsorbents of CO due to the possibility of varying the metal center of the framework

for better host/guest interactions and the porosity which may accommodate metal

nanoparticles or metal complexes in order to increase the number of adsorption sites.

Walton et al. tried to gain insight about the design of a MOF with an optimal CO

adsorption uptake [123]. They found that the amount of CO adsorbed in a series of

MOFs (CuBTC, IRMOF-1, -3, and Zn2[BDC]2-[dabco]) is mainly ruled by the pres-

ence of CUS and to a much lesser extent by the pore size. This study demonstrated

that CO has a better affinity for CuBTC, the only MOF composed of CUSs in the

selected materials, than for the other candidates. The same authors studied the

adsorption of CO onto CuBTC by atomistic grand canonical Monte Carlo simulation

[124]. It appears that the adsorption is dominated by the interactions between CuBTC

framework atoms and CO, while CO. . .CO interactions are negligible. Moreover, at

low coverage, CO is located preferentially near the metal sites confirming the key

role of the metal in the capture of CO (Fig. 5.12). Gumma et al. also compared CO

adsorption efficiency of MIL-101(Cr) with CuBTC [125]. They noticed that CO exhi-

bits stronger electrostatic interactions with MIL-101(Cr) leading to a higher adsorp-

tion enthalpy. According to the authors, the difference between both MOFs may be

partially due to a lower number of available CUSs in CuBTC due to the presence of

residual solvent molecules. Isostructural CPO-27(M) [M5Mg, Ni, Zn] series exhibit

a high density of CUS and therefore have been investigated computationally by

Valenzano et al. in order to evaluate the impact of the nature of the metal on the CO

adsorption properties of these MOFs [126]. DFT calculations (B3LYP1D�) allowed
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predicting the sequence of binding energies for CO adsorption on open metal sites

(Fig. 5.12) following the series: Ni (41.9 kJ mol21).Mg (30.0 kJ mol21).Zn

(24.8 kJ mol21). This order of affinity for CO has been experimentally confirmed by

Garcia et al. [127]. According to Bordiga et al., the favorable CO adsorption on

CPO-27(Ni) is due to an electronic deficit of Ni atoms which may interact more

strongly with CO through π-back-bonding [128].

However, since 2015, other strategies have been pursued in order to improve the

amount of adsorbed CO in the MOF structure. Li et al. tried to enhance the adsorption

capacity of MIL-100(Fe) by adding Cu1 ions within the structure by postsynthetic

impregnation [129]. A strong increase of the performance has been reached with

2.78 mmol g21 for 0.8Cu(I)@MIL-100(Fe) compared to 0.38 mmol g21 for bare

MIL-100(Fe). This is attributed to a strong π-complexation between the Cu(I) metal

site and CO. Following this approach, improvement of CO adsorption capacity is

expected for already tested MOFs and also for the design of new postmodified MOFs.

5.3.4 Nitric oxide

Two main sources of emissions of NO may be identified: natural emissions due to

the nitrogen cycle, including bacterial and vegetation activities; and anthropogenic

emissions caused by the combustion of fossil fuel [130]. The consequences of its

presence in the atmosphere depend on its concentration. In the case of plants, nitric

oxide as a biological agent may stimulate their growth or on the contrary reduce

Figure 5.12 (A) Simulation of loading of 24 CO molecules (green sphere) in CuBTC unit

cell at 320 kPa and 298K. (B) Arrangement of CO molecules in the CPO-27 (M) [M5Mg,

Ni, Zn] channels (metal, magenta; oxygen, red; carbon, gray; hydrogen, white).

Source: (A) Reprinted (adapted) with permission from J.R. Karra, K.S. Walton, Effect of

open metal sites on adsorption of polar and nonpolar molecules in metal2 organic

framework Cu-BTC, Langmuir 24 (2008) 8620�8626). Copyright (2008) American

Chemical Society. (B) Reprinted (adapted) with permission from L. Valenzano, B. Civalleri,

K. Sillar, J. Sauer, Heats of adsorption of CO and CO2 in metal-organic frameworks:

quantum mechanical study of CPO-27-M (M5Mg, Ni, Zn), J. Phys. Chem. C 115 (2011)

21777�21784. Copyright (2011) American Chemical Society.
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dramatically the photosynthesis activity leading to a decrease of crop yield [131].

Nitric oxide also plays a role in human health such as DNA damage and tumor pro-

gression [132]. Nevertheless, a controlled release of NO may provide therapeutic

tools to treat some diseases linked, for example, to the vascular system, skin integ-

rity, and inflammatory reactions [133]. For this reason, the storage of NO within

materials has been widely investigated.

Polymers functionalized with amine groups have been one of the first materials

considered for the trapping of NO [134]. Amine groups react with NO to form dia-

zeniumdiolates, which may be hydrolyzed to further release NO. For this type of

polymer, the NO capture requires a dry atmosphere and this constitutes a serious

limitation of such polymers for this application. Activated carbons are used for the

industrial NO reduction process in the presence of ammonia (Selective Catalytic

Reduction (SCR)) but are only used at low temperatures to avoid their early degra-

dation [135]. Due to their higher thermal stability, zeolites were investigated for the

capture of NO [136] but their uptake capacity is generally quite limited.

Concerning the possible use of MOFs as adsorbents of nitric oxide, a certain num-

ber of studies were initiated, mostly by the team of prof. Russell Morris from St

Andrews (UK). From these studies, it appears that the efficiency of the NO capture

is strongly related to the density and the nature of CUS sites [137,138].

In order to study the impact of the CUS on NO adsorption uptake, Serre et al.

selected three MOFs with large pores and high concentrations of CUSs: MIL-100

(Cr), MIL-100(Fe), and MIL-127(Fe) [139]. It appears that the maximum uptake of

NO at room temperature for MIL-100(CrIII, FeIII) at 1 bar lies within the

2.7�3.2 mmol g21 range (Table 5.4) which is close to the theoretical amount of

Lewis acid sites for the MIL-100 structure (B3.6 mmol g21). However, for MIL-

127(FeIII), the amount of adsorbed NO, in the same conditions, evaluated at

1.2 mmol g21 is smaller than the theoretical value (number of Lewis acid sites

B2.7 mmol g21). The lack of accessibility for NO in MIL-127(Fe) is presumably

due to the smaller size of the pores (B5�7 Å). Moreover, under thermal activation

conditions, Fe(III) ions may be partially reduced into Fe(II) ions, which have a clear

favorable impact on the NO uptake and release, due to a stronger interaction

between NO and Fe(II) sites. The reduction of the metal ions under activation con-

ditions has also been observed for CuBTC used for NO storage and identified by

infrared spectroscopy [140].

Table 5.4 Average adsorption capacity and residual capacity upon desorption (mmol g21)

for selected MOFs at 1 bar

Material Average adsorption capacity

(mmol g21) at 298K

Residual capacity upon

desorption (mmol g21) at

298K

MIL-100 (Cr) 3.2(2) 2.5(2)

MIL-100 (FeIII) 2.7(2) 2.0(2)

MIL-100(FeII/III) 4.5(3) 3.2(2)

MIL-127 (FeIII) 1.2(2) 0.75(10)

MIL-127 (FeII/III) 2.2(2) 1.4(2)
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Morris et al. selected three members of the CPO-27(M) (M5Mg, Ni, Zn) family

in order to evaluate the influence of the nature of the metal on the NO adsorption

properties [141]. CPO-27(Ni) exhibits, to the best of our knowledge, the highest

storage capacity reported in literature (6.1 mmol g21 [142]) while the other selected

isostructural MOFs show lower performances (Fig. 5.13). Since CO has a better

affinity for Ni, the impact of the Ni content on the adsorption properties of MOF

for NO was investigated by Morris et al. who succeeded in incorporating various

amounts of Ni atoms into the inorganic part of CPO-27(Mg) and CPO-27(Zn)

[143]. This study confirmed the key role of Ni21 ions on the NO uptake of MOF

and proposed this following trend: the higher the amount of Ni21, the higher the

NO adsorption uptake (Fig. 5.13).

The functionalization of the organic linker may provide another way to enhance

the NO adsorption properties of MOFs. Cohen et al. investigated the potential of

amine groups to enhance the adsorption properties of IRMOF-3 (5MOF-5-NH2)

and UMCM-1-NH2 [144]. By a postsynthetic route, this amine group reacts with

nitric oxide to form a diazeniumdiolate (NONOate) functional group (Fig. 5.14). By

thermogravimetric analysis, the percentage of free amine converted in IRMOF-3

and UMCM-1-NH2 is 44% and 83%, respectively. The controlled release of NO

may be possible by hydrolyzing this newly formed chemical group to recover the

Figure 5.13 (A) Adsorption�desorption isotherms of NO at 298K for (a) CPO-27(Mg) after

solvent exchange (solvothermal synthesis); (b) CPO-27(Mg) (synthesis under reflux

conditions); (c) CPO-27(Zn) after solvent exchange (solvothermal synthesis); (d) CPO-27

(Zn) (synthesis under reflux conditions); (e) CPO-27(Ni) without solvent exchange

(solvothermal synthesis); and (f) CPO-27(Ni) (synthesis under reflux conditions). (B)

Adsorption�desorption isotherms of NO at 298K for (a) CPO-27(Mg); (b) CPO-27(Mg) 1%

Ni; (c) CPO-27(Mg) 2% Ni; (d) CPO-27(Mg) 5% Ni; (e) CPO-27(Mg) 10% Ni; (f) CPO-27

(Mg) 20% Ni; (g) CPO-27(Mg) 40% Ni; and (h) CPO-27(Ni).

Source: (A) D. Cattaneo, S.J. Warrender, M.J. Duncan, R. Castledine, N. Parkinson, I. Haley,

R. E. Morris, Water based scale-up of CPO-27 synthesis for nitric oxide delivery, Dalton

Trans. 45 (2016) 618�629—Published by The Royal Society of Chemistry. (B) D. Cattaneo,

S.J. Warrender, M.J. Duncan, C.J. Kelsall, M.K. Doherty, P.D. Whitfield, I.L. Megson, R.E.

Morris, Tuning the nitric oxide release from CPO-27 MOFs, RSC Adv. 6 (2016)

14059�14067—Published by The Royal Society of Chemistry.
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amine and collect the nitric oxide. This strategy has also been followed by

Rosseinski et al. with HKUST-1 [145]. In this case, the postsynthetic modifica-

tion consisted of the reaction of HKUST-1 with 4-(methylamino)pyridine. The

4-(methylamino)pyridine interacts with the copper ions of the framework through

the nitrogen of the pyridine function, the free secondary amine group being accessible

to react with NO to form diazeniumdiolate (Fig. 5.14). According to the preparation,

it is possible to graft up to one amine per copper ion. This postsynthetic modification

approach may therefore be followed in order to increase significantly the NO uptake

capacity of efficient MOFs.

For more information about nitric oxide and its capture by MOFs, we recom-

mend reading Morris and Serre’s review [146] and DeCoste and Peterson’s review

concerning air purification of toxic chemicals [147].

5.4 Conclusion and perspectives

In the context of air pollution caused by anthropogenic VOC and toxic molecules

emissions, MOFs have been considered as the next-generation adsorbents and catalytic

materials. The competitive binding of several possible molecules has to be considered

for the efficacy of adsorption-based separations, particularly for the capture of VOCs

under humid conditions. In this context, MOFs could serve as an ideal platform owing

to their large capacity for the adsorption of gases and their tremendous structural and

chemical diversity. Actually, MOFs can be modified by varying the organic linkers,

metal nodes, functional groups, as well as the shape and diameter of the pores, thereby

modulating their hydrophilic/hydrophobic balance, the density and nature of

Figure 5.14 Synthesis by postfunctionalization of (A) IRMOF-3-NONO and (B) UMCM-1-

NONO. (C) Synthesis route of postsynthetic HKUST-1-(N-diazenium diolate).

Source: (A and B) Reproduced (adapted) from J.G. Nguyen, K.K. Tanabe, S.M. Cohen,

Postsynthetic diazeniumdiolate formation and NO release from MOFs, CrystEngComm. 12

(2010) 2335�2338 with the permission of The Royal Society of Chemistry. (C) Reprinted

(adapted) with permission from M.J. Ingleson, R. Heck, J.A. Gould, M.J. Rosseinsky, Nitric

oxide chemisorption in a postsynthetically modified metal2 organic framework, Inorg.

Chem. 48 (2009) 9986�9988. Copyright (2009) American Chemical Society.
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adsorption sites, or the molecular sieving effect. Such properties have been found to

be crucial for the adsorption of numerous target molecules with high adsorption capac-

ity and selectivity. Moreover, a high control over the amount or distribution of CUSs

or the exposed redox-active metals (Fe21, Cu1) as well as the fine-tuning of the elec-

tron density available at these adsorption sites through the modification of the organic

linker were explored as valuable strategies to design MOF-based adsorbents for the

selective adsorption of toxic gases such as NOx and CO. More importantly, recent

advances reported on the shaping of MOFs and the design of complex architectures

can introduce novel functionalities and/or enhance the efficiency of adsorbents. As an

example, the controllable modular growth of hierarchical MOF-on-MOF heterostruc-

tures paves the way for the design of modular and multifunctional devices combining

catalytic and separation properties.

An efficient capture of VOCs and toxic chemicals is of high importance for the

air purification process but their detection and quantification is also crucial for the

human safety and the environment preservation (e.g., CO intoxication, effect of eth-

ylene on plants, preservation of cultural heritage). Therefore, the design of a selec-

tive adsorbent for a specific range of molecules is an essential prerequisite for the

development of sensitive sensors. However, the applicability of MOFs for VOCs

sensing may suffer from a lack of information regarding the structure/properties

relationships of MOFs for some specific molecules. While numerous studies may

be found about the adsorption/separation of hydrocarbons, alcohols, and toxic che-

micals by MOFs, only a limited number of publications have focused on the capture

of carbonyls (aldehydes, ketones, and carboxylic acids) by MOFs, while studies

that comprise real mixtures of VOCs (and toxic gases) have not been reported so

far. These compounds have however a great impact on the environment and human

health and must be taken into account for further investigation in the context of air

purification. Moreover, this lack of studies concerns also a notorious class of ozone

depleting compounds, namely chlorofluorocarbons today forbidden and replaced by

hydrofluorocarbons following the Montreal protocol.
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6.1 Introduction

Hazardous biological and chemical warfare agents (CWAs) have, historically, been

leveraged by warring parties to gain the upper hand while engaged in conflict.

Events where the use of toxins or microorganisms (from corpses and cadavers) cou-

pled with strategically poisoned weapons or fire and smoke to handicap the adver-

sary have been observed since antiquity. Early accounts of chemical and biological

warfare agents use include such objectionable examples as the army of Hannibal

launching clay jars filled with venomous snakes onto the ships of Pergamus at

Eurymedon (and subsequently winning the Battle of the Eurymedon River) in 190

BCE; Frederick Barbarossa (the Holy Roman Emperor) employing cadavers to con-

taminate the water supplies of his enemies at the battle of Tortona in CE 1155; the

Spanish tainting wine sold to their French enemies with the blood of leprosy

patients in an effort to poison them in CE 1496; and the use of saliva from rabid

dogs in hollow artillery rounds fired at the enemies by Polish artillery general

Siemienowicz in CE 1650 [1�3].

Although no chemical weapons were deployed during the American Civil War

(1861�65), soldiers on both sides proposed their use including unrealized proposals

to fire chlorine-containing projectiles and drop canisters of poisonous gas from bal-

loons [4]. The possibility of extended chemical warfare initiated the early develop-

ment of protective equipment, including early gas mask/respirator models such as

those patented by Lane (1850) [5] and Hoffman in 1866 (Fig. 6.1) [6], signifying

the advent of chemical detoxification, degradation, and protection strategies.

During WWI in an attempt to cause mass injuries and casualties and prior to the

egregious use of chlorine, a variety of chemical agents were tested in the field.

These included the use of irritant ethylbromoacetate by French military forces

(August 1914), the one-off use of sneezing agent o-dianisidine chlorosulfonate by
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German forces (October 1914), and the first use of irritant chloroacetone by the

French military (November 1914) [2,7]. These events culminated in the German

use of chlorine (a lung-damaging agent) in the attack at Ypres (April 22, 1915; at a

site later to become known as Flanders Fields) marking the first large-scale chemi-

cal weapons attack—an event spearheaded by German scientist Fritz Haber—which

killed an estimated 1100 soldiers while incapacitating many more [4,8]. The dra-

matic results of this attack demonstrated to all parties involved in the conflict that

the use of chemical weapons was highly destructive and the next 3 years of the

Great War saw the deployment and weaponization of numerous other incapacitants,

choking agents, and blood agents including xylyl bromide, chloropicrin, phosgene,

hydrogen cyanide, and sulfur mustard [2].

Sadly, despite the drafting and signing of the Geneva Protocol (or the Protocol

for the Prohibition of the Use in War of Asphyxiating, Poisonous or other Gases,

and of Bacteriological Methods of Warfare) in 1925 [9], and the genesis of the sig-

nificantly more comprehensive Chemical Weapons Convention which entered into

force in 1997 [10] (marking the formation of the Organisation for the Prohibition of

Chemical Weapons; OPCW), chemical and biological warfare agent use continues

to be of great concern today both with regards to stockpiling (or the destruction of

stockpiles) and active use. Small amounts of modern chemical agents are capable

of causing high numbers of casualties compared to conventional weapons (prompt-

ing the classification of CWAs as weapons of mass destruction) and the develop-

ment of modern long-range missile systems enables the possibility of deploying

chemical weapons at great distance necessitating an increased focus on the develop-

ment of rapid and effective detoxification strategies.

Figure 6.1 (A) Benjamin I. Lane’s respirator patent including an air tank, goggles, and a

rubber nose piece and (B) Theodore A. Hoffman’s patented respirator/protective mask design.

Source: Reprinted from US Patent No. 7,476 (July 2, 1850) and US Patent No. 58,255

(September 25, 1866).
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Chart 6.1 Chemical structures, common names, and US Army symbols of significant

chemical warfare agents classified according to their target organs and tissues.

All chemical warfare agents are designed to produce acute effects with varying

degrees of lethality and can be categorized according to their reactivity, physico-

chemical features, and target organs/tissues (Chart 6.1) [2,11]. Influencing factors

that regulate the lethality of chemical warfare agents are often linked to exposure

and dose, where agents can be delivered as gas, liquid, aerosol (both solid and liq-

uid), “sticky” substance, or as part of ammunition [11]. Perhaps the most insidious

and destructive CWAs are those belonging to the nerve agent category. Often these

agents cause death within a few minutes and owing to their inherent chemistry are

particularly challenging to detoxify (Section 6.2).

Nerve agents are organophosphorus compounds and are typically structural var-

iations of phosphoric acid esters (Chart 6.1). As their classification implies, they

are lethal agents affecting the central nervous system, and were developed largely

prior to and over the course of WWII. A project on synthetic insecticides in

Germany (1936�37) led to the synthesis of many organophosphorus compounds,

among which was the highly toxic ethyl-N,N-dimethylphosphoramidocyanidate

(Tabun, GA) and isopropyl methylphosphonofluoridate (Sarin, GB) [2,7,12].

Pinacolyl methylphosphonofluoridate (Soman, GD) was synthesized in 1944 by

Nobel laureate Richard Kuhn, while V-class nerve agents were identified by US

and British laboratories with o-ethyl-S-(2-diisopropylamino-ethyl)-methyl-phospho-

nothiolate (VX) becoming arguably the most lethal CWA ever disclosed (estimated

lethal dose of 0.3 mg per person after inhalation and 5 mg per person after dermal

exposure) [2,7,12].

Nerve agents function by targeting the cholinergic synapses [11]. Briefly, organ-

ophosphorus compounds in this class bind irreversibly to the active site (Fig. 6.2)

of acetylcholinesterase (AChE) which has the physiological function of inactivating

the neurotransmitter acetylcholine (ACh) via hydrolytic metabolism. Inhibition of

AChE activity leads to the accumulation of ACh in the synaptic space leading to
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unremitting neuron stimulation. In motor neurons, the accumulation of ACh results

in continuous muscle contraction leading to extreme exhaustion while in the gastro-

intestinal tract, the accumulated ACh acts at muscarinic receptors causing the

increased secretion of fluids (and electrolytes) into the lumen of the intestine which

results in severe watery diarrhea and death [14]. Because of the severity of these

physiological responses to nerve agents, the US Army mandates a permissible expo-

sure limit in air of 50 μg m23 of Soman [15].

6.2 Nerve agent detoxification pathways and simulants

Early approaches to mass-detoxification of chemical warfare agents included the

use of solutions of bleach or basic salts (e.g., NaOH or KOH) [16,17]. However,

the logistical considerations (these solutions are corrosive and decrease in activity

with prolonged storage) involved in using copious quantities of bleach solution are

particularly difficult to reconcile [18]. These considerations prompted the develop-

ment of new adsorbent and detoxification materials such as the M280 individual

equipment decontamination kit or the M291 skin decontamination kit initially

deployed in 1989 which featured fiber pads filled with high surface area carbona-

ceous materials for agent adsorption [16]. Additionally, this kit included strongly

Figure 6.2 Active site of “aged” phosphylated Torpedo californica AChE (TcAChE) as

determined by X-ray crystallography. The structures depicted were obtained by reaction of

TcAChE with (A) Soman and (B) Sarin and illustrate the binding of organophosphorous

compounds at the active site along with H-bonding interactions between the phosphonyl

O atoms with proximal glycine, alanine, and histidine residues.

Source: Reprinted with permission from C.B. Millard, G. Kryger, A. Ordentlich, H.M.

Greenblatt, M. Harel, M.L. Raves, et al., Crystal structures of aged phosphonylated

acetylcholinesterase: nerve agent reaction products at the atomic level, Biochemistry 38 (22)

(1999) 7032�7039 [13].
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acidic (cation) and basic (anion) exchange resins (Ambergard XE-555) to catalyze

the hydrolysis of the adsorbed nerve agents; however, only Soman is detoxified by

these materials (half-life of 30 hours) to any great effect [16,19,20].

Perhaps somewhat intuitively, the degradation of organophosphorous nerve

agents proceeds via nucleophilic attack by water or OH2 and subsequent hydroly-

sis, converting the phosphate triester to the corresponding diester derivative

[16,21�23]. Substitution can occur at either the central phosphorus atom or alterna-

tively at sp3 carbons present in attached alkyl groups (Scheme 6.1). In general, base

catalyzed hydrolysis leads to P�O cleavage, while neutral or acid catalyzed hydro-

lysis favors C�O or C�S cleavage. The product distribution for organophosphorus

ester hydrolysis is pH dependent with both the P�O cleavage and the C�O cleav-

age reaction involving SN2-like direct displacement (in the latter, the phosphate

ester anion acts as the leaving group). In some cases, the catalytic pathway has cru-

cial implications with regards to the nature of the products formed (vide infra).

Hydrolysis can be accelerated through the coordination of the phosphoryl oxygen to

a Lewis acidic atom increasing the susceptibility of the phosphorous center to

nucleophilic attack [24,25]. Lewis acid participation greatly enhances the selectivity

of the catalysis and we note that of importance is matching the association rate of

the starting material and the dissociation rate of the products; rates which when

properly balanced can afford catalytic (rather than stoichiometric) hydrolysis [26].

Owing to the high toxicity of CWAs, many lab-scale experiments are carried out

on compounds acting as nerve agent simulants [27]. These compounds are structur-

ally analogous organophosphorus molecules that feature reduced toxicity (Chart

6.2) and due to their anticipated similar chemical reactivity, these simulants act as

sufficient surrogates for the nerve agents themselves. Caution, however, should be

exercised when assuming that results obtained from the simulants automatically

translate to the agent as many of these simulants mimic only certain aspects of the

reactivity of any given agent [16]. It may be quite challenging to simulate all the

properties of a target agent with just one chemical simulant. Nevertheless, many

simulants have been shown to be effective surrogates as discussed in Sections 6.4

and 6.5. As an example, hydrolysis of a standard simulant dimethyl p-nitrophenyl

Scheme 6.1 Hydrolysis pathways of organophosphorus esters.
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phosphate (DMNP) in the presence of a Lewis acidic catalyst yields dimethyl

hydrogen phosphate and 4-nitrophenol (Scheme 6.2B) demonstrating similar reac-

tivity to many G series agents with the 4-nitrophenyl acting as the de facto leaving

group.

Chart 6.2 Chemical structures, names, and abbreviations for common nerve agent simulants.

(A)

(B)

(C)

Scheme 6.2 (A) Hydrolysis of Soman via nucleophilic attack by water; (B) catalytic

hydrolysis of nerve agent simulant dimethyl p-nitrophenyl phosphate (DMNP) in the

presence of a Lewis acid catalyst; and (C) two potential outcomes of the catalytic hydrolysis

of nerve agent VX.
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Organophosphorus nerve agents react slowly in aqueous solutions at midrange

pH (6.5�7.5). The half-life of Soman in water is reported to be c. 60 hours (pH 6,

25�C); the half-life of Sarin ranges from 237 (pH 6.5) to 24 hours (pH 7.5); while

the half-life of VX in water (pH 7, 25�C) ranges from 17 to 42 days [28].

Detoxification or catalytic hydrolysis of nerve agents such as Soman proceeds with

the removal of the fluorine atom from the phosphorous center to give pinacolyl

methylphosphonate and hydrofluoric acid (Scheme 6.2A). Hydrolysis of VX under

mild conditions is particularly problematic because hydrolysis can proceed either

via the P�O bond or via the P�S bond (Scheme 6.2C) [21,29]. In the former case,

ethanol and highly toxic S-(2-(diisopropylamino)ethyl) O-hydrogen (S)-methylpho-

sphonothioate EA-2192 are formed while in the latter case the agent is neutralized

to two nontoxic products (Scheme 6.2C). The hydrolysis of VX emphasizes one

challenging aspect with regards to the design of detoxification methods for nerve

agents. While on the surface it appears that the use of water as the nucleophile is

satisfactory (although little has been done to explore other nucleophiles), the choice

of catalyst is particularly crucial with regards to the selectivity of the hydrolysis

reaction to avoid the formation of toxic byproducts (Section 6.4).

One source of inspiration for the design of selective catalysts can be found in the

oxyanion-linked pairs of Zn(II) ions in the active center of enzymes such as phos-

photriesterase, methyl parathion hydrolase (MPH), and paraoxonase 1 (PON1).

Belonging to a class of enzymes that can detoxify organophosphates these enzymes

rely on metal-oxy/hydroxy species for catalytic activity [30,31]. The metal centers

behave as Lewis acids, however the specifics of the activity of these enzymes

ranges from binding and activation of the phosphoryl oxygen of the substrate organ-

ophosphorous compound to facilitating the delivery of a nucleophile [32].

Moreover, the dimeric metal sites are surrounded by residues (i.e., His) that enable

catalysis through noncovalent interactions such as hydrogen bonding. The net result

is spectacularly enhanced rates of hydrolysis (in some cases reaching nine orders of

magnitude). In the end, these natural systems can serve as a design roadmap for the

synthetic catalysts that obviate the target specificity often observed in enzymes

while preserving a high degree of functionality.

6.3 Early generation supramolecular catalysts

Prior to the development of metal-organic framework (MOF) catalysts for nerve

agent detoxification, a handful of supramolecular materials were explored for this

potential application. Perhaps foreshadowing the use of MOFs, these supramolecu-

lar catalytic materials were designed and studied owing, in part, to the well-defined

cavities, and site-isolated active sites that supramolecular assemblies impose. An

early example by Van Hooidonk et al. in 1970 examined the breakdown of Sarin

catalyzed by α-cyclodextrin (Fig. 6.3) in aqueous alkaline solution [33]. It was con-

cluded that a 1:1 α-CD:GB inclusion complex is an important intermediate in this

reaction as it promotes nucleophilic attack on the phosphorus in Sarin by �OH
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groups of the α-cyclodextrin. Following a similar mechanism, β-cyclodextrin [34]

(Fig. 6.3) and modified β-cyclodextrin [35] have been studied for the catalytic

hydrolytic degradation of Soman since the larger cavity size of β-cyclodextrin (5.0

vs 6.3 Å) [36] is more suited for the formation of a 1:1 β-CD:GD inclusion complex

(the Soman molecule is sterically bulkier than Sarin due to the presence of a periph-

eral tert-butyl group, Chart 6.1).

Brown et al. have reported numerous coordination complexes of Lewis acidic

metals including La(III) [37], Cu(II) [38], and Zn(II) [39] capable of catalytically

degrading organophosphorus-based nerve agents and simulants by alcoholysis [40].

Inspired by this work and taking into account that Nature’s enzymes which perform

these reactions bear active sites with multiple metal centers, Hupp, Nguyen et al.

designed and synthesized Lewis acidic metalloporphyrin boxes (Fig. 6.4A) for the

catalytic methanolysis of a series of phosphate triester nerve agent simulants

(p-nitrophenyl diphenyl phosphate, PNPDPP; dimethyl p-nitrophenyl phosphate,

DMNP; p-nitrophenyl dipropyl phosphate, PNPDPrP; p-nitrophenyl dibutyl phos-

phate, PNPDBP; Chart 6.2) [41]. It was determined that the Lewis acid activation

of the phosphate triester substrate coupled with the enhanced nucleophilicity of Al-

OMe compared to free methanol were important factors governing the catalytic

rates observed. These factors together with the intrinsic supramolecular encapsula-

tion effect of the Al-porphyrin box led to an enhanced initial catalytic rate

(3.93 1027 M s21, 3 mol%) compared to that of reactions performed with the free

porphyrin as a catalyst (3.33 1029 M s21, 3 mol%) or with no catalyst added

(9.23 10210 M s21, 3 mol%). Some disadvantages of the porphyrin box materials

include the labor-intensive (multistep and low yielding) synthesis and perhaps more

importantly, the inability to catalyze hydrolytic detoxification of nerve agents and

their simulants.

Figure 6.3 Structure of α- and β-cyclodextrin.
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In a related study, tuning the electronic properties of Al-porphyrin dyads

(Fig. 6.4B) by the addition of �Si(hex)3 electron withdrawing groups on the por-

phyrin core, was found to increase the nucleophilicity of Al-OMe and the Lewis

acidity of Al(III), resulting in a sevenfold increase in initial catalytic rate

(1.23 1026 M s21, 3 mol%) for the methanolysis of PNPDPP compared to reac-

tions performed with Al-porphyrin dyads with 3,5-di-tbutyl aryl substituents

(1.73 1027 M s21, 3 mol%) [42].

Expanding on the notion that substrate encapsulation and accessible Lewis acid

sites are important parameters for catalytic nerve agent simulant detoxification,

Farha, Hupp, Nguyen et al. reported catechol-containing porous organic polymers

(POPs) functionalized with La(III) (Fig. 6.5) for the hydrolysis and methanolysis

of DMNP [25]. Increasing the pore volume of the POP by replacing a carbon

node in LaA2B1 with an adamantane cage node in LaA2C1 (Fig. 6.6) was found to

increase the initial rate of DMNP methanolysis by a factor of c. 2.5 (7.03 1027

vs 1.73 1026 M s21, 6 mol%). In addition, both POPs are capable of catalyzing

the hydrolysis of DMNP with a similar initial rate (1.13 1026 M s21, 6 mol%)�
12 times faster than that of the uncatalyzed reaction. Due to the utility of these

Al-porphyrin systems, as well as POPs, in the catalytic methanolysis of

organophosphorus-based nerve agent simulants, and in a seemingly logical pro-

gression, Al-porphyrin POPs (Al-PPOPs) were designed and studied for the

methanolysis of DMNP [43]. In this example, the importance of supercritical pro-

cessing of the POPs was emphasized since proper activation (i.e., not collapsing

the POP pores) was found to give a five- to sevenfold increase in the initial rate

of methanolysis versus the thermally activated materials (2.8�4.83 1027 vs

1.5�3.53 1026 M s21; 4 mol%). This is consistent with the previous study on

La-POPs where higher pore volumes were found to lead to faster catalytic rates

[25]. Although easier to synthesize than Al-porphyrin boxes and dyads, these

Figure 6.4 (A) Representation of the aluminum porphyrin box highlighting the nucleophilic

Al-OMe moieties. (B) Aluminum porphyrin dyads with varying substituents on the porphyrin

core.
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POPs are still limited to performing nerve agent and simulant detoxification by

methanolysis (rather than the more broadly applicable hydrolysis).

Concurrent to the development and exploration of porphyrin boxes and POPs as

catalysts for nerve agent simulant detoxification, Nitschke et al. reported a water

soluble Fe(II) cage [Fe4L6] (Fig. 6.6) capable of catalytically hydrolyzing 2,2-

dichlorovinyl dimethyl phosphate (dichlorovos, a synthetic insecticide capable of

AChE inhibition) [44]. This hydrophobic cage was demonstrated to encapsulate

numerous guest molecules, yielding a half-life for detoxification of dichlorovos of

less than 24 hours (1 mol% of the Fe(II) cage). The mechanism of the hydrolysis

reaction in this example is thought to occur in a similar fashion to the cyclodextrin-

based catalysts where hydroxy groups on the constituent ligands facilitate nucleo-

philic attack of the organophosphorus compound.

Figure 6.6 Fe4L6 cage and the terphenylene-based linker used to construct the cage.

Figure 6.5 Idealized representation of La-based porous organic polymers with carbon versus

adamantane core.
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Although the half-lives for nerve agent simulant degradation in the examples dis-

cussed above are on the order of hours/days as opposed to seconds/minutes, these

studies have played an important role in the subsequent development of porous cat-

alysts for this application. In effect, these examples have set the stage for the design

of MOF catalysts since key design rules such as the significance of cage/pore size,

pore volume, Lewis acidity, and accessibility of Lewis acid sites were all discov-

ered. All these features are vital parameters in designing the champion MOF cata-

lysts discussed in the following Section 6.4. We note that supramolecular

assemblies continue to be investigated and developed for catalytic nerve agent deg-

radation, including such recent examples as the functionalization of sulfonatocalix

[4]arenes which were shown to catalytically detoxify VX and related V-agents with

half-lives as low as 2�3 minutes [45].

6.4 Metal-organic framework catalysts

The study of metal-organic frameworks as catalysts for nerve agent simulant

degradation earnestly began in 2010�11 with the development of polyoxometalate-

based Ho(III) [46] and Cu(II) [47] MOFs (PMOFs, Fig. 6.7) capable of

hydrolytically detoxifying the organophosphorus-based compounds bis(4-nitrophe-

nyl) phosphate (BNPP) and dimethyl methylphosphate (DMMP), respectively.

While the catalytic activity of the Ho(III) PMOF was attributed to the accessible

Lewis acidic Ho(III) sites of the MOF nodes, the activity of the Cu(II) PMOF

(NENU-11) was suggested to come from the W(VI) polyoxometalate. A few years

later, however, Halve et al. showed the catalytic hydrolysis of Sarin and its simu-

lants using Cu(II)-based MOF, HKUST-1 (Fig. 6.7) [48] (the MOF component of

the PMOF NENU-11), demonstrating that accessible Cu(II) sites can perform the

hydrolysis reaction, and that the Cu(II) nodes in NENU-11 likely contribute to the

overall catalytic activity of the PMOF. It is important to note that while the half-

life for detoxification of Sarin using HKUST-1 was found to be 1 hour, Wagner

et al. found that the half-lives for VX and Soman using the same MOF catalyst

Figure 6.7 The first metal-organic frameworks studied for nerve agent simulant

detoxification, Ho(III)-PMOF, NENU-11, and HKUST-1. Carbon, black; oxygen, red;

nitrogen, light blue; holmium, purple; tungsten, orange; boron, blue; phosphorus, gray;

chlorine, green.
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under similar conditions were longer than 24 hours [49], potentially due to the

increasing size of the nerve agents (Sarin, Soman,VX) leading to slower reactant

diffusion or to electronic differences in the agents causing changes in reactivity. We

note that while researchers began exploring MOF catalysts for nerve agent and simu-

lant detoxification, simultaneously there were also several studies reporting the use of

MOFs exclusively for the capture (i.e., adsorption) of these agents [50,51], however,

the use of MOFs for both capture and degradation/detoxification is more prevalent

(“all-in-one” functional materials) and is thus the focus here.

In 2013, Hatton et al. reported the catalytic hydrolysis of diethyl p-nitrophenyl

phosphate (DENP) using the Cr(III)-based MOF, MIL-101, postsynthetically modi-

fied with dialkylaminopyridine ligands (DAAP) (Fig. 6.8) [52]. In this work, increas-

ing the pH of the reaction solution from pH 7 to 10 while using the most successful

catalyst of the series (MIL-101A), decreased the half-life for DENP hydrolysis from

18.9 to 5.0 hours. The enhanced catalytic activity of the MIL-101-DAAP series,

compared to the parent MOF or DAAP ligands alone was attributed to a Lewis

acid�Lewis base activation mechanism where the Lewis acid is the Cr(III) site and

the Lewis base is the DAAP ligand installed postsynthetically in the MOF.

Concurrent to development and testing of Cu(II), Ho(III) and Cr(III) MOFs for

nerve agent and simulant detoxification, Wagner, Peterson et al. reported the use of

Zr(OH)4 for the hydrolysis of Soman and VX [53]. The half-lives observed using

an excess (i.e., neither catalytic nor stoichiometric amounts) of Zr(OH)4 were 8.7

and 1 minutes respectively. Zr(OH)4 was found to selectively hydrolyze VX at the

P�S bond leading to the less toxic products ethyl methylphosphonic acid (EMPA)

and 2-(diisopropylamino)ethanethiol (DESH). This is important since cleaving VX

at the P�O bond leads to the formation of the highly toxic product S-2-(diisopropy-

laminoethyl) methyl phosphonothioic acid (EA-2192) [54]. Although not catalytic,

the hydrolysis results observed using Zr(OH)4 were certainly intriguing, warranting

the exploration of Zr(IV)-based MOFs for catalytic hydrolysis applications. In

2014, Farha, Hupp et al. reported the first study of a Zr-based MOF for the catalytic

Figure 6.8 Structure of MIL-101(Cr) highlighting the Cr3O node and the postsynthetically

installed dialkylaminopyridine (DAAP) ligands. Carbon, black; oxygen, red; chromium, pink.
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hydrolysis of a nerve agent simulant, DMNP [24]. In this example the prototypical

Zr6-MOF, UiO-66 (Fig. 6.9) [55], was utilized as a catalyst and the half-life for the

hydrolysis of DMNP was found to be 45 minutes. In a follow-up study this half-life

decreased to 35 minutes [56], possibly due to the introduction of more defects in

the structure of UiO-66 [57] or a decrease in the crystallite sizes of the sample

tested [58]. Adjusting the pH of the buffer solution reaction medium from 10.2 to

8.6 was found to further increase the hydrolysis reaction rate when using UiO-66 as

a catalyst [59]. Hupp, Farha et al. also demonstrated that increasing the pore and

aperture size of the Zr6-MOF catalyst by using UiO-67 (Fig. 6.9) compared to UiO-

66 leads to a significant decrease in the half-life for DMNP hydrolysis (4.5 minutes)

[56], and Abrantes et al. reported similar success using UiO-67 [60]. Interestingly,

the addition of amino groups on the MOF linkers led to a further decrease in the

DMNP reaction half-life to 2 minutes for UiO-67-NH2 and UiO-67-NMe2 and

1 minute for UiO-66-NH2 [56]. Mechanochemically synthesized samples of UiO-

66-NH2 were also demonstrated to hydrolyze DMNP with a half-life of 2.5 and

2 minutes for samples prepared by liquid-assisted grinding and accelerated aging,

respectively [61]. It has also recently been shown by Farha et al. that not only the

presence but also the proximity of amino groups to the Zr6-node has a significant

effect on the hydrolysis half-life observed, owing to the fine tuning of the solvent

Figure 6.9 Structure of UiO-66 and UiO-67 showing the parent and amino-functionalized

linkers used to construct the framework. Carbon, black; oxygen, red; zirconium, green.
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coordination shell which is driven by the amino groups around defect sites (i.e.,

active Zr sites) on the node [62]. In addition to proving competent for the hydroly-

sis of nerve agent simulants, when tested as catalysts for the selective hydrolysis of

VX, UiO-67-NH2 and UiO-67-NMe2 demonstrated half-lives of 6 and 1.8 minutes

respectively, making UiO-67-NMe2 among the best abiotic materials reported for

VX detoxification [63]. The amino-derivatives of UiO-66 and UiO-67 were also

shown to catalytically detoxify Soman with half-lives of less than 3 minutes [64].

To further enhance the catalytic reaction rates and decrease the half-lives for

DMNP (and nerve agent) hydrolysis, Hupp, Farha et al. turned to Zr(IV)-MOFs

with lower node connectivity and thus more accessible Lewis acidic Zr(IV) active

sites, while also targeting structures with larger pore apertures to help promote reac-

tant and product diffusion. NU-1000 (Fig. 6.10) is comprised of eight-connected

Zr6-nodes (as opposed to the 12-connected Zr6-nodes of the UiO-MOFs, Fig. 6.11)

Figure 6.10 Structure of NU-1000 and MOF-808. Carbon, black; oxygen, red; zirconium,

green.

Figure 6.11 The varying connectivity of the Zr6O4(OH)4-based node. Carbon, black;

oxygen, red; zirconium, green.
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with large 30 Å hexagonal channels as well as smaller 12 Å triangular channels

[65]. While NU-1000 was found to catalytically hydrolyze DMNP with a half-life

of 15 minutes, the dehydrated version of NU-1000 gave a half-life of only 1.5 min-

utes under the same conditions [66]. Given that removal of the terminal �OH and

�OH2 ligands by dehydration leads to an enhancement in the reaction rate, these

findings give experimental insight into the mechanism of nerve agent hydrolysis on

Zr6-based MOF catalysts confirming that displacement of these ligands is required

for nerve agent binding and for initiating the reaction. Nerve agent and simulant

binding has been shown computationally [66,67] and experimentally [68] to be an

important part of the reaction mechanism. By further lowering the Zr6-node connec-

tivity of the MOF catalyst using the six-connected (Fig. 6.11) MOF-808 (Fig. 6.10),

the half-life for DMNP hydrolysis was observed to be less than 30 seconds, making

MOF-808 the fastest MOF catalyst studied for this reaction to date [69].

Apart from a few of the early examples of MOF catalysts for nerve agent and

simulant degradation (i.e., HKUST-1, NENU-11, and Ho-PMOF), the hydrolysis

reactions are typically performed at pH 10 in a buffer or pH adjusted solution. The

most commonly employed aqueous buffer is N-ethylmorpholine, however N-cyclo-

hexyl-2-aminoethanesulfonic acid buffer has also been used as well as the organic

bases (not buffer solutions) N-methylmorpholine or trimethylamine (Chart 6.3) and

Hupp, Farha et al. showed that the aqueous pH 10 buffer solution could be replaced

with a heterogeneous buffer, polyethyleneimine (PEI). Using dehydrated NU-1000

as a catalyst and PEI with molecular weight 2500 g mol21 as a heterogeneous

buffer, DMNP, Soman, and VX were hydrolyzed with half-lives of 1.8, 3.8, and

12.7 minutes, respectively [70]. The PEI heterogeneous buffer was also used with

Ce-UiO-66 as a catalyst and the half-life for DMNP hydrolysis was found to be fas-

ter using the heterogeneous buffer (4.5 minutes) compared to using the homoge-

neous N-ethylmorpholine buffer (8 minutes) [71].

Chart 6.3 Structures of the homogenous buffers and organic bases as well as the

heterogeneous buffer used as a reaction medium. Note: N-ethylmorpholine is mixed with

acetic acid to generate a buffer solution.
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The examples highlighted in this section demonstrate the considerable progress

that has been made since 2010 in developing MOF catalysts for the hydrolysis of

nerve agents and simulants. From catalysts with half-lives on the order of days to

catalysts capable of hydrolyzing both simulants and nerve agents with half-lives

,5 minutes, in addition to a shift from homogeneous to heterogeneous buffers for

the reaction. In the next section the development of MOF-based textiles and anti-

dotes will be highlighted as these represent continued progress toward the applica-

tion of these materials.

6.5 Catalytic metal-organic framework composites:
textiles and antidotes

One potential approach to applying the MOF catalysts discussed in Section 6.4 is to

incorporate these materials in textiles, specialty fabrics, or coatings. An early exam-

ple of this from Hatton et al. took advantage of �NH2 groups on the surface of

NH22MIL-101(Al)-4-MAP (where 4-MAP is 4-methylaminopyridine) for covalent

attachment to a polyisobutylene (PIB)-toluene diisocyanate (TDI) adhesive layer

through reaction with isocyanate groups [72]. This PIB-TDI adhesive layer was

chosen as it is too large to fit in the MOF pores, but reacts with the surface of the

�NH2 functionalized MOF as well as with hydroxyl groups present in natural fibers

such as cotton and wool. The adhesive layer was used to attach the MOF catalysts

to a butyl rubber glove and the MOF-glove composite was demonstrated to hydro-

lyze diisopropyl fluorophosphate (DFP) with a half-life of approximately 5 hours. A

few years later, Navarro et al. coated electrospun silk fibroin with UiO-66 and lith-

ium alkoxide doped UiO-66 and found half-lives using the composite material of

20 and 50 minutes for DFP and DMMP hydrolysis, respectively [73]. In this case

the MOF catalyst was deposited onto the silk fibroin by spraying a methanolic sus-

pension containing 200 nm MOF crystals directly onto the fiber.

NU-1000 has also been incorporated into textile composites, including a deriva-

tive of NU-1000 functionalized with the halochromic ligand, 5(6)-carboxynaphtho-

fluorescein (CNF) [74]. Farha et al. showed that NU-1000-CNF embedded in a

cellulose fiber membrane could colorimetrically detect the acidic byproduct pro-

duced (i.e., HF) during nerve agent hydrolysis (Fig. 6.12A). The NU-1000/PEI het-

erogeneous catalyst/buffer system discussed in Section 6.4 was also incorporated in

cellulose (a cotton ball) and DMNP was hydrolyzed (97%) by the composite after

30 minutes (Fig. 6.12B) [70]. In each case the cellulose was soaked in a suspension

of NU-1000 to create the composite material.

Using a different approach for the synthesis of MOF-textile composite materials,

Peterson, Parsons et al. grew thin films of UiO-66, UiO-66-NH2, and UiO-67 on

TiO2-coated electrospun nylon 6 nanofibers [75]. Nylon 6 nanofibers were coated

with a 5-nm-thick layer of TiO2 using atomic layer deposition and this coating was

used as a nucleation site for the growth of Zr-based MOF thin films. The UiO-67/

TiO2/Nylon 6 composite gave a half-life for Soman hydrolysis of only 2.3 minutes.
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Follow-up studies looked at using β-cyclodextrin and cetyltrimethylammonium bro-

mide as self-assembly agents (on top of the ALD coatings) [76], in addition to

growth rates of MOF thin films on ZnO, Al2O3, and TiO2-coated polypropylene

fibers [77]. In the latter example the TiO2-coated fibers were found to perform the

best in terms of MOF uniformity and loading as well as stability during the nerve

agent simulant hydrolysis reaction [77].

Some other MOF-textile composites include UiO-66 electrospun in a poly

(methyl methacrylate)/Ti(OH)4 matrix [78]. This material yields a half-life for

DMNP hydrolysis of 29 minutes. Composites of HKUST-1 with cotton and gra-

phitic carbon nitride nanospheres were also studied and found to be capable of

adsorbing, degrading, and colorimetrically sensing the nerve agent simulant

dimethyl chlorophosphate (DMCP), however no information about degradation

half-lives were reported [79,80].

MOFs have also been used to encapsulate and protect nerve agent detoxifying

enzymes [81,82]. Organophosphorus acid anhydrolase (OPAA) is a natural enzyme

that is highly effective for the catalytic hydrolysis of the P�F, P�S, P�O, and

P�CN bonds found in nerve agents. Although this enzyme is highly effective for

nerve agent detoxification, like most enzymes, it is sensitive to its present environ-

ment and suffers from instability in organic solvent at elevated temperature and

with changes in relative humidity. With this in mind, Farha et al. showed that

OPAA can be encapsulated in the large hexagonal pores of the Zr-based MOF,

PCN-128y, while keeping the smaller triangular pores empty and available for reac-

tant and product diffusion (Fig. 6.13) [81]. Although the initial rate of DFP hydroly-

sis using the PCN-128y-OPAA composite was not as fast as that of the free

enzyme, the composite retained catalytic activity after incubation at 55�C, while the
free enzyme only reached 50% conversion of DFP under the same incubation con-

ditions. Similarly, the composite reached 75% DFP conversion after incubation at

Figure 6.12 (A) NU-1000-5(6)-carboxynaphthofluorescein embedded in a cellulose fiber

membrane after exposure to solutions of varying pH [74]. (B) NU-1000 and heterogeneous

buffer, polyethyleneimine, incorporated in cellulose and tested for hydrolysis of DMNP

(simulant) [70].
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70�C while only 20% conversion was achieved using the free enzyme after 70�C
incubation. Building on this work, Farha et al. showed that by extending the

diameter of the MOF pores by 2 Å, using NU-1003 (Fig. 6.13), and by decreasing

the particle size to 300 nm Soman could be catalytically hydrolyzed using the NU-

1003-OPAA composite with an initial reaction rate three times faster than that of

free OPAA [82]. Thus not only is the enzyme protected by the MOF, but its activity

for nerve agent hydrolysis is also enhanced, possibly due to disruption of enzyme

aggregation and/or preconcentration of the substrate and/or the stabilization of a

highly active confirmation of the enzyme in the MOF pores.

The materials outlined in this section demonstrate the significant potential for

MOF catalysts to be incorporated as catalytically active constituents of speciality

fabrics and textiles toward use in protective clothing. In addition, combining MOFs

with well-studied enzymes capable of transforming organophosphorous compounds

yields biocomposites that have the potential to act as MOF-based nerve agent “anti-

dotes” where in one example the framework is used to encapsulate and protect the

highly efficient OPPA enzyme.

6.6 Conclusion and outlook

There has been significant progress in the design and synthesis of catalytic materi-

als for nerve agent and simulant detoxification—from the development of early

generation supramolecular catalysts, to metal-organic frameworks, and MOF-

composite materials. This is readily illustrated by considering the observed

decreases in detoxification reaction half-lives for nerve agents and simulants. At the

advent of molecular and macromolecular strategies for the detoxification of these

insidious weapons, half-lives were first reported to be on the order of days while in

modern catalyst designs they are now measured on the order of minutes.

Figure 6.13 Structure of PCN-128y and NU-1003 with organophosphorus acid anhydrolase

(OPAA) encapsulated in the larger hexagonal pores.

196 Metal-Organic Frameworks (MOFs) for Environmental Applications



As outlined in this overview, progress in this area has been rapid, but there remain

important milestones to be reached. In the most effective catalytic systems the use of

the liquid buffer solution reaction medium must be eliminated or heterogenized for

practical application. Furthermore, catalytic reactions need to be optimized for effi-

cacy in the gas phase for the elimination of agents delivered as a gas or aerosol,

ostensibly for the deployment of these catalysts in modern versions of gas masks,

respirators, protective equipment, and ventilation systems. Independent of these lim-

itations, other aspects for improving the competency of MOFs as catalysts or as scaf-

folds for catalysts include recent efforts to develop consistent synthetic

methodologies to prepare MOF crystallites with sizes in the nano-regime [82�85].

As expected, smaller MOF crystallites boast increased catalytic rates along with sub-

strate access to catalytic sites further within the MOF particle. We anticipate that the

continued development of these types of methodologies will impact the catalytic

degradation of nerve agents regardless of the application (be it for destroying stock-

piles or in protective equipment). In this respect, MOFs engender unique opportu-

nities compared to other supramolecular catalysts. This is in addition to the

consistent development of MOFs that are stable across wider ranges of pH and

improved synthetic techniques making MOFs more accessible on a large scale.

To date, MOFs have successfully been used to capture and detoxify what is

arguably the most repugnant of chemical warfare agents: nerve agents. There is still

much to be learned about MOF catalysts for this application and how best to apply

them in real-world applications be it in masks and clothing, or for the decontamina-

tion of military equipment and bulk stockpiles of nerve agents around the world.
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7.1 Introduction

In the last few decades the world has seen a population and technological growth

unlike any other time in history. Although this growth brings about great benefits

and advantages for human kind, it has also brought about a severe impact on the

earth’s environment. Among the various enviormental concerns produced by the

major population growth, the accumulation of organic pollutants in water and soil

has become one of the most prominent issues the scientific and technology commu-

nities are trying to tackle. In a recent report, the United States Environmental

Protection Agency (EPA) listed organic pollutants such as antibiotics, pesticides,

plasticizers, organic dyes, and other substances whose usage recently escalated on

the priority pollutants list [1]. Most organic pollutants share hallmark characteristics

such as being hard to metabolize, high toxicity, long-range transport, and accumula-

tion in biological bodies.

The contamination of organic pollutants has been realized as a global challenge.

One of the groundbreaking steps in circumventing pollution is the establishment of

the Stockholm Convention. The Stockholm Convention is a multinational treaty

that aims to eliminate and/or restrict the production and usage of persistent organic

pollutants (POPs) [2]. Since its existence in 2001 (entered into force in 2004), over

180 states and parties have signed the treaty, and over 500 chemicals have been

listed or considered as POPs [3].

Currently, most of the procedures to remove organic pollutants take place in

sewage plants, which involves multiple steps such as anaerobic digestion, adsorp-

tion, oxidation, and disinfection using chlorine and ultraviolet light. Although rela-

tively successful, significant attention has been given to research that could

improve the current methods. For example, the existing technologies for wastewater
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treatment suffer drawbacks such as high-energy requirements, incomplete pollutant

removal, and generation of toxic sludge [4]. In order to apply more efficient and

powerful technologies that outperform the current methods, it is widely realized

that developing new materials with higher removal criteria is one of the keys.

The investigation of new materials for pollutant removal has revealed porous

materials as one of the leading candidates to replace traditional platforms. Some

of the porous materials, such as activated carbons and zeolites, have already

been applied to pollutant removal processes. However, these currently available

materials have their own set of limitations. Since it is hard to perform pore mod-

ifications within these materials, they suffer from low selectivity when acting as

adsorbents. Moreover, the limited ability to make adjustments in pore sizes and

shapes, make zeolites and activated carbons only practical for a specific size

range of pollutants.

Metal-organic frameworks (MOFs) are one of the emerging classes of porous

materials. MOFs are constructed by metal ions or metal clusters and organic linkers,

and the two kinds of building blocks are connected through coordination bonds.

Distinguished from common porous materials, MOFs have unique characteristics,

such as extremely high surface area (up to 7000 m2 g21), designable structures, tun-

able porosity, and controlled functionality [5]. Because of these unique properties,

MOFs have shown great potential in numerous fields including gas storage, separa-

tion, catalysis, sensing, biomedical sciences, etc. [6�9]. MOFs can play multiple

roles in water treatment, and optimization of their design and synthesis will maxi-

mize their potential in treating a wide range of pollutants. In this chapter, the cur-

rent research status of MOFs in organic pollutants removal will be introduced. As

the fundamentals, the synthetic and postsynthetic modification methods that orient

MOFs for wastewater treatment will be illustrated, followed by a discussion of their

promising applications in pollutant sensing, selective adsorption, and even decom-

position of organic pollutants. Furthermore, outlook and opinions on the future

research of this field will be addressed.

7.2 Synthesis of metal-organic frameworks

7.2.1 Synthesis approaches

Due to the diversity of MOF structures, their synthesis processes have been an

extremely attractive research topic over the last few decades. Some commonly used

synthetic approaches include conventional heating (hydrothermal and solvothermal

synthesis), mechanochemical synthesis, sonochemical synthesis, microwave-

assisted synthesis, and electrochemical synthesis (Fig. 7.1). With continuous inves-

tigation of these synthesis procedures, scientists now have a better understanding of

the mechanism of MOFs formation and growth. For example, it has been discov-

ered that the synthetic approach used significantly affects the MOF products in

many aspects, which include structure, yield, particle size, morphology, and much

more [10].
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7.2.1.1 Hydrothermal and solvothermal synthesis

Hydrothermal and solvothermal syntheses, which are probably the most common

MOF synthesis methods, generally refer to the reactions in closed containers in

aqueous or nonaqueous environments under autogenous pressure at elevated tem-

perature [11]. Energy in the form of heat is applied to overcome the activation

energy barrier in the reaction between metal ions and organic ligands. There are

numerous examples of solvothermal MOF synthesis, for example, MOF-5, MOF-

74, HKUST-1, ZIF-8, and PCN-250 [12�16]. The synthetic conditions, such as

metal/ligand ratio, solvent, modulating reagent, temperature, and more all greatly

affect the growth of MOF crystals. Thus, identifying the optimized synthetic condi-

tions for a specific MOF is extremely time-consuming and difficult. High-

throughput methods have been demonstrated to be an efficient strategy to optimize

the synthetic conditions [17�19].

The existence of a solvent not only provides a media to dissolve the reactants in

but also functions as a template in the growth of a MOF crystal. The hydrolysis of

DMF (N, N-dimethylformamide) and DEF (N, N-diethylformamide) has been shown

to be able to influence the nature of the MOF product [20]. For example, in a typi-

cal solvothermal reaction between zinc nitrate and 1,4-benzenedicarboxylic acid

(H2BDC), the product could be MOF-5 ([Zn4(μ4-O)(μ-bdc)3]∙3DEF) or

[NH2Et2]2[Zn3(μ-bdc)4]∙2.5DEF when using fresh DEF or DEF/water. NH2Et
1
2 as

the cation from the hydrolysis of DEF was found in the pores. The addition of

NH2Et2Cl resulted in the same product, indicating the template effect of the

NH2Et
1
2 cation. A similar phenomenon was observed for DMF [20].

7.2.1.2 Mechanochemical synthesis

Mechanical force can induce chemical bond formation as well as breakage.

Mechanochemistry is of great economic and environmental interest due to its sev-

eral advantages such as being solvent free, having short reaction times, and even

having mild reaction conditions [21,22]. The first example of solvent-free mechano-

chemical MOF synthesis was reported in 2006 [23]. In the study, metal salt (Cu

(OAc)2) and bridging organic ligand (isonicotinic acid) were ground together for

only 10 minutes to achieve a MOF product. It was found that just grinding is

Figure 7.1 General synthetic approaches for MOFs.

Source: Reproduced from N. Stock, S. Biswas, Synthesis of metal-organic frameworks

(MOFs): routes to various MOF topologies, morphologies, and composites, Chem. Rev. 112

(2012) 933�969 with permission from American Chemical Society, copyright 2012.
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necessary to initiate the reaction. Furthermore. the crystallinity of the MOF contin-

ued to grow hours after the initial grinding.

7.2.1.3 Sonochemical synthesis

Sonochemical synthesis refers to a reaction that occurs in an ultrasonic environment.

Under an ultrasonic environment, small bubbles and cavities are formed in the sol-

vent due to the change of pressure. This creation of bubbles is called acoustic cavita-

tion, which means the formation, growth, and collapse of bubbles in a liquid [24].

Cavitation empowers a unique interaction between molecules and energy. The hot

spots inside the bubbles may reach 5000K and 1000 bar with heating and cooling

rates of 1010K s21 and this energy is utilized in order to synthesize a MOF product.

The primary reason for using a sonochemical synthesis method is to achieve a

rapid, environmentally friendly, and energy-efficient approach [10]. The first

reported sonochemical synthesis of a MOF was Zn3(BTC)2∙12H2O [25]. This 3D

MOF nanocrystal was synthesized under room temperature and atmospheric pres-

sure in 20% ethanol in water under ultrasound irradiation. The diameters of the

obtained nanocrystals ranged from 50 to 900 nm and this was tuned by the change

of reaction time.

7.2.1.4 Microwave-assisted synthesis

Microwave irradiation is a form of electromagnetic irradiation with mobile electric

charges and is commonly used in organic synthesis [26,27]. Examples of

microwave-assisted solid phase reactions and solvent-based reactions have recently

been reported for MOF synthesis [28,29]. Generally, microwave radiation increases

the rate of crystallization, therefore providing a more rapid way of synthesizing

MOF crystals with smaller sizes compared to conventional heating.

The first example of microwave-assisted MOF synthesis is Cr-MIL-100 [30].

This MOF was synthesized at 220�C for 4 hours with microwave irradiation. The

yield reported was 44%, which was comparable to the conventional heating

approach that uses a 4-day reaction time. Since then, there have been numerous

studies in this field. To understand the characteristics of microwave synthesis, ex

situ powder X-ray diffraction measurements were utilized to investigate the crystal-

lization kinetics of HKUST-1 (Cu3(BTC)2(H2O)3), a well-established MOF [31]. It

was found that microwave irradiation mainly accelerates the nucleation process

rather than the crystallization process. This is explained from fundamentals that the

pre-exponential factor of the Arrhenius equation was significantly increased instead

of the activation energy being lowered.

7.2.1.5 Electrochemical synthesis

In an electrochemical synthesis setup, the metal cations diffuse to the reaction

medium through the anode. The organic linkers are dissolved in the electrolyte,

where they react with metal cations. The primary advantage of electrochemical syn-

thesis of MOFs is the exclusion of anions (e.g., chloride and nitrate), which has
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been shown to be beneficial for large-scale production [10]. Moreover, this syn-

thetic approach is especially suitable for the formation of MOF films and patterned

coating [32].

7.2.2 Water stability of metal-organic frameworks

The stability of MOFs in water is one of the most decisive factors in determining a

MOFs’ potential in the application of wastewater treatment. In the presence of water,

MOFs can undergo a decomposition process, as shown in Scheme 7.1 [33,34]. A lot

of efforts have been made on improving water stability of MOFs, including both

understanding and elucidating the origin of MOFs’ stability, and especially the syn-

thesis of water stable MOFs.

7.2.2.1 Thermodynamic stability factors and examples

Generally, with the existence of both covalent bonds and coordination bonds in

MOFs, the coordination bonds between metal and ligand fundamentally determine

the thermodynamic stability of MOFs. According to Pearson’s hard/soft acid/base

(HSAB) theory, a strong coordination bond can be formed by a hard acid and hard

base, or a soft acid and soft base. HSAB theory explains two main categories of

stable MOFs: high-valent metal ions (hard acid) with carboxylate ligand (hard base)

and low-valent metal ions (soft acid) with azolate ligands (soft base) [35].

The stable MOFs with carboxylate ligands as hard bases usually contain high-

valent metals ions, such as Zr41, Ti41, Fe31, Cr31, and Al31. Zr-based MOFs have

attracted tremendous attention recently [36]. The first reported Zr-MOF is UiO-66

which consists of 12-connected Zr6 cluster and terephthalic acid as the ligand [37].

The stability of UiO-66 is mainly due to the strong Zr�O bonds and the ability of

the inner Zr6 cluster with its ability to reversibly rearrange upon removal or addi-

tion of μ3-OH groups without changing the connected carboxylate ligands.

The MIL (Material Institut Lavoisier) series was developed by Férey and cowor-

kers [38�40]. Most of the MIL series MOFs, such as MIL-53, MIL-88, MIL-100,

and MIL-101, consist of trivalent metals Fe31, Al31, and Cr31. The six-connected

[M3(μ3-O)(COO)6] cluster or linear [M(OH)(COO)2]n cluster are the two common

trivalent metal clusters. Taking MIL-101(Cr) as an example, the MOF consists of

Cr3 clusters and terephthalic acid ligands and shows high stability with large pores

and high surface area.

Stable MOFs are also formed by azolate ligands (including pyrazole, imidazole,

triazole, and tetrazole) and soft acids such as Zn21, Co21, Cu21, and Mn21. The

most well-established examples are zeolitic imidazolate frameworks (ZIFs) with

M-(Ln-) + H2O M-H2O + Ln-

MOF state decomposed state

Scheme 7.1 Proposed MOF decomposition mechanism in water.
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M21 and imidazolate ligand [15]. The Yaghi group first published a series of ZIFs

with exceptional chemical and thermal stability. Their stability can be explained by

the strong metal�imidazole bond and the M-Im-M 145-degree angle that coincides

with the Si-O-Si angle in zeolites. The topology of ZIFs can be varied by using

imidazole with different R chains. Among these ZIFs, ZIF-8 (Zn(mIM)2, mIM5 2-

methyl imidazole), and ZIF-11 (Zn(bIM)2, bIM5 benzimidazole) notably display

excellent chemical and thermal stability.

7.2.2.2 Kinetic stability factors and examples

Beside thermodynamics, the stability of MOFs is also affected by several kinetic

factors, such as ligand length and rigidity, connectivity, and hydrophobicity of the

framework [35]. The length of the ligand can affect the rate of its replacement by

attacking species, and MOFs with shorter ligands show better robustness than the

ones with elongated linkers. As demonstrated in Fig. 7.2, in order to leave the coor-

dination sites, short and rigid ligands would bend to a larger angle compared to a

longer and less rigid ligand. This would raise the activation energy of decomposi-

tion, therefore improving the robustness of the MOF [41]. Higher ligand-cluster

connectivity also improves the stability of the framework by increasing the rate of

defect repair. Besides, inclusion of hydrophobic groups into MOFs can also help

repel water in the pores and avoid the coordination bond from being attacked by

water. ZIF-8 with the methyl group on the imidazole ligand is a typical example of

this [15]. The water attack to the ZnN4 unit is blocked by the methyl group. And

the existence of methyl group also narrows the pores, therefore facilitating desorp-

tion of the adsorbed moisture. This is proved by the narrowing of the hysteresis

loop on the water adsorption�desorption isotherm [42].

7.2.3 Modifications of metal-organic frameworks

In addition to the wide library of MOF platforms, MOFs can be modified by vari-

ous chemical treatments, while the porous nature and crystallinities are still main-

tained. This is a powerful tool that is able to induce functionalities, change the

polarity, or even modify pore environments of the MOF structure. Modifications

Figure 7.2 Kinetic stability of MOFs with ligands of different lengths.

Source: Reproduced from K. Wang, X.-L. Lv, D. Feng, J. Li, S. Chen, J. Sun, et al.,

Pyrazolate-based porphyrinic metal-organic framework with extraordinary base-resistance, J.

Am. Chem. Soc. 138 (2016) 914�919 with permission from American Chemical Society,

copyright 2016.
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that are applied after the crystal is formed are known with the term of postsynthetic

modifications, but they can also be applied during the formation of crystals in a

way that alters the structures of the parent MOF, which usually results in the forma-

tion of composite structures [43].

7.2.3.1 Exchange of building blocks

Both metal nodes and organic linkers can be changed using postsynthetic modifica-

tion (PSM) processes [44]. The resulting structures will mostly have a similar topol-

ogy, with the only difference of bearing a different metal unit or linker. PSM is

especially a great tool if the direct synthesis of a MOF is not feasible. Both metal

and linker exchanges are done by soaking the MOF crystals into solution of desired

building blocks to be exchanged considering the dynamic nature of MOFs. The

optimal conditions are determined based on metal type and charge, as well as linker

type and connectivity.

Exchanging the linker usually focuses on importing a functionality into the MOF

pores, however, it can also be applied to gradually change the pore size [45]. To

date, many functional groups have been imported to MOFs using linker exchange,

including �OH, �NH2, �N2
3 , and halogens. Besides, further chemistry can be per-

formed, such as a click reaction on an azide group [46]. A linker that has the

desired functional group with similar size and connectivity can be synthesized and

then exchanged by soaking the MOF crystals into solution of the synthesized

replacement linker. In most cases, the exchange is done with another linker of same

type of connector of functional group (e.g., carboxylate). This makes the energy

change of the exchange negligible, so the process follows Le Chatelier’s principle.

Kinetics, however, depends on the strength of the metal-linker bond and can be

tuned by variables like temperature and solvent type [47].

It is possible to import functionality to a MOF by introducing different metal

species by exchange, which in turn is a feasible way to produce MOFs that are not

possible by straight solvothermal synthesis [48]. The exchange rate is highly depen-

dent on the types of metal and linkers, which follows Irving�Williams series of

coordination complex stability prediction. When the environment of the metal is

kept identical, metals with greater crystal field stabilization energy are expected to

have a more stable complex, with the order Mn(II), Fe(II),Co(II),Ni(II),Cu

(II).Zn(II) [49]. The series are generated for high-spin octahedral complexes,

while a different order may be obtained if different geometry or low-spin com-

plexes are present. Because of these restrictions, it is possible to obtain partially

exchanged metal clusters, which could produce interesting results for applications

in catalysis [50].

7.2.3.2 Pore expansion

The majority of MOFs are in the microporous region (,2 nm). Developing MOFs

with larger pore sizes will open new opportunities for a wider range of applications.

Through methods like isoreticular expansion and topologic design, pore sizes could
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be increased to moderately sized mesopores. Isoreticular expansion is synthesizing

new MOF structures with longer chain ligands while the metal nodes and the topol-

ogy stay the same [51]. Combined with isoreticular expansion, synthesizing MOFs

with certain topologies could yield pore sizes reaching 6 nm [52]. On the other

hand, it is possible to form even larger pores with different shapes, though usually

less ordered, by creating so-called “defects” in the MOF crystals. Defects can be

considered as the absence of building blocks while other parts of the crystal will

still be intact. Unlike previously mentioned modifications, careful control and

manipulations are needed to manage the defects. They can be generated during syn-

thesis by the addition of other reagents such as partial linkers or surfactants, or

even by postsynthetically removing the building blocks with etching agents [53].

Thermal treatment has also proven to be an efficient approach for creating defect-

rich MOFs. For example, pores of controlled sizes can be generated by a linker

thermolysis process of multivariate MOFs. The selections of ligands and tempera-

ture of thermolysis are utilized to form different sizes and amounts of mesopores

which could be helpful to store or remove large organic pollutants [54].

7.2.4 Metal-organic frameworks-based composites

MOFs can be combined with other functional materials, forming composites. A

variety of materials such as metal nanoparticles, metal oxides, silica, carbon, poly-

mers, or even enzymes can be incorporated with MOFs, with an aim of improving

the properties and developing novel functionalities [55]. This area of research pro-

vides endless possibilities and current examples have already prove successful.

Here only a few examples are discussed to demonstrate how each composite could

improve different properties.

7.2.4.1 Metal-organic framework�polymer composites

It is possible to grow MOFs within the matrix of polymers, while polymers can also

be synthesized within the pores of MOFs. Each of the combinations has its own

advantages. For polymers grown in MOFs, much narrower weight distribution as

well as more ordered polymerization can be obtained in such confined spaces [56].

On the other hand, specific nanostructures can be obtained when synthesizing

MOFs on the surface of polymers [57]. Each part of the composite can be utilized

to have a better control over the other one’s properties. Besides, it is possible to

incorporate MOF crystals and polymers into a single chemically bound composite

by employing vinyl functionalized linkers in the MOF and then polymerizing with

additional monomers. Such a structure would benefit from the properties of the

polymer, for example, elasticity, and the functionality of MOF [58].

7.2.4.2 Thermal annealing of metal-organic frameworks

By annealing MOFs in presence of oxygen, metal oxide nanoparticles can be pro-

duced in MOF crystals. The metal sources could be introduced into the framework

210 Metal-Organic Frameworks (MOFs) for Environmental Applications



by gas or solution phase, or directly synthesized from the metal node itself. For

example, catalytically active metal oxides such as Co3O4 [59] and Cu/ZnO [60] can

be produced with controlled sizes while encapsulated in MOFs. These structures

fully utilize the catalytic activity of the nanoparticles with the help of porosity pro-

vided by MOF, maximizing the active surface area in the smallest volume. Thermal

annealing of MOFs in inert atmosphere derives metal oxide�carbon composites.

These kinds of carbon materials have high surface area and a hydrophobic structure,

and are considered as promising adsorbents of organic pollutants. In a typical exam-

ple, annealing of Fe-MOFs formed porous carbon�Fe3O4 nanocomposites. These

materials not only displayed high-performance in organic pollutant adsorption, but

also allowed magnetic separation and recovery, making them one of the best mate-

rials for organic pollutant separation [61].

7.3 Applications of metal-organic frameworks in organic
pollutants removal

7.3.1 Interactions between metal-organic frameworks and
organic molecules

Since MOFs are inorganic�organic hybrid materials, there are a variety of interac-

tion modes that can occur between MOFs and organic molecules. As shown in

Fig. 7.3, some of these possible interactions are hydrophobic, electrostatic, acid-

�base, π�π effect, and hydrogen bonding [62]. The controllable functionality of

MOFs allows scientists to engineer the interactions between MOFs and organic pol-

lutants, making MOFs potential candidates for the detection, adsorption, and

decomposition of organic molecules.

7.3.2 Luminescent metal-organic frameworks for organic
pollutants detection

Luminescent metal-organic frameworks (LMOFs) possess the ability to have differ-

ent luminescent mechanisms enabled by multivariate luminophore resources such

as metal centers, aromatic organic linkers and encapsulated guest molecules, which

all can be used in order to create sensors for gases, ions, organic explosives, and so

on. Recently, chemists have expanded LMOF sensors into environmental applica-

tions, and their portable and real-time sensing properties greatly exceed traditional

environment monitoring methods. Moreover, MOFs can not only be used as sen-

sors, but they can also be used as traps and degradation catalysts for organic pollu-

tants like dyes, herbicides, pesticides, and antibiotics [63].

7.3.2.1 Sensing mechanism

Generally, based on the resources of luminescence, the LMOF sensors are functio-

nalized through organic ligands or metal cations. Guest molecules, which can either
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be organic molecules or inorganic species, are encapsulated within the porous

cavities and contribute to the emission of the framework in various ways. Thus,

decoding the luminescent output within MOFs, turn-on, turn-off, or quenching,

necessitates all the possible photophysical interactions integrated into account.

Purely ligand-based emission has been the most researched because of the sim-

plified luminescent center which exists only from conjugated organic groups and

can only be influenced by binding and/or coordination of guest analytes. The bind-

ing of guest molecules through covalent interactions changes the electronic charac-

ter of the ligands, leading to alteration of PL properties. In contrast with organic

linkers, metal ions, especially lanthanide metals, possess intense, long-lived, and

sharp emissions in the visible region. They usually participate in ligand-to-metal

charge transfer (LMCT) or metal-to-ligand charge transfer (MLCT) with both pro-

cesses displaying significant emissions on a large scale. Recently, more complicated

cases take the ligands, metals, and guests molecules into account, where the diversi-

fied interactions between them due to specific orientations greatly manipulated the

photoluminescence (Fig. 7.4) [64].

Figure 7.3 Scheme of different adsorption mechanisms for water pollutant adsorption by

MOFs.

Source: Adapted from Z. Hasan, S.H. Jhung, Removal of hazardous organics from water

using metal-organic frameworks (MOFs): plausible mechanisms for selective adsorptions, J.

Hazard. Mater. 283 (2015) 329�339 with permission of Elsevier, Inc.
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7.3.2.2 Luminescent sensors

Functionalized MOFs can work as sensors for cyanides and phosphates, which can

be generated from the decomposition of organics such as dyes and pesticides. By

using a postsynthetically modified phase of the M-ZIF-90 (M for modified), Ghosh

and coworkers have proposed the first LMOF-based cyanide sensing (Fig. 7.5) [65].

The dicyanovinyl (DCV) group generated from the addition of malonitrile to alde-

hyde is highly sensitive toward nucleophilic cyanide ions through addition reaction,

weakening the conjugated systems and quenching fluorescence in turn. This highly

tunable aldehyde groups in ZIF-90 is a practical platform for further chemical mod-

ification and this result has opened a path for creating reaction-based sensors for

organic pollutants.

Phosphorus is essential to human life and is found in many fields of life. However,

it is also known to be the basis of many water pollutants such as phosphates and organ-

ophosphorous pesticides (OPPs). Qian and coworkers created a highly selective

PL-quenching based sensor of PO32
4 ions in a water medium by using a 2D-bilayer

open framework Tb(III)-compound, TbNTA1 (NTA5 nitrilotriacetate, Fig. 7.6) [66].

The specific sensitivity of this system may be explained by the tetrahedral geometry of

the phosphate anions, which matches the C3v symmetric cavity very well. After

TbNTA1 was incorporated with PO32
4 anions, the Tb-O bond may dilute the energy

that is transferred to Tb31 via nonradioactive relaxation.

Furthermore, Yang et al. used Fe3O4@SiO2@UiO-67 nanocomposite as a “smart

absorbent” to realize simultaneous detection and removal of OPPs [67]. FTIR, XPS,

and emission spectrum were applied to investigate the adsorption/detection mecha-

nism. After absorption, a new peak of P�O stretching emerged, indicating the

forming of Zr�O�P bonds. Also, the fluorescence intensity is enhanced with the

addition of glyphosate which reveals that the combination of glyphosate and Zr-OH

groups promotes the electron transfer, which in turn enhances fluorescence intensity.

This smart magnetic absorbent is assembled with great selectivity and sensitivity.

The magnetic property of Fe3O4 and photoelectronic stability of SiO2, help shed light

in exploring smart composite materials.

Figure 7.4 (A) Scheme of origin of photoluminescence. (B) Scheme of possible interactions

within MOFs influential in photoluminescence.

Source: Adopted from W.P. Lustig, S. Mukherjee, N.D. Rudd, A.V. Desai, J. Li, S.K. Ghosh,

Metal-organic frameworks: functional luminescent and photonic materials for sensing

applications, Chem. Soc. Rev. 46 (2017) 3242�3285.
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Developing MOF sensors with ultralow limits of detection (LOD) is of great

importance. Through topology analysis of D4h eight-connected Zr6 clusters and D3h

three-connected linkers, Zhou and coworkers reported two water stable Zr-based

MOFs that can detect antibiotics and remove the pollutants from water at the same

Figure 7.6 Schematic illustration of geometrical selectivity upon PO32
4 .

Source: Adopted from H. Xu, Y. Xiao, X. Rao, Z. Dou, W. Li, Y. Cui, et al., A metal-

organic framework for selectively sensing of PO432 anion in aqueous solution, J. Alloys

Compd. 509 (2011) 2552�2554.

Figure 7.5 (A) Fluorescence quenching of M-ZIF-90 upon addition of CN2 ions. (B)

Schematic illustration of site for nucleophilic addition within ligand. (C) Electronic potential

map of the LUMO energy state of the ligand showing electron deficiency over the double

bond of the DCV group.

Source: Adopted from A. Karmakar, N. Kumar, P. Samanta, A.V. Desai, S.K. Ghosh, A.

Post-Synthetically Modified MOF for selective and sensitive aqueous-phase detection of

highly toxic cyanide ions, Chem. Eur. J. 22 (2016) 864�868.
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time [68]. These MOFs can be quenched by trace nitrofurazone (NZF) and nitrofur-

antoin (NFT) antibiotics as low as parts per billion (ppb) levels. It is proposed that

the hydrophobic nature, suitable pore size, as well as the large surface areas, play

cooperative roles in improving the sensing and adsorption of the MOFs.

Li and coworkers reported LMOF-241 [Zn2(bpdc)2(tppe), bpdc5 [1,10-biphe-
nyl]-4,40-dicarboxylic acid, tppe5 1,1,2,2-tetrakis(4-(pyridin-4-yl)phenyl) ethene]

which selectively detects the mycotoxin aflatoxin B1, a highly carcinogenic toxin

produced by common food-contaminating fungi in the genus Aspergillus [69]. The

sensing takes place in dichloromethane, with the presence of the toxin inducing

quenching in the LMOF emission, and has a limit of detection of 46 ppb. The selec-

tivity of the quenching for aflatoxin B1 of the average of the summed absolute

orbital overlap between aflatoxin B1 and LMOF-241 is 0.57, much stronger than

that of aflatoxin B2 (0.17), which facilitates a more efficient electron transfer and a

higher extent of fluorescence quenching.

7.3.3 Metal-organic frameworks for organic pollutants
adsorption

MOFs are considered to be a favorable platform for both gaseous phase and liquid

phase adsorption [70,71], since the extremely high surface area and porosity could

contribute to the accessibility of adsorption sites and diffusion through the frame-

work. By choosing the linkers as well as adjusting the connectivity of the metal

ions, the porosity of MOFs can be accurately modulated to fit different targeting

adsorbates. Table 7.1 lists some of the recent studies of organic compound adsorp-

tion by MOFs. Besides high surface area and porosity, hydrophobic, electrostatic,

acid�base, π�π interactions, and hydrogen bonding between MOF absorbent and

pollutant frequently contribute to the adsorption. In this section, we will focus on

using MOFs for the adsorption of organic residues in water, such as dyes from

industry, herbicides and pesticides from agriculture, and other newly emerged

organic contaminants [72]. The organic residues in water are normally at very low

concentrations, and it is hard to remove them using other approaches.

7.3.3.1 Organic dyes adsorption by metal-organic frameworks

Most of the organic dyes are chemically stable and not considered biodegradable in

water. Even though normal water treatment can remove a large portion of these

chemicals, the extremely low concentration of organic dyes is still potentially haz-

ardous to the environment. Typically, the organic dye molecules consist of conju-

gated π-bond chromophores, auxochromes (�COOH, �OH, �NH2, �NHR, �NR2,

etc.), and other functional groups (such as 2SO2
3 group to improve water solubil-

ity). Therefore, electrostatic interactions between MOFs and adsorbed dyes is one

of the important factors to achieve high adsorption performance. Haque et al.

reported that NH2-MIL-101(Al) has a remarkable capacity for MB adsorption (up

to 762 mg g21) [73]. The electrostatic interaction between the cationic MB and the

electron lone pairs on the amino groups in the MOF contributes to the high
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Table 7.1 Pollutant, MOFs, and their dominant interactions.

Pollutant MOF Qm (mg g21) b (L mg21) CPollutant

(mg L21)

CMOF

(mg L21)

Interactions Ref.

Methyl orange NH2-MIL-101(Al) 188 0.019 20�200 50 Reactive

adsorption

[73]

Methylene blue [Cd6(L)2(bib)2(DMA)4] 102 � 10 100�600 Pore size [74]

Rhodamine B [bbpy][Bi4I16] n.a. n.a. 4.8 3000 Hydrogen bond [75]

Congo Red Zn(bdc)(tib)] � 3H2O 60 � 35 1000 Open metal site [76]

Methyl blue MIL-100(Fe) 8.47 1.11 20�60 2500 Electrostatic [77]

Isantin MIL-100(Fe) Electrostatic [77]

Fluorescein dye [Cu(INA)2] 67 1.364 3�18 400 Electrostatic [78]

Methylchlorophenoxypropionic acid UiO-66(Zr) 370 n.a. 20�170 100 Electrostatic /

π2π
[79]

2,4-Dichlorophenoxyacetic acid MIL-53(Cr) 556 0.168 10�150 100 Electrostatic /

π2π
[80]

Glyphosate UiO-67(Zr) 540 0.074 5.4�72 30 Reactive

adsorption

[81]

Glufosinate UiO-67(Zr) 538 0.465 5.1�68 30 Reactive

adsorption

[81]

Dimethyl phthalate MIL-53(Al) 206 � 25 75 π2π [82]

Phthalic acid ZIF-8 654 n.a. n.a. 100 Acid�base [83]

Phthalic acid UiO-66(Zr) 187 n.a. n.a. 100 π2π [83]

Qm is Langmuir parameter for the maximum adsorption capacity and b is Langmuir constant.



capacity. Also, the electrostatic interaction will lead to preferential adsorption when

multiple dyes exist. Jia et al. reported an example of MB (cationic), methyl blue

(MyB, anionic), and isatin (neutral) adsorption by MIL-100(Fe) [77]. The MOF

only showed adsorption toward MB and MyB due to the electrostatic interactions

between the host and the dye. Zhang et al. investigated the adsorption of MB, MO,

RhB, and Congo Red (CR) by using a MOF: [Zn(bdc)(tib)] � 3H2O (tib5 1,3,5-tri

(1H-imidazol-1-ly)benzene and bdc5 1,4-dicarboxybenzene) [76]. It showed exclu-

sive affinity to CR over three other dyes. The selectivity was expected to be due to

the pore size and interactions between the open metal site and the CR.

7.3.3.2 Herbicides and pesticides removal by metal-organic
frameworks

Compared to conventional adsorbents like zeolite and activated carbon, the inor-

ganic�organic hybrid nature of MOFs is especially favorable to the adsorption of

herbicides and pesticides. Seo et al. investigated the adsorption of methylchloro-

phenoxypropionic acid (MCPP) by using UiO-66(Zr) [79]. UiO-66(Zr) showed

faster and higher MCPP adsorption than activated carbon. The interactions

between UiO-66(Zr) and MCPP were ascribed to strong electrostatic interactions

as well as π�π interactions. Jung et al. applied MIL-53(Cr) for aqueous adsorp-

tion of 2,4-dichlorophenoxyacetic acid (2,4-D) [80]. They found that pH value

could affect the 2,4-D adsorption. When pH is lower than the isoelectric point of

the MOF, the positively charged MOF absorbent showed strong binding to 2,4-D.

In contrast, at higher pH value, only π�π interactions contributed to the adsorp-

tion. From the study by Zhu et al., UiO-67(Zr) was found to show adsorption

toward glyphosate (GP) and glufosinate (GF) [81]. The Zr-OH moieties in UiO-67

(Zr) absorbent could react with the organophosphorus pesticides (GP and GF),

thus forming complexes. Therefore, chemisorption rather than electrostatic

adsorption is the main adsorption mechanism.

7.3.3.3 Emerging organic contaminants

Emerging organic contaminants refer to those compounds that have been recently

developed, newly discovered in the environment, or have only recently been catego-

rized as contaminants [82]. Compared to common organic pollutants, the methods

for treatment are far from established. Therefore, removing these pollutants by an

adsorption method is highly needed. Li et al. tested MIL-53(Al) for removing

dimethyl phthalate (DMP) from water [83]. They showed that the MOFs synthe-

sized from different sources displayed different textural properties, which affected

the adsorption performance. The MOF synthesized from aluminum oxide outper-

formed all the others, showing 71% more DMP adsorption comparing to the least

adsorptive absorbent. The π�π interactions played a dominant factor in adsorption.

Khan et al. compared phthalic acid (PA) and diethyl phthalate (DEP) adsorption on

ZIF-8, UiO-66(Zr), and NH2-UiO-66(Zr) [84]. They found these MOF absorbents

showed less adsorption to DEP than PA, ascribing this to the lack of electrostatic
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interactions between the MOF absorbent and the neutral DEP. Besides, it was found

that acid�base interactions were the main adsorption driving force for ZIF-8, while

π�π interactions dominated for UiO-66(Zr).

7.3.4 Metal-organic frameworks for organic pollutants
decomposition

Decomposition of organic pollutants is an important method in wastewater treat-

ment. The goal of the process is to transform the persistent or nonbiodegradable

organic pollutants into less toxic fragments, and potentially even CO2, H2O, and

inorganic ions. One of the advantages of the decomposition method is that it can be

integrated as a step in the whole process of water treatment, therefore reducing the

cost of pollutant transportation and the subsequent risks of leaking, second time

contamination, etc. The main reaction in the decomposition process is oxidation.

Traditionally, oxidation and subsequent decomposition of organic pollutants has

relied on chlorine-based strong oxidants. However, the generated products are

mutagenic and carcinogenic to human health [85�88]. As an alternative and

environmentally benign approach, advanced oxidation processes (AOPs) have

drawn great attention in recent years. In AOPs, highly reactive and nonselective

species (such as UOH; UO2
2 ; and SOU24 ) are generated in situ via catalytic reactions

such as Fenton-type reactions or photocatalysis.

Compared to conventional materials, MOFs are reported to have better perfor-

mances in AOPs. The advantages of MOFs in AOPs can be summarized as follows.

Since MOFs have already been proved as good sorbents, there is a great potential

to combine adsorption and decomposition processes in a single material. Second, as

a porous material with extremely high pore volumes and surface areas, MOFs pro-

vide adequate room for chemical reactions to occur. Finally, yet just as important,

MOFs are composed of discrete metal ions or metal-oxo cluster/chains and organic

linkers. Both the metal ions/clusters/chains and the organic linkers can work as cat-

alysts. Therefore, the localized ratios between catalyst and substrate are greatly

enhanced and the efficiency for the oxidation reactions will soar. The application of

MOFs in AOPs, especially photocatalysis, has been reviewed by several research-

ers. In this section, we will focus on the type of highly active species generated by

MOFs, which might inspire more great ideas in the future.

7.3.4.1 Generation of hydroxyl radicals

Hydroxyl radicals (�OH) are powerful oxidants toward a wide spectrum of organic

contaminants. Generally, �OH are formed by decomposition of H2O2 using Fenton

or Fenton-like reactions. Among various metal species that display catalytic activi-

ties, iron is still proved to be the best candidate with good performance. A variety

of catalytic iron species, including metal salts (Fe21 or Fe31), metal oxides (e.g.,

Fe2O3, Fe3O4), and zero-valent metal (Fe(0)) have been applied in �OH production.

Iron-carboxylate MOFs have been widely studied for Fenton-type reactions. These

MOFs contain trinuclear iron-oxo clusters (e.g., MIL-88 series and MIL-100) or
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iron-oxo chains (e.g., MIL-53) as secondary building units (SBUs). These SBUs

have similar structures as iron oxides. Therefore, they share the same mechanism in

Fenton-type reactions. For example, a series of work by Guo and coworkers investi-

gated degradation of phenol at mild conditions (neutral pH, 35�C) by MIL-53(Fe),

MIL-53-NH2(Fe), and mixed-metal MIL-53(Fe-Mn) [89�91]. Their works illus-

trated the important role of Fe(II) in the framework during the Fenton reaction.

Moreover, performance enhancement was found when using Fe-Mn mixed-metal

MOFs (Fig. 7.7), which could be due to the synergetic induction of �OH and �HO2

by Fe(II)/Fe(III) and Mn(II)/Mn(III) redox repairs (Eqs. 7.1�7.3).

Fe IIIð Þ1 1e2 ! Fe IIð Þ;E0 52 0:77 V (7.1)

Mn IIIð Þ1 1e2 ! Mn IIð Þ; E0 52 1:51 V (7.2)

Mn IIIð Þ1 Fe IIð Þ ! Mn IIð Þ1 Fe IIIð Þ;E0 52 0:73 V (7.3)

It is also noteworthy that ultraviolet or visible-light irradiation will promote

the production of �OH and elevate the performance of water depollution, which

is known as the photo-Fenton reaction. The trinuclear Fe-oxo clusters or one-

dimensional Fe-oxo chains in MOFs can be considered as downsized iron oxi-

des. They enable the charge carriers to effectively reach the reactants adsorbed

at the surface and minimize the electron-hole recombination, which is a major

problem that their bulky counterparts suffer [92]. Many categories of organic

pollutants have been tested in MOFs-catalyzed photo-Fenton reactions including

small molecules (benzene and phenol), organic dyes, medicinal chemicals, and

plasticizers.

Figure 7.7 The synergetic effect between the Fe and Mn in Fe-Mn-MIL-53 on radical

generation.

Source: Adopted from Q. Sun, M. Liu, K. Li, Y. Han, Y. Zuo, F. Chai, et al., Synthesis of

Fe/M (M5Mn, Co, Ni) bimetallic metal organic frameworks and their catalytic activity for

phenol degradation under mild conditions, Inorg. Chem. Front. 4 (2017) 144�153.
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7.3.4.2 Generation of singlet oxygen

Singlet oxygen (1O2) is the lowest exited state of an oxygen molecule. It can be

simply generated by energy transfer from an excited triplet state photosensitizer

to a ground state molecular oxygen (3O2). As a highly active species, 1O2 have

been applied in oxidation reactions in various fields ranging from organic com-

pound transformation [93] to photodynamic therapy [94]. It also has shown great

potential in water depollution [95,96]. Since most of the photosensitizers are

organic molecules, it is possible to synthesize photoactive molecules that can both

work as MOF linkers and photosensitizers. Typical examples are porphyrin-based

MOFs. In order to synthesize water stable porphyrinic MOFs and explore their

applications in aqueous solutions, one of the best potential candidates is a series

of MOFs composed of Zr-oxo clusters and tetrakis (4-carboxyphenyl)-porphyrin

(TCPP) linkers. Due to the high connection number of Zr6 clusters (up to 12 con-

nections) and tetratopic linker, there are various structures of Zr-TCPP MOFs,

which correspond to different topologies and Zr6 node connection number. For

instance, by changing the synthetic conditions, 12-connected MOF-525 [97] and

PCN-223 [98], 8-connected MOF-545 (PCN-222) [99], and 6-connected PCN-224

[100] can be formed. All of them show high robustness in water, which allows for

great potential for their practical application in water treatment. Due to their large

surface area, relatively large pore sizes (. 1 nm), and aromaticity of porphyrinic

linkers, they have shown great potential in adsorption and degradation of aromatic

pollutants. One of the typical examples is the decomposition of bisphenol A

(BPA), a chemical that has been widely used in plastics but can cause endocrine

disruption [101]. One of the typical Zr-TCPP MOFs, PCN-222, has been used in

removal of BPA. The 3.7-nm permanent channel facilitates the adsorption, of

which the uptake reached as high as 487.696 8.37 mg g21 (15 molecules per unit

cell). Upon visible-light irradiation, 1O2 generated from porphyrin linkers can

efficiently degrade the preadsorbed BPA in 10 minutes.

7.3.4.3 Generation of sulfate radical

The sulfate radical (SO4
�

�) has a high oxidation potential (E05 2.60 V vs NHE).

Due to the high oxidation activity and preference in reacting with organic com-

pounds, sulfate radical has shown great potential in eliminating harmful pollutants

in wastewater and has been considered as an important constituent of AOPs. Sulfate

radicals can be formed by the activation of persulfate (PS) or peroxymonosulfate

(PMS) via multiple approaches, including heat, UV, sonication, alkaline pH, and

transition metal ions [102�105]. Transition metal oxides such as Fe3O4, Co3O4,

and CuFe2O4 can also be used as solid activators [106,107]. MOFs have been

shown to be effective activators for the generation of sulfate radicals. Compared to

nonporous metal oxides, MOFs are distinguished by the properties of their highly

porous nature and discrete metal nodes. Therefore, the contact between metal spe-

cies, persulfates, and substrates is significantly improved, which results in the

enhancement of depollution performance. Among various kinds of MOFs, Fe- and
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Co-based MOFs are widely studied for activation of PS and PMS, respectively.

Water-soluble large organic molecules are studied as substrates. For example, typi-

cal Fe-MOFs, including MIL-101(Fe), MIL-100(Fe), MIL-53(Fe), and MIL-88B

(Fe), were studied in removing acid orange 7 (AO7). The adsorption isotherms of

AO7 by four MOFs fitted well with the Langmuir model, and both the adsorption

and the oxidation capability followed the order as MIL-101(Fe).MIL-100(Fe).
MIL-53(Fe).MIL-88B(Fe) [108]. Fe-MOFs have been proved effective in the

decomposition of other dye molecules such as Orange G (OG) [109] and RhB

[110]. Further enhancement can be achieved by the combination with visible light.

In a typical example, under white LED irradiation, MIL-53(Fe)-catalyzed degrada-

tion of AO7 was significantly accelerated even at a low stoichiometric concentra-

tion of PS [111]. It is believed that the introduction of PS effectively suppressed the

recombination of charge carriers, and the formed radicals (SO4
�

�, and �OH) pro-

moted the photocatalytic performances.

7.4 Conclusion

In the 21st century, we have witnessed great developments in the research of MOF-

based materials, both in the synthesis and developing their applications. Owing to

their variable chemical composition, high porosity, special pore structure, and ver-

satile functionalities, MOFs have drawn significant attention and have already

shown great potential in organic pollutants removal and wastewater treatment. In

this chapter, we have shown that MOFs can work as sensors, adsorbents, and

decomposition catalysts. Nevertheless, most of the studies are still at the early

stage, and it can be easily seen from the literature that there is great gap between

the research of MOFs chemistry and their applications in environmental related

fields. Therefore, efforts should be made by both chemists and environmental engi-

neers to bridge this gap, and together improve the practical application of MOFs in

organic pollutants removal. For future research, the emphasis will be placed on the

following directions:

1. Considering the scale of water treatment and the great amount of materials needed, it is

highly important to develop methods that can achieve both low-cost and large-scale syn-

thesis of MOFs. Especially, MOFs synthesized from cheap metals will be favorable. To

reduce the waste production from the synthesis, green solvent (e.g., water), recoverable

solvent, or solventless methods are highly needed. Also, to enhance the performances, the-

oretical approaches should be applied to elucidate the interactions between MOFs and

contaminants and guide the design of efficient MOFs structures from molecular level.

2. As a series of coordination materials, the stability of MOFs is always the prerequisite for

practical application. As addressed in this chapter, some highly stable MOFs like Zr/Hf-

carboxylates and Fe/Co/Ni-azolates have already been synthesized. The mechanisms of

stability are also being systematically investigated. To apply MOFs in water depollution,

one of the important direction for future research should be to improve the water stability.

In addition to choosing the right combination of metal and ligands, there are a wide range

of approaches to improve the water stability, such as ligand modification and polymer
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coating. Moreover, MOFs should be tested in the practical conditions, which means fac-

tors such as acid/base, salts, and temperature should be fully considered.

3. Nowadays, the pore size of most reported MOFs is limited to the micropore range

(d# 2 nm), which hampers their application in the adsorption of large molecules.

Although the pore size of a MOF material can be increased through isoreticular expansion

with elongated organic linkers, this method has proved to be successful only in limited

examples. Recently, several new approaches have been reported, such as removing a por-

tion of linkers [112], solvent expansion by supercritical CO2 [113], using soft templates

(e.g., surfactants) or hard templates (e.g., polystyrene spheres) [114,115], and forming

aerogels to introduce aggregation pores [116]. As adsorbents, the hierarchical porosity of

MOFs will facilitate the adsorption of a wide spectrum of pollutants, including both large

organic molecules and small metal ions.

4. In addition, functionalized MOFs or hybrid materials can integrate multiple tasks on a sin-

gle material, which will bring new opportunities in water depollution. For example, MOFs

can work as porous hosts to incorporate catalysts or highly oxidative species into their

cavities. Cooperative interactions for catalytic decomposition of organic pollutants can be

expected by this combination.
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assisted rationalization of the formation of metal organic frameworks in the iron(III)

aminoterephthalate solvothermal system, Inorg. Chem. 47 (2008) 7568�7576.

[19] E. Biemmi, S. Christian, N. Stock, T. Bein, High-throughput screening of synthesis

parameters in the formation of the metal-organic frameworks MOF-5 and HKUST-1,

Microporous Mesoporous Mater. 117 (2009) 111�117.

[20] A.D. Burrows, K. Cassar, R.M.W. Friend, M.F. Mahon, S.P. Rigby, J.E. Warren,

Solvent hydrolysis and templating effects in the synthesis of metal-organic frameworks,

CrystEngComm 7 (2005) 548�550.

[21] A.L. Garay, A. Pichon, S.L. James, Solvent-free synthesis of metal complexes, Chem.

Soc. Rev. 36 (2007) 846�855.

[22] T. Friscic, New opportunities for materials synthesis using mechanochemistry, J. Mater.

Chem. 20 (2010) 7599�7605.

[23] A. Pichon, A. Lazuen-Garay, S.L. James, Solvent-free synthesis of a microporous

metal-organic framework, CrystEngComm 8 (2006) 211�214.

[24] J.H. Bang, K.S. Suslick, Applications of ultrasound to the synthesis of nanostructured

materials, Adv. Mater. 22 (2010) 1039�1059.

[25] L.-G. Qiu, Z.-Q. Li, Y. Wu, W. Wang, T. Xu, X. Jiang, Facile synthesis of nanocrystals

of a microporous metal-organic framework by an ultrasonic method and selective sens-

ing of organoamines, Chem. Commun. (2008) 3642�3644.

[26] C.O. Kappe, Controlled microwave heating in modern organic synthesis, Angew.

Chem. Int. Ed. 43 (2004) 6250�6284.

[27] C.O. Kappe, D. Dallinger, S. Murphree, Practical Microwave Synthesis for Organic

Chemists: Stategies, Instruments, and Protocols, Wiley, 2008.

[28] P. Horcajada, T. Chalati, C. Serre, B. Gillet, C. Sebrie, T. Baati, et al., Porous metal-

organic-framework nanoscale carriers as a potential platform for drug delivery and

imaging, Nat. Mater. 9 (2010) 172�178.

[29] S.H. Jhung, J.H. Lee, J.W. Yoon, C. Serre, G. Férey, J.S. Chang, Microwave synthesis
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List of abbreviations

Ad adenine

AIE aggregation-induced emission

BPDC 4,40-biphenyldicarboxylic acid
BPE 1,2-bis(4-pyridyl)ethane

bpee 1,2-bipyridylethene

bpy 4,40bipyridine
bpydb 4,40-(4,40-bipyridine-2,6-diyl) dibenzoate
BTB 4,40,4v-benzene-1,3,5-triyl-tribenzoate
CL-20 Hexanitrohexaazaisowurtzitane

dcbpy 2,20-bipyridine-4,40-dicarboxylate
DMA N,N0-dimethylacetamide

DMASM 4-(4-(dimethylamino)styryl)-1-methylpyridin-1-ium

DMF N,N-dimethylformamide

DMNB 2,3-dimethyl-dinitrobutane

DNT dinitrotoluene

H2bdc 1,4-dicarboxybenzene

H2bdc-NH2 2-amino-1,4-dicarboxybenzene

H2oba 4,40-oxybis(benzoicacid)
HAT hbhdpy: 4-(2-hydroxy-3-methoxy-benzyli-denehydrazino-carbonyl)-N-pyridin-

4-yl-benzamide

HMX octahydro-1,3,5,7-tetranitro-1,3,5,7-tetrazocine

HOMO highest occupied molecular orbital

IPA isophthalate

LUMO lowest occupied molecular orbital
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Na2H2DSOA disodium-2,20-disulfonate-4,40-oxydibenzoic acid
NB nitrobenzene

NDC 2,6-naphthalenedicarboxylate

NE nitroethane

NM nitromethane

NP nitropropane and nitrophenol

NT nitrotoluene

NTO 3-nitro-1,2,4-triazol-5-one

PCA 4-pyridinecaboxylate

PETN pentaerythritol tetranitrate

PXRD powder X-ray diffraction

RDX 1,3,5-trinitroperhydro-1,3,5-triazine

SBU secondary building unit

SDBA 4,40-sulfonyldibenzoate
tBu tertiary butyl

Tetryl 2,4,6-trinitrophenylmethylnitramine

TGA thermogravimetric analysis

TIPA tri(4-imidazolylphenyl)amine

TNB 1,3,5-trinitrobenzene

TNP 2,4,6-trinitrophenol

TNR 2,4,6-trinitrobenzene-1,3-diol

TNT 2,4,6-trinitrotoluene

TTCA triphenylene-2,6,10-tricarboxylate

8.1 Introduction

8.1.1 Background of explosive materials

The development and applications of explosives is not new and it has been known

since 220 BCE when black powder was discovered accidentally [1]. Explosives are

also known as high energy materials (HEMs) as they contain very high potential

energy, which on sudden release can lead to the formation of light, sound, heat, and

pressure [2�4]. Further explosive materials can be categorized in terms of the

velocity of detonation, namely, high explosive and low explosive (Fig. 8.1).

Figure 8.1 Classification of explosive materials.
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Explosive materials, which decompose slowly and at a rate lesser than the speed of

sound, are called low explosives. Low explosives are combustible substances which

are known to deflagrate instead of detonate. In contrast, high explosives detonate

rapidly and their shock waves pass through the materials with supersonic speed.

Propellants (e.g., black powder) and pyrotechnics (e.g., fireworks) are the sub-

classes of the low explosives. High explosive materials can be categorized further

in terms of sensitivity, namely, primary and secondary explosives [4�6]. Primary

explosives are the materials which are very sensitive and can be detonated or

exploded rapidly in the presence of various stimuli like heat, friction, and impact

[5]. Among the primary explosives, a few of them are also known as contact explo-

sives requiring very little energy for initiation. Whereas secondary explosives are

comparatively less sensitive toward the aforementioned stimuli, but can release

more powerful explosions as compared to the primary explosives [6]. Generally,

explosive materials with greater sensitivity than PETN (pentaerythritol tetranitrate)

are considered to be primary explosives, whereas materials having less sensitivity

than PETN are considered to be secondary explosives [5]. Halogen azides, nitrogen

trihalides, peroxy acids, oxides of xenon, acetone peroxides, alkali metal ozonides,

azoclathrates, benzoyl peroxides, diazodinitrophenol, etc. are examples of primary

explosives. Similarly, well-known examples of secondary explosives are TNT

(2,4,6-trinitrotoluene) and RDX (research department explosive (IUPAC name:

1,3,5-trinitro-1,3,5-triazinane)). As the secondary explosive materials are less sensi-

tive toward friction, heat, or any other impact, those materials are safe for storage

and can be applied in various fields. In addition, owing to their high sensitivity,

primary explosive materials are used to trigger a detonation of the main explosive

part that consists of secondary explosive. Furthermore, B250 compounds had been

listed as explosive materials by November, 2010 by the Bureau of Alcohol,

Tobacco, and Firearms [7]. Based on the chemical structures of such materials,

those compounds have been classified into six major classes (nitroalkanes, nitro-

aromatics, nitramines, nitrate ester, acid salts, and peroxides) (Table 8.1). Among

these materials, nitrated materials are accounted as priority explosive materials

because of their high sensitivity and ability to produce powerful explosions [8].

It is noteworthy to mention that HEMs have found a wide range of applications

in different areas including metallurgy industries, weapon technologies, engineering

blasting, and rocket and space technologies [4]. In the metallurgy industries, to pro-

duce high quality alloys explosive materials are used to generate high pressure for

welding purposes. Furthermore, explosive materials have been hugely employed in

engineering blasting which includes mining, tunneling, and demolition of big

structures like buildings. Mining is the largest commercial use of the explosive

compounds, where a mixture of ammonium nitrate (AN) and fuel oil (FO) (denoted

as, ANFO) are the mostly employed material. In addition, HEMs are also useful in

the space technology where they are used as propellants to generate the kinetic

energy. Furthermore, another major use of such HEMs are in the weapon technolo-

gies. Explosive materials are used in such technologies to develop modern warfare,

for example, various explosive devices and nuclear warhead fuses. In general, nitro-

aromatic-based compounds (NACs), like TNT and 2,4,6-trinitrophenol (TNP), are
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considered primary military explosive materials and are found to be major compo-

nents in unexploded ordnance (UXO). UXO are the materials which didn’t detonate

during the employment, but can pose a threat of detonation later and UXO includes

land mines, bombs, grenades, and shells [9]. UXO poses threats due to not only the

unusual explosion in later days, but also can lead to hazardous environmental pollu-

tion because of their NACs-based components. On the other hand, plastic explo-

sives (which are known to be hand-moldable and soft forms of explosives) like

Semtex and C-4 are made of nitrate ester (PETN is the main component of Semtex)

and nitramines (RDX is the major component of C-4), respectively [8]. Another

nitramine compound, namely tertyl (2,4,6-Trinitrophenylmethylnitramine), was

used extensively during the World War I and II as an explosive in the munitions. In

addition, HEMs based on ammonium salts are known to be used in large amounts

in various industrial applications; whereas peroxide based HEMs are known to be

inexpensive and used in homemade explosives. Such explosive materials have

found a wide range of applications in different industries, but on the other hand the

misuse of such materials also poses a huge threat to civilian life. The rise in world-

wide terrorism has become one pressing concern in recent years and the extensive

Table 8.1 Representative list of different types of explosive compounds.
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use of explosive bombs has caused the deaths of a huge number of civilians. In

addition to homeland security, a few of the nitro-aromatic compounds (NACs) have

also been identified as toxic water pollutants. US EPA (Environmental Protection

Agency) has listed a few of the NACs as environmental pollutants and among them

TNT and TNP are accounted as hazardous and toxic contaminants [10]. Worldwide,

the huge usage of such explosive materials in different industries have increased the

concern regarding environmental pollution as well. Due to the increasing concern

across the globe, the sensing of such NACs has become one of the challenging tasks

in recent years. Consequently, the sensing of NACs and HEMs has gained much

attention worldwide and this chapter will cover the metal-organic frameworks

(MOFs)-based detection of NACs and other HEMs. As discussed earlier, there are

several types of explosive materials available, and among them nitro (�NO2)

group-based materials are often found to be very sensitive to stimuli like shock and

friction [8]. To date, in the domain of MOFs, sensing of nitrated compounds has

been very attractive in comparison to the other types of HEMs [8,10�15]. Further,

the desensitization of HEMs based on MOFs has emerged in recent days [4,16].

Here, in this chapter we have discussed the MOFs-based sensing of nitro-aromatic

explosive materials along with the desensitization of related HEMs.

8.1.2 Current methods/materials and mechanism for detection of
nitro-aromatic compounds

The urgency to develop techniques and materials to detect NACs has become one

of the priority issues in the scientific community to address the threats raised for

homeland security and environmental pollution. It has been understood that methods

to detect such explosive materials can be subdivided into the following classes [7]:

1. detection in vapor phase;

2. solid materials detection;

3. recognition in solution or dispersed phase.

Detection of hidden and illicit explosive materials in various common places,

warzones, transportation hubs, etc. has become one of the pressing challenges in

recent years. Vapor phase sensing of explosive materials is considered to be one of

the effective techniques for personnel monitoring [8]. But the low vapor pressure

of most of the nitro-analytes has made vapor phase detection of those analytes one

of the most challenging tasks. Further, Kolla’s group has reported that wrapping the

analytes in plastic packaging has been found to reduce the vapor concentration of

respective analytes by B1000 times [17]. In addition, the detection of explosive

materials in water medium has also attracted great interest in recent years. Due to

increase in terrorist activities from both land and marine, recognition of those

analytes in water medium has gained much interest in recent years. Again, the low

solubility in water and poor saturation in concentration of those analytes because of

continuous movement underwater in various water bodies have led to the detection

of those explosive analytes at the ppb level. As a consequence of this, detection of

those analytes both in vapor phase and in water medium is very challenging as well
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as highly needed to reduce terrorist activities and environmental pollution. Current

methods for the detection of such explosive materials include different techniques

like trained animals, metal detectors, high-performance liquid chromatography,

surface-enhanced Raman spectroscopy, ion mobility spectrometry, gas chromatog-

raphy with mass spectrometry, optoacoustic spectroscopy, plasma desorption mass

spectrometry, and energy dispersive X-ray diffraction [8,18�23]. Although all of

these aforementioned methods have shown their advantages in recognition and

quantification of explosive materials, they are also associated with drawbacks like

high cost, lack of portability, and false response because of various environmental

pollutants [7,8,19,20]. A fluorescence-based optical technique for sensing applica-

tions has attracted much attention in recent years due to its simplicity, low cost,

portability, high sensitivity, etc. [8,13,19,20]. Further, most of the explosive materi-

als including nitro-analytes are nonluminescent in nature which has facilitated a

luminescence-based technique to recognize those analytes. In most of the cases, it

has been observed that NACs can readily quench the fluorescence intensity of the

luminescent probe employed for the detections due to the interaction between probe

and analytes. The quenching efficiency of the fluorophore in the presence of ana-

lytes in a liquid medium can be obtained in terms of the Stern�Volmer constant

(Ksv) and can be calculated by the following equation [10]:

I0

If
5 11Ksv½Q�

where I0 and If are the initial and final (after addition of analyte) fluorescence inten-

sities of the fluorophore, [Q] is the concentration of the respective analyte.

Different types of mechanisms (such as photoinduced electron transfer (PET),

Förster resonance energy transfer (FRET), intramolecular charge transfer (ICT), and

electron exchange) have been proposed for such luminescence quenching behavior

of probes in the presence of nitro-analytes (Fig. 8.2) [8,12]. FRET is known as a

Figure 8.2 Schematic representation of mechanism for (A) Förster resonance energy

transfer, (B) electron exchange, and (C) photoinduced electron transfer.

Source: Reproduced with permission from W.P. Lustig, S. Mukherjee, N.D. Rudd, A.V.

Desai, J. Li, S.K. Ghosh, Metal-organic frameworks: functional luminescent and photonic

materials for sensing applications. Chem. Soc. Rev. 46 (2017) 3242�3285. Copyright (2017)

Royal Society of Chemistry.
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short range energy transfer (1�10 nm) in a nonradiative way, where a previously

excited donor molecule returns back to the ground state and consequently energy is

transferred to the acceptor molecule to promote an electron to an excited state [24].

In FRET, the rate of energy transfer relies on the distance and orientation of the

donor and acceptor molecules, as well as on the degree of overlap between the

excitation of the analytes (acceptor) and emission of the fluorescent probe (donor).

The efficiency of FRET can be measured by following various techniques, like

photobleaching FRET, lifetime measurement, and sensitized emission. Further, the

efficiency of FRET, that is, energy transfer, can be calculated by the following

equation [8]:

E5 12
F

F0

5
R6
0

R6
0 1 r60

where E is the efficiency of FRET, F0 and F are relative fluorescence intensities of

the probe before and after of addition of the analytes respectively, R0 is critical

distance for the 50% energy transfer, and r0 is the distance between donor and

acceptor.

Detection of nitro-explosives have been performed extensively with luminescent

probe via the FRET mechanism. By following strategies like the formation of a

Meisenheimer complex between donor and acceptor, or strong overlap between

excitation of the analytes and emission of fluorophores, various luminescent probes

have been designed for explosive detection [25�27]. Apart from FRET-based

probes, PET is another mechanism which has also been employed extensively. PET

process involves the transfer of an electron from a donor to an acceptor molecule

and consequently the formation of a charge separated state with a radical cation of

the donor and a radical anion of the acceptor [28]. Because of this type of electron

transfer, PET is also known as a redox process [12]. As a consequence of electron

transfer in PET, the luminescence quantum yield of the fluorophore as well as the

lifetime have been found to be decreased. In the PET process, complex formation

between donor and acceptor molecules has been observed, these are found to be

returned back to the ground state without photon emission and later the extra

electron is finally transferred back to the donor molecules from the acceptor [8].

Apart from quenching, in a few cases turn-on responses toward nitro-analytes have

also been observed due to the PET process. In a report by Ravikanth and cowor-

kers, a BODIPY-based luminescent probe was employed for the detection of TNP

in a turn-on fashion [29]. In this report PET has played a crucial role in the

luminescence enhancement upon addition of TNP. Again, time-resolved spectros-

copy-based techniques are required to prove the existence of a radical formed due

to PET and also to calculate its rate.

Since most of the explosive analytes are derived from nitrated compounds,

FRET and PET-based probes have attracted much attention for their detection

purposes. In addition, two more mechanisms, viz., ICT and electron exchange phe-

nomenon, have been observed for the recognition of such analytes with luminescent
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probes. The electron exchange process is also known as Dexter electron exchange,

which is also a short range electron transfer phenomenon similar to the FRET pro-

cess [12]. In this process, electron transfer occurs from the LUMO of the excited

state donor to the acceptor. Further, another electron is also transferred from the

HOMO of the acceptor (analytes) to the donor (fluorophore probe) molecules and

this electron transfer has been observed to quench the luminescence emission of the

probe. In contrast to the spectral overlap in FRET, there should be orbital overlap

in case of electron exchange. Because of the requirement of orbital overlap, with

the increase in distance between donor and acceptor there will be a drastic decrease

in effect of electron exchange. Further, one of the less explored phenomena in

NACs sensing with a fluorescent probe is the ICT. In a report by Xu et al., sensing

of TNP was reported with a zwitterionic squaraine dye with a dansylamide ring

appended to the molecule, DNSA-SQ. ICT has led to the desirable fluorescence

change due to protonation in the Dansyl moiety [30]. Furthermore, various types of

luminescent probes have been reported for the recognition of nitro-analytes. Among

them, organic conjugated polymers, organic small molecules, inorganic polymers,

quantum dots, dendrimers, organic macrocycle, and single-walled carbon nanotubes

have seen considerable progress in this domain [8,18�20,31,32]. In last few years,

MOFs-based sensing of nitro-analytes has attracted great attention. This chapter is

devoted to the advancement in the domain of sensing and desensitization of differ-

ent types of explosive and HEMs with MOFs.

8.2 Luminescent metal-organic frameworks

MOFs are a unique class of crystalline solid materials and have emerged with huge

potential in the last two decades [33�36]. Such extended crystalline frameworks

can be designed and synthesized by suitable choices of metal nodes and organic

building units. In recent years, MOFs have become one of the frontrunners in the

domain of porous materials because of the plethora of applications in diverse fields.

The large surface area, tunable architecture, and intriguing functionalities have

made MOFs suitable for various targeted applications. MOFs have already been

applied for gas storage, separation of gas/solvents, sensing, drug delivery, catalysis,

fuel cell applications, photonics, etc. [37�42]. Luminescent metal-organic frame-

works (LMOFs) are a subclass of MOFs having huge potential in the area of sens-

ing, optoelectronics properties, etc. [12�14,43,44]. Luminescence is the phenomena

of emitting light after absorption of energy and this can be classified into two major

types, that is, fluorescence and phosphorescence. Furthermore, fluorescence is the

process whereupon excitation radiative transition occurs from the lowest excited

singlet state (S1) to the singlet ground state (S0). This radiative transition is spin-

allowed as it involves both the singlet states. This fluorescence process has been

found to have a lifetime in the scale of not more than 10 ns. On the other hand,

phosphorescence is the spin-forbidden radiative transition as it involves different

spin states in this process, one singlet and one triplet state. Phosphorescence is
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described as the process which takes place from the lower triplet state (T1) to the

singlet ground state (S0). In contrast to fluorescence, phosphorescence has a higher

lifetime which is in the order of microseconds (μs) to seconds.

It has been observed that till date a lot of luminescent MOFs have been reported

in the literature and in the area of MOF-based sensors, LMOFs are the most

explored materials. The easy tunability in the MOF structures provides the scope to

tune the photoluminescence property in MOFs, based on the ligands employed, the

metal-centers or clusters used, or maybe the surface functionalizations. Such facile

engineering in the luminescence property of MOFs has led researchers to design

and synthesize LMOFs-based sensors for the detection of various toxic environmen-

tal pollutants, explosive materials, etc. In addition, the porous nature of MOFs also

added an advantage for sensing application as targeted analytes can be adsorbed

inside the pores of MOFs to produce prominent interaction between the targeted

analyte and the recognition center to generate strong signals [12]. Along with this

advantage of MOFs, such porous ordered networks can also lead to the preconcen-

tration of the analyte inside the pore aperture of MOFs which is also known to

enhance the sensing performance of the probe [45]. Allendorf et al. have described

different phenomena (linkers-based, framework metal ions-based, adsorbed

lumophores-based, exciplex formation, and lumophores bound to MOF) which are

considered to be major contributors to the origin of luminescence in LMOFs

(Fig. 8.3) [43].

8.2.1 Ligand-based luminescence in metal-organic frameworks

Aromatic conjugated organic ligands-based photoluminescence is the major contrib-

utor in the area of LMOFs to date. Generally, π-electron rich conjugated organic

moieties are known to absorb light and consequently radiative transition leads

to the photoluminescence behavior of the compounds. Furthermore, in the case of

such π-rich organic ligands the selection rule can be governed by the symmetry of

Figure 8.3 Schematic representation of different types of possibilities in the origin of

luminescence in metal-organic frameworks.
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both the singlet ground state and excited state as these organic compounds have lit-

tle spin-orbit coupling. As a consequence of this, organic linker-based luminescence

in LMOFs is mostly driven through the fluorescence process and the transitions are

found to be similar to the individual organic molecules in solution which are either

π!π� or n!π� in nature. Irrespective of such similarities in photoluminescence

behavior between free organic lumophores (ligands) and LMOFs, often properties

like maximum emission wavelength (λmax) or quantum yields (Ф) of the free lumo-

phores may differ in the LMOFs. This can be attributed to a result of random inter-

action between those organic lumophores in solution; in contrast those lumophores

are oriented in an organized and rigid manner in MOFs. Such ordered orientation of

linkers leads to the minimization of the nonradiative decay which results in the effi-

cient luminescent behaviors, higher quantum yield, etc. of LMOFs. Further, in the

case of such linker-based LMOFs, the choice of the metal ions to construct the

MOFs is also very crucial. These type of LMOFs are mostly constructed from metal

ions where d-d transition is not possible due to either empty outer d-orbitals (such

as Zr(IV) and Ce(IV)) or fully occupied d-orbitals (such as Zn(II), Ag(I), and Cd

(II)). Again, after absorbing light by the linkers of LMOFs, the fluorescence can be

originated via various pathways like interligand charge transfer (ILCT), metal to

ligand charge transfer (MLCT), and ligand-to-metal charge transfer (LMCT). Since

ILCT, LMCT, MLCT, etc. contribute to the luminescent property of the MOFs, so

electron density of ligand as well as the electronic configuration of metal ions,

coordination environment, arrangement of ligands inside the MOFs, interligands

distances, etc. directly influence the photoluminescence behavior of LMOFs. Ghosh

and coworkers reported Zr-MOF-based (UiO-66@NH2) selective sensing of nitric

oxide (NO), where LMCT in UiO-66@NH2 has been described as the origin of the

fluorescence in the MOF (Fig. 8.4B) [46]. Upon reaction with nitric oxide,

NH2BDC (BDC: 1,4-benzene dicarboxylic acid) ligand turned to BDC as a result of

a deamination reaction. Due to such deamination of the ligand, electron density on

the ligand was reduced which resulted in the lesser extent of LMCT and quenching

of fluorescence.

On the other hand, Li and coworkers reported tunable white light emission by

MLCT-based LMOF, [(CH3)2NH2]15[(Cd2Cl)3(TATPT)4]∙12DMF∙18H2O (TATPT:

2,4,6-tris(2,5-dicarboxylphenylamino)-1,3,5-triazine) (Fig. 8.4C) [47]. A large shift

in fluorescence peak maxima and enhancement in the luminescence intensity of

MOF compared to the free ligand is attributed to the MLCT in the compound.

Moreover, fluorescence of the ligand in MOFs can also be affected by the electron

or proton transfer in the excited state. Excited state electron transfer (ESET) is the

process wherein ESET occurs from electron-donor moieties to the electron-acceptor

moieties. Similarly, the transfer of proton (either join or depart) in the excited state

is termed as the excited state proton transfer (ESPT). ESPT can occur through both

intermolecular and intramolecular proton transfer; the latter is a faster process com-

pared to the intermolecular process. Excited state intramolecular proton transfer

(ESIPT) takes place when proton tautomerization leads to the relaxation of the

photo-excited state. A well-known example of such ESIPT-based frameworks is the
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2,5-dihydroxyterephthalic acid (H2DHT) linker-based MOFs. Due to the presence

of acidic hydrogen, which can participate in tautomerism at the excited state, DHT-

based MOFs showed excellent ESIPT features. Maji and coworkers have demon-

strated tunable luminescence property in Mg-DHT MOF on variation in the nature

of corresponding solvents and this tunability has been ascribed as the consequence

of the ESPT [48]. In another report, Chen et al. reported a Zn-MOF (namely,

LIFM-CL1) which has been found to be ESIPT active material and further this

phenomenon has been employed for the detection trace amount of water in the

molecular level (Fig. 8.4A) [49]. The as-synthesized MOF was found to have coor-

dinated water molecules and thus on dehydration and rehydration of the LIFM-CL1

gave rise to the drastic change in the photoluminescence behavior via ESIPT mech-

anism. This shows that ligand-based luminescence in the area of LMOFs is very

essential and, furthermore, can play a huge part in the fabrication of various sensory

materials.

Figure 8.4 (A) Schematic representation for synthesis of LIFM-CL1-H2O and water sensing

with it. (B) Fluorescence quenching upon deamination in UiO-66@NH2. (C) Representation

of control encapsulation of [Ir(ppy)2(bpy)]
1 complex in 3D MOF for white light emission.

Source: For (A) reproduced with permission from L. Chen, J.-W. Ye, H.-P. Wang, M. Pan,

S.-Y. Yin, Z.-W. Wei, et al., Ultrafast water sensing and thermal imaging by a metal-organic

framework with switchable luminescence, Nat. Commun. (2017) DOI: 10.1038/

ncomms15985. Copyright (2017) Springer Nature. For (B) reported with permission from A.

V. Desai, P. Samanta, B. Manna, S.K. Ghosh, Aqueous phase nitric oxide detection by an

amine decorated metal-organic framework, Chem. Commun. 51 (2015) 6111�6114.

Copyright (2015) Royal Society of Chemistry. For (C) reported with permission from C.-Y.

Sun, X.-L. Wang, X. Zhang, C. Qin, P. Li, Z.-M. Su, et al., Efficient and tunable white-light

emission of metal-organic frameworks by iridium-complex encapsulation, Nat. Commun.

(2013) DOI: 10.1038/ncomms3717. Copyright (2013) Springer Nature.
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8.2.2 Metal node or cluster-based luminescence in metal-organic
frameworks

Metal node-based LMOFs are mostly constructed from the lanthanide metal ions.

Last few decades has witnessed various strategies to utilize different lanthanide

(Ln) metal ions to fabricate highly luminescent materials [50�52]. Due to the

forbidden f-f transition by Laporte selection rule, lanthanides have inefficient exci-

tation and low quantum yield. To overcome this problem, complexation is required

for such metal ions by coupling with linkers that can efficiently absorb light and

further transfer the energy. This process is known as “antenna effect” or “sensitiza-

tion” and this effect can lead to the increment in the luminescence property

(Fig. 8.5A) [43]. In the presence of such linkers, vibronic coupling between the

linkers and lanthanides induces the charge transfer from the accessible excited state

of the linker to the available energy state of the metal ion. Organic ligands-based

coordination polymeric lanthanide-MOFs also have seen huge progress in the last

few years in the area of optoelectronic properties and the sensing of various toxic

and hazardous analytes. In the case of lanthanides (Ln), transitions occur from

4f-orbitals which are shielded by outer s-orbitals (5s) and p-orbitals (5p), in contrast

to the transition metals. As a consequence of this, 4f-orbitals remain unaffected

from the outer electronic environments and also similarly the 4f-4f transitions. This

resulted in the characteristic sharp and narrow emission peaks for the Ln-MOFs. In

the lanthanide series, the emission from UV region to the visible and the near infra-

red (NIR) region can be observed from all other metals except La31 and Lu31. In

the regime of Ln-MOFs, Eu(III) and Tb(III) metals are majorly explored to synthe-

size the LMOFs for different sensing and optoelectronic applications. Eu(III)-based

compounds are known for their red light emission originating from 5D0!7FJ
(where J5 1 and 2 are the major contributor) transition. Whereas, on the other

hand, Tb-MOFs are known to emit green luminescence owing to the transition from
5D4!7FJ (where J5 5 is the strongest transition). Lanthanide MOFs have earned

huge attention in the design of sensory materials for various toxic and hazardous

analytes, temperature, etc. [53,54]. In this regard, Dong et al. reported a Tb

(III)-MOF, with formula of {[Tb4(OH)4(DSOA)2(H2O)8]U(H2O)8}n (where,

Na2H2DSOA: disodium-2,20-disulfonate-4,40-oxydibenzoic acid), based sensing of

Fe(III)-ion [55]. Upon excitation at 350 nm, Tb-MOF showed emissions at 487,

542, 580, and 619 nm corresponding to the transitions of 5D4!7F6,
5D4!7F5,

5D4!7F4, and
5D4!7F3 respectively (Fig. 8.5B). A sensing study revealed that the

MOF was found to be selective for Fe(III)-ion over concurrent metal ions

(Fig. 8.5C). Apart from metal-based luminescence in MOFs, a few MOFs have also

been reported where metal-clusters have led to the luminescent property. As an

example, Huang et al. reported dodecanuclear Ag(I) chalcogenide/chalcogenolate

cluster-based LMOF, viz., Ag12bpy with a formula of [Ag12(S
tBu)6

(CF3COO)6(CH3CN)6] �CH3CN and quantum yield of 12.1% [56]. This MOF

showed switchable luminescent property and furthermore was explored for the sens-

ing of oxygen (O2) and various volatile organic compounds (VOCs) via “turn-off”

and “turn-on,” respectively (Fig. 8.5D). Different other LMOFs where the origin of
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Figure 8.5 (A) Schematic representation “antenna effect.” (B) Fluorescence response of Tb-

MOF in presence of various metal ions. (C) Images of Tb-MOF and its luminescence in

presence of Fe(III)-ion and other competing cations. (D) Images of Ag12bpy MOF in

presence of different volatile organic compounds under UV-lamp (365 nm).

Source: For (A) reproduced with permission from J. Heine, K. Müller-Buschbaum,

Engineering metal-based luminescence in coordination polymers and metal-organic

frameworks, Chem. Soc. Rev. 42 (2013) 9232�9242. Copyright (2013) Springer Nature. For

(B) and (C) reported with permission from X.-Y. Dong, R. Wang, J.-Z. Wang, S.-Q. Zang, T.

C.W. Mak, Highly selective Fe31 sensing and proton conduction in a water-stable

sulfonate�carboxylate Tb�organic-framework, J. Mater. Chem. A 3 (2015) 641�647.

Copyright (2015) Royal Society of Chemistry. For (D) reported with permission from R.-W.

Huang, Y.-S. Wei, X.-Y. Dong, X.-H. Wu, C.-X. Du, S.-Q. Zang, et al., Hypersensitive dual-

function luminescence switching of a silver-chalcogenolate cluster-based metal-organic

framework, Nat. Chem. 9 (2017) DOI: 10.1038/NCHEM.2718. Copyright (2017) Springer

Nature.
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luminescence was found to be the metal nodes or clusters have enormous potential

for sensing applications.

8.2.3 Excimer or exciplex formation in metal-organic
frameworks

Excimer or exciplex are the dimeric or heterodimeric short-lived species which can

be generated in the excited state, but dissociate in the ground state. Generally, the

homodimeric species in the excited state is termed as the excimer, whereas the het-

erodimeric species is known as the exciplex. In the case of MOFs, it has been

understood that such species can be formed by two ways [43]:

1. if the ligands are oriented in such a way that they can form a complex in the excited state,

then formation of such species is possible.

2. In the case of guest adsorbed frameworks, the excited state complex can be formed due to

the interaction between the guest and the framework.

In such cases, the emission is highly dependent on the arrangement and orienta-

tion of participating units inside the frameworks. Cornil et al. demonstrated that

separation of participating species in the excited state is also a very decisive factor

along with the cofacial arrangement [57]. Douhal and coworkers reported excimers

formation in Zr-NDC MOF (NDC: 2,6-naphthalene dicarboxylic acid) between two

naphthalene moieties which led to the luminescent behavior of the compound [58].

For dilute suspension of the Zr-NDC MOF, excimers formation has been noticed

between two linkers in the same MOF particle; whereas for a higher concentration

suspension, excimers formation between one naphthalene moiety and neighboring

MOF particle has also been observed (Fig. 8.6B). Further, solvent dependency on

the excimer formation has also been explored in this study. Another report by the

same group has demonstrated sensing of NACs with two Zr-MOFs where the exci-

mer formation between two naphthalene linkers has resulted in the luminescence of

the MOFs [59]. Further, pyrene-moiety-based linkers are also known to produce

excimers in the excited state if they are arranged properly inside MOFs. Deria et al.

reported 1,3,6,8-tetrakis(p-benzoic acid)pyrene linker-based MOFs (ROD-7,

NU-901, NU-1000) for excited state excimer formation and their luminescent prop-

erties (Fig. 8.6A) [60].

Moreover, excimers-based luminescence profiles show broad absorption spectra

along with the large full width half maxima. In many cases this feature is very

much useful in the design of sensory material for various targeted analytes. Another

nice example of sensing applications based on the exciplex formation between

MOF and guest molecules was shown by Kitagawa and coworkers [61]. Here,

porous coordination polymer with formula of [Zn2(bdc)2(dpNDI)]n has been

employed for the sensing of VOCs where exciplex formation between the VOCs

(benzene, toluene, anisole, cyanobenzene, iodobenzene, xylene-isomers, etc.) and

linker of the MOFs has led to a drastic shift in the emission peak of MOF for

corresponding VOCs (Fig. 8.6C).
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8.2.4 Adsorbed lumophores-based luminescence in metal-
organic frameworks

By virtue of porosity or the ion-exchange process (in the case of i-MOFs)

incorporation of lumophores inside MOFs has also emerged as a useful technique

to fabricate luminescent materials. Incorporation of such lumophores can also be

performed by stitching them with frameworks either with presynthetic or postsyn-

thetic methods. Both organic (polyaromatic hydrocarbons, various luminescent dye

molecules, etc.) and inorganic (different lanthanide metals mostly) compounds can

serve the purpose by enhancing or tuning the luminescent properties of parent MOF

materials. In this regard bio-MOF-1 [Zn8(ad)4(BPDC)6O∙2Me2NH2∙8DMF∙11H2O;

Figure 8.6 (A) Structures of pyrene-based MOFs: ROD-1, NU-901, and NU-1000 (from top

to bottom, respectively). (B) Schematic representation of excimer formation in diluted

suspension (left) and concentrated suspension (right) in THF of Zr-NDC MOF. (C) Images of

[Zn2(bdc)2(dpNDI)]n MOF in presence of different aromatic volatile organic compounds

under UV-lamp (365 nm).

Source: For (A) reproduced with permission from P. Deria, J. Yu, T. Smith, R.P. Balaraman,

Ground-state versus excited-state interchromophoric interaction: topology dependent excimer

contribution in metal2 organic framework photophysics, J. Am. Chem. Soc. 139 (2017)

59732 5983. Copyright (2017) American Chemical Society. For (B) reported with

permission from M. Gutiérrez, F. Sánchez, A. Douhal, Spectral and dynamical properties of

a Zr-based MOF, Phys. Chem. Chem. Phys. 18 (2016) 5112�5120. Copyright (2016) Royal

Society of Chemistry. For (C) reported with permission from Y. Takashima, V.M. Martı́nez,

S. Furukawa, M. Kondo, S. Shimomura, H. Uehara, et al., Molecular decoding using

luminescence from an entangled porous framework, Nat. Commun. (2011) DOI: 10.1038/

ncomms1170. Copyright (2011) Springer Nature.
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(ad: Adenine, BPDC: 4,40-biphenyldicarboxylate)] is one of the well-known

examples of host framework. Rosi and coworkers have demonstrated the tunable

luminescence property of MOF via exchanging the dimethylammonium cation

(Me2NH2
1), situated inside the framework, with various lanthanide metal ions

(Eu31, Tb31, Sm31, Yb31) [62]. Upon excitation of those lanthanide incorporated

MOFs at 365 nm, emission spectra at 545, 614, 640, and 970 nm have been

observed for Tb31@bio-MOF-1, Eu31@bio-MOF-1, Sm31@bio-MOF-1, and

Yb31@bio-MOF-1, respectively. Although water is counted as a quencher, emis-

sions for all lanthanide doped MOF materials were found to be very clear with their

respective distinctive colors. This result was attributed to the sensitization role of

MOF which served as an antenna to sensitize the respective lanthanide metal ions.

Owing to the luminescence profile of Yb31@bio-MOF-1 at NIR region, reversible

O2 sensing has also been shown with the compound. Furthermore, bio-MOF-1 has

also been employed as a host for two-photon fluorescence with an organic dye mol-

ecule [63]. In this report, Yu et al. have incorporated pyridinium hemicyanine

(cationic) dye into anionic bio-MOF-1 to make the composite material for two-

photon-pumped lasing. The MOF-dye composite material showed two-photon-

pumped lasing at B640 nm upon excitation at 1064 nm with an Nd:YAG laser

(with threshold of 0.148 mJ) (Fig. 8.7B). The pore confinement effect of bio-MOF-

1 and a large two-photon absorption cross-section of the dye molecules have

resulted in the high luminescence efficiency of the composite material. Apart from

bio-MOF-1, with another anionic MOF, namely, ZJU-28 [(Me2NH2)3[In3(BTB)4] �
12DMF � 22H2O; BTB: 4,40,4v-benzene-1,3,5-triyl-tri-benzoate], modulation of

emission properties of MOF has been demonstrated with organic compounds encap-

sulation via cation exchange [64]. Here, Qian and coworkers have implemented a rel-

atively new strategy to make white light emitting materials by using a blue emissive

MOF (ZJU-28) and two organic dyes 4-(p-dimethylaminostyryl)-1-methylpyridinium

and acriflavine with red and green emission, respectively (Fig. 8.7A). Suitable com-

position of the respective dye molecules inside the framework has resulted in white

light emission with CIE coordinates of (0.34, 0.32) and a color-rendering index

value of 91 (Fig. 8.7A). These reports show also that guest molecules inside the

porous architecture of MOFs can play a huge role in determining the luminescent

properties of the host systems.

8.3 Recognition of nitrated high energy materials by
metal-organic frameworks

MOFs have emerged as promising candidates for sensing applications in recent

years owing to the suitable host�guest interaction, tunable pore surface, etc. In

addition, the high luminescent properties and the possibility of facile incorporation

of targeted functional groups made MOFs one of the frontrunners for the fabrication

of sensory materials. MOFs have found applications in the detection of NACs and

related HEMs. In the literature, the recognition of NACs has been carried out in
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Figure 8.7 (A) Schematic representation of cationic dye encapsulation in ZJU-28 (left) and CIE 1931 chromaticity diagram of the dye

encapsulated ZJU-28*DSM/AF upon excitation at 365 nm (right). (B) Fluorescence microscopic images and corresponding emission spectra of

different amount of DMASM dye-loaded bio-MOF-1*DMASM, (from left to right 0%, 0.04%, 0.14% and 40.00%).

Source: For (A) reproduced with permission from Y. Cui, T. Song, J. Yu, Y. Yang, Z. Wang, G. Qian, Dye encapsulated metal-organic

framework for warm-white LED with high color-rendering index, Adv. Funct. Mater. 25 (2015) 4796�4802. Copyright (2015) John Wiley &

Sons. For (B) reported with permission from J. Yu, Y. Cui, H. Xu, Y. Yang, Z. Wang, B., Chen, et al., Confinement of pyridinium hemicyanine

dye within an anionic metal-organic framework for two-photon-pumped lasing, Nat. Commun. (2013) DOI: 10.1038/ncomms3719. Copyright

(2013) Springer Nature.



different media, for example, in vapor phase, in various organic solvents, and most

importantly in aqueous medium.

8.3.1 Recognition of nitro-aromatic compounds in vapor phase

The tunable porous architecture of MOFs has resulted in the exploration of them in

various types of host�guest chemistry. Such host�guest chemistry between the

pore surface of MOFs and vapor of various toxic compounds (VOCs, explosive-

related compounds, etc.) or harmful gases can lead to the generation of signals

which can further result in the recognition of the targeted analytes. In this regard,

LMOFs have been employed for the vapor phase sensing of explosive or

explosive-related NACs-based on luminescence changes. Detection of NACs with

MOF was first demonstrated by Jing Li and coworkers [65]. A luminescent Zn

(II)-based MOF [Zn2(bpdc)2(bpee)∙2DMF; (bpdc: 4,40-biphenyldicarboxylate;
bpee: 1,2-bipyridylethene; DMF: N,N0-dimethylformamide)] was synthesized stra-

tegically to explore sensing applications (Fig. 8.8A and B). The removal of DMF

molecules from rectangular one-dimensional (1D) channels has led to guest free

MOF, which was found to be highly luminescent due to the presence of

π-conjugated ligands, with a pore size distribution of 7.5 Å. Moreover, the thin

layer of guest free MOF was employed for the detection of one nitro-aromatic

compound, namely 2,4-dinitrotoluene (DNT) and one nitro-aliphatic compound,

namely 2,3-dimethyl-2,3-dinitrobutane (DMNB) by exposing the compound in

equilibrated vapors of respective analytes. MOF thin layer showed fluorescence

quenching within 10 seconds on exposure to nitro-compounds to the extent of

85% and 84% for DNT and DMNB, respectively. The MOF material was found to

be reversible for this sensing application and regeneration of the fluorescent MOF

was carried out by heating at 150�C for 1 minute.

In another report by the same research group, a fluorescent 3D Zn(II)-based

MOF [Zn2(oba)2(bpy)∙DMA; (where, H2oba: 4,40-oxybis(benzoicacid), bpy: 4,40-
bipyridine, DMA: N,N0-dimethylacetamide)] was synthesized with 1D open chan-

nels [66]. The 1D channels were occupied with DMA molecules which were

removed further by heating at 160�C. When a thin layer of the guest free MOF was

exposed to different types of nitro-derivatives (nitrobenzene, m-dintrobenzene

(m-DNB), nitrotoluene (NT), p-dinitrobenzene (p-DNB), DNT, DMNB), it was

found that the quenching efficiency followed the order: NB.m-DNB.NT� p-

DNB.DNT (Fig. 8.8B and C). Further investigation regarding differences in

quenching efficiency revealed that both electron density and vapor pressure of

respective analytes were directly related with the observed result. In contrast to the

former example, here DMNB showed almost negligible change in the fluorescence

property of the MOF. The reason behind this observation has been listed as: (1)

nonplanar DMNB molecules were large enough for the pores of MOF (unlike for

planar nitrobenzene); (2) weak orbital overlap between MOF and DMNB (mostly

observed for nitro-aliphatic compounds); and (3) most importantly, similar

reduction potential of both MOF and DMNB which prohibited the electron transfer

process. This report demonstrated MOF materials can be employed for selective
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detection of explosive compounds and moreover, the emission profile of MOFs can

be quenched or enhanced in the presence of electron-deficient or electron-rich

analytes, respectively. In addition, Li’s group further studied such differences in the

extent of quenching in emission profiles of MOFs upon exposure to vapor of dif-

ferent analytes with the help of theoretical calculations and electrochemical mea-

surements [67]. In this report, four MOFs have been synthesized based on Zn(II)-

metal ion, 4,40-biphenyldicarboxylic acid and different coligands [RPM1-Zn

(Zn3(bpdc)3(bpy)∙4DMF∙H2O); RPM7-Zn (Zn3(bpdc)3(2,2
0-dmbpy)∙4DMF∙H2O);

RPM4-Zn (Zn2(bpdc)2(bpe)∙2DMF) and RPM5-Zn (Zn(bpdc)(bpe)∙DMF); (bpy:

4,40-bipyridine, 2,20-dmbpy: 2,20-dimethyl-4,40-bipyridine, bpe: 1,2-bis(4-pyridyl)
ethane)]. RPM1-Zn showed 85% quenching for the nitrobenzene and it was found

to be selective over other nitro-analytes like p-DNB, DNT and nitrotoluene (NT)

Figure 8.8 (A) Perspective view along b axis, and (B) SBU and coordination environment

around Zn(II) in [Zn2(bpdc)2-(bpee)]∙2DMF. (C) Fluorescence quenching with time in

presence of nitrobenzene (blue) and DMNB (red), and (D) quenching efficiency of different

nitro-analytes after 15 min with [Zn2(oba)2(bpy)]∙3DMA MOF.

Source: For (A) reproduced with permission from A. Lan, K. Li, H. Wu, D.H. Olson, T.J.

Emge, W. Ki, et al., Metal-organic framework for the fast and reversible detection of high

explosives, Angew. Chem. Int. Ed. 48 (2009) 2334�2338. Copyright (2009) John Wiley &

Sons. For (B) reported with permission from S. Pramanik, C. Zheng, X. Zhang, T.J. Emge, J.

Li, New microporous metal-organic framework demonstrating unique selectivity for

detection of high explosives and aromatic compounds, J. Am. Chem. Soc. 133 (2011)

4153�4155. Copyright (2011) American Chemical Society.
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(Fig. 8.9A and B). The reduction potentials (Ered) of MOFs were found to be

smaller than the nitro-analytes and also LUMO of respective analytes are compar-

atively low lying as compared to the conduction-band minimum energies of the

MOFs. As a consequence of this, upon excitation electrons from the conduction

band of MOFs transferred to the LUMO of the nitro-analytes which resulted in

the quenching phenomenon.

Furthermore, Ghosh and coworkers demonstrated a luminescent 2D π-stacked
Zn(II)-MOF [Zn1.5(L)(H2O)]∙1.5benzene; L: 4,40,4v-(benzene-1,3,5-triyltris(oxy)
tribenzoic acid) based vapor phase sensing of nitro-explosive materials [68]. Guest

benzene molecules were entrapped inside and found to have π-π interaction with

Figure 8.9 (A) Fluorescence quenching at different time intervals in presence of

nitrobenzene, and (B) quenching percentage in presence of different nitro-analytes with thin

film of Zn3(bpdc)3(bpy) MOF. (C) Quenching profile of desolvated MOF in presence of

nitrobenzene. (D) Quenching effect of different nitro-analytes with desolvated MOF in

10 min.

Source: For (A) reproduced with permission from S. Pramanik, Z. Hu, X. Zhang, C. Zheng,

S. Kelly, J. Li, A systematic study of fluorescence-based detection of nitroexplosives and

other aromatics in the vapor phase by microporous metal-organic frameworks, Chem. Eur. J.

19 (2013) 15964�15971. Copyright (2013) John Wiley & Sons. For (B) reported with

permission from A.K. Chaudhari, S.S. Nagarkar, B. Joarder, S.K. Ghosh, A continuous

π-stacked starfish array of two-dimensional luminescent MOF for detection of nitro

explosives, Cryst. Growth Des. 13 (2013) 37162 3721. Copyright (2013) American

Chemical Society.
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the framework, which was further removed by gentle heating under vacuum. A thin

layer of the guest free MOF was subjected to time-dependent fluorescence study

after exposure to the various nitro-analytes. MOF thin layer showed significant sig-

nal change in the presence of both nitro-aromatic (NB) and nitro-aliphatic (nitro-

methane) compounds (Fig. 8.9D). Almost 57% quenching was observed even in the

case of another aliphatic nitro-compound (which are relatively difficult to detect)

DMNB (Fig. 8.9C). In another study, Liu et al. performed sensing of nitro-aromatic

vapors with a blue emissive Zn(II)-MOF [Zn2(TCPPE); where, TCPPE: tetrakis[4-

(4-carboxyphenyl)phenyl]ethene] [69]. This pale-yellow colored 3D MOF consisted

of 1D channels with pore dimensions of 11.43 9.8 Å2. The emission peak at

461 nm of as-synthesized MOF was found to be red-shifted (535 nm) upon desolva-

tion, due to the better intermolecular electronic coupling in the absence of guest

solvent molecules. Effective quenching of the peak at 535 nm was observed when

the activated MOF was exposed to nitrobenzene and 2,4-DNT. Hitherto, we have

discussed vapor phase sensing of nitro-analytes with MOFs derived from Zn(II)

metal ion. Apart from this, Zr(IV)-ion has also been explored in order to develop

MOFs with high stability and in a recent report Li and coworkers showed VOCs

sensing, including nitro-explosives like NB, 2-NT, 2,4-DNT, nitromethane,

nitroethane, and nitropropane, with a fluorescent Zr-carboxylate MOF

[Zr6(sdba)4(μ3-O)4(μ3-OH)4(HCOO)2(OH)2(H2O)2; sdba: 4,40-sulfonyldibenzoate]
[70]. In another report by Parkin and coworkers, the role of framework architecture

of MOFs in the sensing of nitro-compounds has been demonstrated well by using a

porous MOF and another MOF with much less porosity, synthesized with the same

linker [71]. In this regard, two MOFs [Zn(dcbpy)(DMF)]∙DMF and Dy(dcbpy)

(DMF)2(NO3); dcbpy: 2,20-bipyridine-4,40-dicarboxylate with similar shape and

size have been synthesized via the solvothermal procedure as well as with the

microwave synthesis method. The Zn-MOF was found to have 1D channels with

dimension of 103 8.8 Å2, on the other hand minimal porosity was found for the

Dy-MOF. Effective quenching in the fluorescence emission of Zn-MOF was

observed for all the nitro-analytes (DMNB, NB, p-NT, and 2,4-DNT) used in this

study. In contrast to the Zn-MOF, it was evidenced that only smaller NACs (NB

and p-NT) were able to quench the emission of Dy-MOF selectively. Selectivity for

NB and p-NT in the case of Dy-MOF has been raised by the minimal porosity of

the framework; whereas porous Zn-MOF showed signal change for every analyte

since it was porous enough to accommodate other analytes too. In addition, when

Zn-MOF has been synthesized with a microwave-assisted technique, the time

required for synthesis reduced from days to a few minutes. Owing to the homoge-

neous size and shape of the microcrystals of Zn-MOF synthesized with the micro-

wave method, high sensitivity was observed toward the targeted analytes as

compared to Zn-MOF synthesized solvothermally. Moreover, Li et al. have

employed metal-organic framework nanotube (MOFNT) for the reversible

detection of NACs in vapor phase [72]. The Cd(II) ion-based MOF nanotubes were

prepared using the self-sacrificing strategy via ultrasound irradiation. MOFNT

showed significant quenching of the emission peak at 406 nm in the presence of

several NACs like NB, 2-NT, 2,4-DNT, and 4-NT. In the case of 2,4-DNT,
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MOFNT was found to be reversible even after ten cycles of experiments. Such

MOF nanotubes-based rapid and reversible sensing can be useful for the fabrication

of various nanodevices. Furthermore, strategic incorporation of guest molecules

into a MOF for detection of NACs was demonstrated by Fu et al. in a recent report

[73]. 8-hydroxypyrene-1,3,6-trisulfonate (SG7) dye was incorporated in a MOF,

namely FIR-53, and this composite material showed efficient sensing of nitro-

aromatics in vapor phase (Fig. 8.10A and B). Apart from these aforementioned

examples, vapor phase detection of nitro-explosive compounds have also been

found with a few more LMOFs in the literature [8,11,13,74�76].

8.3.2 Detection of nitro-aromatic compounds by metal-organic
frameworks in common organic solvents

Apart from vapor phase detection of NACs, sensing of those analytes in a solution

medium has also emerged in the last few years. Various solvents like dimethyl

formamide (DMF), ethanol, dimethyl acetamide (DMA), and acetonitrile (MeCN)

have been utilized as media for sensing purposes. In this section, the sensing of

NACs in various organic medium is discussed with suitable representative exam-

ples. An earlier report by Mukherjee and coworkers demonstrated detection of

NACs with a Zn-MOF [{Zn4O(L)2∙(H2O)3}∙3DMA∙3EtOH∙6H2O; where H3L: 5-

(4-carboxyphenylethynyl)isophthalic acid] in ethanol medium [77]. Three-

dimensional Zn-MOF was synthesized via the solvothermal method and consisted

of 14.23 13.5 Å2 one-dimensional pores. MOF showed blue emission at 420 nm

(upon excitation at 305 nm) which was found to get quenched upon addition of

nitro-aromatic analytes. Among all the NACs used in this work, TNT showed maxi-

mum quenching efficiency and furthermore the compound was recycled for up to

five cycles. In another study by Qian and coworkers, nanoscale lanthanide MOF

Figure 8.10 (A) Three-dimensional FIR-53 MOF, and (B) three-dimensional dye-loaded

MOF, viz., SG7@FIR-53.

Source: For (A) and (B) reported with permission from H.-R. Fu, X.-X. Wu, L.-F. Ma, F.

Wang, J. Zhang, Dual-emission SG7@MOF sensor via SC2SC transformation: enhancing

the formation of excimer emission and the range and sensitivity of detection, ACS Appl.

Mater. Interfaces 10 (2018) 180122 18020. Copyright (2018) American Chemical Society.
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[Eu2(BDC)3(H2O)2∙(H2O)2; where, BDC: benzene-1,4-dicarboxylate] was synthe-

sized with microemulsion strategy and later employed for the detection of NACs in

ethanol medium [78]. In ethanol medium MOF showed three emission peaks at

590, 617, and 698 nm which correspond to the electronic transition of 5D0!7F1,
5D0!7F2, and

5D0!7F4, respectively. Luminescence studies revealed that NACs

derived from toluene (TNT and 2,4-DNT) showed maximum quenching efficiency

among other aromatic analytes. Another lanthanide MOF [{Tb(TTCA)(DMA)

(H2O)}∙7DMA∙9.5H2O; where TTCA: triphenylene-2,6,10-tricarboxylate, DMA: N,

N-dimethyl acetamide] by Lu and coworkers was reported for the detection of

nitro-analytes in 2013 [79]. This 3D MOF was found to have a 1D channel along

the c-axis with a diameter of 83 14 Å2 and upon excitation of the MOF at 370 nm,

four emission peaks were observed at 490, 546, 585, and 624 nm which were attrib-

uted to 5D4!7F6,
5D4!7F5,

5D4!7F4, and
5D4!7F3, respectively. Quenching of

those emission peaks was observed for different NACs like TNT, TNP, NB, 2,4-

DNT, and 2,6-DNT and was found to be selective over aromatic compounds.

Apart from sensitive detection of NACs in solution medium, selectivity is

another aspect to look for in such sensing applications. Ghosh and coworkers dem-

onstrated selective and sensitive recognition of nitrophenol derivatives (especially,

TNP) over other NACs in acetonitrile medium [25]. A 3D luminescent Cd-MOF

was synthesized with the formula of [{Cd(NDC)0.5(PCA)} �Gx; where, NDC: 2,6-

napthalenedicarboxylate, PCA: 4-pyridinecaboxylate and G: guest molecules], and

a 1D channel of 9.483 7.83 Å2 diameter (Fig. 8.11A and B). A sensing study of

NACs with Cd-MOF in MeCN medium revealed that the MOF was highly selective

for TNP over other nitro-analytes like NB, TNT, DMNB, 2,4-DNT, 2,6-DNT, and

RDX (Fig. 8.11C and D). The Stern�Volmer constant (Ksv) for the quenching was

found to be 3.53 104 M21 with TNP. Strong spectral overlap (excitation spectra of

analytes and emission of MOF) between TNP and MOF indicated the fluorescence

quenching mechanism was attributed to resonance energy transfer (RET). Along

with the RET, electrostatic interaction between the TNP and pyridyl site of the

PCA ligand was attributed to the selectivity of the probe. Selective sensing of TNP

was also reported by Zheng and coworkers, where two luminescent Zn-MOFs,

namely MOF-1 and MOF-2 with the formula of Zn2(L)2(dpyb) and Zn(L)(dipb)∙
(H2O)2 [where, H2L: 3,3

0-(thiophene-2,5-diyl)dibenzoic acid; dpyb: 1,4-di(pyridin-

4-yl)benzene; dipb: 4,40-di(1H-imidazol-1-yl)-1,10-biphenyl], respectively, were

synthesized for sensing purposes [80]. Upon excitation at 382 nm, dispersed phase

(in DMA) of MOF-1 and MOF-2 showed emission at 533 nm and 523 nm, respec-

tively, and the origin of the emission was speculated to be intraligand fluorescence

from the aforementioned H2L ligand. Both MOF-1 and MOF-2 showed selective

detection of TNP with high sensitivity and it was found that both the MOFs could

sense TNP at very low concentration of 2.5 μM. In addition, the Stern�Volmer

constants (Ksv) for the quenching of fluorescence of MOF-1 and MOF-2 with TNP

were found to be very high, 2.43 104 M21 and 2.463 104 M21, respectively.

Furthermore, Ning and coworkers reported a Cd-MOF [{Cd2(PAM)2(dpe)2(H2O)2}

∙0.5(dpe); where, H2PAM: 4,40-methylenebis(3-hydroxy-2-naphthalenecarboxylic

acid), dpe: 1,2-di(4-pyridyl)ethylene] based sensing of TNP in DMSO medium
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[81]. This Cd-MOF showed a green emission at 502 nm (upon excitation at

371 nm) in DMSO medium and upon incremental addition of TNP the fluorescence

intensity of MOF got quenched, B98.4% of quenching was observed with

11.5 ppm TNP. This MOF was found to be selective toward TNP over the other

nitro-analytes like 4-NP, 2,6-DNT, 2,4-DNT, NB, and 1,3-DNB.

Bharadwaj and coworkers reported one Tb-MOF with the formula of [Tb(L)

(DMA)]∙(DMA)∙(0.5H2O) (where, H3L: 30-hydroxybiphenyl-3,40,5-tricarboxylic
acid), for the selective detection of TNP in DMF medium [82]. Additionally, it has

Figure 8.11 (A) Three-dimensional porous view of Cd(NDC)0.5(PCA) MOF along c-axis

(left) and one-dimensional channel with naphthalene moieties along b axis (guest molecules

and hydrogen atoms were omitted for clarity). (B) Fluorescence quenching of the MOF

dispersed in acetonitrile with incremental addition of TNP (inset photographs represents

quenching of blue emission of MOF). (C) Bar diagram for quenching efficiency of different

nitro-analytes with MOF.

Source: Reproduced with permission from S.S. Nagarkar, B. Joarder, A.K. Chaudhari, S.

Mukherjee, S.K. Ghosh, Highly selective detection of nitro explosives by a luminescent

metal-organic framework. Angew. Chem. Int. Ed. 52 (2013) 2881�2885. Copyright (2013)

John Wiley & Sons.
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been observed selectivity has been achieved by researchers upon strategic incorpo-

ration of basic sites, such as different type of amines (primary, secondary, or

tertiary). In this regard, the same research group demonstrated another example of

selective sensing of TNP with an amine-functionalized MOF,

[{Cd4(L)2(L2)3(H2O)2(8DMF)(8H2O)}n; where, H4L: 1,10:30,1v-Terphenyl-
4,40,4v,60-tetracarboxylic acid, L2: 3-amino-4,40-bipyridine] [83]. Upon excitation at

334 nm, MOF showed an emission at 457 nm and, furthermore, incremental addi-

tion of TNP to the MOF dispersed in ethanol revealed quenching of the emission

peak. The MOF was found to be highly selective for TNP and the Stern�Volmer

constant for this quenching was found to be 3.893 104 M21. In another report by

Hong et al., the role of amine functionality was also demonstrated where both sec-

ondary and primary amine was employed [84]. Two Cd-MOFs with formulas of

{[Cd4(hbhdpy)2(bdc)3(DMA)2]∙(H2O)4}n and {[Cd4(hbhdpy)2(bdc-NH2)3(DMA)2] �
(H2O)4}n (where, hbhdpy: 4-(2-hydroxy-3-methoxy-benzyli-denehydrazino-car-

bonyl)-N-pyridin-4-yl-benzamide, H2bdc: 1,4-dicarboxybenzene, H2bdc-NH2: 2-

amino-1,4-dicarboxybenzene and DMA: N,N-dimethyl acetamide) were synthesized

via the solvothermal method. The former compound with secondary amine groups

showed 81.7% quenching in the presence of TNP, whereas other MOFs with both

primary and secondary amine groups showed 89.1% quenching in DMA. The

quenching constants for both the MOFs were found to be 2.53 104 and 4.83 104

M21, respectively. Furthermore, Jiang and coworkers reported a luminescent

Zn-MOF, namely USTC-7, with a formula of Zn2(TZBPDC)(μ3-OH)(H2O)2 (where,

H3TZBPDC: 40-(1H-tetrazol-5-yl)-[1,10-biphenyl]-3,5-dicarboxylic acid) [85]. The

3D MOF was found to be stable in boiling solvents like ethyl acetate, ethanol,

toluene, and hexane, along with pH 2�12 range in aqueous medium. Again, the

MOF showed two strong emission peaks at 408 and 432 nm in CHCl3 medium

upon excitation at 370 nm. With incremental concentration of TNP, both the emis-

sion peaks of USTC-7 were found to be quenched, while only 20 μL of the analyte

showed 16.6% quenching. USTC-7 was found to be selective for TNP over other

nitro-analytes such as 2,4-dinitrotoluene, 2,6-dinitrotoluene, 2,4,6-trinitrotoluene,

nitrobenzene, and m-dinitrobenzene, which was accounted for as the interaction

between nitrogen atoms in the ligand and TNP molecules. Quenching constants

(Ksv) for the USTC-7 and TNP detection limit for this study were found to be

4.93 104 M21 and 2.783 1024 mM, respectively. In another report by Qi et al.,

naked eye sensing of nitro-analyte along with luminescence change was demon-

strated with a blue light emissive MOF with a formula of [Li]4[Cd3Li2(BDC)6]

(where, BDC: terephthalic acid) (Fig. 8.12A) [86]. In this report, with the 3D MOF,

dual sensing of trinitrobenzene (TNB) and fluorescence-based selective sensing of

TNP were performed. In the presence of TNB molecules MOF showed a drastic

color change from colorless to pink as well as an enhancement in emissions at 557

and 598 nm which might be attributed to the charge transfer between TNB and

MOF. Further, in the presence of TNP, MOF showed quenching of the emission

peak at 438 nm selectively with a quenching constant of 73 104 M21.

Furthermore, not only linkers of the MOF materials, but also guest molecules

inside the frameworks have found their suitable role in sensing applications. In a
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report by Bagheri et al., selective detection of TNP was demonstrated with

Rhodamine B loaded TMU-5 MOF (TMU: Tarbiat Modares University) with a for-

mula of [Zn(oba)(4-bpdh)0.5]n � 1.5DMF (where, H2oba: 4,4-oxybisbenzoic acid; 4-

bpdh: 2,5-bis(4-pyridyl)-3,4-diaza-2,4-hexadiene) (Fig. 8.13) [88]. It was observed

that dye-loaded MOF showed more efficient selective sensing behavior for TNP as

compared to the parent MOF. The quenching constant for the MOF was found to be

1.33 105 M21, which was one of the highest values among MOF-based TNP sen-

sors in an organic medium. In another report by Liu, Du, and coworkers, rhodamine

6G was incorporated via the “bottle around ship” method in an anionic MOF

[{(NH2Me2)[Zn3(μ3-OH)(tpt)(TZB)3](DMF)12}n; tpt: 2,4,6-tri(4-pyridyl)-1,3,5-tri-

azine, H2TZB: 4-(1H-tetrazol-5-yl)benzoic acid] to fabricate a luminescent probe

Figure 8.12 (A) Ball-and-stick model (top) and topological configuration with two same 66

frameworks (bottom) of the three-dimensional twofold interpenetrated framework along b

axis. (B) Fluorescence quenching for dye encapsulated MOF at different concentrations of

TNP (inset: color changes for dye@MOF at different TNP concentration). (C) Peak-height

ratio of dye to ligand upon addition of 200 ppm of different analytes.

Source: For (A) reported with permission from X.-J. Hong, Q. Wei, Y.-P. Cai, S.-R. Zheng,

Y. Yu, Y.-Z. Fan, et al., 2-Fold interpenetrating bifunctional Cd-metal2 organic frameworks:

highly selective adsorption for CO2 and sensitive luminescent sensing of nitro aromatic

2,4,6-trinitrophenol, ACS Appl. Mater. Interfaces 9 (2017) 4701�4708. Copyright (2017)

American Chemical Society. For (B) and (C) reported with permission from D.-M. Chen, N.-

N. Zhang, C.-S. Liu, M. Du, Dual-emitting dye@MOF composite as a self-calibrating sensor

for 2,4,6-trinitrophenol, ACS Appl. Mater. Interfaces 9 (2017) 246712 24677. Copyright

(2017) American Chemical Society.
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Figure 8.13 (A) Single crystal structure of TMU-5 with azine-functionalized pores. (B) Interaction between TNP molecule and azine-

functionality; (C) single crystal of TMU-5; (D) powder of TMU-5; (G) single crystal of TMU-5S (RhB@TMU-5) and (H) powder of TMU-5S

(RhB@TMU-5) under ambient light; (E) single crystal of TMU-5; (F) powder sample of TMU-5; (I) single crystal of TMU-5S; and (J) powder

sample of TMU-5S under UV-irradiation.

Source: Reproduced with permission from X.-X. Jia, R.-X. Yao, F.-Q. Zhang, X.-M. Zhang, A fluorescent anionic MOF with Zn4(trz)2 chain for highly

selective visual sensing of contaminants: Cr(III) ion and TNP, Inorg. Chem. 56 (2017) 26902 2696. Copyright (2016) American Chemical Society.



for selective and sensitive detection of TNP [87]. MOF showed dual emissions at

373 nm (weak) and 570 nm (strong) in DMF upon excitation at 320 nm, which orig-

inated from the respective linker and incorporated dye molecule, respectively. Upon

addition of 200 ppm of TNP, composite material showed 42-fold increase in the rel-

ative ratio of those two emission intensities (Fig. 8.13B and C). Thus sensing in

this work based on emission peak intensities ratios represented a self-calibrating

sensory probe. Apart from these reports, many other reports based on MOF for

sensing of NACs in an organic medium have been demonstrated in the literature

[8,10�15,89�91].

8.3.3 Sensing of nitro-aromatic compounds with metal-organic
frameworks in water medium

Sensing of nitro-analytes in water medium has become of paramount interest

because of increasing terrorism activities from marines and lands which has led to

contamination in soil, groundwater, etc. But poor hydrolytic stability of most of the

MOFs and low solubility of organic nitro-analytes have made this job very chal-

lenging. In addition, picric acid (TNP) is found to be highly soluble in water in the

picrate form which is accounted for as one of the major water pollutants along with

TNT among the nitro-compounds. So, detection of such nitro-analytes in water

medium is highly desirable for real-time applications.

Since the detection of nitro-analytes in aqueous phase is in demand for the real-

time applications, Qin et al. have reported ionic liquid directed synthesis of [Tb(L)

(OH)]∙x(solv) MOF (H2L: 5-(4-carboxyphenyl)pyridine-2-carboxylate; solv: H2O

and DMF) for detection of NACs in aqueous medium [76]. When MOF was dis-

persed in an aqueous solution of respective nitro-analytes (NB, TNT, 2-NT, TNP,

2,4-DNT, 2,6-DNT, 1,4-DNB, 1,3-DNB), .70% quenching was observed in each

cases. Especially, .99% quenching was obtained in the case of NB, TNP, TNT,

and 2-NT. Further, selectivity is another important aspect in the case of sensing

experiments for better applicability of the probe. In another study by the same

group two lanthanide-based MOFs [Eu(BTB)H2O and Tb(BTB)H2O; H3BTB:

1,3,5-benzenetrisbenzoic acid] have been synthesized via the ionic liquid directed

method and further employed for the detection of NB, TNP, and 2-NT over other

nitro-analytes [92]. All NB, TNP, and 2-NT showed 99% of luminescence quench-

ing while other nitro-analytes showed ,50% quenching. In both cases the mecha-

nism for such quenching behavior has been attributed to PET from MOF particles

to the electron-deficient nitro-analytes. Furthermore, detection of NB and 2,4-DNP

in water have been studied with Zn4(Hbpvp)2(BTC)3(HCOO)(H2O)2∙4H2O MOF

(bpvp: 3,5-bis-(2-(pyridin-4-yl)vinyl)pyridine), by Lang and coworkers, upon exci-

tation at 285 nm [93]. The limit of detection (LOD) of the MOF for 2,4-DNP was

found to be 1.03 1026 mol L21. The same group has reported another MOF [Cd

(ppvppa)(1,4-NDC); ppvppa: N-(pyridin-2-yl)-N-(4-(2-(pyridin-4-yl)vinyl)phenyl)

pyridin-2-amine, 1,4-H2NDC5 1,4-naphthalenedicarboxylic acid] for detection of

nitro-analytes in water medium and it was found to follow the trend: 2,4-DNP. 4-
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NP. 4-nitroaniline.NB [94]. The MOF was found to be reversible even up to six

cycle of experiments for 2,4-DNP.

The huge usage of TNP in various industries and its high water solubility, has

made TNP one of the most hazardous water contaminants. Because of this TNP

sensing in water medium has earned much attention in recent years. Ghosh and

coworkers reported the first sensing of TNP in water medium with a stable MOF,

namely, UiO-67@N (Zr6O4(OH)4(L)6; UiO: University of Oslo; H2L: 2-

phenylpyridine-5,40-dicarboxylic acid) [95]. Guest free MOF was dispersed in water

and then the emission profile at 438 nm was monitored upon excitation at 320 nm

for all nitro-analytes. MOF was found to respond selectively for TNP over other

analytes like TNT, 2,4-DNT, 2,6-DNT, 1,3-DNB, NB, RDX, DMNB, and NM

(Fig. 8.14). This selectivity toward TNP has been attributed to the interaction

between acidic TNP and the linker with a Lewis basic site (pyridyl moiety); as well

as facile energy transfer between UiO-67@N and TNP molecules. It has been

observed that quenching in the fluorescence of UiO-67@N can be obtained with

TNP concentration as low as 2.6 μM. To check the quenching efficiency of the

probe Stern�Volmer constant (Ksv) has been calculated and it was found to be

2.93 104 M21. Such selective and high quenching efficiency of UiO-67@N with

TNP has been accounted for both electron and energy transfer between probe and

analyte. Apart from pyridyl site, primary amine also can serve as a basic site for the

selectivity toward TNP. In this regard, Ghosh and coworkers demonstrated the sens-

ing of TNP in the water medium with stable and porous bio-MOF-1

([Zn8(ad)4(BPDC)6O � 2 Me2NH2] �G; G: DMF and water) (Fig. 8.15A) [96]. Due

to the presence of pendant free -NH2 groups, bio-MOF-1 showed a selective

response for TNP over the other nitro-analytes (Fig. 8.15B and D). Higher quench-

ing efficiency of the probe has been affirmed from the high Ksv value

(4.63 104 M21) in this study (Fig. 8.15C). Further, cocrystal of adenine and TNP

has revealed the role of �NH2 functionality in selectivity where H-bonding interac-

tion has been found between the two molecules. In another report, the same

research group demonstrated UiO-68@NH2 (Zr6O4(OH)4(L)6; where, L: 2
0-amino-

[1,10:40,1v-terphenyl]-4,4v-dicarboxylate) based selective detection of TNP with a

quenching constant of 5.83 104 M21 [97]. This UiO-68@NH2 MOF is able to

detect TNP in water with LOD of 0.4 ppm within a few seconds. Apart from aro-

matic amine moieties, aliphatic amine-functionality was also employed by Ghosh

and coworkers to serve the purpose. In a recent report, urotropine-based Ur-MOF

(Zn4(DMF)(Ur)2(NDC)4; Ur: urotropine) was strategically designed to detect TNP

selectively in water through aliphatic amine�TNP interactions [98]. Ur-MOF

showed selective recognition of TNP with high quenching efficiency of

10.833 104 M21 and LOD of 1.63 ppm.

Furthermore, selective TNP sensing has been executed with a Tb-MOF with a

formula of Tb(L1)1.5(H2O)∙3H2O (L1: 2-(2-Acetoxy-propionylamino)-terephthal-

ate) by Cao et al. [99]. The quenching of the emission peak at 541 nm has been

observed upon incremental amounts of TNP. The quenching constant for this study

was found to be 7.473 104 M21 and the mechanism has been attributed to energy

transfer from linker to TNP which affected the “antenna effect” in Tb-MOF.
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Another lanthanide MOF ([Eu3(bpydb)3(HCOO)(μ3-OH)2(DMF)]∙(DMF)3(H2O)2;

bpydb: 4,40-(4,40-bipyridine-2,6-diyl) dibenzoate) has been found to show rapid

quenching in the presence of TNP in water and the quenching efficiency for nitro-

analytes with the MOF followed the order: TNP(H2O).TNP(DMF). 4-NP. 3-

NP. o-NT.m-NT�NB�NM [100]. In addition, Suresh and coworkers carried

out detection of TNP in aqueous phase with two isostructural MOFs based on Zn

(II) and Cd(II) metal ions [M(IPA)(L); M5Zn and Cd, IPA: isophthalate; L: 3-

pyridylcarboxaldehyde nicotinoylhydrazone] [101]. Selective quenching of TNP

has been observed with each MOF with Ksv of 2.163 104 and 1.523 104 M21 for

Figure 8.14 (A) Fluorescence quenching efficiency and (B) Stern�Volmer plot for different

nitro-analytes with UiO-67@N.

Source: Reproduced with permission from S.S. Nagarkar, A.V. Desai, S.K. Ghosh, A

fluorescent metal-organic framework for highly selective detection of nitro explosives in the

aqueous phase, Chem. Commun. 50 (2014) 8915�8918. Copyright (2014) Royal Society of

Chemistry.
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Zn-MOF and Cd-MOF, respectively. The same group has further explored TNP

sensing in water with a few other LMOFs [102,103]. In a recent report, Zn-MOF

derived from a linker with Tröger’s base have showed potential application for the

sensing of phenolic-nitro-aromatics (TNP, 2,4-DNP and 4-NP) selectively [104].

Emission at 520 nm of Zn-MOF (ZnL∙2H2O∙DMF; L: bis-[N-(1,3-benzenedicarbox-

ylicacid)]-9,18-methano-1,8-naphthalimide-[b,f] [1,5]diazocine) got quenched in the

presence of phenolic-NACs with an excellent LOD of 26.3 ppb for TNP. Another

report by Mandal and coworkers represented amine-functionalized Cd-MOF (Cd

(ATAIA)∙4H2O; H2ATAIA: 5-[(4,6-diamino-1,3,5-triazin-2-yl)amino-isophthalate])

where Cd-MOF has turned out to be a selective luminescent as well as a colorimet-

ric sensor for TNP [105]. High quenching efficiency of the MOF has been affirmed

by a Ksv value of 1.593 107 M21 which has been ascribed as one of the most super-

ior performances in the domain of MOFs. In addition, very low LOD (0.2 ppb) of

the MOF can be well suited for the real-time applications. Another ppb-level detec-

tion of TNP in water with MOF has been demonstrated by Asha et al. [106]. This

Figure 8.15 (A) Crystal structure of bio-MOF-1 along c-axis. (B) Representation of H-

bonding interaction between TNP and adenine. (C) Quenching efficiency of bio-MOF-1 in

presence of different nitro-analytes. (D) Fluorescence quenching of bio-MOF-1 with TNP in

presence of other nitro-analytes.

Source: Reproduced with permission from B. Joarder, A.V. Desai, P. Samanta, S. Mukherjee,

S.K. Ghosh, Selective and sensitive aqueous-phase detection of 2,4,6-trinitrophenol (TNP) by

an amine-functionalized metal-organic framework, Chem. Eur. J. 21 (2015) 965�969.

Copyright (2015) John Wiley & Sons.

261Metal-organic frameworks for detection



MOF, Ca(NH2BDC)(DMF) [NH2BDC: 2-amino-1,4-benzene dicarboxylate], has

been synthesized solvothermally and further coated with polyvinylpyrrolidone to

avoid aggregation. Limit of detection for TNP with the MOF has been obtained as

low as 1.66 ppb with a quenching constant of 7.23 103 M21. In another study, the

same linker has been employed with another colinker to synthesize Zn-MOF

[Zn2(NH2BDC)2(dpNDI); dpNDI: N,N0-di(4-pyridyl)-1,4,5,8-naphthalenediimide]

by Nagaraja and coworkers for the detection of TNP [107]. Further, postsyntheti-

cally modified UiO-66@NH2 derived from the same NH2BDC linker has been

employed for the selective detection of TNP [108]. It has been observed that the

mechanism of such quenching in the emission of MOF with TNP has been majorly

attributed to both electron transfer and energy transfer along with electrostatic inter-

action (Lewis basic functional groups and acidic TNP molecules) between MOF

and analytes molecules.

Apart from functionalized ligands, target specific guest molecules also have

been incorporated in MOFs to fabricate composite materials for sensing applica-

tions. In a recent report, a cationic dye, DMASM (4-(4-(dimethylamino)styryl)-1-

methylpyridin-1-ium), and bio-MOF-1-based composite has found to be sensitive

toward nitro-analytes in water [109]. This dual emissive composite material has a

“turn-off” response for the NACs (TNP, TNT, DNT and TNR), while a “turn-on”

response has been obtained for aliphatic nitro-compounds in aqueous medium

(Fig. 8.16). This result displays that sensing nitro-analytes with MOF as well as dis-

crimination between aliphatic and aromatic nitro-analytes have been obtained via

“turn-on” and “turn-off” responses, respectively. A few other LMOFs-based sensing

of TNP in water have been demonstrated in the literature [8,10�15,45,110�112].

All these recent advancements in MOF-based sensors show the potential of such

materials for real-time applications.

8.4 Non-nitro-aromatic high energy materials sensing
with metal-organic frameworks

Other than nitro-aromatic-based explosive materials, rapid growth in the uses of

nonaromatic nitro-explosives (RDX, nitromethane, DMNB, HMX, CL-20, PETN,

etc.) as well as HEMs without nitro-groups (DAAT, nitrogen tetroxide, ATZ, etc.)

have led researchers to the design and synthesis of sensory materials for the detec-

tion of non-nitroaromatic compounds. But sensing of such non-nitro-aromatic mate-

rials is a very difficult task due to weak electron transfer along with the difficulty

in the energy transfer between sensory materials and respective analytes, which

results in negligible signal generation. It has been understood that in most cases

similar reduction potentials of nitro-analytes and luminescent probes have resulted

in such prohibition in electron transfer. Although these types of HEMs possess a

huge threat to the civilian safety, recognition of them still remains a challenge and

only a very few MOFs have been reported which can recognize non-nitro-aromatic

explosives.
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Figure 8.16 Representation of dye encapsulated bio-MOF-1 and sensing of nitro-aromatic and nitro-aliphatic compounds with the composite

material.

Source: Reproduced with permission from C. Wang, L. Tian, W. Zhu, S. Wang, P. Wang, Y. Liang, et al., Dye@bio-MOF-1 composite as a dual-

emitting platform for enhanced detection of a wide range of explosive molecules, ACS Appl. Mater. Interfaces 9 (2017) 200762 20085.

Copyright (2017) American Chemical Society.



RDX is known as one of the high explosive materials, but its low vapor pressure

has become the major problem in vapor phase detection. Further, all nitro-

compounds, having electron withdrawing moiety, are prone to show a similar

quenching effect. So, it is a difficult task to distinguish a particular nitro-analyte

(e.g., RDX) from all analytes having a similarity in electronic properties. In a recent

report by Li and coworkers the sensing of RDX was demonstrated along with other

nitro-analytes with two dynamic luminescent Zn-MOFs [113]. Both MOFs,

Zn2(ndc)2(bpe)∙2.5DMF∙0.25H2O and Zn2(ndc)2(bpee)∙2.25DMF∙0.5H2O (ndc:

2,6-naphthalenedicarboxylate) showed significant quenching upon exposure to

nitro-analyte vapors. Although just the changes in the fluorescence intensity cannot

distinguish unambiguously the exact analyte, in conjunction with the shift in emis-

sion peak they can be useful to evaluate a particular analyte. From the emission

profiles of MOFs upon exposure to analytes, a pin-point 2D map has been drawn

by using emission peak shift and fluorescent intensity change as coordinates on a

Cartesian system. This unique 2D map was found to be able to identify any specific

nitro-analytes used in this study. Further, detection of RDX has been carried out via

instant vapor sensing of cyclic ketone (cyclohexanone) which is known to be used

in the recrystallization of RDX as solvent. As a consequence of this, cyclohexanone

is also found to coexist in the explosive materials and thus sensing of this cyclic

ketone can provide an indirect way to detect low volatile RDX. Two 3D MOFs,

LMOF-201 (Zn2(ofdc)2(bpy)∙2.5DMF∙1.25H2O; ofdc: 9-oxo-9H-fluorene-2,7-dicar-

boxylic acid) and LMOF-202 (Zn2(hfdc)2(bpy)∙xDMA; hfdc: 9H-fluorene-2,7-

dicarboxylic acid), were employed for the vapor phase detection of cyclohexanone

[114]. Selective and sensitive sensing has been demonstrated by tuning porosity as

well as the electronic properties of MOF materials.

Furthermore, evolution of new generation HEMs (mostly nitrogen-rich heterocy-

clic compounds with/without �NO2 groups) have attracted much attention due to

their low friction and impact sensitivity (IS). But detection of such HEMs via a

fluorescence quenching method has been found to be difficult, because those

compounds have different orbital energies and are less suitable for oxidative

electron transfer mechanisms. In a recent report, the sensing of HEMs based on

five-member heterocyclic compounds have been demonstrated by Wang and cowor-

kers with AIE-active MOFs.

Three MOFs, namely, TABD-MOF-1 [Mg2(TABD)3(DMF)4], TABD-MOF-2

[Ni(TABD)1(DMF)2], and TABD-MOF-3 [Co(TABD)1(DMF)2] (TABD: 4,40-(Z,
Z)-1,4-diphenylbuta-1,3-diene-1,4-diyl)dibenzoic acid), have been synthesized via

the solvothermal method (Fig. 8.17A) [115]. Among these three MOFs, only

TABD-MOF-1 has been found to be highly luminescent with quantum yields (ФF)

of 38.5% and other MOFs were barely luminescent (ФF5 1.12% and 0.15% for

TABD-MOF-2 and TABD-MOF-3, respectively) due to the presence of Ni21 and

Co21 metal ions. Strong LMCT in the case of TABD-MOF-2 and TABD-MOF-3

and incompletely filled d-orbitals for Ni21 and Co21 ions can be the major reason

for such low emissions, respectively. A sensing study of 5-nitro-2,4-dihydro-3H-

1,2,4-triazole-3-one (NTO) was first carried out with TABD-MOFs. Turn-on

response was observed in the case of both TABD-MOF-2 and TABD-MOF-3, with

264 Metal-Organic Frameworks (MOFs) for Environmental Applications



Figure 8.17 (A) Synthesis scheme of TABD-MOF-1, TABD-MOF-2 and TABD-MOF-3.

(B) Images of TABD-MOF-3-deposited paper strips in the presence of different

concentrations of NTO in THF under UV-light. (C) Fluorescence enhancement of TABD-

MOF-3 in the presence of NTO in THF medium followed by addition of hexane. (D)

Fluorescence increment efficiency of TABD-MOF-3 in the presence of various analytes.

Source: Reproduced with permission from Y. Guo, X. Feng, T. Han, S. Wang, Z. Lin, Y.

Dong, et al., Tuning the luminescence of metal2 organic frameworks for detection of

energetic heterocyclic compounds, J. Am. Chem. Soc. 136 (2014) 154852 15488. Copyright

(2014) American Chemical Society.
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a red-shift in wavelength for TABD-MOF-2 and blue emission of TABD-MOF-1

quickly shifted to a green color (Fig. 8.17C). Control experiments revealed that

only THF or only TABD linker didn’t show significant responses with NTO. As a

reason behind this observation it has been stated that metal-carboxylate bonds of

MOFs are prone to dissociate in the presence of CQN� or NQN� moieties of

the heterocyclic compounds, which leads to the formation of aggregation-induced

emissions of the TABD linker (Fig. 8.17D). Thus the obtained emission from linker

due to aggregation has led to the generation of signal in this case. TABD-MOF-3

coated strip has been further tested for selectivity and the MOF coated strip

showed turn-on emission only in the presence of five-member heterocyclic HEMs

[4H-1,2,4-triazol-4-amine (AT), 5H-tetrazol-5-amine (5-ATZ), 4H-1,2,4-triazole-

3,4-diamine hydrochloride (DAT), NTO and 3-hydrazinyl-4H-1,2,4-triazol-4-amine

dihydrochloride (HAT)] over other NACs and various solvents (Fig. 8.17B).

Hitherto, we have discussed mostly the role of the linkers in MOFs for the detection

of non-nitro-aromatic HEMs, but the suitable selection of guest molecules can also

play a crucial role in sensing. Recently Fu et al. have reported a dual emissive

composite material of MOF and HPTS dye (8-hydroxy-1,3,6-pyrenetrisulfonicacid

trisodium salt) for the detection of a broad class of nitro-explosive materials

(Fig. 8.18A) [116]. Owing to the high porosity and presence of NO2
3 anions in

MOF [Zn(TIPA)(NO2
3 )2(H2O)∙5H2O; TIPA: tri(4-imidazolylphenyl)amine], which

has been reported earlier, guest dye molecule has been incorporated via anion

exchange (Fig. 8.18A). The blue emissive MOF (λmax5 400 nm) showed yellow-

green emission (λmax5 400 and 525 nm) upon incorporation of HPTS dye

molecules (Fig. 8.18B and C). MOF*HPTS composite material showed significant

change in emission profile in the presence of NACs as well as aliphatic nitro-

compounds RDX, HMX, and DMNB. Both RDX and HMX showed dramatic

quenching of the peak at 525 nm along with the enhancement in the peak at 400 nm

(Fig. 8.18D). Especially, with addition of 15 and 30 ppm RDX analyte 31% and

55% quenching was observed for peak at 525 nm while 40% and 195% enhance-

ment was observed for peak at 400 nm, respectively. This result can be attributed to

the pore filling effect with upcoming aliphatic nitro-analytes and further rigidifying

the motions of the dye molecules inside the framework. This example demonstrated

that host�guest chemistry in such guest-encapsulated MOFs can be well suited for

the fabrication of durable sensory materials.

8.5 Desensitization of nitro-explosives and related
materials by metal-organic frameworks

Recently, MOFs have emerged as suitable candidates for the capture and desensiti-

zation of nitro-explosive compounds. MOFs have become one of the superior

materials over other common sensors for detection of nitro-aromatics owing to their

tunable porosities and functionalized pore cavities. In addition, MOFs-based desen-

sitization of explosives by encapsulating them inside the framework has evolved
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recently showing their huge potential. High heat of detonation is the key factor for

sensitivity of high energy density materials (HEDMs) and desensitization of such

HEDMs are of great interest because of safe storage, transport, and other security

issues [117�120]. Desensitizers are typically employed to desensitize explosive

materials by absorbing the heat generated from the explosives due to impact and

Figure 8.18 (A) Three-dimensional framework of MOF (left) and dye encapsulated MOF

(right). (B) Images of single crystal (top) MOF (left) and dye encapsulated MOF composite

(right) with corresponding fluorescence emission (bottom). (C) Solid-state emission of MOF

(blue), ligand (orange) and dye-loaded MOF (green). (D) Turn-on responses of the composite

for RDX, HMX, and DMNB (from left to right).

Source: Reproduced with permission from H.-R. Fu, L.-B. Yan, N.-T. Wu, L.-F. Ma, S.-Q.

Zang, Dual-emission MOF*dye sensor for ratiometric fluorescence recognition of RDX and

detection of a broad class of nitro-compounds, J. Mater. Chem. A 6 (2018) 9183�9191.

Copyright (2018) Royal Society of Chemistry.
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friction implemented on them. Desensitizers are also used to decrease the energy

density of the explosive materials, by which their initiation functioning could be

affected. The development of MOFs as a new platform of next-generation HEDMs

is quite fascinating owing to their inherent benefits, such as rational designing and

structural diversity, which allows to introduce various energetic components inside

the framework. Moreover, higher mechanical strength and favorable thermal stabil-

ity and eminent density of MOFs play crucial roles for lowering their sensitivity

significantly [16].

There are three important methods to desensitize explosive materials by utilizing

MOFs, which are as follows:

1. construction of insensitive energetic MOFs by using N-rich linkers.

2. encapsulation of energetic components inside MOFs.

3. MOFs as scaffold in preparing insensitive energetic materials.

8.5.1 Construction of insensitive energetic metal-organic
frameworks by using N-rich linkers

MOFs, designed and fabricated from N-rich ligands are expected to be promising

candidates as next-generation HEDMs. Conventional energetic complexes and

metal-organic salts often possess high heat densities, but comparatively low heat of

detonation value for each unit mass in comparison with organic explosives, which

has resulted in various environmental issues [121,122]. Recently Bushuyev et al.

reported two one-dimensional energetic MOFs, composed of metal�hydrazine com-

plexes accommodating noncoordinating anions like nitrate (NO2
3 ) and perchlorate

(ClO2
4 ) [123]. They have synthesized nickel hydrazine perchlorate (NHP) and

cobalt hydrazine perchlorate (CHP), where Ni and Co are present as the central

metal node and hydrazine acts as the inner sphere binding ligand to form the linear

backbone structures. Among these two MOFs, NHP was found to be highly sensi-

tive as it resulted in three explosions during the laboratory handling. In contrast,

CHP was less sensitive and could be handily initiated by spark, flame, and impact.

Both compounds have comparable heats of detonation with two of the most ener-

getic materials PETN and RDX; also both CHP and NHP were found to be very

sensitive. A relatively high proportion of nitrogen content (due to hydrazine moiety)

compared to metal content in both the frameworks along with weak bonds between

Ni- or Co-nitrogen resulted in such high sensitivity for both CHP and NHP.

In developing desensitized HEDMs, the same research group further extended

their work to prepare desensitized hydrazine functionalized MOFs by modifying

them to 2D layered structures [124]. In this regard, hydrazine was employed as one

of the ligands owing to its solely gaseous decomposition products, bidentate nature,

and the absence of oxidizable carbon. Further, bidentate hydrazine was partially

exchanged with tridentate hydrazinecarboxylate anion which resulted in two

2D polymeric sheets, viz., CHHP {[Co2(N2H4)4-(N2H3CO2)2][ClO4]2 �H2O} and

ZnHHP {[Zn2(N2H4)3-(N2H3CO2)2] [ClO4]2 �H2O}. Two-dimensional CHHP and

ZnHHP were found to possess a considerable amount of decrease in the sensitivity
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as compared to the previously synthesized 1D CHP and NHP. In addition, DFT

(density functional theory) calculation suggested that ZnHHP was endued with

higher energy content than most of the metal-based explosives. Moreover, ZnHHP

was found to be insensitive to the initiation via spark ignition and also a homemade

drop hammer apparatus, which revealed the remarkable lowering in the sensitivity

of the material as compared to the previous case. Apart from hydrazine derivatives,

heterocycles (such as triazole and tetrazole) with high nitrogen content are of great

interest in the fabrication of MOFs-based HEDMs due to their high nitrogen con-

tent, adjustable coordination modes, and considerable structural stability. In another

report, Chen, Wei, and coworkers demonstrated Ag-based 2D energetic CPs (coor-

dination polymers) with triazole moieties [125]. Both compounds exhibited good

insensitivity along with thermal stability up to 300�C. Moreover, both the com-

pounds were found to be insensitive toward initiation until the impact energy is

more than 40 J or the respective friction force gained to 360 N.

Three-dimensional MOFs feature more accomplished structural integrity, which

could further enhance the stabilities and energetic properties in comparison with 1D

linear and 2D layered structures. In this regard, in 2013, Pang and coworkers dem-

onstrated two ecofriendly, halogen-free energetic 3D MOFs with formulas of ([Cu

(atrz)3(NO3)2]n and [Ag(atrz)1.5(NO3)]n) (where atrz: 4,40-azo-1,2,4-triazole) with

exceptionally high heat of detonation and comparatively low sensitivity [126]. Use

of 4,40-azo-1,2,4-triazole over hydrazine as ligand was justified with several advan-

tages such as high nitrogen content along with a very high heat of formation.

Featuring high thermal stability along with decomposition temperature of up to

313�C and with more than six N-atoms potentially coordinated, it was predicted

that the use of atrz could enhance the energetic properties of the target polymers.

The ISs for the Cu- and Ag-based compounds were found to be 22.5 and 30 J

respectively, whereas IS values for previously reported hydrazine-based CPs were

0.5 J for CHP and 0.8 J for CHHP, which were even lower than for the free atrz

ligands (14 J). In addition, both compounds were found to be insensitive not only to

friction (0%), but also to electrostatic discharge (24.75 J), while highly explosive

HMX has been found to possess only 0.2 J electrostatic sensitivity. Both complexes

showed remarkably high heats of detonation and were found to perform relatively

better than the previously reported MOF materials (such as CHP, NHP, and

CHHP). Additionally, it was found that [Cu(atrz)3(NO3)2]n possesses a higher heat

of detonation than well-known octanitrocubane, CL-20 and other powerful organic

explosives.

Further, Lan, Li, Su, and coworkers in 2015, reported another 3D energetic

MOF with SOD topology based on N-rich heterocycles, namely IFMC-1 with a

formula of (Zn(Hdttz)) �DMA (where Hdttz: 4,5-di(1H-tetrazol-5-yl)-2H-1,2,3-

triazole) [127]. IFMC-1 showed excellent low sensitivity with a high heat of deto-

nation (8.26 kcal cm23), which was found to be five times more than that of the

respective ligand, H3dttz (1.06 kcal g21). The IS of IFMC-1 was found to be more

than 40 J along with friction sensitivity more than 360 N and electrostatic

sensitivity .40 J. Both H3dttz and IFMC-1 have been classified as “insensitive”

materials. Heat of detonation for IFMC-1 was calculated by DFT calculations to
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be three to eight times greater than TNT, CL-20, and other reported MOFs.

Furthermore, Chen and coworkers reported the role of guest molecules in the

contradiction between energy and safety in MOFs-based HEMs [128]. In this

work, they reported a MOF-based energetic compound with a formula of

[Co9(bta)10(Hbta)2(H2O)10]n � [22(H2O)]n which was constructed from a nitrogen-

rich heterocyclic ligand (where H2bta: (N,N-bis(1H-tetrazole-5-yl)-amine)).

Structure of the compound revealed latticed water molecules incorporated

inside the channels, which were found to be insensitive. Upon dehydration of the

aforementioned compound, a new energetic compound with formula of

[Co9(bta)10(Hbta)2(H2O)10]n was obtained. The IS value of the as-synthesized

compound, [Co9(bta)10(Hbta)2(H2O)10]n � [22(H2O)], was found to be 40 J which

was much higher than the dehydrated phase (IS of 27 J). Interestingly, both com-

pounds were found to have lower sensitivity than that of TNT and other accounted

energetic coordination polymers. The sensitivity difference between these two

compounds was attributed to the presence of guest water molecules in the case of

the first compound where lattice water molecules played the role to decrease the

sensitivity as compared to the dehydrated compound.

In 2015, another report by Chen and coworkers demonstrated the synthesis of

three green energetic MOFs with formulas of [Cu(Htztr)2(H2O)2]n, {[Cu(tztr)] �
H2O}n, and [Cu(Htztr)]n (where Htztr: 3-(1H-tetrazol-5-yl)-1H-triazole) [129].

Among these MOFs, [Cu(Htztr)2(H2O)2]n was found to possess a mononuclear

structure, whereas {[Cu(tztr)] �H2O}n exhibited 3D skeletons and [Cu(Htztr)]n
presented a layered structural feature. In spite of such differences in their structural

dimensions, all three MOFs possess very low sensitivity as well as good heats of

detonation. According to the authors, the presence of water molecules inside the

frameworks of [Cu(Htztr)2(H2O)2]n and {[Cu(tztr)] �H2O}n help both MOFs to

lower their sensitivity. So, these reports show the fabrication of energetic MOFs

from N-rich organic linkers with low sensitivity is a very interesting but also a

tricky task. There are several factors which can influence the explosive behavior of

the energetic MOFs, such as nitrogen content, balance of oxygen, the type of

ligands used, coordination environment, counter ions, intra- and intermolecular

H-bondings, solvent molecules, and guest species remaining in the pores.

8.5.2 Encapsulation of energetic components inside metal-
organic frameworks

Furthermore, MOFs could be very much useful as molecular containers to desensi-

tize different type of high-energetic molecules as guests via encapsulation inside

the frameworks. The guest molecules or the counter ions inside pores of MOFs can

have strong interactions with the framework and hence the explosive nature of such

compounds could be influenced (either can be increased or decreased). In 2016, Li,

Pang, and coworkers came up with a new desensitizing strategy for HEDMs via

entrapping explosive molecules as guests or anions within the network of MOFs

and hence preventing their decomposition properties and decreasing their reactivity
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[130]. It showed an adequate anion exchange process of reversible encapsulation of

exclusive oxy-anion, dinitramide ion N NO2ð Þ22
� �

in a 3D cationic energetic MOF

(Fig. 8.19A). The entrapping process resulted in the significant increase in the ther-

mal stability of the respective dinitramide ion. Decomposition temperature for the

dinitramide ion encapsulated compound, that is, N NO2ð Þ22 CMOF Cuð Þ, reached up

to 221�C, and this made the compound as the most stable compound containing

energetic N NO2ð Þ22 ions. Moreover, N(NO2)2
2CMOF(Cu) could be handled safely

for real-time applications as it possesses an electrostatic sensitivity of 1.9 J, which

was much higher than the static electricity that the human body can generate

(0.025 J). Further, successful ion exchange of the encapsulated N NO2ð Þ22 anion was

carried out with contending guest anions N2
3

� �
which exhibited a very fast color

change (blue to deep brown), detectable by the naked eye, and hence deformation

of the material from a secondary explosive to a primary explosive was obtained

(Fig. 8.19B). This study provides a convenient approach for the preparation of new

energetic MOFs by rapid encapsulation and release of labile energetic anions under

ambient conditions and by modulation of their energetic properties.

Figure 8.19 (A) Schematic representation of anion exchange in MOF. (B) Images of the

color changes of crystals before and after anion exchanges.

Source: Reproduced with permission from J. Zhang, Y. Du, K. Dong, H. Su, S. Zhang, S. Li,

et al., Taming dinitramide anions within an energetic metal2 organic framework: a new

strategy for synthesis and tunable properties of high energy materials, Chem. Mater. 28

(2016) 14722 1480. Copyright (2016) American Chemical Society.
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8.5.3 Metal-organic frameworks as precursor to prepare
insensitive energetic materials

The exciting evolution of the MOF-based explosive materials has shown a new ave-

nue in the developing field of HEDMs. But a few shortcomings, such as high cost,

major safety risk, and inadequate performance, have made this method more

challenging. Primary explosives are considered as the most sensitive materials to

friction, mechanical shock, and heat, since they will respond by detonating or burn-

ing rapidly. So, there must be a balance between resistance to flame, electrostatic

sensitivity, and their initiation properties.

In 2017, B. Wang and coworkers reported a MOF-templating strategy for in situ

synthesis of a primary explosive inside a carbonized MOF composite [131]. They

strategically chose copper azide (CA) as the aimed primary explosive due to its

high sensitivity toward flame and powerful initiation ability. Further, a Cu(II)-based

MOF, viz., HKUST-1, was employed owing to the fact that carbonization of

HKUST-1 can produce a carbon matrix with open mesopores with uniform distribu-

tion of copper (Fig. 8.20). High surface area resulting from carbonization of the

MOF could be utilized for the in situ preparation of CA by the introduction of

hydrazoic acid (HN3) gas inside the channels. Further, the authors had calcinated

Figure 8.20 Mechanistic illustration of electrostatic sensitivity for the composites, MOFT-

CA and CA-C, by physical mixture method.

Source: Reproduced with permission from X. Qu, S. Zhang, Q. Yang, Z. Su, Q. Wei, G. Xie,

et al., Silver(I)-based energetic coordination polymers: synthesis, structure and energy

performance, New J. Chem. 39 (2015) 7849�7857 respectively. Copyright (2016) John

Wiley & Sons.
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the HKUST-1 followed by reacting with HN3 gas to acquire primary explosive

composite, namely, MOFT-CA. The conductive nature of the carbon framework

helped to prevent the charge accumulation on the primary explosive. MOFT-CA

showed good flame sensitivity, excellent initiation ability, and low electrostatic sen-

sitivity at the same time. The discharge energy at 50% (referred to as E50) of the

explosive MOFT-CA was found to be 1.6 mJ, which is ten times higher than LS,

and much higher than the mixtures of LA and LS and other carbon composites,

implying the lower electrostatic sensitivity and higher safety of the composite.

Notably, only 10 mg of MOFT-CA can effectively detonate 80 mg (RDX), 30 mg

mixture of LS and LA revealing an excellent initiation ability. These results support

that MOFT-CA can fulfill the basic needs for practical applicability for both the

civilian as well as military explosive technologies.

8.6 Conclusions and future outlooks

In conclusion, MOF has evolved as a fertile platform in the field for effective sens-

ing and desensitization of energetic materials. The porous nature of MOFs make

them advantageous for sensing of energetic materials as the aimed analyte can be

adsorbed into the pores and can generate a prominent interaction between the aimed

analyte and the recognition center to create strong signals. LMOFs are explored

extensively in sensing and detection of various toxic environmental pollutants,

explosive materials, etc. In the field of HEDMs sensing, MOFs can be utilized for

turn-off detection of nitro-aromatic explosives via the charge transfer effect, and

employing aggregation-induced emission phenomena, turn-on based detection of N-

heterocyclic rich HEDMs via a competitive coordination strategy was acquired.

These phenomena are very useful in the design of sensory materials to distinguish

various targeted analytes by their small structural differences in molecules via

transduction protocol. The fabrication of high-energetic ligands with metal ions via

self-assembly along with the improvement of theory calculation, measurement

techniques and processing ease, and the development of preparation and characteri-

zation of HEDMs has been extraordinary. For HEDMs, the choice of metal nodes

along with the modification of the binding linker play important roles in producing

the energetic properties of the material. Moreover, the assistance of high energy

chelating linkers leads to different dimensionality of the frameworks from 1D to 3D

while providing the desired properties. To desensitize energetic materials, research-

ers employ various energetic ligands (mostly N-rich) to fabricate insensitive

energetic MOFs. Additionally, 3D HEDMs have found immense promise in this

field owing to their enhanced structural reinforcement in comparison with 1D and

2D frameworks. Incorporation of inorganic anions in 3D HEDMs, such as nitrate

(NO3
2) and perchlorate (ClO4

2) inside the pores of the HEDMs, provide stabilities

and energetic properties. Encapsulation of energetic materials within the pores of

the MOFs and MOF-reduced carbon materials to produce powerful but insensitive

explosives are the other two strategies to prepare desensitized HEDMs by MOFs.
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Figure 8.21 Schematic representation of the MOF coating with hot-pressing method.

Source: Reproduced with permission from Y. Chen, S. Li, X. Pei, J. Zhou, X. Feng, S. Zhang, et al., A solvent-free hot-pressing method for

preparing metal-organic-framework coatings, Angew. Chem. Int. Ed. 55 (2016) 3419�3423 respectively. Copyright (2016) John Wiley & Sons.



The process to derive MOF-based desensitized HEDM carbon materials is simple,

scalable, and economically feasible and preferred over physical mixing process and

other methods because of the lesser chance of accidental explosion.

Even though momentous progress has been made in these fields, the fabrication

of MOF-based membranes and devices for real-time applications rather than pow-

ders is still highly desired. Crystals of MOFs are inherently brittle in nature and

arduous to process for practical applications. Mixing of MOFs with binders and

additives gives an alternative way out to prevent the degradation of MOFs into

fine powders or tiny particles for their applicability. In situ growth of crystals of the

MOF on the device substrates is the other way to construct MOF-based devices. In

this process, the device substrate is immersed in the mother liquor of the targeted

MOF and stepwise growth of MOFs on the surface of the substrate occurs via elec-

trochemical deposition, solvothermal, or microwave methods. Recently, B. Wang,

and coworkers introduced a fast and facile technique called postsynthetic polymeri-

zation to attach MOF crystals to flexible polymeric chains via covalent bonding

[132]. This strategy improves the interfacial interactions between polymers and

MOFs by reducing the boundary defects and hence aggregation process of MOF

particles gets prevented. Moreover, they employed a hot-pressing method for

coating on MOFs with various binding substrates. By this method, a range of

MOFs, including imidazolate-/carboxylate-assisted and mixed-metal MOFs, are

found to be fruitfully fabricated on different coating substrates (Fig. 8.21) [133].

These kinds of processing methods to construct MOFs-based explosive devices or

sensors will trigger the development of MOF-based devices further for explosive

desensitization and explosive sensing.
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9.1 Introduction

Fossil fuels, such as coal, oil, and natural gas, are still the prime energy sources in

the world (approximately 80% of the total use) up to now [1]. However, it is antici-

pated that these nonrenewable energy sources will be depleted within the next

40�50 years [2]. Meanwhile, the demand of energy will continuously increase

because of the rapid growth in human population. Moreover, the expected environ-

mental issues due to the emissions of burning fossil fuels, such as global warming

and acid rain, have forced the world to try to shift toward utilizing a variety of

renewable and less environmentally harmful energy sources.

As expected, renewable energy sources will play an important role in the future.

Renewable energy sources can produce energy repeatedly, for example, solar

energy, wind energy, biomass energy, geothermal energy, and so on. As compared

to other types of renewable energy resources, such as wind and solar, a biomass

energy source has the following advantages, such as easily stored, and at low cost,

and can be treated as a more promising energy source. Actually, biomass supplied

about 75% of all renewable energy consumed in the world in 2010, and will supply

52% in 2040 [3].

Biomass can be broken into three basic categories, carbohydrates, lignin, and fat/

oils [4]. Vegetable oil�based feedstock have gained significant interest because of

their high energy density and structural similarity to petroleum-based fuels [5].

Vegetables oils, for example, can be obtained widely from nonedible oil crops,

such like algae and jatropha. Waste fats and oils can also be an alternative as an

inexpensive nonedible feedstock [6].

However, the direct use of vegetable oils (or fatty acids) as diesels is not desired

because of the engine compatibility problems. Therefore several alternative techni-

ques are developed to produce diesel-like hydrocarbons using fatty acids as starting
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materials. These processes can be divided into three categories: cracking [7,8],

transesterification [9,10], and deoxygenation [11,12]. Catalytic cracking technology

can break down a high-molecular mass into fragments with lower molecular mass.

The advantages of catalytic cracking include that no H2 is required and atmospheric

processing, leading to reduced operational cost. Although catalytic cracking is

considered as a cheaper route, it is highly unselective as lots of hydrocarbons and

oxygenates are formed. Therefore catalytic cracking is not a suitable upgrading

process of vegetable oils (or fatty acids) to produce diesel-like hydrocarbons.

Transesterification is now widely applied to produce biodiesel from fatty acid esters

deriving from vegetable oils. However, this biodiesel cannot totally substitute the

petroleum-based fuels due to the high oxygen content. While catalytic deoxygen-

ation is a process that involves removal of the carboxyl group in fatty acids as

carbon dioxide and/or carbon monoxide using supported metal catalyst, producing

alkane and alkene as diesel-like hydrocarbons, it does not necessarily need hydro-

gen and can produce hydrocarbons in the diesel range with high selectivity.

Therefore this chapter will focus on the research into the production of diesel-like

hydrocarbons by catalytic deoxygenation of fatty acids over metal-organic frame-

works (MOFs) used as catalysts and catalytic supports.

9.2 Why metal-organic frameworks can be
catalysts for the deoxygenation of fatty acids to
transport fuels?

Various heterogeneous catalysts, such as metals (Pd, Ni, Ru, Pt, Ir, Os, Mo, Co, Cu,

and Rh) supported on carbon and numerous metal oxides (CaO-MgO, MgO-Al2O3,

ZrO2-CeO2, Al2O3, ZrO2, CeO2, SiO2, and zeolites), have been employed for deox-

ygenation of fatty acids and their esters [13�17]. In most of this research, the sup-

port employed is either catalytically inert material like carbon or a relatively

nonacidic component, like silica or nonacidic alumina. It limits the activity of cata-

lysts to some degree. Recently, our group has reported the catalytic decarboxylation

process of oleic acid to branched and aromatic hydrocarbons in a single process

step over acidic and basic supports including Pt/SAPO-11 and Pt/chloride Al2O3

[18] and Pt/SAPO-34, Pt/DNL-6, Pt/RHO, and Pt/hydrotalcite [19].

MOFs [20,21] are an important class of novel inorganic-organic crystalline mate-

rials. One of the most attractive features of MOFs are their uniform micropores,

ultrahigh surface areas, and exceptional thermal and chemical stability, making

them ideal candidates for catalytic applications. MOFs consist of metal cations or

metal-based clusters linked by organic molecules forming a crystalline network,

which after removal of guest species may result in three-dimensional structures

with permanent porosity [20,22,23]. MOF-based catalysis depends on the active

sites; both metal centers and organic linkers contribute to catalytic activities [24].

Specially, the organic bridging linkers may be used as scaffolds for distinct cata-

lytic complexes and biomolecules, and homogeneous catalysts can be immobilized
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or encapsulated. The synthetic flexibility of MOF enables considerable control over

the size and environment of the pores, allowing selectivity to be tuned more

effectively.

Hybrid structure MOF supported on porous beads can also be adopted as a

catalyst instead of powder MOF crystals. The benefits of bead catalysts are 100%

recyclable, and only a thin MOF layer is required as an active part. This hybrid cat-

alyst configuration is also amenable for scale-up and can work under continuous

reaction conditions. In the following paragraphs, we summarize the relevant work

on the deoxygenation of fatty acids over MOFs catalysts employed as supports and

catalysts.

9.3 MOF powder catalysts for the conversion of fatty
acids into transport liquid fuel hydrocarbons

Herein the catalytic decarboxylation process of oleic acid to hydrocarbons over

bare and Pt-doped Cu-, Al-, and Ga-based MOF catalysts is described. To our best

knowledge, this research work represents one of the first examples demonstrating

the catalytic ability of a MOF used as both catalyst and support for the decarboxyl-

ation of a model fatty acid molecule.

Cu-, Al-, and Ga-based MOFs were prepared via a solvothermal approach [25].

These three isostructural MOF compositions were chosen based on the different

degree of acidities of the metal species (gallium is a hard acid metal and the most

acidic, and copper is a borderline acid metal and less acidic). Later these three

MOFs were impregnated with platinum at 5 wt%. Oleic acid was employed as the

model unsaturated fatty acid molecule. More specific details about the reaction pro-

cedure and product analysis are provided in our recent study [26].

The SEM images of Cu-, Al-, and Ga-MOFs are shown in Fig. 9.1. Cu-MOF dis-

plays well-faceted hexagonal morphology with relatively narrow size distribution in

the range of B0.8�1 μm. Ga-MOF is larger (B10 μm) in dodecahedral crystalline

morphology. And Al-MOF is an hexagonal morphology with a broad size

Figure 9.1 Representative SEM images of (A) Cu-MOF, (B) Ga-MOF, and (C) Al-MOF.

Source: Taken from L.Q. Yang, G.L. Ruess, M.A. Carreon, Cu, Al and Ga based metal-

organic framework catalysts for the decarboxylation of oleic acid, Catal. Sci. Technol. 5 (5)

(2015) 2777�2782.
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distribution and average particle size in the range 0.2�0.8 μm. The X-ray

diffraction (XRD) pattern of Cu-MOF (Fig. 9.2C) corresponds to the typical known

structure of Cu3(BTC)2 [27,28]. The metal-organic framework, Cu3(BTC)2
(BTC5 benzene-1,3,5-tricarboxylate) is an appealing material to employ as a cata-

lyst for the decarboxylation of fatty acid molecules due to the presence of Lewis

acid coordination sites (Cu) in its framework. Fig. 9.2A and B show the XRD pat-

terns of Ga-MOF and Al-MOF, respectively. A shift to lower two-theta angle in the

XRD patterns for these two structures was evident compared to Cu-MOF. This shift

suggested a higher degree of local structural disorder that was expected due to

the incorporation of larger atoms in the porous framework (Cu atomic

radius5 0.127 nm; Ga atomic radius5 0.136 nm; Al atomic radius5 0.143 nm)

[29].

The degree of decarboxylation of oleic acid over Cu-MOF, Al-MOF, and

Ga-MOF crystals at 320�C increased in the following order: Ga-MOF.Al-

MOF.Cu-MOF. More specifically, B66%, B45%, and B42% degree of decar-

boxylation were observed for Ga-MOF, Al-MOF, and Cu-MOF powder catalyst,

respectively. Interestingly the catalytic performance of these isostructural MOFs

correlated with the degree of metal acidity. Gallium as a hard acid metal is the

most acidic, and Cu as a borderline acid metal is the least acidic. The observed cat-

alytic activity of these particular MOF compositions (even without a noble metal)

was not surprising since these MOFs had the particular property of exposing their

open metal centers making them chemically reactive. In addition, it was recently

demonstrated that acidic supports can help promote the decarboxylation of fatty

acid molecules [19]. The presence of H2 promoted the hydrogenation of oleic acid

to stearic acid, which then underwent facile decarboxylation. As expected the

degree of decarboxylation considerably increased with the addition of 5 wt% of Pt.
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Figure 9.2 XRD patterns of (A) Ga-MOF, (B) Al-MOF, and (C) Cu-MOF.

Source: Taken from L.Q. Yang, G.L. Ruess, M.A. Carreon, Cu, Al and Ga based metal-

organic framework catalysts for the decarboxylation of oleic acid, Catal. Sci. Technol. 5 (5)

(2015) 2777�2782.
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Similar to the catalytic activity trend observed for the bare MOFs, the following

order was observed for the Pt impregnated MOF catalysts: Pt/Ga-MOF. Pt/Al-

MOF. Pt/Cu-MOF. In particular, B92%, B90%, and B46% degree of decarbox-

ylation were observed for Pt/Ga-MOF, Pt/Al-MOF, and Pt/Cu-MOF, respectively.

The influence of recycling on the catalytic performance was also investigated,

and slightly lower decarboxylation percentages were observed for all recycled cata-

lysts. This relatively low loss in catalytic activity for the recycled catalysts can be

explained partly by the remarkable thermal stability of Cu-MOF, Al-MOF, and Ga-

MOF crystals. As shown in Fig. 9.3, all MOFs were thermally stable at least up to

B330�C.
The detailed product distribution for the most active catalysts (Ga-MOF with

and without Pt) is given in Table 9.1. The components in the liquid product

included long-chain hydrocarbons (octadecane and heptadecane) and lower molecu-

lar weight hydrocarbons (mostly C7�C16 paraffins) formed by cracking. No oleic
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Figure 9.3 TGA profiles of (A) Cu-MOF, (B) Al-MOF, and (C) Ga-MOF.

Source: Taken from L.Q. Yang, G.L. Ruess, M.A. Carreon, Cu, Al and Ga based metal-

organic framework catalysts for the decarboxylation of oleic acid, Catal. Sci. Technol. 5 (5)

(2015) 2777�2782.

Table 9.1 Liquid product distribution for the decarboxylation of oleic acid over

Pt/Ga-MOF and Ga-MOF catalysts. Reaction conditions: 10 mL oleic acid, 0.5 g catalyst,

2 h, and 20 bar at 320�C.

Catalyst Hydrocarbons distribution (%)

Octadecane Heptadecane Dodecane Undecane Decane Nonane Octane Heptane Unknown

Pt/Ga-MOF 55.13 21.52 � 0.92 1.46 1.71 1.81 1.53 15.92

Ga-MOF � 5.70 6.72 9.19 9.32 12.76 15.84 12.82 27.65

Source: Taken from L.Q. Yang, G.L. Ruess, M.A. Carreon, Cu, Al and Ga based metal-organic framework catalysts for the decarboxylation of oleic acid, Catal.

Sci. Technol. 5 (5) (2015) 2777�2782.
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acid was observed in the products under all reaction conditions, suggesting total

conversion of oleic acid.

In summary the catalytic ability of MOFs used both as catalyst and support

for the decarboxylation of a model fatty acid was demonstrated. Moderate

degrees of decarboxylation were observed for bare MOF crystal catalysts. The

incorporation of Pt within the porous MOF resulted in high degrees of decarboxyl-

ation. All MOF crystals displayed high thermal stability, resulting in recyclable

catalysts displaying low catalytic activity loss. In particular, Ga-MOF catalysts

were the most effective catalysts, displaying moderate to high degrees of

decarboxylation. The better catalytic performance of Ga-MOF may be related to

its higher acidity.

9.4 Supported ZIF-67 catalysts for the conversion of
oleic acid into transport liquid fuel hydrocarbons

Here we summarize the most relevant results of a novel catalytic system consisting

of Pt supported on zeolite 5A beads covered with ZIF-67 MOF membrane. The

resultant catalytic system was evaluated for the decarboxylation of oleic acid to

heptadecane [31]. To our best knowledge the catalytic performance of this catalyst

system is superior to those of the state-of-the-art catalysts at mild reaction

conditions.

Zeolite 5A (in typical chemical composition of NaxCay[(AlO2)12(SiO2)12] �
xH2O) beads were chosen because of their high chemical and thermal stability,

acidic sites, and commercially availability. It displays LTA topology and has uni-

form pores of B0.5 nm with surface area of 549 m2/g [30]. ZIF-67 and ZIF-8 MOF

were grown on these zeolite 5A beads hydrothermally [31]. After two rounds of

hydrothermal treatments, zeolite 5A beads covered with MOFs were obtained. 1 wt

% Pt was doped by a conventional wet impregnation method on MOF/zeolite 5A

beads and bare zeolite 5A beads, respectively.

The catalytic performance of 1 wt% Pt/zeolite 5A bead catalyst was evaluated

for the decarboxylation of oleic acid at 320�C and 20 bar, and decarboxylation as

high as B98.7% was observed. Heptadecane selectivity of B75% was achieved

for fresh catalyst. In principle the fact that only 1 wt% Pt was required to gain

such high heptadecane selectivity, suggested that Pt was well dispersed on the

surface of the beads, resulting in a fast surface reaction, and therefore high

heptadecane selectivity. Heptadecane selectivity decreased to 52% for the first

recycled catalyst, and 46% for the second recycled catalyst. This decrease in

heptadecane selectivity may be partly explained by the considerable decrease in

surface area of the catalyst (from 530 to 230 m2/g). Pore volume also decreased

from fresh to recycled catalysts, suggesting that micropores were partially

blocked. Raman spectroscopy indicated the presence of surface carbonaceous

species (at frequency B1500�1750 cm21) in the external surface for a second

recycled 1 wt% Pt/zeolite 5A catalyst (Fig. 9.4).

290 Metal-Organic Frameworks (MOFs) for Environmental Applications



Previously, our group found that microporous crystalline phases with pore sizes

between B0.35 and 0.38 nm can be beneficial for improving heptadecane selectiv-

ity [19]. We postulated that potentially a “molecular sieving effect” was in part

responsible for this improving catalytic behavior. Based on this premise, and on the

fact that transition metals such as Co have been demonstrated to be an alternative

and viable replacement of Pt to improve catalyst stability [32], we incorporated a

cobalt-based MOF (known as ZIF-67) membrane on the surface of zeolite 5A

beads. ZIF-67 is a cobalt-based zeolitic imidazolate framework displaying SOD

topology with large pores of diameter 1.16 nm that are accessible through small

pore windows of diameter 0.34 nm, which has recently received considerable atten-

tion due to its desirable properties as catalyst, adsorbent, sensor, and membrane

[33]. Then, zeolite 5A beads growing with ZIF-67 membrane were impregnated

with 1 wt% Pt and evaluated in the decarboxylation process of oleic acid.

A representative SEM image of 1 wt% Pt/ZIF-67 membrane/zeolite 5A bead

catalyst shows a continuous ZIF-67 membrane of B300 μm thickness (Fig. 9.5).

Decarboxylation as high as B99% was reached for this catalyst (similar to the

catalyst without ZIF-67 membrane) with heptadecane selectivity of 82% for the

fresh catalyst. The use of a microporous ZIF-67 crystalline layer improved

the heptadecane selectivity obviously, but most importantly improved the stability

of the resultant catalyst. It was found that the recycled 1 wt% Pt/ZIF-67 mem-

brane/zeolite 5A bead catalysts decreased its performance to 64% and 60% for the

first recycled and second recycled catalysts, respectively. The surface area of the

second recycled catalyst decreased only to 402 m2/g as compared to 560 m2/g of

the fresh catalyst, indicating a much lower decrease in surface area as compared

to the catalyst prepared in the absence of ZIF-67 membrane. XRD patterns for all
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Figure 9.4 Raman spectra for (A) fresh 1 wt% Pt/zeolite 5A catalyst and (B) second

recycled 1 wt% Pt/zeolite 5A catalyst.

Source: Taken from L.Q. Yang, K.L. Tate, J.B. Jasinski, M.A. Carreon, Decarboxylation of

oleic acid to heptadecane over Pt supported on zeolite 5A beads, ACS Catal. 5 (11) (2015)

6497�6502.
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studied catalysts showed the typical known structure of zeolite 5A which crystal-

lizes in the LTA topology. This confirmed that the crystalline structure of zeolite

5A was preserved after Pt deposition, after the incorporation of ZIF-67 membrane,

and after two rounds of recycling, suggesting high structural stability for all

catalysts.

The detailed liquid product distribution of all studied catalysts (fresh and

recycled) was given in Table 9.2. The components in the liquid product included

long-chain hydrocarbons (octadecane and heptadecane), and short-chain hydrocar-

bons (mostly C7�C16 paraffins) formed by cracking. No detectable oleic acid was

observed in the products under the prevailing reaction conditions, suggesting total

conversion of oleic acid (and supported by the observed high decarboxylation

percentages).

To have a better understanding of the role of ZIF-67 on the surface of zeolite 5A

beads, we performed TEM and EDX analysis. Fig. 9.6A and B shows representative

STEM images of fresh 1 wt% Pt catalysts without and with ZIF-67 membrane. In

both cases a high density of well-dispersed platinum nanoparticles was observed.

However, for the catalyst without ZIF-67 membrane incorporated, some clustering

of Pt was formed, indicating that Pt nanoparticles dispersed better when ZIF-67

layer was present. The Pt particle histograms shown in Fig. 9.6C and D confirmed

that a relatively narrow particle size distribution centered at B1 nm was observed

for the catalyst containing the ZIF-67 layer (Fig. 9.6D). However, for the catalyst

without the ZIF-67 layer (Fig. 9.6C), the size distribution was relatively broad,

ranging from B0.5 to B2.5 nm. STEM shown in Fig. 9.6 suggest a much better

dispersion of Pt was obtained for the catalyst with the ZIF-67 membrane. The

ordered porous structure of ZIF-67 served as a more uniform region in which Pt

Figure 9.5 Representative SEM image of a 1 wt% Pt/ZIF-67 membrane/zeolite 5A bead

catalyst.

Source: Taken from L.Q. Yang, K.L. Tate, J.B. Jasinski, M.A. Carreon, Decarboxylation of

oleic acid to heptadecane over Pt supported on zeolite 5A beads, ACS Catal. 5 (11) (2015)

6497�6502.
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Table 9.2 Liquid product distribution for the studied catalysts. Reaction conditions: P5 20 bar, t5 2 h, T5 320�C, mass ratio of catalyst to oleic

acid5 1:1.

Catalysts Hydrocarbons distribution (%)

Octadecane Heptadecane Dodecane Undecane Decane

Zeolite 5A 11.36 59.32 3.37 5.65 5.65

Fresh Pt/zeolite 5A 22.12 74.99 0.39 0.46 0.51

First recycled Pt/zeolite 5A 46.98 51.67 0.16 0.19 0.23

Second recycled Pt/zeolite 5A 52.05 46.00 0.30 0.34 0.34

Fresh Pt/ZIF-67 membrane/zeolite 5A 17.03 79.89 0.32 0.37 0.45

First recycled Pt/ZIF-67 membrane/zeolite 5A 34.72 63.64 0.20 0.28 0.29

Second recycled Pt/ZIF-67 membrane/zeolite 5A 38.91 60.12 0.08 0.10 0.15

Catalysts Hydrocarbons distribution (%)

Nonane Octane Heptane Unknown

Zeolite 5A 5.17 6.72 � 2.77

Fresh Pt/zeolite 5A 0.52 0.40 0.27 0.33

First recycled Pt/zeolite 5A 0.26 0.21 0.17 0.13

Second recycled Pt/zeolite 5A 0.28 0.18 0.05 0.46

Fresh Pt/ZIF-67 membrane/zeolite 5A 0.50 0.45 0.36 0.62

First recycled Pt/ZIF-67 membrane/zeolite 5A 0.33 0.25 0.18 0.11

Second recycled Pt/ZIF-67 membrane/zeolite 5A 0.19 0.17 0.17 0.11

Source: Taken from L.Q. Yang, K.L. Tate, J.B. Jasinski, M.A. Carreon, Decarboxylation of oleic acid to heptadecane over Pt supported on zeolite 5A beads, ACS Catal. 5 (11) (2015)
6497�6502.



particles can be distributed. EDX analysis provided useful information on the

degree of Pt leaching for the recycled catalysts. A lower Pt loss was observed when

ZIF-67 was incorporated in the catalyst (B15% Pt loss when ZIF-67 was used vs

B26% loss in the absence of ZIF-67 after second recycle). This behavior may be

related to a better “grafting” of Pt particles within the ZIF-67 porous structure. Our

results suggested that the addition of ZIF-67 layer, in general: (1) promoted Pt par-

ticle dispersion on the beads; (2) reduced Pt leaching after reactions, resulting in

improved catalytic performance; and (3) the presence of Co as coordinating metal,

resulted in a more active and stable catalysts (lower catalytic activity reduction after

reactions).

Figure 9.6 Representative STEMs of fresh (A) 1 wt% Pt/zeolite 5A, (B) 1 wt% Pt/ZIF-67

membrane/zeolite 5A bead catalysts, and Pt particle size distribution of (C) 1 wt% Pt/zeolite

5A, and (D) 1 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts.

Source: Taken from L.Q. Yang, K.L. Tate, J.B. Jasinski, M.A. Carreon, Decarboxylation of

oleic acid to heptadecane over Pt supported on zeolite 5A beads, ACS Catal. 5 (11) (2015)

6497�6502.
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It was observed that even in the absence of the ZIF-67 membrane, the catalysts

were still active. Therefore the main role of cobalt was believed to be to act as

cocatalyst or promoter. There are numerous examples in the literature in which Co

has been used as a cocatalyst (or promoter) for hydrodeoxygenation and decarbox-

ylation reactions. For example, Wang et al. reported a positive synergistic effect

when Co was incorporated into Mo-based catalysts for an enhanced catalytic activ-

ity for hydrodeoxygenation of bio-oils [34]. Furthermore, cobalt-based catalysts

enhance the C(sp2)-O cleavage via direct deoxygenation pathway [35].

To prove the benefits of having Co in the porous structure, we prepared an iso-

structural layer of ZIF-8 (in which instead of using Co, Zn is employed as coordi-

nating metal) [33]. When ZIF-8 layer was employed, the yield to heptadecane for

the fresh catalyst was only 57%, suggesting that indeed Co helped to promote the

formation of a higher yield of heptadecane, as well as to improve catalyst stability.

Besides, Pt leaching was B24% for the second recycled catalyst with the ZIF-8

layer compared to B15% when ZIF-67 was employed. This observation together

with the poor Pt dispersion (Pt particle size distribution was in the range of

1�20 nm) on ZIF-8 coated zeolite 5A beads shown in Fig. 9.7 may explain the

lower heptadecane yield observed for 1 wt% Pt/ZIF-8 membrane/zeolite 5A

catalyst.

Table 9.3 compares the state-of-the-art catalysts which have been employed spe-

cifically for the catalytic conversion of oleic acid to heptadecane. Among all these

catalysts, 1 wt % Pt/ZIF-67 membrane/zeolite 5A catalyst and the recently reported

activated carbon [38] show the highest yields to heptadecane. Although both types

of catalysts show very similar heptadecane yields (B80%), the Pt/ZIF-67 mem-

brane/zeolite 5A catalyst developed in our group effectively catalyzes the decarbox-

ylation reaction at mild pressure and temperature (20 bar, 320�C) as compared to

240 bar and at least 370�C required for the activated carbon.

Figure 9.7 (A) Representative STEM and (B) Pt particle size distribution of fresh 1 wt%

Pt/ZIF-8 membrane/zeolite 5A bead catalyst.

Source: Taken from L.Q. Yang, K.L. Tate, J.B. Jasinski, M.A. Carreon, Decarboxylation of

oleic acid to heptadecane over Pt supported on zeolite 5A beads, ACS Catal. 5 (11) (2015)

6497�6502.
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Table 9.3 Comparison of the catalytic conversion of oleic acid to heptadecane through different catalysts. Only the best catalytic performance of each

reference is provided.

Entry Catalyst Reaction conditions Mass ratio of

metal to oleic acid

Conversion

(%)

Heptadecane

selectivity (%)

References

1 5 wt% Pd/C P5 15 bar, T5 300�C, t5 3 h 1:92 11 12 [36]

2 5 wt% Pd/C P5 27 bar, T5 360�C, t5 6 h 1:115 99 26 [37]

3 Activated carbon T5 370�C, t5 3 h � 806 4 76 1 [38]

4 SnAlMg-2 T5 300�C, t5 6 h 1:75 71.1 3.7 [39]

5 5 wt% Pt/C T5 623 K, t5 3 h 1:409 99 71 [40]

6 Ce0.6Zr0.4O2 T5 300�C, t5 6 h 1:40 94.6 11 [41]

7 Fe-MSN P5 30 bar, T5 290�C, t5 6 h 1:4.7 100 12 [16]

8 Pt-Re/C P5 0.35 MPa, T5 300�C, t5 9 h 1:769 92 40 [42]

9 Pd/Si-C-4 P5 1.5 MPa, T5 300�C, t5 1 h 1:89 90 31 [43]

10 Co0.5Mo0.5 T5 300�C, t5 3 h 1:40 88.1 6.1 [44]

11 Pt/SAPO-34 P5 20 bar, T5 325�C, t5 2 h 1:400 98 66.9 [45]

12 MgO-Al2O3 T5 673 K, t5 3 h 1:42 98 6.93 [46]

13 1 wt% Pd/C T5 300�C, t5 5.5 h � 12 39 [47]

14 5 wt% Pt/γ-Al2O3 P5 20 bar, T5 325�C, t5 5 h � 100 � [48]

15 NiWC/Al-SBA-15 4 h in super-critical water 1:44 30.7 0.72 [49]

16 Activated carbon P5 24.1 MPa, T5 3706 2�C � 99.46 0.5 80.66 4 [50]

17 Pd/carbon bead P5 20 atm, T5 573 K, t5 9 h 1:66 100 70.5 [50]

18 Pt3Sn/C T5 350�C, t5 2 h 1:113 100 60 [51]

19 5 wt% Pd/γ-Al2O3 P5 5 MPa, T5 330�C,
LHSV5 2 h21

� 94.6 72 [15]

20 5 wt% Pt/Ga-MOF P5 20 bar, T5 320�C, t5 2 h 1:360 91 21.5 [26]

21 5 % Pt/C T5 330�C, t5 2 h 1:199 � 18 [52]

22 Pt/ZIF-67/zeolite 5 A P5 20 bar, T5 320�C, t5 2 h 1:100 98.7 81.56 3 [31]

Note: iIn entry 2, 6, 7, 11, 13, 14, 17, 19, 20 and 22, hydrogen was used.
Source: Taken from L.Q. Yang, K.L. Tate, J.B. Jasinski, M.A. Carreon, Decarboxylation of oleic acid to heptadecane over Pt supported on zeolite 5A beads, ACS Catal. 5 (11) (2015) 6497�6502.



In conclusion, the catalytic deoxygenation of oleic acid to heptadecane over Pt

supported on ZIF-67/zeolite 5A beads was demonstrated. The use of a microporous

ZIF-67 crystalline layer improved the heptadecane selectivity, but most importantly

improved the stability of the resultant catalyst. Heptadecane yields as high as

B81% were observed for fresh catalyst. The Pt/ZIF-67 membrane/zeolite 5A bead

catalyst displayed a low loss of catalytic activity after two rounds of recycling.

To our best knowledge, the catalytic performance of 1 wt % Pt/ZIF-67 membrane/

zeolite 5A bead catalyst was superior to those of state-of-the-art catalysts at mild

reaction conditions.

9.5 Supported ZIF-67 catalysts for the conversion of
saturated acids into transport liquid fuel
hydrocarbons

Besides unsaturated fatty acids, saturated fatty acids have been also used as starting

materials for producing liquid fuels. Therefore the deoxygenation of two representa-

tive saturated fatty acids over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead

catalysts will be discussed in this section. In our reaction system two distinctive

reaction pathways were observed depending on the reaction gas atmosphere:

decarboxylation and hydrodeoxygenation. In particular, we found that the decarbox-

ylation reaction pathway was more favorable in the presence of helium and CO2,

while the hydrodeoxygenation pathway strongly competed against the decarboxyl-

ation pathway when hydrogen was applied during the deoxygenation processes.

Esters were identified as the key reaction intermediates, which converted to final

products through decarboxylation and the hydrodeoxygenation pathway.

It is learnt that palmitic acid and lauric acid are present in vegetable oils in con-

siderable amounts. For example, the composition of palmitic acid in several

vegetable oils can be as high as 20% [53]. Lauric acid comprises B50% of the fatty

acid content in coconut milk, coconut oil, laurel oil, and palm kernel oil [54].

Therefore palmitic acid and lauric acid were chosen as the model saturated fatty

acid molecules.

It was found that almost complete conversion (deoxygenation percentage was no

less than 95%) of the two fatty acids was observed over both fresh and recycled cat-

alyst after 2 hours reaction time. Similar catalytic performance was displayed by

the recycled catalysts in comparison with the fresh ones, indicating chemical stabil-

ity of the catalysts. By XRD technique we confirmed that our catalysts preserved

the crystalline structure of zeolite 5A after Pt deposition, after the incorporation of

ZIF-67 membrane and after one recycling, suggesting the high structural stability of

these catalysts. Continuous ZIF-67 membranes of B230�270 μm thickness were

observed from SEM images of fresh and recycled 0.5 wt% Pt/ZIF-67 membrane/

zeolite 5A bead catalyst. The regular and consistent ZIF-67 thickness observed for

the fresh and recycled catalysts indicated good mechanical stability of the catalyst.

The N2 BET surface areas of the recycled catalysts slightly declined to
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450�464 m2/g as compared to the fresh ones (470 m2/g), suggesting that the cata-

lyst can be regenerated completely after reactions.

The deoxygenation of palmitic acid in the presence of H2 atmosphere was car-

ried out at 280 and 320�C, and clear liquid products were obtained at both reaction

temperatures. The resultant products were long-chain hydrocarbons: hexadecane

and pentadecane; and short-chain hydrocarbons: C7�C14. With decreasing temper-

ature, long-chain hydrocarbons slightly increased in the selectivity. On the other

hand, the fact that the selectivity to short-chain hydrocarbons increased at higher

reaction temperature suggested cracking of hydrocarbon products happened. When

lauric acid was used as a reactant under the same reaction conditions, the observed

products were long-chain hydrocarbons: dodecane and undecane; and short-chain

hydrocarbons: C7�C10. Similar to the case of palmitic acid, the selectivity to long-

chain hydrocarbons was slightly higher at low reaction temperature, and more

short-chain hydrocarbons were formed at a high reaction temperature.

We studied the effects of three distinctive reaction gas atmospheres: hydrogen

(reducing); helium (inert); and CO2 (oxidant) for deoxygenation of palmitic and

lauric acid. By analyzing the product distribution, as shown in Tables 9.4 and 9.5,

when He and CO2 were supplied during reaction, we found decarboxylation was

the main reaction pathway, and high selectivity to pentadecane and undecane was

obtained as a result. On the other hand, major decarboxylation products (pentade-

cane and undecane) and minor hydrodeoxygenation products (hexadecane and

dodecane) were observed when H2 was introduced to the reaction system.

Specifically, pentadecane and undecane were the main products for the deoxygen-

ation of palmitic and lauric acids over Pt/ZIF-67 membrane/zeolite 5A catalysts

under all gas atmospheres, respectively. The selectivity of pentadecane as high as

B88% and 92% was observed in the presence of He and CO2, respectively, indicat-

ing that decarboxylation was the dominant reaction pathway. On the other hand,

when H2 was used as reaction gas, the selectivity of pentadecane decreased to

B62%. Correspondingly, the selectivity of hexadecane under this condition was

much higher (B24%). These results indicated a competition between decarboxyl-

ation (pentadecane preferred) and hydrodeoxygenation (hexadecane preferred) path-

way. A similar reaction pathway trend was observed for the case of lauric acid.

Specifically, in the presence of He and CO2, decarboxylation was the dominant

reaction pathway, and high selectivities of undecane of B88% and 93% were

obtained, respectively. When H2 was used as reaction gas, the undecane selectivity

decreased to B60%, and dodecane selectivity was B36%. These results also veri-

fied that decarboxylation product (undecane) and hydrodeoxygenation product

(dodecane) competed with each other.

The effect of the gas environment on the selectivity of product for the deoxygen-

ation of several fatty acids is well documented in previous studies [55�59]. It has

been learnt that direct decarboxylation and decarbonylation of fatty acids are more

favorable over supported noble metal catalysts, such as Pt/C and Pd/C, leading to

the production of hydrocarbons with one carbon number less than the starting mate-

rials, even under inert atmospheres [55,56]. The reaction pathway becomes more

complicated with hydrogen input because hydrodeoxygenation takes place [50].
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Table 9.4 Hydrocarbon product distribution for the deoxygenation of palmitic acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead

catalysts.

Temperature(�C) Gas atmosphere Hydrocarbon distribution (%)

Hexadecane Pentadecane Tetradecane Tridecane Dodecane

280 H2 34.89 (40.51) 62.64 (55.86) 0.16 (0.18) 0.15 (0.14) 0.61 (1.06)

320 H2 23.55 (31.70) 62.84 (58.53) 0.73 (0.38) 0.74 (0.35) 1.28 (0.84)

320 He 1.13 (1.67) 89.51 (83.93) 1.50 (2.36) 1.46 (1.71) 1.38 (1.67)

320 CO2 0.69 (1.33) 91.67 (88.02) 1.18 (1.78) 1.27 (1.44) 0.69 (0.88)

Temperature (�C) Gas atmosphere Hydrocarbon distribution (%)

Undecane Decane Nonane Octane Heptane Unknown

280 H2 0.97 (1.51) 0.12 (0.10) 0.12 (0.09) 0.11 (0.08) 0.07 (0.06) 0.16 (0.41)

320 H2 1.78 (1.19) 1.13 (0.50) 1.14 (0.49) 1.02 (0.46) 0.74 (0.32) 5.05 (5.24)

320 He 1.61 (3.91) 0.93 (0.75) 0.75 (0.64) 0.63 (0.49) 0.29 (0.35) 0.81 (2.52)

320 CO2 2.25 (3.35) 0.78 (0.79) 0.51 (0.44) 0.52 (0.40) 0.20 (0.10) 0.24 (1.47)

Source: Taken from L.Q. Yang, M.A. Carreon, Deoxygenation of palmitic and lauric acids over Pt/ZIF-67 membrane/zeolite 5A bead catalyst, ACS Appl. Mater. Interfaces 9 (37)
(2017) 31993�32000.



Table 9.5 Hydrocarbon product distribution for the deoxygenation of lauric acid over 0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts.

Temperature (�C) Gas

atmosphere

Hydrocarbon distribution (%)

Dodecane Undecane Decane Nonane Octane Heptane Unknown

280 H2 40.60 (43.83) 58.18 (54.90) 0.38 (0.38) 0.19 (0.21) 0.12 (0.13) 0.08 (0.10) 0.45 (0.45)

320 H2 34.74 (36.88) 59.79 (56.62) 0.67 (0.46) 0.49 (0.30) 0.40 (0.21) 0.33 (0.13) 3.58 (5.4)

320 He 3.83 (3.92) 88.69 (84.39) 0.89 (1.96) 0.82 (1.64) 0.42 (1.10) 0.27 (1.19) 5.08 (5.8)

320 CO2 1.76 (2.17) 93.52 (90.06) 0.84 (0.88) 0.78 (0.85) 0.62 (0.69) 0.66 (0.50) 1.82 (4.85)

Source: Taken from L.Q. Yang, M.A. Carreon, Deoxygenation of palmitic and lauric acids over Pt/ZIF-67 membrane/zeolite 5A bead catalyst, ACS Appl. Mater. Interfaces 9 (37) (2017)
31993�32000.



The hydrogenation of carboxylic acids (R-COOH) takes place rapidly in a

hydrogen-rich atmosphere and they are transformed into their corresponding alde-

hydes (R-CHO) at the initial stage of the reaction, which is then followed by two

reaction pathways: decarbonylation to produce hydrocarbons with one carbon num-

ber less and CO, or further hydrogenation to alcohol resulting in hydrocarbons with

the same carbon number as the starting fatty acid [50]. Therefore the ratio of

CnH2n12/Cn�1H2n products is an indication of the hydrogenation ability of the cata-

lyst [56]. In our case, the fact that the production of hexadecane from palmitic acid

and dodecane from lauric acid increased obviously when hydrogen was introduced

to the reaction system indicates that hydrodeoxygenation of these fatty acids took

place.

To learn better about the deoxygenation process of the studied fatty acids over

our Pt/ZIF-67 membrane/zeolite 5A bead catalyst, we collected FTIR spectra of

some reaction products obtained from deoxygenation of lauric acid (H2 and CO2

atmosphere) as a function of temperature (seen in Fig. 9.8). The stretching bonds in

the esters group (at B1750 cm21 in FTIR spectra) were present at temperatures

between 150�C and 280�C in the presence of hydrogen (Fig. 9.8A) [60] and disap-

peared at 300�C, suggesting that the esters formed as intermediates at low reaction

temperatures and converted to the observed hydrocarbons at high reaction tempera-

ture. Interestingly, under CO2 atmosphere the peak associated to the esters did not

disappear even at 320�C. This observation of the presence (or absence) of the ester

intermediates indicated that the gas atmosphere did have an influence on the reac-

tion pathway (decarboxylation vs hydrodeoxygenation).

Based on our observations we brought up two reaction pathways for the deox-

ygenation of palmitic and lauric acid over Pt/ZIF-67 membrane/zeolite 5A catalysts

under different gas atmospheres, as shown in Fig. 9.9. In the presence of He and

CO2, the fatty acids converted to relative stable ester intermediates. As the reaction

proceeded, these esters transformed directly via decarboxylation into hydrocarbons

with one carbon number less. On the other hand, intermediate esters were also

observed with H2 input and disappeared in the 280�300�C temperature range. We

hypothesized that these esters rapidly transformed into alcohols based on the fact

that aromatic and aliphatic esters can be converted rapidly into the corresponding

alcohols in the presence of reducing (hydrogen) agents [61]. In this proposed path-

way, the alcohol was hydrogenated completely, resulting in a hydrocarbon with the

same carbon number (hydrodeoxygenation pathway). Shimuzu and coworkers

reported a similar reaction pathway [62]. In their work they found that the ester

formed from lauric acid underwent hydrogenolysis to form alcohol, which was then

hydrogenated to the corresponding alkane.

The catalytic performance of the state-of-the-art catalysts that have been

employed for the deoxygenation of palmitic acid and lauric acid is summarized in

Table 9.6. Two supported noble catalysts, Pt supported on carbon and Pd supported

on ZrO2 catalysts gave the best catalytic performance for the conversion of palmitic

acid to pentadecane (entries 1 and 3), for example, as high as 98%�100% selectiv-

ity of pentadecane. However, high noble metal loadings (5 wt%) were required for

both catalysts. Furthermore, severe reaction conditions, such as long reaction time
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Figure 9.8 FTIR profiles for product samples obtained from deoxygenation of lauric acid at

different reaction temperature under (A) H2 atmosphere and (B) CO2 atmosphere. Reaction

conditions: mass ratio of catalyst and lauric acid5 1:1, P5 20 bar, t5 0 h.

Source: Taken from L.Q. Yang, M.A. Carreon, Deoxygenation of palmitic and lauric acids

over Pt/ZIF-67 membrane/zeolite 5A bead catalyst, ACS Appl. Mater. Interfaces 9 (37)

(2017) 31993�32000.

R-COOH

RCOOR

RCOOR

He or C
O2

R-CH2OH R-CH3

+ H2+ H2

R’-H + CO2

(Hydrodeoxygenation)

(Decarboxylation)

+ H
2

Figure 9.9 Suggested reaction pathway for the deoxygenation of fatty acids over 0.5 wt%

Pt/ZIF-67 membrane/zeolite 5A bead catalysts under different reaction gas atmospheres.

Source: Taken from L.Q. Yang, M.A. Carreon, Deoxygenation of palmitic and lauric acids

over Pt/ZIF-67 membrane/zeolite 5A bead catalyst, ACS Appl. Mater. Interfaces 9 (37)

(2017) 31993�32000.
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Table 9.6 Comparison of the catalytic conversion of palmitic acid and lauric acid through different catalysts.a

Entry Catalyst Reaction conditions Mass ratio of metal

to palmitic acid

Conversion

(%)

Pentadecane

selectivity (%)

References

1 5 wt% Pt/C T5 290�C, t5 6 h 1:200 100 100 [63]

2 Activated carbon T5 370�C, t5 3 h � 336 13 586 4 [38]

3 5 wt% Pd/ZrO2 T5 260�C, P5 12 bar, t5 2 h 1:40 98 98 [57]

4 10% Ni/10% NbO2/SiO2 T5 220�C, P5 25 bar, t5 24 h 1:10 100 13.9 [64]

5 Ni1.0P/AC T5 350�C, t5 2.5 h � 99.4 74.9 [65]

6 Ni(OAc)2 T5 350�C, t5 4.5 h � 53.1 35.4 [66]

7 20 wt% Mo/HZ-C T5 260�C, P5 40 bar, t5 4 h 1:25 100 35.1 [67]

8 4 wt% Ni/HZ-3 T5 220�C, P5 40 bar 1:125 100 44.0 [68]

9 NiMCF(9.2T-3D) T5 300�C, t5 6 h � 86.4 31.8 [69]

10 5 wt% Pd/CNTs T5 260�C, P5 40 bar, t5 4 h 1:40 93.3 85.4 [70]

11 10 wt% Ni/ZrO2 T5 290�C, P5 55.2 bar,

t5 6 h

1:10 97.2 35.6 [71]

12 0.5 wt%Pt/ZIF-67/5A T5 320�C, P5 20 bar, t5 2 h 1:200 95 91.7 [72]

Entry Catalyst Reaction conditions Mass ratio of metal

to lauric acid

Conversion

(%)

Pentadecane

selectivity (%)

References

13 5 wt% Pd/C T5 300�C, P5 13 bar � 80 98 [73]

14 Ni(OAc)2 T5 350�C, t5 4.5 h � 15.3 24.2 [66]

15 5 wt% Pd/SiO2 T5 300�C, P5 15 bar, t5 4 h 1:67 100 96 [57]

16 15 wt% Ni2P/SiO2 T5 300�C, P5 20 bar,

WHSV5 6 h21
� 98.8 87.9 [74]

17 5 wt% Pd/C T5 300�C, P5 20 bar, t5 5 h 1:200 65 86.2 [75]

18 0.5 wt%Pt/ZIF-67/5A T5 320�C, P5 20 bar, t5 2 h 1:200 95 93.5 [72]

aOnly the best catalytic performance of each reference was shown in Table 9.6. Note: in entries 3, 4, 5, 7, 8, 10, 11, 15, 16, and 17 hydrogen is used.
Source: Taken from L.Q. Yang, M.A. Carreon, Deoxygenation of palmitic and lauric acids over Pt/ZIF-67 membrane/zeolite 5A bead catalyst, ACS Appl. Mater. Interfaces 9 (37) (2017)
31993�32000.



(6 hours) or extra hydrogen input, must be satisfied to achieve such catalytic perfor-

mance for both cases. Although a slightly lower pentadecane selectivity (B92%,

entry 12) was obtained, our catalyst composition required very low noble metal

loading (0.5 wt%) and did not need hydrogen to be present. In addition, the best

catalytic performance of our catalysts was observed when CO2, a cheap renewable

feedstock, was supplied during reaction. It is found that Pd supported on SiO2 cata-

lyst displayed selectivity to undecane as high as B96% for the conversion of lauric

acid to undecane (entry 15). Similarly, high Pd loading and the presence of hydro-

gen was also required for this catalyst. On the other hand, our catalyst displayed

selectivity to undecane of B94% with very low noble metal loading (0.5 wt%) and

in the presence of CO2 (entry 18).

To conclude, the deoxygenation processes of two saturated fatty acids over

0.5 wt% Pt/ZIF-67 membrane/zeolite 5A bead catalysts under different reaction gas

atmospheres were studied. Almost complete conversion of fatty acids was achieved

over both fresh and recycled catalyst after 2 hours reaction time. Under all reaction

conditions pentadecane and undecane were the main products with high selectivity.

A lower reaction temperature was favorable to obtain high selectivity for

long-chain hydrocarbons. Shorter-chain hydrocarbons generated by cracking of

long-chain hydrocarbons and/or fatty acids were observed as secondary products at

a high reaction temperature. The recycled catalysts displayed similar catalytic per-

formance as the fresh ones. Two distinctive reaction pathways were observed:

decarboxylation and hydrodeoxygenation, depending on the reaction gas atmo-

sphere. Esters were identified as the key reaction intermediates, which converted to

the final products through decarboxylation and hydrodeoxygenation.

9.6 Supported Ni-MOFs catalysts for the conversion of
oleic acid into transport liquid fuel hydrocarbons

In this section the preparation of nickel-based metal-organic frameworks

(Ni-MOFs) supported on zeolite 5A bead catalyst and their improved catalytic per-

formance for the decarboxylation of oleic acid will be demonstrated. The synthe-

sized materials include previously nonsynthesized MOF structures, which employ

novel carboxylic acid linkers.

Most of the catalysts for decarboxylation of carboxylic acids employ noble

metals (Pd, Pt, Rh, Ru, Ir, Os) as the active species to attain good catalytic perfor-

mance in published studies. However, this hinders their industrial application due to

limitations in cost and scale-up [13,76,77]. Few reports exist on nonnoble metal cat-

alysts such as nickel bimetallic sulfide catalysts and other metal oxides [41,47,78].

Although nonnoble metal catalysts have the advantage of significantly lower cost,

they have so far displayed limited catalytic performance compared to the noble

metal catalysts. Another drawback of nonnoble bimetallic sulfide catalysts is the

sulfide contamination of the resulting products. Therefore it is important to design

effective nonnoble metal catalysts that display enhanced catalytic performance for

304 Metal-Organic Frameworks (MOFs) for Environmental Applications



the conversion of lipid-based biomass into clean alternative hydrocarbon fuel. This

could be potentially achieved by employing MOFs catalysts, which have emerged

as a type of highly tunable (chemically and topologically) crystalline microporous

material [79]. MOFs have such desirable properties, like uniform micropore, high

surface area [80], and high thermal and chemical stability [81,82], making them

ideal candidates for catalytic applications [83]. In principle the metal cations or

metal-based clusters can act as the catalytic active species, and the ordered micro-

porous structure can provide the pathway for guest and product molecules to diffuse

with enhanced mass transfer [20,22,23].

Nickel is chosen as the inorganic coordinating metal because it is one of the

most widely used elements in metal-based catalysts. And it is also found to play

an active role in several processes, such as oxidation [84], cross-coupling [85],

methanation [86], in particular in hydrogenation and reforming processes [87].

Particularly, supported nickel catalysts can afford a reasonable yield of hydrocar-

bons in the deoxygenation process of fatty acids even without hydrogen input

[76,88]. Therefore nickel is selected as the inorganic metal cation to coordinate

with our conjugated carboxylic acid linkers resulting in new MOF structures to be

prepared. Novel carboxylic linkers (BM 65 and BM 73) were prepared through a

Heck coupling reaction, and then directly used to coordinate with nickel nitrate

salts to form Ni-MOFs. More details are provided in our study [89]. The

conventional BTC linker (benzene-1,3,5-tricarboxylic acid) was also employed

for comparison. After that Ni-MOF membrane/zeolite 5A bead phases were

prepared through growing these Ni-based MOFs on the surface of zeolite 5A

beads, which were directly used as catalysts for conversion of oleic acid into liq-

uid hydrocarbon fuel.

It was found that Ni-BTC crystals (Fig. 9.10A) showed irregular plate-like mor-

phology whereas Ni-BM 65 and Ni-BM 73 crystals (Fig. 9.10B and C) showed

porous sphere-like structures with a “raspberry” morphology. Ni-BTC crystals had

average widths of B10 μm and lengths of varying size over 100 μm, and Ni-BM 65

crystals were a uniform size of 9.0 μm. However, two different particle sizes were

observed for Ni-BM 73 crystals: 3.1 and 8.3 μm. XRD patterns (Fig. 9.11) showed

that these Ni-MOFs were in a crystalline structure with varied “sharpness,” which

means they have varied degrees of crystallinity. In particular, the relative larger

molecule structure of BM 65 and BM 73 linkers led to overall lower crystallinity as

compared to BTC. Ni-BM 65 and Ni-BM 73 presented distinctive peaks at 2θ
around 33 and 36 degrees, suggested that these peaks were indicative of short range

features, such as Ni-Ni distances. This was concluded after the inspection of simu-

lated XRD patterns for more than 200 Ni-MOFs obtained from the computation-

ready, experimental (CoRE) MOF database [90]. Furthermore, it was clear to note

that Ni-BM 65 and Ni-BM 73 had not been previously synthesized [91]. The closest

match with Ni-BTC MOF synthesized here was found from the work of Prior and

Rosseinsky [92]. The surface areas of these Ni-MOFs were collected and in the

range of 12�314 m2/g, while Ni-BTC MOF presented the lowest BET area. The

BET area correlates well with pore volume as expected, as small pore size for these

Ni-MOFs was presumed [93]. The thermal stability of Ni-MOFs was determined
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Figure 9.10 SEM images for Ni-MOF crystals (A) Ni-BTC MOF; (B) Ni-BM 65 MOF; and

(C) Ni-BM 73 MOF.

Source: Taken from L.Q. Yang, B.W. McNichols, M. Davidson, B. Schweitzer, D.A.

Gómez-Gualdrón, B.G. Trewyn, et al., Noble metal-free catalytic decarboxylation of oleic

acid to n-heptadecane on nickel-based metal-organic frameworks (MOFs), Catal. Sci.

Technol. 7 (14) (2017) 3027�3035.
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via TGA, and it was found they can be thermally stable at least to 360�C, as shown
in Fig. 9.12.

The resultant Ni-MOFs grown on the surface of zeolite 5A beads were

prepared and evaluated for their catalytic ability to convert oleic acid into liquid

hydrocarbons. Continuous layers of 375, 538, and 415 μm thickness were formed
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Figure 9.11 XRD patterns for Ni-MOF crystals (A) Ni-BTC MOF; (B) Ni-BM 65 MOF;

and (C) Ni-BM 73 MOF.

Source: Taken from L.Q. Yang, B.W. McNichols, M. Davidson, B. Schweitzer, D.A.

Gómez-Gualdrón, B.G. Trewyn, et al., Noble metal-free catalytic decarboxylation of oleic

acid to n-heptadecane on nickel-based metal-organic frameworks (MOFs), Catal. Sci.

Technol. 7 (14) (2017) 3027�3035.
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Figure 9.12 TGA profiles for the studied Ni-MOF crystals.

Source: Taken from L.Q. Yang, B.W. McNichols, M. Davidson, B. Schweitzer, D.A.

Gómez-Gualdrón, B.G. Trewyn, et al., Noble metal-free catalytic decarboxylation of oleic

acid to n-heptadecane on nickel-based metal-organic frameworks (MOFs), Catal. Sci.

Technol. 7 (14) (2017) 3027�3035.
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for Ni-BTC MOF, Ni-BM 65 MOF, and Ni-BM 73 MOF, respectively. All catalysts

showed the crystalline structure of zeolite 5A, which was preserved after Ni-MOF

deposition and recycling, indicating structural stability of these Ni-MOF membrane/

zeolite 5A bead catalysts.

As high as 90% for decarboxylation percentage was obtained for all catalysts

employed (fresh and recycled) under the reaction conditions. Table 9.7 summarized

the distribution of liquid products for all the studied catalysts. It is important to

note that pure zeolite 5A beads can only produce heptadecane with a selectivity of

B14%, and many short-chain hydrocarbons (C7�C12) were observed as the main

product, which were generated through cracking of oleic acid and/or long-chain

hydrocarbons [94,95]. As expected, the selectivity to heptadecane increased when

the Ni-MOFs were grown on the surface of zeolite 5A beads, and the highest

selectivity to heptadecane was obtained with Ni-BM 65/zeolite 5A bead catalyst.

The observed hydrocarbons in liquid products were: octadecane, heptadecane, dode-

cane, undecane, decane, nonane, octane, and heptane. A decline of selectivity for

heptadecane was detected for all recycled catalysts (seen in Table 9.7). The possible

reason for decreasing catalytic activity of recycled catalysts is that the surface car-

bon generated during the reaction deposited on the catalysts, which may prevent

access of oleic acid into the active sites. This assumption was consistent with

decreases in surface area and pore volume for all recycled catalysts. Furthermore,

there was negligible Ni leaching for all recycled catalysts after decarboxylation

reactions from the obtained EDX result.

The acid sites on the fresh and recycled Ni-MOF membrane/zeolite 5A catalysts

were also estimated and summarized in Table 9.8. Fresh catalyst exhibited

significantly higher acidity than the corresponding recycled one. The recycled

catalysts lost about half of their concentration of acid sites, except for Ni-BM 73

MOF/zeolite 5A bead catalyst, which also showed an increase in the temperature of

the peak desorption. This observation for Ni-BM 73 MOF/zeolite 5A catalyst may

be associated to its free carboxylic linker in MOF structure due to BM 73 linker’s

asymmetry [96].

However, the selectivity for heptadecane for decarboxylation of oleic acid over

these supported Ni-MOFs catalysts did not correlate with the density of acid sites

because zeolite 5A beads presented comparable acidity with Ni-BTC MOF/zeolite

5A and Ni-BM 65/zeolite 5A catalyst but with minimal heptadecane selectivity.

Therefore Ni must play a key role in the catalytic decarboxylation of oleic acid. To

verify this a reaction was run employing a homogeneous catalyst consisting of

nickel nitrate hexahydrate and BM 65 MOF linker for comparison at the same

reaction conditions as before. The high conversion (B94%) and much lower

selectivity to heptadecane (47.7%) suggested that a MOF structure (and porosity)

was required to achieve higher heptadecane selectivity. In addition, the catalytic

activity of Ni-BM 65 MOF powders were also evaluated. Ni-BM 65 MOF powders

did display good catalytic ability (B90% conversion and B73% heptadecane selec-

tivity), which is slightly lower than Ni-BM 65 MOF/zeolite 5A bead catalyst.

Therefore Ni-BM 65 MOF and zeolite 5A both acted as reaction active sites for the

conversion of oleic acid to heptadecane, but further studies were needed to
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Table 9.7 Liquid product distribution for all studied catalysts.

Catalysts Hydrocarbon distribution (%)

Octadecane Heptadecane Hexadecane Pentadecane Tetradecane Tridecane

Zeolite 5A 8.18 13.91 2.12 3.56 2.75 3.84

Fresh Ni-BTC MOF/zeolite 5A 1.64 70.11 2.21 3.17 0.95 1.39

Spent Ni-BTC MOF/zeolite 5A 3.18 49.37 2.16 3.68 2.06 3.05

Fresh Ni-BM 65 MOF/zeolite 5A 2.57 76.74 1.48 2.80 0.89 1.21

Spent Ni-BM 65 MOF/zeolite 5A 1.79 56.19 1.43 3.03 1.20 1.50

Fresh Ni-BM 73 MOF/zeolite 5A 2.22 71.97 1.58 2.65 1.06 1.58

Spent Ni-BM 73 MOF/zeolite 5A 2.64 52.92 1.53 3.16 1.44 2.09

Catalysts Hydrocarbon distribution (%)

Dodecane Undecane Decane Nonane Octane Heptane Unknown

Zeolite 5A 7.43 9.16 9.90 11.36 12.91 11.79 3.06

Fresh Ni-BTC MOF/zeolite 5A 2.25 2.81 2.30 4.24 4.67 3.04 1.22

Spent Ni-BTC MOF/zeolite 5A 4.19 5.27 5.65 7.03 7.84 5.31 1.21

Fresh Ni-BM 65 MOF/zeolite 5A 1.67 2.30 2.06 2.48 2.85 1.92 1.03

Spent Ni-BM 65 MOF/zeolite 5A 2.50 3.54 4.06 7.51 9.20 6.83 1.21

Fresh Ni-BM 73 MOF/zeolite 5A 2.28 3.03 2.40 3.39 4.07 2.65 1.12

Spent Ni-BM 73 MOF/zeolite 5A 3.45 4.42 4.99 7.08 8.13 6.41 1.74

Source: Taken from L.Q. Yang, B.W. McNichols, M. Davidson, B. Schweitzer, D.A. Gómez-Gualdrón, B.G. Trewyn, et al., Noble metal-free catalytic decarboxylation of oleic acid to
n-heptadecane on nickel-based metal-organic frameworks (MOFs), Catal. Sci. Technol. 7 (14) (2017) 3027�3035.



elucidate the specific role of each of them for this particular reaction. It is important

to mention that only half the amount of the Ni-BM 65 powder can be recovered

after reactions, while Ni-BM 65 MOF membrane/zeolite 5A bead catalyst was

completely recovered.

To summarize, Ni-MOFs employing novel carboxylic acid linkers were success-

fully synthesized. Furthermore, the deposition of these MOFs on zeolite 5A beads

was illustrated and the resulting Ni-MOF/zeolite 5A bead catalysts were tested for

catalytic activity of conversion of oleic acid into liquid hydrocarbons. The resultant

Ni-MOF/zeolite 5A bead catalysts displayed complete conversion of oleic acid,

high heptadecane selectivity (B77%), and a loss in catalytic activity after recycling

due to surface carbon deposition. We also demonstrated that the application of CO2

during the decarboxylation process can lead to a more viable and cost-effective

route to transform fatty acids into liquid fuels. It can be envisioned that this work

will encourage the study of MOFs based on earth-abundant metals for diverse cata-

lytic applications.

9.7 Promising metal-organic framework compositions

Nickel, which is earth-abundant and B3000 times cheaper than noble metals, has

been shown to be active for deoxygenation of several lipids [13,97]. Thus nickel is

as a potential replacement for the expensive noble metals (Pt, Pd, and Ru) until

now needed for effective catalytic decarboxylation, especially if nickel is placed in

the highly tunable environment of the MOF. Therefore, synthesizing Ni-MOFs with

known crystalline structure used as catalysts will allow one to have a better under-

standing of the structure�catalytic relationship for the deoxygenation reaction.

Examples of these Ni-MOFs are DUT-9, NiSIFSIX, and Ni-MOF 74 [98�100].

DTU-9 (DTU5Dresden University of Technology) is composed of btb linker

(btb5 benzene-1,3,5-tribenzoate) and nickel nitrate hydrothermally. This structure

has a high concentration of open metal sites per cluster and a very high porosity.

Table 9.8 Summary of acid site density data from TPD of NH3 postcatalysis.

Catalysts Tmax (
�C) Acid site density

(µmol g21)

Zeolite 5A 255 1451

Fresh Ni-BTC MOF/zeolite 5A 213 952

Spent Ni-BTC MOF/zeolite 5A 206 494

Fresh Ni-BM 65 MOF/zeolite 5A 205 1382

Spent Ni-BM 65 MOF/zeolite 5A 196 423

Fresh Ni-BM 73 MOF/zeolite 5A 300 456

Spent Ni-BM 73 MOF/zeolite 5A 196 441

Source: Taken from L.Q. Yang, B.W. McNichols, M. Davidson, B. Schweitzer, D.A. Gómez-Gualdrón, B.G.
Trewyn, et al., Noble metal-free catalytic decarboxylation of oleic acid to n-heptadecane on nickel-based metal-
organic frameworks (MOFs), Catal. Sci. Technol. 7 (14) (2017) 3027�3035.
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Two different types of pores are present in this structure: a smaller pore approxi-

mately 13 Å and a larger pore with a diameter of B25 Å. NiSIFSIX can be pre-

pared by using a solvent-free route [99]. This facile methodology is based firstly on

mechanically mixing both the organic and inorganic solid precursors (pyrazine and

NiSiF6) with a molar ratio of 4:1, followed by a wetting procedure with a few drops

of water and then a careful heating procedure. This structure has a relatively sharp

pore size distribution centered at 3.8 Å. Ni-MOF 74 has been synthesized using

nickel nitrate as metal centers coordinated with 2, 5-dihydroxyterephthalic acid

hydrothermally. Its average pore diameter is around 10 Å.

The challenge here would be how to form MOFs of these compositions in mem-

brane form. Microwave treatment is a useful approach to synthesize porous crystals

with smaller and narrow size distribution as compared to conventional solvothermal

approach. Microwave treatment has the following advantages compared to conven-

tional heating [101]: (1) the microwave heating has much higher heating rates than

that of conventional heating; (2) the microwave treats chemical reactors remotely

without direct contact between energy source and the reacting chemicals; (3) there

is no wall or heating diffusion effect; (4) it can selectively heat because the chemi-

cals and the contaminants do not interact equally with microwaves; and (5) there

are no “hot spots.” Therefore microwave heating leads typically to more uniform

crystals with narrow size distribution, which can potentially form thinner coatings

on porous beads impacting the catalytic performance of the resultant hybrid cata-

lysts. Microwave heating has been successfully employed to synthesize diverse

porous crystals, including oxides [102], zeolites [103,104], and MOFs [105,106].

Future work should focus on employing the microwave approach to form thinner

MOF layers leading to a positive impact on the catalytic performance of the pro-

posed catalysts in the decarboxylation of fatty acid molecules and/or biomass to liq-

uid fuels. Also modeling may be useful to have a better understanding at a

fundamental level on how the deoxygenation reactions occur when employing these

catalysts.

9.8 Outlook and conclusion

Recent research progress has been undertaken in the development of MOFs as cata-

lysts and catalytic supports for the conversion of fatty acids into liquid transport

fuels. In particular, some of these MOFs as catalytic supports display enhanced per-

formance for the decarboxylation and deoxygenation of fatty acids to liquid fuels as

compared to benchmark catalyst-support systems. Important aspects that require

attention from the scientific community to envision these porous crystals as effec-

tive catalysts to convert liquid biomass into valuable liquid fuels are as follows:

1. Exploring different MOF compositions. Most of the reported MOFs for the conversion of

fatty acids into liquid fuels require the presence of a noble metal (Pt) to display high

catalytic activity. However, it would be highly desirable to have a MOF that could

display high activity without the presence of a costly noble metal. In this respect, besides
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Ni-MOFs (previous sections) other MOFs with suitable catalytic features for decarboxyl-

ation and deoxygenation reactions should be explored. These MOFs should be thermally

stable at least up to 300�350�C (typical temperature at which these reactions take place,

and for regeneration), chemically stable in the presence of fatty acids, and have metal

active sites to catalyze the deoxygenation/decarboxylation reactions. In this respect,

modeling studies may be helpful to accelerate the development and optimization of these

novel catalytic systems.

2. Deoxygenation of real biomass. Future work should focus on real lipid biomass

compositions as feeds instead of only model biomass molecules. The composition of

lipids is far complicated than only one molecule model reactant. For example, typical

animal fats, such as beef tallow and butter, have saturated and unsaturated fatty acids with

carbon chains ranging from 12 to 18. This should lead to different and more complex

reaction mechanisms as compared to one molecule model reactant. For instance, there

would be more hydrocarbons produced in the liquid product. In addition, the more

unsaturated reactant may require more hydrogen to transfer the carbon double bonds into

saturated ones.

3. Integrated experimental and computational efforts. Simulation-experiment integration

should help to establish fundamental structure�performance relationships to design fatty

acid decarboxylation catalysts, and to better understand reaction mechanisms of fatty acid

conversion to liquid fuels.

Acknowledgment

M.A. Carreon thanks National Science Foundation NSF-CBET Award # 1705675.

References

[1] Institute for Energy Research, Encyclopedia entry fossil fuels. ,http://instituteforener-

gyresearch.org/topics/encyclopedia/fossil-fuels/.

[2] Business Standard, How long will fossil fuels last? ,http://www.business-standard.com/

article/punditry/how-long-will-fossil-fuels-last115092201397_1.html., 2015.

[3] N.L. Panwar, S.C. Kaushik, S. Kothari, Role of renewable energy sources in environ-

mental protection: a review, Renew. Sustain. Energy Rev. 15 (3) (2011) 1513�1524.

[4] T.V. Choudhary, C.B. Phillips, Renewable fuels via catalytic hydrodeoxygenation, Appl.

Catal., A 397 (1-2) (2011) 1�12.

[5] R.W. Gosselink, S.A.W. Hollak, S.W. Chang, J. van Haveren, K.P. de Jong, J.H. Bitter,

et al., Reaction pathways for the deoxygenation of vegetable oils and related model com-

pounds, ChemSusChem 6 (2013) 1576�1594.

[6] A.B. Chhetri, K.C. Watts, M.R. Islam, Waste cooking oil as an alternate feedstock for

biodiesel production, Energies 1 (1) (2008) 3�18.

[7] P.M. Mortensen, J.D. Grunealdt, O.A. Jensen, K.G. Knudsen, A.D. Jensen, A review of

catalytic upgrading of bio-oil to engine fuels, Appl. Catal., A 407 (1-2) (2011) 1�19.

[8] N. Taufigurrahmi, S. Bhatia, Catalytic cracking of edible and non-edible oils for the pro-

duction of biofuels, Energy Environ. Sci. 4 (4) (2011) 1087�1112.

312 Metal-Organic Frameworks (MOFs) for Environmental Applications

http://instituteforenergyresearch.org/topics/encyclopedia/fossil-fuels/
http://instituteforenergyresearch.org/topics/encyclopedia/fossil-fuels/
http://www.business-standard.com/article/punditry/how-long-will-fossil-fuels-last115092201397_1.html
http://www.business-standard.com/article/punditry/how-long-will-fossil-fuels-last115092201397_1.html
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref1
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref1
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref1
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref2
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref2
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref2
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref4
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref4
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref4
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref6
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref6
http://refhub.elsevier.com/B978-0-12-814633-0.00004-1/sbref6


[9] A.F. Lee, J.A. Bennett, J.C. Manayil, K. Wilson, Heterogeneous catalysis for sustain-

able biodiesel production via esterification and transesterification, Chem. Soc. Rev. 43

(22) (2014) 7887�7916.

[10] V.B. Borugadda, V.V. Goud, Biodiesel production from renewable feedstocks: status

and opportunities, Renew. Sustain. Energy Rev. 16 (7) (2012) 4763�4784.

[11] E.S. Jimenez, M. Crocker, Catalytic deoxygenation of fatty acids and their derivatives

to hydrocarbon fuels via decarboxylation/decarbonylation, J. Chem. Technol.

Biotechnol. 87 (8) (2012) 1041�1050.

[12] C. Zhao, T. Brück, J.A. Lercher, Catalytic deoxygenation of microalgae oil to green

hydrocarbons, Green Chem. 15 (7) (2013) 1720�1739.
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Murzin, Catalytic deoxygenation of C18 fatty acids over mesoporous Pd/C catalyst for

synthesis of biofuels, Top. Catal. 54 (8�9) (2011) 460�466.

[48] A.T. Madsen, E.H. Ahmed, C.H. Christensen, R. Fehrmann, A. Riisager,

Hydrodeoxygenation of waste fat for diesel production: study on model feed with Pt/

alumina catalyst, Fuel 90 (11) (2011) 3433�3438.

[49] A.S. Dragu, S. Kinayyigit, E.J. Garcı́A-Suárez, M. Florea, E. Stepan, S. Velra, et al.,
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[73] P. Mäki-Arvela, M. Snåre, K. Eränen, J. Myllyoja, D.Y. Murzin, Continuous decarbox-

ylation of lauric acid over Pd/C catalyst, Fuel 87 (17�18) (2008) 3543�3549.

[74] J.X. Chen, H. Shi, K.L. Li, Deoxygenation of methyl laurate as a model compound to

hydrocarbons on transition metal phosphide catalysts, Appl. Catal., B 144 (2014)

870�884.
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10.1 Introduction

Metal-organic frameworks (MOFs) are crystalline extended porous framework

structures formed by the combination of a vast choice of organic linkers and metal

ions [1]. Based on their molecular structures, they can be used for tailored applica-

tions ranging from gas storage and separation, catalysis to electronic devices [2].

MOFs can also be fabricated at the nanoscale (NMOFs) to magnify these properties

and also induce solution processability [3]. This has led to practical applications of

MOFs as optoelectronic devices, sensors, and drug delivery vehicles etc. [4].

Another approach to enhance the already existing properties of MOFs is to fabricate

MOF-based nanocomposite materials. This not only retains the MOF properties, but

also adds new properties in gas adsorption, biological applications, as well as poten-

tial in electrocatalyst materials for battery and fuel cell applications [5,6]. Another

method to tune the existing properties of MOFs and generate newer applications is

via postsynthetic modification of the MOF structures. It involves a variety of tech-

niques, such as guest inclusion, metalation, linker modifications, metal or ligand

exchange, or pyrolysis of MOF structures to induce newer properties [7]. So we see

that MOF chemistry offers a large playground to search for new applications that

better the existing ones. From henceforth, we will be discussing about mainly envi-

ronmental applications of MOFs, focusing on oil�water separation and also green-

house gas, mainly CO2, capture [8].

A lot of research has been dedicated over the past two decades to the potential

of MOFs in solving environmental issues like toxic and pollutant gas capture, stor-

age, and separation [9�13]. Focus has mainly been on sequestration of pollutant

gases such as CO2, CO, and SO2 [14,15]. H2 storage has also garnered interest due

to its environmentally friendly combustion by-product: water [16,17]. The literature

on MOFs has therefore been rich with examples of design strategies and

Metal-Organic Frameworks (MOFs) for Environmental Applications. DOI: https://doi.org/10.1016/B978-0-12-814633-0.00010-7

© 2019 Elsevier Inc. All rights reserved.

https://doi.org/10.1016/B978-0-12-814633-0.00010-7


applications of these systems in gas capture. However, there remain obstacles in

generating state-of-the-art MOF materials which have the potential to meet the

global industrial demands for reducing the atmospheric CO2 to permissible levels.

One of the problems is selectively capturing CO2 from a mixture of other gases and

water vapor at ambient conditions. Newer MOF materials are being discovered fre-

quently that show exceptional selectivity toward CO2 capture. A detailed discussion

is out of the scope of this chapter and the readers are encouraged to check refer-

ences given here for further study on this specific topic [18�20]. The major draw-

back that will be discussed in this book chapter is the competitive processes that

inhibit CO2 uptake in MOFs. Generation of unsaturated metal centers in MOFs

have been found to be an useful strategy in increasing the uptake of CO2 in MOFs

[21�23]. However, this also encourages the coordination of water molecules from

atmospheric moisture leading to an undesired lower uptake of CO2 by the so-called

“competitive inhibition” mechanism. As a result, MOFs which show both water

repellent capability and also high CO2 uptake are taking up the forefront of MOF

research. Interestingly, fabricating such MOF structures requires a careful design

strategy and to date no MOF has been found that simultaneously shows extreme

water repellence as well as exceptional CO2 uptake at ambient conditions. In this

book chapter, we will discuss how to overcome this problem, by putting forward

design strategies and examples of superhydrophobic MOF structures and also sepa-

rately discuss the properties of materials that show appreciable CO2 uptake. This

would put forward a clearer understanding of future material design for CO2 cap-

ture via the examples and discussions involved here (Scheme 10.1).

Oil spills are an environmental catastrophe generated from oil through land run-

off, vessel and pipeline leakage, seaward petroleum production and operation, ship-

ping activities, and most importantly accidental tanker and illegal bilge discharge in

the catastrophic area [26�28]. In last 40 years, more than 5 million tons of oils was

spilled due to tanker incidents [26]. The deadly impact of marine oil spills disturbs

the human lifestyle either by inviting long-term health issues or by diminishing the

economic status of a coastal region [27]. As well as human beings, fish, mammals,

and wildlife including birds suffer from several complications due to oil spill pollu-

tion [29]. Therefore, it is very important to find out the ways to remove or separate

oil from ocean water. With rising industrial oily waste as well as frequent spill acci-

dents, scientists are looking for some materials which can separate oil from water

without causing any harm to the environment. Technologies like separation, filtra-

tion, centrifugation, floatation, and electrochemical methods are predominantly

used for oil spill cleanup [30]. Among the several methods reported so far,

adsorptive-based separation attracts the predominant attention due to its simplicity,

energy consumption, and low cost [31]. Materials with mixed features like hydro-

phobicity with an oleophilic nature can be the right choice as a separator. It has

been also reported previously that materials which contain both the character of

superhydrophobic (with more than 150 degrees water contact angle) and superoleo-

philic (with less than 10 degrees oil contact angle) are ideal for oil/water separation

in humid conditions [32]. Traditional nature-inspired materials with low surface

energy and self-cleaning surface include polymer sponges, porous graphitic carbon

320 Metal-Organic Frameworks (MOFs) for Environmental Applications



and its composites, polymethylsilsesquioxane, aerogels, membranes with nanowires,

and steel meshes and fabric [33]. However, all these materials are difficult to apply

practically due to the multistep preparation procedures and highly expensive com-

ponents. The environmental and economic demand emphasizes the need for a mate-

rial with properties such as facile and cheap synthesis, high surface area with

hierarchical pore structure, minimum water uptake, and outstanding reusability.

MOF with high water contact angles can be a potential material for this particu-

lar purpose. This approach allowed us to introduce hydrophobic�oleophilic MOFs

which will admit oils (paraffin, isoparaffins, aromatics solvents, cycloalkanes, and

unsaturated alkanes) by preventing water filling into the pore. A large number of

superhydrophobic MOFs with long chain alkyl substituents and/or fluorinated lin-

kers are reported in the literature [34�37]. Recently a new class of fluorous metal-

organic frameworks (FMOFs) with perfluorinated inner surface has offered an

excellent oil adsorption in the presence of water or moist air. Silver(I)-3,5-bis(tri-

fluoromethyl)-1,2,4-triazolate (AgTz) was the first example of FMOF to show high

efficiency for the adsorption of conventional aromatic and aliphatic oil components

[36]. Apart from using the concept of tailoring functional properties of MOF, a new

concept has developed of making MOF composites with other suitable components.

Zeolite imidazole frameworks (ZIFs) are very robust porous coordination polymers

Scheme 10.1 Schematic showing the bulk MOFs, nanoscale MOFs, and MOF

nanocomposites for water repellent applications in oil�water separation and increased toxic

gas uptake.

Reproduced with permission from T.-H. Chen, I. Popov, O. Zenasni, O. Daugulis, O.S.

Miljanic, Superhydrophobic perfluorinated metal-organic frameworks, Chem. Commun. 49

(2013) 6846�6848; S. Roy, V.M. Suresh, A. Hazra, A. Bandyopadhyay, S. Laha, S.K. Pati,

et al., Solvent modulated emission properties in a superhydrophobic oligo-(p-

phenyleneethynylene) based 3D porous supramolecular framework, Inorg. Chem. 57 (2018)

8693�8696.
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exhibiting exceptional chemical flexibility and showed a promising stability toward

water as well. The hybridization of ZIF-8 with graphene and its derivatives

[38�40] and carbon nitride [41] showed outstanding oil spill capture due to its dual

superhydrophobic and oleophilic nature.

10.2 The lotus effect

When scientists set out to invent a new property artificially, nature provides the

best design principles from which inspirations are taken. Superhydrophobicity, in

the same way is strewn across the natural world and whose understanding can lead

to the fabrication of water repellent artificial materials. Prime examples of natural

superhydrophobic systems are the lotus leaf and the leg of the insect water-strider

[42,43]. Specifically, the surface of the lotus leaf has been extensively investigated

to reveal clues for the origin of its extreme water repellence [44�46]. It has been

observed under SEM, that the surface contains numerous protrusions separated by a

micrometer distance. This traps air pockets in between, thereby not allowing water

droplets to touch the external surface. Interestingly, it was also noticed that these

micro-sized protrusions had a waxy coating. This waxy coating was analyzed to

have undulations at the nanoscale. Later it was realized that the combination of the

micro- and nanospacings assisted in the easy rolling of water droplets on the lotus

surface which was also termed as the self-cleaning effect. Therefore, the lotus leaf

gives a clear idea that increased surface roughness, both at the micro- and nanoscale

leads to water repellence even without the slightest external perturbance.

10.3 Models of superhydrophobicity

Young’s equation (cos θ5 (γsv�γsl)/γlv (where θ is the contact angle between the

solid�liquid interface, γsv,sl and lv are the corresponding surface tensions between

the solid, liquid, and air interfaces) is used to describe the wettability of a smooth

surface. On a rough surface, the same is explained by two models: Wenzel and

Cassie�Baxter (Scheme 10.1) [47,48]. According to the Wenzel model, the water

droplet on a rough surface is spherical in shape and wets the surface. As a conse-

quence it will not roll off the surface under the slightest disturbance. A transition

from the Wenzel to the Cassie�Baxter model occurs when we consider that rough

textures on a surface trap air pockets in between. Therefore the water droplet cannot

assume a spherical shape and rests on the rough texture with air pockets trapped in

between. This results in a low adhesion of the droplet to the surface and hence on

the smallest perturbance, water rolls off the surface. It is theorized and verified

experimentally that low surface energy along with a hierarchical surface roughness

is essential to generate such superhydrophobic structures. A hierarchical structure

implies the presence of roughness at two regimes: micro and nano (Scheme 10.2).

This leads to water contact angles .150 degrees giving rise to superhydrophobicity
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and self-cleaning applications. Along with surface roughness, surface shape, size,

height, and periodic patterning could also lead to surface water contact angles in

excess of 150 degrees.

For any material to be called self-cleaning, in addition to water contact angles

higher than 150 degrees, tilt angle and contact angle hysteresis are important terms

that must also be discussed [49,50]. Materials must have a tilt angle from the sur-

face lower than 10 degrees, for it to qualify as self-cleaning. Additionally, one must

measure the contact angle hysteresis, that is, the difference between the advancing

and receding contact angles. This must be as low as possible. The value for

the lotus leaf was found to be approximately 2 degrees. Advancing contact angle is

the angle of contact when the water droplet is dropped on the surface whereas the

receding contact angle is the angle of contact at the moment of the water droplet

leaving the surface. This dynamic measurement is therefore an important criteria

for characterization of a water repellent self-cleaning material [51,52].

10.4 Bulk metal-organic framework structures for
superhydrophobic applications

The first foray into building superhydrophobic MOFs was initiated by the group of

Seth Cohen [53]. The idea conceived by them utilized the previously discussed

principle of decorating structures with water repellent functional groups to induce

Scheme 10.2 Schematic depicting two different theoretical models to explain water

repellency of a liquid on a rough surface (Wenzel model and Cassie�Baxter model) and also

the requirement of a hierarchical surface structure for the generation of superhydrophobicity

and self-cleaning.
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water repellency. MOF structures can be easily tuned by a choice of metal nodes

and organic linkers. The group first studied hydrophobic MOFs and delineated the

reasons behind the hydrophobicity. Isoreticular metal-organic frameworks

(IRMOFs) are cubic frameworks comprised of Zn4O clusters and dicarboxylate

ligands. The series of long alkyl chain incorporated, that is, postsynthetically modi-

fied IRMOFs that were studied, showed water repellent properties due to branched

alkyl chains attached to amide groups (Fig. 10.1). The water contact angles and

structural integrity remained intact over a period of 4 days. However, superhydro-

phobicity was not realized in these systems. The authors then ventured into more

chemically robust MIL-NH2 systems (Material Institut Lavoisier (MIL)) which

were modified with long alkyl anhydrides with higher contact angles, which pushed

the water contact angles into the superhydrophobic region of $ 150 degrees. The

authors proposed that a combination of micro-crystallite sizes in combination with

hydrophobic alkyl groups led to extreme water repellence or superhydrophobicity

in the MIL-derived systems. This work showed that introducing hydrophobic

groups into the organic component of MOFs could lead to superhydrophobic prop-

erties. However, the authors were not able to induce this property without post-

synthetically modifying the MOF structure.

In another study into inducing moisture stability in NbO-type MOFs, the Zhou

group utilized several tetracarboxylate-based linkers with varying lengths of alkyl

side chains on the central phenyl rings to construct a series of MOFs of the formula

Cu2(TPTC-OR) (TPTC-OR5 20,50-di{alkyl}oxy-[1,10:40,1v-terphenyl]-3,3v,5,5v-tet-
racarboxylate, R5Me, Et, nPr, nHex) [54]. The structures of Cu2TPTC-OR were

formed by 4-connected square planar Cu2-paddlewheel SBUs and 4-connected rect-

angular planar TPTCOR42 organic linker. The Cu2-paddlewheels were held by four

carboxylates from four separate TPTCOR42 linkers which were further bridging

between two CuII ions. When two such paddlewheels are joined, NbO-type net-

works of 64 � 82 topology were formed. The NbO network may be described as

being composed of two types of cages or channels. It was seen that upon changing

the side chains from ethyl to hexyl, the water repellency increased in the resulting

Figure 10.1 Schematic representations of the MOFs examined in this study. One modified

organic ligand substituent is shown in each structure.

Source: Reproduced with permission from J.G. Nguyen, S. Cohen, Moisture-resistant and

superhydrophobic metal2 organic frameworks obtained via postsynthetic modification. J.

Am. Chem. Soc. 132 (2010) 4560�4561.
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MOF structure. The MOF constructed from the tetracarboxylate linker having hexyl

chains portrayed superhydrophobic properties but at the same time decreased in

thermal stability when compared to other MOFs in the same series. This observa-

tion was attributed to the decrease in surface free energy due to the presence of

long alkyl chains that led to the water repellent behavior.

It is also well-known that fluorinated long alkyl chains with 2 F or 2CF3
groups decrease the surface free energy or increase the surface roughness [55].

Seminal work by Omary et al., showed that fluorous MOFs, or FMOFs as they are

termed, have great potential for environmental applications such as oil�water sepa-

ration. FMOFs were constructed from silver(I) and 3,5-bis(trifluoromethyl)-1,2,4-

triazolate (AgTz) [36,56,57]. This imparts a fluorinated and hydrophobic inner core

to the pore structure which is ideal for water repellence and uptake of nonpolar

components. Therefore, these also have the potential for capturing oils and other

hydrocarbons within the polar surface. In this work, the authors synthesized two

such MOFs, FMOF-1 (Ag2[Ag4Tz6]) and FMOF-2 ([Ag(Ag3Tz4)]3/2) (Fig. 10.2A

and B). The water adsorption profile showed no uptake of water vapor. To further

prove the water repellency of FMOF-1, the degassed FMOF-1 crystals were

immersed in water for several days before single crystal data were collected. The

structure still remained identical to the crystal structure that was not soaked in

water. This indicated that the structure did not allow any water molecules to pene-

trate its pore and also did not allow distortion on exposure to water. After further

investigations, it was inferred that, based on the superhydrophobicity models of

understanding, water molecules tend to form thin films with the outer hydrophobic

surface via strong hydrogen bonding interactions [58,59]. The authors further

reported the excellent uptake capacity of C6�C8 (benzene, toluene, p-xylene,

cyclohexane, and n-hexane) hydrocarbons by these FMOFs, which are essential

components of oil mixtures (Fig. 10.2C). Therefore, this work showed that FMOFs

can selectively absorb oil components over water and prove to be excellent candi-

dates for cleanup of oil�water mixtures. It is worth mentioning that surface water

repellent investigations, such as water contact angle measurements, were not carried

out and hence the extent of superhydrophobicity of the FMOF surfaces was not

quantified.

Chen et al. further utilized this principle to fabricate superhydrophobic MOFs. In

their design principle, they used linkers where the benzene rings were substituted

with 2 F groups (Fig. 10.3A) [24]. Two organic linkers which were synthesized

had end capping carboxylic acid and tetrazolate groups, respectively. Three novel

MOF structures were synthesized (Fig. 10.3B(a�c)) out of which two were hydro-

phobic and one superhydrophobic with an average water contact angle of 151

degrees (Fig. 10.3C). Along with the surface, the pores were also found to be water

repellent. This was concluded as there was minimal uptake of water vapor when

adsorption studies were carried out. Interestingly, this was the first such report of

generating inherent surface superhydrophobicity in bulk MOF structures without

any postsynthetic modification.

Another interesting approach to generate superhydrophobic MOF was put for-

ward by Kitagawa and coworkers where they proposed that anisotropic crystal
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morphology generated via surface corrugation through aromatic hydrocarbon moie-

ties induces water repellence [34]. This negates the use of postsynthetic modifica-

tion techniques. 1,3,5-tris(3-carboxyphenyl)benzene (H3BTMB) ligand was used

along with ZnII to synthesize a 2D layered MOF [Zn4(μ3-OH)2-
(BTMB)2(DMF)3(MeOH)] � (DMF)2-(MeOH) (PESD-1) which contained the sur-

face projected aromatic groups decreasing surface free energy. Both the

Figure 10.2 (A) Building Blocks of FMOF-1 (left) and FMOF-2 (right). (B) Crystal

structure of FMOF-1.2Toluene showing toluene molecules in one large channel repeat unit

and (C) Oil components adsorption in FMOF-1 using vapors of cyclohexane, n-hexane,

benzene, toluene, and p-xylene. Open symbols indicate desorption.

Source: Reproduced with permission from C. Yang, U. Kaipa, Q.Z. Mather, X. Wang, V.

Nesterov, A.F. Venero, et al., Fluorous metal-organic frameworks with superior adsorption

and hydrophobic properties toward oil spill cleanup and hydrocarbon storage, J. Am. Chem.

Soc. 133 (2011) 18094�18097.
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Figure 10.3 (A) Synthesis of ligands 3 and 4. (B) X-ray crystal structure of MOFF-3, Cu21(4�2H1)(H2O). (a) Secondary building unit. (b)

View along the one-dimensional channels in the structure. (c) View of the structure perpendicular to the orientation of the channels. (C) Picture

of an oven-dried MOFF-3 sample, after a drop of water was placed onto it.

Source: Reproduced with permission from T.-H. Chen, I. Popov, O. Zenasni, O. Daugulis, O.S. Miljanic, Superhydrophobic perfluorinated metal-

organic frameworks, Chem. Commun. 49 (2013) 6846�6848.



as-synthesized and degassed samples in single crystal, powder, and pelletized form

showed water contact angles $ 150 degrees. A pellet of PESD-1 when placed

within a mixture consisting of an organic solvent and water, floated on the water

surface without breakage, and further selectively removed the organic solvent from

the water.

MOF systems in the bulk showing water repellent properties have also been syn-

thesized by us. Recently, we used an alkoxy-octyl oligo-(p-phenyleneethynylene)

(OPE) linker to fabricate a CdII-based MOF {Cd(OPE-C8)(DMF)2(H2O)} having a

permanently porous 3D supramolecular framework structure [25]. Self-assembly of

OPE-C8 with Cd(NO3)2 � 4H2O in a DMF/ethanol mixture led to the formation of

single crystals. Structural determination showed that the 1D chains of the MOF

were extended in a zigzag fashion via coordination of terminal carboxylates of OPE

to the CdII center (Fig. 10.4A). Supramolecular interactions between π cores and

alkyl chains led to the 2D packing. Further interweaving of the 2D planes led to the

3D porous structures where coordinated DMF and water molecules occupy the pore

surface (Fig. 10.4B). Surface projected alkyl chains were also found in the MOF

structure (Fig. 10.4C) and gave direct proof that long surface projected alkyl chains

led to the superhydrophobicity in the structure. This leads to the decrease in surface

free energy and therefore higher water contact angles of 157 degrees (Fig. 10.4D

and E). The contact angle also remained intact in the degassed state. The pore was

also found to be superhydrophobic as it showed appreciable uptake of nonpolar sol-

vent vapors such as benzene. The MOF also showed permanent porosity with an

appreciable CO2 uptake. Additionally, the MOF showed a guest solvent modulated

emission property owing to the twisting and straightening of the OPE backbone

Figure 10.4 (A) Structural representations of {Cd(OPE-C8)(DMF)2(H2O)}: (A) view of the

asymmetric unit and 1D coordination chain; (B) view of the 3D structure formed via

interweaving of the 2D sheets. (C) Packing diagram of {Cd(OPE-C8)(DMF)2(H2O)}, viewed

along the b axis showing surface projected alkyl chains and water contact angle of (D) {Cd

(OPE-C8)(DMF)2(H2O)} and (E) degassed {Cd(OPE-C8)(DMF)2(H2O)} coated glass

substrate.

Source: Reproduced with permission from S. Roy, V.M. Suresh, A. Hazra, A.

Bandyopadhyay, S. Laha, S.K. Pati, et al., Solvent modulated emission properties in a

superhydrophobic oligo-(p-phenyleneethynylene) based 3D porous supramolecular

framework, Inorg. Chem. 57 (2018) 8693�8696.
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constructing the MOF structure. When DMF molecules were removed and reintro-

duced into the structure, the emission shifted bathochromically back to the original

color. This is an example of a superhydrophobic MOF structure that could have

potential water repellent optical applications, such as sensing under moist

conditions.

10.5 Nanoscale superhydrophobic/self-cleaning metal-
organic frameworks based on oligo-(p-
phenyleneethynylenes) linkers

There have been numerous reports on different synthetic procedures of NMOFs

[60�62]. Some of them, like the coordination modulation method or poor solvent

precipitation, have received wide acclaim and paved the way toward the synthesis

of a wide variety of NMOFs showing multifunctional properties. However, in our

work, we have demonstrated a novel and slightly different approach in the synthesis

of NMOFs which deviates from common norms in that it uses a ligand design

approach for such syntheses. Bola-amphiphilic molecules have long been known to

self-assemble into interesting nanostructures in solvents of different polarity.

Recently, we have reported that oligo-(p-phenyleneethynylenes) (OPE) dicarboxy-

lates with oxyoctyl side chains appended to the conjugated backbone (OPE-C8) can

self-assemble with Zn(OAc)2 � 2H2O to form size- and shape-tunable nanostructures.

The use of acetate counter anions to the ZnII center acts as a coordination modula-

tor to restrict growth, forming the nanostructure of MOFs [60]. Additionally, the

flexibility of long alkyl chains in solvents of different polarity can control shape

transformation of MOF nanostructures. In this work, we showed how reaction sol-

vent and time can form MOF nanovesicles and nanotoroids. The porous nature of

the MOF was further utilized to incorporate DSMP dye and the Forster Resonance

Energy Transfer (FRET) process was realized in the system. Our next approach was

to induce water repellent properties in similar MOF nanostructures. We therefore

used predesigned OPE bola-amphiphiles [63,64] and self-assembled them with ZnII

ions to form MOFs structured at the nanoscale. The interesting part of the design

principle was that we varied the alkyl chain lengths in different MOFs and saw that

from n5 8 up to n5 18 generates superhydrophobic properties in the MOF struc-

ture. Out of these, up to n5 12, self-cleaning property was also induced which was

unprecedented in MOF chemistry.

In one such work, we utilized the above discussed design approach to construct

a NMOF, hierarchically surface structured to mimic the lotus leaf in its self-

cleaning property. The rational construction of this NMOF allowed high water con-

tact angles, corrosion resistance, and was the first reported of any MOF structure to

show the self-cleaning effect [65]. Additionally, we were also able to control the

formation of nanobelts and nanoscrolls of the NMOF by varying the reaction time

and solvent polarity. Coordination directed self-assembly of an alkoxy-octadecyl

OPE system (OPE-C18) with Zn(OAc)2 gave rise to a framework structure with
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long alkyl chains projected both outwards and also within the pores to generate a

superhydrophobic NMOF structure having the formula {Zn(OPE-C18) � 2H2O}

(NMOF-1) (Fig. 10.5A). As was realized in our previous OPE work, we were able

to reversibly transform nanobelts of NMOF to nanoscrolls keeping the superhydro-

phobicity intact (Fig. 10.5B). The periodic alignment of the long alkyl chains in

both the nanostructures not only generated the superhydrophobicity but also pro-

tected the structure from degradation under harsh conditions. The contact angle was

found to be an all-time high of 162 degrees with contact angle hysteresis of 2

degrees, the same value as that of the surface of the lotus leaf (Fig. 10.6A(a�d)).

Self-cleaning effect was attained due to hierarchical surface roughness both at the

micro- and nanoscale due to the periodic repetition of the rigid OPE backbone and

the associated long alkyl chains (Fig. 10.7A(e�g)). 3D-AFM images showed that

the MOF had the “hills and valley” type surface morphology at the microscale

(Fig. 10.6B(a and b)). Upon further probing, at the nanoregime, we observed that

the same “hills and valley type” morphology was present (Fig. 10.6B(c�e)). This

assisted the easy rolling of water droplets from the surface of the MOF without any

external perturbance. We further observed that due to inward projected alkyl chains

the pore was also water repellent but adsorbed good amounts of nonpolar solvent

like benzene (Fig. 10.6B(a)). Therefore, this MOF could also capture nonpolar sol-

vents with potential applications in oil�water separations.

Buoyed by the results of the above work, we looked to expand the applicative

areas of related NMOF structures to water repellent optoelectronic devices. The

synthetic strategy was kept the same, the only difference here being that an alkoxy-

dodecyl OPE linker was used to self-assemble with ZnII in THF solution [66]. This

resulted in the formation of nanosheets of MOF with surface projected alkyl chains

(Fig. 10.7A and B). This led to high water contact angles of 157 degrees

(Fig. 10.7C). As expected, the self-cleaning effect was also realized due to similar

structural ordering as in the previous work. 3D-AFM images also showed an

expected “hills and valley morphology.” However, the contact angle hysteresis was

found to be slightly higher (5 degrees) as compared to the previous work. As

expected, the pore was also hydrophobic. The MOF showed high uptakes of ben-

zene whereas it had minimal uptake of water. Therefore, this MOF also showed

potential for oil/water separation. Due to the presence of OPE within the structure,

we further studied its optoelectronic property. The nanoscale architecture allowed

great dispersability and smooth coating on glass substrates (Fig. 10.7D). The MOF

showed excellent cyan luminescence with high quantum yields and conductivity

profiles in the 1025 S cm21 range. Interestingly, the conductivity increased upon

exposing it to AM 1.5 radiation (Fig. 10.7E). This further motivated us to fabricate

device structures from this MOF (Fig. 10.7F). The device showed photoresponsive

Schottky barrier diode-like behavior (Fig. 10.7G). This was unprecedented in per-

manently porous framework structures. The rectification ratio increased from 47 to

83 upon irradiation with AM 1.5 light. This is the highest rectification value

reported for MOF materials to date. Coupled with the extreme water repellence,

this material could find applications in MOF devices working even under water,

providing a new energy application in MOF chemistry.
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Figure 10.5 (A) Bottom-up approach for the fabrication of a self-cleaning MOF

nanostructure by coordination driven self-assembly between ZnII and OPE-C18. (B) (a)

FESEM image (inset: nanobelts at higher magnification) and (b) TEM image of NMOF-1

nanobelts. (c and d) FESEM images of semiscrolled nanobelts. (e�g) FESEM and (h and i)

TEM images of nanoscrolls at different magnifications showing the changes in cross-section

upon scrolling. AFM image of (j and k) nanobelt and (l) nanoscroll (inset: single nanoscroll

showing opening at the mouth). (m) Schematic showing the possible morphological

transformation of nanobelts to nanoscrolls in NMOF-1.

Source: Reproduced with permission from S. Roy, V.M. Suresh, T.K. Maji, Self-cleaning

MOF: realization of extreme water repellence in coordination driven self-assembled

nanostructures, Chem. Sci. 7 (2016) 2251�2256.



10.6 Metal-organic framework nanocomposites for oil/
water separation

In continuation of the previous discussion of using fluorinated organic linkers for

the construction of water repellent bulk MOFs for treating oil�water spillage,

Ghosh and coworkers provided an in-depth study of how ultrahydrophobicity can

be introduced into MOFs [{Cu4L4(DMF)4}(DMF)3]n (UHMOF-100) [67]. They

also extensively studied and quantified surface water repellence and also experi-

mented on the practicability of these materials to separate actual mixtures of oil and

water. Single-crystal structural analysis revealed that bis(trifluoromethyl) groups

from fluorinated linkers were present in the ultramicroporous channels. Expectedly,

there was minimal water vapor uptake for this MOF. However, the framework

showed step-wise uptake of C6�C8 hydrocarbons: benzene, ethyl benzene, toluene,

and p-xylene. Study of the exterior surface revealed the MOF to be ultrahydropho-

bic with an unprecedented water contact angle of close to 177 degrees and low con-

tact angle hysteresis of 2�4 degrees. The importance of framework formation was

further illustrated when the fluorinated organic linker showed a much lesser contact

angle of 136 degrees. Interestingly, when water droplets were cast on the MOF sur-

face, they bounced away proving its extreme water repellence. The authors then

spray-coated this MOF mixed with PDMS on a polypropylene polymeric support to

form a reusable coated membrane. The water contact angle was found to be 135

degrees. The membrane showed volumetric oil/water (1:1) separation. The entire

water portion colored with methyl orange was retained at the top of the filtering

UHMOF-100/PDMS/PP membrane as the membrane was inherently water repel-

lent. The whole oil fraction from a 1:1 oil/water mixture passed through within

1.5 hours, even in the absence of any externally applied vacuum. Other water-in-oil

emulsions showed the same permeation limits for oil for UHMOF-100-based mem-

branes. This work was an important milestone in showing real-time oil�water sepa-

ration using superhydrophobic MOF-based membranes.

One such attempt to make solution processable hydrophobic/oleophilic materials

was made by Fischer and coworkers via the synthesis of porous nanoscale metal-

organic composites [68]. In their unique approach, the metal-organic gel (MOG)

nanoparticles were initially synthesized by the self-assembly of MOF nanoparticles.

The procedure is described as follows: linkage of Al31 with 1,3,5-benzene tricar-

boxylate (BTC) linker forms MOF structures. Then, self-assembly of MOF into

MOF nanoparticles occurs followed by the formation of hierarchical porous MOGs.

This is through a disordered, coordination perturbed self-aggregation of the

MOFNPs. Here the MOF structure had a Zeolite MTN (MTN5 zeolite socony

mobil thirty-nine) topology with two types of cavities of small cage 2.5 nm and

large cage as 2.9 nm. The final composite, that is, fluorinated graphene oxide-MOG

composite (FGO@MOG) was synthesized via the intercalation of MOG between

fluorinated graphene oxide layers. As the oxide functionalities of the FGO are uti-

lized in stabilizing the MOF nanoparticles simultaneously, it leaves pendent C-F

groups toward the exterior surface in the composite structure. Therefore, the
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Figure 10.6 (A) (a) Solvent vapor adsorption isotherms of NMOF-1 at 298K: (I) water (red)

and (II) benzene (blue), P0 is the saturated vapor pressure; 3.17 kPa (water) and 12.60 kPa

(benzene) at 298K. Water contact angles of NMOF-1 coated substrate: (b) static contact

angle, (c) advancing contact angle and (d) receding contact angle (e�g). Video snapshots of

self-cleaning experiment showing the removal of dirt from surface. (B) (a) 2D-AFM image

of NMOF-1 microparticles on a coated glass surface and (b) corresponding 3D-AFM image.

(c) 3D-AFM image of four adjacent microspheres of NMOF-1 and (d) corresponding high

magnification image showing continuous nanoroughness present on each microparticle. (e)

Plots showing changes in CA with pH/ionic strength. (f) Schematic diagrams showing the

different states used to explain surface water repellence: left: Wenzel state or the wetting

state. Right: Cassie�Baxter state or the superhydrophobic state (a transition from the Wenzel

to the Cassie�Baxter model occurs when we consider that rough textures on a surface trap

air pockets in between) and (g) incorporation of hierarchical surface for the generation of the

self-cleaning effect in NMOF-1.

Source: Reproduced with permission from S. Roy, V.M. Suresh, T.K. Maji, Self-cleaning

MOF: realization of extreme water repellence in coordination driven self-assembled

nanostructures, Chem. Sci. 7 (2016) 2251�2256.



composite was envisioned to have a low surface free energy. This allowed ultrare-

pellence of water and also absorption of a variety of oil mixtures such as toluene,

hexane, heptane, decane, octadecane, petroleum ether, crude oil, veg oil, carbon tet-

rachloride, and pentane. The authors reported that the adsorption capacity of

FGO@MOG varied between 200% and 500% for selected oil and organic solvents.

Here, CCl4 showed the maximum capacity of 500%, whereas octane showed the

Figure 10.7 NMOF-1: (A) Structural image. (B) FESEM images of nanosheets. (C) Water

contact angle coated on a glass substrate. (D) Images of bright emission under UV light of

NMOF-1 in THF and on a glass substrate. Inset: Image of a water droplet on the NMOF-1

coated glass substrate under UV light. (E) Current versus voltage graph for conductivity

measurement of NMOF-1 with ohmic contact in planar electrode structure. (F) Schematic

showing the device structure of NMOF-1 and (G) Current2 voltage (I2V) characteristics of

the ITO/NMOF-1/Al Schottky diode.

Source: Reproduced with permission from S. Roy, M. Das, A. Bandyopadhyay, S.K. Pati, P.

P. Ray, T.K. Maji, Colossal increase in electric current and high rectification ratio in a

photoconducting, self-cleaning, and luminescent schottky barrier NMOF diode, J. Phys.

Chem. C. 121 (2017) 23803�23810.
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lowest but still appreciable value of 200%. This work paved the way to the design

of more such MOF-based composites for environmental applications.

The same group devised another unique method to fabricate MOF composites

for oil�water separation [33]. For this purpose they utilized highly fluorinated gra-

phene oxide (HFGO) and ZIF-8 to generate a hierarchically porous superhydropho-

bic/superoleophilic micro�mesostructure (HFGO@ZIF-8). The structure-directing

and coordination-modulating properties of surface oxygen functionalities of HFGO

allowed the ZIF-8 nanocrystals to grow on the graphene oxide support where it was

intercalated between the graphene oxide sheets. This also left surface fluorine

groups in the composite. The authors conjectured that the micropores arose due to

the presence of ZIF-8 nanoparticles, whereas the mesopores were the result of ran-

domly organized HFGO layers separated by the ZIF-8. HFGO@ZIF-8 showed high

water contact angles of 162 degrees and oil contact angles of 0 degree. The com-

posite also showed high sorption selectivity, fast kinetics, and good absorbance for

a host of nonpolar/polar organic solvents and oils from water. Buoyed by this obser-

vation, a sponge@HFGO@ZIF-8 was also fabricated by immersing a commercial

sponge overnight into the reaction mixture of exfoliated HFGO and a methanolic

solution of ZIF-8. Sponge@HFGO@ZIF-8 showed an adsorption capacity of

150�600 wt.% of oils, polar and nonpolar organic solvents. Interestingly, the

sponge floated on water and hence the extraction of oil in an oil�water mixture

was easily achieved.

In another interesting nanoscale MOF composite related wetting work, reported

by Tan et al., they bypassed complicated lithographic techniques to epitaxially

grow MOF mushroom shaped nanostructures at the tips of needle crystals [69].

This imparted a reentrant texture to the nanostructures which is the primary require-

ment for omniphobicity, that is, simultaneous oil and water repulsion property. MIL

MOF structures were used for the study as they are known to be moisture stable.

The authors used an aluminum oxide (AAO) membrane to grow NH2-MIL-53(Al)

MOF on it (Fig. 10.8A). At this stage of composite formation, the substrate showed

microflower-like morphology which was not water repellent and would sink when

it was put in a water solution. However, upon further postsynthetic modification of

the already grown surface with perfluorooctanoyl chloride, superhydrophobicity

was induced and the substrate floated on the water solution. The morphology found

upon SEM analysis was that of mushroom-like nanostructures (Fig. 10.8B). The

nanomushrooms could support solvent molecules and the proximity of these nanos-

tructures created very little space for solvent to seep through resulting in the omni-

phobic behavior. Therefore, the important outcome of this work was that a reentrant

texture on the surface is a must for the omniphobic property. MOF composite mate-

rials possessing this property could ultimately have applications in antiwetting coat-

ings on ships, car windshields, and even in paints.

Sun et al. [70], demonstrated a process of surface coating with bulky fluorinated

compounds. As a representative example, they have chosen two vinyl-

functionalized MOFs, ZIF-8 and MOF-5, coated with perfluoroalkyl group and the

resultant MOF showed amphiphobic (superhydrophobicity with oleophobicity)

property. To introduce amphiphobicity in MOF, they have incorporated
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Figure 10.8 (A) Graphical representation of NH2-MIL-53(Al) micromushroom synthesis

through interfacial continual growth and (B) SEM images of (a) NH2-MIL-53(Al)

micromushrooms; (b) NH2-MIL-53(Al) micromushrooms at 45 degrees tilt angle; (c) NH2-

MIL-53(Al) “popsicles” made from stacks of mushroom caps; (d) NH2-MIL-53(Al) film

formed from fused mushroom caps.

Source: Reproduced with permission from T.T.Y. Tan, M.R. Reithofer, E.Y. Chen, A.G.

Menon, T.S.A. Hor, J. Xu, et al., Tuning omniphobicity via morphological control of metal-

organic framework functionalized surfaces, J. Am. Chem. Soc. 135 (2013) 16272�16275.
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vinyl-functionalized linkers for the targeted framework. These vinyl groups are suffi-

ciently reactive for chemical modification and remain intact during the MOF crys-

tallization. After controllable functionalization by vinyl group, the crystals’ surfaces

were coated with perfluoroalkyl groups through thiol-ene reaction, and exhibited

both superhydrophobicity and oleophobicity. The surface wettability of vinyl-

functionalized ZIF-8 (ZIF-8-V) and perfluoroalkyl-coated ZIF-8 (ZIF-8-VF) were

characterized by contact angle measurement. Interestingly, the water contact angle

of the ZIF-8-VF sample was 173 degrees and exhibited an extraordinarily high

superhydrophobic feature, whereas ZIF-8-V showed the water contact angle at 89

degrees. In contrast, a series of organic compounds including glycerol, 2-

hydroxybenzaldehyde, benzonitrile, chlorobenzene, and dodecane were repelled by

ZIF-8-VF surface with contact angles at 150, 143, 130, 129, and 92 degrees, respec-

tively (Fig. 10.9A). The toluene adsorption isotherm exhibited 7 mg capacity for

one gram of ZIF-8-VF whereas for ZIF-8-V it was 143 mg g21 (Fig. 10.9B and C).

These results confirmed that the surface shielding by perfluoroalkyl groups signifi-

cantly enhanced the hydrophobicity as well as oleophilicity of the material.

Similarly, a typically water unstable MOF-5, which renders an extraordinary toler-

ance to humid CO2, was successfully surface coated by perfluoroalkyl groups on

vinyl-functionalized MOF-5. Amphiphobicity of MOF-5-VF was tested in both

acidic and basic solution which revealed an extraordinary stability toward oil and

water with respect to the pristine MOF. Such types of materials with amphiphobic

behavior may show promising CO2 adsorption in the presence of aqueous or other

organic solvents but won’t be effective for oil�water cleanup. Solid surfaces pos-

sessing both high water contact angle (hydrophobic) and low contact angle hystere-

sis (oleophilic) have attracted interest in fundamental research as well as practical

applications in the fields of self-cleaning and industrial oily waste water treatment

[71,72]. Cao and coworkers [73] recently demonstrated an example in which the

wettability of MOF coatings fabricated from HKUST-1 (Cu3(BTC)2 � 3H2O) was

investigated. A facile dip coating method was adopted to prepare superhydrophobic

surfaces. Typically, as-synthesized HKUST-1 was dispersed in ethanol and a thin

film was formed on the glass surface by evaporating ethanol at ambient tempera-

tures. The thin film was treated with stearic acid and PFOTS (perfluorodecyl-

triethoxysilane) separately in order to reduce the surface energy of HKUST-1 thin

film. FESEM images showed the HKUST-1 coated surface modified by stearic acid

and PFOTS presented highly porous and rough structures due to the presence of

granules of size 1�2 μm (Fig. 10.10A�C). The individual MOF coating on the

glass surface obtained a water contact angle of B141.7 degrees. In contrast, MOF

coated with stearic acid and PFOTS showed 158.3 and 157.6 degrees water contact

angle, respectively. Surface wettability of corrosive liquids on the superhydrophobic

surface was also investigated. It was also observed that maximum superhydrophobi-

city can be achieved by tuning the pH from a low to high value (Fig. 10.10G). The

contact angle of PFOTS-modified surface varied from 152.8 to 157.6 degrees when

the pH was varied from 3 to 13 (Fig. 10.10E�G). The authors additionally investi-

gated the oleophilicity of the surface by adding 5 μL of n-octane. The surface modi-

fied with stearic acid and PFOTS adsorbed n-octane droplet in 4 and 7 seconds,

337Potential of hydrophobic metal-organic framework-based materials for environmental applications



respectively, manifesting significant superoleophilicity. All these surface modifica-

tions of MOF by using alkyl, fluorinated, or hydrophobic polymers face some disad-

vantages, such as tedious synthetic procedures and reduced surface area of the

material. It sometimes results in MOFs that fail to tolerate different environmental

conditions where the effect of acid or base is crucial and high ionic strength solvents

are available. The authors explained that the presence of carboxylate-based ligands is

responsible for the oleophilic nature of MOFs, whereas the exterior chemical composi-

tion and geometrical architecture induces excellent wettability toward water and oil.

Sun et al. [74] recently developed a molecular-level modification strategy that imparts

hydrophobic character to Zr-based MOFs (UiO-66 [Zr6O4(OH)4(OOC-C6H4-COO)6],

Figure 10.9 (A) Contact angles of various liquid on the pressed pellet made using ZIF-8-VF

sample, (B) water adsorption (solid symbols) and desorption (open symbols) isotherms

collected at 298K, and (C) toluene adsorption isotherms collected at 298K.

Source: Reproduced with permission from Q. Sun, H. He, W.-Y. Gao, B. Aguila, L. Wojtas,

Z. Dai, et al., Imparting amphiphobicity on single-crystalline porous materials, Nat.

Commun. 7 (2016) 13300.
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UiO-66-SO3H [Zr6O4(OH)4(HSO3BDC)6x(BDC)6�6x, (x5 0.18)], and PCN-222

[Zr6(μ3-OH)8(OH)8-(TCPP)2,]; tetrakis(4-carboxyphenyl)porphyrin). In this particu-

lar approach, octadecylphosphonic acid (OPA) is coordinated to metal via M�O�P

bond which provides a low surface energy with enhanced hydrophobicity. The

long alkyl chains of OPA positioned on the MOF’s surface generally offer a

Figure 10.10 SEM images of the as-prepared Cu3(BTC)2 � 3H2O coatings: (A) without

treatment; (B) treated with stearic acid; (C) treated with PFOTS. The corresponding high

magnification SEM images are shown on the right upper part. (D) Profiles of the contact

angles of a 5 wt.% NaCl aqueous solution on the obtained superhydrophobic surfaces; (E)

profiles of the water contact angles on the superhydrophobic surface after standing for 4

months; (F) the relationship between the pH values of water droplets and the contact angles

on the modified superhydrophobic surfaces.

Source: Reproduced with permission from W. Meng, Z. Feng, F. Li, T. Li, W. Cao, Porous

coordination polymer coatings fabricated from Cu3(BTC)2 � 3H2O with excellent

superhydrophobic and superoleophilic properties, New J. Chem. 40 (2016) 10554�10559.
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high moisture resistance with inherent porosity (Fig. 10.11A�D). Furthermore, these

OPA-MOFs exhibit fast removal of organic pollutants with a water contact angle of

150 degrees (magnitude of water contact angle for OPA-UiO-66, OPA-UiO-66-

SO3H, and OPA-PCN-222 are 160, 162, 157 degrees, respectively) They also exhibit

an efficient organic/water separation which would offer a considerable platform for

separating oil from industrial waste water (Fig. 10.11E). The presence of long alkyl

chains on the surface with their low density helps aggregation on the water surface.

In addition, the authors studied the water stability of OPA-MOF and found that it

can float on water for more than a month and sink immediately in an oil phase. A

comparative adsorption capacity was also studied for the composite toward various

organic solvents like toluene, acetone, DMF, chloroform, and methanol

(Fig. 10.11F). The high uptake values were attributed to a high surface area and

hydrophobic interior of the OPA-modified MOF. A real-life oil/water separation was

also performed to find out the industrial application of the material. When a mixture

of water and chloroform was passed into the OPA-MOF contained in a syringe tube,

chloroform freely passed through the sample and water was not able to penetrate,

whereas the unmodified MOF represented no selectivity under similar treatment.

Figure 10.11 Molecular-level external modification of superhydrophobic (A) PXRD patterns

and (B) FT-IR spectra of the UiO-66 sample before and after modification with OPA

molecules. SEM images of (C) UiO-66 and (D) OPA-UiO-66 samples. (E) Contact angle

images of (i) UiO-66, (ii) UiO-66-SO3H, and (iii) PCN-222 samples before and after OPA

modification, and digital photographs of (iv) UiO-66, (v) UiO-66-SO3H, and (vi) PCN-222

samples dispersed in water before and after OPA modification. (F) Absorption of organic

solvents with UiO-66 before and after OPA modification.

Source: Reproduced with permission from Y. Sun, Q. Sun, H. Huang, B. Aguila, Z. Niu, J.A.

Perman, et al., A molecular-level superhydrophobic external surface to improve the stability

of metal-organic frameworks, J. Mater. Chem. A. 5 (2017) 18770�18776.
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In summary, this molecular-level modification strategy can be extended for other

prototype MOFs which are composed of metals such as Ti, Zn, and Al by forming

strong coordination bonding between these metals and OPA.

To achieve superhydrophobicity, most of the materials used so far require post-

treatment with low surface energy coatings. Fluorinated materials are widely used

for this purpose. But these fluorinated materials are not safe with respect to an eco-

nomic as well as an environmental point of view [75]. To overcome this problem,

the application of environmentally friendly, fluorine-free stable superhydrophobic

material has become a great challenge. Recently Zhang et al. [76] were successful

in demonstrating fluorine-free, water stable material by designing a flower-shaped

hierarchical micro/nanoarchitecture (Fig. 10.12A). The ultrathin hierarchical ZIF-7

(Zn(bIm)2, bIm5 2-benzimidazolate) crystals with wrinkled nanoprotrusions were

synthesized over Cu substrate, which provides a relatively rough surface

(Fig. 10.12B�E). This in situ ligand solvothermal method showed a high water

contact angle of 151.3 degrees, whereas the directly grown ZIF-7 on the mesh

showed a comparatively reduced water contact angle of 130.7 degrees. To further

Figure 10.12 (A) Scheme of the preparation process. Typical SEM images of the (B) ZnO

array coatings and (C) micro/nano-MOF array coatings; the insets are the corresponding

magnified images. Schematic diagram of the contact state corresponding to the (D) ZnO

array state and (E) MOF array state.

Source: Reproduced with permission from G. Zhang, J. Zhang, P. Su, Z. Xu, W. Li, C. Shen,

et al., Non-activation MOF arrays as a coating layer to fabricate a stable superhydrophobic

micro/nano flower-like architecture, Chem. Commun. 53 (2017) 8340�8343.
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understand the separation efficiency of ZIF-7 array coating architecture, they trea-

ted the material with oil�water mixtures. A mixture of water and n-hexane (50%,

v/v) was passed through ZIF-7 array coatings, and it showed excellent separation

efficiency by permeating only n-hexane. The complete experiment was carried out

in the absence of any external force and it was further tested for other organic sol-

vents as well. The separation performance of MOF array coating for toluene, n-hex-

ane, petroleum ether, and soybean oil were beyond 99.5%. The prepared MOF

array coating also exhibited an excellent chemical stability even at high tempera-

ture. Furthermore, the ZIF-7 array coating architecture revealed a striking permeate

flux for n-hexane 8.33 104 Lm22 h21 with a high temperature stability up to

300�C. In situ growth of MOF is a significant and simple approach where the MOF

particles can grow over a certain substance by solvothermal, microwave, and ultra-

sound methods. This kind of technique exhibited better performance than binder/

additive-based methods, hampering the composite performance by blocking pore

channels.

A recent approach represents an unique way of synthesizing MOFs under sol-

vent- and binder-free conditions by using a hot-pressing method (HoP). The HoP

method is broadly applied to different kinds of MOFs to form uniform coatings, in

which hot pressing under high temperature for a short time can turn a powder of

the starting materials into a highly stable MOF film on various substrates, including

metal foils, cloths, and fibers [77,78]. Similarly, a zeolitic imidazolate framework

when fabricated on carbon cloth by the layer-by-layer HoP process might greatly

improve the robustness, diversity, and multifunctionality of MOF coatings [79].

Notably, a ZIF-8 coating on carbon cloth by using hot-pressing method under sol-

vent- and binder-free conditions exhibited a superhydrophobic film with 151

degrees water contact angle. Additionally, they studied the toxic As(V) adsorption

with this highly water stable composite. A filtration device was fabricated by using

MOF@Carbon cloth composite and it showed maximum 24.94 mg L21 As(V)

uptake for ZIF-9@Carbon cloth. Moreover, the authors believed that their efficient

approach of superhydrophobic and “Janus” MOF films through layer-by-layer HoP

can be scaled up and explored further by using hydrophobic COFs, CMPs, and

other porous crystalline solids.

10.7 CO2 capture and its necessity

Fossil fuels have been supplying approximately 85% of global energy demand over

the past 200 years due to their abundance and innate energy density [80]. The rapid

growth of industrialization has led to the extensive use of fossil fuels on a daily

basis. The combustion of fossil fuels generates CO2 as a by-product. CO2, being a

greenhouse gas, promotes global warming profoundly. A recent survey reveals that

the CO2 concentration has increased in the atmosphere from 310 to 380 ppm in last

half century [81]. Aqueous alkanolamine solutions have been broadly implemented

in power plants for CO2 capture but their regeneration from carbamates inevitably

leads to a huge energy penalty. MOFs are one of the most potentially promising

342 Metal-Organic Frameworks (MOFs) for Environmental Applications



materials for CO2 capture and storage. One of the efficient approaches of maximiz-

ing CO2 uptake can be achieved by increasing the pore size and surface area of

MOFs. The other way of selective and efficient CO2 capture is decorating the pore

surface by using functional groups with high polarity (such as pyridine, 2OH,

2NO2, 2CN, and 2 SH). Therefore, MOF and MOF-based materials bring for-

ward a new horizon as a promising candidate to address the challenge of CO2 cap-

ture, storage, and reutilization over the next 25 years.

Most of the MOF materials are 3D in structure and provide a uniform pore as

well as a network channel for the capture and storage of different gas molecules.

Apart from pore volume and surface area, MOFs with an unsaturated metal center

offer extra and strong binding sites to enhance CO2 activity [23,82�85].

From an industrial aspect, selective gas uptake or gas separation by MOF is one

of the most attractive fields. Selective adsorption of CO2 from other gas mixtures is

primarily based on two applications; one is separating CO2 from sour natural wells

and the second is from power plant flue gas [21]. Nevertheless, a typical postcom-

bustion flue gas contains B75% N2 and B15% CO2, and most importantly it also

contains 5%2 7% water, which must be thoroughly taken into consideration for

realistic applications [86]. Selective adsorption of CO2 over N2 and CH4 is most

extensively studied, primarily based on the differences in kinetic diameter (CO2,

3.3; N2, 3.64, CH4, 3.76). However, it is hard to separate CO2 only based on a size-

based principle and that is why electronic properties like quadrupolar moment,

polarization, and judicious choice of building blocks also plays a significant role to

fulfill this purpose [87].

Flue gas contains water vapor (5%2 7%) and these polar H2O molecules have

higher affinity toward the pore surface compared to CO2. In particular, unsaturated

metal sites of MOFs will be easily blocked by an H2O molecule as it has higher coor-

dination affinity than CO2. Thus the presence of only a small amount of water vapor

in flue gas will competitively inhibit the CO2 uptake of an MOF by blocking the

pore volume [86]. Liu et al. [87] and Kizzie et al. [88] reported that the DOBDC

series of MOFs lose their high CO2 affinity after complete hydration. This is why

affinity toward water vapor is another concern for MOFs that are to be used in CO2

adsorption. Well-known MOFs for high CO2 uptake, like HKUST-1 [87], DUT-4

[89], MOF-177 [90], are affected by H2O molecules. In summary, water vapor can

damage the MOF structure while capturing CO2 in the pore. This is an important

problem which requires an urgent solution to advance the application of MOFs in

CO2 capture. One possible way out could be the design of hydrophobic MOFs mate-

rials or to adopt postsynthetic modification to convert moisture sensitive MOFs to

hydrophobic material which can maintain structure upon contact with moisture.

10.8 Bulk superhydrophobic metal-organic frameworks
used for CO2 storage

Adsorption of CO2 molecules by porous materials involves either physisorption

(through van der Waals interaction) or chemisorption (via covalent bonding).
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Physisorption on solids is considered as an energetically favorable process in com-

parison to chemisorption [91]. MOFs are considered as one of the most promising

materials for CO2 capture and separation due to high porosities, structural diversity,

tunable pore environments, and atomically well-defined skeletons. Although all

these materials are effective at 298K, they do require the incoming gas stream to be

completely dehydrated, because the presence of moisture can cause a dramatic

reduction in CO2 uptake or may result in their decomposition as well. Only a limited

number of MOFs can therefore meet this particular requirement. Furthermore, most

of the flue gases are hydrated and hot, with temperatures ranging from 373K to

403K [92]. Finally, it is significantly important to fabricate a material which can

show the characteristic properties of high chemical stability as well as the high sur-

face area under humid conditions. Nguyen et al. [93] reported a detailed synthesis

and characterization of an isoreticular series of ZIFs (zeolitic imidazolate frame-

works), in which 5(6)-bromobenzimidazolate (bbIm), 5(6)-chlorobenzimidazolate

(cbIm), or 5(6)-methylbenzimidazolate (mbIm) was used with ZnII atoms and 2-

methylimidazolate (2-mIm) to construct CHA-type ZIFs, termed as ZIF-300, ZIF-

301, and ZIF-302, respectively. The underlying motivation of incorporating these

bulky hydrophobic ligands was to construct ZIFs that are water stable and can cap-

ture CO2 even in the presence of a humid atmosphere. Taking into consideration the

water stable and hydrophobic ZIF-300, ZIF-301, and ZIF-302, they are able to show

a dynamic CO2/N2 separation under both dry and hydrated conditions. All three ZIFs

were equally effective for selective separation up to three cycles and could be regen-

erated merely by using an N2 flow at ambient temperature. CO2 saturated ZIF-300,

ZIF-301, ZIF-302 was simply exposed to pure N2 flow and these were regenerated

within 15, 10, and 10 minutes, respectively. Therefore, due to their tremendous per-

formance in the presence of water, coupled with their low energy regeneration

demands, these CHA-type ZIFs have beaten the key challenges associated with other

porous materials and can be effective for industrial application.

It has already been discussed that most of the MOFs suffer the problem of

reduced CO2 uptake in humid conditions because of the incorporation of H2O mole-

cules inside the pore, which resists the CO2 uptake. Yoon and coworkers [92]

reported a microporous copper silicate which is comprised of H2O-specific and

CO2-specific adsorption sites but does not have H2O/CO2-sharing sites. Therefore,

it is accommodating both CO2 and H2O by not affecting CO2 uptake. The crystals

(SGU-29), with chemical formula Na2CuSi5O12 are stable in air up to 550�C and

can be used as a material for capturing CO2 from humid flue gases without involv-

ing the costly prior dehydration step even at high temperature.

10.9 Effect of NMOF/MOFNPs-composite for CO2 uptake
under humid condition

Combining MOFs with a variety of functional materials has been shown to have

enhanced surface area with high CO2 uptake. In situ growth of MOF on 2D
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sheet-like scaffolds, such as aminoclay [94�96], graphene oxide [38,39,97,98], and

BN [99], not only helps to stabilize MOF nanoparticles but also provides an enhanced

mechanical and chemical stability with high surface area, high pore volume,

and high gas separation efficiency. PolyMOFs [100], a new class of composite

metallopolymer, have received increasing attention due to their promising stimulus-

responsive, self-healing, photo- and electroluminescence properties.

Polymer�metal-organic frameworks (polyMOFs) have been an attractive field of

research because they integrate the features of both organic polymers and crystal-

line MOFs. These polyMOFs have revealed exceptional stability in a hydrated

atmosphere. Some related polymer MOF composites have been achieved by chemi-

cal cross-linking of the MOFs through the organic linkers to form polymeric mono-

liths. Zhang et al. [101] demonstrated a polyMOF for highly selective CO2

adsorption from a CO2/N2 mixture in the presence of water. Inspired by in situ

polymerization of vinyl monomers within the MOF channel [102�104], Wang and

coworkers [86] recently reported a strategy that can separate the open MOF chan-

nels into confined and hydrophobic compartments by in situ polymerization of aro-

matic acetylenes inside the MOF pores. They chose MOF-5 as a prototype host

material. Initially monomeric DEB (1,2-Diethynylbenzene) was adsorbed by MOF-

5 and it was further heated to an elevated temperature to afford hydrophobic poly-

naphthylene (PN) inside the channels via Bergman cyclization and subsequent radi-

cal polymerization (Fig. 10.13). In contrast to water sensitive MOF-5, the resulting

composite PN@MOF-5 exhibited a remarkable improvement in CO2 adsorption

capacity from 38 to 78 cm3 g21 and in CO2/N2 selectivity from 9 to 212 at 273K

and 1 bar. As a consequence of its hydrophobic nature, the composite showed a

competitive adsorption of water against CO2. The efficient combinations of porous

materials (i.e., MOFs, covalent organic frameworks, and porous polymers) with

polymers will therefore provide a versatile material platform for multifunctionality

and practical applications.

Jiang and coworkers [105] put forward a technology for making superhydropho-

bic MOF composite by fabricating the MOF surface with polydimethoxysilane

(PDMS). Via this technique, they were able to produce PDMS-coated MOFs with

highly hydrophobic behavior as well as excellent moisture tolerance by keeping the

inherent porosity intact. To generalize their approach for wide acceptability, three

representative MOFs were chosen: MOF-5 with Zn4O(COO)6 clusters, HKUST-1

with paddle wheel Cu2(COO)4 centers, and [Zn(bdc)(ted)0.5] � 2DMF � 2H2O

(denoted as ZnBT) with pillared square-grid Zn2(COO)4N2 clusters modified by a

thin hydrophobic PDMS layer via a thermal vapor deposition technique

(Fig. 10.14A). Most importantly all PDMS-coated MOF showed its retained poros-

ity and surface area similar to pristine MOF with extremely enhanced stability to

the water molecule (Fig. 10.14B and C). All the pristine MOFs showed a rapid

structural collapse and thus lost permanent porosity, whereas the PDMS-coated

MOF showed almost similar surface area and structural integrity upon exposure to

55% relative humidity. In addition, CO2 uptake after moisture exposure was also

investigated and interestingly, the capacity of coated MOF-5, HKUST-1, and ZnBT

showed almost similar uptakes at 273K and 298K (Fig. 10.14D). Finally, all coated
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MOFs showed an extraordinary thermal stability up to 235�C with an improved

water contact angle of 130 degrees. Such a facile strategy might open up a new

platform of synthesizing water stable MOFs or MOF composites for selective CO2

capture under humid conditions.

Kim et al. [41] reported a facile synthesis approach for preparing hydrophobic

MOF composites by stabilizing ZIF-8 nanocrystals on hydrophilic carbon nitride. In

order to achieve fast graphitization, melanin foam was annealed at 800�C under Ar

atmosphere to prepare hydrophilic CN (25.6 wt.% of N). This CN contained

micrometer sized pores along with high nitrogen content and acted as a shield

against water degradation of MOF nanocrystals. The composite showed a combina-

tion of type I and IV adsorption isotherm with a wide hysteresis loop which con-

firmed the hierarchical structure with a water contact angle of 135 degrees. The

authors believed that a combination of hydrophobic and hierarchical properties

enhanced an efficient CO2 transportation to the catalytic site for converting epichlo-

rohydrin into chloropropylene carbonate. The composite also showed excellent oil

uptake. Additionally, they also performed oil encapsulation and further oil/water

separation by dipping it in various organic solvents and a benzene/water mixture,

respectively.
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Figure 10.13 (A) Illustration of competitive adsorption of CO2 against H2O at the surface

and edge of PN; (B) Polymerization of DEB in MOFs (C) Pore size distributions of

PN@MOF-5, PN3 � 2@MOF-5, and MOF-5 based on quenched solid-state density functional

theory. (D) CO2 sorption isotherms of PN@MOF-5 and MOF-5 at 273K, 283K, and 298K.

Source: Reproduced with permission from N. Ding, H. Li, X. Feng, Q. Wang, S. Wang, L.

Ma, et al., Partitioning MOF-5 into confined and hydrophobic compartments for carbon

capture under humid conditions, J. Am. Chem. Soc. 138 (2016) 10100�10103.
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Figure 10.14 (A) Illustration of PDMS-coating on the surface of MOFs. (B) Water sorption isotherms for pristine and PDMS-coated HKUST-1

at 298K. (C) N2 adsorption isotherm for pristine and PDMS-coated MOF before and after moisture atmosphere. (D) CO2 sorption isotherms for

pristine and coated MOFs before and after moisture or water treatment (treated in air at 55% relative humidity).

Source: Reproduced with permission from W. Zhang, Y. Hu, J. Ge, H.-L. Jiang, S.-H. Yu, A facile and general coating approach to moisture/

water-resistant metal-organic frameworks with intact porosity, J. Am. Chem. Soc. 136 (2014) 16978�16981.



10.10 Future outlook

MOFs and derived materials, both at the bulk and nanoscale have shown great

potential for selective water repellence and oil capture. Additionally there have

been reports of higher CO2 capture in superhydrophobic MOFs. MOF research in

this area definitely merits more attention because of the potential impact in environ-

mental cleanup. Research to date has developed in the following ways: first, design

principles for organic linkers that decrease surface free energy have been put for-

ward followed by analysis of structural patterns that lead to superhydrophobicity in

MOFs. Numerous applicative examples showing potential for higher CO2 capture

and oil�water separations have also been reported. A few systems have also been

cast into membranes to show real-life oil�water separation with excellent separa-

tion efficiency. However, there have only been few examples where a system can

simultaneously show oil�water separation as well as capture copious amounts of

atmospheric CO2. This could lead to atmospheric as well as marine cleanup to

reduce pollution.

The main goal now remains to make this research area more exhaustive and find

new structures that provide better gas capture and separations. The design principles

already established could be a guiding light in this respect. Further, for practical

viability all the reported structures should be cast into devices and membranes and

the potential of these systems should be studied. This book chapter should therefore

be used as an encompassing literature for researchers willing to take up the chal-

lenge of showing that MOFs can indeed be viably used in increased CO2 capture

and oil�water separations.
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11.1 Introduction

Nuclear energy is a major source for the generation of electricity without the emis-

sion of greenhouse gases. Recently, nuclear power production has gradually recov-

ered after the Fukushima accident in 2011. However, one major barrier for the

rapid development of civil nuclear energy utilization is the scientific and technolog-

ical challenges in properly dealing with the highly radioactive waste. One origin for

these challenges is the extreme complexity of the used nuclear fuel, which consists

of more than 400 radionuclides (representing .40 elements) with differing physical

and chemical properties. At present, the concept of a closed nuclear fuel cycle is

widely accepted by most countries to reduce the volume of radiotoxic wastes and

maximize the use of the fissile materials. For this purpose, the actinides and some

fission products (Fig. 11.1) with long-term radiotoxicity in the used nuclear fuel are

proposed to be recycled or eliminated. Generally, uranium and plutonium are

recycled by a Plutonium and Uranium Reduction Extraction (PUREX) process. The

minor actinides (Am and Cm) can also be separated using the soft ligands contain-

ing sulfur or nitrogen atoms based on the solvent extraction technique [1�3]. These

actinides can be then sent to Accelerator Driven System�based reactors for trans-

muting to short-lived or stable isotopes [4]. Other hazardous radionuclides, such as
137Cs and 90Sr, can be removed by macrocyclic supramolecular-based extracting

agents or by inorganic ion exchange materials [5,6]. For several anionic radionu-

clides, mostly represented by 99TcO2
4 , the anion exchange resin is proved to be an

effective scavenger [7,8]. The volatile gaseous radionuclides (129I2,
133Xe, and

85Kr) should also be cautiously captured and sequestered, as these are apt to escape

to the atmosphere [9�11]. On the other hand, the radionuclides leaking into the

environment through mining activities or by accidents are of great concern for the

sake of public safety and human health. Though many seemingly feasible methods

have been developed toward radionuclide separation that are relevant to the nuclear

fuel cycle, there is still considerate room for improvement. For example, the solvent
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extraction technique has some obvious drawbacks: third phase formation, use of

volatile and toxic solvents, and generation of massive amounts of radioactive

wastes, etc.; the traditional ion exchange resins exhibit slow sorption rate and poor

stability under a strong radiation field; the purely inorganic ion exchange materials

often have a low uptake capacity when the acidity is high and poor selectivity under

high salinity conditions.

Metal-organic frameworks (MOFs) represent a recently emerging type of nano-

porous materials, which are assembled with functional organic linkers and metal

ions or clusters nodes [12]. The high specific surface areas, tunable pore diameter,

and easy postmodification endow them with unique performances in catalysis, gas

separation, adsorption, optical, electrical, and biomedical applications [13�16].

Recently, the utilization of such materials for radionuclide separations has been

undergoing rapid development [17�20]. We highlight here the current progress of

these materials in sequestering radionuclides from radioactive wastes, including
137Cs, 90Sr, 238U, 232Th, 99Tc, 79Se, 129I, 133Xe, and 85Kr, etc. The design principle

of MOF materials for sequestering radionuclides, the separation properties, as well

as the uptake mechanisms are briefly discussed.

11.2 Design principles of metal-organic frameworks for
sequestering radionuclides

The radioactive substances in the nuclear fuel cycle can be divided into three

groups: (1) cationic radionuclides, such as 137Cs1;90Sr21;232Th41; and 238UO21
2 ;

(2) anionic radionuclides, such as 99TcO2
4 ;

129I2; 79SeO22
3 ; and 79SeO22

4 ; and (3)

gaseous radionuclides, such as 133Xe, 85Kr, and 129I2. To achieve a decent uptake of

certain radionuclides, strong and specific interactions between the host framework

and radionuclide are highly desirable. These interactions include electrostatic inter-

action, coordination, hydrogen bond interaction, hydrophobic interaction, etc. For a

specific host/guest interaction, multiple driving forces are often present. Based on

Uranium 95.6%

Stable fission products 2.9%

Other long-lived fission 
Products 0.1%

Cs and Sr 0.3% Long-lived I and Tc 0.1%

Other

Figure 11.1 The chemical composition of the used nuclear fuel.
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the unique coordinating behaviors of different types of radionuclides, the design

strategies for uptaking MOFs are variable. As shown in Fig. 11.2A, for efficiently

removing cationic radionuclides, a robust framework with a negative net charge is

desirable to achieve strong electrostatic interactions. In addition, functional chelat-

ing groups (�COOH, �PO3H2, amidoxime, etc.) can be deliberately grafted onto

the framework to improve the coordinating ability toward high-valent cationic

radionuclides. Likewise, anionic radionuclides can be effectively captured by those

MOFs with positive net charge on the extended framework (Fig. 11.2B). In addi-

tion, the hydrogen atoms in the organic ligands play an important role in forming a

dense hydrogen bonding, contributing to the host framework/anion interaction.

MOFs containing Ti or Zr clusters with exchangeable �OH groups are also applica-

ble for trapping anions that exhibit strong affinities with those hard metal nodes.

For the cases of gaseous radionuclides uptake, the pore size of the MOFs largely

determines the separation properties, especially for the inert noble gases, 133Xe and
85Kr. Proper functionalization with reactive or polarizable groups, nanoparticles,

and open metal sizes can further improve the sequestration ability and/or separation

factors.

O
rganic L

igands

Metal nodes

Chelating/negative  
groups

Cation exchange
Chelating

Cations

M+···A - Neutral ligand M+···Anions

Anion exchange

(A)

(B)

Figure 11.2 Design principles of MOFs for sequestering (A) cationic and (B) anionic

radionuclides.
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11.3 Radioactive waste sequestration by metal-organic
frameworks

11.3.1 Cesium and strontium

Radioactive cesium (137Cs) and strontium (90Sr) are so highly radiotoxic that they

can even be physically hot. These two radionuclides decay by emitting high energy

β particles. As a result, they are problematic during the verification of the high-

level liquid waste. To decrease the long-term hazard, diminish the radiotoxicity,

and minimize the volume of radioactive waste, it is desirable to remove 137Cs and
90Sr from the radioactive waste. However, 137Cs and 90Sr hold strong solvation

energy and selective removal of them based on coordination after desolvation is dif-

ficult. Therefore 137Cs and 90Sr are often separated using ion exchange materials

[21,22]. However, very few MOF materials are reported to separate 137Cs and 90Sr,

which might be due to the great challenges to synthesize the anionic MOFs contain-

ing non/weak-coordinated charge-balancing cationic species in the pores.

One strategy to design anionic MOFs is to take advantage of the in situ

chemical decomposition of the solvents, such as N,N-dimethylformamide and N,N-

diethylformamide, during the solvothermal reaction, to form [NH2(CH3)2]
1 or

[NH2(CH2CH3)2]
1 species, acting as the charge-balancing template in anionic MOFs.

Recently, we used 3,5-di(40-carboxylphenyl) benzoic acid and UO2(NO3)2 � 6H2O as

raw materials to assemble a three-dimensional anionic uranyl organic framework

material (Fig. 11.3) [23]. In this structure, three sets of graphene-like layers were poly-

catenated to construct a unique anionic framework with disordered [NH2(CH3)2]
1 in

Figure 11.3 Structures of a rare case of polycatenated anionic uranyl organic framework

material. (A) 2D layered structure, (B) overview of the crystal structure, (C) topological

representation, and (D) simplified polycatenation.
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the pores that could be used as a Cs1 scavenger. This material exhibited fast sorption

kinetics and it took only 20 minutes to reach the uptake equilibrium. In addition,

the sorption capacity was 145 mg g21 and such a high value was among the most

efficient reported cesium-sorbents. Even with large amounts of competing metal

ions, this MOF material could still remove more than 70% of cesium from aqueous

solution. Additionally, this MOF material exhibited excellent radiation resistance

and could retain its crystal structure after large dosages of γ and β irradiation.

Aguila et al. [24] grafted sulfonic acid groups onto the hydrolytically stable MOF

MIL-101 to prepare an efficient cation exchange material for the remediation of

Cs1 and Sr21. Batch experiments indicated that this MOF material possessed

excellent sorption properties of Cs1 and Sr21 in a wide pH range. The removal per-

centage of Cs1 and Sr21 could reach 99.99% and 98.92%, respectively, corre-

sponding to extremely high distribution coefficients (Kd). However, this material

exhibited slow ion exchange rate toward Cs1 and Sr21, which required at least

24 hours to reach the uptake equilibrium. In addition, MOF materials have exten-

sive pores and high specific surface area, making them excellent supports for

accommodating other functional groups or materials. Naeimi et al. [25] prepared a

new efficient Cs1 sorbent by impregnating potassium nickel hexacyanoferrate into

the HKUST-1 MOF material. The resulting material showed very fast sorption

kinetics (sorption equilibrium was reached in 30 minutes), relatively large distribu-

tion coefficient, high uptake capacity, and good selectivity.

11.3.2 Uranium

Uranium mostly exists in the form of UO21
2 in radioactive waste, which should be

sequestered from natural water systems owing to its combined chemotoxicity and

radiotoxicity. The uranium extraction from seawater also contributes to the rapid

progress of uranium sorbents [26,27]. Up until now, there have been more than 20

MOF materials reported for their UO21
2 uptake capabilities. Lin et al. [28] reported

the first case of the use of MOFs in the extraction of UO21
2 from aqueous solution.

UiO-68 was covalently modified with phosphorylurea groups and the resulting

materials showed high sorption capacity of 217 mg g21 toward UO21
2 . Theoretical

calculations disclosed the sorption mechanisms by which UO21
2 was coordinated

with two phosphorylurea ligands. In the same manner, MIL-101 was postmodified

using carboxyl (carboxyl-derived MIL-101) and CMPO (CMPO-MIL-101) groups

for selectively extracting UO21
2 [29,30]. Recently, we reported the first case of

amidoxime-modified UiO-66 (UiO-66-AO, Fig. 11.4) using a postsynthetic strategy

for fast and effective uranium enrichment from natural seawater [31]. In 120 min-

utes, UiO-66-AO showed a 94.8% extraction of UO21
2 from Bohai seawater and the

capacity of UO21
2 reached as high as 2.68 mg g21 when tested in the real seawater

solution, which was comparable to the most efficient uranium sorbent materials

from seawater. Such an excellent sorption capability was attributed to the binding

of multiple amidoxime motifs to UO21
2 , as revealed by the extended X-ray adsorp-

tion fine structure (EXAFS) spectra of the uranium incorporated material.
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Figure 11.4 (A) Postsynthetic route for UiO-66-AO. (B) Sorption of uranyl by UiO-66-Br and UiO-66-AO as a function of pH value. (C) Effect

of contact time on the sorption of uranyl from Bohai seawater by UiO-66-AO. (D) Reusability of UiO-66-AO for Bohai seawater containing extra

500 ppb uranium.



Another postmodification strategy is making use of open metal sites to attach

organic functional groups for selectively capturing UO21
2 . Taking advantage of

open Cr sites, organic amine groups could be facilely grafted onto MIL-101.

Compared with the original MIL-101, the modified materials had a significant

increase in the uranium sorption capacity [32,33]. The sorption capacities of MIL-

101-NH2, MIL-101-ED (ED5 ethanediamine), and MIL-101-DETA (DETA5
diethylenetriamine) were 90, 200, and 350 mg g21, respectively, which were super-

ior to that of the original MIL-101 (20 mg g21) [34]. In addition, Zhang et al. [35]

reported the modification of Zn-MOF-74 with coumarin groups with the help of the

open Zn sites, achieving a sorption capacity of 360 mg g21 for UO21
2 . However, the

attachment of an �NH2 group onto UiO-66 did not improve the sorption properties

[36]. A one-pot synthesis strategy could also be used to incorporate UO21
2 -selective

ligands into the body of MOF materials. Zn(HBTC)(L) � (H2O)2 and Zn(ADC)(4,40-
BPE)0.5 belonged to this type and were shown to be efficient for extracting UO

21
2 [37].

Interestingly, the bare MOFs with no functionalization still exhibit decent sorp-

tion capability toward UO21
2 . That might largely originate from the defects of MOF

materials, exposing noncomplexing �COOH groups for potential complexation

with UO21
2 . MOF-76 [38] and HKUST-1 [39] could both efficiently remove UO21

2

with remarkable uptake capacities of 298 and 787.4 mg g21, respectively. The ratio-

nal utilization of defect engineering to create rich active sorption sites for UO21
2 in

MOF materials was originally developed by Shi et al. [40]. They controlled the

defects in UiO-66 materials by adjusting the added amounts of benzoic acid.

Benzoic acid was then removed after treatment with HCl, which was beneficial for

expanding the narrow aperture and the pore volume, and boosting the active Zr-OH

or carboxylic functional groups in UiO-66. As shown in Fig. 11.5, after employing

the defects, the sorption properties of UO21
2 were substantially improved. The sorp-

tion capacities of defects-modified materials were much higher than that of the

original UiO-66, reaching 350 mg g21. Moreover, these modified MOFs still

retained their structures even under highly acidic solutions.

The fatal weakness of MOFs is their limited stability in water. In some cases,

the radioactive waste containing uranium is highly acidic. Therefore it is extremely

challenging to develop MOF sorbents to sequester UO21
2 from highly acidic solu-

tions. To overcome this challenge, we synthesized several extremely hydrolytically

stable zirconium phosphonate MOFs (Fig. 11.6) in ionic liquids using tetrakis[4-

(dihyroxyphosphoryl)phenyl]methane or 1,3,5,7-tetrakis(4-phosphonophenyl)ada-

mantine and ZrCl4 as raw materials [41], which represented the first single crystals

of such a type of MOFs. Zirconium(IV) phosphonate MOFs showed ultrastability in

acidic solutions, even in fuming acids and aqua regia. SZ-2 and SZ-3 were tested to

eliminate UO21
2 from aqueous solution with different pH values. Generally, most

adsorbents showed a weak uptake ability toward UO21
2 at low pH due to the proton-

ation and structure collapse. On the contrary, SZ-2 could remove nearly 62.4% of

UO21
2 at pH 1.0. The sorption mechanism was disclosed by the combined EXAFS

spectra and molecular dynamics (MD) simulations. The strong electrostatic forces

pulled UO21
2 into the pores of SZ-2 and then UO21

2 was tightly trapped by a dense

hydrogen bonding network.
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Figure 11.5 (A) UO21
2 sorption onto UiO-66-DF and UiO-66-20D as a function of pH value.

(B) Sorption kinetics of UO21
2 onto UiO-66-DF and UiO-66-20D. (C) Sorption isotherms of

UO21
2 . (D) Stability assessment by PXRD.

Figure 11.6 Crystal structures of (A) SZ-1; (B) SZ-2; and (C) SZ-3 (SZ5Suzhou). (D)

Sorption of UO21
2 as a function of contact time by SZ-2. (E) Sorption mechanism between

UO21
2 and SZ-2 proposed by molecular dynamics simulations.
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Owing to the high sorption capability and fluorescent property, lanthanide-based

MOFs are an excellent type of sensor for uranium. MOF-76 represented the first

example for both removing and detecting uranium, but the detection limit was rela-

tively high. Recently, a fluorescent Tb-based MOF with a mesoporous nature was

used to detect UO21
2 (Fig. 11.7A). Due to the existence of abundant open nitrogen

sites in the pores, the UO21
2 ions could be selectively adsorbed, then resulting in the

quench of the luminescence of this MOF (Fig. 11.7B and C). The detection limit in

pure water was calculated to be 0.9 μg L21, which was much lower than the maxi-

mum contamination standard of 30 μg L21 in drinking water (EPA) [42]. Another

anionic Tb-based MOF, [Tb(BPDC)2] � (CH3)2NH2 (DUT-101, BPDC5 biphenyl-

4,40-dicarboxylate) was synthesized by Ye et al. [43] for UO21
2 detection. The

Figure 11.7 (A) Schematic of the synthesis route and the structure of mesoporous Tb-based

MOF. (B) Emission spectra of Tb-based MOF in UO21
2 solution. (C) Correlation between

(I0�I)/I0 and UO21
2 concentration.
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detection limit of uranium for DUT-101 was measured to be 8.34 μg L21. In addi-

tion, Sun et al. [44] designed a robust fluorescent cobalt MOF based on 4,6-di(2-

methyl-imidazol-1-yl)-pyrimidine and 1,4-naphthalenedicarboxylic acid. The struc-

ture held a pcu network with pyrimidyl Lewis base sites for selective complexation

with metal ions. Upon addition of 1 mM UO21
2 solution, the luminescence intensity

of this MOF material at 400 nm was gradually quenched. Even by adding 20 μL of

1 mM UO21
2 solution, the decrease of luminescence intensity could be still detected

and the calculated lowest response value was 13.2 μM UO21
2 .

11.3.3 Thorium

Compared to uranium, the investigation into the separation of thorium (232Th) by

solid sorbent materials receives less attention. One reason for this is that the fissile

material in most current nuclear reactors is uranium rather than thorium. However,

thorium has a larger natural abundance than uranium and emerges as a core part of

molten salt reactors. On the other hand, the dominating oxidation state of thorium

is Th(IV) and therefore it can serve as a useful surrogate for transuranic cations Np

(IV) and Pu(IV), yielding valuable knowledge on properly treating these highly

radiotoxic radionuclides. Shi et al. [45] reported the first case of Th(IV) sequestra-

tion from an acidic solution by MOF materials. They found the attachment of car-

boxyl groups onto the UiO-66 MOF would decrease the pore volumes and specific

surface areas, but the sorption properties toward Th(IV) was significantly improved.

The uptake capacity of UiO-66-(COOH)2 toward Th(IV) was 350 mg g21, which

was much larger than those of UiO-66 and UiO-66-COOH (Fig. 11.8A).

Furthermore, these MOFs exhibited rapid sorption rate and good selectivity toward

Th(IV) even under the condition of multiple competing metal ions (Fig. 11.8B and

C). The sorption mechanism between Th(IV) and UiO-66-COOH/UiO-66-(COOH)2
was attributed to the strong coordination of functional carboxyl groups to Th(IV).

Kaykhaii et al. [46] chose a hydroxyl-functionalized UiO-66 for thorium enrichment

from aqueous solution. Though it could enrich thorium 250 times compared to the

original concentration and the resulting detection limit was 0.35 μg L21, the maxi-

mum sorption capacity was relatively low at 47.5 mg g21.

In addition, thorium usually exists as intergrowths with rare earth elements in

the ores. To avoid the radioactive pollution during rare earth mining, thorium is

generally removed from rare earth waste residues. Sun et al. [47] synthesized a

MnSO-MOF analog material using 1,4-dibromo-2,3,5,6-tetrakis(4-carboxyphenyl)

benzene and Mn(III) salen (Fig. 11.8D). After treatment with H2O2, Mn(III) was

selectively demelated to create open uncoordinated sites for thorium. It was found

that the sorption capacity of this material toward thorium was 46.3 mg g21 and the

separation factors of Th41/La31, Th41/Eu31, and Th41/Lu31 were 10.7, 16.4, and

10.3, respectively. A combined characterization of energy dispersive spectrometer

(EDS) and electrospray ionization mass spectrometry (ESI-MS) showed that Th41

was coordinated to the nitrogen and oxygen atoms of salen molecules. This is the

first case of thorium separation from rare earth by a MOF material.
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Though the sequestrations of UO2
21 and Th41 have been extensively studied,

few investigations on the separation of transuranic cations (e.g., NpO2
1, Pu41,

Am31, and Cm31) by MOFs have been conducted.

11.3.4 Selenium and technetium

The main anion radionuclides in radioactive wastewaters are
129I2;79SeO22

3 ;79SeO22
4 ; and 99TcO2

4 . All of them have long-term radioactivity.

These anions have large solubility in aqueous solution and most of the natural min-

eral cannot efficiently block them, resulting in high mobility in the environment.

Among them, anionic 79Se and 99Tc species were most problematic and it is still a

challenge to separate them from radioactive wastes. Inorganic materials consisting

of cationic frameworks are found to effectively capture anionic contaminants, but

such a type of materials is little reported and the sorption capacity is very limited

[48]. Ion exchange resins are commercial products exhibiting high sorption capacity

and excellent distribution coefficients for radioactive anions, but they show slow

sorption kinetics and unstable characteristics toward high basicity and radiation.

Until now, very few MOFs have been reported to remove 79Se from aqueous

solution [49]. Farha et al. [50] firstly studied the sorption properties of
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SeO22
3 and SeO22

4 by several stable Zr-based MOFs (UiO-66, UiO-66-NH2, UiO-

66-(NH2)2, UiO-66-(OH)2, UiO-67, NU-1000, and NU-1000BA). The batch experi-

mental results showed that NU-1000 represented the best material among all the

MOFs studied with high sorption capacity and fast sorption kinetics for these two

anionic selenium species. The saturated sorption capacities of SeO22
3 and SeO22

4 by

NU-1000 were 95 and 85 mg g21, respectively. Impressively, the sorption mecha-

nism was unraveled by the pair distribution function spectra, which showed that

one SeO22
3 or SeO22

4 anion was coordinated to two Zr metal centers in a η2μ2 fash-
ion (Fig. 11.9). Following this idea, Wang et al. [51] and Sun et al. [52] also inves-

tigated the selenite/selenate uptake onto zirconium-based MOFs using a combined

theoretical and experimental method.

A large number of cationic MOFs have been reported in the capture of anionic

pollutants, but few were used in the removal of radioactive 99TcO2
4 [48].

Previous investigations show ReO2
4 is an excellent surrogate for TcO2

4 during

sorption or ion exchange process unless redox reaction is involved. Oliver et al.

[53] reported an extremely high sorption capacity of 602 mg g21 for ReO2
4 using

a cationic two-dimensional layered MOF material, SLUG-21. However, this MOF

was not quite stable under a hydrolytical condition and the exchanged out anions,

ethane disulfonate, might be adverse to the vitrification of radioactive wastes.

Banerjee et al. [54] reported an amine-functionalized Zr-based MOF for removing

ReO2
4 from aqueous solution. The sorption selectivity was not satisfied, as the

higher-charged anions such as SO22
4 outcompeted with ReO2

4 during the anion

exchange process.

Recently, a hydrolytically-stable three-dimensional cationic MOF material,

SCU-100 (SCU5 Soochow University), was assembled through a tetrakis[4-(1-imi-

dazol-yl)- phenyl]methane ligand and two-coordinate Ag1 cations with open metal

sites [55]. SCU-100 contained large amounts of one-dimensional channels with a

size of 6.93 6.9 Å, which were filled with disordered NO2
3 . This MOF material

was quite stable in a wide pH range and high ionizing radiation. SCU-100 was the

first MOF material that was directly tested for its sorption properties with radioac-

tive 99TcO2
4 . The batch experimental results showed it could rapidly remove all the

Figure 11.9 (A) Crystal structures of NU-1000 and (B) probable sorption mechanisms

between NU-1000 and SeO22
3 = SeO22

4 .
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TcO2
4 from water within 30 minutes (Fig. 11.10A). The saturated uptake capacity

of SCU-100 toward ReO2
4 was 553 mg g21 (Fig. 11.10B). Impressively, the

removal efficiency of TcO2
4 in the presence of a large excess of competitive anions

NO2
3 ; SO

22
4 ; CO22

3 ; and PO32
4

� �
was little affected. Even in the complicated simu-

lated Hanford low-level waste, SCU-100 was still able to capture nearly 87% of

TcO2
4 . With the help of the single-crystal X-ray diffraction technique, the sorption

mechanism was demonstrated to be a single-crystal-to-single-crystal transformation

process (Fig. 11.10C). It was found that the eightfold interpenetrated framework in

original SCU-100 was transformed to a fourfold interpenetrated framework and the

disordered NO2
3 anions were totally exchanged by ReO2

4 anions. The open Ag1

sites played an important role in the capture of ReO2
4 through forming strong

Ag�O�Re bonds. Furthermore, the ReO2
4 anions were surrounded by an extremely

dense hydrogen bonding, which was another important factor to determine such

excellent sorption properties toward ReO2
4 =TcO

2
4 .

However, due to the single-crystal-to-single-crystal transformation mechanism,

large single crystals of SCU-100 would transform into small crystallines after an

ion-exchange process, making it unsuitable for industrial column chromatographic

separation. We then designed another robust 3D nickel-based MOF, SCU-101 [56],
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using the same ligand. This material was able to have anion exchange without

framework structure transformation, therefore overcoming the former issue. The

overall structure of SCU-101 was a typical porous cationic extended framework,

where each nickel ion was coordinated by four neutral tipm ligands and one

oxalate, affording a high positive charge density on the framework (Fig. 11.11A

and B). Disordered nitrate anions filled in the pores to keep charge balance and

could be facilely exchangeable. The sequestration equilibrium was reached within

10 minutes, obviously faster than the commercial ion exchange resins and other sca-

vengers. The distribution coefficient and the maximum uptake capacity for ReO2
4

were 7.53 105 mL g21 and 217 mg g21, respectively. Impressively, SCU-101 could

selectively sequester TcO2
4 from aqueous solution containing large amounts of

NO2
3 and SO22

4 and even in the presence of 6000 times of SO22
4 compared to

TcO2
4 would not considerately affect the removal of TcO2

4 . The sorption mechanism

was unraveled by the single-crystal X-ray diffraction technique. In the TcO2
4 -sorbed

SCU-101, TcO2
4 anions preferred to occupy the channel of A rather than B and C

(Fig. 11.11C). A deeper examination on the single-crystal structure of TcO2
4 -sorbed

SCU-101 disclosed that TcO2
4 anions were trapped in a dense hydrogen bonding

network constructed with H atoms from phenyl and imidazolyl groups

(Fig. 11.11D). Furthermore, the DFT calculation showed that the binding energy

was �20.42 kcal mol21, which was thermodynamically favorable. This is the first

case of a single-crystal structure containing TcO2
4 trapped in a porous sorbent

material.

Figure 11.11 (A) Coordination environment of nickel ion with four tipm molecules and one

oxalate. (B) Electrostatic potential (ESP) distribution of partial frameworks. (C) TcO2
4

trapped in A type of channels in SCU-101. (D) TcO2
4 surrounded by a dense hydrogen

bonding network.
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In addition, we have also reported a one-dimensional cationic MOF material,

Ag(4,40-bipyridine)NO3 (SBN), which shows remarkably efficient removal of

ReO2
4 . The uptake capacity reached as high as 786 mg g21 [57], which was the

largest value among all the reported cationic MOF materials. Furthermore, once

captured, ReO2
4 was immobilized in an extremely insoluble solid (Fig. 11.12)

and no ReO4
2 would be exchanged out even in the presence of 1000 times of

nitrate anions compared to ReO4
2. From this perspective, SBN could be consid-

ered as a potential waste form for directly immobilizing TcO2
4 . Both single-

crystal structure and DFT calculations clearly revealed that the ReO2
4 =TcO

2
4

anions in the resulting compound were strongly trapped in the crystal lattice

with multiple hydrogen bonding and Ag�O�Re bonds. The open Ag1 sites

played an important role in determining the selectivity of SBN toward

ReO2
4 =TcO

2
4 , which shed light on designing such similar highly efficient cat-

ionic MOFs for capturing TcO2
4 .

Additionally, our endeavors in the design of cationic frameworks for TcO2
4

sequestration have been extended to actinide-based MOF materials, such as

SCU-6, SCU-7, and SCU-8 series [58,59]. Very recently, Farha et al. [60] inves-

tigated the capture of by TcO2
4 NU-1000. Though the NU-1000 was not a cat-

ionic framework, it still showed a high uptake capacity of 210 mg g21 for ReO2
4

and the sorption equilibrium required only 5 minutes to occur. Structure refine-

ment indicated that the zirconium cluster in the structure of MOF played a very

important role in the sequestration of ReO2
4 =TcO

2
4 . There were two respective

binding modes in the pores of NU-1000, including chelating and nonchelating

perrhenate (Fig. 11.13). The hydroxyl (�OH) and water (�OH2) of the Zr nodes

were replaced by ReO2
4 through the ligand exchange mechanism. More specifi-

cally, an �OH group and an �OH2 group were replaced by ReO2
4 via a chelat-

ing mode; another single �OH group was exchanged by ReO2
4 in a nonchelating

manner.

ReO4
– NO3

–
NO3

–
ReO4

–

Anion 
exchange

Phase 
transformation

NO3
– ReO4

–

SBN
SBR

Figure 11.12 Sequestration mechanism between ReO2
4 and SBN.
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11.3.5 Iodine

Iodine (I2) should be captured in nuclear fuel reprocessing or nuclear accidents

mainly due to its long-lived 129I isotope (t1/25 1.573 107 years) [10,61]. Though

MOF materials showed superior sorption properties toward I2 over silver-based sor-

bents and activated carbon [62], most of the experiments were performed in organic

solvent (i.e., cyclohexane) rather than gaseous state, which is not ideal for real

applications [63�68]. A 3D zinc saccharate MOF was firstly tested for gaseous I2
removal, but the uptake was only 16.6 wt% I2 [69]. Sava et al. [70] systematically

investigated the uptake of gaseous I2 by MOF materials, which indicated that the

judiciously selected ZIF-8 could trap as high as 125 wt% I2. With the help of high

resolution synchrotron powder X-ray diffraction, PDF spectra, and theoretical cal-

culations, the sorption mechanism was revealed. Two individual molecular I2 sorp-

tion sites were refined inside the β-cage entitled “Ia” and “Ib” (Fig. 11.14).

Furthermore, the sorption process was clearly identified by aqueous solution calo-

rimetry [71]. The energetics of I2 capture within the cage of ZIF-8 were larger than

that of the sorption on the surface. In the cages, two charge transfer complexes

were formed between I2 and the opposing 2-methylimidazolate linkers to maximize

the retention amounts. In addition, HKUST-1 broke the record of the highest I2
sorption capacity to 175 wt% I2, which could selectively capture I2 from water

Figure 11.13 Crystal structure of NU-1000 after sorbed ReO2
4 . (A) Chelating ReO2

4 in the

small pores, (B) Chelating ReO2
4 in the large pores, (C) Nonchelating ReO2

4 binding to the

-OH groups, and (D) Nonchelating ReO2
4 in the small and large pores.
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vapor. I2 preferred to adsorb in the smallest cages near the copper paddle wheel

cluster and the main pores with benzene tricarboxylate organic linker of the

HKUST-1 framework [72]. After being trapped in the pores, I2 would form a

hydrophobic barrier to inhibit the uptake of water vapor, which was quite benefi-

cial for selective I2 sequestration from mixed gas streams in scenarios of nuclear

fuel reprocessing and accident remediation. Although further attempts have been

made to improve the sorption properties of I2 by MOF materials, such as NiII(pz)

[NiII(CN)4] [73] and Ni(II)-MOF [74], the properties were all inferior to ZIF-8

and HKUST-1.

Except for I2 molecules, radioactive organic iodides (methyl iodide and ethyl

iodide) are also generated during the used fuel reprocessing and should be selec-

tively captured in a safe manner. There is very little research work in this area.

Recently, Li et al. [75] reported a new type of highly efficient MOF-based scaven-

ger for organic iodides. Taking advantage of the strong interaction between open

metal sites on the Cr trinuclear secondary building unit and nitrogen atoms, they

grafted triethylenediamine (TED) and hexamethylenetetramine (HMTA) onto MIL-

101 to prepare such functionalized sorbents (Fig. 11.15A). Impressively, 120 and

136 wt% CH3I could be rapidly sorbed onto the MIL-101-Cr-TED and MIL-101-

Cr-HMTA materials in the initial 10 minutes at 30�C. When the sorption reached

the equilibrium at 120 minutes, the uptake amounts of CH3I were 160 and 174 wt%

for MIL-101-Cr-TED and MIL-101-Cr-HMTA, respectively. Such high capacity

showed a clear advance over traditional activated carbon-based adsorbents and

silver-functionalized porous materials. Even at elevated working temperature

Figure 11.14 (A) Structure of ZIF-8 cage. (B, C) Two different molecular I2 sorption sites

refined inside the β-cage, (D) the Ia site, and (E) the Ib site.
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Figure 11.15 (A) Design strategy of amine-functionalized MIL-101-Cr materials for efficiently capturing radioactive organic iodides from

nuclear waste. (B) Comparison of the sorption isotherms of CH3I in amine-functionalized MIL-101-Cr materials with other traditional sorbents.



(150�C), the MIL-101-Cr-TED material still held extremely large sorption amounts

of 71 wt% for CH3I. This material also exhibited very high decontamination factors

in the range of 4.83 103 to 6.33 103 under a simulated real-world off-gas reproces-

sing condition with low concentration of CH3I, corresponding to around 99.98%

removal, which considerably surpassed the reprocessing facility regulatory require-

ments. In addition, such a type of material could be easily recovered using 3M HCl

and ethanol solution. The strong sorption of MIL-101-Cr-TED and MIL-101-Cr-

HMTA toward radioactive organic iodides was attributed to the formation of ionic

species (R3N-CH3)
1I2 between amines groups and CH3I at high temperatures.

Then, the same group screened the effect chain length of diamine on the sorption of

organic iodides. The diamine with longer chain length would block the pores of

MIL-101-Cr, resulting in a decrease of CH3I uptake amount [76]. The MIL-101-Cr-

DMEDA (DMEDA5N,N-dimethylethylenediamine) material exhibited the highest

sorption capacity of 80% at 150�C, which was much higher than that of the indus-

trial material, Ag0@MOR (15 wt%) (Fig. 11.15B).

11.3.6 Krypton and xeon
85Kr (t1/25 10.76 years) and 133Xe (t1/25 5.25 days) are the volatile fission pro-

ducts of 235U and 239Pu. After the used nuclear fuel is stored for several years,
133Xe will decay to nonradioactive Xe. However, when the fuel is reprocessed, 85Kr

is still a radioactive element that should be sequestered and stored in a specific

facility. Because of the presence of the large volume of Xe, to minimize the storage

scale, Xe should be selectively separated from 85Kr. Therefore the Xe/Kr separation

selectivity and capacity are equally important for sorbent materials [77]. Compared

with zeolites and activated carbon, the MOF materials have tunable pore diameter,

large specific surface areas, and easy postmodification, showing a promising appli-

cation in Xe/Kr separation [11,78�90].

In 2015 Thallapally et al. [9] reported an account of xenon and krypton separa-

tion by MOFs, which sheds light on how to design an ideal material for Xe/Kr sepa-

ration. It was found that it was highly beneficial to have polar or accessible

unsaturated metal centers, narrow uniform pores with diameters slightly larger than

the size of Xe or Kr, additional polarized alien species, or temperature-dependent

separation of the gas mixture. Some selected MOFs for Xe sorption and separation

are shown in Fig. 11.16. After systematic comparison under the same conditions,

Co3(HCOO)6 exhibits the best Xe/Kr selectivity (B11) and Ag@Ni-DOBDC shows

the highest Xe uptake capacity (1.5�2.0 mol kg21).

To pursue better properties, several MOFs were deliberately designed and tested

for Xe/Kr separation. Xiong et al. [91] synthesized a zinc tetrazolate framework

([Zn(mtz)2]) (Hmtz5methyl-1H-tetrazole) that exhibited high sorption capacity of

Xe (2.7 mol kg21) and excellent Xe/Kr selectivity. In addition, two hybrid ultrami-

croporous MOF materials, CROFOUR-1-Ni and CROFOUR-2-Ni [92], constructed

by saturated metal centers with CrO22
4 anions and functionalized organic linkers,

were reported to show higher Xe/Kr separation factors of 22 and 15.5. Recently,

after screening of B125,000 MOF structures using high-throughput computational
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simulations, Thallapally et al. [93] successfully obtained an SBMOF-1 (CaSDB,

SDB5 4,4-sulfonyldibenzoate) MOF that exhibited the highest xenon capture

capacity and a strong affinity toward xenon when tested in a similar condition to

nuclear fuel reprocessing (Fig. 11.17A and B). Furthermore, with the help of the

single-crystal X-ray diffraction technique and molecular models, the structures after

uptake of Xe and Kr in SBMOF-1 were disclosed. As shown in Fig. 11.17C, Xe

occupied the sites close to the midpoint of the channel of SBMOF-1, strongly inter-

acting with the aromatic rings in the channel wall through van der Waals forces.

The exactly matching size of SBMOF-1 (4.2 Å) with Xe (4.1 Å) was responsible

for the excellent selectivity toward Xe.

11.4 Summary and outlook

In summary, MOFs hold ultrahigh specific surface area, tunable porosity, and flexi-

ble postmodification, endowing them with outstanding properties in the sequestra-

tion of radioactive wastes.

As for radioactive cations, the sequestration is mostly achieved by selective

grafting of organic groups onto MOF via one-pot or postmodification methods. The

Figure 11.16 Structures of selected MOFs for Xe sorption and separation.

374 Metal-Organic Frameworks (MOFs) for Environmental Applications



type of anionic MOFs containing facilely exchangeable cations is limited, depen-

dent only on the decomposition of organic solvent during the synthesis of MOF or

sulfonation of the pristine MOFs. Other effective strategies to design new types of

anionic MOFs are in great request. Assembly of the metal ions with the functiona-

lized organic linkers with negative charge may be one good route for the prepara-

tion of anionic MOFs. Additionally, to utilize the host�guest supramolecular

chemistry is also an efficient strategy to design MOFs with tunable pores or cavities

that exactly match the size of cations (i.e., Sr21, Cs1). Moreover, because of the

unstable nature of most MOFs, the extraction of actinide from the aqueous solution

with low pH values is still a great challenge. In batch experiments should be cau-

tiously conducted at pH. 5. The measured capacity may be inaccurate due to the

potential precipitations/hydrolysis of actinides under this condition. Furthermore,

simply chasing the extremely high capacity is impractical. The design of experi-

mental parameters should be close to the real conditions, such as used fuel repro-

cessing solutions, rare earth tailings, and seawater. The investigation of the

separation of transuranic cations (e.g., NpO1
2 ; Pu

41; Am31; and Cm31) by MOFs

remains to be explored.

Figure 11.17 (A) Xe and Kr sorption isotherms by SBMOF-1. (B) Comparison of the

promising porous materials for Xe/Kr separation. (C) Xe and Kr positions in SBMOF-1

determined by single-crystal X-ray diffraction.
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Recently, the study of the cationic MOFs for remediating environmental pol-

lutants has grown exponentially. A large number of cationic MOFs reported for

nonradioactive anions (i.e., AsO32
4 ; CrO22

4 ; ClO2
4 ) removal are good references

for the design of similar materials for the sequestration the anionic radionu-

clides. Self-assembly of neutral molecules containing multiple nitrogen atoms

with transition metals is still the most efficient strategy to prepare the cationic

MOFs for anionic radionuclides separation. Three design rules may be benefi-

cial: (1) the non/weak-coordinated anion is highly recommended to add during

the preparation of cationic MOFs, which can act a template to form desired

pores and, meanwhile, a facilely exchangeable anion; (2) abundant open metal

sites in the cationic MOFs are beneficial for the selectivity; (3) the hydrophobic-

ity of MOFs is another important factor for separating TcO2
4 from SO22

4

and NO2
3 .

Up to now, the applications of MOFs in sequestering I2 have been mostly per-

formed in organic solvent (i.e., cyclohexane) rather than in a gaseous state, so it is

difficult to summarize some common rules for the design of MOFs for selectively

trapping gaseous I2. However, the MOFs with abundant microspores, large specific

surface areas, and open metal sites may be excellent candidates. With respect to

Xe/Kr separation, the pore size of synthesized MOFs should be mildly larger than

the size of Xe. More polarizable groups, open metal sites, and nanoparticles in the

MOFs are also helpful.

With an increase of computational power and optimized simulation algorithms,

the structure�property relationship of MOFs could be initially established by using

the high-throughput computational simulations [94�97]. Therefore the application

of such large-scale computation in screening good MOF candidates for radionu-

clides sequestration will be a growing tendency. In addition, multiple advanced

characterization techniques (such as XANES, EXAFS, SC-XRD, and PDF) can pro-

vide insights into the interaction mechanism between the radionuclides and MOFs

on an atomic scale level.

Finally, the preparation of MOF materials with large crystal sizes (hundred

micrometers) is highly desirable for use in the industrial column chromatographic

separation. Except for growing big crystals, cellulose, chitosan, and ion exchange

resins are all excellent supports that could be used to blend with powdered MOFs

to make the packing materials. MOF/magnet mixture [98] and MOF-based mem-

brane materials [99] will also emerge in practical applications in the remediation of

radionuclides in the near future.
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12.1 Introduction

Metal-organic frameworks (MOFs) are emerging materials with great potential for

environmental remediation. There is an ongoing development focused on the devel-

opment and fabrication of practical devices exploiting the unique properties of

MOFs for the detection and control of environmental pollution. To highlight the

importance of this field of research, an analysis of the publication trends related to

MOF-based devices for environmental applications over the past decade (2008—

18) is reported in Fig. 12.1. Over this period, the number of MOF related studies

has increased from about 500 in 2007 up to about 4000 in 2017 (dark gray bars); in

the same timeframe, the number of studies on MOF-based devices followed a simi-

lar trend (blue bars). As a subset, MOF-based devices for environmental applica-

tions (red bars) are increasing as the number of protocols suitable for device

fabrication continues to grow [1]. Furthermore, pollution is a global challenge that

seems to be intensifying over time [2]; this adds impetus to the technological prog-

ress in decontamination and potentially provides commercial opportunities for

MOFs to help mitigate anthropogenic environmental changes.

This chapter is organized into three parts: the classification of MOF-based

devices designed for pollution remediation and control (Section 12.2); the descrip-

tion of sensors in which MOFs, as the active material, are devoted to the sensing of

different types of noxious substances such as gases, volatile organic compounds

(VOCs), and species present in the aqueous environment (Section 12.3); and the

identification of different devices suitable for the removal of pollutants from a wide

variety of solid, liquid, and gaseous sources (Section 12.4). As the properties of

MOF-based devices can depend on different variables, such as the type of MOF,

the synthetic conditions, and the positioning protocols [1], in this chapter we spec-

ify the fabrication methodology and related preparation conditions when considered

relevant for the preparation of the MOF-based devices for environmental

remediation.

Metal-Organic Frameworks (MOFs) for Environmental Applications. DOI: https://doi.org/10.1016/B978-0-12-814633-0.00012-0
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Different criteria can be used for the classification of MOF-based devices; these

can include the chemical composition of the MOF (e.g., type of cations, ligand), the

MOF structure (e.g., topology or porosity) or the application of the final device

(sensor or removal devices). As shown in Fig. 12.2, one section is dedicated to

sensing devices (Section 12.3), and another section is focused on removal devices

(Section 12.4).

12.2 Classification of metal-organic framework�based
devices for sensing

For the classification of MOF-based sensing devices, we have identified three major

principles used to detect and/or measure the presence of specific environmental pol-

lutants: (1) variations in mechanical response; (2) variations in optical properties;

and (3) variations in electrochemical properties [3]. Within the first category, quartz

crystal microbalance (QCM) and systems based on surface acoustic wave (SAW)

technology can be considered the main methodologies used to measure the variation

of a mechanical stress. Within the second category of MOF-based devices, varia-

tions in optical properties refer to spectroscopic measurements of features such as

electronic transitions, fluorescence, phosphorescence, and refractive index. Finally,

electrochemical-based devices mostly focus on changes in the conductive proper-

ties; examples are amperometric or impedance variations.

Figure 12.1 Evolution of the number of papers related to metal-organic frameworks (MOFs,

black columns and left Y-axis), MOF-based devices (blue columns and right Y-axis), and

MOF-based devices for environmental applications (red columns and right Y-axis).

Source: Scopus. Analysis conducted in March 2019, using the following keywords: “metal

AND organic AND framework�” (dark gray), “metal AND organic AND framework� AND
device�” (blue), “metal AND organic AND framework� AND device� AND (pollut� OR
environment�)” (red).
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12.2.1 Mechanochemical response

The selective absorption of analytes results in a change of mass and this variation

can be promptly detected. Promising sensors falling into this category are based on

SAW [4�7] or QCM [8�11] systems. Although SAW sensors have been developed

using a variety of materials, such as metal oxides [12,13], carbon-based nanostruc-

tures [14,15], and polymers [16,17], only a few works have been published using

MOFs for environmental control. In 2012, a pioneering computational work by

Allendorf’s group [18] revealed the potential of PCN-14 [19] for methane sensing.

An experimental evidence that MOFs could be used in SAW devices was reported

during the same year; Cu3(BTC)2 MOF (a.k.a. HKUST-1) was exploited for the

ultrasensitive detection of humidity [20]. This proof-of-concept was then adopted

for the detection of other analytes. For example, in 2017 Paschke et al. [21] selected

MOFs constructed from benzobistriazolate ligands, named MFU-4 [22] and

MFU-4L [23], were used as active sensing materials. The MOF thin films were

directly grown on LiNbO3 SAW chips via a solvothermal method; a miniaturized

plasma desorption mass spectrometry reaction chamber was fabricated to limit the

MOF growth in the desired area, producing a uniform 200-nm-thick coverage.

Phase shifts were induced by the mass change, with the largest positive shift for

Figure 12.2 (A) The concept of using MOFs for sensors: the device uses the MOF as an

active material to retain the analyte, due to the interaction with the cavity. The device then

detects the presence of the analyte via different responses (mechanochemical, electrical,

optical) and the generated signal is then read. (B) The concept of using MOFs as a removal

device: the device uses the MOF as an active material to separate different compounds from

a mixture thanks to the size exclusion mechanism and the interaction with the pores.
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Figure 12.3 (A) Real-time wireless phase measurement of a two-cycle film-coated surface

acoustic wave (SAW) sensor for pure carbon dioxide (flow of 70 L min21), performed using

a commercial whip antenna (inset). (B) The graph shows a time-dependent mass uptake of

size-increasing alcohols by a film of [Zn4O(dmcapz)3]n MOF. The analysis was conducted at

20�C and a relative humidity (RH) of 85%. (C) This scheme reports three different types of

heterostructured-MOFs films, with A: [Cu2(ndc)2(dabco)], B: [Cu2(NH2-bdc)2(dabco)], and

C: [Cu2(HOOC(CH2)2OCNH-bdc)2(dabco)]. PSM refers to the postsynthetic modification of

the amino groups in MOF B with succinic anhydride. (D) The illustration schematizes the

programmed functionalization of SURMOFs via liquid phase heteroepitaxial (LPE) growth

and postsynthetic modification (PSM): initially [Cu2(bdc)2(dabco)] (A) was deposited on

pyridyl-terminated self-assembled monolayers on Au covered QCM. [Cu2(NH2-bdc)2dabco]
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carbon dioxide, a little positive shift for argon, a little negative shift for helium and

hydrogen, and the largest negative shift for methane. For helium and hydrogen, the

sensitivity was limited. However, these results indicated the possibility to discrimi-

nate between gases. Importantly, the device was still operative 2 years after fabrica-

tion; this demonstration of high stability suggests that MOFs combined with SAW

technology can be used for practical applications. In a recent work (2018), Devkota

et al. [24] used MOF-based SAW systems for the detection of carbon dioxide and

methane. The authors employed the Zeolitic Imidazolate Framework 8, also known

as ZIF-8, made of zinc(II) nodes and 2-methylimidazolate ligands. It is worth men-

tioning that this porous framework has a good stability to atmospheric conditions

and several protocols are available for its deposition [1,25,26]. Y-LiNbO3 piezo-

electric crystals were coated by one to three dipping cycles of ZIF-8 layers, obtain-

ing films with thickness between 100 and 300 nm (Fig. 12.3A). QCM systems were

also investigated. This sensor demonstrated selectivity toward carbon dioxide and

methane over carbon monoxide and hydrogen, and higher sensitivity for carbon

dioxide than methane (about two orders of magnitude difference). These MOFs

(i.e., MFU-4 and ZIF-8) were selected because of their structural and chemical

robustness, along with thermal resistance (up to 500�C in inert atmospheres), small

pore aperture (e.g., 2.5 Å for MFU-4), and high surface area (above 1000 m2 g21).

In the case of QCM-based sensors, the groups of Allendorf and Fischer have

made substantial progress in the fabrication and application of MOFs for the detec-

tion of gaseous and VOCs pollutants. In 2008 Allendorf and coworkers demon-

strated the possibility of chemical detection by measuring the stress in HKUST-1

[30]. An array of 10 gold-coated microcantilevers, each incorporating a built-in pie-

zometric sensor, was used as a sensing platform. The cantilevers produced a signal

in response to a change in stress. For the deposition of HKUST-1 coatings, the can-

tilevers were consecutively immersed in separate solutions of copper(II) acetate and

trimesic acid, for 20 cycles using the so-called layer-by-layer (LbL) approach [1].

After synthesis, the coordination sites of HKUST-1 were occupied by water; by

heating the device with a warm (50�C) flow of nitrogen the authors measured the

response of the cantilever in hydrated and dehydrated states; the change in hydra-

tion was also accompanied by a change in the MOF color from blue to purple. The

�

(B) was deposited on A using the LPE procedure giving rise to SURMOF B@A. The final

PSM of SURMOF B@A was conducted with tert-butyl isothiocyanate (tBITC).

Source: (A) Adapted from J. Devkota, et al., Zeolitic imidazolate framework-coated acoustic

sensors for room temperature detection of carbon dioxide and methane. Nanoscale 10 (2018)

8075�8087; (B) A. Bétard, S. Wannapaiboon, R.A. Fischer, Assessing the adsorption

selectivity of linker functionalized, moisture-stable metal-organic framework thin films by

means of an environment-controlled quartz crystal microbalance. Chem. Commun. 48 (2012)

10493; (C) M. Tu, S. Wannapaiboon, R.A. Fischer, Liquid phase stepwise growth of surface

mounted metal-organic frameworks for exploratory research and development of

applications. Inorg. Chem. Front. 1 (2014) 442; (D) M. Tu, S. Wannapaiboon, R.A. Fischer,

Programmed functionalization of SURMOFs via liquid phase heteroepitaxial growth and

post-synthetic modification. Dalton Trans. 42 (2013) 16029 with permission from The Royal

Society of Chemistry.
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sensor was found to respond rapidly (e.g., within 1 minute), even in the presence of

low amounts of water vapor (0.18% mol.); the sensitivity was found to be higher

for methane and ethanol vapors than to nitrogen and oxygen. Interestingly, when

the MOF was in the dehydrated state, a high selectivity toward carbon dioxide was

measured. This selectivity was explained by a weaker stress response when the

axial copper sites coordinate carbon dioxide instead of water.

In other studies conducted between 2010 and 2012, guidelines were provided for

the further design of MOF-coated microcantilever systems for chemical recognition

of gases [31�33]. The authors optimized the sensor fabrication procedures and,

through a detailed computational analysis, demonstrated that the sensing response

improves with the increase in Young’s modulus and Poisson’s ratio of the MOF

[33], although the former has the greatest effect. Interestingly, the homogeneity of

the MOF layer had a negligible effect on the response. In 2013 two other studies

from Allendorf’s team were dedicated to VOC sensing using piezoresistive micro-

cantilevers. HKUST-1 was used to sense methanol, isopropanol, and acetone vapors

[34]. Based on response time, it was possible to discriminate the different analytes.

Subsequently, the sensing properties for chloroform and toluene detection were

investigated [35]. The molecular sieve properties of HKUST-1 were used to dis-

criminate molecules based on their size. The stable sensing performance was mea-

sured up to 18 months.

In 2012 Fisher’s group used a film of Zn4O(dmcapz)3 (dmcapz 5 3,5-dimethyl-

4-carboxypyrazolate ligand) on QCM for the detection of different VOCs [27]. A

set of simple alcohols with increased molecular sizes was tested (i.e., methanol, eth-

anol, isopropanol, and tert-butanol). From the uptake curves, the molecular size

selectivity of the MOF was demonstrated: Zn4O(dmcapz)3 was able to uptake both

methanol and ethanol within seconds; the curve collected for isopropanol showed a

slower uptake, while tert-butanol was too bulky to be adsorbed (Fig. 12.3B).

Subsequently, molecules with similar size to the MOF pore cavities (toluene and

aniline) were tested, and the highest affinity was measured for the nonpolar toluene

over the polar aniline as the MOF used was hydrophobic. Finally, another signifi-

cant difference was observed in the size distinction between para- and ortho-xylene

due to the different steric hindrance. In 2013 the SURMOF (surface mounted MOF,

Fig. 12.3C) [28,36] technique was applied on a QCM using Cu2(NH2BDC)2dabco

as the LbL deposited MOF (Fig. 12.3D) [29]. In this case, the self-assembled mono-

layer (SAM) used as a promoting layer [37] to grow the MOF on Cu was pyridyl

terminated; this allowed for an improved affinity between the substrate and the

MOF grown during 20 LbL cycles. The SURMOF was postfunctionalized with tert-

butyl isothiocyanate, to increase the size selectivity. Indeed, the presence of this

bulky moiety prevented the sorption of cyclohexane vapors and permitted the

absorption of n-hexane. In the absence of tert-butyl isothiocyanate functionalization

both VOCs could be indiscriminately harvested. In 2014 a similar study used a dual

layer of MOF (i.e., HKUST-1 on Cu2(ndc)2dabco) as an active porous material for

QCM mass measurements [38]. A total of 40 LbL cycles were performed, 20 for

each type of MOF. The uptake of 1,3,5-trimethylbenzene and 1,3,5-triisopropylben-

zene (TIPB) was evaluated; the first VOC was appreciably collected by films made
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with HKUST-1 on Cu2(ndc)2dabco or a combination of both. TIPB could interact

only with Cu2(ndc)2dabco, because the other two systems had pores too small for

its efficient detection. In 2015 further research on VOC detection via QCM by the

same group was dedicated to ZIFs [39]. In this case the LbL thin-film fabrication of

MOF was performed on silica-coated (50 nm) silicon wafers and commercial silica-

coated QCM substrates. Depositions of metal and linkers, as well as the methanol

sensing, were performed using an automatic programmable dosing system. 30 LbL

cycles were used to produce the MOF coating. The detection of the alcohol series

from methanol to hexanol was evaluated with six ZIFs having sodalite-type (sod)

topology:1 ZIF-8 and ZIF-67 (with cobalt and 2-methylimidazole), ZIF-7 and ZIF-9

(with zinc or cobalt and benzimidazole), ZIF-65 and ZIF-90 (with 2-nitroimidazole

or 2-imidazolecarboxaldehyde and zinc). The ZIFs on QCM hybrid devices exhib-

ited different selective sensing performances due to the properties of the different

MOFs (i.e., difference in surface hydrophobicity and flexibility) and the different

physical properties of the analytes. The selective sorption properties toward hydro-

carbons such as benzene, toluene, ethylbenzene, xylene isomers, and hexane iso-

mers revealed that different ZIFs on QCM devices could be used for real

applications in biofuel recovery and separation of isomers.

In 2011 Kitagawa’s group identified a different strategy for QCM-based detec-

tion [40]. Two approaches were used to deposit HKUST-1 crystals on Au-coated

QCM substrates. A stable mother liquor of copper acetate and trimesic acid with

dodecanoic acid in butanol as a modulator was used to grow MOFs via a “slow

nucleation” process. Upon ethanol addition (dilution factor 5 1), in 12 hours large

HKUST-1 crystals (c. 600 nm) were grown on the substrate. Higher amounts of eth-

anol (dilution factor 5 8) produced smaller crystals (c. 130 nm) within 1 hour.

Prolonged growth time (up to 6 hours) enlarged the crystal size. The films were

tested for the detection of methanol and hexane as VOCs; smaller crystals resulted

in a faster sensor response for low concentrations of analyte.

12.2.2 Optical response

In 2010 Kreno and coworkers developed a MOF thin film for sensing gases using

surface plasmon resonance (SPR) [41]. The authors prepared an array of silver

nanoparticles (40 nm) by thermal evaporation on a monolayer of polystyrene

spheres (PS), with diameters ranging between 290 and 390 nm. Subsequently, the

PS@Ag nanoparticles were soaked in mercaptoundecanoic acid to develop a SAM.

Then, HKUST-1 was grown in an LbL fashion using copper acetate and trimesic

acid precursors; 20 cycles were enough to obtain a homogeneous MOF film

(Fig. 12.4A). The porous sensing system was tested using carbon dioxide and sulfur

hexafluoride as model gases, with nitrogen as a carrier gas. The direct sensing of

1 See Fig. 12.9A for a graphical representation of this type of geometrical feature.
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pure CO2 and SF6 was demonstrated by measuring the change in refractive index

without the need for signal enhancement.

In 2012 Hupp’s team grew a patterned thin film of ZIF-8 via a multistep process

[42]. Alternate immersions in an alcoholic solution of the zinc nitrate precursor,

and the 2-methylimidazole ligand at room temperature, produced a 200-nm-thick

ZIF-8 film. After spin-coating a positive photoresist on top of the MOF film, a

chromium mask was used for the UV light irradiation of selected regions. The

exposed areas resulted in a localized softening of the resist, which was selectively

Figure 12.4 (A) Left: comparison of the response of an Ag nanoparticle sensor array (green)

and the HKUST-1-coated analog (blue) toward CO2 (with N2 purging). Center: SEM images

of an Ag nanoparticle array fabricated by lithography on a glass substrate. Right: SEM

images of an analogous array coated with 20 cycles of polycrystalline HKUST-1 film. (B)

Photolithography and photographs of the glass-supported hybrid films containing bilayers of

Pd/ZIF-8 with different thickness (100�300 nm) observed from different viewing angles.

Below a transmission spectra of a glass-supported hybrid film on exposure to various gases is

reported. (C) Schematic view of the top (left) and cross section (right) of the device

supporting the Au/MOF thin film, with the corresponding AFM image (lower left) of ZIF-8

thin film and SEM image before (lower center) and after (lower right) coating with the MOF

thin film.

Source: (A) Adapted with permission from L.E. Kreno, J.T. Hupp, R.P. Van Duyne,

Metal2 organic framework thin film for enhanced localized surface plasmon resonance gas

sensing. Anal. Chem. 82 (2010) 8042�8046; (B) G. Lu, O.K. Farha, W. Zhang, F. Huo, J.T.

Hupp, Engineering ZIF-8 thin films for hybrid MOF-based devices. Adv. Mater. 24, (2012)

3970�3974; (C) X. Chong, et al., Surface-enhanced infrared absorption: pushing the frontier

for on-chip gas sensing. ACS Sens. 3 (2018) 230�238. Copyright (2010�2018) American

Chemical Society.
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etched with a basic solution. A further immersion into an acid solution dissolved

the exposed ZIF-8. Finally, an organic solvent was used to wash away the remain-

ing protective photoresist, fabricating a MOF pattern array of 11 μm squares

(Fig. 12.4B). The authors produced ZIF-8/Pt/ZIF-8 sandwich layers, and variable

numbers of Pd/ZIF-8 alternated layers. These MOF coatings were used to sense the

presence of different vapors and gases (ethane, ethylene, propane, propylene, car-

bon dioxide, nitrogen, and hydrogen) via an optical detection method. In particular,

exposing the hybrid film to hydrogen elicited an increase in transmittance, a prop-

erty useful in the evaluation of threshold concentrations for air�hydrogen explosive

mixtures (pH2 about 0.04 bar).

In 2013 Song’s group synthesized a luminescent europium(III)-based MOF using

the ligand 20,50-bis(methoxymethyl)-[1,10:40,1v-terphenyl]-4,4v-dicarboxylic acid for

VOC sensing [44]. The synthesis was performed in a N,N-dimethylformamide

(DMF)/water mixture at 80�C for 3 days, obtaining needle-shaped MOF crystals.

The authors found that, in the presence of water, the framework displays a much

weaker luminescence under UV irradiation. Instead, DMF triggered an eightfold

enhancement of luminescence, superior to all the other tested polar, apolar, and pro-

tic analytes. The luminescent property was regenerated by soaking the crystalline

powders in water, and the MOF was reused without noticeable loss of selectivity.

The emission intensity change was explained by considering the interactions of Eu

with the O�H bonds of coordinating water molecules (luminescence quenching)

[45]. When water molecules start to be replaced by solvent molecules, O�H bonds

around the Eu centers diminish, and the Eu emission enhancement can be

measured.

In 2018 Chong et al. developed a device consisting of a gold nanopatch array

(Au-NPA) deposited on a Si3N4 layer, covered by a thin layer of ZIF-8 film

(Fig. 12.4C). This system was used to detect CO2 by the surface-enhanced infrared

absorption method [43]. This spectroscopic technique can identify molecular finger-

prints by resonant detection of infrared vibrational modes coupled with plasmonic

modes produced by metallic nanostructures [46,47]. The thickness of the MOF

layer was revealed to be a critical parameter: the thicker the MOF, the more mole-

cules were adsorbed and the larger the interaction with the infrared radiation. It is

also true that larger volumes of sorbent and analyte provided additional higher order

modes, and longer time is needed to reach the equilibrium state of gas adsorption.

Considering both performance and engineering feasibility, the suggested optimized

MOF thickness was 2.7 μm and the maximum enhancement factor for CO2 quanti-

tative detection by the membrane exceeded 1800.

12.2.3 Electrochemical response

In 2013 Zhan et al. produced ZnO@ZIF-8 nanorods via sacrificial templating of

prefabricated zinc oxide nanorods on fluorine-doped tin oxide glass slides, using a

DMF and water mixture [48]. The obtained sensor was investigated for the photo

electrochemical sensing of hydrogen peroxide. As stated by the authors, H2O2 dif-

fused through the pore windows of ZIF-8, thus oxygen gas was obtained as a result
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of photogenerated holes on the surface of ZnO nanorods. Conversely, bulkier ascor-

bic acid could not diffuse through the MOF and by-products were not detected.

This demonstrated the potential use of ZIF-8 for size-selective photo electrochemi-

cal sensing (Fig. 12.5A). The nanorod array could be used to detect concentrations

of H2O2 down to 0.1 mM in serous buffer solutions, providing an efficient device

to monitor H2O2. As the production of H2O2 can be an indication of dangerous oxi-

dative stress in humans [51,52], it is envisaged that bioindicators could provide

information about environmental changes.

In a recent study by Okada et al. using an established conversion mechanism

[53,54], HKUST-1 was grown on gold electrodes through the conversion of Cu

(OH)2 nanobelts [55], In the first step, the nanobelts, previously synthesized from

copper sulfate, ammonia, and NaOH solutions, were spin-coated on gold electrodes.

Subsequently, they were converted into HKUST-1 by immersing the electrodes in

an ethanol/water solvent mixture containing trimesic acid. To investigate the size

selectivity, three electroactive species were analyzed: ferrocene, iron(III) acetylace-

tonate, and iron(II) phthalocyanine, demonstrating that the latter was not able to

penetrate the MOF layer and interact with the electrode (Fig. 12.5B). The system

was then used for the electrochemical sensing of glucose via cyclic voltammetry

and chronoamperometric analysis, with a sensitivity of 273 μA mM21 cm2.

MOFs have also been investigated as active materials in chemoresistive or

capacitive sensors [56]. As MOFs are mostly insulating materials, their use is lim-

ited by the low availability of porous frameworks with suitable electrical conductiv-

ity [57]. Multiple fabrication techniques have been tested, from solvated paste

[58�60] to solvent-free mechanical methods [61], from drop-casting [61,62] to

in situ film growth (Fig. 12.5C) [49]. In 2009 Achmann et al. investigated MIL-53,

Fe-BTC (also commercially available as Basolite F300) along with the Li-doped

and Fe(II)-doped analogous materials, and HKUST-1 [63]. Interdigitated electrodes

coated with MOF thick films and pressed pellets were measured, varying the con-

centrations of oxygen, carbon dioxide, propane, nitrogen monoxide, hydrogen, etha-

nol, and methanol, over a range of temperature and humidity levels. The authors

found that only Fe-BTC displayed a good response to ethanol, methanol, and water,

this last species provided the most intense response of all. In 2014 Chen et al. pre-

pared a cobalt imidazolate framework with zni topology for the detection of tri-

methylamine ((CH3)3N) in the vapor phase [64]. The device displayed promising

long-term stability; however, issues such as slow response and recovery times arose

because of the poor conductivity at room temperature of this porous material.

Operating temperatures up to 75�C were used to improve the conductivity, although

the material needed a longer response time. Hosseini et al. reported in 2016 the fab-

rication of a capacitive sensor using HKUST-1 directly grown on a copper substrate

via electrochemical synthesis [59]. The substrate acted as a back electrode, while

on top of the MOF film an electrode was prepared by connecting spots of conduc-

tive Ag paste. This device displayed a reversible turn-on capacitance response time

to ethanol and methanol vapors on the order of several minutes. A weak response

was observed for hexane. In the same year, Yassine et al. reported a sensor made

by growing thin films of an yttrium fumarate-based MOF. This porous coating was
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Figure 12.5 (A) TEM image, HAADF-STEM image, and cross-sectional composition

profile of ZnO/ZIF-8 nanorod. The graph shows the photocurrent responses of a ZnO@ZIF-8

nanorod array in the presence of hydrogen peroxide (H2O2) and ascorbic acid (AA) at

different concentrations. (B) Schematic representation of the size-selective sensing device

using a HKUST-1-coated gold electrode, with cyclic voltammetry graphs for the copper(II)

hydroxide nanobelts and the HKUST-1 coatings using ferrocene, iron(III) acetylacetone, and

iron(III) phthalocyanine (all species at 1 M concentration). (C) Photograph of a typical

chemoresistor and the SEM image of the graphitic wire. The graphs show (a) the

concentration dependent sensing response for ammonia and hydrogen sulfide using

Cu3HHTP2 (orange) and Ni3HTTP2 (blue); (b) the sensing traces for Cu3HHTP2; and (c) the

sensing traces for Ni3HTTP2. (D) Schematic representation of the preparation of MOF-based

porous FETs.

Source: (A) Adapted with permission from W. Zhan, et al., Semiconductor@metal-organic

framework core�shell heterostructures: a case of ZnO@ZIF-8 nanorods with selective

photoelectrochemical response. J. Am. Chem. Soc. 135 (2013) 1926�1933; (B) M.K. Smith,

K.E. Jensen, P.A. Pivak, K.A. Mirica, Direct self-assembly of conductive nanorods of metal-

organic frameworks into chemiresistive devices on shrinkable polymer films. Chem. Mater.

28 (2016) 5264�5268; (C) G. Wu, J. Huang, Y. Zang, J. He, G. Xu, Porous field-effect

transistors based on a semiconductive metal-organic framework. J. Am. Chem. Soc. 139

(2017) 1360�1363. Copyright (2013�2017) American Chemical Society. (D) Adapted from

Okada, K. et al., Electrochemical sensing and catalysis using Cu3 (BTC)2 coating electrodes

from Cu(OH)2 films. CrystEngComm 19 (2017) 4194�4200 with permission from The

Royal Society of Chemistry.



grown on 11-mercaptoundecanol SAM-functionalized interdigitated Au electrodes

[65]. The obtained capacitive sensor displayed excellent sensitivity and selectivity

toward H2S vapors at room temperature (below 100 ppb) over NO2, methane,

hydrogen, and toluene. A linear response was demonstrated over a wide range of

H2S concentrations (i.e., from 100 ppb to 100 ppm), while the performance was

maintained for over 3 months.

In 2015 Campbell et al. fabricated chemoresistive sensors based on Cu3(HITP)2
(HITP 5 2,3,6,7,10,11-hexaiminotriphenylene) [62]. These ehighly π-conjugated
layered 2D-MOFs, based on the triphenylene building block, are among the first

examples of electrically conductive MOF-based sensors operating at room tempera-

ture [66�68]. Campbell et al. showed that by applying a voltage of 100 mV, ammo-

nia vapors could be detected in the ppm range. The device was successfully tested

in the presence of dry air and air with 60% of relative humidity (RH). Interestingly,

the isostructural MOF Ni3(HTP)2 did not have the same properties when exposed to

identical conditions; this highlights the importance of using the proper chemical

structure to achieve the desired sensor response. Subsequently, the same research

team reported the use of an array of sensors based on Ni3(HITP)2, Cu3(HITP)2, and

Cu3(HHTP)2 (HHTP 5 2,3,6,7,10,11-hexahydroxytriphenylene) 2D-MOFs, for the

detection of several VOCs, at 200 ppm concentration levels [61]. The individual

MOFs within the sensor had different chemoresistive responses to various chemi-

cals, suitable for distinguishing VOCs with excellent accuracy (above 90%). In

2016 Smith et al. reported the direct growth of M3(HHTP)2 films (M5Cu, Ni) on

graphite electrodes pattern-deposited onto polymer films [49]. In agreement with

previous studies, these devices displayed a response toward ammonia vapor when

Cu was used for the MOF nodes, whereas no response was observed with Ni-based

MOFs. The authors further investigated the potential use of M3(HHTP)2 active

materials in sensor arrays for the selective detection of other analytes such as water,

ammonia, NO, and H2S.

Along with chemoresistors, field effect transistors (FETs) are suitable sensing

devices. They have interesting features such as robustness, sensitivity, and compati-

bility with scalable fabrication processes [69,70]; however, FETs have been rarely

prepared using MOFs (Fig. 12.5D) [50,71]. For the analysis of vapors, MOFs with-

out appreciable electrical conductivity can be employed and changes in the work

function through the Kelvin probe technique can be measured [56]. The first exam-

ple of this approach was reported by Pohle et al. in 2011 with HKUST-1 [72]. The

authors analyzed several VOCs and gases (hexanal, pentanal, toluene, dimethyl

ether, ethanol, acetone, ammonia, and hydrogen sulfide), in the 25-200�C tempera-

ture range. It was observed that the higher the temperature the stronger the

response. Due to the narrow pore distribution of MOFs, molecular sieving abilities

were observed, for example in the cases regarding the pentanal/hexanal couple, and

when discriminating ammonia and hydrogen sulfide from dimethyl ether. Also, the

metal used for the back electrode (Au or Pt) influenced the response, suggesting an

interaction with the MOF coating. In 2014 Davydovskaya et al. used the series

M-BTC (M 5 Co, Ni, Cd, Al) to assess the performance upon exposure to linear

alkanes and aliphatic alcohols [73]. Nonpolar alkanes had a negligible effect on the
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work function, whereas the polar alcohols produced detectable variations. The

authors observed that the longer the alcohol molecule, the stronger the responses.

Notably, all the investigated MOFs showed similar sensing behavior, independent

of the type of metal used for the MOF nodes. Conversely, in a study by Pentyala

et al. in 2016 for the alcohol sensor based on Zn-BTC MOF [74], it was found that

the metal ions used (in this case Zn21) in the crystal structure acted as specific

adsorption sites for molecules with strong donor functions, like oxygen from a

hydroxyl functional group. Along with the previously mentioned work by Campbell

et al. [62] and Smith et al. [49], these contrasting results suggest that further studies

are needed to understand the influence of different metal centers on the sensing

behavior of MOFs.

12.3 Metal-organic framework�based sensors for
gaseous and aqueous environments

This section describes some of the most important MOF-based devices recently

investigated for the detection of toxic gases (Section 12.3.1), VOCs

(Section 12.3.2), and organic or inorganic noxious species in aqueous solutions

(Section 12.3.3).

12.3.1 Detection of toxic gases

In the last few years, MOFs have been used to detect various different gases,

such as:

� carbon dioxide (CO2), due to its potent greenhouse effect and its toxic effect when present

at a concentration above 5000 ppm [75,76];
� nitric oxides (NOx, such as NO and NO2), as pollutants present in car emissions and core-

sponsible for acid rains;
� hydrogen sulfide (H2S), a poisonous and flammable gas produced in industrial processes;

and
� nerve agents, as relevant gases used in terrorist actions.

In 2008 Yeom et al. fabricated a detector of toxic gases based on a microelectro-

mechanical system (MEMS) [77]. In their device, the authors designed micro-

preconcentrators (μPCs) starting from an Au-coated Si chip; Then an array of micro

spots (depth of c. 40 μm) was obtained by deep reactive ion etching. Subsequently,

the array was coated with IRMOF-1 (a.k.a. MOF-5). The μPC was housed in a

durable Vespel case equipped with inlets and outlets for gas flow and electrical con-

tacts. The MOF concentrated the model toxic gas (isopropylsulfonylchloride) from

its mixture with air; then the μPC was pulsed with current, causing a short burst of

localized heat that liberated the enriched fraction of gas; this reacted with an oxime

[78], producing cyanide ions which were subsequently measured with a selective

electrode placed downstream of the device. The μPC reached 250�C within 100 ms,
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consuming only 1.2 J. To test the effectiveness of the device, the μPC was exposed

to 200 ppb of toxic gas; then a 3-second pulse was used to release the analyte from

the MOF. The downstream detector was able to measure down to 10 ppb of gas

(signal-to-noise ratio 5 20).

In 2015 Yue et al. produced a flexible MOF based on the 1,2,3-benzotriazole-5-

carboxylic acid (H2btca) ligand with a MIL-53 structure using zinc as the metal

node. The compound of interest showed a unique dynamic gas adsorption and high

selectivity to carbon dioxide versus nitrogen, argon, and helium, strongly dependent

on the interaction between gas molecules and the framework, as measured by

Fourier transform infrared analysis [79].

In 2016 Ameloot’s group developed a sensor based on NH2-UiO-66(Zr) to detect

nerve agents [80]. The chosen framework constituted the active part of a Kelvin

probe setup, in which the shift in contact potential difference was correlated to the

amount of analyte (dimethoxymethylphosphate, a simulant of the most dangerous

sarin gas). The detector worked both in dry and in 50% RH air, and was able to

detect the analyte down to 3 ppb. The authors suggested a real-world implementa-

tion of this probe with a so-called suspended gate chemical FET (ChemFET) [70].

During the same year, Chong et al. prepared an ultrasensitive near infrared sen-

sor for carbon dioxide based on the coating of HKUST-1 on single-mode optical

fiber (SMF) [81]. Due to the hydrophilicity of the copper-based MOF, water vapor

was observed to be a major interference. Nevertheless, the system was able to

detect carbon dioxide down to 100 ppm for each cm of SMF. In a follow-up study

(2017), the same group produced a nanophotonic device consisting of plasmonic

40-nm-thick Au nanopatch arrays on sapphire (2000-nm-wide square patches sepa-

rated by 250 nm gaps); this chip was covered with a ZIF-8 coating in the

500�2700 nm range [82]. This integration permitted the construction of a sensor

for carbon dioxide detection, demonstrating a 1100-fold enhancement factor,

defined as the ratio between the equivalent optical path length, provided by the

plasmonic device, and the MOF layer. This device was considered suitable for lab-

on-a-chip applications as an alternative to conventional gas cells.

In 2017 Mirica’s group described a straightforward method to incorporate mod-

erately conductive MOFs into chemoresistive sensors via mechanical abrasion [83].

Various metal nodes were selected among Fe, Ni, Co, or Cu, using 2,3,6,7,10,11-

hexahydroxytriphenylene (HHTP) ligand that can produce 2D frameworks with

very large pores. Subsequently, this MOF was blended with high purity graphite via

ball milling for 5 minutes, compressed into pellets and abraded onto commercial

electrodes made either of 220 nm interdigitated gold patterns on ceramics, or 1 mm

gold pattern electrodes on paper. The assembled chemoresistive devices, loaded

into Teflon enclosures, were then exposed to gaseous streams of analytes diluted in

dry N2 (0.5�8.0 ppm range; Fig. 12.6A). The sensing measurements showed a

remarkable capacity for detecting and differentiating toxic gases. Cu3HHTP2 was

the best performing active material toward all toxic gases considered (ammonia,

nitric oxide, and hydrogen sulfide), and was able to distinguish between 80 ppm of

the gases in the presence of 7000 ppm of water. The limit of detection (LOD) was

between 17 ppm (for NO) and 35 ppm (for H2S), in line with the limits established
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Figure 12.6 (A) The stepwise process for the integration of M3HHTP2 MOF-based materials

into a chemoresistive device. The blend obtained by ball milling of MOF and graphite was

compressed into a pellet which is loaded into a pencil-style holder, followed by mechanical

abrasion directly on paper or ceramic devices equipped with gold electrodes, producing

chemoresistors with different architectures. (B) Schematic illustration of the wearable MOF/

MWCNT fibers and graph showing a comparison of the responsive resistance of ZIF-67-Co/

MWCNT hybrid fibers toward nitrogen dioxide gas at fixed bending angles (0, 60, and 120

degrees) in a concentration range of 0.1�50 ppm (MOs 5 metal oxides).

Source: (A) Adapted with permission from M. Ko, A. Aykanat, M. Smith, K. Mirica,

Drawing sensors with ball-milled blends of metal-organic frameworks and graphite. Sensors

17 (2017) 2192. Copyright (2017) American Chemical Society. (B) Reproduced with

permission from K. Rui, et al., Dual-function metal-organic framework-based wearable fibers

for gas probing and energy storage. ACS Appl. Mater. Interfaces 10 (2018) 2837�2842 with

Creative Commons License CC BY 4.0.

397MOF-based devices for detection and removal of environmental pollutants



by the US Occupational Safety and Health Administration (OSHA) agency.

Another system developed in the same year by this group integrated MOFs with

textiles, introducing these MOFs into the field of wearable electronics [84]. Their

self-organized frameworks on textile devices exploited fabrics as they are chemi-

cally modifiable, physically tunable, low cost, renewable, and compatible with the

integration into garments, personal protective equipment, and other goods. For the

preparation of these devices, both natural woven cotton fabrics and synthetic non-

woven polymer battings were employed, demonstrating that the devices could work

regardless of the fabric nature. Two MOFs, Ni3HHTP2 and Ni3HITP2
(HITP5 2,3,6,7,10,11-hexaiminotriphenylene), were chosen for their relatively

high bulk conductivity in the 0.01�2.0 S cm21 range. The assembly was obtained

by immersing the fabrics into the precursor solution with overnight stirring at 80�C.
Ammonia was added to the reaction vessel when using the HITP ligand. To assess

the sensing performance, the detection of NO and H2S was conducted in the 0.1-

80 ppm range. In a dry nitrogen stream, the calculated limits of detection were

found to be 0.16 ppm for NO (using Ni3HITP2) and 0.23 ppm for H2S (using

Ni3HHTP2). Importantly, the devices retained their performance in 18% RH and

were fully recoverable and washable.

In 2017 Yao et al. synthesized thin films of Cu3(HHTP)2
(HHTP5 2,3,6,7,10,11-hexahydroxytriphenylene) on gold films, interdigitated elec-

trodes, silicon, Si/SiO2, quartz, and sapphire, by liquid LbL spray deposition [85].

Due to its appreciable conductivity of 20 mS cm21 at room temperature, the authors

produced a chemoresistive sensor toward ammonia gas, not only extensively used

in industry, but also a biomarker for kidney and liver diseases [86]. With a MOF

thickness of 20 nm, the sensor was able to selectively detect NH3 in the

1�100 ppm range with one of the highest resistance changes detected for similar

devices at room temperature (c. 130% of average resistance change), within 2 min-

utes and a response retention above 88% after 3 months.

Nonconductive MOFs were also integrated into wearables; in this case, carbon

nanotubes were used as a conductive material. In 2018 Rui et al. developed a proce-

dure to produce hybrid ZIF-67(Co) or MIL-88(Fe) and multiwalled carbon nanotube

(MWCNT) fibers (Fig. 12.6B) [87]. These MOFs were annealed and converted into

Co3O4 and Fe3O4 fibers and woven into cotton to produce a chemoresistive flexible

device for the detection of nitrogen dioxide (NO2) gas down to 0.1 ppm. However

concerns about the toxicity of carbon nanotubes, as reported in literature [88,89],

could potentially limit this type of application.

12.3.2 Detection of volatile organic compounds

VOCs are organic compounds with high vapor pressure at room temperature [90].

The term is typically used for noxious chemicals, although many molecules that act

as scents and messengers in plant and plant/animal communications fall under this

nomenclature. Anthropogenic VOCs are usually harmful for humans, especially

polycyclic aromatic hydrocarbons (PAHs), which often possess carcinogenic prop-

erties [91]; thus their indoor maximum concentration is generally regulated by law.
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In this context MOFs, due to their tunable porosity, high accessible surface area

and tunable chemical affinity, are considered to be outstanding sorbent materials

for the efficient capture of VOCs.

One of the first techniques for the preparation of films of Zn3(BTC)2 from zinc

metal was developed by Zou et al. in 2009; the method involved the reaction in an

autoclave of zinc slices (previously activated with hot H2O2) with a solution of tri-

mesic acid. The MOF film was used to sense dimethylamine in water, ethanol, and

acetonitrile solutions by means of fluorescence spectroscopy, exciting at 327 nm

[92]. The authors were able to detect methanol, acetone, propylamine, butylamine,

and aniline in ethanol. The highly sensitive and selective fluorescence intensity to

dimethylamine was considered relevant for possible applications in VOCs sensing.

In 2010 Bein’s team developed a method for the orientation of the MOF CAU-1

on different SAMs on gold [93]. This MOF was prepared in bulk using aluminum

chloride and 2-aminoterephthalic acid under solvothermal conditions. To grow the

porous crystals on surfaces exposing either 2OH or 2COOH groups, SAM-

functionalized gold slides were placed into MOF precursor solutions for different

times (i.e., from 16 hours to 14 days). The authors found a preferential orientation

of the CAU-1 crystals either in the [011] or [002] directions when using the OH-

terminated SAMs, whereas highly oriented crystal growth occurred only in the

[002] direction when the carboxylic acid functionalized SAMs were used. This pro-

tocol was used to grow MOFs on QCM supports; then the MOF-based device was

exposed to ethanol, as model adsorbate. The observed Type I isotherm indicated the

microporous character of CAU-1, with approximately 5 mmol g21 of ethanol

adsorbed before reaching condensation.

Lu and Hupp prepared in 2010 a Fabry�Perot interferometer based on ZIF-8

thin films for selective gas sensing [94]. Using zinc nitrate and 2-methylimidazole

as precursors with the LbL technique, the MOF was grown on silicon or glass sub-

strates (Fig. 12.7A). QCM measurements were performed to estimate the amount of

deposited MOF, and a relationship between thickness and number of cycles was

identified. Different thicknesses provided different colors due to the optical interfer-

ence in the visible region. Thanks to the dual function provided by the ZIF-8

absorption properties and the resonating properties of the interferometer, the authors

found that the collected transmission spectra were influenced by the various vapors.

The peak shift was correlated to the concentration of gaseous analytes. A quasi-

linear relationship was found in the case of propane, and it was also possible to dif-

ferentiate between linear hexane and cyclohexane. Additionally, ethanol was

detected in water as low as 100 ppm.

In 2011 Huang et al. presented a synthesis of MIL-101(Cr) on QCMs for the

detection of six types of VOCs: hexane, toluene, butanone, dichloromethane, meth-

anol, and butylamine [95], without the need for hydrofluoric acid (HF). Using the

Dubinin�Astakhov equation to describe the physical adsorption of gases on micro-

porous solids [96], the authors were able to identify the limiting adsorption capaci-

ties for each volatile compound; the highest affinity was found for butylamine

(13 mmol g21). The researchers observed that Cr(III) metal sites influenced the
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Figure 12.7 (A) Photograph of a series of ZIF-8 films of various thicknesses grown on

silicon, and the EDX map of a ZIF-8 film grown with 10 cycles. Copyright © 2010 by John

Wiley & Sons, Inc. (B) Photo and schematic view of a Kelvin Probe sample, showing the

alumina substrate with platinum heating element, titanium nitride back electrode and the blue

sensing layer of HKUST-1 MOF. The measurement shows the work function response ΔΦ
of the MOF layer (blue line) and the blank titanium nitride back electrode (black line) upon

exposure to pentanal (valeraldehyde), performed in synthetic air (20% oxygen, 80% nitrogen,

flow 1 L min21), at 25�C and in relative humidity ranging from 0% to 50%. (C) Scheme of a

surface plasmon resonance probe (not in scale) consisting of an optical fiber (diameter:

400 μm), a 39-nm-thick gold layer necessary for the SPR phenomenon, and a final coating

with the MOF recognition layer. The graph shows calibration curves for the ZIF-8 and ZIF-

93 SPR sensors with methanol and n-butanol vapors. Copyright (2017) American Chemical

Society.

Source: (A) Reprinted with permission from G. Lu, J.T. Hupp, Metal2 organic frameworks

as sensors: a ZIF-8 based Fabry2Pérot device as a selective sensor for chemical vapors and

gases. J. Am. Chem. Soc. 132 (2010) 7832�7833. (B) Adapted with permission from P.

Davydovskaya, R. Pohle, A. Tawil, M. Fleischer, Work function based gas sensing with

Cu-BTC metal-organic framework for selective aldehyde detection. Sens. Actuators B Chem.

187 (2013) 142�146. (C) Reprinted with permission from W. Vandezande et al., Parts per

million detection of alcohol vapors via metal organic framework functionalized surface

plasmon resonance sensors. Anal. Chem. 89 (2017) 4480�4487.
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sorption process, and the modification of unsaturated metal sites was suggested as

an alternative methodology for the regulation the sorption ability of MIL-101.

Davydovskaya et al. produced in 2013 a Kelvin Probe detector by coating an

alumina substrate (area: 5 mm3 5 mm) with 2 μm of titanium nitride, then drop-

casting on top few μL of a dispersion of HKUST-1 (Fig. 12.7B). A Pt heating ele-

ment was screen-printed on the bottom side of the substrate. Then the device was

tested against the C2�C6 family of linear aldehydes, finding that pentanal (a.k.a.

valeraldehyde) was the most sensitive analyte at the optimal conditions of 24�C,
and 40% RH, in a synthetic air mixture of O2/N2 1:4 [97]. A similar sensitivity to

the same substrate was observed in absence of oxygen. A deeper investigation

revealed that the work function was influenced by humidity and by other

aldehydes.

In 2013 Fisher’s group prepared the so-called surface mounted MOFs

(SURMOFs) using a LbL approach with thiolated SAMs on commercially available

gold QCM substrates [98]. 40 cycles of alternate immersions in metal and ligand

solutions were performed, depositing crystalline layers Cu2(ndc)2(dabco) with dif-

ferent crystalline orientations ([100] and [001]) and exploited for the uptake of

VOCs such as benzene, toluene, and p-xylene. SURMOF[100] performed better for

benzene than SURMOF[001], with a fourfold increase in the adsorption rate,

whereas for the other analytes the difference was minimal. In a subsequent study,

Fisher and coworkers investigated the heteroepitaxial growth of Cu2(X)2dabco

on QCM, where X 5 H2bdc, H2NH2bdc, or H2ndc ligands [99], testing several

combinations. A triple layer of SURMOF was also prepared with 15 cycles of LbL

deposition for each type of MOF. The gas adsorption study was tested on

4-fluorophenylisothiocyanate (FPI), because it can react with the amino groups of

the intermediate film containing H2NH2bdc ligand. The hybrid SURMOFs exhib-

ited distinct adsorption kinetics of FPI due to the different pore environments within

the core, core�shell and core�shell�shell structures of the SURMOF crystallites.

However, a detailed quantitative analysis was not performed.

A significant quality improvement in the fabrication of heterostructured MOF

films was reported in 2014 by Wannapaibon et al. by using a continuous and auto-

mated liquid phase epitaxy (LPE) process monitored by QCM [100]. The study

involved the preparation of pyrazolate-based MOFs of the general formula [Zn4O

(L)3]n, with L 5 disubstituted carboxypyrazolate derivatives. The adsorption prop-

erties toward methanol were estimated with the mass changes monitored thanks to

the microbalance sensitivity, using dry helium gas as the VOC carrier in the full

p/p0 range. The robustness of the film was also tested after water adsorption, show-

ing that only 95% of humidity can reduce the adsorption capacity by c. 50% when

using dmcapz as the ligand for the MOF film. A further advancement in the LPE

manufacturing of MOF layers on SAM-functionalized Au-coated QCM substrates

was demonstrated in 2015 by growing [Zn4O(MI)3]n on [Zn4O(DM)3]n heteroepi-

taxial MOFs (with MI5 3-methyl-5-isopropyl-4-carboxypyrazolate and DM5 3,5-

dimethyl-4-carboxypyrazolate) [101]. The adsorption properties were tested for

methanol and isopropanol vapors with excellent results (up to 0.13 g g21 of metha-

nol harvested), well above the ,1 mmol g21 observed for the single component
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[Zn4O(DM)3]n. Moreover, due to the hydrophobicity of the frameworks, water

absorption is prevented and the selectivity toward methanol molecules promoted.

A nonlinear electrostatically actuated MEMS resonator for gas sensing was fabri-

cated in 2016 by Eddaoudi’s research team by coating a clamped�clamped micro

beam with HKUST-1 via inkjet printing [102]. Under a nitrogen stream, the sensor

could detect a mass variation of only 395 pg of water. This demonstration proved

the high sensitivity of the MOF-based device.

Soft lithography was implemented by Faustini’s group in 2016, preparing submi-

cron ZIF-8 based 2D photonic structures for vapor sensing [103]. Two approaches

were used for the MOF-based device fabrication: (1) the drop-casting of a colloidal

solution of ZIF-8 nanocrystals on a hard surface, followed by a patterned PDMS

stamp pressed on the cast, to obtain a nanopatterned ZIF-8 surface, and (2) the

embossing of a TiO2 sol�gel film (with the same PDMS stamp) followed by dip-

coating of the ZIF-8 colloid, to obtain a ZIF-8/TiO2 heterostructure. In both cases,

diffraction gratings with 1000 nm periodicity were fabricated. It is noteworthy that

the optical response upon irradiation with white light was collected with a common

CCD sensor typically used in smartphones. The MOF patterned surfaces were

investigated in two different sensing experiments: in the first, the authors exposed

the substrates to isopropyl alcohol vapors, ascertaining the better stability of the

ZIF-8/TiO2 heterostructures over the nanopatterned ZIF-8; in the second, styrene

was detected in the presence of water. This toxic monomer was revealed down to

57 ppm in moist air using planar ellipsometry. The measurement revealed a fast ini-

tial uptake of this VOC on the MOF particle surface, with a subsequent absorption

into the microporosity. Tests were performed for other organic solvents like cyclo-

hexane, xylene, and toluene, confirming the dual regime behavior.

In 2016 Homayoonnia and Zeinali developed a capacitive sensor based on

HKUST-1 for the detection of different concentrations of methanol, ethanol, isopro-

panol, and acetone [60]. The authors drop-cast a preformed ethanol suspension of

HKUST-1 particles onto 2 3 2 cm2 Cu plates. Ag paste drops were then placed on

top and interconnected to fabricate the sensor. The electrical contacts were made

exclusively on the bottom electrode and the patterned Ag electrode using copper

wires. The sensor was then positioned in a 2 L chamber, where the VOC vapors

were produced by injecting predetermined amounts of liquid on a microheater, to

create concentrations of 250, 500, 1000, and 1500 ppm of VOCs in atmospheric air.

The results showed that the minimum detectable concentrations for sensing metha-

nol, ethanol, isopropanol, and acetone was 61.99, 71.05, 77.80, and 100.18 ppm,

respectively. However, different sensing behaviors were observed and related to the

different dielectric constant and environmental variables. Eight months aging did

not have a significant effect on the sensor, which could be regenerated by moderate

reheating for 10 minutes.

Between 2016 and 2017, de Smet’s group reported two examples of capacitive

sensors for the detection of alcohols in the gas phase, obtained by mixing NH2-

MIL-53(Al) into a Matrimid polymer matrix [104,105]. Using impedance spectros-

copy, the authors evaluated parameters such as MOF loading, type of analyte

(methanol, ethanol, isopropanol) and concentration, concurrent presence of water,
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and temperature. These MOF-polyimide composite devices showed higher response

toward alcohol, and lower LOD, than the polymer alone or the bare electrodes.

Although the use of these kinds of hybrid materials for sensing has not been exten-

sively explored, these composites demonstrated promising sensing properties.

In 2017 Qu et al. used ZIF-8 and mixed Ni-Zn hydroxides as sources to prepare

ZnO/Ni0.9Zn0.1O double-shelled nanocages [106]. The chemoresistive system was

used to sense ammonia, nitrogen dioxide, methanol, ethanol acetone, toluene, and

xylene, and was found to be more sensitive for the latter. The response was linear

up to 100 ppm, and sensitive to 1 ppm stepwise increments of the analyte.

A very recent (2018) method was developed by Zhou et al. and involved the

coating of vertically aligned ZnO nanorod arrays with ZIF-8 or ZIF-71, using 4,5-

dichloroimidazole as ligand. The resulting devices showed minor responsiveness

(expressed as the ratio between the average electrical currents in target gas and air)

toward ammonia and benzene, moderate responsiveness for hydrogen, whereas

using ZIF-71 the obtained signal response was enhanced for ethanol and acetone

[107].

A fiber optic�based surface plasmon resonance (FO-SPR) sensor was developed

in 2017 by Vandezande et al. for the detection of alcohol vapors [108]. In this

work, ZIF-8 and ZIF-93 (using 4-methyl-5-imidazolecarboxaldehyde as a ligand)

were grown on a multimode TECS2 optical fiber (Fig. 12.7C), previously coated

with a 39 nm gold layer acting as the deposition surface for the ZIFs. The applica-

bility of the coatings was tested for the detection of methanol, ethanol, n- or iso-

propanol, and n-butanol, within a very narrow window of refractive indices (Δn 5
0.065). Whereas ZIF-93 had better affinity to methanol due to both high hydrophi-

licity and smaller cavity size, ZIF-8 lacked polar groups and thus showed better

affinity with n-butanol. Moreover, the affinity for n-propanol was higher than iso-

propanol in both MOFs due to steric hindrance. The limits of detection oscillated

between 2.5 ppm for methanol and 73 ppm for n-butanol.

12.3.3 Detection of pollutants in water

Early research into MOF-based devices for environmental applications involved

organic solvents, due to the limited water stability of the first MOFs studied. For

example, Falcaro’s group investigated the use of repositionable sorbents based on

MOF-5 or IRMOF-3 combined with magnetic particles for the uptake of different

chemical species (e.g., dyes, PAHs, Ag1) in tetrahydrofuran (THF) or methanol

[109�111]. However, the subsequent development of more water stable MOFs has

enabled the sensing of different species in the presence of water. Asha et al. in

2014 used a luminescent interpenetrated zinc-based MOF with H2ndc and bpy

ligands as selective sensors for nitro-aromatic explosives [112]. The principle of

2 TECS: Technology Enhanced Clad Silica, a fiber developed by 3M and now manufactured by Thorlabs

Inc.
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detection is based upon quenching of the luminescent properties by an effective

electron transfer from the conduction band of the MOF to the LUMO3 of the ana-

lyte (Fig. 12.8A). The effect was found to be smaller for dinitrobenzene and greater

for nitrotoluene, with 2,4,6-trinitrotoluene in the middle of the trend.

Wu et al. developed in 2016 an innovative fluorescent sensor for Hg21 detection

in aqueous solutions using NH2-UiO-66(Zr) along with a T base-rich single-strand

DNA, labeled with a fluorescein-based dye called FAM [113]. Without Hg(II) ions,

the FAM-tagged probe DNA interacted with the MOF crystals, bringing the dye

Figure 12.8 (A) The gradually reducing emission of fluorescent MOF [Zn2(NDC)2(bpy)]

under UV light in presence of nitrotoluene (NT). The graph reports the fluorescence

quenching percentage of the MOF with different nitro-aromatic analytes at room

temperature. (B) Schematic concept of the fluorescent MOF/DNA hybrid sensing system for

mercury(II) and linear relationship between the emission intensity (measured at 518 nm) and

the ion concentration (in the range 0.1�10.0 μM).

Source: (A) Adapted with permission from K.S. Asha, K. Bhattacharyya, S. Mandal,

Discriminative detection of nitro aromatic explosives by a luminescent metal-organic

framework. J. Mater. Chem. C 2 (2014) 10073�10081. Copyright (2014) American

Chemical Society. (B) Adapted from L.-L. Wu, et al., A metal-organic framework/DNA

hybrid system as a novel fluorescent biosensor for mercury(II) ion detection. Chem. Eur. J.

22 (2016) 477�480 with permission from The Royal Society of Chemistry.

3 Lowest unoccupied molecular orbital.
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moiety close to the NH2-UiO-66(Zr) surface, resulting in a fluorescence quenching

due to the photoinduced energy transfer. In the presence of Hg21, that is known to

strongly interact with thymine�thymine mismatched base pairs [114], the DNA

formed hairpin-like T-Hg21-T structures, liberating the FAM dye and permitting its

fluorescence emission (Fig. 12.8B). The fluorescence intensity gained a significant

enhancement in the presence of Hg21, whereas other heavy metal ions showed a

smaller response. The detection limit was found to be very low, around 18 nM, well

below the 30 nM limit set by the World Health Organization (WHO)4. Moreover,

the response was linear in the 0�100 μM range.

In the same year, Nazari et al. fabricated an optical fiber-based Fabry�Perot

device for the detection of contaminants in water by using UiO-66(Zr) as the active

MOF material [115]. The exposed end of a conventional single-mode fiber, with a

core diameter of 8.2 μm, was preliminarily coated with a plasma polymer film, pro-

duced from diglyme in a custom-built RF glow discharge reactor. The fiber was

then immersed in the UiO-66(Zr) precursor solution inducing MOF growth on the

fiber tip end. The authors then tested this system for aqueous solutions of

Rhodamine B, a model pollutant due to its usage in the textile industry, in the

0.1�15 mM concentration range. The lowest amount detectable was down to

48 ppm.

12.4 Metal-organic framework�based devices for the
removal of noxious species

This section illustrates the use of MOF devices for the separation of pollutants from

different substrates. The first part (Section 12.4.1) focuses on the production of

solid-phase extractors for the preconcentration of various types of analytes. The sec-

ond part (Section 12.4.2) discusses relevant applications using filtration devices in

which MOFs act as sorbents. The third part (Section 12.4.3) describes separation

devices using fluidic systems in which a constant stream is exposed to the presence

of MOFs. Parameters such as limit of detection (LOD), adsorption capacity (gener-

ally expressed in mg of harvested species per g of MOF), recovery, and recyclabil-

ity, will be examined.

12.4.1 Preconcentrators

Solid-phase extraction (SPE) is a typical preparative method to concentrate, isolate,

and purify samples of interest from different matrices, and can be coupled with

suitable analytical equipments (for example chromatographic instruments) [116].

In the 2009 report from Cui et al., HKUST-1 (Cu3(BTC)2, a.k.a. MOF-199) was

immobilized on stainless steel fibers for micro solid-phase extraction (μSPE) of

4Corresponding to 6 μg/L, as stated from the online source “Mercury in Drinking water”: https://www.

who.int/water_sanitation_health/dwq/chemicals/mercuryfinal.pdf.
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Figure 12.9 (A) The sod topology of ZIF-67 and the response-recovery curve of the ZIF-67

sensor to various concentrations of formaldehyde gas, measured at 150�C. (B) SEM images

of the cross section of a hollow fiber used to support MIL-101 sorbent and the crystal shape

of MIL-101 after 80 cycles of polychlorinated biphenyls extraction. (C) SEM images of the

surface of the fiber coated with the Yb-MOF materials. (D) Photograph of a ZnO

nanoparticle dispersion (10 wt.%), and the nanoparticle-containing polymer monoliths

(NPMs) obtained (5 mm length3 4.6 mm internal diameter). The graph shows the

preconcentration factors obtained using different sample volumes on the extraction of

100 μg L21 chlorophenols using the ZIF-NPM-butylamine column at room temperature.

Source: (A) Reprinted with permission from E.-X. Chen, H. Yang, J. Zhang, Zeolitic

imidazolate framework as formaldehyde gas sensor. Inorg. Chem. 53 (2014) 5411�5413.

Copyright © 2014 by John Wiley & Sons, Inc. (B) Adapted from H. Zang, et al., Hollow

fiber-protected metal-organic framework materials as micro-solid-phase extraction adsorbents

for the determination of polychlorinated biphenyls in water samples by gas chromatography-
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volatile benzene derivatives [117]. The fabrication involved HF etching of a

0.15 mm diameter metallic fiber, to generate a rough surface, then the fiber was

exposed to an in situ hydrothermal growth of HKUST-1 in a Teflon-lined autoclave,

and eventually inserted into a gas chromatography microsyringe. The obtained 40-

μm-thick MOF layer corresponded to c. 2 mg of material. The authors used the SPE

syringe to concentrate vaporized samples of VOCs (benzene, toluene, chloroben-

zene, ethylbenzene, p-xylene, styrene, and trimethylbenzene) in a chamber. Tests

were performed in presence and absence of water, to evaluate the effect of relative

humidity (RH%). The enhancement factors for the collection of aromatic VOCs

ranged from c. 20,000 (for benzene) to c. 110,000 (for p-xylene) ng L21; very low

LODs were found (from 8.3 ng L21 for toluene to 62.1 ng L21 for styrene). The

authors also collected air samples from real indoor environments (a public market,

a bedroom, and an office) demonstrating that benzene, toluene, p-xylene, and sty-

rene can be reliably detected for an effective and practical monitoring of pollutants.

Gu et al. prepared in 2010 a sorbent system based on MOF-5 for in-field sam-

pling and preconcentration, followed by thermal desorption, of atmospheric formal-

dehyde [118]. The material was packed into 9-cm-long quartz tubes and compared

with other kinds of sorbents. Samples (from indoor and outdoor locations) were col-

lected using an air sampling pump and subsequently desorbed and analyzed via gas

chromatography/mass spectrometry (GC-MS). Control samples were prepared by

vaporizing formaldehyde solution into sampling bags with N2 as diluter. Water was

also added in various amounts to evaluate the effect of RH%. The concentrations of

formaldehyde were verified using a recognized standard method (EPA TO-11A).5

The MOF-5-based sorbent was more sensitive than the selected commercial molec-

ular sieves towards the analyte, and also more sensitive than Tenax sorbent, the

state-of-the-art sorbent for these applications [57]. The detection limit was as low

as 0.6 μg m23, and the superior MOF performance was attributed to the ability of

the zinc centers to coordinate with formaldehyde [119]. In 2014 Chen et al. used a

more stable ZIF-67 coatings on interdigitated Ag-Pd electrodes to detect the same

VOC in the 5�500 ppm range (Fig. 12.9A) [58]. These results hold promise for the

practical utilization of MOF for the preconcentration of contaminants.

�

tandem mass spectrometry. Anal. Methods 5 (2013) 4875 with permission from The Royal

Society of Chemistry. (C) Reproduced with permission from Q.-L. Li, X. Wang, X.-F. Chen,

M.-L. Wang, R.-S. Zhao, In situ hydrothermal growth of ytterbium-based metal-organic

framework on stainless steel wire for solid-phase microextraction of polycyclic aromatic

hydrocarbons from environmental samples. J. Chromatogr. A 1415 (2015) 11�19. Elsevier.

(D) Adapted with permission from del M. Darder, et al., Nanoparticle-directed metal-organic

framework/porous organic polymer monolithic supports for flow-based applications. ACS

Appl. Mater. Interfaces 9 (2017) 1728�1736. Copyright (2017) American Chemical Society.

5Method available from the online source: https://www3.epa.gov/ttnamti1/files/ambient/airtox/to-11ar.

pdf.
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The 2013 work of Zang et al. investigated the use of MIL-101(Cr) as an active

sorbent for SPE of seven different polychlorinated biphenyls (PCBs) [122]. PCBs

were used primarily as electrical insulating fluids, but due to their persistency in the

environment were banned by the US Environmental Protection Agency (EPA) in

the 1970s [123]. MIL-101(Cr) was dispersed in acetone and slowly injected into

one open end of a polypropylene hollow fiber having an internal diameter of

600 μm and a length of 10 cm (Fig. 12.9B). After sizing down to 2-cm-long pieces,

the fibers were sealed and immersed in aqueous solutions of standards or PCBs

samples. Parameters like agitation speed, extraction time, temperature, ionic

strength, preconditioning of the fibers with organic solvents, and desorption solvent

were considered. The optimized extraction conditions for μSPE of PCBs from water

sample solutions were found when using an extraction time of 40 minutes at 40�C,
under 1000 rpm agitation in the presence of 5% (w/v) sodium chloride. Toluene

was used as a preconditioner. Desorption was performed for 10 minutes with 5 mL

of hexane in an ultrasonic bath. The results showed a very wide range of linearity

in the 5�1000 ng L21 range, with a LOD between 0.15 and 0.63 ng L21. Real

water samples were collected from a river and a recovery of between 80% and

116% was measured.

In 2015 Pino and coworkers investigated three MOFs (HKUST-1, MIL-53, and

MOF-5) as sorbents for the uptake of parabens from different sources [124].

Parabens are preservatives used in cosmetics and the pharmaceutical industry, of

the general formula HO-C6H4-COOR (i.e., esters of p-hydroxybenzoic acid). They

have been connected with some endocrine disorders [125], and also found in tumor

cells [126,127]. The authors used μSPE methods to detect the presence of parabens

within the original products and in associated matrices such as human fluids and

environmental water. HKUST-1 was the most effective sorbent, with an uptake of

up to 0.4 mg g21 in ideal conditions. The LOD determined by high-performance

liquid chromatography (HPLC) was down to 0.1 μg L21, with a minimal usage of

organic solvent for desorption processes (only 2 mL of methanol per sample).

Wang et al. studied two MOFs, MIL-101(Cr) and MIL-100(Fe), as active materi-

als in μSPE devices [128]. After hydrothermal synthesis, the material was sealed

into a polypropylene membrane sheet and exposed to standard aqueous solutions of

six different phthalate esters, commonly used plasticizers with an almost ubiquitous

presence in water, foodstuff, and soil. Desorption from the sorbent device was per-

formed in methanol under sonication, and the obtained samples were analyzed via

GC-MS. The enhancement factors of extraction were found to be between 140 and

190, with efficiencies of recovery between 74% and 94%. LODs were in the

0.004�0.02 μg L21 range. The authors modeled the interaction mode between

MOFs and the phthalate esters, finding that MIL-101(Cr) exhibited a higher adsorp-

tion strength than MIL-100(Fe). The binding strength trend was also consistent with

the enhancement factor obtained experimentally.

In 2015 Asiabi et al. prepared a MOF-5-based μSPE device for the extraction of

two model estrogenic drugs, levonorgestrel and megestrol acetate, from human

urine [129]. The device used a modified MOF-5 having a methyl-terephthalic acid

as ligand with superior water stability compared to the parent MOF-5 [130].
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Subsequently, the CH3-MOF-5 was integrated into a polyacrylonitrile (PAN) nano-

fiber via electrospinning, using a voltage of 18 kV between the syringe tip and the

aluminum foil collection screen. DMF was used as the solvent. A disc of these

nanofibers (average diameter of the fiber c. 0.85 μm) was inserted into a 1 mL

syringe and fixed with polyethylene frits. Centrifuged and diluted urine samples

were then treated with this μSPE device and, after elution with methanol, analyzed

via HPLC. The CH3-MOF-5-enriched PAN nanofibers were remarkably superior to

the sole polymer, with LODs around 0.02 μg L21, one order of magnitude smaller

than previously reported methods, with validated recovery in the 82%�95% range.

In a 2015 report by Li et al., MIL-101(Cr) was exploited for μSPE of triazine

and phenylurea-based herbicides from vegetable oil samples [131]. The protocol

used by the authors (called “reverse extraction”) involved the dilution of an oil sam-

ple with hexane. After adding the stationary MOF phase, this mixture was then son-

icated for 15 minutes. After centrifugation, the material was diluted with hexane

and the analyte eluted from the MIL-101 using methanol in ultrasonic conditions.

After another step of centrifugation, the supernatant was dried and dissolved in

methanol, then analyzed with HPLC. The authors compared this protocol with

another type of extraction method named QuEChERS [132]. In this procedure, the

oil was mixed with water, acetonitrile, sodium chloride, and magnesium sulfate.

The mixture was then placed horizontally and cooled to 220�C, so the upper

organic phase containing the extracted compounds remained liquid, whereas the

lower oil was frozen. The supernatant was then subsequently purified and dried,

then reconstituted with methanol as above. The results for vegetable oil showed a

LOD range for the μSPE between 0.585 and 1.04 μg L21, with a recovery between

93% and 102%. The QuEChERS method for the same substrate provided instead a

LOD between 1.64 and 2.48 μg L21, and a recovery between 88% and 100%. The

authors attributed the superior selectivity of their method to the way in which the

analytes are adsorbed and extracted, while fat and most of the interfering substances

remained in the sample solution.

Another example of MOF-immobilized fibers for SPE was provided by Li et al.

in the same period, using an Yb-based MOF with 5-aminoisophthalic acid and bpy

as ligands [120]. The active layer was hydrothermally grown in situ on pre-etched

2 cm stainless steel wires, which were then immobilized in a microsyringe for sam-

ple collection (Fig. 12.9C). A wide range of two- to six-membered rings PAHs was

tested in water solutions and analyzed via GC-MS, using EPA Method 610 for vali-

dation.6 Soil samples were also tested; the analytes were extracted with a 4:1 hex-

ane/acetone mixture and reconstituted in acetonitrile. The results showed very low

LODs, ranging from 0.07 (fluoranthene) to 1.67 (naphthalene) ng L21, with enhanc-

ing factors in the 300�2500 range. The authors finally applied the extraction

method to real spring water samples, with recovery above 70%.

Leidinger et al. developed in 2016 a solid state gas preconcentrator and sensor of

benzene for indoor applications [133]. The authors evaluated both Basolite A100

6Method available from the online source: https://www.epa.gov/sites/production/files/2015-10/docu-

ments/method_610_1984.pdf.
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and C300, the commercially available MIL-53(Al) and HKUST-1, respectively.

Tenax was used as the standard sorbent material. The MOF powders were sus-

pended in dibutylether and drop cast on a 33 3 mm2 alumina heater substrate; an

approximate amount of 30 mg of active porous material was deposited. The gas

streams were brought onto the heater in suitable chambers that also permitted the

outflowing streams to be collected for mass spectrometry monitoring. When using

HKUST-1, the system was able to detect benzene as low as 10 ppb; additionally,

both MOFs outperformed Tenax by more than two orders of magnitude.

In 2016 Cerdà’s team produced a composite of polystyrene (PS)-based beads

coated with ZnO@ZIF-8 for the SPE adsorption of phenols. The preparation of the

stationary phase involved at the beginning the coating of the beads with a ZnO

layer, generated by hydrolysis of zinc acetate with ammonia [134]. After the reac-

tion, the surface of the beads was completely covered with a uniform, crack-free,

layer of ZnO about 0.7 μm thick. In a subsequent conversion step [135], the immer-

sion of the PS@ZnO beads in a 2-methylimidazole solution in methanol at 80�C
enabled the formation of a ZIF-8 layer. The overall thickness increased to 1.5 μm
due to the expanded structure of the MOF compared to the dense ZnO. The material

was then packed into a SPE column and different aqueous solution of phenols were

passed through. The adsorption extraction towards bisphenol A for the

PS@ZnO@ZIF-8 beads was 50 times higher than the PS@ZnO, with an adsorption

capacity of 20 mg g21. The material was also able to simultaneously uptake two

phenols, 4-tert-octylphenol and 4-n-nonylphenol, with a 100-fold preconcentration

of pollutants. Recyclability was tested for c. 10 cycles. In 2017 the same group

developed a two-step nanoparticle-directed route for the preparation of macroporous

polymer monoliths, in which the pore surface is covered with ZIF-8 [121]. Initially,

the bulk monoliths were produced by dispersing ZnO nanoparticles (,130 nm) in

methacrylic acid, that was later co-polymerized in presence of ethylene dimethacry-

late, with 2,20-azobis(2-methylpropionitrile) (AIBN) as radical initiator, in a 1:9

methanol/1-dodecanol mixture. To extend the versatility of this process, the ZnO-

polymer composite was also prepared in fused silica capillaries and on PEEK O-

rings (Fig. 12.9D). The conversion into ZIF-8 was performed either in batch (for

monoliths and PEEK) or in flow (for capillaries under solvothermal conditions,

using a 50% DMF solvent mixture in presence of 2-methylimidazole). The mono-

liths were also converted at room temperature, with the optional addition of butyla-

mine as a promoter of MOF crystallization. The uptake and preconcentration of

chlorophenols was monitored by HPLC analysis, demonstrating that ZIF-based

monoliths enabled the quantification of chlorophenols at parts per billion level

(3.0�5.6 μg L21).

A recent study conducted by Tokalioglu et al. in 2017 employed SPE to measure

the amount of lead in cereals, beverages, and water samples. The authors used the

Zr-based MOF-545, with tetrakis(4-carboxyphenyl) porphyrin as ligand and an

accessible surface area of 2192 m2 g21. The measured adsorption capacity for Pb21

was quantified as 73 mg g21 while recyclability up to 40 cycles was successfully

tested [136].
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In the same period, Wang and Lei used MOF-177, a zinc-based framework with

1,3,5-tris(4-carboxyphenyl)benzene ligand, as the active phase of a head-space

μSPE device for harvesting five types of phenols from water [137]. The work

expanded on a similar study conducted earlier by the same team for the uptake of

polyhydroxyalkanoates (PHAs) [138]. In both cases, the MOF was attached to a

previously etched stainless steel wire of a GC syringe with a silicone-based sealant,

with a coating 1 cm in length and about 30 μm in thickness. The device provided a

better response for chlorinated phenols rather than methylated phenols; the mea-

sured LODs for PHAs were between 0.016 and 0.027 μg L21. Higher values of

about 0.04 μg L21 were found for methyl phenols. The authors also tested the

device with surface, river, and waste waters, obtaining recoveries between 84% and

94%.

12.4.2 Filtration devices

Barreto et al. explored in 2010 the use of a MOF made with 90% lanthanum, 10%

europium, and pyridine-2,6-dicarboxylic acid as the ligand to harvest pesticides

[139]. The obtained material was isostructural with previously reported La-based

MOFs. Lettuce samples were treated using the matrix solid-phase dispersion

method as an alternative to the conventional μSPE technique [140]. The excellent

performance of the sorbent toward different classes of pesticides (carbamates, orga-

nophosphates, dicarboximides, organochlorines) was demonstrated by the low LOD

ranging from 0.02 to 0.05 ppm. Lettuce samples obtained from local markets con-

tained 0.18 ppm of the pirimicarb insecticide, below the law limit of 1 ppm.

The removal of sulfur-based compounds can improve the quality of fuel and

reduce motor vehicle pollution. In 2013 Lin et al. developed a polyimide membrane

absorber with HKUST-1 for desulfurization [141]. The device was prepared by dis-

persing the polymer in DMF and THF in the presence of PEG-400 to control the

membrane morphology. After gradual addition of HKUST-1 crystals at different

loadings (up to 50% in weight), the mixture was cast on a glass plate. The absorber

membrane was integrated with a fuel cell using hydrocarbons as the source of

hydrogen to demonstrate the effectiveness of the MOF sorbent against thiophene

and dibenzothiophene (Fig. 12.10A). The adsorption capacity increased with the

HKUST-1 content up to 14.7 mg g21. Isopropanol was found to be the best viscos-

ity modulator to permit an optimal adsorption; however, ethanol was used for high-

er fluxes. In the first five cycles, sulfur removal performance showed a regeneration

efficiency exceeding 90%.

In 2014 Khanjani and Morsali coated silk fabrics with MOF-5 to obtain a sorbent

for the mutagenic Congo Red dye [144]. To obtain the MOF composite, the fabric

was preliminarily immersed in a basic activation solution to negatively charge the

surface of the fibers, thanks to the abundancy of aspartic and glutamic acid resi-

dues. Two deposition routes were followed: the first involved LbL deposition of

MOF-5 by repeating the following procedure: (1) immersions in a DMF solution of

zinc acetate; (2) washing with pure DMF to remove the zinc excess; (3) immersion

in a DMF solution containing terephthalic acid and with triethylamine; and
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Figure 12.10 (A) The structure of HKUST-1 and its π-complex with thiophene, and the

schematic diagram of the microporous channels of the polyimide/HKUST-1 membrane

absorber. (B) The preparation process of the Cobalt ZIF-67 sponge requires a surfactant-

assisted dip-coating into the MOF dispersion. The photograph shows ZIF sponges prepared at

different dip-coating times (in minutes) using 3 g L21 of SDBS as surfactant, at room

temperature. (C) Representation of the heavy metal uptake process using magnetic framework

composites (MFCs), and lead(II) uptake in water by variously amino-functionalized MIL-53

MFCs with different initial concentrations of Pb(II) ion (100�8000 ppm). (D) Illustration of a

fluorinated linker-based porous surface as a potential method for MOF ultrahydrophobicity in

MOFs. In the photographs, a water droplet is suspended on a UHMOF-100 pellet; the water-

repellent surface has a contact angle of about 176 degrees.

Source: (A) Adapted from L. Lin, et al., Membrane adsorber with metal organic frameworks

for sulphur removal. RSC Adv. 3 (2013) 9889; (B) K.-Y. Andrew Lin and H.-A. Chang, A

zeolitic imidazole framework (ZIF)�sponge composite prepared via a surfactant-assisted dip-

coating method. J. Mater. Chem. A 3 (2015), 20060�20064; (C) R. Ricco, et al., Lead(II)

uptake by aluminium based magnetic framework composites (MFCs) in water. J. Mater.

Chem. A 3 (2015) 19822�19831 with permission from The Royal Society of Chemistry.

(D) Reprinted with permission from S. Mukherjee, et al., An ultrahydrophobic fluorous

metal-organic framework derived recyclable composite as a promising platform to tackle

marine oil spills. Chem. Eur. J. 22 (2016) 10937�10943. Copyright © 2016 by John Wiley

& Sons, Inc.
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(4) washing with pure DMF to remove the ligand excess. The second deposition

route was carried out under ultrasonic conditions at ambient temperature; however,

the sequential alternate dipping into the metal and ligand solutions were maintained.

After the MOF activation, the fabric composites were immersed in aqueous solu-

tions of dye with a concentration between 5 and 50 ppm. Using the highest dye con-

centration, a complete adsorption was obtained in 75 minutes.

In 2015 Lin and Chang prepared a composite of ZIF-67 (made with cobalt and

2-methylimidazole) grown on a commercially available melamine-formaldehyde

sponge. The composite was used for the adsorption of the model pollutant

Malachite Green dye [145]. The device was made by simply dip-coating the surfac-

tant modified sponge into a MOF suspension (Fig. 12.10B). Four different surfac-

tants were selected: SDBS (anionic), CTAB (cationic), Span-80 (nonionic and

hydrophobic), and Triton X-100 (nonionic and hydrophilic). After washing with

water and ethanol and drying, the maximum combined loading of surfactant and

ZIF-67 was obtained with Span-80 (mass increase of 255%), followed by SDBS

(155%). For the SDBS sponges, a 1710 m2 g21 was measured using the

Brunauer�Emmett�Teller (BET) theory. The composite was able to take up a

remarkable quantity of malachite green dye, up to 4093 mg g21, without perfor-

mance loss after four cycles, along with the absence of Co leaching in solution, and

no release of MOF crystals during the regeneration processes.

An example of a material tested for heavy metals capture in water was proposed

in 2015 by Ricco et al., in which a series of MIL-53(Al)-based magnetic framework

composites (MFCs) [146] was prepared with iron oxide nanoparticles, by tuning the

2-aminoterephthalic/terephthalic acid ratio [142]. An advantage of MFCs is the

responsiveness to an external magnetic field that allows for dynamic localization

[109�111], permitting an easy recovery from solutions, and improving the recycla-

bility (Fig. 12.10C). The materials were tested for Pb21 sequestration capabilities in

various solvents (methanol, DMSO, and water) over a wide range of metal ion

concentrations (10�8000 ppm). The Pb21 sorption capacity increased when the per-

centage of 2NH2 groups in the material increased, indicating the important role of

amino groups in the Pb21 capture process. This observation was confirmed by

density functional theory calculations, revealing a stronger interaction between

Pb21 and the MIL-53(Al)-NH2 matrix. A maximum sorption capacity of nearly

500 mg g21 was found, and the material was also regenerated under magnetic

heating. Referring to heavy metals in water, in 2018 Queen’s group employed a

Fe-BTC treated with dopamine for the uptake of heavy metals and a maximum

sorption capacity of nearly 400 mg g21 was found for Pb21 and 1600 mg g21 was

measured for Hg21 [147].

In 2016 Mukherjee et al. developed a new Cu-based MOF with a hydrophobic

ligand with potential application in marine oil spill remediation [143]. The

UHMOF-100 was produced using the 4,40-{[3,5-bis(trifluoromethyl)phenyl]azane-

diyl}dibenzoic acid ligand, integrated with cross-linked PDMS/PMHS in toluene,

and sprayed onto a nonwoven polypropylene fabric film (thickness: 110 μm) to pro-

duce a membrane sorbent, with a contact angle (vs water) of 135 degrees (whereas

the pure UHMOF-100 registered a value of 176 degrees), evidencing the high
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hydrophobic nature of the resulting membrane (Fig. 12.10D). The device was tested

with different organic solvents, and also with biodiesel and crude oil, with adsorp-

tion capacity between 40% and 70%, almost unaffected by the membrane recycling,

using a flux7 of about 85 mL s21 (calculated considering an effective membrane

area of around 8.5 cm2).

In the same period, Ragab and coworkers developed a hybrid PTFE/ZIF-8 mem-

brane for water microfiltration; the composite membrane was found to be

suitable for the removal of estrogen pollutants [148]. The authors mixed different

weight percentages of ZIF-8 in deionized water with pieces of commercial PTFE

membranes for 24 hours, followed by drying. To test the material, recirculation

experiments were performed at different estrogen concentrations, showing about

85% removal efficiency after three cycles when using PEG-400 as membrane

regenerator.

In 2016 Zhang et al. prepared electrospun fibers for the collection of particulate

matter (PM) from air using different MOFs (ZIF-8, NH2-UiO-66(Zr), MOF-199,

and Mg-MOF-74) and polymers (PAN, Ps, PVP) [149]. The UiO/PAN filters with a

thickness of 33 μm could capture the PM in a real air-polluted environment with

high efficiency (PM2.5 and PM10 above 88%), and effectively and selectively

adsorb toxic gases such as SO2, with a capacity of 0.019 g g21, with exceptionally

low pressure drop of 20 Pa under a flow rate of 50 mL min21.

Selenium and arsenic are two toxic elements that are difficult to remove due to

their various oxidations states and high solubility. In the 2017 work from He et al.,

UiO-66(Zr) was tested for the uptake of these elements from aqueous environments

[150]. The authors produced thin-film nanocomposite (TFN) membranes by doctor-

blading a glass plate with polyether sulfone, followed by a treatment with pipera-

zine and 1,3,5-benzenetricarbonyltrichloride in hexane, containing the UiO-66(Zr)

particles with different sizes (30, 100, and 500 nm). The results demonstrated that

the particle sizes were not relevant in the rejection8 of the considered anions (sele-

nite, selenate, and hydrogen arsenate) from the water solutions. The authors chose

the 30 nm composite membrane for its high flux, up to 11.5 LMH bar21.9

Compared to the thin-film composite without MOF, the TFN membranes exhibited

7Here the flux or, better, the volumetric flux is intended as the volume of fluid moving per unit area per

time (see J.R. Mihelcic Fundamentals of Environmental Engineering, 1999, ISBN: 978-0471243137),

although the authors give the information about the area separately.
8 The term “rejection” (sometimes found as “retention”) indicates the ability of a membrane to retain the

solute in the upstream fluid (retentate) rather than in the downstream one (permeate). The definition

comes from the rejection coefficient r (or R), using the equation r5 12 (Cp/Cr), with Cp 5 concentra-

tion in the permeate fluid and Cr 5 concentration in the retentate fluid. If r5 1, the membrane is fully

impermeable, and rejection is 100%, if r5 0, the membrane is fully permeable, and rejection is 0%. For

further information the reader can consult J.D. Ferry, Chem. Rev. 18 (3) (1936) 373�455; L.J. Zeman,

J. Membr. Sci. 15 (3) (1983) 213�230; S Poyen et al., J. Membr. Sci. 43 (1) (1989) 47�67; and refer-

ences thereafter.
9 LMH5L/m2/h.
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higher rejections for both pollutants (above 96%) due to their smaller pore size and

higher hydrophilicity.

In 2017 Karmakar and collaborators evaluated aluminum fumarate (commer-

cially marketed as Basolite A520) in a mixed matrix membrane (MMM) system

incorporating cellulose acetate phthalate (CAP) [151]. This MMM was produced by

casting a solution of MOF and CAP in DMF on a nonwoven polyester fabric

attached to a glass plate. The authors intended to use the MMM for fluoride

removal in aqueous solutions, reaching an uptake of 179 mg g21 when using a

membrane with a 10% aluminum fumarate loading. The system was also able to

remove other contaminants like iron and alkaline substances, reducing hardness and

total dissolved solids.

12.4.3 Fluidic devices

The possibility to use MOFs as sorbent materials for continuous separation was

investigated in 2013 by Van Assche and Denayer with the production of a microse-

parator device [152], in five steps: initially, a 100 μm PEEK layer was applied on

one side of 300-μm-thick copper sheets. After precise milling of the track needed as

a channel for flowing the analyte, a PEEK back cover was applied to induce forma-

tion of HKUST-1 only inside the channel. By using an electrochemical synthesis

method, the MOF layer was rapidly grown inside the microchannels and, after

removing the plastic covers, the copper sheets were placed inside a custom-built

aluminum holder, using a fluoropolymer gasket between the final sheet and the

holder bottom (Fig. 12.11A). Methanol and n-hexane were chosen as polar and non-

polar VOCs to be adsorbed on the HKUST-1 material at 40�C. The device was

found to be leak free and allowed for the separation of n-hexane and methanol

vapors, with a 400 mg g21 methanol adsorption capability. Adsorption rates for the

microseparator were one order of magnitude faster when compared to a conven-

tional packed bed.

In 2015 Ferreira et al. presented a study involving MIL-53(Al) for the purification

of methane from carbon dioxide. The authors used the commercially available ver-

sion of this MOF (Basolite A100) and integrated it in a Pressure Swing Adsorption

(PSA) system (Fig. 12.11B). This technology enables the separation of gas mixtures

according to the characteristics of the components and the affinity to the adsorbent

materials [155]. A stainless steel cylindrical column (284 cm long 3 21.6 cm wide)

was packed with 52.3 g of MIL-53(Al). Three thermocouples were placed in three

different positions (near the two extremities and in the center) to monitor the tem-

perature, and the gas flows were monitored with an infrared analyzer. Both lab

scale and industrial scale PSA systems were evaluated, and the Langmuir model

was considered to describe the adsorption isotherms thanks to its simplicity, ther-

modynamic consistency, and easy usability in simulations. The authors considered

two case studies involving biogas and natural gas. In the first process, both carbon

dioxide and methane were obtained with high purity and recovery (CO2: 95.4%

purity and 99.6% recovery; CH4: 99.4% purity and 95.8% recovery), with a power

consumption of 17 W h mol21 CH4. In the second process, only methane was
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Figure 12.11 (A) A microseparator assembly, used for the partition between hexane and

methanol, showing the sheets containing the HKUST-1-coated microchannels (brown). (B) A

representation of a Pressure Swing Adsorption module used to separate carbon dioxide and

methane with MIL-53(Al) MOF as sorbent. (C) The bromine-modified UiO-66 MOF is here

illustrated as a sorbent for mercury vapor in flue gas, along with a graph of the efficiency

versus time curves of the UiO-66 series. (D) Photographs of a marine sponge with an

electron microscope image of its porous structure in the inset, and a schematic illustration of

the sponge skeleton and the crystal-coating of the HKUST-1/sponge. On the right, the

scheme shows the dynamic adsorption process of ammonia and the color change of the

HKUST-1/sponge before (left) and after (right) ammonia adsorption.

Source: (A) Reproduced with permission from T.R.C. Van Assche, J.F.M. Denayer,

Fabrication and separation performance evaluation of a metal-organic framework based

microseparator device. Chem. Eng. Sci. 95 (2013) 65�72; (B) A.F.P. Ferreira, A.M. Ribeiro,

A. S. Kulaç, A.E. Rodrigues, Methane purification by adsorptive processes on MIL-53(Al).

Chem. Eng. Sci. 124 (2015) 79�95; (C) X. Zhang, B. Shen, S. Zhu, H. Xu, L. Tian, UiO-66

and its Br-modified derivates for elemental mercury removal. J. Hazard. Mater. 320 (2016)

556�563. Elsevier. (D) Adapted from H. Li, et al., Three dimensional MOF�sponge for fast

dynamic adsorption. Phys. Chem. Chem. Phys. 19 (2017) 5746�5752 with permission from

the PCCP Owner Societies.



appreciably recovered (72.9%) with high purity (97.3%), with a power consump-

tion of 5.1 W h mol21 CH4.

In the same period, Zhang et al. developed brominated versions of UiO-66(Zr)

MOF, using 2-bromo or 2,5-dibromo terephthalic acid as ligand, for the removal of

elemental mercury from simulated flue gas [153]. Nitrogen was used as the carrier

gas to introduce Hg(0) vapors into a U-shaped mixing chamber containing the

MOF (Fig. 12.11C). The removal efficiency at different temperatures (80�C,
120�C, 160�C, 200�C, and 240�C) was investigated, obtaining a 49% enhancement

when the temperature was increased from 80�C to 120�C for the dibromo-

derivative (with an almost complete removal of mercury at 200�C). Water had a

negative effect on the sorbent owing to the decomposition of the porous crystals.

SO2 led to an enhanced Hg(0) removal efficiency due to an enrichment in sulfite

active sites.

In the 2017 study from Li et al., HKUST-1 modified polyurethane sponges were

obtained by immersion into an ethanol solution of the precursors (copper nitrate and

trimesic acid) [154]. The material was then used for the adsorption of ammonia gas

by flowing it in nitrogen and collecting downstream into an aqueous solution con-

taining the indicator methyl orange (Fig. 12.11D). By monitoring the color change

via absorption spectroscopy (related to the pH in solution and thus the amount of

ammonia), the authors could obtain an adsorption capacity of 101.6 mg g21 of

ammonia. The experiment was repeated also for the uptake of rhodamine B in aque-

ous solution following the color intensity change. In this case the HKUST-1/sponge

system reached an adsorption capacity of 10.4 mg g21 at full saturation.

12.5 Summary

In this chapter we discussed the current status of MOF-based devices for environ-

mental remediation. The progress in the field of MOF-based devices has been dic-

tated by several components, including the preparation of customized MOFs with a

high affinity toward the adsorbate, the fabrication of MOFs with improved water

stability, and the development of suitable MOF positioning methods. MOFs have

demonstrated outstanding properties for the detection and the removal of different

pollutants. These properties have been exploited for both pollutant detection and

removal. Major developments in sensing applications focused on gas phase or

vapors. Among the different platforms used for the detection of these species, the

mechanical response is the most widely studied (e.g., QCM methods). A different

and emerging approach is the chemoresistive response, which requires MOFs or

composites with specific electrical properties (e.g., Kelvin probe). Although optical

responses are still under development, a rapid expansion of this methodology can

be envisaged, due to the increasing portability of different spectrometers. The

research into MOF-based devices for pollutant sequestration is still at an early

stage, and further development should be done to bring this class of porous materi-

als toward practical applications. However, the suitability of MOFs as potent
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preconcentrator sorbents for SPE and molecular sieves has been largely demon-

strated. With the increasing availability of customized synthetic methodologies, it

will be possible to push forward the preparation of fluidic devices for continuous

sequestration.

References

[1] P. Falcaro, et al., MOF positioning technology and device fabrication, Chem. Soc. Rev.

43 (2014) 5513�5560.

[2] Y. Wen, G. Schoups, N. van de Giesen, Organic pollution of rivers: combined threats

of urbanization, livestock farming and global climate change, Sci. Rep. 7 (2017) 43289.

[3] B. Liu, Metal�organic framework-based devices: separation and sensors, J. Mater.

Chem. 22 (2012) 10094.

[4] T.M.A. Gronewold, Surface acoustic wave sensors in the bioanalytical field: recent

trends and challenges, Anal. Chim. Acta 603 (2007) 119�128.

[5] K. Länge, B.E. Rapp, M. Rapp, Surface acoustic wave biosensors: a review, Anal.

Bioanal. Chem. 391 (2008) 1509�1519.

[6] X. Ding, et al., Surface acoustic wave microfluidics, Lab. Chip 13 (2013) 3626.

[7] L.E. Kreno, et al., Metal�organic framework materials as chemical sensors, Chem.

Rev. 112 (2012) 1105�1125.

[8] C.K. O’Sullivan, G.G. Guilbault, Commercial quartz crystal microbalances—theory

and applications, Biosens. Bioelectron 14 (1999) 663�670.

[9] A. Janshoff, H.-J. Galla, C. Steinem, Piezoelectric mass-sensing devices as biosensors—

an alternative to optical biosensors? Angew. Chem. 39 (2000) 4004�4032.

[10] K.A. Marx, Quartz crystal microbalance: a useful tool for studying thin polymer films

and complex biomolecular systems at the solution�surface interface,

Biomacromolecules 4 (2003) 1099�1120.

[11] Y. Sun, Z. Hu, D. Zhao, K. Zeng, Probing nanoscale functionalities of metal�organic

framework nanocrystals, Nanoscale 9 (2017) 12163�12169.

[12] C. Wang, L. Yin, L. Zhang, D. Xiang, R. Gao, Metal oxide gas sensors: sensitivity and

influencing factors, Sensors 10 (2010) 2088�2106.

[13] D.W. Greve, et al., Surface acoustic wave devices for harsh environment wireless sens-

ing, Sensors 13 (2013) 6910�6935.

[14] S. Sivaramakrishnan, et al., Carbon nanotube-coated surface acoustic wave sensor for

carbon dioxide sensing, Sens. Actuators B Chem. 132 (2008) 296�304.

[15] S. Xu, et al., Carbon dioxide sensors based on a surface acoustic wave device with a

graphene�nickel�L-alanine multilayer film, J. Mater. Chem. C 3 (2015) 3882�3890.

[16] K. Korsah, C.L. Ma, B. Dress, Harmonic frequency analysis of SAW resonator chemi-

cal sensors: application to the detection of carbon dioxide and humidity1Research spon-

sored by the Laboratory Directed Research and Development Program of Oak Ridge

National Laboratory, managed by Lockheed Martin Energy Research Corporation for

the US Department of Energy under Contract No. DE-AC05-96OR22464.1, Sens.

Actuators B Chem. 50 (1998) 110�116.

[17] C. Lim, W. Wang, S. Yang, K. Lee, Development of SAW-based multi-gas sensor for

simultaneous detection of CO2 and NO2, Sens. Actuators B Chem. 154 (2011) 9�16.

418 Metal-Organic Frameworks (MOFs) for Environmental Applications

http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref1
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref1
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref1
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref2
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref2
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref3
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref4
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref4
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref4
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref5
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref6
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref7
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref7
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref7
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref7
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref8
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref8
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref8
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref9
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref9
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref9
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref10
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref10
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref10
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref10
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref10
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref11
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref11
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref11
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref11
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref12
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref12
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref12
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref13
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref13
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref13
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref14
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref14
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref14
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref15
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref15
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref15
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref15
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref15
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref16
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref17
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref17
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref17
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref17
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref17


[18] T.R. Zeitler, M.D. Allendorf, J.A. Greathouse, Grand canonical Monte Carlo simulation

of low-pressure methane adsorption in nanoporous framework materials for sensing

applications, J. Phys. Chem. C 116 (2012) 3492�3502.

[19] S. Ma, et al., Metal-organic framework from an anthracene derivative containing nano-

scopic cages exhibiting high methane uptake, J. Am. Chem. Soc. 130 (2008)

1012�1016.

[20] A.L. Robinson, et al., Ultrasensitive humidity detection using metal�organic

framework-coated microsensors, Anal. Chem. 84 (2012) 7043�7051.

[21] B. Paschke, A. Wixforth, D. Denysenko, D. Volkmer, Fast surface acoustic wave-based

sensors to investigate the kinetics of gas uptake in ultra-microporous frameworks, ACS

Sens. 2 (2017) 740�747.

[22] S. Biswas, et al., A cubic coordination framework constructed from benzobistriazolate

ligands and zinc ions having selective gas sorption properties, Dalton Trans. 0 (2009)

6487�6495.

[23] D. Denysenko, et al., Elucidating gating effects for hydrogen sorption in MFU-4-type

triazolate-based metal-organic frameworks featuring different pore sizes, Chem. Eur. J.

17 (2011) 1837�1848.

[24] J. Devkota, et al., Zeolitic imidazolate framework-coated acoustic sensors for room

temperature detection of carbon dioxide and methane, Nanoscale 10 (2018)

8075�8087.

[25] I. Stassen, et al., Chemical vapour deposition of zeolitic imidazolate framework thin

films, Nat. Mater. 15 (2015) 304�310.

[26] K. Liang, et al., Biomimetic replication of microscopic metal�organic framework pat-

terns using printed protein patterns, Adv. Mater. 27 (2015) 7293�7298.

[27] A. Bétard, S. Wannapaiboon, R.A. Fischer, Assessing the adsorption selectivity of

linker functionalized, moisture-stable metal�organic framework thin films by means of

an environment-controlled quartz crystal microbalance, Chem. Commun. 48 (2012)

10493.

[28] M. Tu, S. Wannapaiboon, R.A. Fischer, Liquid phase stepwise growth of surface

mounted metal�organic frameworks for exploratory research and development of

applications, Inorg. Chem. Front. 1 (2014) 442.

[29] M. Tu, S. Wannapaiboon, R.A. Fischer, Programmed functionalization of SURMOFs

via liquid phase heteroepitaxial growth and post-synthetic modification, Dalton Trans.

42 (2013) 16029.

[30] M.D. Allendorf, et al., Stress-induced chemical detection using flexible metal�organic

frameworks, J. Am. Chem. Soc. 130 (2008) 14404�14405.

[31] Lee, J.-H. et al. Investigation of microcantilever array with ordered nanoporous coat-

ings for selective chemical detection, in: T. George, M.S. Islam, A.K. Dutta (Eds.),

Proceedings Volume 7679, Micro- and Nanotechnology Sensors, Systems, and

Applications II; 767927, Orlando, FL, 2010. doi:10.1117/12.850217.

[32] A.L. Robinson, M. Allendorf, V. Stavila, S.M. Thornberg, MOF films for microsensor

coatings, MRS Proc 1366 (2011).

[33] A. Venkatasubramanian, et al., MOF @ MEMS: design optimization for high sensitiv-

ity chemical detection, Sens. Actuators B Chem. 168 (2012) 256�262.

[34] I. Ellern, et al., Characterization of piezoresistive microcantilever sensors with metal

organic frameworks for the detection of volatile organic compounds, ECS Trans. 50

(2013) 469�476.

[35] P. Hesketh, et al., HKUST-1 coated piezoresistive microcantilever array for volatile

organic compound sensing, Micro Nano Lett. 8 (2013) 766�769.

419MOF-based devices for detection and removal of environmental pollutants

http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref18
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref18
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref18
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref18
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref19
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref19
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref19
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref19
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref20
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref20
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref20
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref20
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref21
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref21
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref21
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref21
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref22
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref22
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref22
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref22
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref23
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref23
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref23
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref23
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref24
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref24
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref24
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref24
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref25
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref25
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref25
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref26
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref26
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref26
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref26
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref27
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref27
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref27
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref27
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref27
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref28
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref28
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref28
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref28
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref29
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref29
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref29
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref30
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref30
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref30
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref30
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref31
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref31
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref32
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref32
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref32
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref33
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref33
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref33
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref33
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref34
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref34
http://refhub.elsevier.com/B978-0-12-814633-0.00012-0/sbref34


[36] L. Heinke, M. Tu, S. Wannapaiboon, R.A. Fischer, C. Wöll, Surface-mounted metal-
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Glyphosate (GP), 217

Gold nanoparticles (AuNPs), 75

Gold nanopatch array (Au-NPA), 391

GP. See Glyphosate (GP)

Gravimetric saturation uptake capacity, 10

Green deoxygenation of fatty acids to

transport fuels

MOFs

catalysts, 286�287

compositions, 310�311

powder catalysts, 287�290

supported Ni-MOFs catalysts for

conversion of oleic acid, 304�310

supported ZIF-67 catalysts for conversion

of oleic acid, 290�297

of saturated acids, 297�304

Guest benzene molecules, 250�252

H

H2btca. See 1,2,3-Benzotriazole-5-carboxylic

acid (H2btca)

H2DHT linker-based MOFs. See 2,5-

Dihydroxyterephthalic acid linker-

based MOFs (H2DHT linker-based

MOFs)

H2PATP. See ((Pyridin-1-ium-2-ylmethyl)

ammonio)terephthalate (H2PATP)

H3BTMB. See 1,3,5-Tris(3-carboxyphenyl)
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433Index



Henry’s law, 12

selectivity, 11

Herbicides removal by MOFs, 217

Heterogeneous catalysts, 286
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trisodium salt (HPTS dye), 264�266

Hydroxyl radicals( �OH), 218�219
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8-Hydroxypyrene-1,3,6-trisulfonate dye

(SG7 dye), 250�252

Hypochlorite (OCl2), 96�98

I

IAST. See Ideal adsorbed solution theory

(IAST)

ICP. See Inductively coupled plasma (ICP)

ICT. See Intramolecular charge transfer

(ICT)

Ideal adsorbed solution theory (IAST),

12�13, 150�151

Ideal selectivity (IS), 11

IFMC-1, 269�270

ILCT. See Interligand charge transfer (ILCT)

ILs. See Ionic liquids (ILs)

ILW. See Intermediate-level Waste (ILW)

iMOFs. See Ionic metal�organic

frameworks (iMOFs)

Impact sensitivity (IS), 264

Impedance spectroscopy, 402�403

Inductively coupled plasma (ICP), 66

Industrial trace CO2 removal, 22�23

acetylene purification, 22

hydrogen purification, 23

natural gas sweetening, 22�23

Infrared spectroscopy (IR spectroscopy), 70,

151�152

Inorganic anions, 43, 96�98

in 3D HEDMs, 273�275

trapping of, 125�127

Inorganic pollutants

arsenic-based oxoanion pollutants,

124�125

Cr(VI)-based oxoanion pollutants,

111�119

radioactive oxoanion pollutants, 119�123

selenium-based oxoanion pollutants, 123

trapping of inorganic anions, 125�127

Insensitive energetic materials, 272�273

Insensitive energetic MOFs by using N-rich

linkers, 268�270

Interligand charge transfer (ILCT), 239�240

Intermediate-level Waste (ILW), 85

Intramolecular charge transfer (ICT),

236�238

Iodine (I2), 370�373

design strategy of amine-functionalized

MIL-101-Cr materials, 372f

structure of ZIF-8 cage, 371f

Ion exchange, 63�64

process, 102, 109�111, 120

resins, 365

studies, 121�122

Ionic liquids (ILs), 8, 23�24

Ionic metal�organic frameworks (iMOFs),

101, 101f

Ionizing radiation, 85

IR spectroscopy. See Infrared spectroscopy

(IR spectroscopy)

IRMOFs. See Isoreticular metal�organic

frameworks (IRMOFs)

Irreversible barium adsorption, 86�87

Irving�Williams series, 209

IS. See Ideal selectivity (IS); Impact

sensitivity (IS)

Isopropanol, 142�143, 411

Isopropyl methylphosphonofluoridate, 181

Isoreticular metal�organic frameworks

(IRMOFs), 323�324

Isosteric enthalpy of adsorption, 15

K

Kelvin Probe detector, 401

Ketones, 154�157

Krypton (85Kr), 373�374, 375f

L

Langmuir model, 67�68, 415�417

Lanthanide metal ions (Ln metal ions),

242�244

Lanthanide-based MOFs, 363�364

luminescence intensities of 5D4�7F5
transitions, 74f

for selective detection of Pb(II), 74�75

Laporte selection rule, 242�244

Lauric acid, 297

Layer-by-layer approach (LbL approach),

387�389, 401

Layered double hydroxides (LDHs), 99�100

LbL approach. See Layer-by-layer approach

(LbL approach)

LBSs. See Lewis basic sites (LBSs)

LCA. See Life-cycle assessment studies

(LCA)

LDHs. See Layered double hydroxides

(LDHs)

Le Chatelier’s principle, 209
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Lead (Pb), 73�77

electrochemical DNA-functionalized

porphyrinic MOF for Pb(II) sensing,

75�77

health and hazards, 73

lanthanide-based MOF for selective

detection of Pb(II), 74�75

lead-containing chromate, 68�69

speciation, 73�74

Lewis acids, 185

catalyst yields dimethyl hydrogen

phosphate, 183�185

cation, 63�64

Lewis acid�base interaction, 63�64

metalloporphyrin boxes, 186

Lewis basic sites (LBSs), 34�35

Life-cycle assessment studies (LCA), 2

Ligand-based LMOFs, 239�241

Ligand-to-metal charge transfer (LMCT),

72, 104, 212, 239�240

Limit of quantification (LOQ), 72

Limits of detection (LOD), 72, 214�215,

396�398

Liquefaction natural gas (LNG), 5�6

Liquid amines, 6

absorption, 19

CCS technologies, 6�9

liquid amine-based “wet scrubbers”, 6

Liquid chemisorbents, 6�7

Liquid fuel hydrocarbons, 287�290,

304�310

Liquid phase epitaxy (LPE), 401�402

Liquid-phase epitaxial growth technique

(LPE growth technique), 152�153

LLW. See Low-level Waste (LLW)

LMCT. See Ligand-to-metal charge transfer

(LMCT)

LMOFs. See Luminescent metal�organic

frameworks (LMOFs)

Ln metal ions. See Lanthanide metal ions

(Ln metal ions)

LNG. See Liquefaction natural gas (LNG)

LOD. See Limits of detection (LOD)

Long-chain hydrocarbons, 298

LOQ. See Limit of quantification (LOQ)

Lotus effect, 322

Low explosives, 232�233

Low-level Waste (LLW), 85

LPE. See Liquid phase epitaxy (LPE)

LPE growth technique. See Liquid-phase

epitaxial growth technique (LPE

growth technique)

Luminescence, 238�239

Luminescent interpenetrated zinc-based

MOF, 403�404

Luminescent metal�organic frameworks

(LMOFs), 211, 238�246, 239f.

See also Metal�organic frameworks

(MOFs)

adsorbed lumophores-based luminescence,

245�246

excimer or exciplex formation, 244

ligand-based, 239�241

LMOF-241 compound, 214�215

metal node or cluster-based, 242�244

for organic pollutants detection, 211�215

luminescent sensors, 213�215

sensing mechanism, 211�212

Luminescent probes, 237�238

Luminescent sensors, 213�215

fluorescence quenching of M-ZIF-90, 214f

geometrical selectivity upon PO4
32, 214f

photoluminescence, 212, 213f

Luminescent Zn(II)-based MOF, 248

M

m-dinitrobenzene (m-DNB), 248�250,

254�255

M-MOF-74, 32�33

Magnetic framework composites (MFCs),

413

Malachite Green dye, 413

Mass spectrometry (MS), 13

Mass-detoxification, 182�183

Material Institut Lavoisier (MIL), 323�324

mbIm. See 5(6)-Methylbenzimidazolate

(mbIm)

MCPP. See Methylchlorophenoxypropionic

acid (MCPP)

MD simulations. See Molecular dynamics

simulations (MD simulations)

MDEA. See Methyldiethanolamine (MDEA)

MEA. See Monoethanolamine (MEA)

Mechanical stability, 16

Mechanochemical response of MOF-based

sensor device, 385�389, 386f

Mechanochemical synthesis, 17, 205�206

Mechanochemistry, 205�206
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MeCN. See Acetonitrile (MeCN)

MEK. See Methyl ethyl ketone (MEK)

Membrane technology, 23

MEMS. See Microelectromechanical system

(MEMS)

Mercury (Ag), 77�84

health and hazards, 78

nickel-based MOF for visual detection

and selective remediation, 83�84

postsynthetically modified UiO-66 for

selective detection, 79�80

speciation, 78�79

UiO-66-NH2 DNA, 81�82

Mesoporous silicas, 25

Metal, 335�341

cations, 304�305

clusters and organic linkers, 63�64

metal-anion bond, 100

metal-based clusters, 304�305

metal�ligand bond, 125

node LMOFs, 242�244

Metal to ligand charge transfer (MLCT),

212, 239�240

Metal�organic framework nanotube

(MOFNT), 250�252

Metal�organic frameworks (MOFs), 1�3,

28�45, 63�64, 97t, 100, 144�145,

185�186, 189f, 204, 319, 321�322,

321f, 356, 383, 392�394, 408

application in organic pollutants removal,

211�221

for capture of toxic chemicals, 158�168

for capture of VOCs

alcohols, 150�154

carbonyl compounds, 154�157

hydrocarbons, 145�150

catalysts, 189�194

structure of NU-1000 and MOF-808,

192f

structures of homogenous buffers, 193f

varying connectivity of Zr6O4(OH)4-

based node, 192f

CO2 sorption data, 29t

design principles for sequestering

radionuclides, 356�357

modifications, 208�210

exchange of building blocks, 209

pore expansion, 209�210

MOF-177, 411

MOF-based devices, 383�384

classification for sensing, 384�395,

385f

MOF-based ion traps for irreversible

barium adsorption, 86�87

MOF-based SAW systems, 385�387

MOF-DNA system’s fluorescence

intensity, 81

MOF-dye composite material, 245�246

MOF�based sensors for gaseous and

aqueous environments, 395�405

MOFs-based composites, 210�211

MOFs�polymer composites, 210

thermal annealing, 210�211

MOFs-based detection, 233�235

nanocomposites for oil/water separation,

332�342

for organic pollutants adsorption,

215�218

emerging organic contaminants,

217�218

herbicides and pesticides removal by

MOFs, 217

organic dyes adsorption by MOFs,

215�217

pollutant, MOFs, and dominant

interactions, 216t

for organic pollutants decomposition,

218�221

generation of hydroxyl radicals,

218�219

generation of singlet oxygen, 220

generation of sulfate radical, 220�221

radioactive waste sequestration by,

358�374

synthesis approaches, 204�207, 205f

water stable, 207�208, 207f

Metal�organic materials (MOMs), 28

Metal�organic resin (MOR), 105, 106f, 119f

Methane (CH4), 22

physical parameters, 22f

Methanol, 150, 389

Methyl ethyl ketone (MEK), 155

Methyl parathion hydrolase (MPH), 185

Methyl red (MR), 127�128

5(6)-Methylbenzimidazolate (mbIm),

343�344

Methylchlorophenoxypropionic acid

(MCPP), 217
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Methyldiethanolamine (MDEA), 19

2-Methylimidazolate (2-mIm), 343�344

2-Methylpentane (2MP), 148�149

MFCs. See Magnetic framework composites

(MFCs)

Micro solid-phase extraction (μSPE),
405�407

Microelectromechanical system (MEMS),

395�396

Micropreconcentrators (μPCs), 395�396

Microwave

irradiation, 206

microwave-assisted synthesis, 40�41, 206

treatment, 311

MIL. See Material Institut Lavoisier (MIL)

MIL-100(Fe), 408

MIL-101(Cr), 409

MIL-53(Al)-based MFCs, 413

2-mIm. See 2-Methylimidazolate (2-mIm)

Mining, 233�235

Mixed matrix membrane system (MMM

system), 415

MLCT. See Metal to ligand charge transfer

(MLCT)

MMM system. See Mixed matrix membrane

system (MMM system)

Mnemonic DEADLY

METHYLMERCURIALS, 78, 78f

MOFNT. See Metal�organic framework

nanotube (MOFNT)

MOFs. See Metal�organic frameworks

(MOFs)

Molar selectivity, 11

Molecular dynamics simulations (MD

simulations), 361

Molecular sieves, 8

Molecular sieving effect, 153, 291

MOMs. See Metal�organic materials

(MOMs)

Monoanionic anion, 98�99

Monoethanolamine (MEA), 19

MOR. See Metal�organic resin (MOR)

2MP. See 2-Methylpentane (2MP)

MPH. See Methyl parathion hydrolase

(MPH)

MR. See Methyl red (MR)

MS. See Mass spectrometry (MS)

Multiwalled carbon nanotube (MWCNT),

398

N

N,N-diethylformamide (DEF), 205

N,N-dimethylethylenediamine (DMEDA),

371�373

N,N-dimethylformamide (DMF), 205, 391,

408�409

N-methyl-2-pyrrolidone (NMP), 128

N-methylmorpholine, 193�194

N-rich linkers, insensitive energetic MOFs

by using, 268�270

NACs. See Nitro-aromatic compounds

(NACs)

Nanoscale MOFs (NMOFs), 319, 321f.

See also Luminescent metal�organic

frameworks (LMOFs)

based on OPE linkers, 329�331

NMOF/MOFNPs-composite effects for

CO2 uptake, 344�347

2,6-Naphthalene dicarboxylic acid (NDC),

244

Natural ecosystems, 96�98

Natural gas (NG), 5�6

sweetening, 22�23

NDC. See 2,6-Naphthalene dicarboxylic acid

(NDC)

Near infrared region (NIR region), 242�244

Negative emissions, 21

Nerve agents, 181

Benjamin I. Lane’s respirator patent, 180f

catalytic MOF composites, 194�196

chemical structures, common names, and

US Army symbols, 181f

detoxification pathways and simulants,

182�185, 184f

early generation supramolecular catalysts,

185�189

MOF catalysts, 189�194

Neutral MOFs, 100

NFT. See Nitrofurantoin (NFT)

NG. See Natural gas (NG)

NH2-UiO-66(Zr), 396

NHP. See Nickel hydrazine perchlorate

(NHP)

Ni-4PyC, 39

Ni-BTC crystals, 305�307

Nickel, 305, 310

nickel-based MOF for visual detection

and selective remediation, 83�84

Nickel hydrazine perchlorate (NHP), 268
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NIR region. See Near infrared region (NIR

region)

NiSIFSIX, 310�311

Nitrate, 72�73

Nitrated high energy material recognition,

246�262

detection of nitro-aromatic compounds,

252�258

nitro-aromatic compound recognition in

vapor phase, 248�252

sensing of nitro-aromatic compounds with

MOFs in water medium, 258�262

Nitrated materials, 232�233

Nitric dioxide (NO2), 398

Nitric oxide (NO), 165�168, 395

adsorption�desorption isotherms, 167f

average adsorption capacity and residual

capacity, 166t

synthesis by postfunctionalization, 168f

5-Nitro-2,4-dihydro-3H-1,2,4-triazole-3-one

(NTO), 264�266

Nitro-aliphatic compound, 250�252

Nitro-aromatic compounds (NACs),

233�235, 250�252

current methods/materials and mechanism

for detection, 235�238

detection by MOF in common organic

solvents, 252�258

recognition in vapor phase, 248�252

Nitro-explosives detection, 237

Nitrobenzene, 254�255

Nitrofurantoin (NFT), 214�215

Nitrofurazone (NZF), 214�215

Nitrogen, 417

Nitrogen trihalides, 232�233

4-Nitrophenol (NP), 183�185

Nitrotoluene (NT), 248�250

NMOFs. See Nanoscale MOFs (NMOFs)

NMP. See N-methyl-2-pyrrolidone (NMP)

“Node-and-linker” concept, 28

Non-methane hydrocarbons, 142�143

Non-nitro-aromatic high energy materials

sensing with MOFs, 262�266

Nonconductive MOFs, 398

Noncovalent interactions, 103�104

Nonlinear electrostatically actuated MEMS

resonator, 402

Nonnoble bimetallic sulfide catalysts,

304�305

Non-noble metal catalysts, 304�305

Nonpolar alkanes, 394�395

Noxious species removal, MOF�based

devices for, 405�417

filtration devices, 411�415

fluidic devices, 415�417

preconcentrators, 405�411

Noxious substances, 383

NP. See 4-Nitrophenol (NP)

NT. See Nitrotoluene (NT)

NTO. See 5-Nitro-2,4-dihydro-3H-1,2,4-

triazole-3-one (NTO)

NU-1000, 192�193, 192f, 365�366, 366f,

370f

Nuclear

energy, 119, 355�356

power plants, 96�98

power production, 355�356

NZF. See Nitrofurazone (NZF)

O

O-dianisidine chlorosulfonate (Sneezing

agent), 179�180

O-ethyl-S-(2-diisopropylamino-ethyl)-

methyl-phosphonothiolate, 181

Octadecylphosphonic acid (OPA), 335�341

OG. See Orange G (OG)

Oil spills, 320�321

Oil/water separation, MOFs nanocomposites

for, 332�342

contact angles of various liquid, 338f

graphical representation of NH2-MIL-53

(Al) micromushroom synthesis, 336f

molecular-level external modification of

superhydrophobic, 340f

preparation process, 341f

SEM images of as-prepared Cu3

(BTC)2 � 3H2O coatings, 339f

Oligo-(p-phenyleneethynylene) (OPE),

328�329

One-dimensional channels (1D channels),

248

OPA. See Octadecylphosphonic acid (OPA)

OPAA. See Organophosphorus acid

anhydrolase (OPAA)

OPCW. See Organisation for Prohibition of

Chemical Weapons (OPCW)

OPE. See Oligo-(p-phenyleneethynylene)

(OPE)
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Open metal sites. See Unsaturated metal

centers (UMCs)

OPPs. See Organophosphorous pesticides

(OPPs)

Optical fiber-based Fabry�Perot device, 405

Optical response of MOF-based sensor

device, 389�391

Orange G (OG), 220�221

Organic anionic pollutants, capture of,

127�130, 128f

coordination environment

in Ag(I)-MOF, 129f

and packing diagram of Ni(II)-MOF, 130f

Organic contaminants, 217�218

Organic dyes adsorption by MOFs, 215�217

Organic linker functionalization, 156�157

Organic pollutants, 203

modifications of MOFs, 208�210

MOF application in removal

interactions between MOFs and organic

molecules, 211

LMOFs for organic pollutants

detection, 211�215

MOFs for organic pollutants adsorption,

215�218

MOFs for organic pollutants

decomposition, 218�221

MOFs-based composites, 210�211

synthesis of MOFs, 204�211

water stable MOFs, 207�208, 207f

Organic solvents, 335�341

Organisation for Prohibition of Chemical

Weapons (OPCW), 180�181

Organophosphorous nerve agents, 183

Organophosphorous pesticides (OPPs), 213

Organophosphorus acid anhydrolase

(OPAA), 195�196

Organophosphorus compounds, 181

Organophosphorus ester hydrolysis, 183,

183f

Oxides of xenon, 232�233

Oxoanion pollutants, 104�107, 104f

bar diagram showing differential response,

108f

change in fluorescence emission intensity,

107f

Oxy-fuel combustion, 21

Oxy-fuel process. See Oxy-fuel combustion

Ozone (O3), 142

P

p-dinitrobenzene (p-DNB), 248�250

p-nitrophenyl dibutyl phosphate (PNPDBP),

186

p-nitrophenyl diphenyl phosphate

(PNPDPP), 186

p-nitrophenyl dipropyl phosphate

(PNPDPrP), 186

PA. See Phthalic acid (PA)

PAHs. See Polycyclic aromatic

hydrocarbons (PAHs)

Palmitic acid, 297

PAN. See Polyacrylonitrile (PAN)

Paraoxonase 1 (PON1), 185

Particulate matter (PM), 414

PCBs. See Polychlorinated biphenyls

(PCBs)

PCPs. See Porous coordination polymers

(PCPs)

PDMS. See Plasma desorption mass

spectrometry (PDMS);

Polydimethoxysilane (PDMS)

PEI. See Polyethyleneimine (PEI)

Pelletized activated carbon, 143

Pentadecane, 298

Pentaerythritol tetranitrate (PETN),

232�233

Percent regenerability, 18

Perfluorodecyltriethoxysilane (PFOTS),

335�341

Peroxy acids, 232�233

Peroxymonosulfate (PMS), 220�221

Persistent organic pollutants (POPs), 203

Persulfate (PS), 220�221

Pertechnetate (TcO4
2), 96�98

Pesticides removal by MOFs, 217

PET. See Photoinduced electron transfer

(PET)

PETN. See Pentaerythritol tetranitrate

(PETN)

PFOTS. See Perfluorodecyltriethoxysilane

(PFOTS)

PHAs. See Polyhydroxyalkanoates

(PHAs)

Phosphorescence, 238�239

Phosphorus, 213

Photo-Fenton reaction, 220

Photoinduced electron transfer (PET), 81,

236�237, 236f
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Photoluminescence, 86, 212, 213f

Photosynthesis, 165�166

Phthalic acid (PA), 217�218

Physical adsorbents/physisorbents, 27�28

Physisorbents, 15, 23

Physisorption, 8�9, 343�344

π-electron rich conjugated organic moieties,

239�240

PIB. See Polyisobutylene (PIB)

Picric acid (TNP), 258

Pilot-scale MOF production, 17

Pinacolyl methylphosphonofluoridate, 181

Plasma desorption mass spectrometry

(PDMS), 385�387

Plastic explosives, 233�235

Plutonium, 85

Plutonium and Uranium Recovery by

Extraction (PUREX), 84, 355�356

PM. See Particulate matter (PM)

PMS. See Peroxymonosulfate (PMS)

PN. See Polynaphthylene (PN)

PNPDBP. See p-nitrophenyl dibutyl

phosphate (PNPDBP)

PNPDPP. See p-nitrophenyl diphenyl

phosphate (PNPDPP)

PNPDPrP. See p-nitrophenyl dipropyl

phosphate (PNPDPrP)

Point-source CO2 capture, 18�21, 18f

oxy-fuel combustion, 21

postcombustion, 19�20

precombustion, 20�21

Polar adsorbents, 147�148

Pollutants, 63. See also Environmental

pollutants; Organic pollutants

cationic inorganic, 63

Cr(VI)-based oxoanion, 111�119

detection in water, 403�405

oxoanion, 104�107, 104f

radioactive oxoanion, 119�123

selenium-based oxoanion, 123, 124f

state-of-art for remediation of,

99�100

Pollution, 383

Polyacrylonitrile (PAN), 408�409

Polycatenated anionic uranyl organic

framework, 358�359, 358f

Polychlorinated biphenyls (PCBs), 408

Polycyclic aromatic hydrocarbons (PAHs),

398�399

Polydimethoxysilane (PDMS), 345�346

Polyethyleneimine (PEI), 15, 37�38,

193�194

Polyhydroxyalkanoates (PHAs), 411

Polyisobutylene (PIB), 194

Polymer�metal�organic frameworks

(polyMOFs), 344�345

Polynaphthylene (PN), 344�345

Polysaccharide, 72

Polystyrene (PS), 410

PON1. See Paraoxonase 1 (PON1)

POPs. See Persistent organic pollutants

(POPs); Porous organic polymers

(POPs)

Pore chemistry, 9, 38�41

Pore size, 9, 38�41

Porous adsorbents, 143�144

Porous carbons, 100

Porous coordination polymers (PCPs), 1,

99�100

Porous materials, 2

Porous organic polymers (POPs),

187�188

Porous physisorbents, 8

Postcombustion, 19�20

Postmodification strategy, 359

Postsynthetic modification (PSM), 35, 100,

107�108, 209, 325�328

Postsynthetically modified UiO-66 for

selective detection, 79�80, 79f, 80f

Powder X-ray diffraction (PXRD), 68f, 70,

86

variable-temperature, 16

Precombustion, 20�21

Preconcentrators, 405�411

Pressure swing adsorption (PSA), 14�15,

14f, 415�417

Pressure-temperature swing adsorption

(PTSA), 16

Primary explosives, 232�233, 272

1-Propanol, 150�151, 151f

2-Propanol, 150�151

Propellants, 232�233

PS. See Persulfate (PS); Polystyrene (PS)

PSA. See Pressure swing adsorption (PSA)

PSM. See Postsynthetic modification

(PSM)

PTSA. See Pressure-temperature swing

adsorption (PTSA)
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PUREX. See Plutonium and Uranium

Recovery by Extraction (PUREX)

PXRD. See Powder X-ray diffraction

(PXRD)

4PyC. See 4-Pyridinecarboxylate (4PyC)

Pyrazolate-based MOFs, 401�402

Pyrene-moiety-based linkers, 244

((Pyridin-1-ium-2-ylmethyl)ammonio)

terephthalate (H2PATP), 71, 71f

4-Pyridinecarboxylate (4PyC), 39

Pyrotechnics, 232�233

Q

Quartz crystal microbalance (QCM), 384

QCM systems, 385�387

QCM-based sensors, 387�388

QuEChERS method, 409

Quenching

effects, 74�75

efficiency of fluorophore, 235�236

process, 104�105

R

Radioactive organic iodides, 371�373

Radioactive oxoanion pollutants, 119�123,

122f

Radioactive wastes, 84�89, 356

cryptand inspired MOF for detection and

adsorption, 85�86

health and hazards, 85

MOF-based ion traps for irreversible

barium adsorption, 86�87

sequestration by MOFs

cesium and strontium, 358�359

iodine, 370�373

krypton and xeon, 373�374

selenium and technetium, 365�369

thorium, 364�365

uranium, 359�364

speciation, 85, 85f

terbium-based MOF for selective uranium

detection, 88�89

Radionuclide sequestration

chemical composition of nuclear fuel,

356f

design principles of MOFs, 356�357,

357f

radioactive waste sequestration by MOFs,

358�374

RDX. See Research department explosive

(RDX)

Reactivity of chromium, 69�70

Recognition of nitrated high energy

materials, 246�262

Recognized standard method, 407

Recyclability, 16

Redox process. See Photoinduced electron

transfer (PET)

Regenerability, 14�16

enthalpy of adsorption, 15

sorption kinetics, 15�16

Regeneration process, 155

Regenerative thermal oxidizers

(RTOs), 143

Rejection coefficient, 414

Relative humidity (RH), 156�157, 394

Remediation, visual detection, 83�84

Renewable energy sources, 285

Research department explosive (RDX),

232�233, 264

Resonance energy transfer (RET),

253�254

RET. See Resonance energy transfer (RET)

Reverse extraction, 409

RH. See Relative humidity (RH)

Rhodamine B, 405

Robust 3D nickel-based MOF, 367�368

RTOs. See Regenerative thermal oxidizers

(RTOs)

S

Salt inclusion technique, 102

SAM. See Self-assembled monolayer (SAM)

Saturated metal centers (SMCs), 28�32,

38�45

MOFs in organic ligands, 38�41

ultramicroporous materials, 41�45

Saturated to unsaturated molecules,

145�150

SAW. See Surface acoustic wave (SAW)

SBMOF-1, 373�374, 375f

SBN. See Ag (4,40-bipyridine)NO3 (SBN)

SBUs. See Secondary building units (SBUs)

Scale-up feasibility, 17

SCR. See Selective Catalytic Reduction

(SCR)

SCU-100, 366�367

sorption properties of, 367f
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Secondary building units (SBUs), 218�219
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