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Abstract—Coordination polymers (CPs) are a unique class of polymers characterized by a molecular structure con-
sisting of repeating metal centers linked by organic ligands in an infinite array connected through coordination bond-
ing. In the last two decades, research interest in CPs, such as metal organic frameworks (MOFs), has grown rapidly
owing to their exclusive advantageous properties (e.g., exceptionally high surface area, chemical and thermal stability,
molecular functionality, porosity, electron mobility, thermal conductivity, and mechanical strength). In this study, we
started with a basic question: Why and how are coordination polymers special and how do they differ from other classes of
polymers? Next, we explored the value of unique and innovative CPs in line with the advent of design and synthesis
approaches. We focused on the current trends and challenges of CPs/MOFs for application in the control and manage-
ment of air quality. The intent of this review is to motivate development of CPs/MOFs that can be ultimately applied
towards more efficient and effective technology as remediating and managing of the air quality. Ultimately, this review
will help us open a new paradigm to pursue the future progress in polymers and materials science that targets specific

applications in environmental engineering.
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INTRODUCTION

In both the 20" and 21" century; economic and industrial growth
has been achieved at a rapid pace across the globe. Concurrently,
the increasing world population has been accompanied by major
environmental challenges, such as global climate change and the
depletion and/or contamination of major natural resources, e.g,, air,
soil, and water [1-5]. There is a growing concern over the increase
in air quality degradation (e.g., worsening of the air quality index
(AQY)) as reflected in numerous scholarly and media reports. For
instance, the Indian national capital area has experienced the wors-
ening of the AQI over the past 20 years [6,7]. According to the AQI
in the 2014-2015 (winter), the average number of days with severe
pollution levels in Delhi was ~34%, which increased to 68% in the
2015-16 (winter). The PM,, (2002 to 2015) and PM, ;5 (2011 to 2015)
trends, as reported by the Centre for Science and Environment
[7], are shown in Fig. 1 [7]. In 2017, the average daily PM, 5 levels
in Delhi, India (473 pg m*) were more than twice those seen in

"To whom correspondence should be addressed.
E-mail: kkim61@hanyang.ac.kr, pawannanol0@gmail.com
Copyright by The Korean Institute of Chemical Engineers.

1839

Beijing, China (227 pg m™) [6-8]. The daily PM, 5 pollution level
in New Delhi increased by 44% in 2017 compared to 2016 [6,7].

The key factors contributing to the degradation of air quality are
the combined effects of increases in pollutant emissions from anthro-
pogenic sources and atmospheric inversion of air masses. Although
the former can be controlled to a varying degree, the latter is a rather
uncontrollable component governed by meteorological and natural
factors. The control of air quality issues due to increases in emis-
sions of anthropogenic pollutants can be pursued through a strong
political or administrative effort for regulation guided by scientific
and technical advances. An older, but simple, option to reduce the
impact of atmospheric pollutants is to enhance dispersion from
their sources. For instance, installation of taller stacks at power sta-
tions was one of the foremost choices historically. Nevertheless, to
pursue the goals of effective control on air quality, it is important
to develop the actual techniques to regulate the emissions of pollut-
ants. In line with such efforts, the United Nations and major OECD
environmental protection agencies (e.g, US. EPA) have proposed
a list of stringent strategies to restrict pollutant emissions from the
important sources (e.g., industrial flue stacks and fossil fuel com-
bustion) [6,7].

In response to worsening air quality, the development of inno-
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Fig. 1. Average annual concentration levels of PM,, and P, ; in Delhi, India (Central Pollution Control Board and Economic Survey of Delhi,
2014; Delhi Pollution Control Committee report to the Centre for Science and Environment (CSE: Delhi, India) [7].

vative control approaches has gained considerable interest among
researchers as well as the general public for items such as filter materi-
als for personal protective equipment (PPE: e.g., face masks) and
air purifying systems for indoor environments. Flexible, robust, and
readily available filter technology with diverse merits (e.g., broad
working temperature range, high robustness, and high PM removal
efficiency (especially for fine particle fractions)) has been researched
so that advanced filters can be easily retrofitted into existing air
quality management (AQM) systems, ship engine exhausts, and
flue gas streams. The recent Global and Indian Air Purifier Mar-
ket report is a detailed analysis of the on-going trends, opportuni-
ties/high growth areas, and market drivers for air purifiers to help
stakeholders plan and align market strategies according to current
and future market dynamics (Fig. 2) [8].

Efforts to resolve major environmental issues have increased the
application of advanced functional materjals/nanomaterials, such
as metal organic frameworks (MOFs) or porous coordination poly-
mers (PCPs) in diverse fields, e.g, storage, removal/separation, cataly-
sis, water treatment, sensors, and waste management production
[4,9]. To date, PCPs/MOFs belong to a special category of coordi-
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nation polymers (CPs) that are among the most vibrant research
directions in materials science domain. CPs were originally reported
by Kluiber and Lewis in the 1960s [10-15]. Based on extensive re-
search and development in material engineering, CPs with unique
and notably porous natures have become ‘special materials’ in the
21" century. One of the most popularly used terms to describe
‘CPs in the current literature is MOFs [4,9,16,17]. According to
the IUPAC recommendation, MOFs are presently classified as CPs
with open framework structures containing potential voids [4,9-
18]. Although most of the earlier investigations focused on com-
mon properties of MOFs, recent efforts have assessed many other
properties that are still poorly understood [4,9-18].

To learn more about the diverse applicability of CPs for control
and management of air quality, we first discuss their synthesis and
basic properties and then critically review recent developments in
CPs/MOFs toward AQM applications. Our review emphasizes how
CPs/MOFs and their composite materials can contribute to future
technological improvements for the control and management of
air quality. Finally, we highlight the main challenges to fully recog-
nize the potential of CPs/MOFs in the diverse fields of AQM applica-
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Fig. 2. Summary Report of the India Air Purifier Market: Predicted growth at a compound annual growth rate (CAGR) of 30% during
2017-2023. The market for air purifiers in India is highly cyclic, where the major demand comes around in winters due to the pres-
ence of smog. The trend is likely to continue for the next 2-3 years as well [8].

tions from sensing and contaminants removal to catalysis and ad-
sorption.

PREREQUISITES OF MOFs FOR CONTROL AND
MANAGEMENT OF AIR QUALITY

1. Synthesis and Structure

The design of PCPs/MOFs is mainly tunable through the choice
of metal ions (e.g, alkali salt, alkaline-earth, transition, main group,
and rare-earth elements) and the choice of organic linkers (e.g,,
mono-, di-, tri-, and tetra carboxylic aromatic acids, bipyridines,
and polyazaheterocycles (imidazoles, triazoles, tetrazoles, pyrimi-
dines, pyrazines, etc.) and their derivatives [19-24]. Solvothermal/
hydrothermal (transformation of electric energy into heat as energy
source) and non-solvothermal/hydrothermal synthesis techniques
(mechanical, electrochemical, or ultrasound radiation as energy
source) serve as the main drivers in the nucleation and crystalliza-
tion approach [19-27].

Through the arrangements of metal ions and organic linkers,
numerous possibilities have been sought in the synthesis/structural
evolution of PCPs/MOFs with projected topology and dimensions.
PCPs or MOFs are grouped into the fourth generation of polymers.
Purposely designed CPs/MOFs technology has excellent features
with respect to its crystal structure, topology, structural integrity,
flexibility, stability, robustness, dynamics, post synthetic modifica-
tions (PSM), and non-permanent porosity in association with insepa-
rable host-guest dependence (e.g, MOFs containing charged frame-

works with pores filled by counter anions) (Fig. 3) [13,28,29]. With
the advent of novel PCPs/MOFs, their potential environmental
applications have been greatly extended (Fig. 4) [30]. For example,
purposely-designed CPs/MOFs technology can be applied in resi-
dential and industrial environments for AQM purposes (e.g., pipe
filtration, baghouse dust collection, and inlet barrier filtration for
vehicle or aircraft engine systems).
2. Properties and Functions of CPs/MOFs

In the past decades, properties of MOFs have been determined
by synthesis techniques and modification approaches (e.g,, atomic
doping or substitution, particle size control, and surface modifica-
tion within the stability limits of the underlying structures). Research
efforts have been directed toward precise control of the structure
and associated properties of MOFs, substantially improving the
properties of CPs/MOFs and their composite materials. The most
important and attractive properties of MOFs include their large
surface area (e.g, 100 to >6,000m’ g '), well-defined pore size (e.g.
0.2 to 3.8 nm), low densities (e.g, 1.00 t0 0.09g cm™), selective uptake
of small molecules, and excellent optical/magnetic responses to the
inclusion of guest molecules [31-40]. These properties make MOFs
excellent material for diverse industrial/environmental applications.
In addition, other possibilities for innovative applications have been
identified based on a better understanding of the subtleties in the
reticulation process [31-40].

Some essential properties of MOFs (including crystallite integ-
rity, large chemical energies, and low carbon content) have already
been covered in a comprehensive manner (Fig. 5). Likewise, many
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Fig. 3. Classification of MOFs: The 1* generation MOFs collapse on guest removal, the 2™ generation MOFs maintain permanent porosity
against guest removal, the 3 generation MOFs show flexible and dynamic properties, and the 4™ generation MOFs can sustain post-
processing (modifiable positions: (1) metal/cluster sites, (2) organic linkers, and (3) vacant space) [13,28,29].
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Fig. 5. Strategic properties of PCPs/MOFs and their functions for factual energy and environmental applications.
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Fig. 6. Roll-to-roll production scheme of MOF-based filters for particulate matter (pm) removal [41].

authors have validated the feasibility of MOFs toward AQM appli-
cations. For example, Chen et al. [81] investigated a powerful
roll-to-roll hot-pressing strategy for mass production of filter mate-
rials composed of CPs [41]. Three types of MOFs consisting of
Co, Ni, and Zn were applied individually to substrates including
fabric, foam, and plastic using two hot rollers (Fig. 6) [41]. The suc-
cessfully obtained Zn-based CPs/MOFs filters reduced hazardous
airborne particle levels (2.5- (PM,;) and 10-um (PM,,)) by up to
99.5% at room temperature, with an efficiency loss of only a few
percent at 200 °C [41]. Furthermore, the potential of MOFs for

quantitative exchange with a variety of small molecules (e.g, vola-
tile organic compounds (VOCs), pesticides, and other organic/inor-
ganic materials) highly specific towards the nature of guest molecules
(e.g. size, shape, and functionality) has been identified [31-40].
Consequently, MOFs can be tailored for use as highly selective
devices, including molecular sieves, sensors, catalysts, separation
matrices, and highly efficient sorbents. For sensing capacities, the
superiority of MOFs has been realized through modification of
their optical, electronic, or magnetic properties by interactions with
guest molecules. As such, the capacities of MOFs have been demon-

Korean J. Chem. Eng.(Vol. 36, No. 11)
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strated extensively in sensing/catalytic/adsorption/removal phenom-
enon for diverse AQM applications [31-42].

CURRENTS TRENDS AND CHALLENGES IN
ENVIRONMENTAL APPLICATIONS OF CPs

CPs have great potential for developing novel materials for the
control and management of air quality. Addressing the unique
opportunities for implementing CPs/MOFs in real world applica-
tions may improve potential AQM applications. In this section, we
focus on environmental applications including adsorption, cataly-

sis, removal/separation, and sensing using CPs/MOFs (Table 1)
[43-60].
1. Adsorption

Adsorption is an important process for the removal and separa-
tion of hazardous compounds and their contaminants from aque-
ous and non-aqueous media. CPs/MOFs have attracted a great deal
of attention in the research and development of adsorption tech-
nology, including advanced analytical applications [61,62]. The
superior performance of advanced porous materials (e.g, MOFs
and graphene) has been acknowledged before [63-66]; however,
these materials are expected to vastly improve or upgrade their per-

Table 1. AQM applications using CPs/MOFs with emphasis on adsorption and catalysis

Sr. AQM Synthesis Target coompound/ Partial Capacity Capacity  ~ PC o
No.  applications CPs/MOFs method Exp. conditions pressure (mmol g™) atPout  (mol kg™ Ref
out (Pa) (mg g'l) Pa™h)
1 A. Adsorption Fe-MIL-101-SO;H Hydrothermal NHj; at 1 bar 1,900 18.00 03325  0.00350 [42]
synthesis and 298 K
2 Co,CL(BTDD)-(H,0), 36,660 12.00 0.2566  0.00014 [43]
3 Mn,CL(BTDD)-(H,0), 36,660 15.47 02750  0.00015
4 Mg-MOF-74 4,690 1.500 0.1066  0.00100 [44]
5 Mg-MOF-74 3,125 5.280 0.1420  0.00200 [45]
6 Mmen-Cu BTTr CO, at 0.01 bar 2,36,835 0.023 02153  0.00004 [46]
and 298 K
7 fcu-MOF-1 1,600 0.330 0.0175  0.00048 [47]
8 fcu-MOF-2 1,600 0.620 0.0142  0.00039
9 [Mg,(dobdc)(N,H,)1.8] 100 4.900 0.0909  0.04000 [48]
10 IRMOEF-3 CH,SCH; at 448 K 0.0041 0.009 0.0017 257000 [49]
11 C,H;SH at 448 K 0.0025 0.013 0.0022  54.0000
12 H,S at 448 K 0.0066 0.014 0.0133  68.0000
16 kag-MOF-1 CO, at 298 K 18,749 0.0375 0.0263  0.00005 [51]
17 Cr-soc-MOF-1 Solvothermal ~ Water/70% relative 1.95¢g/g 1950 0.00001 [52]
synthesis humidity at 298 K
19 Diamine functionalized CO,/373K 6923 - 0.0740  0.00047 [53]
MOF-74-Mg
20 B. Catalysis Cu/Cu,0@C Hydrothermal ~4-Nitroaniline, 0.02485s™" [54]
method 4-nitrobenzaldehyde,
and nitrobenzene
21 MFM-300(Al) Nitrogen dioxide 14.1 mmolg [55]
22 Cu@N-C 4-Nitroaniline, 0015 [56]
4-nitrobenzaldehyde,
and nitrobenzene
21 DABCO- Stirring 4-nitrobenzaldehyde (57]
Functionalized method with nitroalkanes
Zn-MOF1
22 Co(2-methylimidazole),- One-step Nitrobenzene [58]
ZIF-67 pyrolysis
23 NH,-MIL-125 Solvothermal  Nitroarenes 99% [59]
synthesis
24 Pd;Agl-N-doped-
MOF-C
25 Ni-MOF@C Direct thermal 99.40% [60]
treatments
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formance (e.g., in terms of adsorption capacity of absorbent poly-
meric materials (e.g,, through composite formation and/or func-
tionalization), selectivity (e.g., highly precise interaction with ad-
sorbates), partition co-efficient at low partial pressure region (PC),
recyclability, and regenerability). The sorbents with better removal
capacity or extended breakthrough volume can be applied effec-
tively for air quality management (AQM) purposes [67]. In ambi-
ent conditions (e.g., indoor environment), the AQM focuses on
dealing with air pollution at relatively low concentration levels of
pollutants (even in ppb range of some VOCs and odorants) [68].
In contrast, the control on high pressure level (e.g., ~kPa) pollut-
ants is needed to deal with strong emission sources (e.g., plume
emission). Therefore, the type of sorbents needed for AQM pur-
poses is determined mainly by source strengths or source types.
To learn more about the sorbent performance for target sources,
it is important to learn the versatile performance for a range of
source types. To this end, the obtained capacity data of sorbents
were converted in terms of PC (in mol kg™’ Pa™'). As the adsorp-
tion capacity is determined to reflect the effect of partial pressure
under which measurements were made, comparison of such capac-
ity obtained under different pressure range can offer large biases in
performance comparison [67] (See Table 1). The PC is consid-
ered an important parameter for exploring the interactive phases
of solid sorbents and gases. The PC for a two-phase equilibrium
(Henry’s law is a special case where the PC is essentially invariant
over a wide range of pressures) has been reported in previous stud-
ies. In addition, the PC has also been used to characterize adsor-
bent heterogeneity and adsorption affinity against odorants [70].
We used a generic formula PC=a/(b*c) to calculate the partition
coefficient at any point using the adsorption capacity and outlet
partial pressure of sorbent. Here “d” is adsorption capacity (mg g™),
“b” is molecular mass (g mol '), and “C” is outlet partial pressure
(Pa). For instance, IRMOEF-3 sorbent (highest PC values among
the data found in Table 1) have PC values of 68, 54, and 25.7 mol
kg™ Pa™" for the adsorption of H,S, C,H;SH, and CH,SCHL, respec-
tively [50]. The corresponding adsorption capacity <0.014mg g '
was noticed under low pressure/Henry’s region ~0.007 Pa. In con-
trast, the capacity ~0.2mg g ' was converted into very low PC
~0.0004 mol kg ' Pa™ in case of CO, adsorption using Mmen Cu
BTTr sorbent at 239 kPa. In light of such capacity, such sorbent
should also be suitable for high emission sectors. The PC also has
a strong relation with breakthrough volume (BTV: L/mass) of sor-
bents. Normally, the assessment of BTV at 5, 10, and 50% is rec-
ommended [67]. In this work, BTV 10% have been selected as a
base line for figure of merits of sorbents. The BTV values of 1%
(near quantitative VOC capture), 5% (detection limit), and 10%
(VOC readily detectable in outlet stream) were previously arbi-
trarily selected depending on the types of application [70]. For some
unknown reasons, isotherm information of C,,/C,, is not com-
monly reported (same for partial pressure information used for
experiment). If provided, such information can help gain the detailed
performance metrics of a given sorbent like BTV, PC, and sorption
capacity at outlet partial pressure points. Therefore, we attempted
to extract the BTV of dimethyl sulfide by IRMOF-3 sorbent at
specific BT points: BT Vyy: 50L g™, BTV y: 58 L g, BTV 68 L
g, and BTV gy 130L g . The relatively large BT (at 5%) shows the

strongest region for sorption (lowest pressure region or retrograde
region: 0.0002 Pa) [50]. This phenomenon is some time responsi-
ble for an unbelievable pattern of PC increasing with loaded vol-
ume called retrograde [70]. Consequently; a low variation in 5 and
50% BT corresponds to the low-pressure region (0.0004<P<0.004
Pa) where low sorption capacity is prevalent. However, from 50%
to 100% of BT (or high-pressure region: P>0.004 Pa), the capacity
is flattened out. This implies that PC patterns change considerably
across the pressure regions, ie., the highest PC at lowest pressure
region, moderate PC at low pressure region, and the lowest PC at
high pressure region. The evaluation of sorption behavior based on
such prominent PC trends may be used as one of the important
criteria in the selection of proper sorbents for targeting any pollut-
ant or for any source types.

1-1. Physical Adsorption (or Physisorption)

Physisorption of compounds on surfaces is primarily dependent
on van der Waals forces with adsorption energy ranging from 5 to
40 kcal/mol, with no activation energy required. Unlike chemisorp-
tion, physisorption preserves the chemical identity of the adsorbate
and adsorbent with only a minimal shift in the electronic states be-
tween them [71,72]. Although the degree of physisorption increases
with gas pressure at moderately high pressures, it decreases with tem-
perature increases [71,72]. Under appropriate temperature and pres-
sure, physisorption of adsorbate occurs as a multi-molecular layer.
Hence, the sorption capacity is primarily dependent on the adsor-
bents surface area and porosity, MOF'’s properties to be utilized.

Physisorption plays an important role in the ability of MOFs to
selectively separate and/or purify gases for industrial/environmen-
tal applications and storage. Whereas, the separation and purifica-
tion of gases with similar molecular weights cannot be achieved
using conventional adsorbents (e.g., zeolite and activated carbon)
owing to their non-selective adsorption of target compounds [73].
Furthermore, MOFs have attracted wide scientific attention owing
to their ability to exhibit a variety of pore surface properties such
as hydrophilicity and chirality (e.g., through the controlled incor-
poration of organic functional groups into pore walls). For exam-
ple, Matsuda et al. [73] investigated a Cu,(pzdc),(pyz) MOF to
separate and purify C,H, from a mixture of gases containing CO,
[73]. The C,H, was held at a periodic distance from one another
through hydrogen bonding between two non-coordinated oxygen
atoms in the nanoscale pore wall of the MOF and the two hydro-
gen atoms of the C,H, molecule [73].

The physical characteristics (e.g,, porosities such as surface area)
of an MOF greatly contribute to its adsorption properties. The physi-
cal adsorption of gases by MOFs is also affected by temperature
and pressure. For instance, at low temperature conditions (77 K)
and pressure, Cu-BTC has a higher storage capacity for hydrogen
than MOF-5, while MOF-5 has a higher storage capacity for hydro-
gen at higher pressure. Furthermore, the adsorption capacity of
MOF-5 is closely correlated with its specific surface area and porosity
[74,75]. The adsorption capacity of hydrogen was compared using
eight types of MOFs (IRMOFs, MOF-74 (Zn,(CgH,O4), and HKUST-
1 (Cuy(CoH;O4)y5) at the same temperature and pressure condi-
tions, with a large pore capacity seen to exert critical control [75].

In light of their impressive absorptivity, MOFs can be used to
remove or denude contaminants (e.g., VOCs), especially in indoor

Korean J. Chem. Eng.(Vol. 36, No. 11)
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air environments. Physisorption onto MOFs occurs not only on
inorganic compounds but also on organic compounds, depend-
ing on the molecular/structural properties of the adsorbate and
MOFs. The use of IRMOF-1 (MOE-5, Zn,O(BDC);) in micro packed
capillary columns for inverse gas chromatography (IGC) was suc-
cessful for adsorption/desorption-based analysis of more than 30
VOCs. The adsorption of nonpolar or weakly polar VOCs dif-
fered from polar VOCs, with size exclusion expected to play an
important role in adsorption [76]. Hydrogen bonding has been iden-
tified as the primary contributor to specific interactions between
adsorbates and the IRMOF-1 surface [76]. Likewise, the adsorption
of six types of VOCs (n-hexane, toluene, butanone, dichlorometh-
ane, methanol, and n-butylamine) on MIL-101 was investigated
by Huang and co-workers [77]. Comparing adsorption capacities
to conventional adsorbents (e.g,, activated carbon), n-butylamine
had a strong affinity on MIL-101 while n-hexane had a weak affinity
because of being energetically heterogeneitic [77]. Additionally, MIL-
101 showed higher adsorption capacity for investigated VOCs rel-
ative to activated carbon [77].

MOFs can also be applied as an analytical sorbent for air qual-
ity monitoring such as VOC analysis. Sorption-based analysis of
low molecular weight VOCs like formaldehyde is generally lim-
ited because of poor adsorption affinity to sorbents composed of
organic polymers (e.g., Tenax TA) and graphitized carbon black
(e.g., Carbograph 1TD). Hence, its analysis is commonly by the
HPLC method with a lengthy derivatization procedure. However,
the enhanced sorption capacity of certain MOFs (e.g., MOF-5) has
enabled simple GC-based analysis with a higher recovery rate (100+
7%) in parallel with the TO-11A guidelines of the United States
Environmental Protection Agency (US. EPA) [57,78].

1-2. Chemical Adsorption or Chemisorption

Chemisorption, the chemical adsorption process, involves novel
bonds being generated between the adsorbing moiety and the
adsorbing surface. Fundamentally, the unique adsorption/desorp-
tion characteristics of CPs (e.g., minimal shrinkage, uniform rigid
structure, durability, hardness, insoluble spheres of porosity; high
pore volume, and surface area) are highly desirable features for
advancement in adsorption applications [79]. Hence, polyaro-
matic cross-linked adsorbent materials with polar/nonpolar nature
are estimated to have significant future growth owing to their advan-
tages described above. For example, diamine-appended Mg,(dob-
pdc) (dobpdc42 5 4,49-dioxidobiphenyl-3,39-dicarboxylate) MOFs
are ‘phase-change’ adsorbents with unusual step-shaped CO, ad-
sorption isotherms that shift markedly with temperature [53]. In
that study, an unprecedented mechanism of CO, adsorption was
elucidated by the step-shaped isotherms, demonstrating that the
replacement of divalent metal ions with Mg™" enabled the adsorp-
tion step to be manipulated in accord with the metal-amine bond
strength [53]. Similarly, Jin et al. [80] investigated two 3-dimen-
sional high porous PCN-124-stu, namely [M,(PDBAD)(H,0)],
(M=Cu, Zn, PDBAD=(pyridine-3,5-dicarbonyl)bis(azanediyl)di-
isophthalic acid), MOFs for selective adsorption of CO, and CH,
[80]. These Cu- and Zn-based MOFs, with excellent chemical and
thermal stability, were investigated intensively for adsorption appli-
cation of gases due to their recyclability and regenerability. In addi-
tion, these MOFs were also used as a host for efficient extraction
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Fig. 7. Graphical presentation of acylamide group functionalized
zinc MOFs through optimization of coordination group for
adsorption of CO, and C, hydrocarbons [80].

materials for various organic dyes from water, especially large sized
dyes like Coomassie brilliant blue, as well as fluoroquinolones [80].
Accordingly, PCN-124-stu(Cu) was found to be an excellent selec-
tive platform for adsorption of CO, and CH, due to H-bonds be-
tween fluoroquinolones molecules and the amide groups within
the frameworks [80]. Similarly, the acylamide group functional-
ized Zn MOFs (NKU-106, NKU-107, and NKU-108) were also
reported for enhanced adsorption capacities with respect to CO,
and C, hydrocarbons [80]. As one isophthalate moiety of the tetra-
carboxylate ligand was replaced with a pyrazole group, the result-
ing NKU-108 exhibited good adsorption capacities with respect to
CO, and C, hydrocarbons with improved thermal/chemical stabil-
ity (Fig. 8) [80]. This strategy for incorporating a functional (or
chemical) group has provided very valuable information regard-
ing the future design and synthesis of porous MOFs. Likewise, the
application of MOFs for adsorbing hazardous chemicals like VOCs
has also been investigated.

Novel bipyridinium porous frameworks have also exhibited supe-
rior adsorption with a broad spectrum toward organic pollutants
[81]. This was ascribed to conjugated pyridyl rings connected by
C-C single bonds that can rotate freely to keep twisted or large-
conjugated planar configuration during the self-assembly process
(Fig. 8) [81]. In addition, the abundance of 77 interaction sites for
efficient adsorption of benzene and toluene molecules also facili-
tated the accommodation of cyclohexane molecules for enhanced
adsorption [81]. Recent examples of MOF applications in this direc-
tion are briefly summarized in Table 1 [43-53].

2. Catalysis

To remove toxic gases, various physical and chemical approaches
have been developed based on polymers or advanced materials. Poly-
mers have been widely used as catalysts or catalyst supports due to
their soluble linear structure, large internal surface areas, adoption
of functional/pendant groups, and possible acquisition of uniform
pore/cavity sizes. Accordingly, catalytic polymers can be catego-
rized into four groups: (a) catalysis by polymers, (b) catalysis by
ion exchange resins, (c) polymer-supported homogeneous” metal
complex catalysts, and (d) polymer-supported phase transfer cata-
lysts [82,83].
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carboxylic acid; pbpy-2Cl=1,1"[1,4-phenylenebis(methylene)]bis(4,4-bipyridinium) dichloride; X=Cl, n=5(1); X=Br, n=8(2); X=Cl/
Br, n=9(3)) bearing 4,4"bipyridinium functional moieties with superior broad-spectrum adsorption toward benzene, toluene, and

cyclohexane molecules [81].

2-1. Homogeneous Catalysis Reaction

MOFs are attractive catalysts because of their advantageous prop-
erties. In the catalytic reaction of MOFs, the arrangement of the
metal framework with the organic linker shapes catalytic proper-
ties of the system [84]. For example, MOF-5 loaded with palla-
dium (Pd/MOE-5) has higher catalytic activity than activated carbon
with palladium in the hydrogenation of styrene to ethylbenzene
[85]. The palladium loaded MOEF-5 forms ethylbenzene from the
styrene hydrogenation through catalysis, with 99.7 wt% conversion
after 12 hours [85].

Most homogeneous catalysts have a limit to recovery and reuse
due to decomposition during the reaction. Thus, methods for het-
erogenization of homogeneous catalysts have been developed to

’ [
NH, N
[
2-aminoterephthalic

acid
OO0 (O
[ [
IRMOF-3 IRMOF-3-SlI

overcome this limit [86], making it possible for benefits from both
heterogeneous and homogeneous catalysis. For instance, a cation
exchange method has been used to form the heterogenization of
homogeneous catalysts. Genna et al. [87] exchanged cationic tran-
sition-metal complexes in ZJU-28 to endogenous H,NMe; like
complexes of palladium (Pd), iron (Fe), iridium (Ir), rhodium (Rh),
and ruthenium (Ru) [87]. Specifically, the Rh-containing MOF
converted 1-octene into n-octane rapidly and can be reused at least
four times [87].

In other cases, MOFs have been used to bridge between homo-
geneous and heterogeneous catalysts. Au-MOFs (IRMOF-3-SI-Au),
synthesized with IRMOF-3, 2-aminoterephthalic acid (H,ATA),
and NaAuCl,, imitated the characteristics of homogeneous gold

o 0O

OH | o

N /

\ Au3+

NaAuCl, cl Cl
oo
[
IRMOF-3-SI-Au

Fig. 9. Synthesis procedure of IRMOEF-3-SI-Au from IRMOF-3, H,ATA, and NaAuCl, [88].
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catalysis with high performance and selectivity (Fig. 9) [88]. Simi-
larly; copper-containing MOFs (Cu-MOFs) have bridged between
homogeneous and heterogeneous catalysis. To learn more about
the catalytic potential of Cu-MOFs, MOFs (including Cu(2-pymo),,
Cu(im),, Cuy(BTC),, and Cu(BDC) (2-pymo: 2-hydroxypyrimidi-
nolate; im: imidazolate; BTC: benzene tricarboxylate; BDC: ben-
zene dicarboxylate) were synthesized using indole and imidazo-
pyridines from 2-aminopyridine, benzaldehyde, and phenylacety-
lene [89]. The Cu-MOFs were efficient and regioselective hetero-
geneous catalysts for the click reaction between azides and alkynes.
In the one-pot two-step domino reaction, azide was formed in situ
and reacted immediately with phenylacetylene without the aid of
alcohol or water solvents [89]. The activity of the Cu-MOF catalysts
(eg. Cu(2-pymo), (>99%), Cu(im)2 (>99%), Cus(BTC), (37%),
and Cu(BDC) (42%)) was comparable to homogeneous Cu cata-
lysts. Hence, the rate-determining step of the reaction was the for-
mation of an adduct between Cu and phenylacetylene [89].

2-2. Heterogeneous Catalysis Reaction

Reaction of a catalyst with reactants existing in different phases
is heterogeneous catalysis, while catalysis occurring in a single
phase is homogeneous catalysis. Recently, the most prominent role
of MOFs as heterogeneous catalysts was explored based on sev-
eral criteria, including metal nodes, metal-free organic struts (or
cavity modifiers), designed framework nodes/struts, functionality,
encapsulated molecular species/clusters, large internal surface areas,
and uniform pore/cavity sizes [90]. Heterogeneous catalysts of
CPs/MOFs are superior to homogeneous catalysts due to their fac-
ile separation after reaction and recyclability.

Heterogeneous catalysts of CPs/MOFs, as well as their compos-
ites/derivatives, are newly emerging for various applications [83].
For example, a titanium-based porous coordination polymer (Ti-
PCP) was synthesized through the reaction of a 1,3-diol-substi-
tuted shape-persistent arylene-ethynylene macrocycle with Ti(O'Pr),
[91]. Ti-PCP works as a cyclocarbonate through the cycloaddition
reaction with epoxides under mild conditions for chemical fixa-
tion of CO, (Fig. 10) [91]. The catalytic activities of Ti-PCP may
be ascribed to high surface area (1,029 m* g) and good adsorp-
tion selectivity for CO, over N,. The enhanced capacity for CO,
uptake and improved catalysis for the conversion of CO, into use-

(o) Ti-PCP catalyst
OTi-0

(0.1 mol%)

+ \6
1atm CO, high catalytic activity,

recyclability, easy separation 70-99%

Fig. 10. Ti-PCP based catalyst reaction to convert CO, into cyclocar-

bonates through the cycloaddition reaction with epoxides
under mild conditions [91].
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ful chemicals might be helpful to solve environmental problems
regarding post-combustion capture and conversion of CO, [91].
As such, Zn-based CPs have been synthesized using linker 5-(ben-
zylamino)isophthalic acid (H,L) to form a robust 2D Zn(II)-coor-
dination polymer, {[Zng(L)s(£4-OH),(H,O)e]-(DMF)-(H,O), 5},(12,)}
consisting of [Zn,(14-OH),]*'SBUs. The two-dimensional porous
Zn(II)-coordination polymer exhibited SC-SC transmetalation with
Cu(Il) as an efficient heterogeneous catalysis in the Henry reac-
tion [92]. Likewise, there are numerous advantages to using CPs/
MOFs as catalysts (Table 1) [54-60]. In particular, the attractive
structural features and catalytic performance of CPs/MOFs in vari-
ous organic reactions are fundamental reasons for the notable prog-
ress in this exciting research area.

3. Applications of MOFs in Miscellaneous Fields

Novel materials including CPs/MOFs, graphene, and polymeric
composites have been extensively employed in various miscella-
neous techniques such as sensors and filtration. Future develop-
ment of MOFs can be helpful to improve their performance in
terms of sensitivity, reliability, rapid processing of multiple samples,
real-time detection, and broad applicability [93-96].

3-1. Sensing Applications

Air pollution has worsened in some regions owing to substan-
tial emissions of hazardous substances into the environment from
industrial and anthropogenic sources. Therefore, continuous mon-
itoring of key hazardous air pollutants is vital to safeguard envi-
ronmental resources. In this regard, the development of sensitive,
selective, low maintenance, portable, and convenient to use sens-
ing devices for onsite detection of airborne pollutants is impera-
tive to overcome practical limitations encountered in conventional
methodologies [97]. A typical sensor (e.g., electrochemical) is com-
prised of two main components: (1) a recognition element that
selectively binds or reacts with the target molecule, and (2) a trans-
duction element that transduces the signal correlating to the selec-
tive binding or reaction (e.g., via the extent of concentration of the
target analyte) to the signal that can be physically measured (e.g,
potential or current) [98]. Among various detection methods, opti-
cal sensors have gained much attention owing to their high sensi-
tivity, selectivity, lower limit of detections, rapid response, operating
in real-time, and being ease for deployment [99].

Nonetheless, numerous CP sensing techniques (e.g., surface-en-
hanced Raman spectroscopy (SERS) based sensing, application of
imprinted polymers in electrochemical, optical, and biosensing
methods) are available for environmental monitoring applications
toward various pollutants including VOCs, polycyclic aromatic
hydrocarbons (PAHs), persistent organic pollutants (POPs), odor,
herbicides, and pesticides [93-96]. Most of these techniques are
sensitive, reliable, handy, and portable, countering the challenges
and requirements of conventional methods (e.g., large set-ups,
expensive instrumentation, and highly skilled manpower). In gen-
eral, the sensing mechanisms of a target through a sensor are divided
into two categories: (1) mechanisms involving direct coordination
of the analyte to the central metal atom of CPs (e.g., detection via
displacement of coordinated water molecules or coordinated antenna
molecule), and (2) mechanisms that do not require direct coordi-
nation of the analyte to the metal center of CPs (i.e., detection via
electrostatic interaction, 77 stacking interaction, and nucleophilic
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Fig. 11. Graphical presentation of hot-pressing method to prepare imidazole-based Zn(II) metal-organic complexes coatings for highly effi-

cient air filtration [104].

reaction) [99].

Numerous types of CPs have been employed for the detection
of various target components involving anions, cations, and neu-
tral species (e.g, I, and nitrobenzene). For example, 3D MOFs
with diverse structures have been constructed by a solvothermal
reaction of Zn or Cd ions with linear thiophene-functionalized
dicarboxylic acid (benzo-(1,2;4,5)-bis(thiophene-2-carboxylic acid,
H,L) [100]. These MOFs were found to exhibit efficient lumines-
cent sensory characteristics required for highly selective and sensi-
tive determinations of environmental contaminants in the presence
of other coexisting species, especially for salicylaldehyde or metal-
lic species like Hg(II), Cu(II), and Cr(VI). The luminescent sens-
ing mechanism for selective detection of salicylaldehyde in the
presence of other aldehydes (e.g., formaldehyde and acetaldehyde)
was ascribed to the high electron affinity of the former relative to
the latter. The observed phenomenon may also be explained by
electron transfers from the HOMO (highest occupied molecular
orbital) of MOFs to the LUMO (lowest occupied molecular orbital)
of the salicylaldehyde upon excitation. Such aldehyde selective prop-
erties of MOFs are indeed very useful for AQM applications [43].

Thin CP films have been extensively investigated for environ-
mental sensing applications [93-95,101]. For example, Troyano et
al. [102] utilized two Cu(I)-thiophenolate-based CPs (e.g., [CuCT],
(1) (CT=4-carboxy-thiophenolate) and [CuMCT], (2) (MCT=4-
methoxycarbonyl-thiophenolate)) reversible thermochromic poly-
meric thin films for 2D imaging sensor films [101]. These films
were thermal stimuli-responsive, freestanding, free of macroscopic
defects, and robust under mechanical bending stress [101]. These

types of advancements in sensing technique-based polymeric mate-
rials will accelerate the creation and commercialization of advanced
sensor devices for environmental applications.
3-2. Filtration

Research and development in filter materials based on novel
materials (including CPs) has recently become an interesting ap-
proach in materials science, albeit with much hyperbole and with-
out in-depth consideration of actual real-world applications [41,
103]. For example, Wang et al. [104] investigated metal-organic
complexes PBM-Zn1 and PBM-Zn2 coatings (PBM-Zn-filter) pro-
duced by the hot-pressing method on various substrates (e.g., glass,
melamine, foam-4, plastic, and carbon fiber cloth-4) (Fig. 11) [104].
The obtained PBM-Zn filters had excellent PM, ; and PM,, removal
performance (99.6%+0.5% and 99.4%+0.8%, respectively). These
products further exhibited acceptable air resistance after 24 hour
tests. The PBM-Zn2@melamine foam-4 gave the highest removal
rates of PM, 5 (99.5%+1.2%) and PM,, (99.3%+1.1%). Its removal
efficiency, when tested for PM,; and PM,, particles in cigarette
smoke, was high (>95.5%) due to its larger conjugation system,
micropore structure, lower pressure drops, higher electrostatic poten-
tial ¢ and electron cloud exposed metal center (DFT calculations)
[104]. Likewise, Gholami et al. [105] investigated TMU-5 MOFs
as novel nanofillers for flux increment and fouling mitigation in PES
ultrafiltration membranes [105]. A novel hydrophilic polyethersul-
fone (PES) ultrafiltration membrane was synthesized through blend-
ing TMU-5 CPs via the phase inversion method. Importantly; the
antifouling properties of the 0.1 wt% MOF NPs-PES membrane
had high flux recovery ratio (FRR) (98.74%) and low irreversible
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fouling resistance (Rir) (1.25%) [105]. While rarely reported in the
literature, complete life cycle analysis (LCA) and cost analysis of
MOF-based PM filter materials, including end-of-life disposal/
recycling and toxicity appraisal, are urgently needed before imple-
mentation of mass-scale production. While MOFs are costly for
small lots (e.g., >10 USD-g ), they are projected to be as low as 10
USD-kg ' in the near future [103]. providing hope for real-world
MOF applications including filter materials.

PRACTICAL PERFORMANCE ASSESSMENT OF MOFs

Practical performance of MOFs can be useful to improve air qual-
ity through their applications toward innovative efficient adsorbents,
catalysts, and sensing materials. The assessment of PC and adsorp-
tion capacity at both low (Henry’s region) and high-pressure region
is ideal for proper evaluation of sorbent performance, as explained
above. For instance, in Table 1 [50], the highest PC (68.0 mol kg '
Pa™') and lowest adsorption capacity (0.013 mg g ') for H,S were
simultaneously observed from IRMOF-3. These high values of PC
may be more relevant for the low outlet pressure areas like ambi-
ent conditions, while the ones with low sorption capacity should
be less effective for applications for control on emission sources
(high outlet pressure areas). The level of air purification achievable
by CPs/MOFs should ultimately comply with international guide-
lines (e.g, OSHA/NIOSH) [42]. Some recent review articles and
the key remarks are summarized for AQM using CPs/MOFs 9,
42,90,96,106-108].

To properly evaluate the performance and related properties of
MOFs, it is necessary to understand the design and synthesis of
MOFs from fundamental perspectives. MOF performance can be
assessed with respect to (a) the positional isomerism, substituents,
and spacers of organic ligands; (b) the coordination mode of metal
centers; (c) the architecture topology, dimensionality, and struc-
tural transformation; (d) secondary building units (SBUs); (e) sol-
vents; (f) linking defects; and (g) hierarchical porosity generation.
In our literature review; the functional tailorability of MOFs was
recognized as a great merit for improving performance of captur-
ing and storage of gaseous pollutants over conventional materials.
However, the precise chemistry of MOFs requirements needs to
be specified for AQM applications [42]. The success of an adsor-
bent depends on the development of materials that, under flue gas
temperature conditions, will have high sorption capacity and selec-
tivity with the aid of high tunability of chemistry and structure.

As aforementioned, successful dynamic adsorption mediums
should possess some reactive functionalities, often in the form of a
coordinatively unsaturated metal sites. While many MOFs with reac-
tive functionalities in the pores have been recognized, immense
potential exists for the development of unknown novel MOFs with
unique functionalities. Furthermore, the performance of any MOF
is expected to improve dramatically once impregnated with reac-
tive species such as ions and compounds. Nevertheless, the direct
and indirect cost of MOF production is still a major hurdle imped-
ing large-scale industrial applications. Apart from capital invest-
ment in infrastructures, the cost of MOF production is largely de-
pendent on raw materials (e.g, metal salts, organic ligands, and
organic solvents) and processing (e.g, activation). The catalytic per-
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formance of CPs/MOFs is superior due to their excellent structure
stability, large internal surface areas, adoption of functional/pen-
dant groups, and possible acquisition of uniform pore/cavity sizes.
Heterogeneous and homogeneous catalytic activity of MOFs may
also be enhanced through easier post-reaction separation and recy-
clability [82,83].

In sensing applications of gaseous targets (e.g, breath analysis
and indoor air quality monitoring), precise detection of trace-level
species in complex gas mixtures is a major challenge [109-112].
Nevertheless, modern sensors can be extremely compact, inexpen-
sive, and highly sensitive, although their practical success is still lim-
ited by selectivity. To counter such major challenges, MOFs have
been recently investigated as chemo resistive sensors where their
engineered surface reactivity offers not only high selectivity but also
excellent capability (e.g., molecular size selection and chemical sep-
aration based on adsorption). The diffusion properties of CPs/MOFs
have imparted greater flexibility for the optimization of selectivity
for gas sensing applications. For example, a zeolite MFI/ALO; micro-
porous membrane was investigated for chemo resistive gas sensors
for highly selective sensing of formaldehyde [113]. The membrane
exhibited exceptional selectivity (>100) for formaldehyde (down to
30 ppb) at 90% relative humidity, outperforming most state-of-the-
art detectors by more than an order of magnitude. The high sensi-
tivity of these sensors should aid formaldehyde detection, even
down to 30 ppb at relative humidity of 50 and 90%. This system is
especially appealing for expanded applications including breath anal-
ysis and indoor air quality monitoring [113]. Additional forms of
novel materials with widely tunable separation properties should
be available in the future. Such development will facilitate a new
generation of portable breath analyzers or indoor air monitors with
unprecedented sensitivity and selectivity for sensor applications
[109-113].

CONCLUSION AND FUTURE PROSPECTIVE

Over the past several years, significant progress in MOFs has
been achieved not only in air purification but also in many other
areas (e.g., storage, separation/removal, biomedical, catalysis, and
sensors). MOFs have excellent potential for AQM applications due
to their significant advantages over other materials. Accordingly,
several approaches have been developed to help evaluate CPs/MOFs
for AQM-related applications through single- or multiple-compo-
nent selective features for adsorption/permeation/catalysis/sensors.
The advent of such MOFs will provide an opportunity for their
practical implementation to fulfill various AQM demands, both at
urban as well as industrial scale. Some key parameters for AQM
applications based on CPs/MOFs have been pointed out for re-
searcher/readers in Fig. 12. Hopefully, these points are helpful for
finding systematic, designed and useful sorbent materials for com-
mercial deployment with considering the cost-effective AQM tech-
nology. In addition, it would provide a direct critical information
about their performance.

Purposely-designed MOFs can be applied to air purification and
AQM tasks for residential and industrial environments, including
flue-pipe filtration, baghouse dust collection, and air intake filtra-
tion for vehicle or aircraft engines. Nonetheless, it is highly desir-
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Fig. 12. Some key parameters for AQM applications based on CPs/MOFs.

able for researchers to provide MOFs potential (but unproven)
performance metrics (including high breakthrough volume, long-
term reusability; excellent permeability with low pressure drop, and
high PM removal efficiency) for proper performance assessment.
To this end, it is recommended that materials scientists should also
focus on natural materials or bioinspired materials (BMs) MOFs,
which are one of the most attractive candidates for future air puri-
fication technology. While BMs are not free from the current chal-
lenges in materials for AQM applications (as discussed in section
4), they offer some excellent features (e.g,, porosity; high surface area,
flexibility, tunable porosity, and functionality) while maintaining
chemical and thermal stability.

ACKNOWLEDGEMENTS

PK thanks the Science and Engineering Research Board (SERB),
New Delhi, for funding under ‘Empowerment and Equity Oppor-
tunities for Excellence in Science (Projects reference no. EEQ/2016/
000484). This study was supported by a grant from the National
Research Foundation of Korea (NRF) funded by the Ministry of
Science, ICT & Future Planning (No. 2016R1E1A1A01940995).
This research was also supported partially by the R&D Center for
Green Patrol Technologies through the R&D for Global Top Envi-
ronmental Technologies funded by the Ministry of Environment
(MOE), Republic of Korea.

REFERENCES

1.]. Lubchenco, Science, 279, 491 (1998).

2.S.R. Batten, N. R. Champness, X.-M. Chen, J. Garcia-Martinez, S.
Kitagawa, L. Ohrstrom, M. O'Keeffe, M. P. Suhh and J. Reedijkij,
CrystEngComm., 14, 3001 (2012).

3.F Perreault, A. E De Faria and M. Elimelech, Chem. Soc. Rev., 44,
5861 (2015).

4.P. Kumar, A. Deep, K-H. Kim and R.]. C. Brown, Prog. Polym.

DOBreakthrough volume (10%)

@Capacity at High and low partial pressure region
@Partition coefficient at BT,

©@Space velocity

ORegeneration cycles

@Cost ((free on board, (FOB))

*All key parameters should be considered critically when
assessing sorbent performance; during this literature study it
was found that these parameters have not been considered
sufficiently, especially in case of CPs/MOFs

*Notably, the regeneration/cost/benefit analysis must be provided
for screening of effective sorbents materials for real world

OItis highly recommended that all these points must be
considered during experimental work and that their real data
should be published as supplementary information or complied

CHopefully, we can find out a suitable sorbentidentified quickly
in future based on these discussed key parameters

Sci., 45, 102 (2015).

5.W.P. Lustig, S. Mukherjee, N. D. Rudd, A. V. Desai, J. Li and S.K.
Ghosh, Chem. Soc. Rev., 46, 3242 (2017).

6. wwwindiaenviromentportalorgin (b) wwwindianenviroment.orgin,
(c) WHO Guidelines (2016).

7. Towards A Clean-Air Action Plan, Lessons from Delhi, Centre for
Science and Environment, New Delhi (2017).

8. Summary Report of India Air Purifier Market (2017-2023) - http://
www.6wresearch.com/market-reports/india-air-purifier-market-2017-
2023-forecast-by-segments-car-room-hepa-applications-cities-tier-
1-2-3.html.

9. H. Furukawa, K. E. Cordova, M. O’Keeffe and O.M. Yaghi, Sci-
ence, 341, 1230444 (2013).

10. R. M. Klein and J. C. Bailar Jr.,, Inorg. Chem., 2, 1187 (1963).

11. B. E Hoskins and R. Robson, J. Am. Chem. Soc., 111, 5962 (1989).

12.S.R. Batten, S.M. Neville and D.R. Turner, Coordination poly-
mers: design, analysis and application, Royal Society of Chemistry
(2008).

13. S. Kitagawa and M. Kondo, Bull. Chem. Soc. Jpn., 71, 1739 (1998).

14. C. Janiak and J. K. Vieth, New J. Chem., 34, 2366 (2010).

15.J-P. Zhang, Y.-B. Zhang, J.-B. Lin and X.-M. Chen, Chem. Rev,
112, 1001 (2011).

16.H. Li, M. Eddaoudi, M. O'Keeffe and O.M. Yaghi, Nature, 402,
276 (1999).

17.D.]. Tranchemontagne, J.L. Mendoza-Cortés, M. O'Keeffe and
O. M. Yaghi, Chem. Soc. Rev., 38, 1257 (2009).

18. C. Janiak, Dalton Transactions, 2781-804 (2003).

19. K. Sumida, D. L. Rogow; J. A. Mason, T. M. McDonald, E. D. Bloch,
Z.R. Herm, T-H. Bae and J. R. Long, Chem. Rev,, 112, 724 (2011).

20.K. A. Cychosz and A.]. Matzger, Langmuir, 26, 17198 (2010).

21.T. Uemura, N. Yanai and S. Kitagawa, Chem. Soc. Rev,, 38, 1228
(2009).

22.R.]. Kuppler, D. J. Timmons, Q.-R. Fang, J.-R. Li, T. A. Makal, M. D.
Young, D. Yuan, D. Zhao, W. Zhuang and H.-C. Zhou, Coord.
Chem. Rev., 253, 3042 (2009).

Korean J. Chem. Eng.(Vol. 36, No. 11)



1852 P. Kumar et al.

23.N. A. Khan, Z. Hasan and S. H. Jhung, . Hazard. Mater., 244, 444
(2013).

24.C. Dey, T. Kundu, B. P. Biswal, A. Mallick and R. Banerjee, Cryst.
Eng. Mater., 70, 3 (2014).

25.].R. Long and O. M. Yaghi, Chem. Soc. Rev., 38, 1213 (2009).

26.0. M. Yaghi, M. Okeeffe, N. W. Ockwig, H. K. Chae, M. Eddaoudi
and J. Kim, Nature, 423, 705 (2003).

27.N. Stock and S. Biswas, Chem. Rev., 112, 933 (2011).

28.]. Liu, L. Chen, H. Cui, J. Zhang, L. Zhang and C.-Y. Su, Chem.
Soc. Rev., 43, 6011 (2014).

29.S. M. Cohen, Chem. Rev, 112, 970 (2011).

30.B. Li, H-M. Wen, W. Zhou and B. Chen, J. Phys. Chem. Lett., 5,
3468 (2014).

31.1 Imaz, J. Hernando, D. Ruiz-Molina and D. Maspoch, Angew.
Chem. Int. Ed., 48, 2325 (2009).

32. M. Fujita, Y.J. Kwon, S. Washizu and K. Ogura, J. Am. Chem. Soc.,
116(3), 1151 (1994).

33.0. M. Yaghi, G. Li and H. Li, Nature, 378(6558), 703 (1995).

34.A.P. Cote, A.L Benin, N.W. Ockwig, M. Okeeffe, A.]. Matzger
and O. M. Yaghi, Science, 310, 1166 (2005).

35.]. L. Rowsell and O. M. Yaghi, Micropor. Mesopor. Mater., 73(1-2), 3
(2004).

36.]. L. C. Rowsell and O. M. Yaghi, J. Am. Chem. Soc., 128, 1304 (2006).

37.G.J. Halder, C.]. Kepert, B. Moubaraki, K.S. Murray and J.D.
Cashion, Science, 298, 1762 (2002).

38.K. S. Min and M. P. Suh, Chem. Eur. ], 7, 303 (2001).

39.7. Cai, J.-S. Zhou and M.-L. Lin, J. Mater. Chem., 13, 1806 (2003).

40. D. Maspoch, D. Ruiz-Molina, K. Wurst, N. Domingo, M. Caval-
lini, E Biscarini, J. Tejada, C. Rovira and J. Veciana, Nature Mater.,
2, 190 (2003).

41. C. Yifa, Z. Shenghan, C. Sijia, L. Siqing, C. Fan, Y. Shuai, X. Cheng,
Z. Junwen, E Xiao, M. Xiaojie and W. Bo, Adv. Mater,, 29, 1606221
(2017).

42. P Kumar, K-H. Kim, E. E. Kwon and J. E. Szulejko, J. Mater. Chem.
A, 4, 345 (2016).

43.].E Van Humbeck, T. M. McDonald, X. Jing, B. M. Wiers, G. Zhu
and J. R. Long, . Am. Chem. Soc., 136, 2432 (2014).

44. A.]. Rieth, Y. Tulchinsky and M. Dincg, J. Am. Chem. Soc., 138,
9401 (2016).

45.S.R. Caskey, A. G. Wong-Foy and A. J. Matzger, . Am. Chem. Soc.,
130, 10870 (2008).

46.]. A. Mason, K. Sumida, Z.R. Herm, R. Krishna and J.R. Long,
Energy Environ. Sci., 4(8), 3030 (2011).

47.T.M. McDonald, D. M. D'Alessandro, R. Krishna and J.R. Long,
Chem. Sci., 2, 2022 (2011).

48.D.-X. Xue, A.]. Cairns, Y. Belmabkhout, L. Wojtas, Y. Liu and
M. H. Alkordi, . Am. Chem. Soc., 135, 7660 (2013).

49.D.-X. Xue, A.]J. Cairns, Y. Belmabkhout, L. Wojtas, Y. Liu, M. H.
Alkordi and M. Eddaoudi, Chem. Sci., 7, 6528 (2016).

50.X.-L. Wang, H.-L. Fan, Z. Tian, E-Y. He, Y. Li and J. Shangguan,
Appl. Surf. Sci., 289, 107 (2014).

51.X.-L. Wang, H.-L. Fan, Z. Tian, E-Y. He, Y. Li and J. Shangguan,
Chem., 3, 822 (2017).

52.S.M.T. Abtab, D. Alezi, P. M. Bhatt, A. Shkurenko, Y. Belmabk-
hout, H. Aggarwal, L. ]. Weselinski, N. Alsadun, U. Samin, M. N.
Hedhili and M. Eddaoudi, Chem., 4, 94 (2018).

November, 2019

53.T. M. McDonald, J. A. Mason, X. Kong, E.D. Bloch, D. Gygi, A.
Dani, V. Crocelld, E Giordanino, S.O. Odoh, W.S. Drisdell, B.
Vlaisavljevich, A. L. Dzubak, R. Poloni, S. K. Schnell, N. Planas, K.
Lee, T. Pascal, L.E Wan, D. Prendergast, ]. B. Neaton, B. Smit, J. B.
Kortright, L. Gagliardi, S. Bordiga, J. A. Reimer and J.R. Long,
Nature, 519, 303 (2015).

54. O. Karahan, E. Bicer, A. Tagdemir, A. Yiiriim and A. Giirsel Selmiye,
Eur. J. Inorg. Chem., 2018, 1073 (2018).

55.X. Han, H. G. W. Godfrey, L. Briggs, A.]. Davies, Y. Cheng, L. L.
Daemen, A.M. Sheveleva, E Tuna, E.J.L. McInnes, J. Sun, C.
Drathen, M. W. George, A.J. Ramirez-Cuesta, K. M. Thomas, S.
Yang and M. Schroder, Nature Materials, 17, 691 (2018).

56. O. Karahan, E. Biger, A. Tagdemir, A. Yirtim and S. A. Giirsel, Eur.
J. Inorg. Chem., 2018(9), 1073 (2018).

57.J-M. Gu, W--S. Kim and S. Huh, Dalton Transactions, 40, 10826
(2011).

58.X. Ma, Y-X. Zhou, H. Liu, Y. Li and H.-L. Jiang, Chem. Commun.,
52,7719 (2016).

59.Z. Liu, W. Dong, S. Cheng, S. Guo, N. Shang, S. Gao, C. Feng, C.
Wang and Z. Wang, Catal. Commun., 95, 50 (2017).

60.B. Tang, W.C. Song, E.C. Yang and X.]. Zhao, RSC Adv, 7(3),
1531 (2017).

61. Noll, Kenneth E., Adsorption technology for air and water pollution
control, CRC Press (1991).

62.]. Kammerer, R. Carle and D. R. Kammerer, J. Agric. Food Chem.,
59, 22 (2011).

63. 0. Leenaerts, B. Partoens and E M. Peeters, Appl. Phys. Lett., 93,
193107 (2008).

64. C. Petit and T. ]. Bandosz, Adv. Funct. Mater., 21(11), 2108 (2011).

65.S. Schumacher, T. O. Wehling, P. Lazi¢, S. Runte, D. E Forster, C.
Busse, M. Petrovi¢, M. Kralj, S. Bliigel, N. Atodiresei, V. Caciuc
and T. Michely, Nano Lett., 13, 5013 (2013).

66.N. C. Burtch, H. Jasuja and K. S. Walton, Chem. Rev., 114, 10575
(2014).

67.]. E. Szulejko, K.-H. Kim and J. Parise, Seeking the most powerful
and practical sorbents for real-world applications based on perfor-
mance metrics, Submitted (2018).

68. A. Khan, ]. E. Szulejko, K. J. Kim and R.]. Brown, J. Environ. Man-
age., 209, 525 (2018).

69.Y. H. Kim and K. H. Kim, Anal. Chem., 85, 5087 (2013).

70.]. Pawliszyn, Sampling and sample preparation for field and labora-
tory: fundamentals and new directions in sample preparation, Else-
vier (2002).

71.S.]. Gregg, K.S. W. Sing and H. W. Salzberg, J. Electrochem. Soc.,
114(11), 279C (1967).

72.S. Brunauer and L. Copeland, Physical adsorption of gases and
vapors on solids, In Symposium on Properties of Surfaces, ASTM
International (1963).

73.R. Matsuda, R. Kitaura, S. Kitagawa, Y. Kubota, R. V. Belosludov,
T. C. Kobayashi, H. Sakamoto, T. Chiba, M. Takata, Y. Kawazoe
and Y. Mita, Nature, 436, 238 (2005).

74.B. Panella, M. Hirscher, H. Piitter and U. Miiller, Adv. Funct.
Mater., 16(4), 520 (2006).

75.]. L. Rowsell and O. M. Yaghi, J. Am. Chem. Soc., 128(4), 1304 (2006).

76. M. T. Luebbers, T. Wu, L. Shen and R. I. Masel, Langrmuir, 26, 11319
(2010).



Metal organic frameworks (MOFs): Current trends and challenges in control and management of air quality 1853

77.C.-Y. Huang, M. Song, Z.-Y. Gu, H.-E Wang and X.-P. Yan, Envi-
ron. Sci. Technol., 45, 4490 (2011).

78.Y.-H. Kim, P. Kumar, E. E. Kwon and K.-H. Kim, Microchem. J.,
132, 219 (2017).

79.R. P H. Gasser and G. Ehrlich, Phys. Today, 40, 128 (1987).

80. W.G. Jin, W. Chen, P. H. Xu, X. W. Lin, X. C. Huang, G. H. Chen,
F Lu and X.-M. Chen, Chem.-A Eur. ], 23, 13058 (2017).

81.C. Chen, L-X. Cai, B. Tan, Y.-J. Zhang, X.-D. Yang, S. Lin and J.
Zhang, Cryst. Growth Des., 17, 1843 (2017).

82. W. MacKenzie and D. Sherrington, Polymer, 21, 791 (1980).

83.].H. Jung, J. H. Lee, J. R. Silverman and G. John, Chem. Soc. Rev.,
42,924 (2013).

84.S.T. Meek, J. A. Greathouse and M. D. Allendorf, Adv. Mater., 23,
249 (2011).

85.M. Sabo, A. Henschel, H. Frode, E. Klemm and S. Kaskel, J.
Mater. Chem., 17, 3827 (2007).

86.1. Luz, E X. Llabrés I Xamena and A. Corma, J. Catal., 276, 134
(2010).

87.D.T. Genna, A. G. Wong-Foy, A.]. Matzger and M. S. Sanford, .
Am. Chem. Soc., 135, 10586 (2013).

88.X. Zhang, EX. Llabrés I Xamena and A. Corma, J. Catal,, 265,
155 (2009).

89.1. Luz, E X. Llabrés I Xamena and A. Corma, J. Catal., 285, 285
(2012).

90.]. Lee, O.K. Farha, J. Roberts, K. A. Scheidt, S. T. Nguyen and J. T.
Hupp, Chem. Soc. Rev., 38, 1450 (2009).

91.Y. Du, H. Yang, S. Wan, Y. Jin and W. Zhang, J. Mater. Chem. A,
5,9163 (2017).

92.M. Gupta, D. De, S. Pal, T. K. Pal and K. Tomar, Dalfon Transac-
tions, 46, 7619 (2017).

93.B. Chen, S. Xiang and G. Qian, Acc. Chem. Res., 43, 1115 (2010).

94.L.E. Kreno, K. Leong, O.K. Farha, M. Allendorf, R.P. Van
Duyne and J. T. Hupp, Chem. Rev,, 112, 1105 (2011).

95. P. Kumar, A. Deep and K.-H. Kim, TrAC Trends Anal. Chem., 73,
39 (2015).

96. P. Kumar, A. Pournara, K-H. Kim, V. Bansal, S. Rapti and M.]J.
Manos, Prog. Mater. Sci., 86, 25 (2017).

97.K. Vikrant, D. C. Tsang, N. Raza, B.S. Giri, D. Kukkar and K.-H.
Kim, ACS Appl. Mater. Interfaces, 10, 8797 (2018).

98.P.1. Gouma, Nanomaterials for chemical sensors and biotechnol-
0gy, Pan Stanford (2009).

99. M. L. Aulsebrook, S. Biswas, E M. Leaver, M. R. Grace, B. Graham,
A. M. Barrios and K. L. Tuck, Chem. Commun., 53, 4911 (2017).

100. Y. Zhao, X. Xu, L. Qiu, X. Kang, L. Wen and B. Zhang, ACS Appl.
Mater. Interfaces, 9, 15164 (2017).

101. A. Deep, S. K. Bhardwaj, A. Paul, K-H. Kim and P. Kumar, Bios-
ens. Bioelectron., 65, 226 (2015).

102.]. Troyano, O. Castillo, J.I. Martinez, V. Fernandez-Moreira, Y.
Ballesteros, D. Maspoch, F. Zamora and S. Delgado, Adv. Funct.
Mater, 28, 1704040 (2018).

103. P A. Julien, C. Mottillo and T. Fris¢i¢, Green Chem., 19, 2729 (2017).

104. A. Wang, R. Fan, X. Zhou, S. Hao, X. Zheng and Y. Yang, ACS
Appl. Mater. Interfaces, 10, 9744 (2018).

105. F Gholami, S. Zinadini, A. Zinatizadeh and A. Abbasi, Sep. Purif
Technol., 194, 272 (2018).

106.].B. DeCoste and G.W. Peterson, Chem. Rev., 114(11), 5695

(2014).

107.]. Canivet, A. Fateeva, Y. Guo, B. Coasne and D. Farrusseng, Chermn.
Soc. Rev., 43(16), 5594 (2014).

108.L. Zhu, X. Q. Liu, H.L. Jiang and B. Sun, Chem. Rev, 117(12),
8129 (2017).

109. T. Smoke and I. Smoking, IARC monographs on the evaluation
of carcinogenic risks to humans, IARC, Lyon, 1-1452 (2004).

110.C. A. Machado, N. Robbins, M. T.P. Gilbert and E.A. Herre,
Proc. Natl. Acad. Sci., 102, 6558 (2005).

111. A. Wehinger, A. Schmid, S. Mechtcheriakov, M. Ledochowski, C.
Grabmer, G. A. Gastl and A. Amann, Int. J. Mass Spectrom., 265,
49 (2007).

112. C. Hakim, Research Design: Succesful Designs for Social Econom-
ics Research, Routledge (2012).

113. A. T. Giintner, S. Abegg and K. Wegner, Sens. Actuators, B: Chem.,
257,916 (2018).

Dr. Pawan Kumar obtained his Ph.D.
(Engineering) from the Academy of Scientific
and Innovative Research - Central Scientific
Instruments Organization (AcSIR-CSIO),
Chandigarh (India). He was a post-doctoral
fellow at Hanyang University Seoul, Korea
from 2014 to 2016 and then joins (Till July
19, 2016) as Scientist (SERB-DST) at De-
partment of Chemical Engineering, Indian
Institute of Technology (IIT), New Delhi,
India. Presently, he working as Assistant Professor in Dept. of Nano-
science and Materials, Central University of University, Jammu. He
has published over 58 scholarly articles in SCI journals and 3 book
chapters.

HYU Distinguished Prof. Ki-Hyun Kim
was at Florida State University for an M.S.
(1984-1986) and at University of South
Florida for a Ph.D. (1988-1992). He was a
Research Associate at ORNL, USA (1992
to 1994). He moved to Sang Ji University,
Korea in 1995. In 1999, he joined Sejong
University. In 2014, he moved to the De-
partment of Civil and Environmental En-
gineering at Hanyang University. His research
areas broadly cover the various aspects in the interfacing field of
“Air Quality & Environmental Engineering” in connection with “Material
Engineering” with emphasis on advanced novel materials like Coordination
Polymers, especially Metal-Organic Frameworks (MOFs). He was
awarded as one of the top 10 National Star Faculties in Korea in
2006 and became an academician (Korean Academy of Science and
Technology) in 2018. He has been recognized as ‘Highly Cited Researcher
(HCR) for 2019 in Environment & Ecology field from Clarivate
Analytics. He is serving as associate editor of ‘Environmental Research’ and
Critical Reviews in Environmental Science & Technology” while being a
board member in several other journals (e.g, Atmospheric Pollution
Research’ and ‘Sensors’). He has published more than 680 articles
many of which are in leading scientific journals including ‘Chemical
Society Reviews Progress in Material Science, Progress in Polymer
Science, ‘Progress in Energy and Combustion Science ‘Chemy ‘Nano
Energy, and ‘Coordination Chemistry Reviews.

Korean J. Chem. Eng.(Vol. 36, No. 11)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for journal articles and eBooks for online presentation. Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


