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The development of porous nanomaterials with high efficiency for environmental remediation has been
attracting significant attention and becoming an important topic recently. Metal-organic frameworks (MOF)
are hybrid inorganic-organic porous materials containing a metal-oxygen cluster and organic molecules,
which are becoming an alternative to traditional inorganic porous materials, such as zeolite and silica, for
environmental remediation owing to their fascinating characteristics. Recent studies have demonstrated
that MOF are one of the most efficient adsorbents or catalysts in gas separation, solar energy conversion
and photocatalytic applications. This review mainly summarizes the recent progress on the adsorptive and
degradation treatment of various gaseous pollutants by MOF materials. In this review, the physical and
chemical adsorption of gaseous pollutants in air by MOFs will be discussed, and strategies for maximizing
the adsorption capacity by tuning the physical and chemical properties of MOFs at the atomic level are sys-
Received 20th October 2018, tematically summarized. In particular, a promising strategy based on the synergistic effect of adsorption-
Accepted 23rd November 2018 concentrated photocatalytic oxidation of gaseous pollutants with this newly emerging MOF is also intro-
duced, as it holds great potential in the treatment of gaseous pollutants in consideration of its high effi-
ciency, low cost and being free from secondary pollution. In the end, the challenges faced, the prospects,

DOI: 10.1039/c8en01167b

rsc.li/es-nano and our personal perspective on future research directions are also estimated and elucidated.

Environmental significance

Metal-organic frameworks (MOFs) are hybrid organic-inorganic porous crystalline nanomaterials that have aroused great attention in environmental
remediation due to their crystalized nano- (<2 nm) or meso- (2-50 nm) porous structure, extremely high surface area, and significant chemical diversity.
Considering the rapid development of MOFs in the application of gaseous pollutant abatement, this review article mainly summarizes the recent progress
and challenges with the design and engineering of MOFs for gaseous pollutant remediation, including inorganic toxic gases, organic vapors as well as par-
ticulate matter. The effects of cavity and pore size, functional groups, hydrophobic/hydrophilic properties, and surface unsaturated metal ions of various
nanostructured MOFs on the adsorption/photocatalytic degradation of various gaseous pollutants are reviewed in detail. This review paper may serve as a
valuable platform that offers guidelines on the design of MOFs for selective adsorption/degradation of targeted gaseous pollutants in future applications.

1. Introduction mainly derived from anthropogenic activities,”” such as
burning of fossil fuel, the leakage of harmful industrial gases
and vapors, and chemical warfare agents, as well as indus-
trial sewage discharge.®'° The discharge of harmful gases/va-
pors into air can cause significant harm to the eco-
environment and human health."'™'* Owing to the consider-
able increase of harmful industrial gases/vapors emissions, a
stringent regulation has been proposed whereby the

The release of toxic pollutants into environmental matrixes is
a worldwide risk of growing concern.' A large number of dif-
ferent types of hazardous materials are emitted into water
and air every year, including NO,, SO,, CO, nitrogen-
containing organic compounds (e.g. hydrogen cyanide),
sulfur-containing compounds (e.g. organothiols) as well as
volatile organic compounds.>™ These toxic pollutants are
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maximum VOC emission level by 2020 should be reduced by
half in comparison with that emitted in 2000 in EU member
countries.® Therefore, efficient removal of toxic pollutants
from the environment has attracted a great deal of attention
and is becoming a very hot topic.

The effective removal of harmful gases/vapors is of signifi-
cant importance for the protection of the environment and

Dr. Meicheng Wen received his
Ph.D. degree in engineering from
Osaka University under the
supervision of Prof. Hiromi Ya-
mashita in 2016. He was a spe-
cially appointed assistant profes-
sor in the Division of Materials
and Manufacturing Science at
Osaka University in 2016-2017.
He is now an associate professor
at Guangdong University of
Technology, China. His research
mainly focuses on preparation of
nanomaterials, and their appli-
cations in energy conversion and environmental remediation.

Meicheng Wen

Dr. Hongli Liu received her PhD
degree from the school of chem-
istry and chemical engineering
of South China University of
Technology in 2013, and she
then conducted postdoctoral
work at the same university from
2013 to 2015. She is currently
an associate professor of the In-
stitute of Environmental Health
and Pollution Control as well as
the School of Environmental Sci-
ence and Engineering, Guang-
dong University of Technology.
Her research focuses on the design and preparation of MOF-based
composite materials for heterogeneous catalysis as well as gas ad-
sorption and separation.

Hongli Liu

This journal is © The Royal Society of Chemistry 2019

View Article Online

Tutorial review

for the people who are at danger of being exposed to such
hazardous compounds.'® Currently, there are many technolo-
gies for environmental purification, including membrane
separation, incineration and oxidation.'**®* However, most
treatment methods suffer from high cost, low efficiency and/
or the generation of secondary pollutants. In this regard, ad-
sorption and photocatalysis are emerging as cost-effective
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advanced technologies for environmental purification in the
view of their low cost, low levels of secondary products, easy
separation and environmentally benign nature.’

The adsorption capture of harmful gas/vapor is based on
the adsorption capacity and selectivity of a porous adsorbent,
of which the specific toxic materials can access the pores of a
solid adsorbent and be trapped via van der Waals force (phys-
ical adsorption) or chemical bond formed between the adsor-
bent and adsorbate (chemical adsorption).>*>> The physical
adsorption capacity of a solid adsorbent is significantly af-
fected by its pore and cavity size as well as surface area,
where the chemical adsorption capacity of a solid adsorbent
is highly dependent on its surface functionality (acid or ba-
sic), surface atomic coordination, and electron density
(electron deficient or electron rich). There are many porous
materials with large surface area and rigid structure that have
been explored as adsorbents for physical adsorption of toxic
compounds. These materials include activated carbon, po-
rous silica, aluminosilicate zeolites, carbon nanotubes,
resins, molecular sieves and pillared clays."®**"*” Consider-
able achievements have been obtained by using these inor-
ganic porous materials as adsorbents for capturing toxic com-
pounds, some of which are now being used in industry in
practical applications.”® However, owing to their inner sur-
face properties, the adsorption capacity of these inorganic po-
rous materials is mainly based on physical adsorption, whilst
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chemical adsorption contributes a little. To increase the
chemical adsorption capacity, complicated chemical modifi-
cation processes are usually required to functionalize these
adsorbents to create specific adsorption sites.>*° On the ba-
sis of the above discussion, a solid material, which is able to
offer sufficient design opportunities, is highly desirable for
efficiently removing harmful gas/vapor from the environ-
ment. Metal-organic frameworks (MOF) are an attractive
class of organic-inorganic porous materials, constructed
from inorganic secondary building units (metal oxide clusters
or metal ions) coordinating to organic moieties.*** Such co-
ordination polymers offer significant chemical and structural
diversity, and have outperformed the traditional porous ma-
terials in adsorption of harmful gas/vapor owing to the ability
to elaborately tailor the pore size and chemical property of
MOFs at the molecular level.***> According to the size and
chemical features of the adsorbate, MOF with well-defined
adsorption sites anchored on ligands as well as certain pore
sizes can be designed and fabricated by altering the identity
of either the connecting center or organic linker, holding
great potential in gas/vapor adsorption applications. Nor-
mally, the quantum sized nodes of MOFs composed of a tran-
sitional metal ion linked with the oxygen of an organic linker
offer a large number of electron-deficient open metal sites,
which benefit the chemical adsorption of gas/vapor via adsor-
bate-surface interactions. In addition, MOFs are a class of
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highly crystallized solid materials having semiconducting
property, affording remarkable photocatalytic activity to the
degradation of organic pollutants with considerable thermal
stability. Therefore, these unique characteristics endow MOFs
with a “self-cleaning” ability, in which the adsorbed gas/vapor
is in situ degraded upon light irradiation. Thus, the purifica-
tion of gaseous pollutants from the environment by MOFs
will likely play a vital role in the near future.

In this review, the physical and chemical adsorption of
hazardous pollutants existing in the atmospheric environ-
ment by MOFs is mainly summarized, and this review is con-
ceptually divided into four major categories: (1) toxic inor-
ganic gases, volatile organic compounds (VOCs) and
particulate matter adsorption based on size confinement and
adsorbate-surface interactions are respectively reviewed and
summarized. (2) Strategies for maximizing the adsorption ca-
pacity, as the adsorption uptake is significantly affected by
many  factors, including  functionality, humidity,
coordinatively unsaturated metal cations, acidity, basicity
and defects in the MOF. In this section, the successful strate-
gies for tuning the surface properties to enhance the adsorp-
tion capacity are systematically summarized. (3) MOF-based
photocatalysts for the degradation of gaseous pollutants as
well as adsorbent regeneration. (4) Finally, the challenges
faced and our personal perspective on future research direc-
tions are also discussed and pointed out. We do believe that
MOFs have a bright future in environmental purification, not
only for physical and chemical adsorption removal, but also
for photocatalytic degradation of hazardous atmospheric
pollutants.

2. Adsorption of gaseous pollutants
with MOF-based nanomaterials

2.1 Toxic inorganic gas adsorption with MOF-based
nanomaterials

Usually, named toxic and hazardous gases, including H,S,
CO, NO,, NHj3;, halogens and SO,, mainly released by burning
of fossil fuels, are of major concern for environmental air
pollution. These toxic gases are a major threat to the environ-
ment and human health, leading to photochemical smog,
acid rain, and greenhouse effect, as well as various respira-
tory diseases from their chronic exposure even at very low
concentrations. Therefore, the removal of these harmful
gases from the environment is an important aspect for pollu-
tion control and the protection of human health. Considering
the physicochemical characteristics of these toxic gases, most
of them are redox active, s-donor or m-acceptor substances,
so their physical adsorption by using an adsorbent with ade-
quate pore size and cavity is not enough, since the weak force
of physical attraction between the adsorbate and adsorbent
leads to a low adsorption capacity and secondary pollution.
Therefore, chemical adsorption by forming specific interac-
tions between the adsorbent and the adsorbate is highly de-
sirable. In this section, the chemical adsorption of toxic gases
by MOFs will be discussed.

This journal is © The Royal Society of Chemistry 2019
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Adsorption of H,S. H,S is a flammable, poisonous and
corrosive gas emitted from municipal sewage, animal farms,
polluted sewers and ports, and may travel along the ground
as it is heavier than air. This substance causes inflammation
of the eyes, skin burns, and respiratory diseases, and signifi-
cantly affects human health. The toxicity level of 100 ppm is
reported to be immediately dangerous to life or health.*
Therefore, MOF with high affinity, capacity and selectivity for
H,S are vital to remove trace H,S. Up to now, several MOFs,
such as HKUST-21, MIL-47(V), and MIL-53(Cr, Al), have been
applied to the physical adsorption of H,S, while MIL-101(Cr),
MIL-53(Fe), and UiO-67 have been employed for adsorption of
H,S.***” Those MOFs displayed excellent adsorption capacity
and affinity towards H,S. The newly formed coordination
bond between the open metal site and the functionality of
MOFs and the redox active H,S is considered as the main rea-
son for the extremely high adsorption capacity of MOFs.

To systematically understand the adsorption mechanism,
Zou and co-workers employed 11 MOFs with various open
metal sites, organic linkers, surface areas and porous struc-
tures for the experimental and theoretical study of H,S cap-
turing.*® Different adsorption mechanisms were found for
the 11 different MOFs: reversible physical adsorption oc-
curred on Mg-MOF-74, UiO-66, ZIF-8, MIL-101(Cr), and Ce-
BTC, while irreversible chemical adsorption happened on the
other Cu- and Zn-based MOFs owing to the formation of
metal sulfide. Among them, Mg-MOF-74 is the most stable
adsorbent for H,S capture with uptake of 0.24 mmol g, as
shown in Fig. 1. The high stability of Mg-MOF-74 for H,S cap-
ture can be attributed to the strong O-Mg-O bond in Mg-
MOF-74, which prevents the formation of S-Mg bonds, lead-
ing to the physical adsorption of H,S. In contrast, MIL-
101(Cr) showed enhanced adsorption capacity towards H,S
and remarkable stability as compared with Mg-MOF-74 be-
cause the p orbital electrons of sulfur approach the open
metal site of MIL-101(Cr) as well as the strong Cr-O bond. It
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Fig. 1 H,S uptake on different MOFs at 298 K under 1 atm (H,S, 1 kPa;
filled column: fresh MOF adsorbents; striped column: refreshed
adsorbents). Reproduced with permission from ref. 38.
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should be noted that Cu-BDC, Zn-MOF-74, MOF-5, HKUST-1,
UiO-66-NH, and Fe-BTC(gel) all exhibited excellent adsorption
capacity for H,S capture because of the strong chemical inter-
actions between S atoms and open metal sites as well as the
functional groups of MOFs. It is well known that by transfer-
ring the p electron of sulfur to the d orbital of a transition
metal, p-d bonds can be formed. Therefore, Cu, Zn and Fe
cations could easily coordinate with H,S to form metal sul-
fide, resulting in the enhancement of the adsorption capacity
towards H,S. Such strong interaction of MOF with H,S can
be observed by means of X-ray diffraction and X-ray pair dis-
tribution function analysis as the crystal structure of MOFs
and the electron density of the open metal site change
slightly after H,S adsorption. The strong binding force be-
tween H,S and the open metal sites of the MOF can effi-
ciently prevent the secondary pollution problem of H,S. How-
ever, in the case of MOF regeneration, irreversible adsorption
capacity is observed, which can be ascribed to the strong sul-
fur binding by covalent bond. It has been reported that the
adsorbed H,S can be released by treating these materials in a
humid atmosphere where H,O molecules replace the H,S at
the metal site, resulting in the partial recovery of the MOF.
However, there are few studies reported on the regeneration
of MOFs in the case of H,S adsorption. Reactive adsorption
of H,S by MOF is currently believed to be an effective
method. The results from the above showed that MOFs
displayed many advantages in the capture of H,S. It can be
summarized from the above studies that H,S, as an acidic re-
dox active substance, can be captured via the strong chemical
interactions between H,S atoms and open metal sites as well
as the functionalities of MOFs.

Adsorption of SO,. It is well known that sulfur is naturally
contained in fossil fuels, in both oils and natural gas. The
combustion of fossil fuels and oils produces a large amount
of SO,, which can immediately affect human health after
breathing it in. The toxicity level that is immediately danger-
ous to life or health is reported to be 100 ppm.>° Therefore,
the efficient capturing and removal of SO, is of significant
importance to human life owing to the adverse health effects
of SO,. Given that SO, is a c-donor/n-acceptor substance and
the open metal site of MOF is electron deficient, a strong
interaction between SO, and the open metal site is expected.
This hypothesis is confirmed by Schmidt and co-workers' re-
cent DFT calculation study, which showed that SO, can inter-
act with the open metal site of Mg-MOF-74 with very high
binding strength up to 72.8 k] mol *.** Experimental and the-
oretical calculation study on the interaction of SO, with M-
MOF-74 (M = Mg, Zn) was also investigated by Chabal and
co-workers, who demonstrated that SO, is strongly adsorbed
onto MOF via one oxygen of SO, interacting with the open
metal site as the primary interaction, as well as the interac-
tion between sulfur and the oxygen of the linker. The binding
energy between SO, and MOFs was calculated to be >90 KkJ
mol™ for Mg-MOF-74 and >70 k] mol™" for Zn-MOF-74."
However, up to now, only a few works have reported the ad-
sorption of SO, by using MOFs as adsorbents, mainly owing
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to the poor coordination force between the metal cluster and
the organic linker of MOF and highly reactive SO,. On the
other hand, after adsorption of SO, by MOFs, H,SO; and
H,SO, may form and bind extremely strongly with the metal
sites of MOFs, resulting in irreversible blocking pf the ad-
sorption capacity of MOFs and collapse of the structure of
MOFs.*® In this regard, a highly robust MOF MFM-300(In)
constructed by using biphenyl-3,3',5,5"-tetracarboxylic acid as
an organic linker and In*" as a metal centre was reported.*!
The multi coordination between clusters and organic linkers
of MFM-300(In) led to a highly porous and robust material
with one-dimensional pore channels. MFM-300(In) has high
affinity for SO,, and the capacity of MFM-300(In) for SO, ad-
sorption was measured to be 8.28 mmol g* at 298 K and 1
bar. It was suggested that the interaction of SO, with the hy-
droxyl group of the MOFs and the interaction between two
SO, molecules accounted for the high adsorption capacity of
MFM-300(In) and, more importantly, the framework structure
of MFM-300(In) is well preserved after contacting with SO,,
H,SO; and H,SO,, displaying extremely high stability and ap-
plicability for SO, capture. On the basis of the above study,
optimizing the coordination bond between the metal cluster
and the organic linker to form robust MOFs and rational de-
sign of the pore and cavity structure to confine a certain
amount of adsorbate within the MOFs by forming an interac-
tion between the adsorbate and the adsorbent, as well as the
interaction between adsorbates, are promising strategies to
enhance the adsorption capacity and stability of MOFs for
toxic gas adsorption.

Adsorption of NH;, CO, and NO,. Besides H,S and SO,,
NH;, CO, and NO, can also be efficiently captured by MOFs.
MOFs with open metal sites have been shown to behave as ef-
ficient adsorbents for toxic gas adsorption, which is highly
beneficial for the capture of redox active toxic gases. There-
fore, synthesis of MOFs with large numbers of open metal
sites is highly desirable to bind toxic gases. Subsequently, a
series of biodegradable iron-based MOFs, including MIL-88A
(Fe;O(CH30H);(fumarate);), MIL-88B (Fe;0X(1,4-benzenedi-
carboxylate); (X = F, Cl, OH)), MIL-88B-NO, (Fe;OX(,-
nirtoterephthalate);), MIL-88B-20H  (Fe;0X(2,5-dihydroxy-
terephthalate);) were synthesized at large scale and investi-
gated for the adsorption of toxic gases.”” The results showed
that significant amounts of NO can be captured by these
highly flexible iron-based MOFs, and the adsorption capaci-
ties of these MOFs are obtained in the range of 1-2.5
mmol g™, which is lower than the theoretical values (2.5-3.6
mmol g') owing to the low accessibility of the pores,
preventing the diffusion and migration of NO to bind with
the open metal site of iron of the MOF. Similar to the adsorp-
tion of NO, MIL-88(B) and amino-functionalized MIL-88(B)
have also been applied in the adsorption of CO through the
binding of CO with the open metal sites of the iron cations
of the MOF.** CO adsorption performance was also tested
with Cu-BTC (BTC: 1,3,5-benzenetricarboxylate), where a re-
markable amount of CO was adsorbed onto the open metal
site of the MOFs through the electrostatic interaction

This journal is © The Royal Society of Chemistry 2019


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c8en01167b

Open Access Article. Published on 18 Nyenyenyani 2019. Downloaded on 2025-10-16 01:18:02.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Environmental Science: Nano

between electron-deficient copper cations and the CO di-
pole.** MOFs with open metal sites have been shown to be-
have as efficient adsorbents in toxic gas adsorption.

Adsorption of halogens. Halogens are reactive chemicals
and are widely used in many aspects of human life, including
disinfection of drinking water, swimming pools, drug discov-
ery, and the chemical industry. The high toxicity, corrosive-
ness and volatility of light halogens has seriously affected hu-
man health. MOFs have also displayed excellent adsorption
capacity towards halogens, because both the open metal site
and the linker of MOF are capable of interacting with halo-
gens. The earliest study of Cl, gas adsorption onto MOFs was
reported by Britt and co-workers, who employed four iso-
reticular MOFs for Cl, adsorption.”> Among those MOFs,
amino-functionalized IRMOF-3 (constructed by using
2-aminoterephthalate as the organic linker and Cu cations as
the metal centres) displayed the highest adsorption capacity
owing to the formation of an ammonium chloride adduct be-
tween IRMOF-3 and chloride.*” Subsequently, several MOFs,
such as ZIF-8, UiO-66-NH,, and MIL-53-NH,(Al), have also
been tested for the adsorption of Cl,."**” However, exposing
MOFs to high concentrations of light halogens will cause the
collapse of the framework of the MOFs owing to the genera-
tion of corrosive acid attacking the nodes of the MOFs."” In
this case, the development of redox-active MOFs for the ad-
sorption of halogens via the oxidation reaction between halo-
gens and metal sites of MOFs is a promising strategy for
preventing the generation of corrosive acid, resulting in the
reversible adsorption of halogens. Tulchinsky et al. developed
a redox-active MOFs constructed by using Co(u) ions as the
metal centres and BTDD (bis(1H-1,2,3-triazolo[4,5-b],[4,5-
i])dibenzo[1,4]dioxin) as the organic linkers for reversible cap-
ture and release of Cl, and Br,.*® It was suggested that halo-
gen was captured by the redox reaction between Cl,/Br, and
Co(u) to form Co(m)-Cl/Br bonds, as illustrated in Fig. 2a. The
possible halogen desorption mechanism pathway is also
displayed in Fig. 2b. That is, treating the oxidized MOFs at
considerable high temperature can cause the reduction of
Co(m) to Co(u) along with the release of halogen. Importantly,
the reversible adsorption-desorption via the chemical reac-
tion occurs with no significant loss of adsorption capacity or
structural integrity. These works highlighted the advantages
of MOFs for removing halogen gas.

However, the main drawback to the application of MOFs
with open metal sites in gas adsorption is that water in the
air may significantly hamper the adsorption capacity of MOFs
as a result of the irreversible coordination bonds between
molecular water and the open metal sites of MOF. It is im-
portant to fully understand how water affects the adsorption
performance of MOFs. In this regard, Mavrandonakis and co-
workers carried out a theoretical study of the interaction of
various gases (CO, NO, OCS, SO,, NO, NO,, N,0O, NH;, PH3;)
with Cu;(BTC),,* and the calculated adsorption energies of
the toxic gases onto the open Cu(u) metal site of Cu;(BTC),
follow this order: NH; > H,O > PH; > H,S > SO, > CO ~
OCS ~ CO, ~ N,Oy > N, > O,. It can be concluded that only
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Fig. 2 The possible adsorption mechanism of halogens on MOFs (a)
and the possible desorption pathways (b). Reproduced with permission
from ref. 48.

NH; is adsorbed more strongly than water by Cu;(BTC),,
which means that water has the advantage of preferentially
adsorbing onto open metal sites in Cuz(BTC), as compared to
CO, NO, OCS, SO,, NO, NO,, N,0, PH;. These results are well
consistent with the experimental observations reported by Pe-
terson et al.>® Overall, these works present useful information
for exploring MOF-based materials for toxic gas removal.
However, their stability is still very low, since the strong inter-
action between these toxic gases and the open metal sites of
MOFs cause the decomposition of the framework with a great
loss of porosity. Therefore, further study for improving the
stability of these adsorbents should be carried out as stability
towards water is a major requirement for practical
application.”

Many strategies, such as tuning the hydrophobicity/hydro-
philicity properties or steric factors, have been developed for
improving the stability of MOFs used under high humidity
conditions. The hydrophobic MOFs can prevent the H,O
approaching the cluster or MOFs, hindering the hydrolysis re-
action. Similarly, steric factors can also reduce the hydrolysis
reaction kinetics by increasing the activation energy barriers.
Increasing the coordination number between metal cations
and organic linkers can significantly enhance the stability of
MOFs in the presence of water by creating a crowding effect
around the metal nodes. Subsequently, a series of zirconium-
based MOFs were prepared via a solvothermal method, and
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the Zr atoms in the nodes of the MOFs exhibit a seven-
coordination mode with the oxygen of the organic linkers.
The as-obtained MOFs are highly stable when they are ex-
posed to water and have a remarkably high thermal stability
up to 500 °C.>?

Except for optimizing the framework stability and tuning
the hydrophobicity/hydrophilicity properties of MOFs, creat-
ing new pore and binding sites by coupling MOFs with other
functional materials is also suggested to improve the physical
and chemical adsorption capacity of MOFs.>**> Two porous
MOFs with open metal sites, Co-MOF(Co,(CgH,06)(H,0),)8-
H,0 and Ni-MOF (Ni,(CgH,04)(H,0),)8H,0, were synthesized
by Morris and co-workers and employed for the adsorption
and delivery of NO.’® It was found that molecular NO can
strongly bind with the open metal sites within the wall of the
MOFs. Importantly, all of the captured NO is completely re-
leased when the absorbent is exposed to water moisture.
Bandosz and Petit developed several MOF-graphite oxide
(GO) composites for NH;, H,S and NO, adsorption under am-
bient conditions.>® After combing the MOFs with GO, a new
pore space in the interface between the MOF and the GO is
created owing to the strong interaction between the metallic
centres of the MOF and GO oxygen groups. Such a new struc-
tural property greatly enhances the physical adsorption ca-
pacity of MOF-GO composites towards toxic gases in compar-
ison with parent MOFs. Besides the physical adsorption,
chemical adsorption is also observed on these composites via
acid-base and hydrogen bonding interactions. It is well
known that open metal sites in MOFs are electron-deficient
centres, therefore, not only can electron-rich toxic gases con-
tact with the open metal sites of MOFs, but the sites can also
be utilized for grafting functionality for chemical adsorption
of toxic gases. For example, a post-synthetic method was de-
veloped by Rosseinsky and co-workers to anchor
4-(methylamino)-pyridine onto open metal sites of MOFs to
create secondary amine functionalities, which are capable of
binding NO to produce N-diazeniumdiolates.>” The adsorp-
tion capacity towards NO is drastically increased in compari-
son with the parent MOF.

However, the limited number of open metal sites of
MOFs and the repulsion effect between adsorbed molecules
led to the low adsorption capacity, which hinders MOFs in
flue gas purification applications. Beside open metal sites,
considerable effort has also been contributed to anchoring
new binding sites within the walls of MOFs. MOFs bearing
functionality are also widely used for improving the adsorp-
tion capacity for toxic gases. Amino, one of the most popu-
lar functionalities, has been widely used as a powerful func-
tionality to tune the adsorption capacity of MOFs by
forming H-bonds between amino groups and the adsorbate.
Recently, Janiak and co-workers also introduced a urea R-
NH-CO-NH-R functional group within a zinc-based MOF
for the adsorption of SO, and NH,.”® It was found that the
urea-functionalized MOF exhibits an uptake of 10.9
mmol g toward SO, by H-bonding interaction. To con-
clude, this section briefly summarizes the recent studies on
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the chemical adsorption of various toxic gases through
chemical bonding by MOFs. MOFs display high reactive ad-
sorption capacity towards toxic gases owing to their high
surface area, abundant functionalities and rich open metal
sites. Several types of chemical bonds can be formed be-
tween toxic gases and MOFs. The interaction forces can be
divided into the following four aspects according to the
reported works: (1) adsorbate coordinates with open metal
sites (coordinatively unsaturated metal cations); (2) adsor-
bate adsorbed via hydrogen bonding; (3) adsorbate
adsorbed via acid-base interaction; (4) the adsorbates in
the framework of MOF.

2.2 Adsorption of volatile organic compounds with MOF-
based nanomaterials

VOCs are a major group of organic air pollutants with high
vapor pressures, released from burning of fuel, or emitted
from various industries, gas fields and diesel exhausts. The
major classes of VOCs are oxygenated volatile organic com-
pounds (OVOCs), aromatic compounds, alkanes/alkenes, and
N- or S-containing organic compounds. Most VOCs can react
with nitrogen oxides to form ground-level ozone, aerosol,
smog and particulate matter owing to their high reactivity.>
Development of porous materials for efficient capturing and
removal of VOCs is of significant importance and a very hot
topic in both environmental sciences and human life.®*"*> Up
to now, activated carbon, activated carbon fiber and zeolites
have been widely employed for the adsorption of VOCs. Re-
cently, MOF-based nanomaterials have been proved as impor-
tant alternatives to those traditional porous materials owing
to their tunable pore size and structure, flexible synthetic
methods and various functionalities of MOFs to tune the ad-
sorption ability. In recent years, the vast majority of works
have been contributed to the adsorption of VOCs onto MOFs.
For example, Zn,O(L); (L: 4,4'-((4-(tert-butyl)-1,2-phenylene)-
bis(oxy))dibenzoate), MIL-53(Al), MIL-47(V), and MIL-53(Fe),
ZIF-8(Zn) and UiO-66(Zr) have been successfully fabricated
for the adsorption of various VOCs.**%®

Adsorption of OVOCs. Atmospheric OVOCs, such as alde-
hydes, ketones, alcohols, and ethers, originate from the in-
complete combustion of fuels, evaporation of oxygenated sol-
vents or fuels, emissions from natural activities, and the
atmospheric oxidation of hydrocarbons. The oxidation of hy-
drocarbons existing in the atmosphere is the most important
source of OVOCs. Take the oxidation of CH, as an example;
the chemical reaction between CH, and hydroxyl radicals
mainly formed by the photolysis of ozone gives rise to metha-
nol, formic acid, or formaldehyde as products. The oxidation
of larger hydrocarbons may result in the formation of a vari-
ety of OVOC:s. It is well known that OVOCs are generally more
reactive than the other types of VOCs owing to their high po-
larity, making a significant contribution to ozone and aerosol
formation and posing a serious health risk. It should be
pointed out that O; as a major pollutant in the atmosphere
has very high oxidising potential; it is mainly generated by
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atmospheric photochemical reactions. However, owing to the
limited study in this area, the adsorption of O; with MOFs
will not be discussed in this review. In contrast, the adsorp-
tion of OVOC pollutants has been significantly studied. Con-
sidering that most VOCs are heteroatom-containing mole-
cules, van der Waals interactions, cation-n bonding
interaction between open metal sites of MOFs and functional
groups of OVOCs, and polar-polar interaction are expected to
enhance the adsorption capacity of MOFs. Aldehydes, particu-
larly formaldehyde, are common toxic vapours that need to
be controlled at ppb level. Recently, the development of polar
MOFs for formaldehyde detection has been attracting consid-
erable attention because the polar formaldehyde prefers to be
adsorbed onto polar MOFs rather than nonpolar adsorbents.
Jiang et al. have reported a novel Cu-MOF synthesized based
on Cu(u) coordinated with 5-aminoisophthalic acid; such Cu-
MOFs displayed excellent adsorption performance towards
formaldehyde owing to the large number of open metal sites
and amine groups anchored within Cu-MOFs.*

It should be pointed out that formaldehyde is extremely
toxic to humans; the maximum acceptable formaldehyde con-
centration is 0.1 ppb in 30 min.”® Currently available porous
materials usually display very low sensitivity for formaldehyde
adsorption. Therefore, it is very important but challenging to
develop a sensitive adsorbent towards formaldehyde at the
ppb level. MOF featuring both open metal sites and un-
coordinated amino groups may offer available adsorption sites
for formaldehyde at ppb level. In this case, MOF-5 was employed
as an adsorbent for detecting formaldehyde at very low ppb
levels (0.012 to 0.048 ppb), and the performance was much bet-
ter than that of graphitized carbon black and TenaxTA,”" show-
ing the great potential for practical applications.

As mentioned above, most MOFs display poor stability to-
wards water. Therefore, Zheng and co-workers developed a
diamine-appended MOF for improving formaldehyde adsorp-
tion in highly humid conditions. The adsorption capacity of
diamine-appended MOFs increased with the increase of
amino groups to a certain concentration. The maximum ad-
sorption capacity reached 5.49 mmol g'. Importantly, the
diamine-appended MOFs also greatly improved the recyclabil-
ity and water resistibility owing to the reversible interaction
between formaldehyde and amino groups. The lone pair of
the amine group interacts with the carbonyl carbon of form-
aldehyde, followed by the proton exchange process and dehy-
dration to form imine. This reaction process is reversible,
leading to recoverable MOFs. In a reaction analogous to
formaldehyde adsorption onto diamine-appended MOFs, the
produced imine can also be detected in the adsorption of ac-
etaldehyde with amino groups of NH,-MIL-101(Al) and NH,-
MIL-53(Al).”> Meanwhile, Cu-based MOF-199 and Zr-based
MOFs were also exploited for the detection of aldehydes rang-
ing from C1 to C5 carbonyl compounds.” These studies sug-
gest that MOFs are a very sensitive adsorbate for detecting al-
dehydes at low concentration, showing great potential in the
design of in-door aldehyde adsorbents. In addition to alde-
hydes, the adsorption of alcohols, ketones and ethers has
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also been studied extensively. Trens et al. experimentally and
computationally studied the adsorption behaviours of ace-
tone vapor on Cu-BTC. Two main adsorption interactions,
van der Waals interaction between cavities of MOFs and ace-
tone as well as the interaction between the open metal site
(Cu(m)) of Cu-BTC and the carbonyl functional groups of ace-
tone, were found in the adsorption of acetone.”* Lin et al
reported the adsorption of polar acetone with MIL-101(Cr)
and MOF-177, and the adsorption capacities of MOF-177
(~589 mg g ") and MIL-101(Cr) (~1291 mg g™ ') are compara-
ble to or much higher than those of commercially available
adsorbents such as Y-zeolite, ACFC (activated carbon fibre
cloth) and PCH (porous clay heterostructures).”>”® Consider-
able adsorption performance was also observed for methanol,
ethyl acetate and butanone onto MIL-101(Cr).””””® The theo-
retical and experimental results suggested that MOFs have
higher affinity for polar OVOCs owing to the interaction be-
tween the OVOCs and the MOFs.

Adsorption of N- or S-containing organic compounds. N-
or S-containing organic compounds are specially discussed in
this review because they have long been associated with nui-
sance odors. These odorous vapors are emitted from both
fossil fuels and human activity. The discharge of N- or
S-containing organic compounds causes various environmen-
tal hazards and health effects. Thus, the efficient control and
treatment of N- or S-containing organic compounds is very
important. Recent studies have shown that selective captur-
ing of these odorants with MOFs is very attractive and effec-
tive approach. According to Pearson's HSAB theory, MOFs
with hard Lewis acid sites or soft Lewis acid sites have a pref-
erence to interact with N- or S-containing organic compounds
through acid-base interaction. It should be noted that the
soft bases, ie., S-containing organic compounds, preferen-
tially interact with soft Lewis acid sites (Cu®*, Zn**, Co*" and
Ni**), while hard bases, i.e. N-containing organic compounds,
prefer to interact with hard Lewis acid sites (Cr**, AI**, Fe*").
Therefore, the type of open metal sites is an important point
for selective adsorption of N- or S-containing organic com-
pounds. For example, Cu-BTC and MOF-199 displayed much
higher capacities for the adsorption of tetrahydrothiophene
than those of commercial activated carbons.”>”® Navarro
et al. also reported the adsorption of thiophene onto Zn- and
Ni-based MOFs with very high capacities. The open metal
sites of the MOFs were demonstrated to be the most impor-
tant binding sites for tetrahydrothiophene and thiophene ad-
sorption.*® In contrast, Yan et al. reported MIL-101(Cr) for
the effective adsorption of six VOCs with different functional
groups and polarities.”® The authors found that MIL-101(Cr)
displayed the strongest affinity to n-butylamine. Similar to
the adsorption of toxic gases with high polarity, n-butylamine
can serve as an electron donor, and the open metal sites of
MIL-101(Cr) can be considered as electron acceptors during
the adsorption process, resulting in the strong electron do-
nor-acceptor interactions. The adsorption of N- or
S-containing organic compounds has been mainly explained
with acid-base interaction owing to the electron rich N or S
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atom of the adsorbate and the electron-deficient metal sites
of the adsorbent. In addition to the acid-base interaction,
the specific interactions such as H-bonding and
n-complexation as well as synthesis of hydrophobic MOFs
were also observed to enhance the adsorption capacity of pyr-
idine and benzothiophene.*"** Recently, Zhong and co-
workers demonstrated that the adsorption capacity of UiO-66
towards pyridine increased with increasing amino groups in
UiO-66 owing to the increased H-bonding between the amino
groups of UiO-66 and the N atom of pryidine.®> Navarro and
co-workers synthesized a highly hydrophobic MOF for the
capture of harmful VOCs by using a pyrazolate-based organic
linker and nickel cation as a connecting centre.*> MOFs with
trifluoroalkyl incorporated exhibit a significant increase of
adsorption capacity towards diethylsulfide owing to the super
hydrophobic property of MOFs. However, most of the
reported studies have been focused on the adsorption of inor-
ganic pollutants, such as NO,, NO, NH3, H,S, and SO,. Only
a few studies have been conducted on the adsorption of gas-
eous N- or S-containing organic compounds. Hopefully, atten-
tion will be continuously paid to this research area.
Adsorption of halogenated organic compounds. In addi-
tion to N- or S-containing organic compounds, halogenated
organic compounds, as a large class of heteroatom-
containing organic compounds containing halogens such as
fluorine, chlorine, or iodine, have also received significant at-
tention. This class of compounds is extremely important in
the production of insecticides, herbicides, and fungicides as
the starting materials or additives.®* The inefficient disposal
of these halogenated organic compounds causes harmful ef-
fects to our ecosystem and health.®® Therefore, the adsorp-
tion and enrichment of halogenated organic compounds is
highly important and demanded. It is reported that MIL-101
with a large number of open metal sites display very high af-
finity for dichloromethane as a result of a strong interaction
between the unsaturated metal sites of MIL-101 as an
electron acceptor and the dichloromethane as an electron do-
nor.”® Li et al also studied the adsorption of 1,2-
dichloroethane by MIL-101, and the adsorption capacity was
measured to be 19 mmol g™*, much higher than those of zeo-
lite, activated carbon and carbon nanotubes.?® It was found
that the interaction between the open metal site of MIL-101
and 1,2-dichloroethane is much stronger than the interaction
formed between the space of the framework and 1,2-
dichloroethane. Bullot and co-workers also the reported the
adsorption of 1,2-dichlorobenzene and 1,2,4-trichlorobenzene
by using MIL-101 as the adsorbent.®” It can be imagined that
a strong n-7 interaction between the MOFs and the adsorbate
may play a vital role in the adsorption of halogenated aro-
matic compounds. In this regard, MOFs appear as very prom-
ising adsorbents for halogenated aromatic compounds. How-
ever, the presence of water vapor significantly reduces the
adsorption capacity of MOFs towards halogenated organic
compounds since water is considered as a hard base, which
strongly interacts with the open metal sites of MOFs through
acid-base interaction.?® Therefore, it is important to reduce
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the hardness of metal sites or change the hydrophobicity of
MOFs to make water-resistant MOFs. On the other hand,
halogenated aromatic compounds are highly toxic. It is
widely accepted that halogens are electron-withdrawing
groups in halogenated aromatic compounds. Therefore, the
selective adsorption of these highly toxic halogenated aro-
matic compounds is very important. In this regard, Zhao
et al. reported a highly hydrophobic MOF (N-coordinated
Ui0O-66(Zr) for the adsorption of chlorobenzene over water. It
was found that the hardness of Zr in the MOF is decreased
by the electron donation of N to Zr, along with the enhanced
hydrophobicity of the MOF, resulting in the dramatic reduc-
tion of the water adsorption capacity. Undoubtedly, the ad-
sorption of chlorobenzene is significantly enhanced by
N-coordinated UiO-66(Zr) as compared to unmodified
MOFs.® This study may also shed light on the selective ad-
sorption of halogenated aromatic compounds over parent ar-
omatic compounds, in which MOFs with soft Lewis acid sites
may display preferable adsorption of halogenated aromatic
compounds over aromatic compounds owing to the reduced
electron density of the benzene rings.

Adsorption of aromatics. Aromatic pollutants including
benzene, benzene homologues and other polycyclic aromatic
hydrocarbons with ring structure, widely found in effluents
and the atmosphere, have been reported to have numerous
potential negative health effects. Aromatic pollutants, as
ubiquitous pollutants, are very stable and need a long time to
be degraded. The adsorption technology with porous mate-
rials has attracted significant attention owing to the high
control efficiency and green process for removing aromatic
pollutants. As is well known, a large number of MOFs have a
phenyl ring in the wall of their structure and open metal sites
in the node, which benefits VOCs adsorption through n-n
interaction and cation-n interaction between aromatic pollut-
ants and MOFs. Furthermore, the ultrahigh surface area as
well as the unique pore structure also play positive role in
the pore/size selective adsorption of aromatic pollutants.
Taking MIL-101(Cr) as an example, constructed from Cr cat-
ions as connecting centers and 1,4-dicarboxybenzene as the
organic linker, it has a large surface area and numerous
mesoporous cages connected with microporous windows,’®
holding great potential for aromatic pollutant adsorption. In-
deed, MIL-101 has been proven to be effective in the adsorp-
tion of a wide range of VOCs with different functionalities
and polarities, such as benzene, ethylbenzene, and xylenes
owing to the n—n interaction and cation-n interaction as well
as the adequate pore/cavities and ultrahigh surface
area.”>%%°! Moreover, the size and shape of VOCs also affect
their adsorption on MIL-101(Cr). In addition, MIL-101(Cr)
outperforms other commercially available inorganic oxide ad-
sorbents in the adsorption of benzene, ethylbenzene and xy-
lenes. Taking benzene adsorption as an example, the adsorp-
tion capacity of MIL-101 (~13 mmol g*) is much higher than
that of activated carbon (8.0 mmol g '), NDA-201 resin (5.2
mmol g™), HZSM-5 zeolite (1.9 mmol g™') and SBA-15 (3.0
mmol g™'), making MIL-101(Cr) an ideal adsorbent for
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practical application in VOC adsorption.”>°*% In addition to
MIL-101(Cr), HKUST-1, MOF-177, MIL-47, Al-MIL-53, Zn(bpb)
(1,4-(4-bispyrazolyl)benzene) and Ni(bpb) have also been stud-
ied for the adsorption of benzene and benzene homologues,
and these MOFs with a phenyl ring all displayed considerable
removal efficiencies.”*****%® Undoubtedly, the reactive ad-
sorption by forming specific interactions between the adsor-
bent and the VOCs is vital for selective adsorption of VOCs.
Differing from the selective adsorption of toxic gases, the size
and shape of VOCs greatly affect their adsorption on MIL-
101(Cr) and has been significantly studied.

Moreover, owing to the size/shape exclusion, some adsor-
bates with large size and unique shape are prevented from
diffusing into the pores of an adsorbent while adsorbates
with specific size or shape are allowed to enter the pores.
MIL-101(Cr) has two types of cages (29 and 34 A in diameter)
with two different windows (12 and 16 A); Yang and co-
workers applied MIL-101(Cr) to the selective adsorption of
ethylbenzene and p-xylene from o-xylene and m-xylene.”” In
their study, ethylbenzene and p-xylene were adsorbed within
the pores of MIL-101(Cr) while o-xylene and m-xylene are
prevented from diffusing into the pores of MIL-101(Cr) owing
to the steric effect. In addition, a monoclinic MOF
(Zn3(bdc);(H,0)3(DMF),) was also applied in the adsorption
of xylene and displayed high selectivity towards p-xylene over
other xylene isomers owing to the fast diffusion and migra-
tion rate into the pores of the MOFs. However, another zinc-
based MOF (MOF-5) showed preferable adsorption of ethyl-
benzene over xylene isomers.”” Titanium-based MOFs,
TigO(OH),(NH,-BDC)s and  TigOg(OH),(BDC)s, and an
aluminum-based MOF, (Alg(OH),~(OCH,3)s(NH,-BDC)s), with
two unique types of cage are all able to separate p-xylene
from a mixture of xylene isomers.”® A zinc-based MOF
(zn(ip)(bpa)) (ip: isophthalate; bpa: 1,4-bis(4-pyridyl)acetylene)
with a one dimension pore channel was synthesized for selec-
tive adsorption of benzene at room temperature.’® In the case
of polycyclic aromatic pollutant separation, the size/shape ex-
clusion of MOFs may play a vital role. Currently, promising
results for polycyclic aromatic pollutant adsorption have been
obtained in the liquid phase,**>'°* while the separation of
polycyclic aromatic hydrocarbons in the gas phase using
MOFs has not been widely reported, which provides a strong
motivation for studying this topic. These studies suggest that
the pore-filling mechanism by adjusting the nature and size
of pores in the framework as well as the n-r interaction and
cation-r interaction mechanisms show great potential for se-
lective adsorption of aromatic pollutants with certain size
and shape.

Adsorption of aliphatic hydrocarbons. Aliphatic hydrocar-
bons composed of carbon and hydrogen are mainly emitted
from petroleum or natural sources. The oxidation of aliphatic
hydrocarbons with hydroxyl radicals in the atmosphere is the
most important source of OVOCs. Aliphatic hydrocarbons
can also be directly involved in the formation of aerosols.
More importantly, most aliphatic hydrocarbons are flamma-
ble. Therefore, the adsorption and separation of aliphatic hy-
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drocarbons is significantly important from environmental
and economic perspectives. Aliphatic hydrocarbons can be
saturated or unsaturated, straight chain, branched chain or
cyclic, and compositions among aliphatic hydrocarbons vary
widely. The development of MOFs that could selectively ad-
sorb a certain aliphatic hydrocarbon is attracting great atten-
tion. Indeed, a great number of MOFs have been applied for
the adsorption and separation of aliphatic hydrocar-
bons.'*>'% In general, MOFs with high surface area preferen-
tially adsorb the short chain hydrocarbons owing to van der
Waals interactions.’®**°® Increasing the chain length of pol-
lutants may cause a decrease of the uptake capacity in most
cases.’**'%” The pore shape as well as the open metal sites of
MOFs provide a novel platform for separating alkenes from
alkanes and branched alkanes from linear alkanes.'*®*™"'° For
example, Chen et al. used Zn-BTM (Zn ions reacted with
bis(5-methyl-1H-1,2,4-triazol-3-yl)methane) for 1,3-butadiene
separation.'™ Zn-BTM has a quasi-discrete pore structure, in
which the isolated cavity is used for controlling C,H¢ confor-
mation and the continuous channels are applied for diffu-
sion of other C, hydrocarbons. Thus, Zn-BTM eluted 1,3-buta-
diene first, then butane, butene, and isobutene, finally
realizing the C,H, purification. In addition, the efficient ad-
sorption of C,~C¢ alkane isomers by IRMOF-1 and IRMOF-6
was investigated by Liu and co-workers. They found that the
alkane isomers are firstly adsorbed onto Zn,O, followed by
filling the pore of the MOFs with linear alkanes, while it is
difficult for branched alkanes to enter to the pores of the
MOFs.'”® Considerable work has also been conducted on
methane/acetylene separation by utilizing MOFs with open
metal sites. For example, a novel MOF, Cu,(EBTC) (EBTC =
1,1-ethynebenzene-3,3',5,5-tetracarboxylate), displays an acety-
lene uptake capacity of 7.14 mmol g*,"'*> which is signifi-
cantly higher than that of Cu-BTC. The enhanced adsorption
capacity of Cu,(EBTC) can be attributed to the interaction be-
tween the open metal sites of Cu®>" in Cu,(EBTC) and acety-
lene, a weak interaction between the C-C triple bond and the
organic linker, as well as a pore filling effect. It seems that
the open metal sites of MOFs hold great potential for the ad-
sorption and separation of alkene from alkanes. The double
alkene bond preferentially interacts with the electron-
deficient open metal sites of the MOF through the cation-n
interaction, leading to the selective adsorption of alkenes
from alkanes.""® It should be noted that aliphatic hydrocar-
bons composed of hydrogen and carbon display relatively low
reactive as compared with other VOCs with heteroatoms in
general, but vary in shape and size. Therefore, the adsorption
and separation of aliphatic hydrocarbons is mainly based on
the molecular sieving effect of MOFs and partially based on
special interactions between MOFs and the double/triple C-C
bonds of aliphatic hydrocarbons. The current achievements
shed light on the development of new MOFs with unique
structures or chemical properties for selective adsorption of
aliphatic hydrocarbons.

Adsorption of warfare agents. Warfare agents, as a special
family of VOCs, are extremely toxic. Therefore, the
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development of efficient adsorbents for capturing and degra-
dation of those harmful molecules is of significant impor-
tance. In this context, a few efforts have been dedicated to
this research area."'*'® Roy et al. reported the efficient ad-
sorption and degradation of sulfur mustard, 2-chloroethyl
ethyl sulfide (CEES) and bis(2-cholorethyl) sulfide with Cu-
BTC.""” However, the processes of removing warfare agent
with MOF is different from the adsorption of aromatic pollut-
ants. In the case of warfare adsorption, the removal of war-
fare agents is usually carried out under high humidity and
chemical reactions occurs in most cases. Therefore, the devel-
opment of highly hydrophobic MOFs is a promising strategy.
In this context, zinc-based MOFs (constructed by using zinc
ions as the connecting centers and 3,5-dimethyl-4-
carboxypyrazolato as the organic centers), with a similar
structure to MOF-5, was proven to be effective for the removal
of sarin nerve gas (diisopropyl fluorophosphate) and vesicant
mustard simulant (diethyl sulfide)."*® The as-obtained MOFs
displayed high VOC-H,O partition coefficients owing to their
high hydrophobicity, and would provide high adsorption effi-
ciency for sarin under humid conditions. Up to now, limited
work has been conducted on chemical warfare agent adsorp-
tion and degradation, probably owing to the low stability of
MOFs under humid conditions. However, MOFs offer incredi-
ble opportunities for fine tuning their chemical and physical
properties. The specific functional groups and pore structure
can be tailored. There is still much room for improvement of
the application potential in warfare agent removal.

This section comprehensively reviews the recent progress
on VOC adsorption, and a vast number of MOFs have been
designed and employed to efficiently remove VOCs from air,
since MOFs surpass other porous sorbents in terms of ad-
sorption capacity and selectivity because of their high surface
area, various pore structures and high tunability. Several in-
teractions have been observed for the enhanced adsorption
performance, such as cation-n interaction, n-m interaction/
stacking, hydrophobic interactions, H-bonding, acid-base
interaction, and pore/size-selective adsorption. Understand-
ing those adsorption mechanisms may shed light on
establishing optimal design strategies that could be applied
for the removal of a broad range of VOCs under harsh condi-
tions. The versatility in the characteristics of MOFs allows the
easy modification of functional groups and tuning of hydro-
phobic/hydrophilic properties as well as pore structure, hold-
ing great potential for their application in real life.

2.3 Particulate matter (PM) adsorption with MOFs

PMs containing inorganic substances and organic com-
pounds, as a major air pollution source, have emerged as one
of the most serious environmental issues, causing significant
harm to human health. PM is highly polar owing to the exis-
tence of metal cations, water and organic compounds.'*®
There are many functional groups on the surface of PM, such
as C-N, -NO3, -SO;H, and C-O, resulting in the formation of
charged PM."" Therefore, the development of air-purification
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materials with electric charges is beneficial for PM capture.
Similar to PM, the composition of MOFs involves an inor-
ganic oxide cluster and an organic linker; the coordinated un-
saturated metal cations and defects make MOFs charged,
and this structure has the advantage of capturing the polar-
ized PMs via dipole-dipole or electrostatic interactions be-
tween MOFs and PM. The first report related to MOFs ap-
plied in PM purification was contributed by Wang's group.'*’
By using a versatile templated freeze-drying protocol method,
ZIF-8@SA (SA represents sodium alginate) hollow tubes with
different ZIF-8 loading amounts were fabricated."*® The as-
prepared cellular ZIF-8@SA was employed as a PM filter for
PM capture (Fig. 3a). It displayed superior efficiency for PM
removal owing to the hollow structure giving abundant inter-
action pathways, with the high positive charge of ZIF-8 and
the high polarity of the PM affording 92 + 2.2% PM, 5 re-
moval efficiency and 95 + 2.6% for PM,,, as displayed in
Fig. 3b. The removal efficiency of ZIF-8@SA is much higher
than that of SA-based hollow tubes (PM, 5 = 31 + 1.2%; PM;,
= 33 + 1.4%). To further increase the removal efficiency, Kim
and co-workers developed hierarchical MOFs by assembling
two-dimensional Zn-based zeolite imidazole frameworks, and
comparable removal efficiency was observed for PM, 5 (atmo-
spheric particulate matter with a diameter of 2.5 micrometers
or less) and slightly enhanced removal efficiency was
obtained for PM, ,."*" Undoubtedly, those works open a new
way for the application of MOFs in PM filtration.

For practical application, it is important to develop a novel
and cost-effective method to scale up MOF-based air-purifica-
tion materials in mass production as MOFs show great poten-

tial in PM filtration. Recently, Wang and co-workers
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Fig. 3 (a) Schematic illustration of a “cellular> PM filter. (b) The

removal efficiency of the “cellular” PM filter as well as a reference
sample. Reproduced with permission from ref. 120.
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developed a roll-to-roll fabrication method for mass produc-
tion of MOF-based PM filters by using commercially available
substrates (plastic mesh, metal mesh, nonwoven fabric and
glass cloth) as hard templates."** After immersing the sub-
strate into the MOF precursor containing polyethylene glycol
as the initiator, the treated substrate is rolled at 80 °C at a
speed of 15 rpm several times, then ZIF-8 is coated with the
substrates after the rolling back-and-forth, as evidenced by
SEM and PXRD characterization. Importantly, such novel fab-
rication method can be easily scaled up, and the loading
number of the MOFs can be controlled by varying the rolling
cycles. This fabrication method can not only be applied in
synthesizing ZIF-8-based filters but can also be used for syn-
thesis of Co-ZIF-67- and Ni-ZIF-67-based filters. In addition,
the porosity and surface area were tested by N, sorption. The
surface area of ZIF-8@plastic mesh with seven rolling cycles
was measured to be 234 m> g, and all fabricated filters
showed high removal efficiency towards PM pollution over a
wide range of temperatures from 80 to 300 °C. For practical
application, an experiment using as-obtained ZIF-8@plastic
mesh filters is carried out in simulated living environment
conditions; the filters exhibited excellent removal efficiency
for PM, 5 (56.3 + 1.6%) and PM,;, (atmospheric particulate
matter with a diameter of 10 micrometers or less) (58.4 *
2.1%) in comparison with bare plastic mesh (14.2 + 0.4% for
PM, s and 17.4 + 0.8% for PM,,) at room temperature. The
obtained ZIF-8@plastic mesh filters also display high durabil-
ity; after cleaning by brush and water and ethanol washing,
the removal efficiency of the recycled filter was almost
unchanged after three cycles. The easy preparation method
for mass production combined with the high efficiency and
stability of those filters for PM removal are very promising
for real application in PM pollution control. More recently,
Yang and co-workers reported a hot-pressing method to coat
an imidazole-based Zn(n) MOF onto various substrates, in-
cluding carbon fiber, cloth, glass cloth, plastic mesh and mel-
amine foam, which displayed high removal efficiency for real
polluted air purification.'*

Nowadays, the development of advanced porous materials
for PM purification has become a hot topic, especially in de-
veloping countries as PM is a major air pollution source. Re-
cent studies are mainly focused on PM,;, and PM, 5 captured
by using carbon- or polymer-based purification materials.
However, little attention has been paid to the capture of
PM, , (atmospheric particulate matter with a diameter of 1
micrometer or less). Owing to the high toxicity of PM, , and
small particle size, it may enter into human organs, particu-
larly in the case of lung. The capture of PM, , should be the
primary target in the near future. In this case, the develop-
ment of MOF-based air purification materials to efficiently
capture PMs with a large range of sizes is important. The
strategy idea is to synthesize MOFs with a hierarchical pore
structure, where the mesopore and micropore can be utilized
to capture PM; . On the other hand, owing to the high polar-
ity of PM, as discussed above, MOFs with a large number of
functional groups and open metal sites offer great opportuni-
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ties to capture PM with a broad size distribution via dipole-
dipole interaction or electrostatic interactions.

3. Modification of MOF-based nano-
materials for enhanced selective VOC
adsorption capacity

Gaseous pollutants cause health problems that vary signifi-
cantly from high toxic pollutants to those with unknown
health effects. Some of them may cause immediate symp-
toms after the exposure to a certain level of concentration.®
Therefore, the selective adsorption of highly toxic gaseous
pollutants is an ongoing challenge. The open metal sites, a
large number of functionalities and the tailorable framework
of MOFs offer great opportunities for selective adsorption of
toxic gaseous pollutants and VOCs. 1t is clear that targeting a
particular functional group on MOFs is critically important
for selective adsorption instead of optimizing the surface area
alone. Recently, considerable efforts have been dedicated to
the modification of MOFs through node engineering and or-
ganic linker design strategies.’"*>"?*'>> For example,
according to the size and composition of VOCs, several modi-
fication strategies, such as introducing new functionality to
the linker and open metal sites or within the cavity of MOFs,
and tuning the electron density of nodes at the atomic level
to enhance the adsorption capacity of MOFs towards targeted
gaseous pollutants, are reviewed and summarized in detail in
the following.

3.1 Post-modification via grafting functional groups on open
metal sites of MOFs

The coordinatively unsaturated metal nodes within MOFs
provide great opportunities for grafting functional groups.
Taking MIL-101(Cr) as an example, ethylene diamine was
grafted on the coordinatively unsaturated chromium clusters
after removing bound solvent molecules under vacuum con-
ditions. The free amino group was successfully introduced
within the pores of the MOFs, leading to binding the gaseous
pollutant.”® Post-modification via grafting functional groups
on open metal sites of MOFs has been demonstrated as a
promising strategy for tuning the hydrophilic/hydrophobic
properties of MOFs. It is widely accepted that the hydro-
philic/hydrophobic properties and the thermal stability of an
adsorbent significantly affect the adsorption performance to-
wards specific adsorbates. Generally, VOCs are hydrophobic
molecules, but most MOFs with high thermal stability are hy-
drophilic, hindering the efficient adsorption of hydrophobic
VOCs onto MOFs.'>”*?° In this case, a novel mechano-
chemical strategy is proposed to fabricate a dopamine-
modified UiO-66(Zr) (noted as M-UiO-66(Zr-N3.0)) with the
aim of enhancing chlorobenzene adsorption.** The authors
claimed that the modification of MOFs with dopamine signif-
icantly weakened the interaction between the electrophilic
metal sites of the MOFs and nucleophilic H,0, leading to the
generation of hydrophobic MOFs as evidenced by the results
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of the H,O adsorption test showing that the H,O adsorption
uptake of M-UiO-66(Zr-N; ) decreased as compared with their
parent MOFs. This hydrophobic MOFs display a significant en-
hanced adsorption capacity for acetaldehyde (9.42 mmol g*)
and chlorobenzene (4.94 mmol g ') as compared with the
unmodified MOFs. The stability of M-UiO-66(Zr-N; ,) was also
investigated by assessing the recycling performance over a wide
range of temperature and pressure, and M-UiO-66(Zr-N; ;) can
be repeatedly used for four cycles with a slightly decrease in its
adsorption capacity, indicating the outstanding reversibility of
VOC adsorption. Such dopamine-modified MOFs exhibiting re-
markable competitive adsorption towards VOCs against H,O
emerge as a promising adsorbent for VOCs under highly humid
conditions, as H,O easily decreased the adsorption capacity of
MOFs towards VOCs by occupying the reactive sites and col-
lapsing the structure of the MOFs.

There are many other advantages for the modification of
coordinatively unsaturated metal nodes of MOFs with func-
tional groups, such as changing the interactions with gaseous
pollutants, increasing the binding sites, tuning the hydro-
philic/hydrophobic properties of MOFs, preventing the ad-
sorption of H,O on coordinatively unsaturated metal nodes,
and enhancing the stability of MOFs. Therefore, this strategy
is specially recommended for adsorption of toxic gases under
humid conditions.

3.2 Post-modification via grafting functional groups on
organic linkers of MOFs

As elucidated above, MOFs are highly porous materials based
on organic molecules as linkers, possessing high surface area
and adjustable skeletons. These advantages provide unprece-
dented possibilities for post-synthetically grafting functional
groups on organic linkers to introduce new functionalities
for chemical adsorption of VOCs.

Gao and co-workers reported a post-modification method
for the synthesis of MOFs with a free binding site by using a
multi-dentated  molecule  (2,2"-bipyridyl-5,5"-dicarboxylate
(bpydc)) as an organic linker to bridge the ZrsO4(OH), cluster
(UiO-67-bpy). Then an N-methylated MOF (UiO-67-dmbpy)
was prepared by stirring UiO-67-bpy and methyl
trifluoromethanesulfonate (TfOMe) under mild and neat con-
ditions, as shown in Fig. 4."*° The surface area of

Fig. 4 Post-modification by N-methylation for optimizing the
adsorption capacity towards alkylamines. Reproduced with permission
from ref. 130.

1018 | Environ. Sci.: Nano, 2019, 6, 1006-1025

View Article Online

Environmental Science: Nano

N-methylated ~ MOFs  decreased  significantly  after
N-methylation because the trifluoromethanesulfonate anions
and methyl groups occupied the pores of the MOFs,
confirming the successful N-methylation of UiO-67-bpy. The
adsorption properties of UiO-67-dmbpy were tested with a
wide range of VOCs. N-Methylated MOFs displayed a signifi-
cantly enhanced adsorption capacity for butylamine as com-
pared with unmodified MOFs, suggesting that N-methylated
MOFs show a higher affinity than that of the parent MOFs to-
wards alkylamine adsorption. The authors claimed that the
enhanced affinity is essentially caused by the interactions be-
tween the electron-deficient bipyridinium moiety and the
electron-rich adsorbate. Moreover, the adsorbed adsorbate
can be removed by exposing the adsorbent to air or by
heating or washing with common solvents, and the perfor-
mance for capturing alkylamines was also same as the first
cycle, suggesting the good recyclability of N-methylated
MOFs. In addition, the introduction of an electron-donating
group, such as -OH, -NH,, -COOH, -NO,, or SOz;H, within
MOFs is also reported to enhance the adsorption perfor-
mance of MOFs for gaseous pollutants vie H-bonding and
acid-base interaction. Moreover, using strong-field ligands
such as an azolate-terminated organic ligand to build MOFs,
and pre- or post-synthetic incorporation of alkane or fluoro-
alkane in the organic linker is also reported for tuning the
hydrophilic/hydrophobic properties of MOFs against water
vapor and introducing new binding sites for gaseous pollut-
ant adsorption, leading to the improved adsorption perfor-
mance of modified MOFs.®>"317133

3.3 Post-modification via incorporating ionic elements,
polyoxometalates (POMs) and other functional materials
within MOFs

POMs are nanosized metal-oxide macroanions with
3-dimensional frameworks that consist of a few transition
metal oxyanions bridged by oxygen atoms. POMs can interact
with appropriate macrocations to form ionic crystals. There-
fore, it is easy to imagine that incorporation of POMs within
the cavity of MOFs can greatly enhance the adsorption capac-
ity towards polar organic compounds, holding great potential
in VOC removal. Furthermore, the corporation of metal cat-
ions within MOFs may also offer binding sites for organic va-
pors owing to the formation of cation-m interactions, a
noncovalent molecular interaction formed by donation of
some electrons from r-orbitals of organic vapors (especially
for aromatic compounds or olefins) to the vacant s-orbitals of
the metal cations, and along with electrons of d-orbitals of
metal cations donated to the empty of anti-bonding
n-orbitals of organic vapors. For example, Su and co-workers
reported the incorporation of POMs within porous MOFs (de-
noted as POMs/MOFs) for VOC adsorption."** After incorpo-
ration of POMs within MOFs, the thermal stability of such
hybrid composites increased from 240 °C to 300 °C, but the
surface area of the POMs/MOFs decreased from 1507 m* g™
to 405 m”> g " because the cavities of the MOFs are occupied

This journal is © The Royal Society of Chemistry 2019
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by POMs, as illustrated in Fig. 5. The MOFs functionalized by
POMs showed considerable enhancement in adsorption per-
formance towards short-chain alcohols (C < 4) and various
aromatic compounds. Further enhancement of the adsorp-
tion capacity towards organic compounds can be achieved by
immersing POMs/MOFs in KCI solution. The enhanced per-
formance is attributed to the increased number of adsorption
sites afforded by POMs and K' cations. The extensive
H-bonding interactions between the adsorbate and the O
atom of POMs as well as the ion-dipole electrostatic interac-
tions between the adsorbate and alkali metal cations may re-
sult in the increase of the adsorption capacity of MOF with
POMs and K cations incorporated towards VOCs. The high
adsorption capacity of K' cation-modified POMs/MOFs to-
wards 1-propanol and 2-propanol confirms the impact of
POMs and alkali metal cations on VOC adsorption. However,
the adsorption capacity becomes smaller for cyclohexane,
benzene and toluene as compared to 1-propanol and
2-propanol at room temperature owing to the decreased po-
larity, indicating the importance of incorporating alkali metal
cations and POMs in MOFs. Incorporation of metal cations
within MOFs offering open coordination sites and open shell
electronic structures is beneficial for enhancing the adsorp-
tion interaction between MOFs and targeted adsorbates.'*” In
addition to POMs and alkali metal cations, the incorporation
of Cu' and Ag" cations within porous materials is also widely
used for enhancing the adsorption of hazardous pollutants
owing to their large charge density."*® This strategy can also
be applied for MOFs to enhance the adsorption performance
towards hazardous pollutants. For example, Jhung et al
loaded CuCl, on MIL-47(V) for the adsorption of benzo-
thiophene, and such Cu®** loaded MOFs displayed an en-
hanced adsorption capacity for benzothiophene owing to the
n-complexation as well as the porosity/acidity of the MOFs.®
Ma and co-workers incorporated Ag' within a porous aro-
matic framework for selective adsorption of ethylene over eth-
ane. The Ag'-functionalized porous materials displayed sig-
nificantly higher affinity towards ethylene than ethane owing
to the formation of n-complexation."”

In addition to incorporating metal cations within the cav-
ity of MOFs, a facile strategy that has been employed for in-
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troducing an accessible metal ion with high affinity to certain
toxic gas/vapors is post-synthetic metalation. This method
can be applied to incorporate various metal ions into the
pores of MOFs with the aim of enhancing the adsorption ca-
pacity of MOFs. There are a large number of multidentate or-
ganic molecules that can be used for the construction of
MOFs, such as TCPP (4,4'4",4"-(porphyrin-5,10,15,20-
tetrayl)tetrabenzoate) and  2,2-bipyridine-5,5-dicarboxylic
acid.”® The primary functional group, -COOH, is used for
the construction of the framework, while the secondary func-
tional group within the framework is applied for chelating
metal ions. For example, Kaskel et al synthesized UiO-
67(bipy) (constructed by using 2,2"-bipyridine-5,5-dicarboxylic
acid as the organic linker and Zr ion as the connecting cen-
ter). In this case, the primary functional group of the organic
ligand, -COOH, is used for linking the Zr ion to form the
framework of the MOFs, where the secondary functional
group, unoccupied N, is applied for chelating other metal
ions (such as Ni**, Co**, Co*") and those metal-chelated
MOFs showed enhanced adsorption capacities for H,S.*”

Graphite and GO are layered materials that possess many
functional groups, also showing high capacity for organic
and inorganic toxic gas/vapor adsorption.'® Therefore, the
integration of various MOFs with graphite and GO for toxic
gas adsorption is also promising for gaseous pollutant ad-
sorption. Indeed, the adsorption performance for gaseous
pollutants, including NH;, NO,, H,S, acetone and n-hexane,
is enhanced after the integration of graphite or graphite
oxide."*** The interaction between MOFs and oxygen on
graphite and graphite oxide leads to the formation of new
pore space, which can enhance the adsorption of toxic
gases.””

4. MOF-based photocatalysts for
gaseous pollutant degradation

MOF-based nanomaterials display enormous potential for the
adsorption of gaseous pollutants owing to their high porosity
and chemical diversity. However, the problems with the re-
generation of MOF adsorbents and secondary pollution need
to be solved. Recently, photocatalysis with a semiconductor
has been proven to be efficient in the degradation of a wide
range of organic pollutants as well as detoxification of haz-
ardous compounds in practical applications.'®®°7¢>143 Re-
cently, MOFs have also been demonstrated as semiconduc-
tors and are capable of generating reactive charges and
transferring the photo-generated charges to reactive sites for
in situ degrading organic compounds into CO, and water
upon light irradiation, resulting in the regeneration of adsor-
bent MOFs and avoiding secondary pollution. The unique
chemical and physical properties of MOFs hold great poten-
tial for photocatalytic degradation of VOCs. MOFs are com-
posed of transition metal ions as connecting centers and or-
ganic molecules as linkers. It is easy to understand that
MOFs are typically characterized by the lowest unoccupied
molecular orbital (LUMO) and the highest occupied
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molecular orbital (HOMO). Similar to semiconductors, photo-
generated electrons migrate from the HOMO state to the
LUMO state after light adsorption by the organic linker and
quantum sized cluster. The photogenerated charges subse-
quently transfer to the surface of the metal oxide cluster to
take part in photocatalytic oxidation of VOCs, and the charge
transfer pathways are various based on the composition of
the MOFs."** ¢ Most of the charge-transfer pathways are
based on ligand-to-metal charge transfer (LMCT); in addition
to the LMCT mechanism, ligand-to-ligand transfer, metal-to-
ligand charge transfer, and metal-to-metal-to-ligand charge
transfer mechanisms have also been proposed in various
photocatalytic reactions.'**

As discussed above, the open metal sites of MOFs play an
important role in the adsorption of toxic gases via various in-
teractions between the open metal sites of the MOF and toxic
gas. However, the strong binding force significantly ham-
pered the regeneration of adsorbent MOFs. Photocatalytic ox-
idation/degradation of toxic gases over adsorbent MOFs is a
promising way to the regeneration of adsorbent MOFs. It is
well known that the open metal site is transitional metal,
which can not only serve as a binding site for toxic gas ad-
sorption but also as an active site for the generation of active
radicals, which is highly active for toxic gas oxidation/decom-
position. Recently, an Ag-doped MOF-like organotitanium
polymer was synthesized for photocatalytic NO oxidation. It
was found that the photo-generated active charges, including
super oxide anions, hydroxyl radicals, and holes, are the rea-
son for the high photocatalytic activity towards NO oxida-
tion.""” Further study also focused on the integration of GO
with titanium-based MOFs (NH,-MIL-125(Ti)) to improve
photocatalytic NO oxidation, and high photocatalytic activity
and stability of this composite was observed. In addition,
doping MOFs with semiconductors/POMs should also be
regarded as the ideal case for toxic gas oxidation, where
MOFs have a positive effect on the adsorption and activation
of toxic gas. Dai and co-workers doped ZIF-8 onto Au/TiO, for
CO oxidation. It was demonstrated that the adsorption and
activation of CO and O, by Au/TiO, were promoted after ZIF-
8 doping.’*® In addition, POMs encapsulated within copper-
based MOFs displayed enhanced adsorption capacity towards
NO as well as photocatalytic activity for NO decomposition.'*
Therefore, coupling semiconductors/electronic materials with
MOFs is feasible to increase the photocatalytic performance
for toxic gas decomposition/oxidation and will be a hot topic
for air purification in future study.'*®

Chen and co-workers reported iron-based MOFs with hex-
agonal microspindle structure (NH,-MIL-101(Fe)) for visible-
light driven photocatalytic degradation of toluene."™ The
photocatalytic activity of NH,-MIL-101(Fe) is superior to that
of P25 under visible light irradiation owing to the high effi-
ciency in visible-light adsorption and photogenerated charge
separation. This work highlights the great potential of MOFs
for photocatalytic degradation of VOCs. However, the poor
stability and limited active sites of MOFs in terms of photo-
catalytic oxidation of VOCs make this research area very chal-
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lenging. Generally, attempts to improve the photocatalytic
performance are primarily focused on two directions: loading
semiconductors onto MOFs to in situ degrade the adsorbed
VOCs and combining with electronic materials to promote
the photo-generated electron and hole separation. Recently,
Ye and co-workers developed a novel hybrid photocatalyst
HKUST-1@TiO, with core-shell structure by coating TiO,
onto the surface of KHUST-1 (KHUST-1 is a typical MOF built
from Cu cation as a connecting center and benzene-1,3,5-
tricarboxylate as a linker).'”> The as-obtain composites are ap-
plied in photocatalytic degradation of isopropanol to CO,
and H,0. The evolution rate of acetone and CO, onto
HKUST-1@TiO, is much higher than that of TiO, nano-
crystals. Particularly, CO, generated from isopropanol decom-
position is dramatically enhanced with HKUST-1@TiO, as
compared with the bare TiO,, clearly showing the niche of
HKUST-1@TiO, hybrid composites in the photocatalytic de-
composition of isopropanol. More recently, our group devel-
oped a hard-soft acid-base (HSAB) synthetic strategy for the
fabrication of TiO,@NH,-UiO-66 composites with controllable
TiO, content and size."*® The as-obtain composite was ap-
plied in the adsorption-concentrated photocatalytic degrada-
tion of styrene. Fig. 6a displays the adsorption performance
of different adsorbents. It is clearly observed that TiO,
displayed poor adsorption performance towards styrene. In
contrast, when NH,-UiO-66 was coated onto the surface of
TiO,, the adsorption performance dramatically increased and
the adsorption capacity could be varied by changing the ratio
between NH,-UiO-66 and TiO,. Photocatalytic degradation of
styrene is carried out in a continuous flow mode. As can be
observed in Fig. 6b, higher CO, amounts were generated
onto TiO,@NH,-UiO-66 composites than that of individual
TiO, and NH,-UiO-66, suggesting high efficiency of
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Fig. 6 Adsorption kinetic curves of styrene (a) and evolution of CO,
from photocatalytic degradation of styrene after adsorption
equilibrium onto adsorbent (b) by TiO,, NH,-UiO-66 and TiO,@NH,-
UiO-66 composites. Reproduced with permission from ref. 150.
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TiO,@NH,-UiO-66 composites in photocatalytic degradation
of styrene. Importantly, TiO,@NH,-UiO-66 displayed consid-
erable stability as the catalytic activity of TiO,@NH,-UiO-66 is
retained even after 10 h continuous reaction. The enhanced
catalytic activity of TiO,@NH,-UiO-66 can be explained by the
synergistic effect between MOFs and TiO, in concentrating
styrene around TiO, for in situ degradation, facilitating the
photogenerated electron transfer, and preventing TiO, nano-
particle aggregation. Those works have opened a new avenue
for the development of efficient porous materials for remov-
ing harmful gases/vapors through the synergistic effects of
adsorption concentration and in situ photocatalytic
degradation.

On the other hand, the integration of a conductive mate-
rial with a semiconductor has been demonstrated as an effec-
tive way of inhibiting photogenerated electron-hole recombi-
nation. Among various conductive materials, GO has been
widely used for effectively improving the semiconductor
photocatalytic performance owing to its large surface area
and abundant functional groups in accelerating photo-
generated electron-hole separation and allowing MOFs to
disperse well onto the surface of GO. Recently, titanium-
based MOFs (NH,-MIL-125(Ti)) have been decorated on the
surface of GO for photocatalytic oxidation of acetaldehyde
under visible light irradiation. The as-obtained composites
displayed higher photocatalytic activity than that of pure
titanium-based MOFs. In the case of NH,-MIL-125(Ti) for
photocatalytic reaction, the electron was excited from the
linker of the MOFs upon light irradiation, then the excited
electrons migrate to the cluster of MOFs, and the electrons
are further injected into the GO to form superoxide anions
for acetaldehyde oxidation. Besides loading semiconductors/
POMs onto MOFs, embedding metal nanoparticles within
MOFs that can thermally decompose the VOCs at a certain re-
action temperature is a proposed research direction for the
regeneration of adsorbent MOFs.*">?

With the aim of thoroughly solving pollution problems
caused by gaseous pollutants, particular attention should be
paid to the research opportunity regarding the development of
advanced MOFs photocatalysts for photocatalytic degradation
of gaseous pollutants into non-toxic substances under mild re-
action conditions, which will be regarded as a green and sus-
tainable technology in the near future since it overcomes the
problems of adsorbent regeneration and secondary pollution,
which often occur in adsorption technology. Although MOF-
based photocatalysts for the degradation of gaseous pollutants
are still in their infancy, the significant chemical diversity and
high tunability of MOFs offer incredible opportunities for the
rational design of MOF-based photocatalysts for enhancing
photocatalytic performance, and we believe that the research
on this topic will attract great attention in the future.

5. Conclusion and outlooks

This review comprehensively summarizes the advantages and
high versatility of MOFs in gaseous pollutant purification by

This journal is © The Royal Society of Chemistry 2019
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means of adsorption capturing or photocatalytic oxidation.
MOFs have emerged as an alternative to traditional porous
materials owing to their fascinating structure and unique
property. The improved treatment efficiency for gaseous pol-
lutants was due to i) ultrahigh surface area and adequate
pore size/shape, significant structural diversity of MOFs for
adsorptive capture gaseous pollutants, and ii) abundant open
metal sites as well as certain functionalities within MOFs for
chemical adsorption of gaseous pollutants via specific inter-
actions (including acid-base interaction, electrostatic interac-
tion, m-complex formation, n-m interaction, H-bonding and
coordination bonds). Understanding the adsorption mecha-
nisms summarized in this review is highly desirable for prop-
erly designing MOFs for capturing targeted organic and inor-
ganic gaseous pollutants, because the modular nature of
MOF synthesis allows us to rationally design and finely tune
their physical and chemical properties at the molecular level,
making the pores, cavities, electronic structures, surface func-
tional groups and hydrophobic/hydrophilic properties of
MOFs. However, despite such significant efforts, there still
have many scientific issues and challenges in the purification
of gaseous pollutants.

First, the most reported MOFs are still suffering from low
stability and poor recyclability. The coordination bonds be-
tween single metal ions or polynuclear metal clusters and
multi-dentate organic molecules are mild. The entire frame-
work of MOFs is supported by weak coordination bonds. On
the other hand, the nodes of MOFs are mainly composed of a
transition metal and oxygen, which have very high affinity to-
wards water, and hydrolysis reactions occur after water ad-
sorption, which cause a significant decrease of the binding
sites and collapse of the MOF framework. Therefore, the sta-
bility of MOFs is the most serious problem hindering their
practical application. The key strategy is to controllably syn-
thesize MOFs with a robust framework and high resistance
towards water vapor. The following aspects are suggested for
enhancing the stability of MOFs: 1) enhancing the coordina-
tion force and optimizing the coordination number between
the inorganic and organic parts; 2) tuning the hydrophobic/
hydrophilic properties of MOFs to endow MOFs with water-
resisting property; 3) incorporation of rigid pillars into MOFs,
to enhance the adsorption capacity as well as the stability of
MOFs; and 4) grafting functional groups on the open metal
sites of MOFs to prevent the adsorption of H,O and hinder
the hydrolysis of metal clusters.

Second, the photocatalytic efficiency of MOFs for remov-
ing gaseous pollutants is still very low and the photocatalytic
reaction mechanisms have not been carefully studied. The
following issues still need further elaboration with the aim of
completely converting VOCs to non-toxic substances: 1) fur-
ther in-depth studies on the photogenerated electron transfer
pathways are urgently needed; 2) the positive and negative ef-
fects of photogenerated active species on the stability of MOF
should be carefully studied; and 3) much attention still needs
to be paid to elucidation of the pollutant degradation path-
ways. The understanding of these issues can help in the
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rational design of MOF-based photocatalysts with high re-
moval efficiency.

Third, the selective adsorption of highly toxic gaseous pol-
lutants is still an ongoing challenge. The reasons that gas-
eous pollutants cause health problems vary significantly from
highly toxic pollutants to those with unknown health effects.
Based on the polarity, size/shape, and functionality of the ad-
sorbate, a proper modeling and simulation method is highly
desirable, not only for simulating the interactions between
MOFs and gaseous pollutants, but also for calculating the ad-
sorption capacity, enthalpy and diffusion constant. This is es-
sentially important for the rational design of MOFs for selec-
tive adsorption of a targeted gaseous pollutant.

Finally, the cost for fabrication of MOFs is still very high.
As potential adsorbents for industrial application, MOFs have
attracted a great deal of interest. However, the starting mate-
rials are very expensive, and the fabrication of MOFs is usu-
ally carried out in organic solvents at high reaction tempera-
tures, and the yield is still very low. These shortcomings
hamper the industrial applications of MOFs. Therefore,
looking for cheap starting materials and efficient synthetic
fabrication methods for the preparation of MOFs with a large
production scale is highly desirable.

The future development of MOF-based adsorbents for re-
moving gaseous pollutants from the environment still needs
deeper understanding and many challenges remain in this
emerging field. We believe that in the near future these new
porous materials with unique properties can serve as alterna-
tives to the traditional inorganic adsorbents that are available
on the market.
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