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Q)pportunities for APMs in water purification.

Abstract: Water pollution is a growing threat to humanity due to the pervasiveness of contaminants in water bodies.
Significant efforts have been made to separate these hazardous components to purify polluted water through various
methods. However, conventional remediation methods suffer from limitations such as low uptake capacity or selectivity,
and current water quality standards cannot be met. Recently, advanced porous materials (APMs) have shown promise in
improved segregation of contaminants compared to traditional porous materials in uptake capacity and selectivity. These
materials feature merits of high surface area and versatile functionality, rendering them ideal platforms for the design of
novel adsorbents. This Review summarizes the development and employment of APMs in a variety of water treatments
accompanied by assessments of task-specific adsorption performance. Finally, we discuss our perspectives on future

~
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1. Introduction

Water is a renewable resource that is essential to all
creatures on the earth; however, increasing water pollution
caused by human activities, such as municipal domestic
sewage, agricultural run-off, and industrial emission, seri-
ously threatens global water security."! Therefore, the
efficient elimination of contaminants present in water has
become a great concern.”? Conventional water purification
methods including boiling, sedimentation, and distillation,
are all associated with physical processes, which are
convenient but limited in scope.”’ Recently, some chemical
and biological processes have been utilized instead to
oxidize the contaminations that cannot be removed conven-
iently as a supplement to physical water purification.! In
addition, biological cleaning techniques are attracting much
attention nowadays, including activated sludge,*! aerated
lagoons,™ trickling filters,™ and rotating biological
contactors.! Nevertheless, these efforts to ameliorate water
pollution have proven inadequate to redeem the rising water
risks, given some stubborn water contaminants such as
heavy metals®! and trace organic contaminants (TrOCs)®
which are still in desperate need of addressing, posing a
great hazard to public health. Beyond the aforementioned
strategies, adsorption is believed to be the best available
technique for the efficient sequestration of trace contami-
nants from water supplies due to its affordable cost and high
performance.” As the need for improved water quality rises,
more advanced adsorbents with superior properties are
called for to meet increasingly stringent water standards.
Porous materials housing permanent cavities in their
structures are regarded as the ideal platform for the design
of adsorbents.’! Some traditional and well-known porous
materials, such as porous carbons,” zeolites,'” and meso-
porous silica,'! have long been explored as pollutant
adsorbents and have shown a satisfactory capability to
segregate contaminants from water. Recently, advanced
porous materials (APMs), such as metal-organic frame-
works (MOFs)!'"” and covalent organic polymers (COPs)
which include amorphous porous organic polymers
(POPs)™! and their crystalline relatives, covalent organic
frameworks (COFs),™ have been developed and have
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afforded us more opportunities to design task-specific
adsorbents with stronger affinities compared with the
conventional artificial porous materials.

MOFs are a kind of typical APM whose frameworks are
built up via coordination bonds in a predictable manner,
forming a crystalline network and allowing for the versatile
manipulation of functional units and precise pore control
that have increased the applicability of MOFs for water
purification.”” Crystalline COFs, being different from
MOFs in that they are synthesized by purely organic
monomers via more robust covalent bonds, also possess the
benefit of easily functionalized building blocks and pore
surfaces.'” In addition to these, synthesized porous materi-
als with purely organic backbones but lacking long-range
order are usually identified as amorphous POPs.' Arising
from their high porosity and unit tunability, any functional
group can be grafted on the networks of these APMs in
principle, giving MOFs and COPs the capacity for rapid
recognition and capture of target contaminants.

Emerging trends in adsorption technology for sustain-
able water purification and freshwater supply protection
have facilitated the fast development of APMs with versatile
functions and the systematical study of the adsorption
behaviors of given adsorbates on task-specific adsorbents.
This Review summarizes the current trends in porous
adsorbents for water purification and highlight the represen-
tative achievements in the research on APM-based adsorb-
ents for various contaminant sequestration, as well as our
outlook on the development of next-generation porous
adsorbents. We hope to provide some useful suggestions for
diminishing the threat to water quality in this Review.

2. Opportunities for APMs in Sustainable Water
Purification

Due to the surplus of myriad organic reactions at a chemist’s
disposal, organic ligands/monomers can be functionalized by
a large number of various moieties, thus providing the
synthesized APMs with versatile functions to participate in a
large number of applications. Because of this, APMs in
many water treatment applications rely on specific inter-
actions depending on the pollutant of choice. Usually, three
different adsorption mechanisms are involved, according to
the properties of contaminants: coordinative complexation,
ion exchange, and host-guest interaction (Figure 1). To
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Figure 1. Three main adsorption mechanisms are involved during the
design of APM absorbents for task-specific water purification: I. coor-
dinative complexation, II. ion exchange, Ill. host—guest interactions.

ensure the highest degree of grafting of target adsorbents,
the de novo synthetic strategy presents itself as an ideal
candidate as it guarantees that each ligand/monomer unit
contains a functional group. Alternatively, with the ease of
functionalization of benzene rings existing in most polymers,
a very high grafting of specified moieties can also be
achieved via post-synthetic modification (PSM).'! Besides
placing functional groups in APM-based absorbents to
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achieve stated goals, MOFs and COFs that are arranged
with long-range order provide an alternative strategy for the
design of APMs for water purification. The entrance pore
aperture of MOFs, referred to as the pore window, can be
precisely controlled by the geometry of the linkers, affording
them tailorable size sieving ability for small molecules. The
pristine pore windows of MOFs are integrated into a wall
which only allows for the free diffusion of molecules with a
size smaller than the pore window, satisfying the prerequi-
site for the facile segregation of contaminants from water.
Similar to MOFs, COFs also have significant advantages
over amorphous POPs as advanced adsorbents. The cooper-
ation between the open 1D pore channel present in 2D
COFs and the pre-arranged binding groups on the surface of
the pore wall can facilitate the transport of analytes and
strengthen the interaction between adsorbents and targeted
species,'” thus improving adsorption performance. Taking
advantage of these benefits provided by APMs, a variety of
water purification systems can be constructed with tailored
porous materials.

3. Water Purification

Depending on the chemical constituents of compounds
found in water, contaminants can be divided into two
subclasses: inorganic and organic. For instance, heavy metal
pollution is a notorious water quality issue primarily due to
the discharge of inorganic metals from industry. These can

FyY 1 Joshua Phipps received his B.S. degree in
biology from Southwest Baptist Univer-
sity, Bolivar (USA) in 2017 and his PhD in
Cell and Molecular Biology from the
University of Arkansas in Fayetteville in
2022. He currently works as a postdoc-
toral researcher under the supervision of
Prof. Shenggian Ma in the Department
of Chemistry, University of North Texas.
His research focuses on the interactions
between porous and biological materials
as well the development of new drug
delivery methods and catalytic techni-
ques.

Shenggian Ma obtained his B.S. degree
from Jilin University (China) in 2003, and
graduated from Miami University (Ohio,
USA) with a PhD degree in 2008. After
finishing a two-year Director’s Postdoc-
toral Fellowship at Argonne National
Laboratory, he joined the Department of
Chemistry at University of South Florida
as an Assistant Professor in 2010; he was
promoted to Associate Professor with
early tenure in 2015 and to Full Professor
in 2018. In August 2020, he joined
University of North Texas as the Robert
A. Welch Chair in Chemistry. His current
research interest focuses on the task-specific design and functionaliza-
tion of advanced porous materials for energy-, biological-, and
environmental-related applications.

© 2022 Wiley-VCH GmbH

85U8017 SUOWWOD A1) 8|t jdde ay) Aq peusenob a1e sooile VO ‘8sn JO S8|nJ Joj Akeiq18uljuO 3|1 UO (SUOTIPUCO-PUB-SWBIW0D" A8 1M Ake.q1|Bu [UO//Sdny) SUORIPUOD pue swie 1 8y} 89S *[£202/£0/02] Uo Ariqiaulluo A8|Im ‘Akiqis1|IM Sexe 1L YLON JO AiseAln Aq 12/9T220z @1Ue/z00T OT/10p/wioo A8 1M Aselqipuljuo//sdny wolj pepeojumod ‘TT ‘€202 ‘€22ETZST



GDCh
~~

be highly toxic and carcinogenic, posing a significant risk to
public health. Furthermore, various organic pollutants have
also been globally detected in water supplies including
drinking water at trace concentrations and originate mainly
from industrial activities and increasing use of plastic
products. The sharp accumulation of these hazardous
compounds in human bodies stemming from exposure to
contaminated water can result in adverse health effects,
significantly increasing the risks of many diseases. Thus,
continuous efforts for addressing such hazards are urgently
needed. APMs demonstrate promising potential in the
prevention of this unfortunate outcome, though there is still
a long way to go before the practical employment of large-
scale APMs in real water purification.

3.1. Dye Removal

The use of dyes has a long history, and it is believed that the
blue dye indigo was one of the first organic dyes used nearly
4000 years ago.”” With the rising demand for colorful
textiles and clothing at an affordable price due to the ever-
growing population, artificial dyes has become prevalent in
modern industry and have substantially lowered the cost of
pigmentation technology. It is estimated that over
700000 tons of synthetic dyes are consumed per year and
more than 10000 different dyes are available on the market
today.”"! Currently, a considerable amount of untreated dye
effluents is discharged into surface water and the quantity of
these waste dyes accounts for over 15 % of dyes produced
annually. Due to their robust chemical structure, dyes are
difficult to decompose/degrade after entering water bodies.
These stubborn dyes will eventually mix into domestic
water, which can lead to a wide array of serious health
effects.’”)

Given the high surface areas, rich pore structures, and
possibilities in the functionalization of APMs, all MOFs,
COFs, and POPs demonstrate promising application for dye
separation from the water supply. Technologically, there are
two approaches available for the successful segregation of
dyes from water. First, the dye molecules present in water
can be rejected through the use of a sophisticated mem-
brane. Meanwhile, the small water molecules can penetrate
the membranes, thus achieving water purification. This type
of membrane liquid-separation technology for dye removal
is called nanofiltration (NF), which typically relies on size
exclusion. The second approach is based on the highly
selective adsorption of dye molecules in porous particles,
which requires careful selection and deliberate functionali-
zation of solid-phase adsorbents.

MOFs bearing appropriate pore windows between 0.3
and >10 nm in size are most suitable for NF. Their inherent
crystalline nature indicates that the pore window of the
majority of MOFs is persistent, suggesting that selective
molecular sieving through MOF membranes can be achieved
effortlessly in principle. In 2009, Basu and co-workers
reported the successful application of mixed matrix mem-
branes (MMMs) with MOFs for high retention of organic
dyes.™ However, the prepared MMMs were incontinuous
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and defective until Zhang etal. presented an accessible
strategy for the preparation of continuous and defect-free
MOF hybrid membranes which was named coordination-
driven in situ self-assembly.? In this work, the synthesized
ZIF-8/PSS membrane was obtained by pouring a solution of
2-methylimidazole and poly(sodium 4-styrenesulfonate)
(PSS) into a Zn"-loaded polyacrylonitrile (PAN) that had
been placed in a dead-end filtration cell under negative
pressure. Then, the removal of methyl blue (MB) from
water using this ZIF-8/PSS membrane was evaluated,
revealing that 98.6 % of MB could be retained with a flux of
265Lm?h'MPa' under optimal conditions. The study
also stressed the close relationship between the molecular
size of the dye and its retention with the ZIF-8/PSS
membrane, supporting the theory that the NF of dyes was
primarily based on size exclusion. Cohen and co-workers
also contributed a lot to the preparation of processable
MOF MMMs; the facile approach they developed allowed
for a wide range of MOFs to be blended with polymers to
fabricate MMMs with a high MOF content (Figure 2).! A
typical example of these MOF-polymer composite mem-
branes is UiO-66 MMMs which have been employed to
purify water spiked with various organic dyes and showed
the effective removal of dye from the solution.

Because of the flexibility of monomer selection and the
diversity of covalent bonds, it is possible to fine-tune the
apertures of POPs in line with requirements. This is
especially true when using COFs, which possess ordered
pore channels and uniform pore structures. Banerjee and

a
\ | | 1
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Uio-66 Ui0-66-NH,  MIL-10L(Cr) MIL-101{Fe) HKUST-1 MIL-53(Fe} ZIF-8
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Figure 2. a) Photographs of free-standing MMMs produced from a
variety of MOFs. b) Aqueous dye sequestration with UiO-66 MMM.
Reproduced with permission.” Copyright 2015, Wiley-VCH.

© 2022 Wiley-VCH GmbH

85U8017 SUOWWOD A1) 8|t jdde ay) Aq peusenob a1e sooile VO ‘8sn JO S8|nJ Joj Akeiq18uljuO 3|1 UO (SUOTIPUCO-PUB-SWBIW0D" A8 1M Ake.q1|Bu [UO//Sdny) SUORIPUOD pue swie 1 8y} 89S *[£202/£0/02] Uo Ariqiaulluo A8|Im ‘Akiqis1|IM Sexe 1L YLON JO AiseAln Aq 12/9T220z @1Ue/z00T OT/10p/wioo A8 1M Aselqipuljuo//sdny wolj pepeojumod ‘TT ‘€202 ‘€22ETZST



GDCh
~~

co-workers proposed an elegant methodology for the
preparation of self-standing, defect-free, and crystalline
COF membranes (COMs) with high flexibility (Figure 3).
In this work, the authors used p-toluene sulfonic acid
(PTSA) as the catalyst which served as the binder of
aldehyde and amine monomers, and also acted as a water
reservoir for the Schiff base reaction. A library of COMs
was also showcased in this report, and permeation experi-
ments were conducted to assess the permeation and
rejection of organic matter using these NF membranes. The
reported results suggested that the dye molecules with
molecular dimensions above 1nm could be completely
rejected due to the uniform micropores within these COMs,
indicative of their capacity for water purification in textile/
dye industries. In addition to this, the molecular sieving
ability of COF membranes can be promoted by adjusting
the charge properties of the framework. Given that a large
number of dye molecules are charged, Ma and co-workers
prepared a thin cationic COF membrane, namely EB-COF:
Br, via the interfacial polymerization of a cationic monomer,
ethidium bromide (EB), and 1,3,5-triformylphloroglucinol
(TFP), in order to achieve better rejection of positively
charged dyes.””” The thin films formed at the liquid-liquid
interface were then stacked by a layer-by-layer process to
obtain continuous, large-scale, and dense EB-COF:Br mem-
branes with controlled thickness, further increasing their
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Figure 3. a) Schematic representation of the nanofiltration assembly
and selective molecular separation of NA from a mixture of NA and
RB. b) SEM cross-section showing stacked layered sheets of M-TpBD
(scale bar 10 pm). c) Schematic representing the molecular sieving
mechanism of M-TpBD. d) UV-vis spectra of selective recovery of NA
from a mixture of RB and NA in water. €) UV/Vis spectra of vitamin
B12 and the water filtrate after passing through M-TpBD. f) A library of
dye molecules, active pharmaceuticals, and E. coli bacteria used for
nanofiltration experiments using COMs. Reproduced with
permission.?l Copyright 2016, Wiley-VCH.
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applicability for water treatment. Due to the size exclusion
effect and electrostatic interactions between charged pore
walls and dye ions, the synthesized cationic membrane
demonstrated remarkable retention of the anionic dyes
fluorescein sodium salt (FSs), methyl orange (MO), and
potassium permanganate (PP) of up to 99.2 %, 99.6 %, and
98.1 %, respectively. However, lower rejection values of
cationic and neutral dyes were reported using the same
membrane under identical conditions, revealing the excel-
lent selective molecular sieving performance of EB-COF:Br
membrane.

While membrane separation technology for dye removal
from wastewater has distinguished itself as a topic of
interest, the development of new adsorbents to eliminate
dye pollution has also recently garnered much attention.
The ultrahigh chemical/hydrolytic stability of COPs due to
their purely organic backbones allows for their application
in a wide range of chemical conditions and make them
especially suitable for complex water treatment. Although
MOFs typically have lower stability than COPs when
present in water, these novel porous materials with remark-
ably large surface areas, adjustable porosity, and tailored
functionalities also have significant implications for adsorp-
tion applications,™ including its gas adsorption as well as
use for pollutant sorption from water. Feasible solid-phase
adsorbents for dye removal should satisfy the demands of
rapid adsorption rate, high extraction uptake, and easy
recycling, which requires abundant active sites for efficient
encapsulation of diverse dye molecules/ions. Haque et al.
recently developed a dense iron terephthalate with a
cationic framework, namely MOF-235, for the efficient
removal of not only an anionic dye (MO) but also a cationic
dye (MB).”) A zirconium-metalloporphyrin mesoMOF
(PCN-222) with dual functions of large pore size and
suitable zeta potentials which would affect the interaction
and the adsorption capacity was selected by Li and co-
workers for the removal of MO and MB, as well.’”) PCN-
222, also called MOF-545, has a high Brunauer-Emmett—
Teller (BET) surface area of 2336 m?’g~' and a large open
channel with a diameter of 3.7 nm, while the MOF is
microporous (pore size <2nm), making it suitable for
holding organic dye molecules in the “nanopockets”. Be-
sides, the zeta potentials of PCN-222 ranging from 23.5 mV
at pH3 to —13.6mV at pH 10 exhibited relatively large
positive and negative potentials, affording PCN-222 the
ability to adsorb both cationic and anionic dyes in solution.
The high extraction capacity for MB (1239 mgg™') and MO
(1022 mgg™') was achieved, respectively, revealing the
significance of the cooperation of high porosity, aligned
active sites, and suitable zeta potentials during the adsorp-
tion process.

2D COFs with abundantly accessible 1D channels are
also widely utilized for dye removal. Apart from the more
common MB and MO, rhodamine B (RhB) is another toxic
dye that poses a high carcinogenic risk after entering human
bodies.’ Two COFs (TPT-azine-COF and TPT-TAPB-
COF) both supported by a heteroatom-rich linker TPT-
CHO and various amine monomers were tested for RhB
removal (Figure 4a).”” The high efficiencies of RhB removal
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Figure 4. Examples of COFs used for dye removal. a) Synthesis of the TPT-COFs and their adsorption performance for RhB. Reproduced with
permission.’ Copyright 2018, American Chemical Society. b) Synthesis of the TAPB-PDA COF and its capacity for removing various organic dyes.
Reproduced with permission.” Copyright 2021, American Chemical Society.

of TPT-azine-COF (725mgg') and TPT-TAPB-COF
(970 mgg™") were recorded during the RhB adsorption
experiments; the results were in line with their BET surface
areas (957 m*g ' and 1020 m*g ' for TPT-TAPB-COF and
TPT-azine-COF, respectively). Interestingly, Dichtel and co-
workers reported a polycrystalline COF film that acted as an
adsorbent instead of a membrane for dye elimination from
water (Figure 4b).”*! To do this, they compressed 100 mg of
TAPB-PDA COF powder between two polyester discs to
produce a COF pellet that could be mounted for flow
studies. The resulting disc-shaped COF pellet would swell
and quadruple in thickness (from ~350 to ~1300 pm)
without cracking when a small amount of water passed
through it. When a continuous flow of RhB solution was
passed through the prewetted COF pellet, a decreased
rejection rate of RhB was reported as the whole COF pellet
changed color with the collection of RhB, thus, indicating
that the adsorption mechanism successfully facilitated the
dye removal from the water flow. Amorphous POPs with
tailored functionalization also possess the ability to retain
water-soluble organic dyes in their pores.”” However, their
extraction capacity is typically lower than that of COFs due
to their disordered rigid polymeric backbone which can
obstruct the accessibility of dyes entering the pore space.

Angew. Chem. Int. Ed. 2023, 62, €202216724 (6 of 23)

3.2. Oil-Spill Cleanup

Oil leakage from crude oil extraction and transportation is a
growing concern worldwide, threatening the global ecosys-
tem. It is estimated that over 10 billion dollars is spent on
oil-spill cleanup all over the world annually.®™ The old-
fashioned technologies used for oil-spill cleanup, such as
centrifugation and in situ burning, are costly, have low
efficiency, and introduce the possibility of secondary
pollution. To lower the cost, traditional adsorbents including
active carbon, zeolites, and sand, have been used for water
purification after an oil spill. However, these adsorbents
tend to absorb water and other dissolved components
besides oil, sharply compromising their performance for oil-
spill cleanup. Thus, developing novel adsorbents for the
selective capture of organic liquids from water is an urgent
need in environment control. To this end, improving
material hydrophobicity has been proposed as a general
approach to solving the problem associated with water
absorptivity, and APM-based adsorbents have been exten-
sively studied in this task-specific field (Table S1).

Our group has conducted some significant research on
the wettability of APMs. We developed a porphyrin-based
POP (PCPF-1) through the homocoupling of 5,10,15,20-
tetrakis(4-bromophenyl)porphyrin (tbpp).”” The combina-
tion of the 2D layered structure, exposed conjugated
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porphyrin, and phenyl rings in the resulting POP produces a
high surface area with strong hydrophobicity, affording
PCPF-1 the capacity for selective extraction of petroleum oil
from a water mixture. Saturated C5-C8 hydrocarbons and
gasoline were chosen to assess its adsorption performance.
In this test, an extraordinarily high gasoline uptake capacity
(20.5 gg ") was observed; PCPF-1 outperformed all reported
POPs at that time, showing its great potential for use in oil-
spill cleanup. However, PCPF-1 powder is produced by a
cumbersome synthesis and is not easily recycled in real-
world applications. In addition to this, its limited pore
volume also encumbers its adsorption capabilities. Thus, to
address these concerns, we also reported the employment of
function-specific COFs in the cleanup of oil spills from water
(Figure 5).P To do this, we devised a facile approach to
endow COF-V with superhydrophobicity by engineering the
pore surface. This is demonstrated by the chemical mod-
ification of the exterior of a vinyl-functionalized COF with
fluorinated compounds via a thiol-ene click reaction to
afford COF-VF. From this, we creatively integrated the
COF-VF with commercial melamine foams, yielding an
affordable superhydrophobic foam (COF-VF@foam). To
realize the homogeneous distribution of the COF through-
out the foam, we first submerged the monolithic melamine
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Figure 5. a) Schematic illustration of the preparation of superhydropho-
bic COF-VF coated melamine foam (COF-VF@foam). b) Photograph of
COF-VF@foam and melamine foam after introduction to water.

c) Photograph of COF-VF@foam immersed in water. d) Water contact
angle on the surface of COF-VF@foam. e) Illustration of the ability of
submerged COF-VF@foam to separate nitrobenzene from water.

f) Absorption capacities of COF-VF@foam in the presence of various
organic solvents and oils, as indicated by weight gain. g) Weight gain
during nitrobenzene absorption/squeezing cycles. Reproduced with
permission.’? Copyright 2018, Elsevier.
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foam in a solution of two monomers, 1,3,5-tris(4-amino-
phenyl)-benzene and 2,5-divinylterephthalaldehyde, and
then added the catalyst (acetic acid). This resulted in the in
situ coating of COF-V on the melamine foam. Next, the
modified foam was treated with 1H,1H,2H,2H-perfluorode-
canethiol to graft the perfluoroalkyl groups to the pore
surface of COF-V to yield COF-VF@foam. The uptake
performance of the resulting COF-VF@foam was examined
with multiple organic liquids afterward. Owing to its super-
hydrophobicity and superoleophilicity, sorption capacities
from 67 to 142 times its weight were achieved, suggesting a
wide broad applicability of COF-VF@foam for oil-spill
cleanup. What’s more, using the foam as the support to load
COF-VF results in adsorbent good recyclability, since the
captured oil can be simply squeezed out. Because of this, the
spent COF-VF@foam could be immediately regenerated for
adsorption without a significant loss in its performance for
at least ten cycles, stressing the superiority of COFs
compared to POPs for the design of advanced adsorbents
for oil-spill cleanup.

Another type of functional porous polymer, conjugated
microporous polymers (CMPs), has recently been revealed
as a promising tool for applications in oil-water separation
by the rational design of porosities and lipophilic networks.
Li and co-workers presented a successful case of construct-
ing the surface superhydrophobicity of CMPs for the first
time and used the resulting CMPs for oil adsorption from
water.’”) Their CMP, known as HCMP-1, was synthesized
from 1,3,5-triethynylbenzene via homocoupling polymeriza-
tion, while an analog of HCMP-1 was produced from binary
monomers, 1,3,5-triethynylbenzene and 1,4-diethynylben-
zene. Both HCMPs demonstrated a large water contact
angle (CA) of 167° and 157° for HCMP-1 and HCMP-2,
respectively, and were also strongly oleophilic due to their
superhydrophobicity and open pore structures. These merits
allowed for the resulting HCMPs to selectively capture oil
and nonpolar organic solvents with fast adsorption kinetics.
For HCMP-1, a maximum absorbency for oils that reached
up to 10 times its weight was observed, as well as excellent
adsorption for various organic solvents that ranged from
approximately 700 wt % to 1500 wt%. To improve the
functionality for large-scale removal of toxic organic
pollutants, an HCMP-1 treated sponge was also produced by
simply immersing a sponge into a chloroform solution of
HCMP-1. The final sponge coated with HCMP-1 was
endowed with hydrophilic and oleophilic properties, and
could absorb 0.6 and 0.9 tons of octane and nitrobenzene
per cubic meter of the as-treated sponge, respectively. Du
et al. utilized a freeze-drying synthesis technique to obtain
CMP aerogels to construct hierarchical pore structures in
the resulting adsorbents, which significantly accelerated the
matter transfer in pores (Figure 6).°*! The adsorption of
diverse organic solvents and oils was evaluated using CMP
aerogel and the corresponding CMP network. Higher
absorbencies ranging from 20 to 53 times its weight were
showcased for the CMP aerogel, while the CMP network
displayed sorption capacities of only 1 to 16 times its weight,
illustrating the significance of hierarchically porous struc-
tures in adsorbents for pollutant removal.
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Figure 6. a) Schematic illustration of preparation and structure of the PTEB aerogel and xerogel. Mass-based (b) and volume-based (c) adsorption
capacity of the PTEB aerogel. d) Adsorption-capacity retention of the PTEB aerogel toward acetone through regeneration by heating at 60°C for 20
cycles. e) Demonstration of uptake of chloroform (containing Sudan 111 dye) under water, by using a piece of PTEB aerogel. Reproduced with

permission.’® Copyright 2014, Wiley-VCH.

The wettability of MOFs can also be readily manipulated
by functional moiety design and surface morphology
control.®! The first report on the adsorption of typical
aromatic and aliphatic oil components using fluorous metal-
organic frameworks (FMOFs) whose pore surface is fluo-
rine-lined and hydrogen-free was presented by Yang et al. in
2011."1 The synthesized FMOF-1, which was constructed
from silver(I)  3,5-bis(trifluoromethyl)-1,2,4  triazolate
(AgTz), revealed its great capacity for oil-spill cleanup due
to its hydrophobic pore surface. Later, one of the most well-
known MOFs, HKUST-1, was also utilized for oil removal
from water (Figure 7a).""! Its oil removal ability was tested
in a milky aqueous solution containing in an emulsion of
300 mgL~'. After the emulsion containing a dispersion of
HKUST-1 had been shaken vigorously, a clear solution
could be observed when the adsorption was finished. The
maximal removal capacity of HKUST-1 was estimated up to
4000 mgg™' according to the Langmuir isotherm model. To
improve the uptake capacity of MOFs for organic oils,
significant efforts were made to grow MOFs on a variety of
supports. A considerable number of hydrophobic MOF-
based sponges/foams were developed for water purification
from oil-in-water emulsions. For comparison, the oil uptake
capacity of FG-HKUST-1 sponge was increased to over
8000 mgg~" (Figure 7b),l* which was about two times higher
than that of pristine HKUST-1 mentioned above. Moreover,
Yang and co-workers employed a modified melamine foam
with a 2D MOF (kgd-Zn), called kgd-Zn@MF, for applica-
tion in oil-spill cleanup;*! it showed a high adsorption
capacity (5077—13786 wt %) towards various solvents and
oils, which was comparable with the COF-coated melamine
foams (for a summary of the oil sorption performance of
various APM-based adsorbents, see Table S1).
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Figure 7. Application of the HKUST-1 family in oil adsorption. a) Photo-
ographs showing the oil droplets being removed from water by
HKUST-MOF. Reproduced with permission."!! Copyright 2014, Elsevier.
b) Schematic representation of FG-HKUST-1 composite’s hydrophobic-
ity, solution processability, and selective oil sorption from an oil-water
mixture and oil recovery. Reproduced with permission."? Copyright
2020, American Chemical Society.

3.3. Treatment of Trace Organic Contaminants

In addition to the above organic pollutants, the contami-
nation of water systems by TrOCs is also prevalent in
freshwater bodies. These pollutants are mainly produced by

© 2022 Wiley-VCH GmbH
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urban discharge, agricultural production, and industrial
processes. Although TrOCs are detected in low concentra-
tions ranging from the ppt (one part per trillion) to ppb (one
part per billion) level in surface water, sufficient evidence
has emerged to prove that even a low concentration of
TrOCs will threaten human health with prolonged ingestion.
In the past decades, various physicochemical and biological
treatments have been devoted to segregating TrOCs from
freshwater,'*! but most TrOCs are difficult to deal with and
their removal by these conventional water purification
methods has been inefficient. APMs, with their excellent
adsorption—desorption properties, are well suited for the
efficient removal of hazardous TrOCs.*) What’s more, the
unique tunability of structures and functions in APMs
enables advanced oxidation reactions in water, such as the
Fenton reaction, photolysis, photocatalysis, ozonation etc.,
which have been reported extensively for the degradation of
a variety of TrOCs.

Perfluorinated and polyfluorinated alkyl substances
(PFAS), which include perfluorooctanoic acid (PFOA) and
perfluorooctanesulfonic acid (PFOS), are a typical class of
TrOCs found today. These are widely utilized in food
packaging, fire-fighting foams, household products, and in
many industrial plants due to their durability.*! The out-
standing durability, however, is also their pitfall. These
“forever chemicals” cannot be biodegraded in nature and
will accumulate in living organisms once introduced into the
environment. Prolonged exposure to PFAS can cause the
onset of illnesses including cancer, thyroid conditions,
kidney disease, and autoimmune disease.””! Because of this,
the development of highly efficient adsorbents for the rapid
capture of trace PFAS from water with a strong binding is
urgently needed.

Given the unique host—guest interaction and well-
defined intrinsic porosities of p-cyclodextrin (f-CD) and
other kinds of macrocycles, it is possible to implant these
functional units into porous organic polymers to enhance
their capture performance for PFAS. Dichtel and co-
workers have become pioneers in this new field of advanced
porous material design;* and have presented the very first
example of f-CD-based POPs for the rapid removal of
PFAS from water.** To accomplish this, the researchers
crosslinked p-cyclodextrin with rigid aromatic groups to
form mesoporous polymers, integrating A-CD’s special
affinity toward these contaminants into the porous net-
works. The BET surface area of the as-prepared DFB-CDP
was less than 10 m?g~'; however, the material allowed 95 %
of PFOA to be removed from the water solution, while the
PFOA concentration in the treated water sample was
decreased from 1 pgL~"' to 20 ngL~" within 24 h, which was
lower than the U.S. Environmental Protection Agency
(EPA) limit of 70ngL™" at that time. In contrast, their
previously reported porous S-CD-based polymer with a high
surface area (263 m*g '), called P-CDP, lacked the capacity
for PFOA removal (=0 %), even though it demonstrated an
unparalleled extraction performance for organic contami-
nants like bisphenol A (BPA) (Figure 8)."! To better
understand the adsorption mechanisms of p-CD-based
polymers and to develop more efficient adsorbents, Dichtel
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Figure 8. Left: Synthesis of the high-surface-area porous P-CDP from f3-
CD and 1. Right: Schematic of the P-CDP structure. Reproduced with
permission.*"! Copyright 2015, Springer Nature.

and co-workers have also reported a library of modified
CDPs devoted to PFAS removal.**1 One example from
this list comes from TFN-CDP in which the nitrile groups
were reduced to primary amines in order to improve its
affinity toward anionic organic contaminants and stronger
binding to anionic PFAS.**? The PFAS removal perform-
ance and adsorption kinetics of the modified TFN-CDP
were examined in PFAS-spiked water with a concentration
of 1 pgL™". The resulting data showed that the combined
concentration of PFOA and PFOS was rapidly reduced to
58 ngL™" after 30 min contact with the amine-functionalized
TFN-CDP.

COFs constructed by the linkage of NH,-f-CD and
aldehyde monomers have also been developed recently.
Wang et al. selected terephthalaldehyde (TPA) as the joint
knots to  connect heptakis(6-amino-6-deoxy)-5-CD
(Am7CD) to construct the framework of f-CD COFs.”
The COF produced exhibited highly selective adsorption for
a broad range of TrOCs in water, such as BPA, ibuprofen,
naproxen, and 4-nonyl phenol. Later, the application of this
type of COF in PFAS removal was also studied by Deng
and co-workers (Figure 9),°" revealing the superior extrac-
tion capacity of f-CD COFs for PFAS compared to tradi-
tional adsorbents (e.g., resins and activated carbons).
Furthermore, a comprehensive adsorption study of thirteen
different PFAS molecules using amine-functionalized 2D-
COFs was conducted by Dichtel and co-workers.” In this
study, 1,3,5-tris(4-aminophenyl)benzene with the mixture of
TPA and dialdehyde bearing azide-functionalized ethylene
glycol side chains was used to synthesize azide-functional-
ized COFs. Next, the azide groups in the resulting COFs
were reduced by using PPh; to afford X%[NH;]-COFs
where X ranges from 0 to 100 %. Ammonium perfluoro-2-
propoxypropionate (GenX) was then selected to evaluate
the adsorption performance of [NH;]-COFs containing
various densities of amine groups. A COF with 20 % amine
loading showed the highest uptake of GenX among all

© 2022 Wiley-VCH GmbH

85U8017 SUOWWOD A1) 8|t jdde ay) Aq peusenob a1e sooile VO ‘8sn JO S8|nJ Joj Akeiq18uljuO 3|1 UO (SUOTIPUCO-PUB-SWBIW0D" A8 1M Ake.q1|Bu [UO//Sdny) SUORIPUOD pue swie 1 8y} 89S *[£202/£0/02] Uo Ariqiaulluo A8|Im ‘Akiqis1|IM Sexe 1L YLON JO AiseAln Aq 12/9T220z @1Ue/z00T OT/10p/wioo A8 1M Aselqipuljuo//sdny wolj pepeojumod ‘TT ‘€202 ‘€22ETZST



GDCh
~~

?f“é‘:‘% @fﬁ?wff

"ﬂ)’é, ﬁ\""
%‘:’ké/ | SO0
| (BD) o0 ;

(Am7CD) wﬁﬁ
0007 fg
ey OO0

Figure 9. Synthesis of 3-CD COFs including COF1, COF2, COF3, and
COF1N. Reproduced with permission.’"! Copyright 2021, American
Chemical Society.

functional COFs, while 28 %[NH;]-COF had the broadest
applicability for PFAS removal, achieving adsorption of
more than 90 % in 12 out of 13 PFAS tested.

Ma and co-workers presented a facile strategy to apply a
porous aromatic framework (PAF) with task-specific mod-
ification for the rapid removal of PFOA from water
(Figure 10a).”™ Using this method, three hydrophobic chains
with varying lengths functionalized with quaternary
ammonium groups were successfully appended to the frame-
work of PAF-1, yielding PAF-1-NDMB, PAF-1-NDMP, and
PAF-1-NDMH. The performance of these functionalized
PAF-1 adsorbents was assessed by their effectiveness in
extracting PFOA from water solutions. PAF-1-NDMB
exhibited an optimal sorption performance compared to the
other two PAF-1 derivatives: 99.99 % removal of PFOA
could be achieved by PAF-1-NDMB within 2 min. with a
remarkable reduction in PFOA concentration from
1000 ppb to 54 ppt. The saturated uptake capacity of PAF-1-
NDMB was also estimated from the adsorption to be
2000 mgg™' at the equilibrium concentration of 600 ppm,
surpassing all benchmark materials at the time. Following
this, the practical application of PAF-1-NDMB in water
purification was investigated in a breakthrough experiment
using a 500 ppb PFOA water solution (Figure 10b). The
results showed that 3530 mL of water contaminated by
PFOA could be purified to drinking-water standards (<
53 ppt) with only 300 mg adsorbent added. For comparison,
only 242 mL potable water (62 ppt) could be produced by
the same mass of DFB-CDP, displaying the superiority of
PAF-1-NDMB for the removal of PFAS from polluted
water.

Crystalline MOFs exhibit promising adsorption perform-
ance for PFAS, as well. Li etal. proved this when they
selected several well-studied MOFs with different pore sizes/
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Figure 10. a) lllustration of the “synergistic binding sites” strategy to
construct highly efficient sorbents for PFOA removal. b) PFOA sorption
kinetics of AC, PAF-1, DFB-CDP, and PAF-1-NDMB. c) Plot of
equilibrium PFOA adsorption capacity as a function of equilibrium
PFOA concentration. d) Comparison of PFOA saturation uptake
amounts and k;, values for PAF-1-NDMB with other threshold porous
materials, including DFB-CDP, MIL-101(Cr), MWNTs, FCX4-P, UIO-67,
and AC. e) Breakthrough experiments for PAF-1-NDMB and DFB-CDP
in aqueous PFOA/HA solutions (PFOA 500 ppb, HA 20 ppm).
Reproduced with permission.” Copyright 2022, Springer Nature.

shapes and chemical constitutions, for a comprehensive
survey of various PFAS removal.’ Liu et al. also introduced
a family of quaternary and tertiary amine-functionalized
MIL-101(Cr) and their application in PFOA adsorption.™!
Depending on the PSM method, various amine groups were
grafted on the surface of MIL-101(Cr); the optimal adsorp-
tion capacity for PFOA was recorded with a value as high as
1.89 mmolg!. Apart from the introduction of basic units to
MOFs to enhance their adsorption performance, another
factor that can affect PFOS adsorption is the control of the
cavity size present in MOFs. Sini et al. stated this when they
selected two zirconium MOFs, UiO-66 and UiO-67, to test
this assumption.” UiO-67 bearing a larger cavity is built up
by biphenyl-dicarboxylic acid (bpdc), while a shorter ligand,
benzene-dicarboxylic acid (bdc) is applied in the construc-
tion of UiO-66. The change of sorption mechanism as the
result of the increased cavity size was observed in UiO-67
and led to a higher sorption capacity of PFOA for UiO-67
(743 mgg ') compared to UiO-66 (388 mgg'). Furthermore,
using MOFs for the photocatalytic degradation of PFAS has
also been investigated very recently. Zhou and co-workers
reported a titanium-based MOF, namely MIL-125-NH,,
which can degrade over 98.9% PFOA under Hg-lamp
irradiation in 24 h benefiting from the coordinated contribu-
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tion of hydrated electron (e,, ) and light-induced hydroxyl
radical (*OH) from MIL-125-NH,.F"!

In addition to the previously mentioned organic contam-
inants, another environmental risk that is presently increas-
ing is the presence of trace residual pharmaceuticals and
personal care products (PPCPs) and endocrine-disrupting
chemicals in water. These contaminants threaten the aquatic
ecosystem and cause adverse human health impacts via
biomagnification, where contaminants make their way up
the food chain. Adsorption has become a promising
technology to eliminate the effects of these invisible organic
contaminants due to its low cost, high efficiency, and
sustainability. Using MOFs as an alternative in the sorption
of PPCPs from water has become popular because of their
characteristic porosity. This is especially true for the MOF
UiO and MIL series,® which have been widely applied in
the removal of PPCPs including acetaminophen (ACE),
amoxicillin (AMX), carbamazepine (CBZ), ciprofloxacin
(CPX), sodium diclofenac (DCF), ketoprofen (KTP), nap-
roxen (NPX), and other related contaminants. As a prime
example, Lin et al. recently presented that UiO-66 had high
adsorption capacities for IBU and KTP of up to
606.49 mgg ', and 638.24 mgg !, respectively.””

Given their high surface areas and large pore channels,
COFs also excel in the adsorption of PPCPs. Zhuang et al.
introduced the application of TPB-DMTP-COF for the
removal of sulfamerazine (SMT) from water, achieving a
high extraction capacity of 209 mgg™' together with a fast
adsorption equilibrium and good recyclability.*”! Wen et al.
also developed a spherical COF (TPB-DMTP-COF) that
provides an advancement for the testing of sulfonamides in
water and food.l""! These are a class of chemically synthe-
sized antibacterial drugs and are widely used in animal feed
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to prevent diseases. The resulting spherical COF was
mounted in the SPE (solid-phase extraction) column to test
its effectiveness in detecting trace-level sulfonamides in
dairy products and exhibited broad applicability for various
sulfonamides (SAs) including sulfadiazine (SD), sulfapyr-
idine (SP), sulfathiazole (ST), sulfamerazine (SM,), sulfame-
thazine (SM,), and sulfamethoxazole (SMX). Another
development direction has been that of magnetic COFs.
These are similar in nature to other COFs but can be easily
separated, and are ideal materials for the removal of
pharmaceutical pollutants from water. Huang and co-work-
ers applied TFP, p-phenylenediamine (PDA), and —NH,-
functionalized Fe;0,@SiO, nanoparticles (MNP-NH,) as
basic building units to construct the magnetic COFs
(MCOFs).? The tailored MCOF-2 with its high crystallinity
and high surface area combined with excellent chemical/
thermal stability was tested for the removal of DCF, a
nonsteroidal anti-inflammatory drug, from water supplies.
The results showed a high uptake capacity (565 mgg™') for
DCEF, outcompeting well-known adsorbents, such as UiO-66
(189 mgg™") and ZIF-8 PCDM-1000 (360 mgg™'). Ma and
co-workers also reported the application of porous organic
frameworks in the rapid and efficient capture of ofloxacin,
one of the most common antibiotics (Figure 11).") In
contrast to 3D COFs, the 3D porous oligomer frameworks
that were reported in this work were self-assembled through
collaborative intermolecular hydrogen bonding, endowing
them flexible pore structures and open channels for
encapsulating larger organic molecules. The performance of
ofloxacin extraction was evaluated using HOF-TAM-BDA
and the corresponding COF material (COF-320), revealing
that HOF-TAM-BDA had a fast initial adsorption rate up

to 140.92 mgg'min~', while a much slower rate of
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Figure 11. a) Synthesis of the oligomer constructed for HOF-TAM-BDA. b, c) X-ray crystal structure of HOF-TAM-BDA featuring multiple hydrogen
bonds (red dashed lines) between adjacent units to form a 3D framework exhibiting quasi square-shaped pores with a diameter of about 10.6 A
along the c axis. Length of hydrogen bonds in A. For clarity, only hydrogen atoms that have hydrogen bonding interactions with the guest molecule
are shown (C gray, N blue, O magenta, H light cyan). d) Ofloxacin sorption kinetics of various porous materials with an initial ofloxacin

concentration of 20 ppm ata Vm
Reproduced with permission. Copyright 2021, Wiley-VCH.
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! ratio of 1 mLmg™". e) Ofloxacin adsorption isotherm for HOF-TAM-BDA. Inset: chemical structure of ofloxacin.
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0.95mgg 'min~' was observed in COF-320. Additionally,
the maximum adsorption capacity of HOF-TAM-BDA was
determined to be 151.5 mgg~' with excellent recyclability.
APMs have been shown to act not only as selective
adsorbents of contaminants but also as task-specific catalysts
for the degradation of organic pollutants through advanced
oxidation. The first example of this function was reported
using MOF-5 as a photocatalyst to degrade methyl viologen
dichloride in water.!*! Following this, a considerable amount
of related work has been published on the subject in the
past decade. Recently, Gomez-Avilés et al. proposed a set of
mixed Ti—Zr MOFs and displayed their employment as
photocatalysts in the ACE oxidation under solar-simulated
radiation.”” The authors obtained these MOFs through the
partial substitution of Ti by Zr atoms in the crystalline
structure of NH,-MIL-125(Ti) MOF. The catalytic perform-
ance was determined to be controlled by the adjustment of
the Ti:Zr molar ratio, showing that lower Zr loading in the
treated MOFs with retained crystalline structure had high
activity for the photocatalytic degradation of ACE. The
optimized mixed MOF, TiZrl5, demonstrated the highest
activity in photocatalytic degradation, allowing for complete
ACE conversion after only 90 min. During the catalytic
process, O," radicals are detected and identified as the
main reactive species. Meanwhile, the photogenerated *OH
radicals and electrons also were identified as playing
significant roles in the degradation of organic contaminants.
The sulfate radicals (*SO,~) generated by these MOFs were
also explored for the degradation of TrOCs, and are
commonly used in the oxidation of pesticides (atrazine,
malathion, and 2,4-dichlorophenoxyacetic acid) and anti-
biotics  (tetracycline, sulfamethoxazole, and sulfa-
methoxazole).! Yin et al. took a representative Fe-MOF,
MIL-100(Fe), for the study of peroxydisulfate activation and
its potential for the removal of antibiotics.””? Under
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irradiation, the surface Fe on the structure would be

reduced to Fe", which would cause the formation of *SO,.
The generated *SO,~ would then promote the generation of
*OH and O," radicals, which would act directly in the
degradation of antibiotics.

COPs, such as COFs and CMPs with extended n-
conjugated structures, also contribute to water purification
via the efficient degradation of TrOCs. Very recently, Dong
et al. proposed a strategy to load single Cu sites in the COF
to enhance its photocatalytic performance (Figure 12).[%!
The as-prepared COF-909 contains abundant terpyridyl-
based units, providing open triple coordinative bonding to
transitional metals, such as Cu. Due to the unique COF
chemical structure, Cu can be easily loaded to COF-909 to
form COF-909(Cu) by simply soaking the COF material in
copper chloride-methanol solution without heating for 12 h.
The photocatalytic activity of the resulting COF was
examined for the degradation of SMX with or without
visible-light irradiation. It was reported that more than 98 %
of SMX could be eliminated within 30 min when the light
was on, while no obvious concentration change of SMX
could be detected in the same period under identical
conditions without light, suggesting that light is indispensa-
ble to the generation of reactive oxygen species (ROS) by
COF-909(Cu). The modification of COFs with active metal
sites is also reported in porphyrin-based COFs. Hou et al.
obtained a copper porphyrin-based COF through the
condensation of 5,10,15,20-tetra(p-aminophenyl)-
porphyrinato copper (CuTAPP) with TPA on the surface of
g-C;N,.! The 2D porphyrin COF/g-C;N, heterostructure in
the resulting CuPor-Ph-COF/g-C;N, not only increases the
visible light absorption of the material but also accelerates
its charge carrier transport, which promises excellent photo-
catalytic performance for degrading organic contaminants.
This strategy of integrating metal with the porphyrin units in
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Figure 12. a) Synthesis of COF-909(Cu) nanorods. b) Efficiency of SMX removal using COF-909(Cu), COF-909, or TiO,-P25; the inset shows the
chemical structure of SMX. c) Pseudo-first-order kinetic constants of COF-909(Cu), COF-909 and TiO,-P25 in the degradation of SMX. d)
Recyclability of COF-909(Cu) for the photocatalytic degradation of SMX. ) Comparison of COF-909(Cu) with state-of-the-art photocatalysts.

Reproduced with permission.*® Copyright 2021, Elsevier.
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the porous networks is also employed in the construction of
CMPs with active metal site loading. Xiao et al. developed a
UPC-CMP-1 with highly efficient and selective photocata-
lytic ability via a Sonogashira—Hagihara coupling reaction
between iron(III)  5,10,15,20-tetrakis-(4-bromophenyl)-
porphyrin and 1,4-diethynylbenzene, which demonstrated
fast and selective decomposition of Congo red over other
dye molecules.””! The authors also made a significant
discovery in that the degradation efficiency of metal
porphyrin-based CMPs could be regulated by changing the
type of metal sites in the porphyrin units, and thereby
tailoring CMPs with specific and improved photocatalytic
performance becomes possible.

3.4. Elimination of Heavy Metals

Heavy metal pollution is currently one of the most prevalent
environmental issues and is harmful not only to aquatic life
but also to human beings. Toxic heavy metal ions present in
surface water, such as Hg", Pb", Cr"', As™, As", and Cu",
which mostly come from the discharge of industrial waste-
water, are increasing the risks of public health problems and
threatening biological systems as the tolerance levels are
exceeded. For example, high levels of lead can damage the
central nervous system in humans and affect children’s brain
development, resulting in reduced intelligence quotient
(IQ). Similarly, prolonged exposure to mercury will also
lead to serious damage of the nervous system (e.g.,
Minamata disease), as well as other diseases, such as
neurological or behavioral disorders and cancer. Damage to
other organs (e.g., lung, kidney, and liver) can be directly
linked to drinking water containing hexavalent chromium
over extended time. To eliminate these adverse health
impacts brought by heavy metals, many methods have been
developed for the removal of these ions."”! These methods
include chemical precipitation, ion exchange, membrane
filtration, and adsorption. Recently, a considerable amount
of APMs have been employed as novel adsorbents for
removing heavy metal ions.

To implement an APM as a task-specific nanotrap, their
functional groups must be carefully tailored to meet the
demand. Ma and co-workers developed a series of PAF-
based nanotraps that were utilized in the efficient sorption
of metal ions by the installation of diverse chelators in PAF-
1. For mercury removal, PAF-1 was modified with a thiol
group, which has a strong affinity toward mercury ions and
exceptional mercury binding capacity (Figure 13).? To
obtain the target PAF-based nanotrap, PAF-1 was first
treated with concentrated HCI to complete the chlorometh-
ylation. The resulting PAF-1-CH,Cl was then reacted with
NaHS to finish the thiol conversion. The final product, PAF-
1-SH, showed an exceptional maximum mercury uptake
capacity of over 1000 mgg™" (at an equilibrium concentra-
tion of ~800 ppm) and an extraordinary distribution coef-
ficient (K,) value of 5.76x10"mLg™' combined with out-
standing adsorption kinetics. These results demonstrated
that the Hg" concentration could be reduced from 10 ppm
to an extremely low level of 0.4 ppb after treatment with
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Figure 13. a) lllustration of creating a mercury “nano-trap” for Hg"
removal from water. b) Kinetics and adsorption capacity investigation
for PAF-1-SH. Reproduced with permission.’” Copyright 2014, Springer
Nature.

PAF-1-SH, which surpasses the acceptable limits set by the
EPA for drinking water (2 ppb). In addition, PAF-1-SH
retained a high adsorption performance for Hg" not only in
the solutions with a wide pH range of 3-11, but also in
complex systems with high concentrations of background
metal ions, such as Na', Mg", Zn", and Ca".

However, the synthetic procedures required to construct
PAF-1-SH hinder its practical application; thus a more
economically feasible synthesis is necessary for the develop-
ment of a POP-based adsorbent with refined application and
accessibility. To solve this problem, Ma and co-workers,
using the experience gained from the previous work,
advanced a more feasible method for synthesizing mercury
nanotraps.” A monomer unit incorporated with a
chloromethyl group was used for the polymerization of
POPs, which has shown promise as a higher grafting of
chelators in the resulting polymer. To prepare this thiol-
functionalized POP, 3,5-divinylbenzyl chloride first under-
went free-radical polymerization with azobisisobutyronitrile
(AIBN). Next, the resulting POP was treated with NaHs
and the chloride moiety was replaced by the thiol group,
which gave the thiol-functionalized polymer, POP-SH. This
amorphous material has a high BET surface area of
1061 m*’g " and a broad distribution of pore sizes, indicating
the presence of hierarchical porosity in POP-SH that can
offer high accessibility to the chelating sites. The maximum
mercury saturation uptake capacity of POP-SH was found to
be 1216mgg™" (at an equilibrium concentration of
~200 ppm), showing a sorption performance comparable to
that of many state-of-the-art mercury adsorbents (for a
summary of the Hg*" sorption performance of various
sorbent materials, see Table S2). In addition to removing
mercury from water samples, POP-SH was also capable of
mercury vapor adsorption with an uptake capacity of
630 mgg~'. However, X-ray absorption fine structure
(XAFS) spectra collected for Hg-loaded POP-SH demon-
strated a multimodal distribution of Hg—S distances, indica-
tive of distinct Hg—S scattering paths, which is primarily the
result of inefficient cooperation of the binding sites present
in amorphous material with a rigid polymeric backbone.
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To address this shortcoming in POPs that might obstruct
sorption performance, COF was chosen as the decorating
platform providing an ordered structure with excellent
cooperation towards chelators. The 2D COF, COF-V, was
then designed as a support to graft various thiol and
thioether chelating arms via thiol-ene “click” reactions
(Figure 14)." Record-setting adsorption capacities for Hg"
in aqueous solutions and Hg" in the gas phase were obtained
up to 1350 (at an equilibrium concentration of ~100 ppm)
and 863 mgg ', respectively, which confirmed our assump-
tion that anchored chelators oriented in the same direction
would facilitate greater binding affinity between the adsor-
bates of interest and corresponding chelators. Ding et al.
also proposed a thioether-functionalized COF via a de novo
synthesis by using a thioether monomer (2,5-bis(3-
(ethylthio)propoxy)terephthalohydrazide) as the building
block.™ The resulting COF-LZUS was exploited as a sensor
for the real-time detection of Hg" ions, as well as an efficient
adsorbent, which could reduce the mercury concentration
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Figure 14. a) Synthesis of COF-V and representative channel-wall en-
gineering by thiol-ene reaction with (COF-S-SH). b) Graphic view of
the slipped AA stacking structure of COF-V (blue, N; gray, C; hydrogen
is omitted for clarity) and a graphic view of COF-S-SH (N blue, C gray,
S yellow; hydrogen is omitted for clarity). c) Hg’" adsorption perform-
ance for COF-S-SH. Reproduced with permission.’ Copyright 2017,
American Chemical Society.
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from 10 ppm to less than 0.2 ppm in 3 hours. A library of
MOFs decorated by thiol and thioether groups has also been
developed for mercury elimination.” To the best of our
knowledge, Zr-MSA, which was synthesized by using
mercaptosuccinic acid (MSA) as the ligand, had the best
adsorption capacity (734 mgg™") for Hg" in water among all
sulfurized MOF materials."””! Apart from capturing mercury,
the thioether-functionalized APMs have also been shown to
be effective in copper removal. Lee etal. reported the
employment of a PAF-based material, PAF-1-SMe, in the
selective extraction of copper ions with a maximum capacity
of over 600 mgg~'."¥

Cr'" and Cr"' are the most stable and predominant forms
of chromium, and Cr™ ions specifically are considered non-
toxic. In contrast, Cr'" is noxious and carcinogenic. Numer-
ous efforts have been made to eliminate Cr*' oxoanions
from water in the past. However, with the development of
APMs, a promising new route to solve this problem has
arrived. Toward this end, Zhao and co-workers reported the
efficient removal of Cr'' using novel dual-pore COFs
bearing hydroxyl groups.” The resulting COF, COF-BTA-
DHBZ, demonstrated rapid adsorption of Cr'" in aqueous
solutions (272 mgg ' within 10 min), and showed a saturated
adsorption capacity of up to 384 mgg~'. Cationic POPs have
also been studied for the improved removal of Cr*' through
ion exchange.®™ For example, Ma and co-workers show-
cased the application of an imidazolium-based 3D cationic
POP for the efficient collection of Cr"' from wastewater."
Furthermore, with Cr™ ions being nonhazardous, the
reduction of Cr'' to Cr™ has been proposed as another
common method to eliminate the threat caused by Cr*' and
as such, a variety of MOFs having photocatalytic abilities
have been exploited in this area. For instance, a 2D Zn-
MOF synthesized from pamoic acid, 4,4-bipyridine, and
Zn(ClO,),-6H,0 exhibited a promising photocatalytic re-
duction of Cr"' to Cr'"™® starting from an initial Cr"’
concentration in solution of 20 ppm, nearly all (>99 %) Cr"*
ions could be reduced to trivalent chromium within 90 min.

3.5. Radionuclide Sequestration

Nuclear energy is considered an alternative to fossil fuels
which is capable of meeting global energy and environ-
mental needs. However, the inadvertent release of radio-
active materials into the environment poses potential health
risks to human beings. Various radionuclides can be
detected in nuclear wastewater, with unreacted uranium
predictably being one of the major and significant nuclear
residues. Other representative radionuclides such as “Tc
and “’Cs, which arise as the products of nuclear fission of
#5U and *Pu, also account for a large proportion of nuclear
waste streams. In addition, Sr™, Th", and radiological iodine
are also pervasive in the waste from nuclear reactions. To
ensure the safe disposal of radioactive waste, significant
progress has been made, and a variety of separation
technologies have been developed to sequestrate radioactive
materials from legacy waste. However, concerns over factors
such as low efficiency and ineluctable byproducts still urge
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increasing research for the development of improved
nuclear wastewater treatment. Recently, an advanced ad-
sorption technology based on APMs has been generally
accepted as a promising application for the elimination of
radionuclides with high efficiency and low cost.

Amidoxime (—C(NOH)NH,, AO) has been widely
recognized as the premier chelator for binding uranium.®
Because of this, diverse APMs have been designed as
decorating platforms to anchor AO groups in various forms
to enhance their performance in the selective extraction of
uranium. Ma et al. conducted a series of in-depth studies of
decorating COPs with AO moieties and their applicability
for capturing uranium in a variety of systems. PAF-1 was
first chosen by Ma and co-workers as the ideal platform for
exploiting advanced adsorbents in the sequestration of
uranium.® To do this, PAF-1 was decorated by AO
moieties through a three-step post-synthetic modification.
After the chloromethylation of PAF-1 was complete, NaCN
was added to replace —Cl with —CN and followed by
treatment with hydroxylamine to transform the cyano group
into amidoxime, yielding PAF-1-CH,AO.[¥!! The saturated
uranium uptake capacity of the resulting adsorbent material
was estimated to be 304 mgg™' and PAF-1-CH,AO showed
a rapid removal efficiency from aqueous solution (from
4100 ppb to 0.81 ppb in 90 min.) (Table S3). Given that
amidoxime typically binds to uranyl ions in an 4 coordina-
tion manner, the rational modification of open-chain
amidoxime moieties would lead to enhanced binding and
consequent uptake. Based on this assumption, we grafted
amidoxime chains with different lengths on PAF-1 to afford
two new adsorbent materials, PAF-1-CH,NHAO and PAF-
1-NH(CH,),A0.B*! The sorption results revealed that the
uranium uptake of PAF-1-NH(CH,),AO was nearly 4-fold
higher than that of PAF-1-CH,NHAO, which can be
attributed to improved binding in PAF-1-NH(CH,),AO due
to the increased flexibility of AO moieties. What’s more, the
binding activity of the same chelators can also be precisely
tuned by placing secondary-sphere modifiers in a suitable
position, manipulating their spatial distribution in networks,
and modifying the distances and angles of chelators at the
molecular level. Accordingly, Ma and co-workers presented
three types of novel POP-based adsorbents to conduct this
proof-of-concept study. The optimized adsorbent materials,
POP-oNH,-AO,* POP2-PO,H,,* and POP;-AOQ.," all
exhibited extremely high affinity toward uranium and
excellent recovery of uranium from natural seawater (4.36,
5.01, and 8.40 mgg™' for POP-oNH,-AO, POP2-PO;H,, and
POP,-AO, respectively) (Figure 15). In addition to this, all
POP-based adsorbents lowered the level of uranium in
aqueous solution from a ppm level to less than 1 ppb,
disclosing their promising application in the purification of
nuclear wastewater containing uranium.

While the incremental density and flexibility of chelators
found in amorphous POPs have proven extremely useful,
the ordered arrangement of chelators in adsorbents has
shown promise as an alternative strategy for improving the
accessibility as well as the cooperation between chelators
leading to improved binding affinity. 2D COFs with unique
structures offer us a great research platform to fulfill this
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Figure 15. a) Building units of various amidoxime-functionalized hier-
archical porous polymers. Reproduced with permission.® Copyright
2018, Springer Nature. b) Cartoon structures of various phosphorylur-
ea-functionalized hierarchical porous polymers. Reproduced with
permission.’ Copyright 2020, Wiley-VCH. c) Porous frameworks
constructed by uranyl-specific ligand “hooks” and the corresponding
structures of diamidoxime-functionalized POPs. Reproduced with
permission.®’l Copyright 2021, American Chemical Society.

task. The COF-TpDb-AO obtained by the condensation of
TFP with 2,5-diaminobenzonitrile followed by the amidox-
imation was presented by Ma and co-workers for removing
uranium from various uranium-contaminated water samples
(Figure 16). A uranium uptake capacity of 408 mgg™' was
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Figure 16. a) Synthesis of COF-TpDb and corresponding chemical
transformation of the cyano to amidoxime group, yielding COF-TpDb-
AO. b) Schematic illustration of chelating groups in COF and POP
materials. ¢) Comparison of uranium sorption for COF- and POP-based
sorbents. Reproduced with permission.®® Copyright 2018, Wiley-VCH.
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estimated for COF-TpDb-AO, while the corresponding
amorphous analog (POP-TpDb-AOQO) demonstrated a lower
value of 355mgg™'. Additionally, COF-TpDb-AO had a
more rapid absorption rate and was able to reach 95 % of its
maximum adsorption capacity within 0.5 h; triple that time
was required for its amorphous analog to yield a comparable
value. A higher binding affinity toward uranium was also
found in COF-TpDb-AO as the result of the coincident
orientation of its chelators. These merits allowed for COF-
TpDb-AO to segregate uranium species from various
nuclear wastewater samples, lowering the uranium concen-
tration from 5 ppm to lower than 0.1 ppb within a short
time, surpassing the EPA limit of 30 ppb in drinking water
by two orders of magnitude. This strategy of generating
AO-COFs through amidoximation has also been employed
in preparing sp® carbon COFs. Qiu and co-workers devel-
oped a series of sp? carbon COFs.[ The corresponding AO-
COFs were obtained by treating the parent COFs with
hydroxylamine to transform the cyano group left by the
condensation of acetonitrile monomers into amidoxime. The
resulting sp> carbon COF adsorbents with AO groups not
only feature a strong affinity but also present a conjugated
structure that can be tuned as a selective photocatalyst for
uranium reduction, thus enhancing its uptake capacity.®"!

In an attempt to extend the applicability of sorption
applications, Zhu and co-workers presented the manipula-
tion to improve the accessibility and affinity of binding sites
in a collection of PAFs and, consequently, uranium seques-
tration performance.” To do this, they developed a series
of molecularly imprinted porous aromatic frameworks
(MIPAFs) using the presynthesized UO,*"-imprinted com-
plexes (Figure 17).%! The resulting MIPAFs showed high
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Figure 17. a) Components for the Heck coupling reaction. b) Synthesis
and possible fragments for MIPAF-11-a. c) MIPAFs 11b-11d with
different pore size distributions what is circled in red to guide the eye.
Reproduced with permission.”® Copyright 2018, Wiley-VCH.
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selectivity toward UO,*" ion capture in the presence of
various competing metal ions. This was attributed to the
rigid spatial structure of the imprinted sites in MIPAFs
which selectively allowed for the special coordination of the
UO,*" ion. The experimental results revealed that MIPAF-
11c had the highest selectivity compared to other benchmark
adsorbents at that time, suggesting its potential for uranium
recovery from a complex environment such as seawater.
Additionally, the concentration of the uranium solution
could be reduced from 5 ppm to 0.43 ppb after treatment
with MIPAF-11c for 120 min., thus revealing its functionality
for water purification.

MOFs, with their outstanding catalytic performance, are
also capable of reducing and immobilizing uranium species
to improve extraction uptake.” Zhang et al. introduced a
novel type of MOF constructed by polyoxometalates
(POMs) and employed the obtained POM-based MOF,
SCU-19, for the sorption of uranium.® The benefits of this
material include its strong interaction with U, rich redox
sites, and photocatalytic activity. In addition to these, the
MOF demonstrated excellent performance in uranium
uptake and elimination with its highest uptake estimated to
be 728.34 mgg™! when the sorption system was irradiated
with visible light and showing over 99 % elimination of
uranium from a solution with an initial concentration of
~ 10 ppm in the span of 2 hours.

Apart from unreacted uranium in nuclear residues,
technetium-99 produced in a typical reactor can also be
found in a large portion of nuclear fission products
(841 gton™). TcO," is the prime species observed in waste
streams and is believed to be one of the most hazardous
radiation-derived contaminants due to its extremely long
half-life (t,=2.13x10’ years). Separating TcO, at the first
stage (when the used fuel is dissolved in nitric acid) before
the plutonium—uranium redox extraction process (PUREX)
is beneficial for the subsequent treatment of nuclear waste
(TcO,~ will contaminate the extract in PUREX processes).
Given the superacidity and high radioactivity of TcO,", the
process of its removal by adsorbent materials requires high
resistance to both acids and radiation, and high TcO,”
uptake capacity with excellent selectivity and kinetics. lon-
exchange technology is currently viewed as the most
promising method for segregating TcO, from nuclear waste
solutions containing a high concentration of various acid
anions (e.g., ClI", NO;, SO*") owing to the larger molecule
size of TcO,  and its lower hydration energy which allow it
to be preferentially exchanged over interfering anions.

To stress the utility of POPs for technetium segregation
via ion exchange, Ma and co-workers grafted trimeth-
ylammonium hydroxide groups onto PAF-1 to afford PAF-
1-CH,N*(CH,);0H"."? The ion-exchange adsorbent pro-
duced showed outstanding uptake capacity and kinetics
toward MnO,~, a common model ion for the assessment of
TcO,  removal, surpassing some commercially available
products including Amberlyst-A26, layered double hydrox-
ides (LDHs), PVBTAH-ZIF-8, and SLUG-21 under the
identical conditions.” Following this, Ma and co-workers
conducted a study manipulating the binding affinity of the
ion-exchange site toward TcO,~ to improve the performance
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of POPs for TcO, remediation. A variety of secondary-
sphere modifiers with different distributions of charge
density around the aromatic ring were selected and intro-
duced to the para position of the pyridinium unit in the
resulting POPs to adjust the local environment of the cation
site, allowing the ion-exchange performance to be manipu-
lated, and PQA-pN(Me),Py-Cl showcased the highest
uptakes of ReO,” (a common nonradioactive surrogate for
TcO,”) among all three PQAs as 1127 mgg™' (also one of
the highest uptakes of ReO,” thus far, see Table S4) (Fig-
ure 18),” which was inconsistent with the density of ion-
exchange sites in these three adsorbents. Further DFT
calculation confirmed that the cationic polymer backbone of
PQA-pN(Me),Py-Cl has higher electrostatic ion-pairing
attraction energies toward ReO, ions, thus increasing the
capacity. Remarkably, the investigation of TcO,” removal
was performed on real radioactive TcO,” water samples.
The elimination efficiency of TcO,  using the optimized
POP, PQA-pN(Me),Py-Cl, was first evaluated in the stimu-
lated Hanford low activity waste (LAW) melter recycle
stream, where the concentrations of concomitant acid anions
(e.g., NO;7, NO,7, and CI") were more than 300 times that

(Me)oN
Pyridinium

!

Teo,~ nanotraps

2N AN AN
I @, l @ | @
N",© N",© N°©
] I |
PQA-Py-| PQA-pNH,Py-l  PQA-pN(Me),Py-I

PQA BET surface area (m?g ") Pore volume (cm®g 1)
PQA-Py-I 465 0.645
PQA-pNH,Py-I 344 0.238
PQA-pN(Me),Py-1 223 0.15

Figure 18. a) Anion nanotraps for TcO,~ removal. lllustration of opti-
mizing pyridinium-based anion nanotraps for TcO,” recognition
inspired by supramolecular technology. b) Structure of building units
and textural parameters of various pyridinium-functionalized hierarch-
ical porous polymers. Reproduced with permission.*” Copyright 2019,
Springer Nature.

Angew. Chem. Int. Ed. 2023, 62, €202216724 (17 of 23)

Reviews

Angewandte

intemationaldition’y) Chemie

of TcO, . The results demonstrated that about 95% of
TcO, could be removed from the nuclear wastewater at a
phase ratio of 200 mLg ™', even though the huge challenge
remained to selectively remove TcO," in the presence of a
large number of competing anions. To further investigate
the material’s effectiveness, the decontamination of TcO,~
in Savannah River Sites was also tested. From this, it was
observed that approximately 80% of TcO,  could be
separated from the basic water samples in the presence of a
high concentration of other anions with a combined strength
of over 70000 times that of TcO,  at a phase ratio of
100 mLg . This reported value shows the great potential of
the synthesized POPs, as they outperformed all reported
materials at the time.

Wang and co-workers reported several cationic poly-
meric networks (SCU-CPN-X) that demonstrated remark-
able sorption kinetics and uptake capacity for TcO,~ . One
of the resulting frameworks, SCU-CPN-1 (Figure 19),*!
showed outstanding hydrolytic stability in strong acid
solutions as well as exceptional resistance toward high-
energy ionizing radiation (e.g., B-rays and y-rays). The group
also reported the application of radiation-resistant crystal-
line polymers in the selective trapping of TcO, . The
cationic MOF material (SCU-101) with abundant open Ag™*
sites has shown the capacity to efficiently and selectively
encapsulate TcO,  through a structural transformation
process. The potential use of SCU-101 for the removal of
TcO, and treatment of nuclear waste was investigated using
the stimulated Hanford LAW melter recycle stream. The
results from this experiment showed a removal efficiency of
75.2% for TcO, at a phase ratio of 100 mLg . Following
this, the group also presented the first example of using a
COF-based cationic adsorbent (SCU-COF-1) for TcO,”
removal under extreme conditions.” This 2D cationic COF
was synthesized from the condensation of aminated viologen
and TFP. The occurrence of tautomerization from the enol
form to the keto form in the resulting COF can drastically
enhance the stability of the adsorbent material. After 14 h of
adsorption in the simulated Hanford LAW melter recycle
stream using SCU-COF-1, 62.8% removal of TcO, was
reported at a solid/liquid ratio of 5, showcasing the
applicability of cationic COF materials as ion-exchange
adsorbents for the sequestration of anionic pollutants from
nuclear wastewater. Very recently, Wang and co-workers
reported another successful application of COFs which
could be used to recognize and separate palladium in harsh
conditions, realizing the efficient recovery of noble metals
from used nuclear fuel.””

The presence of radioactive iodine in nuclear fission
products and natural gas production represents severe
environmental and health hazards because of its mode of f3-
decay. In an effort to efficiently remove the iodine from
aqueous solution, several judicious binding site designs have
recently been developed utilizing a series of N heteroatomic
units (e.g., amine, imine, pyrrole, and various N-containing
rings) grafted onto the porous adsorbents for enhanced
iodine sorption. The binding affinity toward iodine can also
be improved by a n-conjugated structure. Based on these
facts, a family of triazine-based CMPs (TCMPs) was
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Figure 19. a) Synthesis of SCU-CPN-1 and its anion-exchange applications. b) UV/Vis spectra of TcO,” solution during the anion-exchange with
SCU-CPN-1. ¢) Kinetics for the sorption of TcO,~ by SCU-CPN-1 compared with Purolite AS30E and Purolite A532E. d) Sorption isotherm of SCU-
CPN-1 for ReO, ™ uptake. ) ReO,” sorption capacity of SCU-CPN-1 compared with other reported anion sorbents. Error bars represent standard
deviation of three independent experiments. Reproduced with permission.”*? Copyright 2018, Springer Nature.

synthesized and investigated for their effectiveness in I,
removal in both the gas phase and in solution.” By
combining the merits of the N-containing group (triazine)
and n-conjugated network, three amorphous TCMPs were
constructed via a Friedel-Crafts polymerization of 2,4,6-
trichloro-1,3,5-triazine (TCT) and three triphenylamine
derivatives. All materials demonstrated excellent adsorption
capacity of I, vapor (4.90, 3.13, and 3.04 gg~' for TPPA,
TTDAB, and Tm-MTDAB, respectively), as well as efficient
removal of I, from solution (higher than 80% for all
TCMPs). This performance was attributed to the abundance
of sorption sites, twisted propeller-like conformation, and
charge-transfer interactions. Moreover, the ordered 1D
channels in porous materials played a supporting role,
allowing for accessibility and cooperation between binding
sites as discussed above. Wang et al. reported a library of 2D
COFs with uniform 1D open channels for I, capture
accordingly.” The highest adsorption capacity of I, vapor
(6.26 gg™') among all 2D COFs studied in this report was
achieved using TPB-DMTP COF. Additionally, the spent
TPB-DMTP COFs can be regenerated by a simple rinse of
methanol and retained over 97 % pore accessibility as well
as the original crystallinity and porosity after five cycles,
which thus indicates the material’s high chemical/thermal
stability in the I, adsorption/desorption processes.

To further improve the I, sorption performance in POPs,
Zhu and co-workers presented a series of PAFs (PAF-23,
PAF-24, and PAF-25) containing anionic borate sites that
were synthesized via a Sonogashira-Hagihara coupling
reaction of a tetrahedral building unit (lithium tetrakis(4-
iodophenyl)-borate) and diverse alkyne monomers (Fig-
ure 20).") The PAFs bearing three effective sorption sites,
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1, vapor.
75°C

Figure 20. a) Synthesis of polymers PAF-23, PAF-24, and PAF-25 by a
Sonogashira—Hagihara coupling reaction. b) Photographs showing the
color change before and after iodine capture for polymer networks PAF-
23, PAF-24, and PAF-25. Reproduced with permission.'" Copyright
2015, Wiley-VCH.

which included an ionic site, phenyl rings, and triple bonds,
exhibited an excellent affinity for iodine. From these, a high
iodine adsorption capability was observed: 2.71, 2.76, and
2.60 gg ' for PAF-23, PAF-24, and PAF-25, respectively, at
348 K. What’s more, the iodine sorption of PAFs was further
evaluated using an I, solution and after 24 h of contact, an
obvious discoloration of the I, solution could be observed
upon the addition of PAF-24, which outperformed other
types of adsorbents (e.g., Zeolite 13X and CMP E1) under
the same conditions.
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4. Conclusions and Perspectives

The combination of well-defined pore structures and
tailored functionality in advanced porous materials endows
them with significant potential for the decontamination of a
variety of pollutants present in water supplies. As one of the
most pressing environmental issues, the efficient elimination
of hazardous contaminants and purification of surface water
is directly responsible for the prosperity and the welfare of
our global ecosystem as well as each individual human.
Families of novel porous materials, including MOFs, COFs,
and POPs, are performing significant roles in this respect
due to their unparalleled merits in sorption applications
such as rapid sorption kinetics, high uptake capacity, and
exceptional selectivity. In this Review, we present the recent
advances in the use of APM-based adsorbent materials for
the segregation of pollutants in water. Despite substantial
gains that have recently been made in the research of
APMs, an expanse of untapped potential remains, which will
continue to increase the effectiveness of related materials as
these areas are unveiled by future studies. To fully explore
this promising potential in the areas of environmental
remediation and water purification, we would like to provide
some recommendations to address the present challenges
which are hindering their real-world applications.

One major challenge involving the applicability of func-
tional APMs is the difficulty in the preparation and
processing of bulk material. Because of this, more effective
synthesis methods are required to increase the yield. As of
today, the production of APMs is typically energy demand-
ing and accompanied by a large amount of greenhouse gas
emissions. In addition, these task-specific APM-based
adsorbents are often prepared by cumbersome synthetic
procedures, further impeding their use in practical applica-
tions. To address this issue, future research should be
directed in an effort to develop affordable APMs from
environment-friendly and inexpensive raw materials and
with improved synthesis methods. From this, the large-scale
sustainable manufacturing of APM-based materials is cru-
cially necessary to meet industrial needs and can ensure the
success of using these novel materials outside of the lab.
Another hurdle for implementing APMs in earnest is
registration, such as U.S. EPA and EU REACH registra-
tion, which might be associated with particularly drinking
water applications. Usually, for registration of a potential
product, its chemical composition, usage, risks, and public
benefits will be carefully evaluated, to ensure the product
will not cause unreasonable negative effects on the environ-
ment or humans. Only after being verified and registered by
professional organizations can APMs be launched on the
market; otherwise, the public will not have enough con-
fidence in using those materials for drinking water purifica-
tion. Unfortunately, only a very few APMs have been
registered and are available on the market nowadays.
What’s more, the registration requirements usually vary in
different countries, thus resulting in added difficulty in
promoting APMs for practical applications. The third goal
among future work should be the development of novel
adsorbents based on the molecular-level understanding
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extending to the macroscopic scale. Although it is indispen-
sable to study the direct interactions between adsorbates
and binding sites to optimize the performance of adsorbents,
the trade-off between surface area and active functional
groups always exists and may hinder the transportation of
guest species. Thus, an in-depth investigation of the relation-
ship between sorption performance and macroscopic forms
is highly necessary and may help to minimize the adverse
impacts of APM assembly. Finally, the implementation of
APMs in actual water bodies for water purification is much
more difficult than in the lab setting because of the harsh
conditions and the complex mixture of multiple interfering
components present. Therefore, research focusing on en-
hancing the chemical/hydrolytic stability and selective
adsorption of APMs is of great significance and should be
conducted.

The world has witnessed significant progress in the
application of APMs in the past decades due to their
unparalleled versatility. However, the challenges in efficient
environmental remediation in real-world settings remain.
We believe that such problems can be properly addressed in
the foreseeable future with the rapid development of
technology and the impending development of large-scale
applications of APMs for water purification approaches.
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