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A comprehensive review of covalent organic frameworks
(COFs) and their derivatives in environmental pollution
control

This review offers a holistic analysis and comparison of
COFs and their derivatives, with a specific application field in
pollution management in air, water, and soil. The challenges
and prospects for large-scale preparation and application
are highlighted.
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Covalent organic frameworks (COFs) have gained considerable attention due to their design possibilities
as the molecular organic building blocks that can stack in an atomically precise spatial arrangement.
Since the inception of COFs in 2005, there has been a continuous expansion in the product range of
COFs and their derivatives. This expansion has led to the evolution of three-dimensional structures and
various synthetic routes, propelling the field towards large-scale preparation of COFs and their
derivatives. This review will offer a holistic analysis and comparison of the spatial structure and synthesis
techniques of COFs and their derivatives. The conventional methods of COF synthesis (i.e., ultrasonic
chemical, microwave, and solvothermal) are discussed alongside the synthesis strategies of new COFs
and their derivatives. Furthermore, the applications of COFs and their derived materials are
demonstrated in air, water, and soil pollution management such as gas capture, catalytic conversion,
adsorption, and pollutant removal. Finally, this review highlights the current challenges and prospects for
Received 31st May 2024 large-scale preparation and application of new COFs and the derived materials. In line with the United
DOI: 10.1039/d4cs00521; Nations Sustainable Development Goals (SDGs) and the needs of digital-enabled technologies (Al and
machine learning), this review will encompass the future technical trends for COFs in environmental
rsc.li/chem-soc-rev pollution control.

Key learning points

(1) This review summarizes the research status of COFs and their derived materials in the field of environmental pollution control, which has never been
summarized in detail. The application of COFs and derived materials in environmental pollution control was elaborated from three aspects of pollution.
(2) 1t emphasizes the significance of AI and machine learning for COF research in the context of the rapid development of digitalization and IT.

(3) Not only does it emphasize the strong research potential of COFs in the field of sustainable environment, but it also points out the future development
direction of COFs, combining the UN SDG strategy and global policy development.
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pollution, the future development of COFs and their derivatives
has important strategic significance for addressing global
environmental pollution and environmental change'’>° and
protecting human health.>'*

Normally, the pollutants in the environment can be divided
into the atmospheric,>® water system,>® and soil or earth system
pollutants.”” Fig. 1 compares the performance of COFs and
existing materials in environmental pollution control from four
dimensions: sustainability of raw materials, environmental
impact of the synthesis processes, recyclability of materials,
and biodegradability. It can be seen that COFs have excellent
performance and great development prospects in the field of
environmental pollution control. Atmospheric pollutants
mainly include gaseous and small particle pollutants.*®?°
Nanomaterials and proton exchange membranes (PEMs) have
gained significant popularity in the gas capture because of their
effectiveness and efficiency.’™*? It was also reported that two-
dimensional transition metal oxides could be employed for
catalytic elimination of atmospheric pollutants.>*?* For
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elimination of atmospheric pollutants, COFs exhibit several
advantages such as low density,* strong chemical stability,*®
and high specific surface area.*” Additionally, the combination
of COFs with fluorescent probes allows for precise pollutant
detection.?®3°

There are many factors that affect the water environment,
among which antibiotics, perfluorinated compounds (PFASs)
and microplastics are the most widely studied.*”*' UVA-LED
TiO, photocatalysis of antibiotics,"> MOF adsorption of
PFASs,” and nanomaterial adsorption of trace pollutants in
water,** are the important methods reported for removing
pollutants, and the latest research shows that nanocomposite
membranes can be used to remove heavy metals from water
completely.*>*’ By functionalizing COFs with a carboxyl group
or glutathione, the adsorption efficiency and detection accuracy
of water pollutants can be maintained at a high level.*®*°
Photocatalytic properties can be achieved in COFs by structural
design, achieving sustainable and energy-saving materials for
decomposing harmful substances in water.
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Heavy metals and metalloids are the primary contaminants
in soil/earth systems.>® Researchers usually employed modified
biochar or carbon with strong pollutant adsorption
capabilities.>*>* Thermal desorption is another method to
remediate adulterated soil,>® with exhaust gas often recircu-
lated within the treatment system.>®>® Non-thermal plasma
technology has been employed to remediate soil contaminated
by non-aqueous phase liquids.>’° COFs generally exhibit
excellent recyclability and can be regenerated with minimal
performance loss. COFs are usually constructed from biocom-
patible and non-toxic building blocks, reducing the risk of
secondary contamination and making COFs safe for use in soil
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(a) COF performance diagram. (b) Performance comparison between COFs and current materials in environmental pollution control.

environments, ensuring that remediation efforts do not intro-
duce additional pollutants, thereby maintaining soil quality for
agricultural and ecological purposes.

COFs in environmental governance have spurred an increas-
ing number of reviews in this domain (Fig. 2). This review
differs from existing literature in that it comprehensively
explores the COF design principles and synthetic pathways,
and by studying in detail the intrinsic spatial structure and
bonding type of COFs, it provides researchers with the key
fundamental understanding necessary to advance COF materi-
als from scratch. This review highlights the transformative
potential of artificial intelligence (AI) and machine learning
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Fig. 2 Keywords of research papers related to environmental pollution/COFs in the past five years.

(ML) in COF research. In the context of the rapid development
of the internet and digital technologies, AI and ML are posi-
tioned as indispensable tools for accelerating discovery, opti-
mizing synthetic processes, and predicting the performance of
COFs under various environmental conditions. This integration
of AT and ML enhances the efficiency and precision of COF
research and opens up new avenues for innovation in materials
science. Moreover, this review conducts a rigorous life cycle
assessment (LCA) of COFs, offering insights into their environ-
mental impact from synthesis to application. This LCA evalua-
tion is pivotal for understanding the sustainability of COFs and
guiding researchers and policymakers towards more environ-
mentally friendly practices. The analysis aligns the future
development of COFs with the sustainable development poli-
cies of different countries and organizations, underscoring the
global imperative for sustainable innovation.

In synthesizing these perspectives, this review serves as a
crucial resource for researchers aiming to harness the full
potential of COFs in environmental governance. It highlights
the importance of interdisciplinary approaches, combining
advanced materials science with cutting-edge AI technologies
to address the pressing environmental challenges of our time.

2. Synthesis of COFs and derivatives

2.1. The history and evolution of COFs

Fig. 3 tabulates the synthetic strategies previously utilized to
obtain COFs. In 2005, Yaghi et al. first proposed the design
strategy and implementation for synthesising microporous and
mesoporous crystal COFs.® In 2007, Yaghi’s team synthesized a
three-dimensional covalent organic framework (3D COF) by
targeting two networks based on tetrahedral and triangular

1262 | Chem. Soc. Rev.,, 2024, 53, 11259-11302

nodes: bor and ctn. The findings mark important progress in
the laboratory synthesis of COFs.®" In the early 2010s, research-
ers began to expand structural diversity in COFs and explore the
potential of COFs to be applied in gas adsorption, catalysis,
separation, and other fields.

Zou et al. developed a two-step doping method to enhance the
hydrogen storage capacity of COFs for application in fuel cell
vehicles.® Ritchie et al. utilized microwave heating and a conven-
tional solvothermal approach to synthesize COFs,”® with a high
specific surface area for storage purposes. Nagai et al. synthesized
COFs using additional azide building blocks® to allow more
possible shapes and structures. The designable azide units were
fixed to the COF walls, offering many active sites for the reaction.

The aqueous phase synthesis method optimizes the reaction
path, improves the synthesis efficiency, and solves the environ-
mental pollution problem caused by organic solvents. In 2012,
a breakthrough in synthesizing COFs in the aqueous phase was
realized in the biomedical field.®®> In 2017, COFs were applied
to electronic devices, such as supercapacitors, thus expanding
the application fields of COFs. In a recent study, Sick et al. used
COFs to form polyimide sheets through covalent bonds as a
new type of photoelectrode.®® Chandra et al. synthesized two
redox-active COFs [TpBD-(OH), and TpPa-(OH),]| with a high
surface area and extended n-conjugated structures. These COFs
exhibit excellent specific capacitance and retain 88% of their
capacitance after 10 000 cycles, making them highly desirable
in supercapacitors.®”

2.2. Chemical structure and configuration of COFs

The spatial structure and bonding type of COFs depend on the
specific building blocks and reaction conditions.”*”® Fig. 4
details the topology of different 2D and 3D COF combinations.

This journal is © The Royal Society of Chemistry 2024
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Copyright 2017, Copyright 2019 and Copyright 2021. Reproduced from ref. 70-73 with permission from Elsevier, Copyright 2010, Copyright 2013, and
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2.2.1. Spatial structure of COFs. The unique porous struc-
ture of COFs is determined by their topology. COFs can be
categorized into two types based on the size of their building
units: two-dimensional (2D) and three-dimensional (3D) where
both feature periodic and ordered arrangements.”® The build-
ing units in 2D COFs are planar and connected by covalent
bonds to form a lattice-like structure. Meanwhile, certain
porous properties can also exist perpendicular to the plane.
On the other hand, 3D COFs have a spatial structure and
building units are formed through 3D connections.?***

2D COFs can be designed using various topological struc-
tures by choosing various building units and adjusting their
connection. The common types of 2D COF spatial structures
include hexagonal, tetragonal, rhombus, star-pore, trigonal,
and kagome.**

Hexagonal COFs are the simplest structure, consisting of
six structural units connected by covalent bonds, and mainly

This journal is © The Royal Society of Chemistry 2024

adopts the [C; + C,] topological structure.”® Tetragonal

COFs usually comprise four covalently linked building
blocks arranged in a square on a plane.*> Rhombohedral
COFs are usually prepared with a [C, + C,] topology.®* Star-
pore COFs are crystalline porous materials with a 2D
topology created by m-conjugated building units connected by
covalent bonds. Feng et al. created a star-pore COF based on
the C; symmetric molecule of a phenanthrene ring trimer as
the building block. Yang et al constructed an ordered
mesoporous two-dimensional COF using a unique overlapping
stacking pattern.*> The maximum utilization of COF
pores improved the gas storage and separation capabilities
of COFs.

Triangular COFs can be prepared via C;-symmetric or Ce-
symmetric connections.®® Kagome lattice structures are often
designed using [C; + C,] or [C, + C,] diagrams.’” With the
realization of C,-symmetric connectors and C,-symmetric TPE

Chem. Soc. Rev,, 2024, 53,11259-11302 | 11263
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and Copyright 2018.

junctions, kagome structures are often found in imine-linked
COFs and boronate-linked COFs.%®

3D COFs mainly include topological structures such as [T4 +
Tqg], [Tq + Cs), [Tqa + Cs], [Tq + C4] and [C, + C5].77 Lin et al
applied square (2D-C,) and tetrahedral (3D-T4) to connect to 3D
porphyrin-based COFs through a [4 + 4] imine condensation
reaction.®® Xiao et al. constructed a 3D COF with a 2D hexa-
chlorobenzene network using [3 + 2] imine condensation.’® Zhu
Jun et al. synthesized 3D-CageCOF-1 with a [6 + 2] method,
showing high CO, absorption.”" Li et al. created JUC-568 with a
[6 + 3] method, showing porosity and CO,/CH, adsorption rates
of 98/48 cm® g~'.%% Li et al used the [6 + 4] configuration
method to form a stp topology and constructed JUC-564 based
on 6-linked triphenylethylene monomers.”* Li et al. used the
[6 + 4] configuration method to form a hea topology to
synthesize 3D-hea-COF, which showed permanent porosity
and an ultra-high specific surface area, and exhibited good
adsorption performance for H,, CO, and CH,’ Xu et al
developed 3D she-net COFs with [6 + 4] methods for effective
CO, reduction.”” Liu et al. synthesized JUC-621 with a qtz
topology for dye and iodine adsorption.’® Jin et al used a

1264 | Chem. Soc. Rev., 2024, 53, 11259-11302

(b) tetragonal COFs, (c) rhombic COFs, and (d) star-pore COFs. (e) Trigonal
c and e—q) and ref. 78 (Fig. 4d) with permission from Wiley, Copyright 2019

bottom-up [8 + 2] construction method to design NKCOF-21
with a bcu topology, which can efficiently and selectively
remove ethane from ethylene/ethane mixtures, with an ethylene
purification rate of up to 99.9%.°” Liu et al. formed a scu
topology with [8 + 4], synthesizing 3D COFs for application as
effective small molecule storage and battery materials.’®

2.2.2. Chemical bonding in COFs. Common bonding types
in COFs include boroxine and borate esters, imine bonds,
hydrazone and azine bonds, and C=C bonds.”® Boroxine and
borate esters are valued in coordination chemistry, organic
synthesis, and materials science due to their unique boron-
oxygen bonds. In 2007, Yaghi et al. synthesised the first COF
material through the self-condensation of boric acid, which led
to the formation of a boroxine ring.** Brucks et al. introduced
monofunctional arylboronic acids into 3D COFs,”" which
improved the order and porosity of COFs. Hamzehpoor et al.
proposed a new synthesis method for boron-containing COFs
by adding molecular oxygen, addressing the solubility issue of
boric acid precursors in water.*

Imine bonds formed between ketone or aldehyde and amine
groups exhibit higher stability than boron-oxygen bonds. The

This journal is © The Royal Society of Chemistry 2024
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first COF material using imine bonds features five independent
diamond skeletons, offering excellent thermal stability and
porosity, withstanding temperatures up to 490 °C.*°° On this
basis, Fang et al. applied amine linkers to synthesise two 3D
microporous alkali functionalized COFs,'®! with pore widths of
8.1-8.3 A as novel adsorbents. Imine bonds have become a
popular linking motif due to their moisture resistance.'*>**
The construction of a conjugated n-n system around the COF
sheet makes imine bonds particularly attractive in COFs."*
Currently, imine bonds are the main bonding strategy adopted
in COFs.'%

Hydrazone bonds can be initiated between aldehydes or
ketones and amino groups or their derivatives by connecting
nitrogen and carbon atoms.'®”'°® Dalapati et al. obtained
rhombohedral COFs using a solvothermal method,'® which
have AA stacking arrangements and very small pore sizes of
only 2 nm, which can be used to accurately detect the picric
acid content and effectively reduce the risk of explosion."**'**

Recently, azine bonds have gained wide recognition
in synthesising new porous organic materials known as
covalent triazine framework materials (CTFs). Liu et al. synthe-
sized highly crystalline CTFs using aldehyde monomers with
bespoken thermal stability and improved photocatalytic
performance."** Another development is the hybrid ketoena-
mine and hydrazone structure promoted by Mitra et al., which
has good thermal stability.'"*

Studies show that C—C bonds have stronger binding capa-
cities than single bonds. The use of sp® hybridized carbon-
based conjugated bonds in COFs produces highly desirable
nanostructured materials. Jin et al. developed a novel 2D
crystalline COF composed entirely of sp> carbons, with C—=C
bonds extending along the x and y directions, exhibiting
excellent electrical conductivity."'* Shi et al. synthesized 2D
COFs with sp”® carbon-conjugated porphyrin (Por-sp*c-COF)
using a photochemical method, achieving excellent chemical
stability."*® The application of C=C bonds has extended to 3D
COFs,''*""” with Yang et al. synthesizing two 3D crystalline
COFs with an epitaxially stacked layered structure, achieving
enhanced crystallinity and anisotropy.'*®

2.3. The synthesis methods of COFs and their derivatives

2.3.1. COF synthesis methods. The synthesis of COFs is
highly dependent on various application scenarios. Although
solvothermal methods are widely used, with the continuous
deepening of research, water-mediated synthesis, ionic liquid-
mediated synthesis, and low-melting-point solvent-mediated
synthesis have attracted widespread attention from researchers
due to their unique advantages.'****° This section provides an
overview of the synthetic methods of COFs and their
derivatives.

2.3.1.1. Solvothermal methods. Solvothermal reactions
use high-temperature organic solvents to promote the for-
mation of COFs."”" It is crucial to select suitable organic
precursors, which wusually contain reactive groups and

are soluble in solvents such as N-methylpyrrolidone and

This journal is © The Royal Society of Chemistry 2024
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N,N-dimethylformamide. The precursors undergo condensa-
tion reactions in the solvent, resulting in the polymerization
of the monomers and the formation of COF structures. After
cooling, the COF crystals are extracted by separation and
washing.'*>'>* Experiments have shown that COF crystals grow
better at high temperatures and in organic solvents. The
solvent type, pressure, reaction temperature, and catalyst
significantly affect COF crystal growth.

Xiong et al. used tris(4-aminophenyl)amine as the main
building block to synthesize two electrochromic materials,"**
by conducting a Schiff base condensation reaction. The COFs
were connected by imine bonds (Fig. 5a and c). By reducing
different structural units, the electrochromic materials had
richer colours and exhibited more novel performance. Su
et al. created a multilayer COF with bifunctional groups (D-
COF) using melamine and terephthalaldehyde, with imine
groups inhibiting dissolution and amide groups providing
active sites, making it a strong anode material (Fig. 5b)."*®

Solvothermal methods usually involve the polymerization of
monomers and the crystallization of the skeleton simulta-
neously, making it arduous to achieve high crystallinity and
balance the process of COFs. Han et al. developed a two-step
solvothermal strategy by separating polycondensation and
crystallization to improve the crystallinity with dimethylaceta-
mide as a solvent.'”” Despite being traditional, solvothermal
methods are costly and energy-intensive, which prompts the
search for greener synthesis methods.

2.3.1.2. Microwave-assisted  synthesis. The microwave-
assisted reaction is a new method in organic molecule
synthesis,'*®2° to increase the reaction rate, improve product
purity, and bring more designability to the crystal structure.”*°
Microwave-assisted synthesis has become an effective method
for synthesising COFs, and this green chemistry approach can
greatly reduce reaction time and energy consumption. Neil
et al. first proposed a method for synthesizing COFs assisted
by a microwave reactor.®

In the last few years, microwave-assisted synthesis methods
have been widely applied in synthesising other types of COFs.
Zhang et al. reported a strategy for preparing a CTF/Fe,O;
composite material using ZnCl, as a catalyst and reaction
medium in a microwave reactor (Fig. 5d)."*® This magnetic
porous covalent triazine-based framework composite material
can absorb dyes in water and is expected to become a new
material for water environment management. Ji et al. mixed
two COF monomers with mesitylene, namely 1,4-dioxane and
triethylamine,"*' and microwave-heated for 30 min at 70 °C.
This process created a dark brown precipitate which was
subsequently cooled and washed to obtain TH-COF. This novel
material can extract and detect the PFAS content in water,
making it a promising environmental treatment material.

2.3.1.3. Mechanochemical synthesis method. Mechanochem-
ical synthesis uses mechanical force to stimulate chemical
reactions. Unlike the solvothermal methods, mechanochemical
synthesis does not rely on high-temperature organic solvents,
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Reproduced with permission from ref. 126 (Fig. 5d), Copyright 2011 Elsevier.

thereby reducing the energy consumption of the reaction.'***3?

Biswal et al synthesized network-like COFs with excellent
chemical and thermal stability through room temperature
solvent-free mechanochemical milling.** These COFs exhibit
graphene-like layers with strong environmental adaptability,

11266 | Chem. Soc. Rev., 2024, 53, 11259-11302

maintaining good morphology in boiling water, strong alkali
and acid. Yang et al. realized an accurate production of ultra-
thin 2D/2D covalent organic nanosheets (CON) heterojunctions
via a mechanochemical strategy (Fig. 6a)."*> Compared to pure
COF materials, the photocatalytic conversion efficiency of

This journal is © The Royal Society of Chemistry 2024
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ref. 135 (Fig. 6a) and ref. 137 (Fig. 6b) with permission from the American Chemical Society, Copyright 2021 and Copyright 2023. Reproduced from
ref. 138 (Fig. 6¢) and ref. 139 (Fig. 6d) with permission from The Royal Society of Chemistry, Copyright 2012 and 2022.

CONs increased by 190%, thereby significantly improving the
photo charge generation and separation capabilities. Guo et al.
prepared flower-like TpBD nanosheets using a mechanochem-
ical method."*® The product effectively removed uranium (U(vi))
through chemical adsorption and inner sphere surface com-
plexation, demonstrating promising environmental purifica-
tion application.

In addition, researchers also used the structural connections
between organic frameworks to convert organic frameworks into
COFs. Hu et al. implemented a mechanochemical method to
transform the hydrogen-bonded organic framework (HOF) into
COFs (Fig. 6b)."*” The resulting COFs were large-channel 2D COFs
that possessed excellent chemical stability, light absorption, and
photocatalytic hydrogen evolution performance. Fan et al. utilized
an innovative mechanochemical technique to transform the
CTF-1 from its original staggered AB stacking mode to an over-
lapping AA stacking mode."*® This significantly improved the
crystallinity, quality, and porosity of the material, which remained
permanent and ordered under ambient conditions.

2.3.1.4. Ultrasonic chemical method. The ultrasonic chemical
method uses the mechanical vibration of ultrasonic waves to

This journal is © The Royal Society of Chemistry 2024

promote chemical reactions,'*! which can quickly form high-
quality COF crystals. However, it may affect the crystallinity and
product structure of COFs. Therefore, if large-scale production
is to be achieved in the future, optimizing the reaction settings
is essential.'*?

Yang et al. used the sonochemical strategy for the first time
to yield COFs with remarkable textural characteristics
(Fig. 6¢)."*® Larger specific surface area provides more sites
for active sites, which is more in line with the needs of
functionalized COFs. Ultrasonic waves have also been found
to be effective in breaking down the spatial structure of organic
frameworks. For instance, the non-covalent interactions
between 2D COF layers can be destroyed using ultrasonic
waves, forming covalent organic nanosheets (CONs). Gan
et al. reported a one-pot sequential condensation-stripping
strategy to condense the monomers under ultrasonic treatment
to fabricate ultrathin CONs (Fig. 6d)."* The obtained ultra-thin
CON s exhibited many active sites that can facilitate chemical
reactions or be customized to perform additional functions.

2.3.1.5. Photochemical method. Photochemical synthesis

allows precise reaction control by adjusting the colouration

Chem. Soc. Rev,, 2024, 53, 11259-11302 | 11267
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and intensity of light in real-time under gentle conditions.
However, due to the high cost of photons, they are not currently
the primary choice for industrial COF production.'*?

Kim et al. utilized a photochemical method to synthesize a
uniform-sized “sea urchin-like” COF-5 (UV-COF-5, Fig. 7a).'**
The synthesis yield (75%) and rate (48 times) of this method are
higher than those of traditional methods. In another study,
Kim et al. used a one-pot method to rapidly produce large-area,
controllable 2D Lp-pi-COF films on the water surface via light-
assisted imine condensation (Fig. 7b)."** These atomically thin
films exhibit excellent conductivity, making them promising
for humidity-responsive and light-responsive electronic
devices. Wu et al. synthesized benzoxazole-linked COF LZU-
191 under sunlight at room temperature.'*® COF LZU-191

| UV light ~ Solvothermal

D | Qie >3 |¢

= \
"%

View Article Online
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promotes sulfide oxidation and has broad application pro-
spects in air pollution control. Jadhav et al. used 2D COFs to
perform light irradiation in an aprotic solvent to cause a [2+2]
cycloaddition reaction, which cross-linked single-layer COFs
and created new vinyl groups to construct a new 3D covalent
porous crystalline solid (Fig. 7c)."*” Photochemical methods are
green and mild methods for synthesizing COFs."*® They pro-
vide a high control over the reaction conditions and can
produce COFs with various structures.'*’

2.3.1.6. Room temperature synthesis. Room temperature
synthesis is a method of synthesizing COFs at relatively low
temperatures. It is crucial to employ special catalysts or pre-
cursor designs to facilitate the reaction effectively at room
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Fig. 7 Synthesis method of COF materials. (a) Comparison of the morphology of UV-COF-5 synthesized under illumination and conventional th-COF-5.
(b) Schematic diagram of Lp-pi-COF synthesis via light-assisted imine dehydration at the water interface. (c) P2PV and P2NV COF synthesis and thermal
cycle reversal under light induction. (d) Synthesis of VL-2D-SCOF-1 at room temperature. Reproduced from ref. 144 (Fig. 7a) and ref. 145 (Fig. 7b) with
permission from the Royal Society of Chemistry, Copyright 2012 and 2021. Reproduced with permission from ref. 147 (Fig. 7c), Copyright 2017 Wiley.
Reproduced with permission from ref. 150 (Fig. 7d), Copyright 2014 American Chemical Society.
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temperature.'>"">> Medina et al. synthesized a BDT-COF with a
spatial structure of AA repeated stacking enabled permanent
porosity.' Li et al. obtained an ionic COF (RT-iCOF) with the
highest adsorption rate for diclofenac sodium.'** Moreover,
Guo et al. revealed a method for aqueous-phase synthesis of
ketoenamine- and imine-linked COF via a two-step dissolution—
precipitation strategy."> The resulting ketamine- and imine-
linked COFs exhibit impressive crystallinity and porosity, which
facilitates the effective capture of iodine and uranyl. In a study
by Fabozzi et al., a highly extended domain of VL-2D-SCOF-1
was synthesized at room temperature (Fig. 7d)."*® This techni-
que not only obviates the need for high-energy inputs but also
eliminates the necessity for catalysts for reaction acceleration.

2.3.1.7. Plasma-assisted synthesis. Plasma-assisted synthesis
of COFs is a cutting-edge technique involving high-voltage
plasma discharge to produce COFs."”® Plasma, a fourth state
of electrically charged particles and free electrons, provides
ample reactive species to initiate chemical reactions and accel-
erate COF synthesis. He et al. used liquid dielectric barrier
discharge (DBD) plasma to synthesise COF-1 (Fig. 8a),"*’ to
regulate the spatial structure of COF-1 via crystal adjustments
of interlayer stacking. Bora et al. used organic linkers NTCDA
and tris(4-aminophenyl)amine to synthesize H-COF."*® Fig. 8d
shows the plasma-mediated COF functionalization at the gas—
liquid interface. However, the implementation of plasma-
assisted synthesis may require specialized plasma discharge
equipment, which may hinder its large-scale application.

2.3.1.8. Electric field-mediated synthesis. The electric field-
mediated method uses an external electric field to promote
chemical reactions synthesising COFs."®" Feyter et al. first used
a directional external electric field (EEF) to control the state of
covalent substances to form a self-assembled molecular net-
work (SAMN) (Fig. 8¢).®® This network is regulated by EEF and
can achieve mutual conversion with sCOF. Feyter et al. exam-
ined the relationship between the electric field and the rever-
sibility of sCOF.">> When external electric fields surround all
the reaction materials, sCOF-1 gradually transforms into sCOF-
2 after STM deviation. This transformation provides valuable
insights into boronate-based COF formation (Fig. 8b). Rotter
et al. used EPD technology to prepare COF films and
coatings.'® Through the innovative EPD technology, COF-5,
COF-300, and BDT-ETTA COF have been prepared with
impressive precision and accuracy. This technology allows for
the precise control of the thickness of COF membrane materi-
als, making it an ideal solution for use in the biomedical field.
Zhang et al. controlled the electron dose in the electron beam
and mixed the COF precursor with an organic solvent contain-
ing aqueous acetic acid as a catalyst (Fig. 8e)."®® The two-
dimensional imine COF produced under a high-energy electron
beam (1.5 MeV) had the highest yield and can be applied in the
field of gas adsorption (Table 1).

2.3.2. The synthesis methods of COF derivatives. From a
chemical perspective, COFs are highly customizable, offering
significant porosity that presents numerous active sites for

This journal is © The Royal Society of Chemistry 2024
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chemical groups.'®® Their skeletal and physico-chemical prop-
erties can be tailored and manipulated through blending, post-
modification, and bottom-up techniques, which enhance sta-
bility and functional enrichment (Fig. 9). These methods moti-
vate the functional design of COFs, allowing optimization to
meet specific application needs."®*

2.3.2.1. Post-synthesis strategy. The post-synthesis strategy
effectively modifies or adds new properties to COFs by altering
the synthesized framework.'®® This approach allows for
enhanced material customization through techniques such as
functional group insertion, metal catalysis, redox reactions,
heat treatment, selection of functional monomers, and surface
modification.'®**¢”

Functional group insertion is typically conducted via nucleo-
philic or electron-affinity reactions to introduce desired groups
into COFs. Sun et al. converted vinyl-functionalized meso-
porous COF (COF-V) into COF-S-SH by inserting ASH groups
for mercury removal (Fig. 10a).'®® Metal catalysis provides high
selectivity and efficiency, enabling specific chemical transfor-
mations. Zhou et al. synthesized COFs through a one-step
method and achieved controllable coordination of mononuc-
lear and binuclear metal sites. The prepared COFs can be used
as photocatalysts. ® Brucks et al. used monofunctional boronic
acid to modify COF functionality to achieve permanent poros-
ity, long-range ordering and high functionalization density.”*

High-temperature heat treatment can induce chemical reac-
tions within the COF framework, altering the pore structure or
chemical properties. Han et al. used this method to repair
defects in COFs by breaking and reforming bonds.'”” The
selection of appropriate monomers is crucial in synthesizing
COFs. For example, triphenylamine, a non-planar molecule,
can be a barrier to intermolecular aggregation. Xiong et al.
synthesized bis(triphenylamine)-based COFs (TABT-COF and
TATH-COF) with triphenylamine characteristics.'>*

2.3.2.2. Bottom-up approach. Bottom-up methods start with
small molecules or monomers and gradually build the frame-
work structure through synthetic chemical reactions."”* There-
fore, choosing the right monomers and solvents is crucial. Pang
et al. constructed COFs with three various pores via a hetero-
structure hybrid connection approach (Fig. 10b).®” These 3D
COFs have numerous active sites and inherent pore structures.
In order to increase the complexity of the framework structure
with more active sites in 3D COFs, Xiao et al. practised a
tangled network formed by multiple 2D layers tilted for each
other via interleaving or tilted interpenetration,”® which has
been successfully used in synthesising many COFs.

2.3.2.3. Blending method. The blending method involves
mixing and reacting two or more compounds. The blending
method does not require expensive catalysts or high-pressure
and high-temperature reaction settings."”> This reduces costs,
expands the scope of use and improves material properties.
Functional materials such as metals, metal-organic frame-
works, and carbon nanotubes have been synthesised by COF-
based composites.'”*'”*7* Magnetic COFs, combining COFs
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Table 1 Comparison of synthetic methods of COFs
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Synthesis method Feature Advantage Disadvantage Ref.
Solvothermal method High temperature and organic ~ High yield of COFs High cost 121-123
solvent as reaction medium Controllable crystal size and High energy consumption
morphology
Large scale production Long response time
Microwave-assisted synthesis  Rapid heating of reaction mix-  Simple operation High equipment cost 62 and 128-
tures using microwave energy Short reaction time Limited penetration 130
Uniform reaction depth
Mechanochemical synthesis =~ Uses mechanical force to stimu- Environmentally friendly Equipment loss 132 and 133
method late chemical reactions Easy to operate Restricted mass
production
Ultrasonic chemical method  Uses ultrasonic mechanical vibra- High efficiency Unskilled operation 138, 141 and
tion to promote chemical High quality Lack of amplification 142
reactions No pollution solution
Photochemical method Chemical reactions under light ~ Environmentally friendly High cost 143
Precise control of the reaction Limits large-scale
application
Room temperature synthesis =~ Chemical reactions at relatively Low energy consumption Slow reaction rate 151 and 152
low temperatures Easy preparation Low yield
Limited reaction types
Plasma assisted synthesis Synthesis of COFs using high- Fast reaction rate Complex equipment 156-158
voltage plasma discharge Fewer by-products High cost
Electric field-mediated Uses external electric fields to Mild reaction conditions Electrode fouling 161
synthesis promote chemical reactions Fast reaction rate Complicated equipment
High cost
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Fig. 9 Functional design method of COFs.

and magnetic nanoparticles, can adsorb heavy metal pollutants
in water and soil. You et al. uniformly dispersed Fe;O, nano-
particles in a mixed solution containing melamine and
benzaldehyde'” to achieve Fe;0,@COF with high saturation
magnetization, high thermal stability, chemical stability and a
large specific surface area (335.2 m> g™ ).

When carbon nanotubes (CNTs) are used as catalysts, they
can promote electron transport within the catalyst and increase
the rate of the oxygen reduction reaction. Liu et al. obtained a

This journal is © The Royal Society of Chemistry 2024

Blending

COFs@Fe,0,

COF-based catalyst after blending CNTs (Fig. 10c),"’® which
showed excellent oxygen reduction reaction performance com-
pared with commercial Pt/C and Co-based catalysts, paving the
way for the realization of efficient bifunctional electrocatalysts
without pyrolysis. When MOFs are mixed with COFs, the
porosity of the composite material is improved, the number
of metal active sites is increased, and the adsorption and
catalytic effects are enhanced. Guo et al. expanded the applica-
tion of MOFs in biomedicine by combining the drug storage
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Table 2 Comparison of synthetic methods of COF derivatives
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Synthesis method Feature

Advantage

Category Ref.

Post-synthesis strategy Modifies or addsnew properties of COFs Customized materials

by changing the synthetic framework Simple

High efficiency

Bottom-up approach
framework
Blending method
reacted

, N
‘e ® o —
7 \

Metal catalysis 165-169
Surface modification
Functional group insertion

Heat treatment

Monomers are synthesized to build the Precise control of COFs structure Chemical vapor deposition 171
High purity

Two or more compounds are mixed and Low cost

Wide application range

Molecular beam epitaxy
Mechanical blending
Ultrasonic mixing
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? 8 Aggregation Fusion Rolling
° (
&y wee  SHETTTGD gD
ieisle \\ \ € Template-free L
: + | — Nanocrystals Sheet-like Sheet Hollow COFs
1
I\ / i
Yy
5 / \ Ostwald ripening
S { @ | Self-template
b el ;
J Intermediate Hollow COFs
/ ﬁ\ iJ.. Interface assembly %, T3 COF growth
( */ Soft template ¥ :\ ! 7}

Hard template

Framework

Soft template Hollow COFs

Template

O COF growth O removal

Hard template

Hollow COFs

Fig. 11 Synthetic strategy of hollow COFs. Reproduced from ref. 177 with permission from American Chemical Society, Copyright 2023.

capacity of MOFs with the biological properties of COFs
(Table 2).'"?

2.4. The unique structural COFs and their derivatives

This section presents two COFs with unique structures and
functions and reviews their synthesis strategies. The first type is
hollow COFs (HCOFs) with a pore structure for air pollution
control; the second type is core-shell COFs with a clear hier-
archical structure, good stability, and high conductivity.

2.4.1. Synthesis of hollow COF materials. Hollow COFs
(HCOFs) differ from other COFs in their hollow structure.'’®
The presence of pore structures within their framework facilitates
the adsorption of molecules and gas storage.'”® Fig. 11 show four
synthesis methods of hollow covalent organic frameworks: the
template-free method, self-template method, soft template-
assisted method, and hard template-assisted method.'”” The hard
template method is typically used to create porous materials with
high surface area and unique morphologies. Sun et al. used
amino-functionalized SiO, microspheres as templates to grow
NH,-£-Si0,@COFrraprra, © Which has a well-defined morphol-
ogy, high crystallinity and high chemical stability.

The soft template method utilizes soluble and easily remo-
vable organic or inorganic substances as templates, allowing
great control over HCOFs’ structure and morphology. For
instance, Tang et al. used n-butanol to create emulsion droplets

This journal is © The Royal Society of Chemistry 2024

in an aqueous solution.'”® TAPB and DMTP were raw materials

produced through emulsion interfacial polymerization to pro-
duce HCOF microspheres with rich interfacial defects. The self-
template method does not require external templates or guides.
Instead, the material spontaneously forms the desired structure
during synthesis. Kandambeth et al. synthesized hollow sphe-
rical COFs using a self-templating strategy, which crucially
established strong n-m stacking interactions between the =
systems of the organic precursor layers.'®® This method sim-
plifies the process and reduces costs while preserving the
structural integrity of the final product.

The template-free strategy produces hollow structures
directly from organic building blocks without the need for
predefined templates."”” Zhou et al. used a rigid 3D triptycene
scaffold framework to prepare COFs with a hollow spherical
morphology via reversible B-O condensation between 1,2-diol
and boronic acid (Table 3)."®"

2.4.2. Synthesis of core-shell COF composites. Owing to
its extremely high electrical conductivity, stability, and porosity,
COFs are the top material choice for the outer shell in a
core-shell structure. Fig. 12c shows the application scenario of
core-shell composite materials. There are four main strategies for
synthesizing core-shell COF composites: coordination-induced
interconnected hybrids, coating agent-assisted growth, one-pot
polymerization, and seed-mediated in situ growth.'®*

Chem. Soc. Rev., 2024, 53, 11259-11302 | 11273
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Table 3 Comparison of synthetic methods of hollow COFs

Synthesis method Feature Advantage Disadvantage Ref.

Hard template Uses hard materials as molds or Controllable shape Template removal 177 and 178
supports Wide range of applications High cost

Soft template Uses soluble and easily removable Mild synthesis conditions Template is unstable 177 and 179
materials as templates Easy removal of template Difficult to control

Self-template No external templates or bootstrap Simple process Lack of structural diversity 177 and 180
required Environmentally friendly Complex control

Template-free Creating hollow structures from Structural diversity Complex optimization 177 and 181
components Environmentally friendly Material-specific limitations

(@) !

=

|
|
| monpmer in-situ
: mediated synthesis
| Cos04 Co;04-NH, Co0,04,-DMTP C0,04@TAPB-DMTP- COF
P
POCI, Fcc13@ 0
©’ ‘@ DMF 0§)©/ \©m “carbon
nanotube
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N-C@CNTs-800
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Fig. 12 Synthesis of core-shell COF composites. (a) Seed-mediated in situ growth method. (b) One-pot polymerization method. (c) Application of
core—shell COF materials. (d) Coating agent-assisted growth method. (e) Coordination-induced interconnected hybrids. Reproduced from ref. 183
(Fig. 12a) and ref. 184 (Fig. 12d) with permission from Elsevier, Copyright 2021 and Copyright 2020. Reproduced with permission from ref. 185 (Fig. 12b),
Copyright 2019 Springer. Reproduced from ref. 182 (Fig. 12c) and ref. 186 (Fig. 12e) with permission from Wiley, Copyright 2023 and Copyright 2019.
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Table 4 Comparison of synthetic methods of core—shell COFs

View Article Online

Tutorial Review

Synthesis method Feature Advantage Disadvantage Ref.
The seed-mediated in situ growth ~ Amino-directed monomer High yield and Incompatible surfaces 182 and
polymerization uniformity 183
Scalability Complex to generate
One-pot polymerization All reactants are combined in one reac- High efficiency Low purity of finished 182 and
tion vessel product 185
Minimized contamina-  Reaction conditions limited
tion risk
Coating agent-assisted growth Applying a coating made of precursors Uniform growth of Difficult to form complex 182 and
on the substrate to promote the growth monomers structures 184
of nanostructures Versatility in substrate ~ High cost
selection
Coordination-induced inter- Formation of hybrid materials through Tailored properties Complex synthesis and 182 and
connected hybrids coordination of metal ions and ligands design 186
Enhanced stability High cost

The seed-mediated in situ growth strategy first introduces
amino groups into the substrate, which will react with organic
monomers to guide the polymerization of monomers during the
formation of the COF shell to form a core-shell composite
material. Chen et al constructed a Co;0,@TAPB-DMTP-COF
composite material with a core-shell structure through a
monomer-mediated in situ growth strategy (Fig. 12a).'® Kong
et al. prepared core-shell CNT@COF materials through a one-
pot polymerization method (Fig. 12b),'®> where the coating agent
was used as an auxiliary agent to catalyse the growth of the target
material by forming a thin film on the reaction surface. Hu et al.
prepared carboxyl functionalized nanomaterials with core-shell
design through a coating agent-assisted approach (Fig. 12d),"** to
induce a new interconnected hybrid. Sun et al. studied a COF/Mn-
MOF hybrid structure that achieved imine bonding through
ligand induction.'®® The 2D layered COFs were vertically stacked
and dispersed on the Mn-MOF core which produced an entire
spherical design (Fig. 12e and Table 4).

3. Applications of COFs and their
derivatives in air pollution

With the increasing air pollution, countries and international
organizations have implemented various measures to reduce its
impact.'®”'®® COFs can efficiently remove harmful gases in
atmospheric pollution,'®® where the abundant pores provide a
large specific surface area and facilitate gas adsorption. In
recent years, the application range of COFs has developed to
include a variety of gases from CO, to volatile pollutants, NH;,
CO, H,S, SO, and NO,.'?%!

3.1. CO, capture and catalytic
conversion

At present, triazine-based COFs, imine-based COFs, and boron-
based COFs have broad applications in CO, adsorption.””*”-1%*
The pore size of COFs and the pressure at which CO, is
captured are the key factors affecting the capture efficiency.
Under low pressure, the CO, capture capacity of COFs is related
to their pore structure; under high-pressure scenarios, the

This journal is © The Royal Society of Chemistry 2024

specific surface area and pore volume of COFs are the key
factors determining their CO, adsorption capacity.'**>'** Addi-
tionally, 3D COF structures have been found to have a better
adsorption effect on CO, than 2D COF structures. The creation
of 3D COF structures, especially non-interpenetrating net-
works, can greatly enhance the high-pressure performance of
CO, adsorption.'®*1%°

In addition to the adsorption of CO,, the catalytic conver-
sion of CO, into high-value chemicals (e.g MeOH, C,H,,
HCOOH, and CH,) represents another practical research field
to alleviate the greenhouse effect. COF catalysts have been
scrutinized for CO, reduction under electrocatalytic settings.
Studies have demonstrated that the catalytic reduction of
crystalline COFs modified with transition metal ions showed
the highest efficiency.'®® Zhou et al. applied a one-step synth-
esis method to obtain a metal-salen COF with a controllable
coordination environment of mononuclear and binuclear metal
sites,"®® to show the highest CO, photoreduction and syngas
production activity. Lu et al. performed TMI modification of
transition metal acetate and a COF through a simple hydro-
thermal method to obtain a DATP COF and a DQTP COF.'°® In
Fig. 13a, the DQTP COF prepared using cobalt has a high
catalytic reduction efficiency for CO, and a high CO and formic
acid production rate. Recently, Lu et al. designed a series of
stable and crystalline dioxin-linked metal phthalocyanine COF
with a good reactivity towards electrocatalytic CO,."*”

CO, capture and catalytic conversion are expected to be
critical in mitigating climate change and realizing carbon
capture and storage.”’® Researchers continue to enhance the
performance of COFs to increase their efficiency in adsorbing
and catalytically converting CO,. Ongoing efforts in the field
aim to develop COFs with improved structural stability, poros-
ity, and tunable surface functionality.’®" These advancements
will contribute to developing sustainable and effective strate-
gies for addressing climate change and reducing greenhouse
gas emission challenges.

3.2. Hydrogen sulfide removal

Hydrogen sulfide (H,S), a poisonous gas to human health, is
highly flammable and explosive even at low concentrations.
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with permission from ref. 196 (Fig. 13a), Copyright 2019 Elsevier. Reproduced with permission from ref. 198 (Fig. 13b), Copyright 2021 American Chemical
Society. Reproduced with permission from ref. 199 (Fig. 13c), Copyright 2018 The Royal Society of Chemistry.
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Wu et al. prepared a porous COF LZU-191 using a photoche-
mical method."*® The presence of benzene rings allows it to
combine with sulfides, improve the adsorption rate of H,S, and
show excellent catalytic activity for visible-light-driven oxida-
tion of sulfides to sulfoxides under mild conditions. Peng et al.
prepared a series of covalent triazine skeletons to form a
polyaryl triazine network,"® which has abundant pores and a
large specific surface area and can effectively and selectively
oxidize H,S to elemental S (Fig. 13b).

COFs are also utilized to detect the H,S content in the
air. Wang et al. prepared TpASH using the PTSA salt of 4-
aminosalicylicylhydrazide (ASH) and 1,3,5-triformylphloro-
glucinol (Tp)."*® Two-photon fluorescent COF nanoprobes
(TpASH-NPHS) were prepared by combining TpASH with fluor-
escent probes (Fig. 13c). TpASH-NPHS has excellent stability
and biological imaging capabilities associated with high detec-
tion accuracy of H,S. White et al. used 2D COFs as a template to
create porous graphene-COF composites.’°> The porous struc-
ture of the graphene-COF composite served as an active site for
chemical reactions, which enhanced the Raman signal of
graphene and allowed for more accurate H,S content monitor-
ing. The sensitivity of this composite material was comparable
to that of the current state-of-the-art H,S meters, making it a
promising option for gas sensing applications.

3.3. NH; removal

Ammonia (NH3) is a known hazardous substance threatening
human health and the environment. Various adsorbents have
been studied to improve NH; absorption including carbon,
zeolites, and COFs.>03204

Geng et al. proved that boronic acid ester-linked COFs
represent an effective adsorbent for NH; capture due to a strong
Lewis acid-base interaction between boric acid and the nitro-
gen bond in ammonia.** Yang et al produced a series of
[HOOC]x-COF (X = 0, 17, 33, 50 and 100) using various ratios
of p-phenylenediamine (PA-1), triformylphloroglucinol (TFP),
and 2,5-diaminobenzoic acid (DAA).>*> The [HOOC],,-COF
showed the highest porosity, the largest specific surface area,
and the highest adsorption efficiency for NH;. Fig. 14a shows
the NH; adsorption and desorption process of [HOOC];,-COF
and the adsorption capacity of NH;.

3.4. Volatile pollutant removal

Organic compounds that readily vaporize at normal room
temperature are known as volatile organic pollutants (VOPs),
which are significant contributors to atmospheric pollution
and can lead to the formation of detrimental substances such
as photochemical smog, secondary organic aerosols, and
ozone.>*>*' Guo et al. synthesized a series of dpCOF-X (X =
1,2, 3, 4, 5, 6, and 7)."® The capture ability of uranyl ions can
be improved by providing active sites. He et al. constructed a 2D
dual-porous COF (SCU-COF-2) by introducing 2,20-bipyridyl
groups by capturing organic iodide through methylation reac-
tion and electron pair effect (Fig. 14b).>°” The absorption
capacity of SCU-COF-2 for iodine gas reaches 6 g g ™.

This journal is © The Royal Society of Chemistry 2024
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Acetylene might catalytically inhibit the production of ethy-
lene and polyethylene. Jiang et al. prepared PAF-110 by imidiza-
tion of the precursor.?°® The product exhibits high thermal and
structural stability in which acetylene can be selectively sepa-
rated from ethylene (Fig. 14c). Overall, the findings may inspire
future work on the design optimization of porous organic
materials to enhance the gas separation efficiency.

3.5. NO, and SO, removal

The emissions of nitrogen oxides (NO,) and sulfur oxides (SO,),
mostly caused by the combustion of fossil fuels and industrial
processes, pose significant threats to the environment and
human health.>"'"*

Wang et al. developed a COF-105 that has a positive charge
of metal atoms,**> which allows SO, gas molecules to be
adsorbed on the metal-doped covalent organic framework.
Lee et al. prepared imide functionalized COF (PI-COF) as an
SO, adsorbent with high mesoporosity and large surface area to
reach an adsorption capacity of SO, at 6.3 mmol g *
(Fig. 14d).>°® Additionally, the SO, capacity of the material does
not significantly decrease even after undergoing five adsorp-
tion-desorption cycles, indicating that the material is suitable
for reuse. In order to better test the content of pollutants in the
atmosphere, Meng et al. synthesized a new type of intrinsically
conductive 2D COF (COF-DC-8) with a bulk conductivity of
2.51 x 107° S m ! and a remarkable resistance to several
atmospheric pollutants such as NO, NO,, H,S, and SO,
(Table 5).>'°

4. Applications of COFs and their
derivatives in the water treatment

Water pollution causes a significant concern as it harms the
natural environment and impacts human health and sustain-
able social and economic development.>'”*!® In this section,
the role of COFs in five aspects will be elaborated including
seawater desalination, dye adsorption, heavy metal adsorption,
removal of organic matter, and removal of drugs in water.”"*~>**

4.1. Desalination

Desalination aligns with the United Nations Sustainable Devel-
opment Goals (SDGs) to support sustainable water manage-
ment and provide clean water globally. Among the various
techniques,”® COFs have emerged as a promising filter
membrane material in seawater desalination. Recently, Zhang
et al. synthesized a series of 2D COFs as filtration membranes
in seawater desalination.?** Different hydrophilic groups were
grafted onto COFs to study the effects of pore size and the
number of hydrophilic groups on desalination efficiency.
Fig. 15a shows the membrane desalination simulation system.

Nanofiltration membranes (NFs) exhibit characteristics of
low water flux and high ion rejection rates. Liu et al. prepared a
highly stable IISERP-COOH-COF-1 membrane with high ion
rejection and water flux.>>* Subject to carboxyl functionaliza-
tion to reduce pore size, it demonstrates highly selective water
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Table 5 Application of COFs in air pollution control

View Article Online

Tutorial Review

Synthesis
Type method Application Feature Efficiency Ref.
M(salen)-COFs Solvothermal Photocatalytic CO, reduction to  Binuclear metal site H, production 169
method syngas 11.31 mmol g ' h™*
DQTP COF-Co Ultrasonic Heterogeneous photocatalytic Transition metal ion modification Produces formic acid 196
chemical method reduction of CO, 152.5 umol h™" g™*
NiPc/CoPc-TFPN  Solvothermal Electrocatalytic reduction of CO, The dioxin connection FEco ~ 100% 197
COF method
COF LZU-191 Photochemical  Adsorbs H,S and catalyzes the There are electron-withdrawing and Sulfide conversion effi- 146
method oxidation of sulfide to sulfoxide electron-donating groups on the phenyl ciency 60-68%
ring
CTF-1-x Plasma induced 100% H,S is oxidized to sulfur Tunable structural bases characteristic 100% H,S conversion 198
synthesis of graphitic nitrogen
TpASH-NPHS Blending method H,S content monitoring Flake structure Accurate detection without 199

Porous graphene- Self-template H,S content monitoring
COFs composite method
[HOOC]X-COF Solvothermal Absorption of ammonia
method
SCU-COF-2 Room tempera- Iodine absorption
ture synthesis
PAF-110 Blending method Selective adsorption of acetylene
from ethylene
COF-105 Hard tem-plate- SO, Adsorbent
assisted method
PI-COF Microwave- SO, Adsorbent
assisted
synthesis
COF-DC-8 Room tempera- Monitor NH3, H,S, NO and NO,

ture synthesis levels

permeation, effectively excluding ions. Fig. 15b shows that the
IISERP-COOH-COF-1 membrane has an ion rejection rate of up
to 95%, efficiently desalinating seawater. Zhao et al. prepared
COF DT-Ex membranes with excellent antifouling and anti-
wetting properties for seawater desalination.?”® The seawater
filtration rate of COF DT-Ex membranes was more than three
times higher than that of existing distillation membranes.

Currently, the use of COFs as filter membranes is limited by
harsh synthesis conditions and COF agglomeration.>*” Li et al.
fabricated a membrane-like thin-film composite membrane for
25 As an intermediate layer, COFs provide a
stable spatial structure for the membrane, forming a more
ordered polyamide separation layer and enhancing the sea-
water permeability of the membrane (Fig. 15c). Compared to
conventional membranes, the COF intermediate layer-reverse
osmosis membrane exhibits a 33% increase in seawater perme-
ability, leading to a higher ion rejection rate.

reverse OsSmosis.

4.2. Dye adsorption

Around 7 x 10’ tons of dyes are produced annually for packa-
ging, cosmetics, and textiles, with 10-15% spilling into the
water system.”*® COFs can separate these dyes due to their 3-
100 nm intrinsic pore sizes.?*® The primary COF-based dye
removal methods are membrane technology, which excludes
dyes based on the pore size,?*° and the use of COF particles to
adsorb dye molecules through charge and size selectivity.”*"
Wang et al. used liquid-liquid interfacial polymerization to
prepare ABC-structured COF membranes for dye separation,

This journal is © The Royal Society of Chemistry 2024

Possessing phenolic hydroxyl groups

pore size is 1.7 nm.

causing damage

Metal particle imaging The calculated detection 202
limit of H,S is 3 ppb

Open metal sites The adsorption capacity 205

Carboxyl functional groups for NH; is 19.8 mmol g~ *

Introduction of bipyridine groups Absorption capacity of 207
6.0 g g ' for iodine gas

The total pore volume is 0.59 cm® g~'  The acetylene/ethylene 206
adsorption selectivity is 4.5

Transition state Sc metal doping Enhanced interaction 215
between COF and SO,

Specific surface area up to 1003 m* g~* SO, adsorption capacity =~ 208
reaches 6.3 mmol g~ *

The surface area is 360 m”> g~ ! and the The detection limit for 216

various reducing and oxi-
dizing gases is ppb

achieving a stable interception rate of 97.57%.">. This method
showed superior dye adsorption performance and good
chemical stability compared to AA-stacked products (Fig. 16a).
Wu et al. prepared COF hybrid membranes in situ with acetic
acid, resulting in higher water flux and dye rejection rates
(Fig. 16b).>*° Zhang et al. developed a core-shell adsorbent by
coating carboxyl-functionalized COFs on Fe;O, nanoparticles
for dye adsorption."?® In another study, Yang Li et al. synthe-
sized a carboxyl-functionalized COF (TzDBd) using a solvother-
mal method, and assessed its adsorption capacity with bright
green (BG) and crystal violet (CV) dyes.>*” Fig. 16c shows that
CV/BG is adsorbed through n-n and electrostatic interactions.
The carboxyl COF had ultra-fast kinetics, large adsorption
capacity, and good reusability.

Cationic dyes are some of the most hazardous dyes. Several
attempts have been made to remove these dyes from
water.?**?3* Firoozi et al. obtained a hybrid material MOF-5/
COF (M5C) by hybridizing MOF-5 with a COF.>*" The material
has a regular size structure and can quickly remove auramine
O (AO) and rhodamine B (RB) cationic dyes through electro-
static interaction, hydrogen bonding and Lewis acid-base
interaction.

In a recent study, Liu et al. reported the synthesis of a novel
COF (COF-TPDD-COOH) that is highly crystalline, fluorescent,
and functionalized with glutathione.”” The unique property of
this COF material is that it not only absorbs cationic dyes but
also facilitates their monitoring in water. The introduction of
glutathione enhances the hydrophilicity, dispersion, and
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electrostatic interaction ability of original COFs, which is highly
advantageous for the efficient adsorption of cationic dyes
(Fig. 16d).

4.3. Heavy metal ion capture

Liquid wastes and high-salt streams containing toxic ions like
nickel and cobalt have become a serious environmental
hazard.?*® There is a crucial need to remediate heavy metals
in industrial wastewater. Since these metals are acidic, highly
stable adsorbents are required for remediation.>*® One solution
is to use COFs as adsorbents for ion exchange, adsorption, and

filtration to capture metal ions from free heavy metal toxic

11280 | Chem. Soc. Rev,, 2024, 53, 11259-11302

ions.?®” This section discusses the use of COFs to adsorb typical

toxic metal ions in water.

Liu et al. developed a hollow structure TB-HCOF through an
amorphous to crystalline transition strategy, which has the
advantages of a large specific surface area and multiple func-
tional sites.'’® The material demonstrates outstanding adsorp-
tion capabilities for heavy metal ions and presents the potential
for integration with platinum nanoparticles to detect heavy
metal ions (Fig. 17a). Li et al. utilized amide groups to synthe-
size COF-TP of aromatic diamines and COF-TE of linear dia-
mines through multi-coordination interactions (Fig. 17b).>*®
The fabricated COF-TE exhibited a higher number of amide
groups and a stronger capacity for adsorbing Pb**, as it has a

This journal is © The Royal Society of Chemistry 2024
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less aromatic framework, weak n-n stacking structure, and a  diffusion adsorption of Pb**. Cao et al employed a mild
greater number of internal pores to facilitate the internal solvothermal method to prepare COFs using a Schiff base

This journal is © The Royal Society of Chemistry 2024 Chem. Soc. Rev,, 2024, 53, 11259-11302 | 11281
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Fig. 17 Application of COFs in water pollution control. (a) The preparation process of TB-HCOF and the adsorption mechanism and efficiency diagram.
(b) Schematic diagram of COFs removing Pb?* from solution and their removal rate after regeneration for a few cycles. (c) Mechanism and capture ability
of Fe®/COF in removing arsenic from non-ferrous smelting wastewater. (d) Synthesis diagram of COF-1 and COF-2 and a schematic diagram of
adsorption kinetics for different Cr(vi). Reproduced from ref. 176 (Fig. 17a), ref. 238 (Fig. 17b), ref. 240 (Fig. 17c) and ref. 241 (Fig. 17d) with permission from

Elsevier, Copyright 2024, 2019, 2019 and 2020.

reaction and an imine condensation reaction.>** The adsorp-

tion kinetic curve shows that COF-SH can reach adsorp-
tion equilibrium within 48 h, with its adsorption capacity
for Pb>* reaching 239 mg g, exceeding other common adsor-
bents on the market. In addition, COF-SH also has a high
removal rate for other heavy metal ions, the capture capacity of
which is equivalent to that of a common single Pb capture
adsorbent.

11282 | Chem. Soc. Rev., 2024, 53, 11259-11302

Sun et al. recently transformed vinyl-functionalized meso-
porous COF (COF-V) into COF-S-SH for the removal of mercury
contaminants from water."®® The microstructure of COF-S-SH
shows flexible and dense thiol molecules and thioether chelat-
ing arms, which can adsorb 863 and 1350 mg g ' of Hg® and
Hg™", respectively. Huang et al. improved the adsorption capa-
city of COFs for Hg”" by cutting off the disulfide bond based on
COF-SH. As a result, a thiol-functionalized magnetic COF

This journal is © The Royal Society of Chemistry 2024
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(M-COF-SH) with high density and -SH functional groups was
obtained.”*> M-COF-SH exhibited an excellent adsorption capa-
city of up to 383 mg g~ ' for Hg*>", and the adsorption equili-
brium could be reached within 10 min. In addition, it was
found that M-COF-SH could easily separate the mercury-
containing complexes for reuse when rinsed with 0.1%
thiourea.

In addition to COF-S-SH, more COFs play a role in heavy
metal pollution control. Yu et al combined allyl and
hydroxyl functionalized COFs to prepare AH-COF,**’ which
showed good removal and detection functions for mercury
and NaBH, solution. The AH-COF can be recycled, hence
providing broad application prospects for the practical ap-
plication of AH-COF. Cui et al. integrated the a-based structural
unit with a flexible carbohy-drazide linker to obtain a highly
luminescent COF (TFPPy-CHYD).>** The adsorption capacity
for Hg® and Hg>" reached 232 and 758 mg g~ ". It also has an
ultra-low detection limit for mercury and can accurately detect
the mercury metal content in water. Wang et al. obtained Ag
NPs@COF by in situ growth of Ag NP carriers through a one-
step solution infiltration method,***> with a removal rate of up
to 99% for mercury metal in acidic wastewater and the material
can be reused.

Moreover, it is important to consider that the chemical
behaviour of arsenic undergoes alteration in water. Liu et al.
proposed an in situ growth strategy to yield Fe’/TAPB-PDA COF
composite materials.”*® The porous structure of COFs provides
loading sites for Fe°, facilitating arsenic to undergo the oxida-
tion reaction and enhance the adsorption (Fig. 17¢) to remove
arsenic removal from acidic wastewater.

The functional groups hydroxyl (-OH) and amino (-NH,) are
highly effective in capturing chromium(vi). Zhu et al. designed
a COF that incorporated organic precursors with hydroxyl and
amino groups during synthesis.>*’ The COF-1 and COF-2
demonstrated a remarkable property to remove Cr(vi) across a
wide range of pH values (Fig. 17d). Zhang et al. created a novel
chitosan-based COF membrane (CM®@COF) by introducing
hydrazone bonds through ultrasonic treatment and freeze
casting.”*® The COF was incorporated into the chitosan film
with a unique honeycomb structure, which significantly
enhanced the specific surface area of the membrane. At an
acidic pH, the CM@COF membrane exhibited an adsorption
capacity of 388 mg g~ * for Cr(vi).

Da et al. prepared cationic covalent organic nanosheets,
which were highly effective for absorbing radioactive elements
such as ReO*” and TcO*~ due to their strong electrostatic
attraction and hydrogen bonding properties.>*” The design of
these cationic nanosheets provides a high surface area and
positive charge distribution, which enhances their interaction
with negatively charged radioactive ions. Guo et al used
mechanochemical methods to synthesize TpBD nanosheets
with many oxygen-containing and nitrogen-containing func-
tional groups to remove uranium (U(VI)) through chemical
adsorption and inner sphere surface complexation.'*® It was
found that TpBD nanosheets possessed a significantly higher
adsorption efficiency for U(VI) than other existing adsorbents.

This journal is © The Royal Society of Chemistry 2024
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4.4. Removal of organic matter

Organic pollutants result from heavy industrialization activ-
ities, manifesting in diverse forms and sources such as indus-
trial wastewater, agricultural runoff, and urban sewage.
The treatment of organic contaminants from water can be
achieved through four methods: membrane filtration, interfa-
cial adsorption, magnetic solid phase extraction, and solid
phase microextraction.”*® Magnetic COFs, combining the
advantages of magnetic nanoparticles and COFs, have gained
considerable attention for removing organic pollutants from
water.>*°

You et al. prepared Fe;0,@COF by a solvothermal method
and magnetic separation for adsorbing bisphenols (BPA and
BPAF) in water through n-n interactions and the bonding
between phenolic substances and COFs.'”* The adsorption rate
for bisphenols is comparable to that of commercially available
adsorbents in the market (Fig. 18a). Catechol is a toxic chemical
compound commonly found in pesticides, electroplating addi-
tives, and fragrances. Ji et al. prepared phenylboronic acid-
functionalized COF (DhaTab-PBA) using a thiol-ene click
strategy.””® DhaTab-PBA effectively removes catechol due to
its strong n-m bond interactions and porous structure. Lv
et al. synthesized TpMAC(; ) and TpMAC; ) using mela-
mine (MA) and 1,3,5-triformylphloroglucinol (Tp) as raw mate-
rials, which demonstrated high efficiency (above 80%) in
degrading phenol under photocatalysis, and the efficiency
can be retained after five repeated uses.>®" The efficient degra-
dation of phenol by TpMAC underscores its potential
application in wastewater treatment and environmental reme-
diation, providing a sustainable solution to mitigate phenolic
pollutants.

Polychlorinated biphenyls (PCBs) are highly toxic and hazar-
dous compounds favoured in industrial manufacturing such as
insulation, lubricants, and coolants. Many countries have pro-
hibited their utilization due to the adverse effects on human
health and the environment.*”* Gan et al. prepared ultrathin
CONs through monomer condensation polymerization on a
large scale.'*® The yielded CONs showed remarkable photoca-
talytic performance of organic pollutant degradation in the
aqueous phase. There are abundant superoxide radicals (O, )
in CONs, which explains the high organic matter photocatalytic
degradation efficiency of CONSs. Lu et al. reported a 3D TpTAM-
COF using 1,3,5-triformylphloroglucinol (Tp) and tetrakis(p-
aminophenyl)methane (TAM) as monomers.”> The 3D-
structured COF molecules exhibit good stereoselectivity for
PCBs and can perform solid-phase microextraction of PCBs.
Compared to commercial PCB extraction agents, TpTAM-COF-
coated fibres show higher selectivity for PCBs. Zhou et al. used
2,5-dimethoxybenzaldehyde (DB) as a modified raw material to
prepare TAPB-DMTP-DB COF, which exhibited excellent enrich-
ment factors (4400-11360) for polybrominated biphenyls
(PBBs) to enable an accurate detection of PBB levels in
water(Fig. 18b).>”

Certain species of marine microalgae produce a toxic sub-
stance known as okadaic acid, which humans can consume via
the food chain and it causes significant harm to human

Chem. Soc. Rev.,, 2024, 53, 11259-11302 | 11283
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Fig. 18 Application of COFs in water pollution control. (a) The adsorption mechanism and ability of BPAF and BPA on Fez0,@COF and the adsorption process
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nitrobenzenes and PAEs. (c) Synthesis and adsorption mechanism of TH-COF and solid-phase extraction efficiency of PFAS in groundwater. Reproduced from
ref. 174 (Fig. 18a), ref. 37 (Fig. 18b), and ref. 131 (Fig. 18c) with permission from Elsevier, Copyright 2020, 2022, and Copyright 2020.

health.?** Salonen et al. developed a highly efficient adsorbent
material called TpBD-Me, COF,***> which can remove okadaic
acid from seawater, even at 19 °C. The TpBD-Me, COF had a
much higher adsorption capacity than other adsorbents, with a
capacity of up to 279 mg g~ '. The desorption process of okadaic
acid from TpBD-Me, COF can be conducted using acetonitrile
and 70% ethanol as solvents, which allows the material to be
reused effectively.

Perfluorinated and polyfluorinated alkyl substances (PFASSs)
are commonly utilized in waterproofing agents and foam fire
extinguishers. Due to their low reactivity and concentration,
eliminating these substances through adsorbent materials or
membrane filtration methods can present significant chal-
lenges. Ji et al. revealed that COFs containing primary amines
linked with imine can efficiently and rapidly adsorb PFAS at low

11284 | Chem. Soc. Rev,, 2024, 53, 11259-11302

concentrations.>*® Besides, Ji et al. prepared a TH-COF through
microwave-assisted synthesis."*' This COF material has special
intermolecular hydrogen bonds and an ultra-large specific sur-
face area between pyridine N atoms. It was found that hydrogen
bonding improves the efficiency of solid-phase microextraction
of perfluoroalkyl substances (PFASs). The large specific surface
area provides more reaction points for PFAS adsorption,
thereby increasing the capacity of solid-phase microextraction
(Fig. 18c). The dioxin-linked TH-COF fiber has a wide analytical
range and is highly accurate in detecting PFASs.

4.5. Drug removal

Pharmaceutical residues in water bodies usually come from
medical wastewater discharge, pharmaceutical production was-
tewater, household pharmaceutical wastewater and other

This journal is © The Royal Society of Chemistry 2024
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sources.”®” Drug residues in water pose a serious threat to
aquatic life,>>%>>°

Diclofenac sodium is a commonly used nonsteroidal anti-
inflammatory drug (NSAID) that belongs to the fenac class of
drugs. Recently, a study conducted by Huang et al. revealed that
magnetic COF (MCOF) composites can effectively adsorb diclo-
fenac sodium from water.>*® MCOFs had a high specific surface
area and magnetic separation ability of magnetic nanoparticles.
Once the MCOFs complete the adsorption of diclofenac sodium

\
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in water, a magnetic field can be applied to separate it from the
water (Fig. 19a). The study also showed that the MCOF demon-
strates good repeatability in drug removal.

Sulfonamides (SAs) are synthetic antibacterial drugs with a
broad antibacterial spectrum. Ahmed et al. used ZIF-8 as a
template to prepare highly porous covalent organic polymers
with mesopores (MT-MCTP),>*" which contained a mesoporous
structure to adsorb SAs through n-m interactions and hydrogen
bonding interactions effectively (Fig. 19b). The maximum
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Table 6 Application of COFs in water pollution control
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Type Synthesis method Application Feature Efficiency Ref.
TpPa-AMCOOH Blending method Desalination Contains hydrophilic func- Salt removal rate exceeds 223
tional groups 98%

IISERP-COOH-COF-1 Solvothermal Desalination, ion retention rate Carboxyl functionalization Excellent ion rejection 224
method up to 95%

COF DT-Ex Room temperature Seawater desalination Regularly arranged mesopores The desalination rate 226
synthesis and hydrophobic channels remained at 99.99% after

100 hours of operation

TFC-2 Self-template Seawater desalination PA thermoselective layer NaCl retention rate reaches 225
method hybridization 99.2%

PDA-TAPB-ABC Room temperature MB is trapped and dye is ABC stacking structure The stable retention rate of 152
synthesis adsorbed MB is 97.57%

PVDF-COFs Ultrasonic Dye adsorption Pore diameter 100 nm RhB removal rate 89.7% 230
chemical method Multi-cage structure CR removal rate 99%

CTF/Fe,03 Microwave- Removal of organic dyes Specific surface area is 1149  The MO adsorption capa- 126

Carboxyl-functionalized

COF (TzDBd)

MOF-5/COF

COF-TPDD-COOH

TB-HCOF

COF-TE

COF-SH

COF-S-SH

M-COF-SH
AH-COF

TFPPy-CHYD

Ag NPs@COF

Fe’/COFs

COF2

CM®@COF

iCON

TpBD nanosheets

Fe;0, @COF
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assisted synthesis

Solvothermal
method

Solvothermal
method

Ultrasonic
chemical method

Soft template
method

Mechanochemical
synthesis
Solvothermal
method

Solvothermal
method

Room temperature
synthesis
Solvothermal
method
Solvothermal
method

One-step in situ
synthesis

In situ growth
method

Solvothermal
method

Ultrasonic
chemical method

Solvothermal
method

Mechanochemical
synthesis

Blending method

Adsorption of CV/BG

Removal of cationic dyes

Monitoring of cationic dye con-
tent and adsorption

Detect Pb, Cu and Hg contents
with an accuracy of up to 0.11

Capturing Pb**

m2 g—l
Total pore volume is 1.5 cm®
—1

g
Carboxyl functionalization
Mesoporous structure

Cubic structure
BET is 7.025 m* g

Glutathione (GSH)
functionalization
Overlapping stacking structure

Hollow structure

BET is 139.9 m? g !

Amide group
2D sheet

Selective capture of relatively soft Irregular polymers accumulate

metal ions

Adsorption of Hg® and Hg>"

Capturing Hg*"
Capturing Hg**

Detect mercury content and
adsorb Hg” and Hg**

Mercury removal

Adsorption of As(u)

Adsorption of Cr(vi)

Adsorption of Cu(u) and Cr(vi)

Absorb radioactive elements

Removal of U(vi)

Adsorption of bisphenol
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into clumps

Pore diameter is 1.65 nm
Dense chelating groups
Specific surface area is 1152
m® g~

Thiol functionalization
Paramagnetic

Overlapping structure

BET is 753 m® g~ !

Spclecific surface area is 763 m*
g

AA stacking structure

Silver nanoparticle doping
Microporous structure
Spherical stacking structure
BET is 131.49 m* g *

AA stacking mode

BET is 28.79 m® g !
Decomposes at 225 °C
Hierarchical porous structure
n-n stacked continuous layer
structure

Corrosion resistance

AA stacking mode

Cationic soft acid guanidine
group

BET is 139 m® g ' and pore
size is 14 A

Saturation magnetization is as
high as 49.6 emu g~ *
BET is 335.2 m?> g '

city reached 291 mg g~ '

The maximum adsorption 232
capacities for CV and

BG were 307.7 and

276.1 mg g "

The adsorption amounts of 231
AO and RB are 17.95

and 16.18 mg g '

LOD is 0.003- 72
0.007 pg mL ™"

Adsorption capacity is
88.02-128.64 mg g '

The maximum adsorption
amounts of Pb**, Cu** and
Hg”" were 766.28, 759.32
and 640.83 mg g~ "

Pb** saturated adsorption
capacity is 185.7 mg g~ "
The maximum adsorption
capacity of Pb(u) is

239 mg g’l

The adsorption capacities
of Hg>* and Hg® were
1350 and 863 mg g "

Hg?" Maximum adsorption 242
capacity is 383 mg g~ '

176

238

239

168

Hg removal rate over 95% 243
The adsorption capacities 244
of Hg® and Hg?" are

232 and 758 mg g~ !

Mercury removal rate 245
reaches 99%

The maximum adsorption 240
capacity of As(m) was

135.78 mg g’1

Cr(vi) adsorption capacity 241

reaches 649.35 mg g~ "

The adsorption capacities 246
of Cu(u) and Crgw) were 144
and 388 mg g~

The adsorption capacity of 247
ReO4 ™ reached 437 mg g *

Adsorption equilibrium is 136
reached within 0.5 hours,
and the adsorption capa-

city is 167 mg g "

The maximum adsorption
capacity of BPA and

BPAF reached 140 and

290.4 mgg "

174
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Table 6 (continued)
Type Synthesis method Application Feature Efficiency Ref.
COF DhaTab-PBA Solvothermal Adsorption and removal of Phenylboronic acid The maximum adsorption 250
method catechol functionalized of catechol was 133.3—
AA model structure 151.5mgg "
TpMA Solvothermal Photocatalytic degradation of Thin ribbon structure The photodegradation rate 251
method organic pollutants High crystallinity still reaches 87.6% after
multiple cycles
CON Ultrasonic Photocatalytic degradation of BET is 972 m® g ' The photodegradation effi- 139
chemical method organic pollutants High number of active func- ciency of MB is as high as
tional groups 99.8%
TpTAM-COF Solvothermal Solid phase extraction of PCB B-Ketoamine framework The recovery rate of PCBs 253
method BET is 537.2 m*> g ' was 84.8 + 7.8%
TAPB-DMTP-DB COF Room temperature Accurate quantification of poly- Layered stacking structure PBB enrichment factor is 37
synthesis brominated biphenyls 4400-11 360
Good hydrophobicity Detection limit is as low as
Many methoxy functional 0.04-0.28 ng L "
groups
TpBD-Me, COF Solvothermal Okadaic acid adsorption BET is 468 m> g~* The maximum adsorption 255
method Pore size is only 2 nm capacity of okadaic acid is
Linear structure 61 mg g’l
X%[NH,]—-COFs Solvothermal PFAS Removal Many amine functional groups Removed more than 90% 256
method Two-dimensional ultra-thin ~ of 12 of 13 PFAS
structure
TH-COF Microwave- PFAS Removal BET is 1254 m* g * The recovery rate is 89.5%- 131
assisted synthesis 105%
Network structure Detection precision error
AA stacking mode <7.9%
MCOF-2 Blending method Removal of DS from water Non-porous magnetic nano- DS removal efficiency 260
particles aggregate >97%
Saturation magnetization Adsorption equilibrium is
value is 21.7 emu g~ * reached within 20 minutes
MT-MCTP Hard template Sulfonamide adsorption Microporous structure The adsorption capacity 261
method Amorphous structure for sulfonamides is 534-
557 mg g "
NiFe,0,4-COF-chitosan- Ultrasonic Adsorbed antibiotics Grafted chitosan molecules The maximum adsorption 262
terephthalaldehyde chemical method Ordered single-crystal capacities of TC and
(NCCT) structure CTX were 388.52 and
309.26 mg g~ *
RT-iCOF Room temperature Adsorption of diclofenac sodium ABC staggered stacking The adsorption efficiency 154

synthesis

adsorption capacities for sulfamethoxazole and sulfachlorpyr-
idazine are 557 and 534 mg g, respectively. MT-MCTP can be
recycled after use and will not cause additional harm to the
environment. Akhzari et al. used molecular dynamics to simu-
late the adsorption capacity of a functionalized COF (F-COF) for
antibiotic drugs and proved that COFs with a pore-based
structure have higher pollutant removal capacity.>®®
Antibiotics such as tetracycline and cefotaxime are widely
used to cure infections. However, improper disposal of anti-
biotics in water bodies can develop drug-resistant microorgan-
isms, posing serious risks to ecology and human health.?**2¢
To address this issue, Li et al. developed a novel nanocomposite
membrane made of NiFe,0,-COF-chitosan-terephthalaldehyde
(NCCT) to eradicate antibiotics from water.>*> The adsorption
mechanism of antibiotics on NCCT is based on cation exchange
between the protonated amino group in the antibiotic and the ©
electrons on NCCT (Fig. 19¢), allowing complete separation of
antibiotics in 2 seconds. Li et al. recently studied a room
temperature-induced COF (RT-iCOF) as an adsorbent for diclo-
fenac sodium (DCF).">* The researchers used ion exchange,
hydrogen bonding, electrostatic force, and n-n interactions to

This journal is © The Royal Society of Chemistry 2024

structure
BET is 69 m* g '

of DCF after multiple cycles
is still higher than 90%

adsorb DCF into the RT-iCOF pore structure. Compared to
traditional adsorbents, the RT-iCOF has the highest adsorption
rate for DCF and retains over 90% adsorption efficiency after
five cycles (Table 6).

5. Applications of COFs and their
derivatives in the treatment of soil
pollution

Soil pollution can adversely affect plant growth and develop-
ment, ultimately leading to decreased yields and a diminished
quality of agricultural production. Pollutants can also penetrate
groundwater or be washed into rivers and lakes by rain, thereby
causing water source pollution.*®*>%® This section discusses
the use of COFs to absorb and degrade organic pollutants and
remove heavy metals and radioactive elements.>**>"°

5.1. Adsorption and degradation of organic pollutants

There are various types of toxic organic pollutants in soil,
including but not limited to pesticides,””" chlorinated organic

Chem. Soc. Rev,, 2024, 53, 11259-11302 | 11287
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compounds,’”* volatile organic compounds,>”® polycyclic aro-
matic  hydrocarbons,>*  phenolic compounds,””® and
phthalates.””® Koonani et al. utilized melamine-based COFs
and zinc-based MOFs to develop a new adsorbent (Zn-MOF/
COF),”® with a high extraction efficiency in extracting and
enriching polycyclic aromatic hydrocarbons from contami-
nated soil. This hybrid material combines the advantages
of COF tunable pore structures and MOF high surface
area, resulting in a synergistic effect that enhances adsorption
capabilities. The recovery rate of soil after using this fibre
reached approximately 10%, indicating significant remediation
potential for PAH-contaminated environments. The 3D TpTAM-
COF developed by Lu et al. performed a microextraction of
PCBs in soil and water with an extraction rate of 93%.>**
Fig. 20a shows that TpTAM-COF extracts PCBs through
interactions such as spatial selectivity, hydrophobicity,
halogen bonds, and m-m conjugation. PAE as an important
organic pollutant in plastics shows a great impact on human
endocrine. Wang et al. constructed three different CTFs
through a simple Friedel-Crafts reaction.””” The high
specific surface area and porosity of CTFs facilitated their use
as solid phase microextraction (SPME) coatings to extract PAE
and yield positive outcomes (Fig. 20b). Compared to commer-
cial fibres, the extraction rate improved by 100% and the
extraction efficiency remained consistent even after more than
100 reuses.

5.2. Removal of radioactive elements and heavy metals

Radioactive elements like uranium, thorium, and potassium-40
can release harmful radioactive rays through natural radio-
active decay.”®**®! The radiation contamination of these sub-
stances can significantly damage the environment and human
health. The consequences of radiation-contaminated land can
be irreversible, posing a long-lasting threat.>*>*®

Li et al. synthesized a new amide-based COF material (COF-
TH) by a solvothermal method,*”® which showed significant
selectivity for Pb among heavy metals in the soil, with a
maximum Pb adsorption capacity of 189 mg g . Pot experi-
ments confirmed that only a dosage of 2% was needed to
significantly reduce the risk of heavy metal leaching from
sludge while promoting plant growth and maintaining micro-
bial diversity (Fig. 20c).

Liu et al. modified a MCOF with a new deep eutectic solvent
(DES) to obtain a new material (MCOF-DES),>®** which can
selectively separate and determine Cu®" in complex matrices
in soil. The Cu®" recovery rate reached 90.6%. Zhou et al.
prepared FeFO@COF®@SH with the help of a thiol-alkyne “click”
reaction,””® and achieved good anti-interference ability for
complex matrices such as soil. The contents of Cd, Hg, Pb
and Bi in soil samples of Jianghan University detected were
0.17, 0.06, 24.6 and 0.35 pg g~ ', respectively. These findings
demonstrate a higher accuracy level than those of traditional
measurement methods, indicating significant potential for the
precise analysis of trace heavy metals in complex environmen-
tal samples (Fig. 20d and Table 7).
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6. The advances in big data and
machine learning empowered
exploration of COFs

The rapid development of computing technology has facilitated
the amassing of large amounts of big data. The discovery of
novel materials serves as a critical impetus for societal devel-
opment, as well as scientific and technological innovation.>®>
Artificial intelligence (AI) is a recently evolved technical science
that focuses on studying and developing data systems and
computing technologies. Machine learning (ML) has emerged
in materials research with the advent of the big data era and is
recognized as a valuable tool for exploring new materials.>#¢*%”
Fig. 21a shows a commonly used ML algorithm in materials
science. The application fields of ML algorithms include
reverse design of materials, multi-objective optimization, pro-
cess optimization, phase change research, phase diagram con-
struction, auxiliary microscopic characterization, identification
and classification, and material property prediction.>**%%>% In
this section, we will elaborate on the impact of big data on COF
research in three parts.

6.1. Data enhanced structural optimization of COFs

COFs possess predictable and customizable structural frame-
works. Ball et al. synthesized a phenanthroline-based COF
(PACOF) to be used as cathode material for rechargeable zinc-
ion batteries (ZIBs), where the electronic structure was analyzed
by density functional theory (DFT).>*° They combined previous
findings to predict a new type of COF (QPACOF) with phenan-
throline and quinone structures (Fig. 21b). By leveraging ML to
study COF structures, insights can be gained into producing
optimal cathode materials for ZIB applications. Pakhira et al.
conducted first-principles calculations and discovered that
incorporating the first row transition metal elements into a
COF structure can rectify its electronic imbalance issue.>*" By
intercalating various transition metal (TM) elements with tria-
zine COF, 31 types of distinct COF materials (COF-TM-x) were
predicted using computer simulations. Fig. 21c displays the
optimized crystal structure and energy band structure of the
initial COFs. Upon evaluating its properties, it was observed
that the band gap and density of states (DOS) of COF-TM-x can
be manipulated by modifying the type and concentration of the
inserted transition element. By forecasting the binding energy
of COF-TM-x, all 31 COF-TM-x variations with a high density of
active metal sites and stable structures were prepared.

6.2. Performance prediction of COFs

COFs and other porous materials such as MOFs and porous
polymer networks (PPNs) have been widely used as molecular
building blocks.>®® There is a significant focus on developing
COF databases to predict their performance. Park et al. intro-
duced the PMT transformer (Fig. 21d), a multi-modal transfer
learning model that uses pre-training on more than 1.9 million
models in its database and fine-tuning to achieve state-of-the-
art performance in predicting various properties of porous

This journal is © The Royal Society of Chemistry 2024


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cs00521j

Open Access Article. Published on 30 October 2024. Downloaded on 4/3/2026 3:57:53 AM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Chem Soc Rev Tutorial Review

e e
(a) fe Bl o elue [0 PDMS el 00 Gl

N 5000 L LW 12000 ! cycle B 10 cycles O cycles

1 120004 HEEPrDMSDVE [l COF Tp-TAM B 50 cycles [0 cycles

10000 10000

80004 8000

LS
\1..}& halogen bond
“\’{:\, “;hydrophobic interaction

60004 6000

Enhancement factor
Enhancement Lactor

< LT interaction
v ; spatial structure selection P
Q . }r"}_ = 4000 4000
| 2 WP iy Fo o ;
o ¥ zg, 9@ 2000 2000

|
! s | — I g |
LD oo 027, £ L1l p_ 3 |
| TPC 2 NE —| —';E E g a" = |
: e B 271500, CC-FL ii.-ti‘« 9 10 11 12 13 14 15 9 10 11 12 13 14 15 |
LT 07 L = Time (min) Time (min)
op v QP 3 g '
I e S = 0.2 E o
I 3 o g 502 | = | |
¥ & g 0 0 - = 34 5 = i
| O © ﬁz)n e ccTPBly 4 2 % - Z R
e s E L Bk ; '
l e A SRR T s P i |
| TPB ‘I CC-TPB 500 =L I l [ ] 9 10 11 12 13 14 15 9 10 11 12 13 14 15 |
| - 0 0 Time (min) Time (min) )
———— — — — — — — — e —i — — — — — — — — — — — — — — —— — — ——— —— — — —— — — — — — — — —— — — —
(P Tl e el e e e e e e e e e e e e e T e e e A
1(©) . P |
| y Srmulatlng heavy‘ rainfall * Thriving plant growth |
: COF-TH ™ « Stabilizing Pb in polluted soil :
| Pb * Reducing Pb leaching risk |
Application
: . L * Unchanging bioavailability of non-target metals :
| g g \ |
: : _ ©Acid oF oo a |
- K100 |
| 2 os - ) |
I = = w 80 4
| E 05 1 oa4se  Selective adsorption of s :
=L o0
= f 60
| Zosd | COF-TH to Pb £ |
¥ =
I §_ 03 { | £ 0 I
I g \ 2 |
| gozq| 0.158 £ 20 4 |
= o &
I oot | | 0058 0061 0. 2 = |
g F1 ¢ . e |
| oo ' ] s I o @@ = no stabilizer  no stabilizer COF-TH
< Pb Cu Ni Zn cd and plant 1.0% |
| Mixed metals solution of 1 mmol/L The migration ability of Pb is reduced |
e !
Soil
SH
St q' SH
—) —/\/ L =5

Atmospheric particulates

| el
St 1 SH\ #:‘
!

°
- \ PM2.5
= = o © — o °°
o
} o © o o ,,'; Bioaccessbility
E * Gamble’s solution

i . - A = « Artificial lysosome fluid
Target heavy metal ions ° Fe;0,@COF pp prap@SH :" =
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effects and extraction cycle times. (b) Schematic diagram of the synthesis and pore volume of CTFs and typical chromatograms of PAEs in different
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Table 7 Application of COFs in soil pollution control
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Type Synthesis method Application Feature Efficiency Ref.
Zn-MOF/COF  Solvothermal Solid phase microextraction of PAH Many imine groups Relative recoveries for soil samples were 73
method Rhombus structure 91.1-110.2%
arrangement
BET is 51.37 m* g
CTF Ultrasonic Solid phase microextraction (PAE) BET is 1768 m* g ' PAE enrichment factors (978-2210), low 277
chemical method Water contact angle is detection limits (0.027-0.10 ng g~ )
102 °C
Uniform porous structure
COF-TH Ultrasonic Selective adsorption of Pb in soil ~With amide functional The maximum adsorption capacity of Pb 278
chemical method groups is 189 mg g "
Flake-like stacking
structure
MCOF-DES Ultrasonic Selective separation and determi- The specific surface area is The enrichment factor of Cu** was 30 284
chemical method nation of Cu®" in soil 7122 m*> g ! and the detection limit was 0.16 ug L™*
Pore diameter is 17.58 nm
FeO@COF®@SH Solvothermal Quantification of trace heavy Particle size is about The test results of Cd, Hg, Pb and Bi 279

method metals in soil

materials.”> Utilizing a rich database of MOFs, Park et al.
applied density functional theory (DFT) to predict the
band gap values of COFs. Their findings revealed that the band
gap values of COFs are directly proportional to the size of
their atoms and the attention scores they receive. Hou et al
converted COF-300 into eCOF-300 through an interpenetrating
cyclization reaction based on extensive quantum chemical
calculations and molecular dynamics (Fig. 22a).”°* This
finding significantly advanced the research in expanding the
application range of COF materials in higher-temperature
environments.

ML plays a key role in applying COFs to control air pollution.
Wang et al. calculated the interaction force between SO, and
COF through DFT and found that the adsorption of SO, by COF-
105 with the addition of TBPS would be greatly enhanced.*** Lu
et al. used DFT analysis and confirmed that the transition metal
is mainly fixed between the interlayer quinone oxygen atoms,'®
explaining why DQTP has the highest photocatalytic efficiency
for CO,. Yang et al. calculated the pore size distribution of
[HOOC]x-COF using NL-DFT and confirmed the high capture
ability of [HOOC],,-COF for ammonia through the adsorption
theoretical model.>®> Han et al. also used a first principle
approach along with regular Monte Carlo simulations to pre-
dict the hydrogen (H,) absorption characteristics of six COFs
(Fig. 22b).>°* The prediction results showed similarities to the
H, absorption characteristics of COF-5, which is the only COF
with experimental data available.

In addition, ML is also being gradually applied to predict the
control effect of COFs on pollutants in soil and water environ-
ments. Li et al. used quenched solid phase density functional
theory (QSDFT) to fit nitrogen adsorption-desorption and
obtained the pore size distribution of TzDBd to be around 4.0
nm.*** The adsorption capacity of CV and BG simulated using
the Langmuir adsorption model was consistent with the actual
data, confirming that the mesoporous structure increased the
adsorption capacity of the dye. Li et al. used pseudo-first-order,

11290 | Chem. Soc. Rev, 2024, 53, 11259-11302

200 nm contents in soil samples were 0.17, 0.06,
Obvious core-—shell 24.6 and 0.35 pg g~ "
structure

pseudo-second-order and Weber-Morris models to simulate
the adsorption process of Pb*>" by COF-TH.?”® The theoretical
simulation results were consistent with the actual results,
confirming that COF-TH mainly chemically adsorbs Pb*",

6.3. Reverse design of COFs

COFs are highly customizable members of the porous
organic material family.>*® Reverse design relies on intelligent
algorithms to input expected parameters and reversely solve
the structure. Haldar et al. modelled COFs and conducted
ex situ/in situ mechanism research to determine the COF
structure which transfers electrons more efficiently by
adding strong redox groups (e.g. nitroxyl and viologen).>*
The interaction between metal ions and COF substrates can
be effectively evaluated through advanced methodologies. A
deeper understanding of the mechanisms underlying guest ion
behaviour in batteries can be achieved by leveraging big data
calculations. The integration of comprehensive databases with
ML techniques has proven to be a powerful strategy for accel-
erating the synthesis and design of COF-based electrodes.**

Altintas et al. combined molecular simulations and ML to
extract quantitative structure-property relationships from
molecular simulation results and provide new guidelines for
the reverse design of new COFs.**" GCMC simulation is a highly
effective technique that can be used to calculate the adsorption
of H, by COFs, along with their heat of adsorption and trans-
port capacity. Porphyrin COFs, 2D materials with strong =n
conjugated bonds and remarkable electrical and thermal sta-
bility, have attracted significant attention for various applica-
tions. Currently, researchers are focusing on the magnetic and
electrical aspects of these materials.>

Wu et al. proposed a new type of 2D porphyrin COF
semiconductor material using first-principles calculations,
ML fitting potentials, and solving the phonon Boltzmann

This journal is © The Royal Society of Chemistry 2024
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Fig. 21 The impact of ML and Al on COFs. (a) Commonly used ML algorithms in materials science. (b) Top and side views of the optimized geometric
structure of the QPACOF super unit cell and a voltage distribution diagram showing the gradual insertion of zinc atoms into the unit cell. (c) Optimized
crystal structure and energy band structure of the original COFs. (d) A diverse and large pre-training dataset of porous materials. Reproduced with
permission from ref. 288 (Fig. 21a), Copyright 2021 Elsevier. Reproduced from ref. 290 (Fig. 21b) and ref. 291 (Fig. 21c) with permission from The Royal
Society of Chemistry, Copyright 2021 and Copyright 2019. Reproduced with permission from ref. 292 (Fig. 21d), Copyright 2023 American Chemical

Society.

transport equation.?*” The impact of various transition metal
elements on the thermal conductivity of porphyrin COF was
studied (Fig. 22c). It was proved that inserting Pt into a 2D
porphyrin COF can make it a semiconductor material with
excellent performance. Pakhira et al. inserted Fe atoms into the
organic layer of boroxine and triazine COFs based on the hybrid
DFT design of van der Waals dispersion correction.’*® Fig. 22d
shows the optimized crystal structures of Fe-intercalated COF-
Fe-5 and pristine COF-Fe-0 materials. Iron-intercalated COFs
possess unique band gap values from 1.12 to 1.97 eV, making
them promising candidates for semiconductor applications.

This journal is © The Royal Society of Chemistry 2024

Transition element intercalated COFs have expanded the scope
and complexity of nanoporous COFs, paving the way for their
wider applications in various fields.

7. LCA assessment of COFs and policy
impact
7.1. LCA evaluation of COFs

Life cycle assessment (LCA) is a method of assessing the
environmental impact of a product or service throughout its
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22d) with permission from the American Chemical Society, Copyright 2008

and Copyright 2017. Reproduced with permission from ref. 297 (Fig. 22c), Copyright 2023 Elsevier.

life cycle, from birth to death.’>® For COFs, LCA assessment is
usually carried out in four aspects: production stage, use stage,
maintenance stage, and disposal stage. Table 8 shows the LCA
evaluation of some COFs.>*

The production of COFs involves the linkage of organic
molecules through covalent bonds. This process typically
requires large amounts of petroleum resources, leading to
indirect increases in greenhouse gas emissions. The synthesis
of COFs often requires high-temperature conditions and sub-
stantial energy consumption.’®® Additionally, subsequent
washing, filtration, and other steps also consume a large
amount of flammable and toxic organic solvents such as
acetone and tetrahydrofuran, which creates certain safety risks
for the production process of COFs. In order to address the
challenges above, researchers are currently investigating
mechanochemical methods that eliminate the need for organic

11292 | Chem. Soc. Rev.,, 2024, 53, 11259-11302

solvents, photochemical methods with gentle synthesis condi-
tions, and room-temperature synthesis techniques for produ-
cing COFs.>%°

COFs, with porous and flexible nature, can remove or trans-
form environmental pollutants such as harmful gases, heavy
metal ions, and organic dyes through physical or chemical
adsorption. In this process, different environmental impacts
may be caused by the different solvents and machines used.
Espada et al. used inkjet printing and 3D printing to print RT-
COF-1. The results showed that 3D printing has less impact on the
environment.*®” The spatial structure of the COF is extremely
stable, the COF exhibited good physical integrity and chemical
stability, and it required little maintenance during use.’*® In
addition, most COF materials currently available on the market
can be recycled and the absorption rate of harmful substances can
remain above 95% of the raw materials after repeated use.

This journal is © The Royal Society of Chemistry 2024
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Table 8 LCA evaluation of some COFs

View Article Online

Tutorial Review

Environmental impact of the synthesis process

Environmental impact of use process

Stratospheric Stratospheric

Resolve Units of Global warming ozone depletion Human toxicity Global warming ozone depletion Human toxicity
Material resolution = measurement potential (GWP) (ODP) potential (HTP) potential (GWP) (ODP) potential (HTP)
W-MIL-  Solvothermal Kg 7.47 x 10° 3.85 x 10°° 572 x 107" 1.40 x 10° 3.82 x 1077 3.69 x 1072
47@CNT method
RT-COF-1 Bottom-up g 1.09 x 1072 5.93 x 107*° 3.27 x 1073 6.15 x 1072 1.51 x 1072 5.86 x 107°
(TAPB)  synthesis
RT-COF-1 Bottom-up g 2.89 x 102 5.56 x 10°° 5.85 x 10°  4.89 x 10> 9.96 x 10° 5.65 x 10°®
(BTCA)  synthesis

Traditional COFs contain organic ligands that can not be
easily degraded, leading to chemical residues in soil and water
bodies, which can harm the environment. Incineration of COFs
may release harmful gases and particulate matter, causing air
pollution and threatening ecosystems. Researchers are investi-
gating the use of biodegradable organic ligands, non-heavy
metal catalysts, and environmentally benign synthesis methods
to mitigate these issues. These advancements ensure that
discarded COFs do not cause long-term environmental
damage.’® After fulfilling their pollution control missions,
COFs can be safely returned to the natural environment
through decomposition. Researchers also employ physical or
chemical methods to repurpose discarded COFs as additives to
low-value materials or to modify them for novel functions,
thereby extending their utility. Recycling not only diminishes
the necessity for new material synthesis but also lessens the
environmental impact of discarded materials. This further
advances the sustainable development and environmental pro-
tection of COF materials.*'°

7.2. The impact of national policies on the development of
COFs

From fundamental research to industrialization to market
application, policy guidance and support are indispensable.
The Sustainable Development Goals (SDGs) were adopted by
the United Nations in 2015 as an important call to action to end
poverty, protect the planet and ensure that all people enjoy
peace and prosperity by 2030. Over 100 countries have incor-
porated the SDGs into their national development plans.

To fulfil the SDGs aimed at reducing carbon emissions,
developed nations that have ratified the United Nations Frame-
work Convention have pledged to mobilize $100 billion
annually from various funding sources by 2020. This financial
commitment is intended to support developing countries in
their endeavours. COFs are highly porous and have adjustable
pore sizes. It can remove SO,, separate CH, and CO, in the air,
and catalytically convert atmospheric CO, into valuable chemi-
cals. As a clean, renewable and environmentally friendly mate-
rial, it has received widespread attention from governments
worldwide. Governments of various countries attach great
importance to climate governance issues and provide a large
amount of financial support and policies to reduce greenhouse
gas emissions. These have promoted the fundamental research

This journal is © The Royal Society of Chemistry 2024

and application development of COFs in clean energy
technology.

Currently, more than 3 billion people worldwide rely on
marine and coastal biodiversity for their livelihoods, and the
industrial value created by the ocean accounts for 5% of global
GDP every year. The United Nations invests approximately $400
million annually in small island developing states to improve
their marine environments and reduce debt vulnerability.
The United Nations World Water Development Report,
proposed by the global water partnership (GWP), emphasizes
the complex relationship between sustainable water manage-
ment, prosperity, and peace. It highlights the need to
address new water pollutants such as PFASs and antibacterial
agents and offers recommendations for sustainable water
resources management. Water-related partnerships and coop-
eration projects are very common in the EU. For example, the
Aarhus Convention emphasizes the need for cooperation
and participation of all parties involved. In the Paris Agree-
ment, over 80% of countries listed freshwater resources as a
key concern. COFs with a layered structure have fast mass
transfer and high adsorption capacity, showing good pollutant
removal performance and excellent chemical stability in envir-
onmental remediation. COFs can also be used in seawater
desalination technology to utilize its structural diversity and
adjustability through the membrane desalination process to
increase freshwater production and seawater desalination
efficiency.

Approximately thirteen million hectares of forest are lost
and desertification disproportionately impacts poor commu-
nities. The SDGs outline the initiative to combat desertification,
restore degraded land and soil affected by desertification,
drought, and floods, and strive for a neutral world regarding
land degradation by 2030. By modifying the structure and
synthesis methods of COFs, their adsorption capacity and
selectivity for specific pesticides can be enhanced. The utiliza-
tion of COFs has been found to significantly enhance the
metabolic activity of soil microorganisms, thereby playing a
critical role in the decomposition and conversion of organic
matter. This substantially impacts the soil carbon cycle and
carbon storage, consequently aiding in climate change mitiga-
tion through soil carbon sequestration. The inherent stability
and long-lasting nature of COFs make them particularly fitting
for soil environments that necessitate repetitive treatment and
prolonged use. Moreover, ongoing research on the post-use
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disposal phase of COFs has further diminished their environ-
mental impact.

8. Prospects of COFs and their
derivatives in environmental pollution
control

In the past decade, COF research has witnessed unprecedented
progress with a focus on structural design, innovative synthesis
with different functions, surface modification and functionali-
zation, and grafting functional groups onto active sites to
leverage the advantages of other materials. COFs have been
proven effective adsorption agents for capturing harmful gases
in air pollution, metal ions and dyes in water, and organic
pollutants and heavy metals in soil. They function as catalysts
to facilitate the oxidation-reduction reactions of gaseous pol-
lutants, thereby reducing their toxicity and pollution. COFs can
also serve as filter membranes to selectively filter toxic sub-
stances from water or air, facilitating centralized processing of
hazardous substances. Furthermore, COFs can be utilized as
detection tools to measure environmental pollutants in air and
soil. Their application in monitoring these pollutants is highly
promising. The associated chemical and physical enhance-
ments in the structure-property relationship of COFs for these
purposes have gained significant interest. As a result, substan-
tial efforts and investments will be dedicated to advancing
these research areas.

Specifically, the introduction of active groups or metal
atoms into the COF skeleton structure can enhance the adsorp-
tion capacity and efficiency of these materials for specific metal
ions such as uranyl ions and mercury or gaseous pollutants like
SO,. This can be achieved through various methods, including
bottom-up, post-synthesis, and blending techniques. Surface
functionalization of COFs can also improve their catalytic effect by
introducing active transition metal atoms (e.g., Co) to convert CO,
into CO and H,. COFs are characterized by a nanoscale-ordered
pore structure, and some COFs feature a hydrophobic skeleton
structure with customizable pore size, thus offering alternative
pathways for molecular sieving. These attributes make COFs well-
suited for use as effective filtration membranes in gas separation
and water treatment applications.

COFs have excellent luminescence activity, making them
potential candidates for deployment as chemical sensors. Their
luminescence characteristics change when COFs interact with
target ions, molecules, and particulate substances. As such,
COFs are expected to detect a wide range of ions, molecules,
and particulate matter in the environment. However, research
on structurally stable luminescent COFs is limited. The use of
COFs in detection instruments is still in its infancy, and
extensive research is required to exploit their potential fully
as chemical sensors. The challenges that COFs face in environ-
mental pollution governance are outlined as follows:

First, the structural properties such as specific surface area
and pore size, of covalent organic frameworks (COFs) are
intrinsically connected to performance during mass transfer,
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adsorption, separation, and catalysis. Novel COFs are devel-
oped by strategically designing regular pore structures to
optimise their functions. The strategy makes it possible to
create COFs with high densities of active sites within the
framework. A hierarchical structure that combines micropores
with mesopores can increase the availability of such active
sites. Another way to improve the efficiency of adsorption is
by designing COFs in such a way that their porous structure can
efficiently adsorb target pollutants. For example, mesoporous
COFs will be good for large molecules, and microporous ones
will be good for small ones. The incorporation of functional
groups that have selective interaction with the target pollutants
can considerably enhance performance. For example, coordina-
tion bonds formed through amine groups exhibit enhanced
capturing of heavy metals, while hydrophobic groups lead to
the adsorption of organic pollutants. However, a further under-
standing of the mechanisms for removing particular pollutants
is lacking, which would support more advanced improvements
in their efficiency. An important aspect here is the design of
experimental studies and advanced characterisation techni-
ques to clarify the reaction mechanisms. This would allow
targeted functional modifications of COFs, with a corres-
ponding enhancement in the performance of COFs and a
promising future in environmental engineering.

Secondly, one should also consider that the functionalities
of COFs in environmental governance have not yet been fully
realized. The introduction of many functional properties such
as adsorption affinity and luminescence is still in the infancy of
development. For instance, structural disorder attributed to the
intrinsic porous backbone of COFs may drastically obstruct the
filtration efficiency of COF-based membrane filtration in many
water treatment or gas separation processes. This disorder is
liable to result in uneven pore size and distribution, which
affects the selective permeability in COFs and general perfor-
mance. These issues could be alleviated and developed into
more reliable and effective environmental applications with
higher crystallinity and uniformity in COF structures. A COF
design with high structural orderliness and unique structure-
property relationship is highly desired (Fig. 23).

Third, although COFs are far more stable than many MOFs,
COFs have to remain stable after functionalization in a parti-
cular environment for their regenerative and sustainable long
term operation. Pore structure and stability must therefore be
key to the rational design of COF-based materials for targeted
applications, strong covalent bonds and stable linkers could
enhance the durability of COFs, environmental conditions (pH,
temperature, and the presence of solvents) should also be taken
into account in which COFs are deployed and stable building
blocks should also be chosen accordingly.

Fourth, tremendous strides in the rational design of COFs
have been made to tune their physical and chemical properties,
yet their industrial potential is very much in the rudimentary
stage. High costs related to the production of COF materials
have always been a significant issue against their application in
environmental remediation. In this regard, future development
should focus on simplified processes of synthesizing COFs,

This journal is © The Royal Society of Chemistry 2024
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Fig. 23 Prospects of COFs in environmental pollution control.

which require low energy in the synthesis process and substitute
expensive reagents with more economical ones. Such an approach
will decrease the cost of production and prevent expensive synth-
esis equipment, leading to large-scale production.

The current literature has not considered the environmental
impact of COFs and their synthesis process through various
chemicals. In this respect, the overall scope of COFs causing
human health and environmental hazards is unclear. Also,
effective removal from soil and water bodies must be consid-
ered to prevent secondary pollution. Considering these con-
cerns, it is very important to look for some alternative and
green methods for synthesising COFs to have a clear picture of
their effects on environment.
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