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Abstract
Adsorption using covalent organic frameworks (COFs) is very effective and favoured for removing per- and polyfluoroalkyl 
substances (PFAS) from various matrices. The prominent classes of COF, their synthesis methods, and their application in 
COF-based technologies for PFAS adsorption in myriad environments are discussed. Furthermore, the influencing PFAS 
adsorption characteristics of the distinct COF classes are also examined. COFs have large specific surface areas and porosity, 
offering PFASs a host of adsorption sites and thus high adsorption capabilities. β-Cyclodextrin-based COFs (β-CD-COFs), 
ionic COFs (iCOFs), amine-functionalised COFs, porphyrin-based COFs and hydrophobic COFs are some of the most notable 
examples of COFs and as such have been employed for large-scale PFAS remediation. Direct and post-synthetic modification 
are the two main COF design methodologies. The general approach in constructing various frameworks involves the reac-
tion of ion monomers with other neutral monomers. For COFs, solvothermal synthesis is currently the main direct synthetic 
method. The process used to synthesise COFs tremendously impacts how effectively they adsorb PFAS. High-performance 
materials for PFAS remediation are created by researchers by customising COF characteristics and using suitable synthesis 
techniques. The authors’ objective is to give readers and researchers alike a broad overview of the current status of COF 
research and development, including numerous challenges and prospects associated with the adsorption of PFASs by COFs.

 * Eliasu Issaka 
 eliasu.issaka@mail.bcu.ac.uk

 * Mabruk Adams 
 m.adams6@universityofgalway.ie

1 College of Engineering, Birmingham City University, 
Birmingham B4 7XG, UK

2 Civil Engineering, School of Engineering, College of Science 
and Engineering, University of Galway, Galway H91TK33, 
Ireland

3 School of Automotive and Traffic Engineering, Jiangsu 
University, Zhenjiang 212013, People’s Republic of China

4 School of Chemical and Process Engineering, University 
of Leeds, Leeds LS2 9JT, UK

http://crossmark.crossref.org/dialog/?doi=10.1007/s10098-024-03102-8&domain=pdf


 E. Issaka et al.

Graphical abstract
Application of Cement Stabilized OB dump, BOF slag, Fly Ash Mixes asSustainable Pavement Material

Keywords COFs · β-Cyclodextrin-based COFs · ICOFs · Amine-functionalised COFs · Porphyrin-based COFs · 
Hydrophobic COFs

Introduction

Covalent organic frameworks (COFs) are porous materials 
with regular pore structures, strong stability, and structural 
designability (Abuzeid et al. 2021). COFs have outstanding 
selectivity for targets (Tang et al. 2022), fast mass trans-
fer, and better adsorption capacity compared to commercial 
adsorbents like C18 (Sun et al. 2021). Different functional-
ised COFs, such as ionic COFs (iCOFs) and fluorine-func-
tionalised COFs, are now being used for the adsorption of 
PFASs (Tang et al. 2022). However, because of their innate 
hydrophobicity, they are more difficult to disperse in the 
extraction solution, which reduces the extraction efficiency 
(Zeppuhar et al. 2023). On the other hand, iCOFs overcome 
the drawbacks of fluorine-functionalised COFs due to their 
excellent dispersion in the extraction solution in addition 
to their ability to adsorb PFASs. However, they frequently 
suffer from a lack of selectivity when trying to recover trace 
PFASs from complicated mixtures (Zeppuhar et al. 2023). 
Synthesis of bifunctional COFs with both fluorine and qua-
ternary ammonium groups is very desirable to overcome 
these obstacles. More functional groups and active sites, as 
well as quicker sorbate diffusion rates, are made possible by 
COFs’ large specific surface area (Hou et al. 2020a).

Per- and polyfluoroalkyl substances (PFAS) are a class 
of man-made chemicals composed of hundreds of mol-
ecules. They have strong carbon–fluorine linkages, which 
make them exceedingly stable, resistant to degradation (Ross 
et al. 2018), and long-lasting in the environment (Olsen 
2015). PFAS have been widely employed in industrial 
and consumer products because of their unique qualities, 
which include water and oil resistance, chemical stability, 
and surfactant capabilities (Ross et al. 2018; Olsen 2015). 
However, PFAS exposure has been related to negative health 
consequences in humans, including developmental effects, 
immune system issues, and endocrine disruption (Cohn et al. 
2020). PFAS can interfere with hormone function, poten-
tially altering metabolism, growth, and reproductive health. 
Some studies have revealed that PFAS exposure may raise 
the risk of some malignancies, including kidney and testicu-
lar cancer (Singh et al. 2023).

The removal of PFAS from polluted environments is a 
complex and difficult undertaking due to their resistance 
to degradation and ubiquitous presence in diverse matri-
ces. Adsorption with porous materials such as activated 
carbon (Park et al. 2020), biochar (Issaka et al. 2022), and 
ion exchange resins (Umeh et al. 2023) have been used to 
remove PFAS from polluted water and soil. PFAS molecules 
adhere to the surfaces of these matrixes, which may then 
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be filtered and disposed of; their efficacy varies depending 
on the adsorbent material and PFAS characteristics (Bei 
et al. 2014). Owing to the chemical structure and functional 
groups of certain PFAS compounds or classes, COFs can 
be designed to display preferential affinity towards them 
(Sharma et al. 2024). Targeting distinct PFAS molecules 
with high affinity and specificity, selective binding sites may 
be created by adjusting the COF framework’s pore size, sur-
face chemistry, and intermolecular interactions (Zahmatkesh 
et al. 2024). Adsorbed PFAS molecules can be removed 
from the COF surface using regeneration techniques such 
as solvent washing or heat treatment, which will restore the 
surface’s ability to sense or adsorb substances (Calore et al. 
2024).

Based on the adsorption characteristics of COFs, Zarei 
et al. (Zarei et al. 2024) described the synthesis and study of 
COF-I, a novel COF with a high affinity for PFAS adsorp-
tion. COF-I was synthesised and completely characterised 
using the condensation process of 2,4,6-trimethyl-1,3,5-tri-
azine with 2,3-dimethoxyterephthaldehyde. In addition to 
its high crystallinity and surface area, COF-I demonstrated 
excellent hydrolytic and thermal stability. The researchers 
assessed the crystallinity of both COFs using X-ray diffrac-
tion (XRD) and used atomistic simulations coupled with 
cross-polarisation/magic angle spinning solid-state nuclear 
magnetic resonance (CP/MAS ssNMR) to identify the 

relative quantities of AA-stacking and AB-stacking present. 
COF-I, with its hydrophobic surface and methoxy groups in 
the ortho positions, exhibited the highest PFAS adsorption 
(Zarei et al. 2024). Besides, Wang et al. (Wang et al. 2021a) 
created four β-cyclodextrin COFs (β-CD-COFs) that effec-
tively remove and adsorb four distinct PFSAs in water. All 
β-CD-COFs displayed rapid adsorption for PFSAs with high 
adsorption capacities (0.33–1.51 mmol/g), which were much 
superior to those of typical resins and activated carbons, 
most likely due to the ordered pores of β-CD-COFs and the 
electron-deficient cavity β-CD (Wang et al. 2021a).

Over the last few decades, innovative methods have been 
developed to remove PFASs by an adsorption process. In 
addition, several critical reviews that focus on distinct PFAS 
sources, types, and characteristics (Walkowiak-Kulikowska 
2022), as well as PFAS removal in diverse environments, 
have been published in recent years (Sharma et al. 2024). 
Previous scientific literature concentrated on advanced oxi-
dation processes (AOPs) (Issaka 2024; Issaka et al. 2024), 
membrane filtering technologies (Adams et al. 2024), and 
in situ treatment approaches for PFAS cleanup. Moreover, 
several studies provide a full discussion of distinct COFs 
and their respective preparation procedures (Zarei et al. 
2024). However, to the best of our knowledge, no review 
paper has provided a compressively up-to-date review of 
COF for PFAS remediation. This paper thus covers the 

Fig. 1  Summary of structural diversity of various examples of COFs (Lohse et al. 2018). Reproduced with permission. License copyright 2018 
WILEY–VCH
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major classes of COF, their synthesis procedures, as well 
as their application in COF-based technologies for PFAS 
adsorption in water and soil settings. This manuscript fur-
ther discusses the properties of the myriad COF classes for 
PFAS adsorption. This review provides an overview of the 
current state of COF research and development, highlighting 
achievements in knowledge, process technology, and PFAS 
removal applications. Finally, we conclude with the multiple 
challenges and prospects associated with COFs-mediated 
PFAS adsorption.

Classes and synthesis methods of covalent 
organic frameworks (COFs)

COFs such as β-cyclodextrin-based COFs (β-CD-COFs), 
iCOFs, amine-functionalised COFs, porphyrin-based COFs, 
and hydrophobic COFs have demonstrated high adsorption 
capacities and selectivity for removing PFAS from con-
taminated water, leading to the development of large-scale 
strategies. This section discusses the synthesis methods of 
the various classes. Figure 1 summarises various structural 
diversity in COFs.

β‑Cyclodextrin‑based covalent organic frameworks 
(β‑CD‑COFs)

A type of porous material, β-CD-COFs are created by 
combining β-cyclodextrin molecules into the framework 
structure (Chen et  al. 2024). A cyclic oligosaccharide, 
β-cyclodextrin, is made up of seven glucose units con-
nected by α-1,4-glycosidic bonds. It has a unique toroidal 
shape with a hydrophobic cavity and a hydrophilic outer 
surface, which enables it to form inclusion complexes with 
diverse guest molecules, showing high adsorption capaci-
ties and rapid removal rates for PFSAs in water (Wang et al. 
2024a). β-Cyclodextrin serves as a fundamental component 
of β-CD-COFs, forming an organised and porous network 
through its connections with other organic linkers (Xue et al. 
2024). β-CD-COFs are usually synthesised by a solvother-
mal or microwave-assisted method that employs precisely 
engineered precursors and reaction conditions. The resultant 
frameworks have exceptional stability, large surface areas, 
and adjustable pore diameters, among other special features.

Because β-cyclodextrin is present in the framework, 
it may form inclusion complexes with guest molecules, 
which opens up possibilities for applications such as selec-
tive adsorption, separation, and sensing (Sahu et al. 2023). 

Fig. 2  Schematic fabrication of  Fe3O4@COF@β-CD and MSPE technique for determining oestrogens and oestrogen mimics (Liu et al. 2022). 
Reproduced with permission. License number 5863631408608
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Furthermore, because β-cyclodextrin is a chiral molecule, 
β-CD-COFs can display enantioselective qualities, which 
makes them appropriate for chiral separation and catalysis. 
β-Cyclodextrin’s hydrophilic outer surface and hydropho-
bic interior combine to give β-CD-COFs their amphiphilic 
character, which is advantageous for uses including drug 
administration and biomolecule immobilisation (Antipova 
et al. 2024). β-CD-COFs are a flexible family of materials 
that combine the benefits of β-cyclodextrin and COFs. Their 
distinct characteristics render them auspicious contenders 
for an array of uses, encompassing medication administra-
tion, chiral separation, gas storage and separation, and sens-
ing. It is anticipated that more investigation into the syn-
thesis, characterisation, and utilisation of β-CD-COFs will 
yield novel findings and progress in the domain of porous 
materials.

Thiol‑ene click strategy for the synthesis of β‑CD‑COFs

The thiol-ene click technique is an effective way to synthe-
sise functionalised COFs, including β-CD-functionalised 
COFs (Li et al. 2019). This approach comprises the interac-
tion of a thiol group (containing a sulphur atom) with an 
alkene (a carbon–carbon double bond) in the presence of a 
radical initiator, usually under moderate reaction conditions 
(Li et al. 2019; Wang et al. 2023a). During this technique, 
the COF is synthesised using a suitable organic precursor 
and a synthetic method, such as solvothermal or microwave-
assisted synthesis. The β-CD molecule is functionalised 
with a thiol group, typically through a substitution reaction 
involving a thiol-containing reagent, such as cysteamine 
or 2-iminothiolane. The thiol-functionalised β-CD and the 

COF-containing alkene groups are mixed in a suitable sol-
vent in the presence of a radical initiator, such as azob. The 
thiol-ene click reaction creates a persistent thioether bond 
between the β-CD and COF by reacting thiol and alkene 
groups (Liu et al. 2023a). Szymańska et al. (Szymańska et al. 
2024) proposed a fast and efficient method for synthesis-
ing a library of organo-functional alkoxysilanes using an 
amine-catalyzed thiol-isocyanate click reaction. The thiol-
ene reaction produced new thiols and thioacetates, which 
were then reduced to thiols. Alkoxysilanes were synthesised 
via two routes: the reaction between 3-isocyanatopropyltri-
ethoxysilane (ICPTES) and functional-group-containing thi-
ols or between 3-mercaptopropyltriethoxysilane (MPTES) 
(Szymańska et al. 2024).

Owing to the effectiveness of the thiol-ene click technique 
for the preparation of a myriad of organosilicon compounds 
(Szymańska et al. 2024), it was presented by Liu et al. (Liu 
et al. 2022) to synthesise a new β-CD-COF-based magnetic 
nanocomposite  (Fe3O4@COF@β-CD) (Fig. 2), which were 
subsequently applied as adsorbents for magnetic solid-phase 
extraction (MSPE) of oestrogens and oestrogen mimics. 
 Fe3O4@COF@β-CD exhibits superparamagnetism, a high 
surface area, and superior adsorption of oestrogens and 
oestrogen mimics. Under optimised circumstances, the new 
technique achieved good linearity (R2 ≥ 0.9989) and low lim-
its of detection (0.9–3.4 μg  kg−1). The MSPE-HPLC-FLD 
technique was successfully used on genuine milk and meat 
samples, with recoveries ranging from 89.0 to 105.4% and 
RSDs < 5.7% (Liu et al. 2022). Besides, β-CD is a promising 
chiral carrier for several applications due to its outstanding 
chiral recognition capabilities. Chen et al. (Chen et al. 2024) 
used a solvothermal approach to create a porous COF-V, and 

Table 1  The benefits and drawbacks of the two primary iCOF synthesis techniques (Direct synthesis and post-synthetic modification)

ICOF synthesis techniques Advantages Disadvantages Refs

Direct synthesis: Solvothermal synthesis, 
microwave synthesis, mechanochemi-
cal synthesis and room temperature 
synthesis

Strong controllability over shape, crystal-
linity, and porosity; broad application; 
high productivity

High pressure and temperature; protracted 
synthesis time

Ben et al. 
(2024b); 
Hayat 
et al. 
(2024)

Quick synthesis time; great output; 
Environmental preservation and energy 
conservation

High standards for the reaction vessel; 
Limited applicability

environmental friendliness, simplicity and 
high efficiency, ease of operation and 
scaling up, and simplicity in reaction 
control

Limited purity of the product; low crys-
tallinity

Lower energy usage, safe operation, and 
mild reaction conditions Adequacy for 
materials that are sensitive to tempera-
ture

Low repeatability, restricted crystallinity, 
and sluggish response rate

Post-synthetic modification: coordination-
based modification

High crystallisation quality; good ionisa-
tion features; simplicity in synthesis; 
flexibility and variety

Multiple-step synthesis method; possible 
influence on stability

Segura et al. 
(2019); 
Rejali 
et al. 
(2023)

Cost-effectiveness, structural stability, and 
high controllability

Critical synthesis condition; restricted 
modification places
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β-CD was modified in two steps to create mercapto-β-CD 
(β-CD-SH). Next, a β-CD-based COF (COF-S-CD) was syn-
thesised using a thiol-ene “click” reaction. COF-S-CD was 
successfully used for enantioselective liquid–liquid extrac-
tion of five racemic aryl carboxylic acids: 2-phenyl propi-
onic acid, 2-(4-methyl phenyl) propionic acid, 2-(3-chloro-
phenyl) propionic acid, 2-(4-nitrophenyl) propionic acid, and 
α-cyclohexyl mandelic acid (Chen et al. 2024).

Leveraging the distinct features of both β-CD and COFs, 
the synthesised β-CD-functionalised COF may subsequently 
be used for a range of applications, including chiral recogni-
tion, drug administration, and sensing. To further optimise 
the material’s qualities for certain uses, more alterations 
might be made.

Ionic covalent organic frameworks (iCOFs)

A distinct family of COFs known as iCOFs has ionic ele-
ments in their structural composition (Herath et al. 2022) 
that contribute further functionality and characteristics, 
while the organic building blocks are joined by covalent 
bonds (Ben et al. 2024a). Ionic functions, charged organic 
linkers, or ionic components can all be added to the COF 
structure to add ionic groups. Because of their ability to 
promote ion transport, iCOFs have attracted attention as 
possible materials for energy storage, electrochemical sens-
ing, and membrane-based separations (Zou et al. 2022). In 
environmental remediation and water treatment, the charged 
nature of iCOFs can facilitate the selective adsorption and 
separation of charged molecules, including dyes, heavy 
metals, and ionic contaminants (Herath et al. 2022). Ionic 
interactions have the potential to improve the overall sta-
bility of iCOFs, increasing their resistance to deterioration 
and enhancing their functionality across a range of applica-
tions. By altering the kind and quantity of ionic compo-
nents, iCOFs’ qualities may be changed, offering the chance 
to optimise their performance for particular uses (Ben et al. 
2024a; Zou et al. 2022).

Ionic building blocks that can form covalent bonds with 
other components during the COF synthesis process are 
designed and synthesised (Singh et al. 2024), and ionic 
functional groups are introduced onto the COF structure 
through chemical modifications or grafting techniques (Li 
et al. 2024a). ICOFs are synthesised by incorporating ionic 
groups through post-synthetic ion exchange with precursor 
COFs containing exchangeable counterions (Al-dolaimy 
et al. 2024). Besides, iCOFs are a promising subclass of 
COFs with special qualities and prospective uses in a range 
of industries, including chemical separations, energy stor-
age, and environmental remediation. It is anticipated that 
more investigation into the synthesis, characterisation, and 
uses of these materials will progress in the area of porous 
materials.

Strategies for the synthesis of ICOFs

Ionic components are incorporated into the COF structure by 
a variety of techniques to create iCOFs. Chemically induced 
dynamic covalent chemistry (DCC) is primarily used in the 
synthesis of long-range and organised intercalated fermions 
(iCOFs) (Ben et al. 2024b). Reversible processes appear to 
be essential for the construction of crystalline COFs because 
they enable mistake correction and self-healing, which stop 
amorphous products from forming. It is possible to mod-
ify and regulate the shape and characteristics of iCOFs by 
choosing suitable synthesis techniques. Direct synthesis and 
post-synthetic modification are the two main iCOF design 
methodologies, based on the DCC. The benefits and draw-
backs of post-modification and direct synthesis are men-
tioned in Table 1 below.

Direct synthesis of iCOFs

Ionic building blocks comprising charged organic moieties 
are developed and synthesised in the direct synthesis of 
iCOF technique (Ben et al. 2024a). To create iCOFs with 
the required ionic functions, these building blocks can sub-
sequently combine with other substances through conden-
sation or other covalent bond-forming processes. With this 
method, the kind and distribution of ionic groups inside 
the COF structure may be precisely controlled (Zhang 
et al. 2021). Direct synthesis is now the most often uti-
lised technique for creating iCOFs. Generally speaking, 
ion monomers are used by researchers to react with other 
neutral monomers to build different topological configura-
tions. The iCOFs may be constructed by pre-designing ion 
monomers and co-polymerising them with other mono-
mers in DCC (Ben et al. 2024b). Moreover, the placements 
and concentrations of charges inside the frameworks are 
tunable. Room temperature, microwave-assisted, solvo-
thermal, and mechanochemical are the predominant types 
of direct synthesis methods.

Solvothermal synthesis of iCOFs

For the majority of reported iCOF, solvothermal synthesis 
is presently the primary synthetic technique. High pressure 
and temperature conditions are often needed for the revers-
ible processes that create COF materials (Yu et al. 2024). 
Solvothermal synthesis, in contrast to other synthetic tech-
niques, offers a closed system, high pressure, and constant 
temperature that are favourable to the reaction conditions 
for crystal formation. This enables the fabrication of iCOF 
materials with large surface areas and crystallinity. For 
the synthesis of iCOF, the choice and mix of solvents are 
essential (Ben et al. 2024b). The employment of various 
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solvents frequently results in various reaction pathways 
and processes, which have a significant impact on the 
yield, morphology, and crystallinity of the end products. 
Because of this, throughout the synthesis process, the 
solubility of the reaction monomers may be used to select 
solvent types, solvent ratios, and reaction pressure that will 
regulate the reaction’s progress and product yield, ulti-
mately regulating crystal development (Ben et al. 2024b; 
Yu et al. 2024). While extremely slow reaction rates may 
have an effect on the entire reaction process and result 
in reduced yields, excessively fast reaction speeds may 
cause more crystal defects, partial framework breaking, 
poor crystallinity, and excessive polymerisation. Zhang 
et al. (Zhang et al. 2018) created a simple, template-free 
solvothermal technique as a bottom-up strategy to eas-
ily and scalable create mesoporous/macroporous MOF 
nanosheets. It was discovered that the regulated develop-
ment and shape of MOF crystals were mediated by begin-
ning coordination complexes of various copper(II)-ligand 
compounds. It was shown that the structure and perfor-
mances of the assemblies may be modified and tailored 
by varying the size and shape of the MOF crystals (Zhang 
et al. 2018).

Mechanochemical synthesis of iCOFs

By using mechanical forces, such as ball milling or grinding, 
mechanochemical synthesis of iCOFs can produce iCOFs 
with little or no solvent present (Bhambri et  al. 2022). 

High-energy settings are necessary for this technique, such 
as grinding or ball milling, where mechanical forces cre-
ate reactive conditions and speed up the reaction process. 
Consequently, mechanochemical synthesis frequently makes 
it possible to synthesise COF materials reasonably quickly 
and in a shorter amount of time. Besides, in about 30 min, 
iCOF@cotton (iCOF@cotton) was easily created using a 
mechanochemical grinding process by Wang et al. (Wang 
et al. 2024b) and employed it as an adsorbent for pipette 
tip solid-phase extraction (PT-SPE) (Fig. 3). With its high 
specific surface area, appropriate pore structure, and cationic 
charge groups of iCOF, the synthesised iCOF@cotton was 
able to rapidly extract polar targets. Additionally, the use of 
cotton helped to mitigate the issue of PT-SPE’s high back 
pressure, which sped up the extraction process (Wang et al. 
2024b).

The use of toxic solvents, extended reaction times, and 
high reaction temperatures in traditional solvothermal syn-
thesis defy green chemistry principles. To address these 
challenges, Brown et al. (Brown et al. 2023) demonstrated 
for the first time the green, efficient, liquid-assisted mecha-
nochemical synthesis of COF adsorbents with high iodine 
capacity. The ball milling synthesis was carried out at 
ambient temperature with varied liquid additives, gener-
ating six imine-linked COFs with varying pore sizes and 
functionalities in under one hour. After 1 min of ball mill-
ing, a typical COF showed high crystallinity and a surface 
area of 1387  m2  g−1. This mechanochemical technology will 
lead the way for green, quick, simple, and scalable COF 

Fig. 3  Schematic illustration of the mechanochemical synthesis of iCOF/cotton composites and its application in the pipette tip solid-phase 
extraction of domoic acid in seafood (Zambzickaite et al. 2022). Reproduced with permission. License number 5865730412026
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Fig. 4  (I) Schematic illustration of A facile microwave-assisted syn-
thesis of Mw-TFB-BD-X COFs under air in 1  h and space-filling 
models of B Mw-TFB-BD-CH3 and C Mw-TFB-BD-OCH3 with 
Layers Arranged in an Eclipsed Stacking Mode. (II) Time-dependent 
gravimetric iodine vapour adsorption of A Mw-TFB-BD-CH3 and 
oven-TFB-BD-CH3; B Mw-TFB-BD-OCH3 and oven-TFB-BD-OCH3 

at 75 °C. Inset: Photographs of COFs before and after iodine vapour 
adsorption. C Static iodine adsorption capacities of Mw-COFs in this 
work and previously reported high-performing COF adsorbents. D 
Cycling performances of Mw-TFB–BD-CH3 and Mw-TFB-BD-OCH3 
(Alsudairy et al. 2023). Reproduced with permission. License under 
CC-BY-NC-ND 4.0
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synthesis, presenting exciting possibilities for applications 
in environmental remediation and beyond.

Microwave‑assisted synthesis of iCOFs

The quick synthesis of iCOFs utilising other energy sources 
such as mechanochemistry (Wang et al. 2024b), electron 
beam, and sonochemistry has sparked intense scientific 
interest over the last decade since the slow solvothermal 
synthesis presents significant barriers to their future uses 
(Zhang et  al. 2018). Microwave-assisted synthesis has 
grown in popularity because of its inherent benefits over 
traditional solvothermal procedures, such as better yield 
(Alsudairy et al. 2023), reduced energy consumption, and 
enhanced physicochemical qualities of products (Ji et al. 
2020). Conventional solvothermal synthesis necessitates 
multiday synthetic timeframes and anaerobic conditions, 
limiting its practical use. Alsudairy et al. (Alsudairy et al. 
2023) demonstrated a simple microwave-assisted synthesis 
of 2D imine-linked COFs, Mw-TFB-BD-X in the air within 
1 h (Fig. 4I). The resulting COFs had greater crystallin-
ity, better yields, and more uniform morphology than their 
solvothermal counterparts. The as-prepared ICOF demon-
strated remarkable iodine adsorption capabilities (Fig. 4II) 

(Alsudairy et al. 2023). Besides, Wei et al. (Wei et al. 2015) 
synthesised a two-dimensional enamine-linked COF utilis-
ing a quick microwave-assisted solvothermal technique in 
much less time and with a high yield at a low temperature. 
This iCOF was discovered to exhibit a high crystallinity, 
high stability, a large BET surface area, a high  CO2 capac-
ity, and adsorption selectivity for  CO2/N2 (Wei et al. 2015).

Room‑temperature synthesis of iCOFs

Room-temperature synthesis approaches involve the crea-
tion of COFs at ambient temperatures (Maleki et al. 2024), 
usually by kinetically regulated reactions such as imine gen-
eration or click reactions (Li et al. 2019). This approach is 
useful for fragile building blocks or functional groups that 
might deteriorate in strong reaction conditions. ICOFs are 
good adsorbents for pollutant removal due to their unique 
structure and characteristics; however, standard iCOF 
synthesis is restricted by high temperatures and extended 
reaction times. Li et al. (Li et al. 2023a) presented the first 
room-temperature approach for synthesising iCOFs in 24 h 
(Fig. 5I). The room-temperature synthesised iCOF (RT-
iCOF) had higher crystallinity, a larger uptake capacity, and 
quicker kinetics than those synthesised at high temperatures 

Fig. 5  (I) a Schematic illustration of the room temperature syn-
thesis of RT-iCOF through the condensation of Tp and Vio-NH2; b 
unit cells of the ABC-staggered model of RT-iCOF; c side view of 
the ABC-staggered model of RT-iCOF; d space-filling model of RT-
iCOF in ABC-staggered model (grey, white, red, blue and green rep-
resent C, H, O, N, and Cl, respectively). (II) a Adsorption kinetics 
of RT-iCOF for DCF; b PSO kinetics adsorption linear fitting plots 

of DCF with different initial concentrations; c and d contribution 
of the PFO rate and the PSO rate in adsorption process; e Adsorp-
tion isotherms of RT-iCOF for DCF from 25 °C to 55 °C, solid line 
for Langmuir model and dashed line for Freundlich model; f Fitting 
plots of adsorption isotherms of DCF on RT-iCOF Langmuir model 
(Li et  al. 2023a). Reproduced with permission. License number 
5866430164899
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with extended reaction times. The adsorption kinetics, iso-
therms, and thermodynamics, as well as the impacts of 
ionic strength, pH, humic acid, and RT-iCOF reusability for 
diclofenac sodium, were thoroughly investigated (Fig. 5I). 
The produced RT-iCOF had the greatest adsorption capabil-
ity and diclofenac sodium uptake capacity (Li et al. 2023a).

The morphology of COFs is an important aspect in deter-
mining their unique features. Chen et al. (Yu et al. 2023) 
synthesised a hollow COF with a flower-like structure 
(HFH-COF) at ambient temperature. The synthesised HFH-
COF exhibits a large specific surface area, a mesoporous 
structure, high chemical stability, and good crystallinity. The 
unique shape of HFH-COF enabled high specific surface 
area utilisation and a quick mass transfer rate, resulting in 
a shorter equilibration time and improved extraction effi-
ciency than spherical COF (S-COF) (Yu et al. 2023). Also, 
the complexity of biological materials makes it difficult to 
develop a simple, highly selective, and sensitive analytical 
approach for phthalate monoesters (mPAEs). Dan et al. (Dan 
et al. 2023) developed  Cu2+ immobilised magnetic COFs 
 (Fe3O4@TtDt@Cu2+ composites) with core–shell structures 
to improve the enrichment efficiency of mPAEs through a 

simple approach of synthesis of COF shells with inherent 
bifunctional groups on  Fe3O4 NPs and further  Cu2+ immo-
bilisation. The composites had a large specific surface area, 
strong saturation magnetisation, an ordered mesoporous 
structure,  Cu2+ immobilisation, and exceptional thermal 
stability (Dan et al. 2023).

Solid‑state synthesis of iCOFs

Without the need for a solvent, iCOFs are directly formed 
from solid-state precursors in solid-state synthesis (Wei et al. 
2024). To encourage the creation of covalent bonds and the 
development of crystalline COF structures, the precursors 
are combined and heated. This process can be both ecologi-
cally benign and useful for large-scale manufacturing. Fan 
et al. (Fan et al. 2023) developed a straightforward, scalable, 
and sustainable approach for creating iCOF membranes via 
solid-state synthesis based on mechanochemistry (Fig. 6). 
Time-dependent investigations show that the creation of the 
iCOF membrane involves both a morphological transition to 
a dense structure created by the restacking of nanosheet-like 

Fig. 6  Schematic illustration of the fabrication process and chemical structure of TpOMe-Pa-SO3H membrane (Fan et al. 2023). Reproduced 
with permission. License number 5866831293154
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crystallites and a structural transformation from chaos to 
order. Because of the one-dimensional channels’ plenti-
ful proton-conducting sites and stiff crystalline framework 
structure, the resulting free-standing iCOF membranes 
exhibit excellent ion exchange capacity, mechanical strength, 
and similar proton conductivity (Fan et al. 2023).

Post‑synthetic modification of iCOFs

ICOFs can be customised by including a variety of platform 
functions (Rejali et al. 2023). Indeed, functioning is critical 
in their many applications. However, functional groups are 
not always compatible with reaction conditions, and they 
might compete with and interact with other monomer groups 
in the direct synthesis process (Ben et al. 2024a). In addi-
tion, the pre-synthesis of bulky moieties in COFs can have 
a deleterious effect on crystal formation. A post-synthetic 
alteration method can help prevent these issues. Further-
more, using this method, porosity size may be adjusted and 
stability enhanced without significantly affecting the crys-
tallite. Besides, conductivity, hydrophobicity/hydrophilicity 
(Park et al. 2020), and chirality are among the properties 
that may be altered with this approach (Ben et al. 2024a; 
Segura et al. 2019). An anionic carboxylate ligand was used 
as a “molecular bridge” in Li et al. (Li et al. 2023b) global 
“tandem post-synthetic modifications” technique, which 
combines lanthanide ions with cationic COFs. Through ion 

exchange, an anionic carboxylate ligand was first added to 
cationic COFs. In the second step, the ligand was bound to 
 Eu3+ ions. In this case, 2,2-biquinoline-4,4-dicarboxylic acid 
disodium (BCA) was used to successfully introduce  Eu3+ to 
EB-TFP and confirm the viability of this technique, creating 
the hybrid system  Eu3+@BCA@EB-TFP (Fig. 7). Besides, 
for the first time, Ren et al. (Ren and Geng 2024) constructed 
two cationic flexible COFs (iCOFs-AB-1 and iCOFs-AB-2) 
using a post-functionalisation procedure. At 77 °C, the I2 
absorption capacities of the iCOFs-AB-1 and iCOFs-AB-2 
are 3.36 and 4.26 g  g−1 respectively, which is 1.19 and 1.14 
times higher than those of neutral flexible COFs (Ren and 
Geng 2024). Furthermore, the safe disposal of radioactive 
materials, particularly nuclear waste containing iodine, 
has gained significant attention in the light of the advance-
ments in nuclear energy. Therefore, a general method for 
post-synthetically modifying a hydroxy-functionalised COF 
(TAPT-COF-OH) to produce a cationic COF (TAPT-COF-
AB) with a considerable amount of free bromide ions and 
investigating the iCOFs for iodine adsorption is described 
by Qi et al. (Mo et al. 2022). With a maximum adsorption 
capacity of up to 5.05 g  g−1, TAPT-COF-AB has exceptional 
iodine adsorption capacity due to its wide BET surface area 
and superior crystallinity.

Moreover, post-synthesis modification techniques allow 
access to functionality that de novo syntheses cannot directly 
add to iCOFs (Segura et al. 2019). Currently used methods 

Fig. 7  Schematic illustration of the preparation of EB-TFP and the “tandem post-synthetic modifications” (Li et al. 2023b). Reproduced with 
permission. License number 5866821258918



 E. Issaka et al.

for post-synthetic modification of iCOFs are utilising coor-
dination chemistry to incorporate a range of active metal 
species, forming covalent bonds between incoming constit-
uents and existing pendant groups, chemically converting 
linkages, monomer truncation technique can occasionally 
help with the post-synthetic modification by facilitating the 
internal functionalisation of COFs (Sun et al. 2022) and 
beyond post-synthetic modification, even more fascinating 
techniques are referred to as building block exchange (BBE), 
which includes framework-to-framework alterations that 
make use of the reversible bond creation that is a hallmark 
of COFs (Ben et al. 2024a). With the help of this tactic, it 
is possible to create new COF structures with entirely new 
components by using parent COF structures as templates to 
create protoCOF structures.

Amine‑functionalised COFs

A type of porous, crystalline material known as amine-
functionalised COFs are made of organic building blocks 
with amine functional groups integrated into their structures 
(Dautzenberg et al. 2023). Due to their special qualities 
and prospective uses in some industries, including adsorp-
tion, medication delivery, gas storage and separation, and 
catalysis, these materials have drawn a lot of interest (Tang 
et al. 2023). COFs functionalised with amino acids usually 
have organised structures, adjustable pore diameters, and 
large surface areas. A unique combination of chemical and 

physical characteristics, including greater hydrophilicity, 
enhanced interactions with guest molecules, and improved 
chemical stability, can be obtained when amine groups are 
present (Dautzenberg et al. 2023; Song et al. 2022).

Different bottom-up methods, such as solvothermal syn-
thesis, microwave-assisted synthesis, and room-temperature 
synthesis, can be used to create amine-functionalised COFs 
(Du et al. 2015). The goal characteristics, amine content, and 
intended COF structure all influence the synthesis technique 
selection. The in situ synthesis method is the most widely 
used technique for creating amine-functionalised COFs 
(Grunenberg et al. 2021). This approach involves adding 
amine groups to the COF structure during the synthesis pro-
cess itself, as opposed to adding them afterwards through 
post-synthetic modification. For a variety of chemical trans-
formations, including oxidation processes, aldol condensa-
tion, and Knoevenagel condensation, amino-functionalised 
COFs can work as heterogeneous catalysts (Ji et al. 2018). 
Because of their robust adsorption capacities, these COFs 
have demonstrated encouraging promise for the removal of 
contaminants from water, including heavy metals, dyes, and 
PFASs (Ross et al. 2018).

In situ synthesis of amine‑functionalised COFs

A flexible technique for creating amine-functionalised COFs 
is in situ synthesis. With this method, amine functionali-
ties are directly incorporated into the COF structure during 

Fig. 8  Schematic illustration of in situ synthesis of a spherical covalent organic framework as a stationary phase for capillary electrochromatog-
raphy (He et al. 2022a). Reproduced with permission. License under CC-BY-NC-ND 4.0
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synthesis, providing many benefits over post-synthetic 
alteration techniques (He et al. 2022a). For capillary elec-
trochromatography separation, He et al. (He et al. 2022a) 
created a new spherical COF 1,3,5-tris(4-aminophenyl) 
benzene (TAPB) and 2,5-bis(2-propyn-1-yloxy)-1,4-ben-
zenedicarboxaldehyde (BPTA) as an electrochromatography 
stationary phase (Fig. 8). A simple in situ growing technique 
was used to create the COF TAPB-BPTA modified capil-
lary column at room temperature. The constructed column 
performed exceptionally well in the separation of chemicals 
such as phenols, chlorobenzenes, and alkylbenzenes (He 
et al. 2022a). Furthermore, the amino-carrying core–shell 
structured COFs nanospheres  (Fe3O4@TpBD  (NH2)2) were 
created by Wang et al. (Wang et al. 2020). Additionally, 
by post-synthetically modifying the  (Fe3O4@TpBD(NH2)2) 
with 2-formylphenylboronic acid, a new magnetic boro-
nate affinity adsorbent was created. With a quick magnetic 
response and a high binding capacity of up to 1037 μmol  g−1 

for dopamine, the magnetic boronate affinity adsorbent is 
very effective. Additionally, it was employed as an adsorbent 
at neutral pH to extract urinary monoamine neurotransmit-
ters (Wang et al. 2020).

The direct synthesis of COFs with specific amine char-
acteristics and content is made possible by the in situ syn-
thesis of amine-functionalised COFs. This can be useful 
for several applications, including drug administration, gas 
adsorption and separation, catalysis, and sensing. To get the 
required characteristics and functionality in the final amine-
functionalised COFs, however, meticulous optimisation of 
the reaction conditions and building block design could be 
necessary.

Porphyrin‑based COFs

A family of porous, crystalline materials known as porphy-
rin-based COFs is made up of porphyrin building blocks 

Fig. 9  A schematic illustration of a condensation process between a 
para-phenylenediamine (PD) and meso-tetrakis (p-carboxyphenyl) 
porphyrin (TCPP) for the b effective absorption of methylene blue 

(MB) (Wu et al. 2023). Reproduced with permission. License number 
5867420914350
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joined by covalent bonds (Zhao et al. 2024). Large, hetero-
cyclic, aromatic molecules known as porphyrins have special 
optical, electrical, and biological qualities that make them 
appealing for a variety of uses (Zhao et al. 2024; Li et al. 
2024b). Porphyrin building blocks can be joined into an 
ordered, extended framework by porphyrin-based COFs by 
a variety of condensation processes (Cao et al. 2024), includ-
ing Schiff base condensation (Jiang et al. 2024) and transi-
tion metal-catalyzed coupling reactions (Shan et al. 2024). 
Usually, they have well-organised, porous structures with 
adjustable pore diameters and large surface areas. Porphyrin 
units can provide special qualities to the COF structure, such 
as the ability to capture light, redox activity, and metal coor-
dination sites, which are helpful in a variety of applications 
(Jiang et al. 2024; Shan et al. 2024).

For light-driven processes such as singlet oxygen produc-
tion, water splitting, and organic transformations, porphy-
rin-based COFs can function as photocatalysts (Issaka et al. 
2022). Porphyrin-based COFs are suited for gas storage and 
separation applications, including  CO2 capture and hydro-
gen storage, due to their porous nature (Issaka et al. 2023). 
Porphyrin-based COFs can be engineered to take advantage 
of their light-responsiveness and biocompatibility for imag-
ing or drug delivery applications (Issaka and Amu-Darko 
2024). All things considered, porphyrin-based COFs are 
promising materials for a variety of applications in cataly-
sis, energy, sensing, and biomedicine because they combine 
the structural benefits of COFs with the special qualities of 
porphyrins. Realising their full potential will require more 
study on the optimisation of their synthesis, structure, and 
characteristics.

Condensation reaction for synthesising porphyrin‑based 
COFs

Several condensation reactions can be used to create cova-
lent bonds between porphyrin building blocks and linkers 
to synthesise porphyrin-based COFs (Chen et al. 2021). For 
example, in Schiff base condensation, an amine group and 
an aldehyde group combine to form a C = N bond; in Aldol-
ammonia condensation, an aldehyde group reacts with an 
amino group and a second aldehyde group to form a new 
C–C bond and a C = N bond; and A boronic acid group from 
the porphyrin or linker reacts with a diol or polyol from 
the porphyrin or linker to produce boron-oxygen-carbon 
(B-O-C) bonds in a process known as boronic acid conden-
sation (Das et al. 2024). Besides, by using metal-catalyzed 
coupling processes, porphyrin building blocks and linkers 
can generate covalent connections (Sonogashira or Suzuki 
coupling, for example) (Wu et al. 2023).

However, Schiff base condensation is a widely used 
technique because of its adaptability and ease of use in 
the construction of COFs (Jiang et  al. 2024). The 2D 

porphyrin-based covalent organic framework (Por-PD-COF) 
with amide linkages was created and synthesised by Wu 
et al. via a condensation process between para-phenylenedi-
amine (PD) and meso-tetrakis (p-carboxyphenyl) porphyrin 
(TCPP) (Fig. 9a). Por-PD-COF’s large surface area, plenty 
of active sites, and strong stability allow it to swiftly and 
effectively absorb methylene blue (MB) and extract it from 
aqueous solution (Fig. 9b). Furthermore, Oudi et al. (Oudi 
et al. 2023) created and synthesised the material via a solvo-
thermal condensation reaction between 1,4-benzene boronic 
acid (DBBA) and 5,10,15,20-tetrakis-(3,4-dihydroxyphenyl)
porphyrin (DHPP). Under visible LED light irradiation, the 
resulting multifunctional COF demonstrated exceptional 
performance in catalysing a one-pot tandem selective ben-
zylic C-H photooxygenation/Knoevenagel condensation 
process without the need for additives or metals. Notably, 
the COF remained stable and reusable for four consecutive 
cycles, and its catalytic activity was higher than that of its 
organic equivalents (Oudi et al. 2023).

By meticulously picking appropriate porphyrin building 
blocks and linkers and optimising the reaction conditions, 
these condensation processes may be used to synthesise 
porphyrin-based COFs with desired architectures and char-
acteristics. The required COF structure, porosity, and stabil-
ity, as well as the availability and convenience of handling 
the starting components, all influence the synthesis process 
used.

Hydrophobic COFs

Hydrophobic COFs are a family of crystalline, porous mate-
rials with a strong aversion to water (Li et al. 2022). They 
are made of organic building pieces joined by covalent con-
nections. These COFs’ hydrophobic properties result from 
the orderly organisation of their porous structures and the 
presence of nonpolar or low-polarity functional groups (Li 
et al. 2022; Deng et al. 2022). Building blocks having hydro-
phobic properties can be used to create hydrophobic COFs, 
and their creation can be enhanced by adjusting reaction 
conditions. For particular purposes, the pore diameters, sur-
face areas, and chemical capabilities of hydrophobic COFs 
may be precisely engineered. Nonpolar organic molecules 
can be selectively adsorbed to and separated from aqueous 
solutions using hydrophobic COFs (Zhang et al. 2024a). 
Because of their hydrophobic qualities, which encourage the 
preferential adsorption of hydrophobic molecules, organic 
contaminants or important compounds may be effectively 
separated from water. Through modifications to their opti-
cal, electrical, or magnetic characteristics, hydrophobic 
COFs can be used for the selective sensing and detection of 
hydrophobic analytes, such as organic vapours or dissolved 
molecules (Song and Kang 2023). All things considered, 
hydrophobic COFs provide special qualities and chances for 
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a range of uses, including medication distribution, sorption 
and separation, catalysis, and sensing. To the fullest extent 
possible in various domains, these materials must be devel-
oped and optimised.

Schiff base condensation for the synthesis of hydrophobic 
COFs

Schiff base condensation is the most widely used technique 
for creating hydrophobic COFs (Ajmal et al. 2024). An 
amine group from one building block and an aldehyde group 
from another building block combine to generate a C = N 
bond during this reaction. Because Schiff base condensation 
is so easy to utilise, versatile, and produces strong, porous 
frameworks (AlNeyadi et al. 2024), it is frequently employed 
for COF synthesis. For Schiff base condensation processes 
and the synthesis of imine-linked COFs, acid catalysts are 
essential. In Schiff base condensations, the amine attacks 
the aldehyde nucleophilically to create an intermediate 
hemiaminal (Jiang et al. 2024), which is then dehydrated to 
generate the imine.

Typically, solvothermal conditions call for the use of 
hazardous organic solvents, high reaction temperatures, 
and intricate procedures are used to synthesise COFs. Their 
infusibility and insolubility also provide significant process-
ing issues for COFs. A simple, environmentally friendly 
method for producing imine-linked COFs at room tempera-
ture in an aqueous solution was described by Kong et al. 

(Kong et al. 2024). The control of the reaction rate is the 
secret to the synthesis (Fig. 10a). Acetic acid pre-activation 
greatly increases the reactivity of aldehyde monomers in 
aqueous solutions. In contrast to traditional solvothermal 
synthesis, the still-somewhat-lower imine creation rate and 
greater imine breakdown rates in aqueous solution enable 
the modification of the reaction equilibrium and the crys-
tallisation of the products. Thus, in a matter of minutes, 
highly crystalline COFs with sizable surface areas may be 
produced in reasonably high yields (Fig. 10b). The adapt-
ability of this technique is demonstrated by the effective syn-
thesis of 16 COFs from monomers with varying molecular 
sizes, geometries, pendant groups, and core structures (Kong 
et al. 2024). Besides, Bügel et al. (Bügel et al. 2022) syn-
thesised two imine-linked COFs via a catalyst-free Schiff 
base reaction. HHU-COF-1 was created via the condensa-
tion reaction of 1,3,5-tris-(4-aminophenyl)triazine (TAPT) 
with 4,4′-biphenyldicarboxaldehyde. With the help of 
2,2′,3,3′,5,5′,6,6′-octafluoro-4,4′-biphenyldicarboxaldehyde, 
the fluorinated analogue HHU-COF-2 was produced. The 
polymer Matrimid was utilised to create mixed-matrix mem-
branes (MMMs) using the by-products of a larger-scale syn-
thesis (Bügel et al. 2022).

Hydrophobic COFs are synthesised and customised for 
a range of uses, including selective adsorption and separa-
tion, catalysis, drug administration, and sensing, by using 
Schiff base condensation and carefully choosing hydropho-
bic building blocks.

Fig. 10  Schematic illustration of the a synthesis of imine-linked COFs in aqueous solution. b the formation process of imine through nucleo-
philic addition of amine on acid-preactivated aldehyde (Kong et al. 2024). Reproduced with permission. License under CC-BY-NC-ND 4.0
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Advantages of covalent organic frameworks (COFs) 
for PFAS absorption

COFs, like metal–organic frameworks (MOFs), and zeo-
lites, are crystalline (Singh et al. 2025), porous, and organic 
structures with atoms joined by covalent bonds (Nazir et al. 
2024). COF crystallinity is determined by the proper design 
of the organic building blocks. During crystallisation, revers-
ible bond creation provides error correction (Mushtaq et al. 
2024). Furthermore, the reticular structures of COFs are 
formed by linking different symmetric monomers resulting 
in distinct structures (Li et al. 2025). Despite their vulner-
ability in aquatic environments, COFs have demonstrated 
great stability and stiffness under temperature conditions. 
COFs also have a homogeneous nanopore network struc-
ture with a large specific surface area (Zhu et al. 2023). 
Despite their similarity in crystallinity and porosity, COFs 
offer numerous benefits over other porous materials, such as 
zeolites and MOFs, when utilised as adsorbents for PFAS in 
water: One key advantage is the ability to tailor pore size and 
functioning (Hao et al. 2024). COFs are synthesised with 
precise control over pore size, structure, and functionality, 
enabling the development of materials with optimal PFAS 
adsorption characteristics. Wang et al. (Wang et al. 2024c) 
synthesised COFs with five different pore sizes (COF1-
COF5) and used kinetic models to perform a thorough inves-
tigation. Their findings showed that the adsorption capacity 
and rate of methyl orange (MO) increased linearly with COF 
pore size from 1.25 to 2.57 nm. COF3, having a pore size 
of 2.57 nm, had the best adsorption capability for MO, with 
an outstanding capacity of 43.07 mg  g−1. Furthermore, Liu 
et al. (Liu et al. 2023b) revealed that a novel type of MOF-
functionalised COFs with a large surface area, numerous 
binding sites, and outstanding chemical and structural stabil-
ity were synthesised to improve structure stability and selec-
tive recognition efficiency. COFs are considerably beneficial 
over zeolites and MOFs and can be used to functionalize 
such adsorbents to enhance pore diameters and restrict func-
tionalisation choices.

Besides, COFs have high chemical stability in aqueous 
settings, which is critical for PFAS adsorption applications. 
In contrast, zeolites can degrade in acidic or alkaline set-
tings, whereas MOFs may experience metal leaching and 
structural collapse in water (Zhang et al. 2024b). Zhang et al. 
(Zhang et al. 2025) used a solvothermal technique to syn-
thesise guanidine-linked COF. The inclusion of guanidine 
groups in its structure improved electrostatic interactions and 
supplied hydrogen bonding sites, allowing for the selective 
adsorption of PFCAs from ambient water samples. Further-
more, guanidine-linked COF showed various advantages, 
including strong selectivity for PFCAs, high adsorption 
capacity (2005 mg  g−1), outstanding chemical stability, and 
impressive recyclability (five cycles). Furthermore, COFs 

are naturally hydrophobic due to their primarily hydrocar-
bon-based makeup (Lan et al. 2024a), which increases their 
affinity for PFAS chemicals while reducing water adsorp-
tion (Karbassiyazdi et al. 2023). This feature can enhance 
PFAS removal efficiency and adsorption capacity when 
compared to more hydrophilic materials like zeolites and 
MOFs (Peng et al. 2025). The good hydrophobic trifluo-
romethyl-enriched COF was devised and synthesised as a 
covering for solid-phase microextraction (SPME) by Lan 
et al. (Lan et al. 2024b). The hydrophobic trifluoromethyl-
enriched COF’s strong adsorption selectivity for Polycyclic 
aromatic hydrocarbons (PAHs) is due to interactions with 
PAHs like hydrophobicity, π-π, and H bond interactions. The 
suggested technique produced quick adsorption of PAHs and 
reduced the adsorption equilibrium period to 15 min. Using 
gas chromatography-tandem mass spectrometry (GC–MS/
MS), PAHs were found in the range of 0.008–0.16 ng  mL−1, 
with a quantitative limit of 0.029–0.47 ng  mL−1.

COFs can be easily regenerated and reused for several 
adsorption–desorption cycles with no loss of performance 
(Emmanuel et al. 2024). This is a significant benefit over 
zeolites and MOFs, which may need severe regeneration 
conditions or have lower adsorption capability during regen-
eration. Zhang et al. (Zhang et al. 2024c) used a reasonable 
strategy to create a hydrogel composite material by encap-
sulating  NH2-MIL-101(Cr)/COFs in sodium alginate (SA), 
which efficiently captures tetracycline (TC). The as-prepared 
composite displayed outstanding TC adsorption capabilities, 
with a clearance rate of 96.38% in 120 min. The adsorbent 
also showed exceptional recyclability, with just a little loss 
in removal efficiency (85.5% and 142 mg   g−1) after ten 
cycles of adsorption and regeneration. Moreover, COFs are 
often made up of non-toxic organic building blocks (Man-
zoor et al. 2024), making them more ecologically benign 
than MOFs, which frequently include metal ions that might 
pose environmental and health hazards when degraded or 
leached. Li et al. (Li et al. 2021) employed a commercial, 
low-toxicity hydrazide-containing building block to syn-
thesise azine-linked COFs. Flexible formic hydrazide (FH) 
was combined with 1,3,5-triformylphloroglucinal (Tp) or 
1,3,5-triformylbenzene (TFB) to create new-style COFs. 
The two resultant COFs (TpFH and TFBFH) had a consist-
ent hollow tubular shape composed of amine and aldehyde 
groups. The breakdown of FH slows down the reaction 
rate, and the as-synthesised FH-series COFs (708  m2  g−1 
for TpFH and 888  m2  g−1 for TFBFH) have larger specific 
surface area than hydrazine-series COFs (617  m2  g−1 for 
TpAzine and 472  m2  g−1 for TFBAzine).

COFs have several benefits over other porous materials 
for PFAS adsorption in water. These intriguing qualities 
have great potential for further development of efficient and 
sustainable PFAS removal solutions.
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Properties of various COFs for PFAS adsorption

Properties of ionic COFs for PFAS adsorption

ICOFs have demonstrated encouraging properties for the 
adsorption of pervasive and harmful substances, PFASs. 
Different ionic functional groups, including quaternary 
ammonium salts, can be included in iCOF designs to interact 
electrostatically with PFASs and facilitate effective adsorp-
tion (Zhang et al. 2021). ICOFs’ porous structure increases 
the surface area and number of adsorption sites available 
for PFASs, hence improving their adsorption ability. For 
certain PFASs, the pore size can be adjusted to maximise the 
adsorption efficiency. Owing to this knowledge, Tang et al. 
(Tang et al. 2022) synthesised a stable and well-compatible 
cationic based on the structure of three PFASs (perfluorobu-
tylenesulfonic acid (PFBS), perfluorohexanesulfonic acid 
(PFHxS), and perfluorooctylsulfonic acid (PFOS)) and a 
medium’s property. Analytes were detected and adsorbed 
using matrix-assisted laser desorption/ionisation time-of-
flight mass spectrometry (MALDI-TOF MS) using the pre-
pared framework as an adsorbent. The C-COFs’ structural 
characteristics were described. To get the optimum enrich-
ment efficiency, enrichment parameters such as the type 
and volume of dispersion solution, pH, adsorbent quantity, 
and enrichment duration were optimised (Tang et al. 2022). 
Furthermore, in addition to electrostatic interactions, iCOFs 
frequently have hydrophobic channels that aid in the adsorp-
tion of PFASs through hydrophobic interactions (Sun et al. 
2022). The ability to synthesise iCOFs with high crystal-
linity and regulated size enhances their adsorption capacity 
and facilitates their easy separation from the treated water 
following the elimination of PFASs. They may also be used 
again for PFAS adsorption because of their strong chemical 
and thermal durability.

In general, the large surface area, porosity, hydrophobic 
channels, controllable size, stability, reusability, and adjust-
able ionic functionality of iCOFs make them materials that 
show promise for the effective removal of PFASs from pol-
luted water. It is necessary to conduct more study on the 
optimisation of iCOFs and their real-world use in PFAS 
cleanup.

Properties of β‑CD‑COFs for PFAS adsorption

Promising qualities have been shown by β-CD-COFs for 
the adsorption of PFASs (Wang et al. 2021a). Through 
host–guest chemistry and hydrophobic interactions, β-
CD molecules can form inclusion complexes with PFASs, 
therefore improving their adsorption. Three distinct β-CD 

adsorbents were evaluated by Abaie et al. (Abaie et al. 2024) 
for their ability to remove a combination of PFASs at neutral 
pH, including anionic, neutral, and zwitterionic compounds. 
To measure each PFAS’s adsorption affinity, the researchers 
computed linear partition coefficient  (Kd) values. β-CD poly-
mers that were crosslinked with epichlorohydrin (β-CD-EPI) 
and hexamethylene diisocyanate (β-CD-HDI) showed some 
PFAS adsorption. N-dimethyl ammonia propyl perfluorohex-
ane sulfonamide (AmPr-FHxSA) was eliminated by β-CD-
EPI and β-CD-HDI, whereas β-CD-Cl showed no affinity for 
zwitterionic compounds (Abaie et al. 2024).

Furthermore, for PFASs, β-CD-COFs show quick adsorp-
tion kinetics, achieving adsorption equilibrium in a matter 
of minutes (Sahu et al. 2023). Their organised pores and 
the special structure of β-CD are responsible for this fast 
adsorption. β-CD-COFs have superior PFAS adsorption 
capabilities compared to conventional adsorbents such as 
resins and activated carbons. Their porous structure and the 
unique interactions between β-CD and PFASs are responsi-
ble for their high capacity (Abaie et al. 2024). Because of the 
great selectivity of β-CD-COFs for PFASs, these pollutants 
may be effectively removed from water even when other 
compounds are present. Moreover, β-CD-COFs have strong 
thermal and chemical durability, which makes it possible 
to employ them again for PFAS adsorption. Owing to these 
qualities, β-CD-COFs are materials that show great promise 
for effectively removing PFASs from polluted water. It is 
necessary to do more study on the optimisation of β-CD-
COFs and their practical use in PFAS cleanup.

Properties of amine‑functionalised COFs for PFAS 
adsorption

Due to the porous structure and the potent interactions 
between amine groups and PFASs, amine-functionalised 
COFs exhibit high adsorption capacities for PFASs (Ateia 
et al. 2019a). The positive charge of the amine groups in 
COFs allows them to interact electrostatically with the neg-
atively charged PFASs. Additionally, they exhibit strong 
PFAS selectivity, making it possible to effectively remove 
these pollutants from water even when other compounds 
are present. Ji et al. (Ji et al. 2018) demonstrated that at con-
centrations relevant to the environment, imine-linked two-
dimensional (2D) COFs containing primary amines read-
ily adsorb ammonium perfluoro(2-methyl-3-oxahexanoic) 
acid (GenX). The greatest capacity and quickest removal 
were demonstrated by COFs with partial amine incorpora-
tion, indicating that the synergistic interaction of the hydro-
phobic surface and the polar group is what causes GenX 
binding. More than 90% of the 12 out of 13 PFAS were 
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also eliminated by a COF with a 28% amine loading. These 
findings highlight the potential of COFs in the removal of 
PFAS and offer design guidelines for optimising adsorbent 
efficiency (Ji et al. 2018).

Additionally, the high chemical and thermal durability of 
amine-functionalised COFs makes them suitable for recur-
rent usage in the adsorption of PFASs (Song et al. 2022). By 
modifying the synthesis conditions or precursor selection, 
the amine concentration in COFs may be regulated, ena-
bling the COF’s adsorption ability for particular PFASs to 
be optimised. Owing to these qualities, amine-functionalised 
COFs hold great promise as materials for effectively remov-
ing PFASs from polluted water. It is necessary to do more 
studies on the practical application of amine-functionalised 
COFs in PFAS cleanup as well as their optimisation.

Properties of porphyrin‑based COFs for PFAS adsorption

Porphyrin-based COFs have high specific surface areas 
and variable porosity, allowing for effective PFAS adsorp-
tion due to the vast number of accessible adsorption sites 
(Asayesh-Ardakani et al. 2024). The hydrophilic character-
istic of porphyrin-based COFs can aid in the adsorption of 
PFASs by increasing contact between the COF surface and 
the molecules. Furthermore, high surface wettability can 
aid in the migration of PFASs into COF pores. Qian et al. 

(Qian et al. 2024) reported the synthesis of Por-MA, a pho-
tothermal porphyrin-based COF for the effective removal 
of PFASs from environmental water. Por-MA’s crystalline 
structure, rich in nitrogen, allows for electrostatic and hydro-
gen bonding interactions for PFAS adsorption. It had a high 
adsorption capacity (686.6 mg  g−1) and rapid kinetics (equi-
librium time < 10 min) for perfluorooctanoic acid (PFOA) at 
25 °C, outperforming other COF-based sorbents.

Porphyrin-based COFs’ structure and functional groups 
may be altered, which enables the adsorption performance 
of these molecules to be optimised for certain PFASs. To 
improve interactions with target PFASs, it is possible to cus-
tomise pore diameters, pore functionality, and surface chem-
istry. Owing to these properties, Xie et al. (Xie et al. 2023) 
created ordered crystalline COFs by using calix[4]arene 
(CX4) as a building component. The ideal fusion of COFs’ 
porosity and CX4’s host–guest recognition ability results 
in the CX4-COFs’ selective and potent adsorption capabil-
ity for linear molecule PFASs (261–1055). PFASs in food 
were then found using the CX4-COFs as adsorbents. The 
technique demonstrated high accuracy (1.3–9.8%) and low 
detection limits (0.11–0.28 ng  kg−1) when used to simultane-
ously enrich and determine six PFASs in fish, prawns, and 
shellfish. Satisfactory recoveries (79.9–118%) were achieved 
(Xie et al. 2023). A few COFs based on porphyrins have 
photothermal characteristics that can be used to adsorb and 

Fig. 11  Fluorinated quaternary ammonium COFs: a schematic representation for the effective and selective removal of common per- and poly-
fluoroalkyl compounds (Wang et al. 2023b). Reproduced with permission. License number 5755691103588
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degrade PFASs. These COFs can produce localised heat in 
response to light irradiation, which facilitates PFAS diffu-
sion and adsorption within the porous structure (Gharanli 
et al. 2024). Furthermore, the breakdown of PFASs that 
have been adsorbed can be aided by the photothermal effect, 
which might enhance the remediation process as a whole 
(Qian et al. 2024). Because of their strong chemical and 
thermal stability, porphyrin-based COFs may be used repeat-
edly for the adsorption of PFASs. Concerning PFAS adsorp-
tion, porphyrin-based COFs have favourable characteristics 
such as large surface areas, adjustable architectures, and 
photothermal capabilities. It is necessary to conduct more 
study on the development of porphyrin-based COFs and 
their actual use in PFAS cleanup.

Properties of hydrophobic COFs for PFAS adsorption

Numerous characteristics of hydrophobic COFs make them 
attractive materials for PFAS adsorption. Because of their 
structured porosity architectures and nonpolar or low-
polarity functional groups (Ajmal et al. 2024), hydrophobic 
COFs have excellent water-repelling qualities. The ability 
of hydrophobic perfluoroalkyl substances (PFASs) to selec-
tively adsorb onto water molecules amplifies the effective-
ness of PFAS removal from polluted water sources. With 
their high specific surface areas and adjustable porosity, 
hydrophobic COFs offer plenty of PFAS adsorption sites. 
These characteristics help to increase the efficiency and 
capacity of adsorption (Gharanli et al. 2024). A novel hydro-
phobic COF that exhibits high PFAS adsorption affinity. The 
condensation reaction of 2,4,6-trimethyl-1,3,5-triazine with 
2,3-dimethoxyterephthaldehyde produced COF-I, which was 
thoroughly characterised and shown high crystallinity and 
surface area as well as strong hydrolytic and thermal stabil-
ity (Zarei et al. 2024).

Because of their strong chemical and thermal durability, 
hydrophobic COFs may be used repeatedly for the adsorp-
tion of PFASs (Xing et al. 2020). A variety of processes, 
including hydrophobic interactions, π-π stacking, electro-
static interactions, and van der Waals forces, can be used 
by hydrophobic COFs to adsorb PFASs (Zarei et al. 2024). 
When designing COFs for improved PFAS adsorption, an 
understanding of these processes might be helpful. All 
things considered, hydrophobic COFs have attractive quali-
ties for PFAS adsorption, such as hydrophobicity, large sur-
face areas, stability, and adjustable architectures. It is neces-
sary to do more study on how to best use these qualities and 
apply them practically in the remediation of PFASs.

Applications of COFs as an adsorbent 
for PFAS remediation

To specifically adsorb PFASs from polluted water sources, 
COFs can be engineered with certain pore diameters and 
surface functions. Particularly β-CD, amine-functional-
ised, porphyrin-based, ionic, and hydrophobic COFs have 
a high affinity for PFASs, which makes it possible for 
these persistent pollutants to be effectively adsorbed and 
removed (Table 2). In addition to COFs showing excel-
lent extraction efficiency (Hou et  al. 2020b),  they also 
show excellent selectivity for PFASs (Sun et al. 2021). 
Besides, negatively charged PFAS and positively charged 
COFs interact electrostatically (Li et al. 2023c). Functional 
groups like carboxylate ion  (COO−) or sulphur trioxide ion 
 (SO3

−) (Björneholm et al. 2022) that give a molecule a nega-
tive charge under neutral pH circumstances are commonly 
found in PFAS compounds (Li et al. 2023c; Björneholm 
et al. 2022). Adsorption or binding of PFAS onto the COF 
surface can occur when positively charged COFs are present 
because of the electrostatic interaction between the posi-
tively charged sites on the COFs and the negatively charged 
functional groups on PFAS molecules (Ji et al. 2018).

Wang et al. (Wang et al. 2023b) created unique COFs 
with strong adsorption selectivity and capacity for PFAS by 
combining mixed edges in their structural design (Fig. 11). 
To make optimal fluorinated quaternary ammonium COFs, 
the COFs were created with the proper pore size. The edge 
of the COFs was replaced with varied ratios of fluorinated 
edge and quaternary ammonium edge. The COFs that were 
synthesised had a very consistent adsorption performance 
across a range of solution pH, ionic strength, and humic acid 
concentrations. For PFHxS and PFOS, they demonstrated a 
high adsorption capacity of 300.2 and 879.8 μmol/g, respec-
tively. More importantly, compared to powdered activated 
carbon and anion exchange resins, fluorinated quaternary 
ammonium COFs can effectively remove multiple PFAS 
from actual electroplating wastewater simultaneously and 
selectively adsorb PFAS in the presence of different hydro-
carbons with similar structures. The C-F chain on COFs 
effectively adsorbed the PFAS, but the C-H chain of hydro-
carbons was repelled by the C-F chain, according to density 
functional theory (DFT) calculations. In addition, the COFs 
demonstrated a reasonably steady adsorption capability for 
PFAS within 5 cycles and were well-regenerated by the com-
bination of NaCl and methanol solution. These findings pro-
vide a different approach to bifunctional modification that 
can effectively and selectively eliminate PFAS from water 
(Wang et al. 2023b).

Additionally, hydrophobic interactions between the 
COF’s pore walls and PFAS tails are dominated by fluorine 
(F) groups (Ateia et al. 2019b). The majority of the time, 
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hydrophobic and electrostatic interactions work together to 
adsorb PFAS (Ateia et al. 2019b; Thompson et al. 2024). 
Because PFSA is more hydrophobic than perfluorinated 
carboxylic acids with the same chain length (Sharma et al. 
2024), amine group adsorbents have a greater affinity for 
PFAS (Sharma et al. 2024; Thompson et al. 2024). Further-
more, compared to shorter-chain PFAS, which depends on 
electrostatic interactions, long-chain PFAS is more easily 
absorbed (Zahmatkesh et al. 2024; Thompson et al. 2024). 
Gong et al. (Gong et al. 2024) created a cationic-fluorinated 
(CF)-COF by post-modification, which they then utilised as a 
magnetic solid-phase extraction adsorbent for the adsorption 
of PFASs. Eight long-chain PFASs in food were identified 
using a unique approach that combined CF-COF-based mag-
netic solid-phase extraction with LC–MS/MS. The approach 
demonstrated low detection limits of 0.003–0.019 ng  g−1 and 

good recovery rates of 73.5–118% for PFASs under optimal 
circumstances. This work presents a new concept for the 
creation of PFAS-targeting adsorbents as well as a fresh ana-
lytical technique for PFAS in food monitoring (Gong et al. 
2024). Furthermore, Sun et al. (Sun et al. 2020) have devel-
oped a simple room-temperature method for synthesising 
trifluoromethyl COF  (CF3-COF) for solid-phase microex-
traction (SPME). When compared to commercially available 
SPME coating, non-contained fluorine COF coating, and 
amorphous polymer coating, the  CF3-COF coating exhibits 
better extraction performance for PFASs. The density func-
tional theory computation is used to show the trifluorome-
thyl’s fluorine affinity for PFASs in  CF3-COF. The targeted 
PFASs were micro-extracted using  CF3-COF-coated fibre, 
eluted with 1 mL acetonitrile, and then quantified using 

Table 2   COFs techniques used to detect and quantify numerous PFAS types in a variety of samples

Type of PFAS Sample extrac-
tion method

COF framework Sample detection 
technique

Recovery rates LOD Refs

GenX, PFOS, 
and PFOA

Magnetic SFE Cationic-
fluorinated 
(CF)-COF

LC–MS/MS 73.5–118% 0.003–0.019 ng  g−1 Gong et al. (2024)

PFHxS and 
PFOS

LPE Fluorinated 
quaternary 
ammonium 
COFs

LC- HPLC PFOS = 24.7% 
PFHxS = 20.1%

PFHxS = 300.2 μmol/g 
PFOS = 879.8 μmol  g−1

Wang et al. 
(2023b)

PFOS, and PFOA SPME Trifluorome-
thyl covalent 
organic 
framework 
 (CF3-COF)

UHPLC-MS/MS 91.0–110% 0.1–0.7 pg  g−1 Sun et al. (2020)

PFOS, and PFOA SPME Triazine 
core-based 
F-functional-
ised COFs

Nanoelectrospray 
ionization mass 
spectrometry 
(nanoESI-MS)

np 0.02–0.8 ng  L−1 Hou et al. (2020a)

GenX SPME Dioxin-linked 
covalent 
organic frame-
work (TH-CO)

UHPLC-MS/MS 89.5–105% 0.0020–0.0045 ng  L−1 Ji et al. (2020)

PFOS, and PFOA SPME Cationic COF LC-HPLC GenX = 80% 
HFPO-
TA = 100%

GenX = 2.06 mmol  g−1 
HFPO-
TA = 2.16 mmol  g−1

Wang et al. 
(2021b)

PFOS, and PFOA SPME Imprinted cova-
lent organic 
frameworks 
(CMIP)

UHPLC-MS/MS np 0.1–0.3 ng  g−1 Zhang et al. 
(2024e)

PFOA SPME COF@ chitosan 
(COF@CS)

LC-HPLC np 2.8 mmol  g−1 at pH 5 Zhang et al. 
(2024d)

GenX, PFOS, 
and PFOA

SPME Fluoro-function-
alised/chitosan 
COF (chitosan/
F-COF)

LC-HPLC 88.4% np He et al. (2022b)

Six anionic PFAS SPME Viologen COF: 
MELEM-COF 
and MEL-COF

np 90.0–99.0% 2500 mg  g−1 Zadehnazari et al. 
(2024)
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UHPLC-MS/MS. The excellent sensitivity is shown by the 
LODs, which are 0.1–0.7 pg  g−1 for milk and 0.2–0.8 pg  g−1 
for milk powder. The method’s accuracy is within the range 
of 2.9–9.9%. The repeatability from fibre to fibre ranges 
from 4.2 to 9.5%. The relative recoveries under ideal cir-
cumstances are 89.8 to 111% with RSDs < 10% for milk 
powder and 91.0–110% with RSDs ≤ 10% for milk (Sun 
et al. 2020). Besides, SPME and nanoelectrospray ionisa-
tion mass spectroscopy (nanoESI-MS) are two novel tech-
niques that Hou et al. (Hou et al. 2020a) developed for the 
fast and ultrasensitive analysis of PFASs in biological and 
environmental samples. The F-functionalised COFs coat-
ing on the novel SPME probe allowed for highly selective 
enrichment of trace PFASs, and the extracted COFs-SPME 
probe was then loaded and applied directly to nanoESI-MS 
analysis in both ambient and open-air settings. For each of 
the fourteen PFASs in water that were studied, the tech-
nique demonstrated acceptable linearities between 1 and 
5000 ng  L−1 with correlation coefficient values of at least 
0.9952. The ranges of the quantification and detection limits 
were 0.06–3 ng  L−1 and 0.02–0.8 ng  L−1, respectively. The 
suggested technique was successful in achieving ultrasensi-
tive PFAS detection in ambient water and whole blood (Hou 
et al. 2020a).

Moreover, He et al. (He et al. 2022b) created a unique 
COF and employed it as an effective adsorbent to remove 
PFASs from water. First, a room-temperature Schiff base 
reaction was used to create a fluoro-functionalised COF 
(F-COF). The surface of F-COF was subsequently changed 
by a layer of chitosan using a cross-linking polymerisation 
process. Concerning PFASs, the resulting chitosan/F-COF 
exhibits strong adsorption capability through electrostatic 
interaction, hydrogen bond interaction, fluorine–fluorine 
interaction, and channel size selection. It also had favour-
able hydrophilicity, surface wettability, and high specific 
surface area. Chitosan/F-COF was tested for its ability to 
adsorb GenX, PFOS, and PFOA. In samples of sewage and 
lake water, the chitosan/F-COF combination demonstrated a 
strong capacity for simultaneous absorption of PFASs, with 
removal efficiencies exceeding 88.4% for three of the PFASs 
(He et al. 2022b). Besides, through electrostatic interactions, 
a quaternary amine COF with a naturally occurring positive 
surface charge was created to adsorb PFOA by Zhang et al. 
(Zhang et al. 2024d). After that, a straightforward dissolu-
tion evaporation procedure was used to mix the COF with 
chitosan (CS) to create a composite gel substance known as 
COF@CS. The results showed that COF@CS’s adsorption 
capability much outperformed that of the original COF and 
CS. The Langmuir model indicates that at pH 5, COF@
CS reached a maximum PFOA capacity of 2.8 mmol  g−1. 
Additionally, compared to 5.9 mmol  g−1  h−1 for COF and 
3.4 mmol  g−1  h−1 for CS, the adsorption rate rose dramati-
cally to 6.2 mmol  g−1  h−1. Notably, for eight more PFAS 

classes, COF@CS demonstrated exceptional removal effec-
tiveness (Zhang et al. 2024d).

Challenges and prospects of COFs for PFAS 
adsorption

Although COFs have a lot of potential for adsorbing PFASs 
from water, their actual use is fraught with difficulties. These 
difficulties might consist of the following:

Synthesis scalability

Challenge The restricted scalability and fragility of COFs 
pose significant hurdles in their commercialisation and 
industrial applications. According to Vardhan et al. (Vardhan 
et al. 2023), stable dynamic linkage is required to connect 
building blocks in a network structure, which often requires 
closed conditions to ensure the reversibility of condensation 
processes. Furthermore, the current go-to techniques (solvo-
thermal method) for synthesising COFs typically have low 
yields (Osman et  al. 2024), meaning that only a tiny por-
tion of the finished product can be made from the starting 
ingredients (Vardhan et  al. 2023). Meanwhile, Xiao et  al. 
(Xiao et al. 2023) found that typical solvothermal synthesis 
of COFs requires a long reaction time and a constant high-
energy input to push the reaction equilibrium and yield ther-
modynamically stable crystallisation products. To address 
these issues and align with the current notion of energy sav-
ing, synthesis scalability, and emission reduction, several 
novel methodologies are required (Zhu et al. 2024). Segura 
et al. (Segura et al. 2016) also discussed the use of aqueous 
acetic acid (AcOH) as a catalyst in the 1,4-dioxane: mesi-
tylene combination, which experienced the typical solvo-
thermal reaction to carry out imine-based COF at 120 °C; 
the resultant powder was un-processable and unscalable. As 
a result, unique alternative synthetic processes are required 
to meet the limitations of typical conditions.

Prospects To enhance the scalability of COF production, 
researchers are looking at new synthesis techniques, sub-
stitute precursors, and more effective catalysts. As a result, 
numerous solutions have recently been developed to prevent 
reaction scenarios involving high pressure and temperature. 
The most notable include room temperature (Bagheri and 
Aramesh 2021), water (Martín-Illán et  al. 2020), sono-
chemical synthesis (Zhao et al. 2022), and sol–gel synthesis 
(Zhu et al. 2021). Although these technologies save energy 
and money, they provide lower-quality crystalline samples 
(Martín-Illán et  al. 2023). Nonetheless, they provide ben-
eficial results. There is still increasing interest in creating 
COF synthesis processes that are sustainable, scalable, and 
environmentally benign. While various green alternatives 
including non-toxic organic solvents have been described 
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(Martín-Illán et al. 2020, 2023), there are few instances of 
energy-efficient and cost-effective technologies that do not 
use dangerous solvents. In the end, resolving the synthesis 
scalability issue is essential to maximising the promise of 
COFs as a suitable adsorbent for PFAS adsorption.

Long‑term stability and regeneration

Challenge With regards to PFAS removal from water 
environments via adsorption, the long-term stability and 
regeneration of COFs are critical aspects that dictate their 
practical application. Furthermore, these COFs should be 
able to withstand deterioration in a variety of chemical and 
environmental environments (Shah et  al. 2023). For the 
efficient adsorption of PFAS from aqueous environments, 
COFs must resist hydrolysis, to avoid the weakening of its 
structural framework, thereby ensuring optimum adsorp-
tion capability. Furthermore, during adsorption, regenera-
tion, or handling, COFs may be subjected to mechanical 
stressors like pressure or abrasion. In these situations, COFs 
must preserve their structural integrity. The COF structure 
shouldn’t undergo permanent alterations as a result of high 
temperatures, which can occur during adsorption proce-
dures or regeneration.

Prospects It is still difficult to create COFs that are crystal-
line, stable, and functional at the same time, as reversible 
bond formation is a necessary condition for COF crystallisa-
tion (Ghosh et al. 2024). However, as the COF field evolves, 
new techniques have emerged that avoid the crystallinity-
stability contradiction. Haase and Lotsch (Haase and Lotsch 
2020) discussed three major approaches to obtaining both 
stable and crystalline COFs: adjusting the reaction condi-
tions for reversible linkages, separating the order-inducing 
and stability-inducing steps, and controlling the structural 
degrees of freedom during assembly and in the final COF. 
This work paves the way for addressing these challenges, as 
the stability and regeneration of COFs can effectively facili-
tate the industrial removal of PFAS from water.

Environmental compatibility and toxicity

Challenge For COFs to be used safely and sustainably in 
water treatment applications, such as PFAS adsorption, 
their toxicity and environmental compatibility are impor-
tant factors to take into account. The ideal COFs would be 
biodegradable, which means they could organically decom-
pose in the environment without endangering ecosystems. 
During their manufacture, usage, or destruction, COFs 
shouldn’t release any hazardous materials into the envi-
ronment, such as heavy metals or poisonous organic com-
pounds (Shah et al. 2023; Vakili et al. 2024). Moreover, the 
adsorption efficacy of COF may be lowered by the buildup 

of microbes on its surface. Further investigation is needed 
into the long-term harm caused by COFs and their break-
down products due to repeated exposure. Chronic toxicity, 
affecting growth, reproduction, and overall health, should 
be assessed through long-term studies. The accumulation of 
COFs and their breakdown products may negatively impact 
both individual organisms and the food chain. Evaluating 
the potential for bioaccumulation and biomagnification of 
COF-related chemicals in the environment is essential.

Prospects Researchers are designing COFs with biode-
gradable components, refining synthesis techniques to 
reduce toxic byproducts, and creating effective regen-
eration techniques that lessen the release of hazardous 
substances into the environment to ensure environmen-
tal compatibility and minimal toxicity. For the safe and 
long-term usage of COFs in water treatment applications, 
including PFAS adsorption, several factors must be taken 
into consideration. For instance, microorganisms can have 
a variety of effects on the recyclability and performance of 
COFs in treatment systems, including biofouling, biodeg-
radation, regeneration, and structural stability. Although 
COFs are normally intended to be chemically stable, cer-
tain microbial communities may have the ability to biode-
grade or change the structure of COFs over time (Li et al. 
2023d). Furthermore, microbes can stick to the surfaces 
of COFs, resulting in biofouling. This can clog the pores 
of the COF, limiting its effectiveness and even affecting 
its structural integrity over time (Ampong et  al. 2024). 
Besides, microorganism-produced biofilms may inter-
fere with COF adsorption and filtering capacities. This 
may impact their performance and recyclability, neces-
sitating more frequent regeneration or replacement. To 
overcome these difficulties, efforts should be undertaken 
to improve COFs’ microbial resistance, such as integrat-
ing antimicrobial agents or designing COFs with struc-
tures that are less vulnerable to microbial activity. Lastly, 
regular maintenance, microbial growth monitoring, and 
effective regeneration processes will be critical to ensur-
ing COF effectiveness and recyclability in treatment sys-
tems. Moreover, COFs may perform even better in PFAS 
adsorption if they are integrated with other materials or 
technologies. Furthermore, interdisciplinary cooperation 
among chemists, environmental engineers, and material 
scientists might spur advancements in COF use and design 
for PFAS cleanup.

Conclusion

COFs have emerged as desirable candidates for the removal 
of PFASs from polluted sources. This is due to their spe-
cial qualities, which include large surface area, adjustable 
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porosity, various chemical functions, and regenerability. To 
selectively adsorb PFASs from polluted sources, COFs with 
excellent functionalities can be created by direct synthesis, 
post-synthetic modification, in situ synthesis, condensa-
tion reaction, and Schiff base condensation. Solvothermal 
synthesis is currently the main direct synthetic method, 
producing COFs with high efficiency for PFAS adsorption 
and tunable characteristics. The strong affinity of β-CD, 
amine-functionalised, porphyrin-based, ionic, and hydro-
phobic COFs for PFASs enables the efficient adsorption and 
removal of these persistent pollutants. Not only do COFs 
exhibit superior extraction efficiency, but they also demon-
strate superior PFAS selectivity. The electrostatic interaction 
between the positively charged sites on COFs and the nega-
tively charged functional groups on PFAS molecules facili-
tates easy adsorption or binding of PFAS onto the COF sur-
face can happen. Besides, through host–guest chemistry and 
hydrophobic interactions, COFs form inclusion complexes 
with PFASs, therefore improving their adsorption. Analysis 
of current literature suggests that ionic COFs and amine-
functionalised COFs tend to have higher PFAS adsorption 
capacities due to their functionalisation promoting strong 
interactions with these substances. Despite ongoing research 
into COF-based composite materials, their development is 
still in its early stages, with several challenges to overcome, 
including environmental compatibility and toxicity, long-
term stability and regeneration, and synthesis scalability, to 
improve their prospects in current and future research.
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