Volume 49
Number 3
7 February 2020
Pages 647-1034

Chem Soc Rev

Chemical Society Reviews

rsc.li/chem-soc-rev

»

ISSN 0306-0012

»
ROYAL SOCIETY
REVIEW ARTICLE
OF CH EMISTRY Yao Chen, Zhenjie Zhang, Shengqgian Ma et al.

Covalent organic frameworks for separation applications

(



¥ ROYAL SOCIETY
PP OF CHEMISTRY

Chem Soc Rev

View Article Online
View Journal | View Issue

REVIEW ARTICLE

Covalent organic frameworks for

\'.) Check for updates‘
separation applications

Cite this: Chem. Soc. Rev., 2020,

49,708 Zhifang Wang,1°¢ Sainan Zhang,1® Yao Chen,

Shenggian Ma () *¢

*3C 7henjie Zhang (2 **© and

Covalent organic frameworks (COFs) are an emerging class of crystalline porous polymers with highly
tuneable structures and functionalities. COFs have been proposed as ideal materials for applications
in the energy-intensive field of molecular separation due to their notable intrinsic features such as
low density, exceptional stability, high surface area, and readily adjustable pore size and chemical
environment. This review attempts to highlight the key advancements made in the synthesis of COFs for
diverse separation applications such as water treatment or the separation of gas mixtures and organic
molecules, including chiral and isomeric compounds. Methods proposed for the fabrication of COF-
based columns and continuous membranes for practical applications are also discussed in detail. Finally,
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1. Introduction

Separation processes play an integral role in industry and our
daily life, involving processes such as distillation, crystallization,
concentration, and purification."”” However, these traditional
separation technologies are typically accompanied by high
energy consumption. For example, distillation alone accounted
for 10-15% of the world’s total energy consumption in 2016
making it one of the biggest contributing factors to global
environmental issues such as climate change.® Therefore,
developing alternative separation techniques with low energy
consumption would decrease the global energy demand, with
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subsequent benefits to the environment. Adsorption-based and
membrane-based technologies have attracted increasing atten-
tion and demonstrated great potential in industrial processes
due to their advantages such as high efficiency, easy operation,
low energy consumption and environmental sustainability.” ™
The separation media for adsorption-based and membrane-
based technologies were previously consisted of conventional
porous materials including activated carbon,™®'* zeolites,"*®
hyper-cross-linked polymers (HCPs),"”'® conjugated micro-
porous polymers (CMPs),"*>" porous organic polymers
(POPs)**** and metal-organic frameworks (MOFs).”*>®* Among
them, crystalline materials, especially MOFs and zeolites,
often show superior separation performance over amorphous
materials (e.g. activated carbon and PAFs) due to their ordered
structures, tunable pore size, high surface areas, etc.>?7°
For instance, MOFs have created many benchmarks for
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hydrocarbon separations among all porous materials.’”™*?
Recently, covalent organic frameworks (COFs) have emerged as
a new generation of crystalline framework materials,**** which
can be considered as a sister material to MOFs,**>* constructed
from pure organic building blocks using the design principles
of ‘reticular chemistry’.>*>° However, using COFs as the separa-
tion media is still relatively understudied compared with
MOFs due to their synthetic challenges and comparatively low
crystallinity.®°~®>

Since the pioneering work of Yaghi and co-workers in
2005,% a great variety of COFs have been reported, including
boroxine-linked,®* boronate ester-linked,®® imine-linked,>*°°
hydrazone-linked,*” azine-linked,’® B-ketoenamine-linked,*>”®
triazine-linked,”"”?> imide-linked,”® phenazine-linked,”* and
sp>-carbon linked COFs”>”® (Fig. 1). Their well-defined crystal-
line structures, low density, good chemical stability, large
surface area, and facilely-tailored functionalities have endowed
COF materials with unique properties and great potential in
diverse applications, such as catalysis,”” ®® gas adsorption,®'
separation,® drug delivery,®>®** functional devices®> and
supercapacitors.**®” Among them, the separation application
of COFs is attracting particular attention due to the distinct
structural features of COFs (e.g. ordered pore channels, uniform
pore size) and facile membrane formation.®*®* Generally,
COF-based separation methodologies can be divided into
two categories: packed bed separation (adsorption-based) and
membrane-based separation. In packed bed separation, a multi-
component mixture passes through fixed-bed adsorbers or a
column packed with adsorbents to afford a single-component
product based on the differences in adsorption capability among
components towards the adsorbent. For membrane separation,
COF membranes can separate the mixtures based on differences
in the diffusion rates between each component, or based on
molecular sieving effects between the mixture and the COF
materials. Over the past decade, COFs have been reported for
various separation applications including methane purification,*
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Fig. 1 The classic reactions used for the construction of COFs.

separation of hydrogen isotopes,®® carbon dioxide/nitrogen
separation,’® hydrogen purification,”* homologue separation,’
water treatment,”® chiral separation,” organic molecule
separation,” and removing acetylene from ethylene (Fig. 2).%°
This review will give a comprehensive survey on current
research progress regarding the separation applications of
COFs, which covers packed bed systems for adsorption-based
separations and membrane-based separations. The state-of-the-
art and strategies used for COF-based separation applications
have been summarized, as well as a perspective of the existing
challenges and future directions for COF research in separation
is provided.
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2. Strategies to utilize COFs for
separation application

There are three different mechanisms predominantly involved
in the transport of mixtures across porous materials: separation
due to thermodynamic equilibrium arising because of differing
adsorbate-adsorbent interactions, kinetic separation due to
differing diffusion rates, and molecular sieving by size and/or
shape exclusion. Packed bed separation is a typical adsorption-
based separation method whereby selectivity arises from the
thermodynamic equilibrium established upon interactions
with adsorbing molecules, resulting in separation. Pore size
and functionality play key roles in the separation performance
of COFs. The functionality of COFs can be specifically tuned by
introducing various functional sites on the organic building
blocks via either pre-synthetic or post-synthetic modification.
This allows a high degree of control over host-guest interac-
tions to improve the adsorptive selectivity of COFs and facilitate
the separation processes. Compared with other crystalline
framework materials such as zeolites and MOFs, COFs possess
one distinct advantage, i.e. facile membrane formation. The
superior membrane performance and the selectivity of COFs
can originate from the size-based selectivity or differing diffu-
sion rates (kinetic separation). Tailoring the pore size of COFs
can easily adjust the application of the kinetic-separation-based
membranes from microfiltration to nanofiltration, and further
to ultrafiltration. For a precisely defined aperture, COFs can be
controlled in a large range of ways for separation of guest
molecules with different van der Waals volumes. In this
section, several strategies to prepare suitable COFs for separation
application are discussed: (1) tailoring the pore size or shapes
of COFs; (2) modifying pore surfaces with functional groups;
(3) fabricating COF membranes.

2.1 Tailoring the pore size or shapes of COFs

The most efficient and convenient strategy to adjust the per-
formance of separation media is to modify their pore size and
shapes. Most COF materials are prepared via polymerization of
rigid building blocks to create extended porous structures. The
pore shape of COFs is determined by the topology of the porous
networks, while pore size is governed by the length of the
building blocks. For example, trigonal planar (Cs;-symmetric)
linkers can co-condense with C;- or C,-symmetric monomers to
form two-dimensional (2D) sheets with a hexagonal topology,
while tetragonal linkers co-condense with C,- or C,-symmetric
monomers mainly to form a tetragonal topology.”” In 2D COF
structures, these 2D sheets stack via w---m interactions to
generate pre-designed one-dimensional (1D) regular channels
running along the stacking direction. Other than 2D COFs,
three-dimensional (3D) COFs are also possible; however, they
are still very rare and limited to ~7 topologies.*®°” Therefore,
the current studies using COFs for separation application
mainly focus on 2D COFs.

Within 2D COF structures, changing the length of building
units may allow pore sizes to vary from micropores to mesopores
(Fig. 3). For example, boroxine-linked COF-1 with a 1.5 nm pore

This journal is © The Royal Society of Chemistry 2020
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diameter was prepared by the heating of 1,4-benzenediboronic
acid at 120 °C for 72 h. Condensation of 1,4-benzenediboronic
acid and hexahydroxy triphenylene (HHTP) resulted in boro-
nate ester-linked COF-5 which offered a larger pore of 2.7 nm.*
When using the much longer monomer of 4,4’-diphenylbuta-
diynebis(boronic acid), a HHTP-DPB COF with a pore diameter
of 4.7 nm was obtained.’® Along the same line, Banerjee and
coworkers™ synthesized a series of COF thin films with pore
diameters ranging from 1.4 nm to 2.6 nm by adjusting the
molecular structure and length of the organic linkers.

Up to now, the pore size of reported 2D COFs typically has
ranged from 0.64 nm to 5.8 nm, which were all larger than
the kinetic diameter of targeted separating molecules such
as gas (0.25-0.5 nm), water (0.26 nm) and C1-C4 alcohols
(0.38-0.51 nm). To achieve high separation efficiency, the
introduction of large side groups into COFs has proved to be
an efficient approach to reduce the pore size of COFs. Han and
co-workers”® used tetra-fluoroterephthalonitrile as the building
block to directly synthesize a perfluorinated covalent triazine-
based framework (FCTF-1). Compared with the unfluorinated
CTF-1, FCTF-1 displayed significantly reduced pore size, from
microporous to ultra-microporous (<0.5 nm), and resulted in
improved CO,/N, selectivity in a mixed gas breakthrough test.

This journal is © The Royal Society of Chemistry 2020

The direct integration of large side groups into COF struc-
tures is often challenging due to the increased steric hindrance
that hinders the crystallinity of the COF structures. Therefore,
post-synthetic modification is seen as an attractive method to
adjust the pore size of 2D COFs, as shown in the pioneering
work conducted by Jiang and co-workers in 2011."% In this
study, the azide-containing COF-5 was first synthesized by a
three-component condensation reaction with hexahydroxytri-
phenylene as the corner and a mixture of azide-appended
benzene diboronic acid and 1,4-benzenediboronic acid as the
pore walls (Fig. 4). Subsequently, the azide groups on the
COF walls were used in click reactions with alkynes to form
triazole-linked groups on the wall surfaces of COFs. When the
content of the triazole-linked groups increased from 5% to
100%, a sharp decrease in pore sizes from 3.0 nm to 1.2 nm was
observed for the modified COFs.

2.2 Modifying pore surfaces with functional groups

Besides pore shape and size, the pore environment also plays
an important role in the separation performance of COFs.
For example, Wang and co-workers'®" synthesized three iso-
structural 3D-TPB-COFs through the use of different functional
groups with -H, -Me, or -F substituents. The COFs’ pore
environments were precisely tuned that led to different selec-
tivities for CO, over N,. The introduction of functional groups
into COF pores can enhance the affinity and selectivity of COFs
towards target compounds. For example, attaching chiral
moieties onto the pore surfaces can endow achiral COFs with
chiral separation properties. As shown in Fig. 5, there are two
major approaches to introduce functional moieties into the
COF skeletons: a bottom-up synthetic approach'*'*® and a
post-synthetic modification approach.'**

The bottom-up approach has been proved to be a facile and
straightforward strategy to construct functional COFs. For this
approach, the pre-designed functional groups are first installed
on the monomers which then directly construct the target
COFs. The advantage of this approach is the fact that the added
functional groups can be homogeneously distributed along the

Chem. Soc. Rev., 2020, 49, 708-735 | 71
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COF surface and the number of functional groups can be
precisely adjusted. However, functional COFs are difficult to obtain
because the functional building block must simultaneously meet
the demand of structural regularity (e.g. structural crystallinity) and
porosity of the COFs. Nevertheless, the bottom-up strategy has
achieved some success in constructing functional COFs for
separation applications. For example, Yan and co-workers®
synthesized chiral COFs by a bottom-up strategy and developed
an in situ growth approach to prepare chiral COF capillary columns
for chiral separation (Fig. 6). In this study, an enantiomer of
(+)-diacetyl-l-tartaric anhydride was firstly utilized to react with
1,3,5-triformylphloroglucinol (Tp) to form chiral functionalized
building blocks, CTp. CTp was then co-condensed with a
diamine to afford chiral COFs which showed high resolution
for enantiomer separation. Rather than modifying the pore
surface with a neutral functional group, ionic COFs constructed
via incorporating cationic monomers in the framework were
also used as ideal materials for separation applications. In 2017,
Qiu et al'® synthesized two 3D ionic COFs with a 3-fold
interpenetrated network of dia topology. Condensation of
tetrakis(4-formylphenyl)methane as a tetrahedral neutral linker

712 | Chem. Soc. Rev., 2020, 49, 708-735

and diimidium bromide/ethidium bromide as linear ionic
building units afforded two novel 3D ionic COFs which not only
possessed remarkable CO, uptake capacities but also showed
quick removal of nuclear waste model ions and excellent size-
selective capture for anionic dye ions.

As large functional groups usually hinder the formation of
crystalline frameworks in the bottom-up synthesis approach,
a post-synthetic strategy has emerged as an alternative. This
approach allows for chemical and structural modification of
the pore environment while maintaining the high porosity and
crystallinity of the COF starting material. As a classic example
shown in Fig. 7, Jiang’s group'®® has utilized this strategy to
successfully prepare functional COFs via covalent bond for-
mation. They first synthesized 2D square-like porphyrin COFs
([HO]x9-H,P-COFs) as a scaffold with phenol units on the pore
walls to demonstrate structural functionalization of COFs.
Carboxylic acid groups can be decorated on the inner channel
walls of the COFs by a ring-opening reaction with succinic
anhydride which was shown to enhance the adsorption capacity
for CO,.

2.3 Fabricating COF membranes

Membrane separation has demonstrated many advantages in the
field of separation such as energy-efficiency, easy operation, low
cost, and environmental friendliness."”"'® The rational design
of COF-based membranes for precise and rapid membrane
separation has attracted continuous attention in the past decade.
According to the components, COF membranes can be divided
into two major types: COF-based mixed matrix membranes
(MMMs) and pure COF membranes.

2.3.1 COF-Based MMMs. COF-based MMMs are fabricated
via mixing COFs, in the form of nanoparticles or nanosheets,
with a polymer matrix. COFs as porous fillers are blended into
polymeric matrix membranes to gain additional passage for
gases, water, and solvents to pass through, and enhance the
permeability or selectivity. Compared to traditional inorganic
or inorganic-organic hybrid materials (e.g. MOFs and zeolites),
the pure organic nature of COFs endowed them with greater

This journal is © The Royal Society of Chemistry 2020
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compatibility with the polymer matrix used for membrane
preparation.""* For example, in a pioneering work,""* self-
supported TpBD@PBI-Bul and TpPa-1@PBI-Bul hybrid mem-
branes were fabricated via the solution casting method. In this
approach, spherical flower-like COF nanoparticles (TpBD and
TpPa-1) were firstly prepared as an active phase. The polymer
(PBI-Bul) solution in DMAc was mixed with the stock suspen-
sion of COFs by stirring and sonication to obtain a homo-
geneous suspension. The mixture was then poured on a clean
glass surface and baked at 85 °C for 16 h. The membrane

This journal is © The Royal Society of Chemistry 2020

was peeled off and vacuum dried at 100 °C for 24 h before
evaluating gas separation performance. The compatibility
between the ketoenamine-linked COFs and PBI-Bul was
remarkably improved by creating intermolecular interactions
between H-bonded benzimidazole groups of PBI and COFs.
Because the COF pores (1.8 nm for TpBD and 1.5 nm for TpPa-1)
are much larger than the kinetic diameters of gases (3.3 A for
CO,, 3.8 A for CH,), molecular sieving of gas molecules is not
really expected from these COFs. Introduction of porous COF
particles into polymers can lower the diffusion resistance and

Chem. Soc. Rev., 2020, 49, 708-735 | 713
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thus elevate gas permeability. The TpBD(50)@PBI-Bul-based
membranes showed the best CO, (14.8) and CH, (0.3) perme-
ability, with high CO,/CH, selectivity (48.7).

Along the same line, various COF-based MMMs, such as
COF-1,"** ACOF-1,"** NUS-2,'*® NUS-3,'** and SWM-1,''® have
been reported via a similar synthetic strategy and used for gas
separation or water purification and desalination in the past
three years. Very recently, Jiang and co-workers'"” proposed a type
of mixed-dimension COF membrane using 2D COF nanosheets
and 1D cellulose nanofibers (CNFs) as building blocks (Fig. 8).
Briefly, in the first step, a Schiff-base COF, TpTGCl, was prepared
by the condensation of triaminoguanidinium chloride (TGCI)
with 1,3,5-triformylphloroglucinol (Tp), and was then exfoliated
to obtain 2D nanosheets as the 2D component. TEMPO-oxidized
CNFs with abundant carboxylic groups on their surface were
employed as the 1D component. Subsequently, mixed-dimensional
TpTGCI@CNFs-X nanocomposites with a planar TpTGCl
nanosheet covered with dense networks of 1D CNFs were formed
via blending the TpTGCl and CNFs in an aqueous solution,
which can be easily dispersed in water to form a stable colloidal
solution. Finally, a dense and defect-free TpTGCI@CNFs-X
membrane was fabricated by a vacuum-assisted self-assembly
on a polyacrylonitrile (PAN) substrate. By just varying the volume
of the filtrate, their thickness can be tuned from dozens of
nanometers to a few microns. Notably, the sheltering effect of
CNFs was to effectively reduce the size of pores of the TpTGCl
framework from 1.3 nm to 0.45-1.0 nm, which resulted
in membranes capable of precise molecular sieving for salt
rejection, alcohol dehydration, and dye rejection. Furthermore,
the mechanical strength of the TpTGCI@CNFs-X membranes
was improved compared with the pristine CNF membrane and

714 | Chem. Soc. Rev., 2020, 49, 708-735

the pristine TpTGCl membranes owing to the multiple interactions
between the 2D membrane and 1D nanofibres.

Although the MMM approach showed advantages such as
feasible operation and high generality to various COFs, the insuffi-
cient interfacial compatibility between COF nanofillers and polymers
would often result in the occurrence of voids and defects, forming
discontinuous membranes, which cannot fulfil the potential of the
pore structure of COFs for membrane separation. Moreover, the
poor interaction between the polymer matrix and fillers causes
the precipitation and agglomeration of fillers during membrane
formation and reduces the mechanical performance and process-
ability of the polymer. Therefore, rational design and fabrication of
continuous and pure COF membranes is an alternative approach to
maximize the advantages of the pore structures of COFs as so to
achieve the optimized separation performance.

2.3.2 Pure COF membranes. The bottom-up strategy has
been widely used for the fabrication of continuous COF mem-
branes or thin films."***> Dichtel and co-workers'** pioneered
research on the growth of continuous COF films on substrates
via a bottom-up method under solvothermal conditions. Briefly,
HTTP (16 mg, 0.049 mmol) and 1,4-phenylenebis(boronic acid)
(25 mg, 0.15 mmol) were added to a 15 mL cylindrical pressure
vessel and were suspended in a mixed solution of mesitylene and
dioxane (v/v 1:1; 1.0 mL). The mixture was sonicated for 30 min
and a single-layer graphene (SLG)/Cu substrate was added. The
sealed vessel was heated at 90 °C to form continuous COF-5 thin
films on the graphene surface (Fig. 9). Synchrotron X-ray diffrac-
tion analysis demonstrated that the formed COF-5 films exhibited
high crystallinity in comparison with the powdery samples.
Particularly, this study showed that various supporting sub-
strates can be applied, such as SLG/SiO, and SLG/SiC.
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Fig. 9 Solvothermal condensation of HHTP and 1,4-phenylenebis-
(boronic acid) in the presence of a substrate-supported SLG surface
providing COF-5 as a film on the graphene surface. Reproduced with
permission from ref. 123. Copyright 2011, American Association for the
Advancement of Science.

To date, significant works have been done toward the develop-
ment of continuous COF membranes on various supports and
interfaces including MOFs and Al,O; via the bottom-up strategy
to achieve mixture separation.’™'?*'?®> However, these COF
membranes show limited applications due to their requirement
of physical supports. Recently, methods including interfacial
polymerization,'®®'*” the use of p-toluene sulfonic acid (PTSA)
as a molecular organizer'*® and vacuum filtration'*® have been
employed to fabricate pure COF membranes. Banerjee and
co-workers®? first reported a bottom-up interfacial crystallization
method to prepare thin films under ambient conditions (Fig. 10).
In this study, three layers of solvents were employed to fabricate
COF thin films in a glass beaker. For example, 100 mL of

%R X

Tp-Tta Tp-Ttba Tp-Bpy Tp-Azo

Fig. 10 (a) Schematic representation of the interfacial crystallization process
used to synthesize the Tp—Bpy thin film. (b) SEM and (c) AFM images of the
synthesized Tp—Bpy thin film. (d) Structures of COFs. Reproduced with
permission from ref. 93. Copyright 2014, American Chemical Society.
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dichloromethane containing Tp (0.075 mmol) as a bottom
layer, 60 mL of pure water as the middle layer, and Bpy
(0.112 mmol)-PTSA (0.224 mmol) salt dissolved in 100 mL of
water (70 mL of water and 30 mL of acetonitrile) as the topmost
layer were employed to fabricate Tp-Bpy thin films. A liquid-
liquid interface was then formed between the immiscible water
and dichloromethane. The Tp-Bpy thin films were grown by the
polycondensation of Tp with Bpy-PTSA at the interface under
static conditions for 72 h. Hydrogen bonding within the PTSA-
amine salt solution decreased the diffusion rate of amine
building blocks allowing the reaction rate to be minimized
for thermodynamically-controlled crystallization to avoid the
formation of amorphous polymers. Notably, these freestanding
membranes can be transferred to various substrates to realize
further applications. For example, the Tp-Bpy membrane, with
a highly porous structure displayed remarkable solvent-permeance
and solute-rejection performance.

Most of the freestanding COF thin films or membranes
have been obtained by polymerization based on small rigid
monomers; however, they typically show relatively weak
mechanical properties that greatly hinder their further applica-
tion. In order to improve mechanical performance, we first
used linear polymers as building blocks to synthesize a series
of polymer-covalent organic framework (polyCOF) hybrid
membranes.'*® In this study, poly,COF-42 membranes were
prepared by a three-component condensation reaction of 1,3,5-
triformylbenzene (TB) with a PEGylated linear polymer (DTH-
400 or DTH-600) and 2,5-diethoxyterephthalohydrazide (DTH)
in a designated molar ratio (x = 1/6, 2/6, 3/6, 4/6, 5/6 and 6/6) via
an interfacial polymerization at room temperature (Fig. 11).
The hydrazine moieties (DTH + DTH-400) (total amount:
0.0375 mmol) were first dissolved in a mixed solution of H,O

poly,COF-400

\L
poly, . COF-400
¢ Ci Bl
36 Domass‘x‘e ue
40 | e !
5
—_ 2% e " G
£ g N
56 13 1
320 B B ! —
3 L
£ '
@40 o
e < Poly,<COF-400
0 0 b
0 2 4 6 8 10 12 14 Methyl Orange

Strain (%)

Fig. 11 (a) Strategy to fabricate polyCOF membranes via a three-
component condensation. (b) Comparison of the mechanical properties
of COF-42 vs. poly,,sCOF-42. (c) Stress—strain curves of poly,COF-42
membranes with different polymer contents (x = 1/6, 2/6, 3/6, 4/6, 5/6, 1)
compared with the COF-42 membrane. (d) Separation of Coomassie
brilliant Blue R-250 and methyl orange dye solution by filtration with a
poly,,6COF-42 membrane. Reproduced with permission from ref. 130.
Copyright 2019, American Chemical Society.
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and dioxane (v/v 1:1; 2.0 mL) as a bottom layer in the beaker.
Meanwhile, TB (0.025 mmol, 4.0 mg) was dissolved in a mixed
solvent of 3 mL of mesitylene and 525 pL of CH;COOH as
an upper layer. The polymerization reaction of aldehyde and
hydrazine takes place at the interface to afford polyCOF
membranes at room temperature under static conditions for
48 h. The obtained polyCOF membrane not only inherited the
advantages of COFs such as high crystallinity and porosity
but also inherited the advantages of polymers such as good
processability and high mechanical performance comparable to
some commercial or classic polymeric membranes (e.g., PVDF,
PIM-1). Furthermore, the introduction of PEGylated polymer
linkers into polyCOF membranes was found to effectively tailor
COF pore sizes (from 2.4 nm to 1.3 nm), endowing the mem-
branes with a molecular sieving effect for molecular separation.
A mixed feed of methyl orange (M,, = 327 g mol '; ~1.1 nm x
0.4 nm) and Coomassie brilliant blue R-250 (M,, = 854 ¢ mol };
~1.8 nm x 2.3 nm) was passed through the poly,,sCOF-400
membrane. It selectively allowed the passage of methyl orange
and completely rejected the large size of Coomassie brilliant
blue R-250.

Recently, 3D-printing technology™*' has been successfully applied
to the fabrication of robust heterogeneous COF monoliths. In this
study, Pluronic F127 as a 3D-printing template was introduced
to co-assemble with imine polymers in an aqueous environ-
ment to afford 3D-printable hydrogels. After the removal of
F127 and solvent annealing, the 3D printed COF monoliths
possess good structural integrity, high crystallinity, hierarchical
pores with high surface areas, and robust mechanical stability.
This approach provides a facile method to fabricate complex
COF devices, which could be used for future separation appli-
cations that require sophisticated 3D architectures.

3. Separation applications of COFs

COF-based adsorbents and membranes have been developed as
multifunctional materials for diverse separation applications.
According to the flow media of application fields, they are mainly
classified into two categories: gas phase separation and liquid
phase separation. In this section, the typical and emerging
applications of COF-based separation media will be highlighted
and discussed.

3.1 Gas phase separation

In the past decade, COFs have been touted as ideal materials
for gas capture and separation applications. Some specific
topics of gas separations in the petrochemical industry have
been widely investigated, including hydrocarbon separation,
CO, separation capture, separation of hydrogen isotopes,
and H, purification. Usually, the adsorption of gas molecules
mainly depends on the adsorption affinity between the gas
molecules and pore walls. For pore size, especially nearing the
size of the gas molecules, there will be additional interaction
from the pore wall as well as the gas molecules adsorbed to
the other sides. In order to specifically adsorb a certain gas
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molecule especially for gas separation, porous materials could be
designed to possess pore size nearing the size of the gas molecule.
In this section, the typical gas separation applications of COFs are
highlighted and discussed in detail.

3.1.1 Carbon dioxide separation. Carbon dioxide (CO,)
capture and sequestration have attracted tremendous research
attention due to growing concern about environmental issues
such as air pollution and global warming."*>™** Post-combustion
flue gas at power plants, a major source of CO, emission, typically
contains 15% CO, and 85% N,. Because CO, and N, possess very
close kinetic diameters of 3.3 A and 3.64 A, it is difficult to separate
these two gases via molecular sieving. Therefore, adsorption-based
separation methods, such as pressure swing adsorption, are the
most efficient processes.”*>*° Developing new adsorbents with
high CO, capacity and good CO,/N, selectivity is a prime focus in
this field."*"**> Considering the different features of CO, and N,
(quadrupole moments and polarizabilities), it is reasonable to
design and synthesize CO,-philic materials by introducing strongly
basic sites such as imines, amines, triazines, and tetrazoles into
the skeleton. Due to the low density, high porosity, and facile
functionality, COFs have demonstrated high potential for
CO,/N, separation. Examples of COFs and their applications
in CO,/N, separation are summarized in Table 1. Among all
reported COFs, nitrogen-rich COFs are considered to be ideal
materials for CO, storage and separation, because the porous
backbone with amine groups can improve the affinity to CO,
and increase the CO, uptake capacity and selectivity.

In 2012, Banerjee’s group™*? first synthesized two chemically
stable COFs (TpPa-1 and TpPa-2) using reversible and irrever-
sible routes to investigate CO, adsorption. TpPa-1 with a BET
surface area of 535 m> g ' was constructed from Tp with
p-phenylenediamine (Pa-1) via the solvothermal synthesis show-
ing a CO, uptake of 78 cm® g~ " at 273 K and 1 bar. Surface area,
pore volume, and pore size play a significant role in the gas capture
capability of COFs. For example, Wei and co-workers'** synthesized
TpPa-COF (MW) using a microwave-assisted solvothermal method
which showed better crystallinity and higher BET surface area
(725 m> g7') than the one prepared by conventional solvo-
thermal synthesis (TpPa-1). The uptake of CO, of TpPa-COF
(MW) was measured to be 111 cm® g™ at 273 K, which was
much higher than that of TpPa-1 (78 cm® g~ '). Notably, the
isosteric enthalpy of adsorption (Qs) was 34.1 kJ mol ™" at zero
coverage and the adsorption selectivity for CO,/N, calculated
via the IAST (Ideal Adsorbed Solution Theory) method was 32 at
273 K. The high adsorption selectivity for CO,/N, has been
mainly attributed to the high surface area and the abundant
N-H sites on the pore wall of TpPa-COF (MW) which can
favourably interact with the polarizable CO, molecules through
weak interactions such as hydrogen bonding interactions.

Recently, Lai and co-workers'*® synthesized thermally and
chemically stable chlorine-functionalized CAA-COF-1 and
CAA-COF-2 via a Schiff base condensation reaction involving
2,5-dichloro-1,4-phenylene diamine or 3,3’-dichlorobenzidine
dihydrochloride with Tp. Notably, the as-synthesized CAA-COF-1
materials showed enhanced CO, adsorption capacity (by almost
28-44%) compared to their non-chlorinated counterparts

This journal is © The Royal Society of Chemistry 2020
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COFs BET surface [m* g '] Pore size [nm] CO, uptake [em® g~ '] Qst [K) mol ] CO,/N, Selectivity ~ Ref.
TaTp-1 535 1.3 78 — — 143
TaTp-COF (MW) 725 1.3 111 34.1 32 144
ACOF-1 1176 0.94 90 27.6 40° 90

COF-JLU2 415 0.96 110 31.0 77 150
N-COF 1700 1.1 61.2 — — 146
COF-TpAzo 1286 2.58 53.76 32.0 145 154
[HO],50,-H,P-COF 1054 2.5 27 32.2 — 106
[HO|500,-H,P-COF 1089 2.5 23 29.4 — 106
[HO,509,-H,P-COF 1153 2.5 26 31.5 — 106
[HOJ; 609-H,P-COF 1284 2.5 32 36.4 8 106
[HO,C],50,-H,P-COF 786 2.2 49 38.2 — 106
[HO,C]5006-H,P-COF 673 1.9 68 39.6 — 106
[HO,C],50,-H,P-COF 482 1.7 80 41.2 — 106
[HO,Cl0095-H,P-COF 364 1.4 89 43.5 77 106
[Et],5-H,P-COF 1326 2.2 28 15.5 — 155
[Et]50-H,P-COF 821 1.9 23 15.3 — 155
[Et],5-H,P-COF 485 1.6 21 15.6 — 155
[Et]100-H,P-COF 187 1.5 19 15.3 — 155
[MeOAc],5-H,P-COF 1238 2.1 43 16.4 — 155
[MeOAc]5o-H,P-COF 754 1.8 45 17.4 — 155
[MeOAc],5-H,P-COF 472 1.5 42 16.7 — 155
[MeOAc];0o-H,P-COF 156 1.1 33 17.8 — 155
[AcOH],5-H,P-COF 1252 2.2 48 17.7 — 155
[AcOH]5-H,P-COF 866 1.8 60 17.8 — 155
[AcOH];5-H,P-COF 402 1.5 55 18.3 — 155
[AcOH], 4p-H,P-COF 186 1.3 49 18.8 — 155
[EtOH],5-H,P-COF 1248 2.2 47 18.2 — 155
[EtOH]s50-H,P-COF 784 1.9 63 19.7 — 155
[EtOH],5-H,P-COF 486 1.6 60 19.2 — 155
[EtOH]; o-H,P-COF 214 1.4 43 19.3 — 155
[EtNH, ,5-H,P-COF 1402 2.2 59 20.4 — 155
[EtNH, ]50-H,P-COF 1044 1.9 80 20.9 174 155
[EtNH,],5-H,P-COF 568 1.6 68 20.8 — 155
[EtNH,];0o-H,P-COF 382 1.3 49 20.9 — 155
CAA-COF-1 841 1.31 128 29.9 67" 145
CAA-COF-2 723 1.86 60 29.5 517 145
3D-IL-COF-1 517 0.83 27.2¢ — 24.6 161
3D-IL-COF-2 653 1.07 38.7° — 24.0 161
3D-IL-COF-3 870 1.24 25.1° — 24.4 161
3D-COF-1a 596 — — — 7.1 161
3D-IL-COF-1b 537 — — — 43.6 161

“ Unless otherwise stated, the CO, capacity was measured at 273 K and 1 bar. ? Determined using IAST with CO,/N, (10:90 v/v) at 298 K and 1 bar.
© Determined using IAST with CO,/N, (10:90 v/v) at 273 K and 1 bar. ¢ Determined using IAST with CO,/N, (15: 85 v/v) at 298 K and 1 bar. ° The

CO, capacity was measured at 298 K and 1 bar.

(TpPa-1 and TpBD), which can be attributed to the dipolar
interactions between electron-rich chlorine atoms and electron-
deficient carbon atoms of CO, (Fig. 12). The calculated Qg
values for CO, were 29.9 k] mol~* (CAA-COF-1), 26.3 k] mol *
(TpPa-1), 29.5 k] mol " (CAA-COF-2), and 28.3 k] mol " (TpBd),
respectively, at zero loading. The IAST adsorption selectivity for
CO,/N, (273 K) was 83 (CAA-COF-1), 64 (CAA-COF-2), 53 (TaPa-1)
and 44 (TpBd), for a 10/90 CO,/N, gas mixture. Column break-
through experiments were further performed to validate the CO,/
N, separation ability of CAA-COFs under dry and humid mixed
gas conditions. Under dry mixed gas conditions, CAA-COF-1
exhibited a breakthrough selectivity of 95 for CO,/N, (10/90 gas
mixture), whereas for CAA-COF-2, the CO,/N, selectivity was 54
under the same conditions.

In 2015, Zhao’s group'*® reported an imine-based nitrogen-
rich COF (N-COF) via a Schiff base reaction of two triangular
building units of 1,3,5-triformylbenzene and 2,4,6-tris(4-amino-
phenyl)-1,3,5-triazine (TAPB). The CO, uptake capacity of

This journal is © The Royal Society of Chemistry 2020

N-COF at 1 bar was 61.2 cm® g~ " and 32.4 cm® g~ " for 273 K
and 298 K, respectively. By contrast, the N, uptake capability
was only 3.6 cm® g~ (1 bar, 273 K), indicating a high adsorp-
tion selectivity toward CO, over N,.

Among COFs with various bond linkages, the azine-linked
COFs are good candidates for CO, capture due to the strong
interaction of CO, with the azine linkages via the nitrogen
atoms with lone pair electrons which can effectively enhance
the adsorption capacity. Liu and co-workers®® synthesized an
azine-linked COF (ACOF-1) by the co-condensation of 1,3,5-
triformylbenzene with hydrazine hydrate under solvothermal
conditions. The BET surface area of ACOF-1 was calculated to
be 1176 m* ¢~ and the total CO, uptake capacity was 17.7 wt%
at 273 K and 1 bar, which was higher than those of some
reported COFs like TDCOF-5 (9.2 wt%, SABET = 2497 m”> g~ 1),
ILCOF-1 (6.0 wt%, SABET = 2723 m* g~ ),"*®* COF-103 (7.6 wt%,
SABET = 3530 m®> g '),"*® and COF-5 (5.9 wt%, SABET =
1670 m> g~ ")"*® under the same test conditions. The Q value
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Fig. 12 (a) CO, and N adsorption isotherms at 273 K and fitted data for
CAA-COF-1, TpPa-1, CAA-COF-2, and TpBd; (b) CO,/N, IAST selectivity
at 273, 298 and 323 K for a 10/90 CO,/N, feed mixture; (c and d)
column breakthrough experimental results for CAA-COF-1 and -2 using
a 10/90 CO,/N, feed mixture under dry and humid conditions at 298 K.
Reproduced with permission from ref. 145. Copyright 2018, Royal Society
of Chemistry.

for CO, was 27.6 k] mol ™" at zero coverage, calculated from the
adsorption isotherms at 273 and 298 K. The IAST selectivity for
CO,/N, was 40 at 273 K. The good adsorption selectivity for CO,
over N, can be attributed to the abundant nitrogen atoms on
the pore wall of ACOF-1, which can enhance the binding affinity
to CO,.

Along the same line, the same group'® reported an azine-
linked COF (COF-JLU2) with abundant heteroatom sites in the
COF skeleton through a condensation reaction of Tp and
hydrazine hydrate (Fig. 13). Remarkably, COF-JLU2 showed a
CO, uptake of 21.7 wt% at 273 K and 1 bar, which is not only
higher than those of some reported COFs such as COF-103,
TDCOF-5 and ACOF-1, but also comparable to those of some
amorphous porous organic polymers such as CPOP-1 (21.2 wt%,
BET = 2220 m”> g '),"" imine-linked porous polymer PPF-1
(26.7 wt%, BET = 1740 m” ¢~ *),"** and azo-linked polymer ALP-1
(23.6 wt%, BET = 1235 m”> g ').">® The Qy of COF-JLU2 for
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Fig. 13 (a) Schematic representation of the synthesis of COF-JLU2.
(b) Top and side views of the AA stacking structure of COF-JLU2.
(c) CO, sorption measurements for COF-JLU2. (d) Isosteric heats of
adsorption for COF-JLU2. Reproduced with permission from ref. 150.
Copyright 2015, Wiley-VCH.
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CO, was 31 k] mol ™" at low coverage which was higher than the
value reported for ACOF-1 (27.6 k] mol ). Furthermore, the
estimated adsorption selectivity for CO,/N, was 77, as deter-
mined by Henry’s law in the 0 to 0.1 bar pressure range, which
surpassed most carbon-based materials such as ACOF-1 (40)
or imine-linked porous polymers PPFs (21). COF-TpAzo,"** an
azo-based (N=N) COF, was synthesized as a stable ‘CO,-philic’
and ‘N,-phobic’ adsorptive separation material via a Schiff base
condensation reaction between 4,4’-azodianiline and Tp. The CO,
adsorption capacity of COF-TpAzo reached up to 105.6 mg g~ .
The high adsorption can be attributed to the cooperative interac-
tions between CO, molecules and azo/imine groups in the COF
skeleton. The Q, for CO, can reach up to 32.0 kJ mol~' at zero
coverage. Based on the initial slope calculation in the low pressure
range, COF-TpAzo exhibited high adsorption selectivities for
CO,/N, of 127 at 273 K and 145 at 298 K.

Anchoring functional groups on the pore walls that can
interact with CO, is also an effective strategy to increase the
adsorption capacity and separation efficiency. For example,
Jiang’s group'®* introduced carboxylate groups onto the pore
surface of COFs by a post-synthetic modification approach to
increase the affinity towards CO,. Adopting a similar strategy,
the same group'® introduced alcohol, alkyl chains, carboxylic
acid, ester, and amine units onto the pore wall of an imine-
linked porphyrin COF through click reactions between the azide
compounds and ethynyl units (Fig. 14). The pore surface engi-
neering resulted in a decrease of the BET surface area, pore size,
and pore volumes of functionalized COFs compared with their
parent COFs. For example, as the ethyl content x in [Et]x-H,P-
COFs increased from 25 to 100, the BET surface area decreased
from 1326 to 187 m” g, the pore volume changed from 0.55 to
0.18 cm® ¢, and the pore size decreased from 2.2 to 1.5 nm.
Similarly, [MeOAc]xH,P-COFs, [EtNH,]x-H,P-COFs, and [AcOH]x-
H,P-COFs also showed the same tendencies. Introducing ethyl
units onto the pore walls, the resulting [Et]y-H,P-COFs with low
CO, adsorption capacities were similar to the [HC = C]x-H,P-COFs.
But introducing ester units ([MeOAc]y-H,P-COFs), hydroxyl groups
([EtOH]x-H,P-COFs), carboxylic acid groups ([AcOH]x-H,P-COFs),
and amino groups ([EtNH,]x-H,P-COFs), these COFs exhibited
enhanced CO, adsorption capacities. The Qg value of CO,
increased in the order [EtNH,]-H,P-COFs (20.4-20.9 kJ mol ") >
[EtOH]-H,P-COFs (18.2-19.3 k] mol™') > [AcOH]y-H,P-
COFs (17.7-18.8 k] mol ") > [MeOAc]-H,P-COFs (16.4-
17.8 k] mol™') > [HC=C]xH,P-COFs =~ [Et]y-H,P-COFs
(15.3-16.8 kJ mol *). Breakthrough simulations of [EtNH,]s,-
H,P-COFs had a breakthrough time of 25, which was much
longer than that of [HC = C]5,-H,P-COFs (7).

In addition, COF-based membranes for CO,/N, separations
have been reported.”*™® A computational study based on
few-layered 2D-COF membranes was conducted to explore
their capability for CO,/N, separations in 2016."° This study
revealed that the narrow interlayer passages formed between
the stacked nanosheets have a ‘gate-closing’ effect on the
selective transport of molecules. Tuning the stacking modes
of COF nanosheets to construct a favorable energetic micro-
environment resulted in a high permeability of CO, and a high
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CO,/N, selectivity. In 2017, an experimental study of CO,/N,
separation by the PEBA-based MMMs with 1 wt% COF nanosheet
clusters showed a high CO,/N, gas selectivity of 64."°°

3.1.2 Methane purification. Methane (CH,) is a promising
substitute for conventional fossil fuels due to its advantages
such as abundant natural reserves and low pollution.'¢*"*¢*
However, CH, is usually contaminated with CO, which will
reduce its heat value and energy content. Therefore, it is
desirable to remove CO, from CH, before transporting and
utilizing natural gas. The adsorption-based separation method has
demonstrated high potential for this separation process.'®>™"*° For
instance, nitrogen-rich COFs not only can selectivity capture CO,
over N,, but also have a high adsorption selectivity for CO,/CH, due
to the relatively low adsorption capacity of CH, under ambient
conditions. The IAST sorption selectivity for the CO,/CH, mixture
calculated for COF-TpAzo, COF-JLU2, ACOF-1, CAA-COF-1, and
CAA-COF-2 are 39, 4.1, 37, 29 and 19 at 273 K, respectively.

Besides adsorption-based separation, COF-based membrane
separation has also been performed for CO,/CH, separation.
In 2018, Caro and co-workers'>* reported a continuous 2D
azine-linked ACOF-1 membrane on a porous a-Al,Oz support
for CO,/CH, separation (Fig. 15). Due to the synergistic effect of
effective molecular sieving of CH, and excellent CO, adsorption
capacity by stacked pores of ACOF-1, this membrane exhibited
a high selectivity of 86.3 for the CO,/CH, mixed gas and a favorable
CO, permeance of about 9.9 x 10~ ° mol m~>s™" Pa~". The overall

This journal is © The Royal Society of Chemistry 2020

performance exceeded the Robeson upper bound (2008) for
CO,/CH,. Moreover, this COF membrane demonstrated long-
term operational and high hydrothermal stability owing to the
strong covalent azine bonds.

In addition, the separation of C2 hydrocarbon (C,H, and
C,H,) from CH, has also aroused tremendous attention. For
example, Zhu and co-workers®® synthesized a new microporous
3D COF, namely, MCOF-1. The uptake values of MCOF-1 are 9,
36 and 44 cm? g’1 for CH,4, C,H,, and C,Hg, respectively, at
298 K and 1 bar. The Qg values of CH,, C,H,, and C,Hg are 15,
19 and 41 kJ mol ', respectively, at zero loading. Notably, the
IAST adsorption selectivity of MCOF-1 for C,H4s/CH, (88) and
C,H,/CH, (26) exceeds those of the previously reported porous
materials, such as UTSA-34b (18-24),"”° UTSA-35a (15-25),""
La-PCP (22 for C,H¢/CH, and 12 for C,H,/CH,)"”*> and mesoPOF
(25-40),"”% at 298 K and 100 kPa. The narrow pore size of
MCOF-1 (0.64 nm) does not allow C,Hs (0.44 nm) and CH,
(0.37 nm) to enter the pore channel at the same time. C,Hg
molecules first occupy most of the pore windows and suppress
the entry of CH, for MCOF-1 preferring C,He which leads to
exceedingly high selectivity for C,He/CH,.

As another example, Zhao et al.'”* prepared three isoreticular
COFs (N-COF, P-COF, and T-COF) via Schiff base condensation
reactions of 1,3,5-benzenetricarbaldehyde (BTCA) with three amine
monomers of different planarity: tris(4-aminotriphenyl)amine
(TAPA), TAPB and 2,4,6-tris(4-aminophenyl)-s-triazine (TAPT).
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The PXRD and BET surface area measurements revealed that
employing planar monomers can enhance the crystallinity and
porosity of the resultant COFs (T-COF). In addition, the uptake
values of CH, and C,H¢ for T-COF are higher than those of
N-COF and P-COF which are composed of non-planar linkages.
In terms of gas separation, the IAST adsorption selectivity of
N-COF (18.8) with the smallest pore size (~5.4 A) exhibited a
higher value than that of P-COF (12.1) and T-COF (10.0).

3.1.3 Separation of acetylene from ethylene. Unsaturated
C2 hydrocarbons such as acetylene (molecular size: 3.32 X
3.34 x 5.70 A) and ethylene (3.28 x 4.18 x 4.84 A) are essential
feedstocks in the petrochemical industry."”*>'”® C,H, is mainly
produced by petrochemical cracking processes, in which C,H,
is present as a trace by-product. The trace C,H, contaminant
must be removed before C,H, polymerization because it will
poison the polymerisation catalyst by the formation of solid
metal acetylides to block the fluid stream and even lead to
an explosion. Current techniques to remove acetylene from
ethylene include the partial hydrogenation of acetylene into
ethylene and organic solvent extraction.'”” These processes
suffer from high cost and low efficiency. On the other hand,
adsorptive separation of C,H, from the C,H,/C,H, mixture is a
promising alternative due to its much higher efficiency and
lower cost.

Recently, the utilization of COFs as adsorbents for C,H,/
C,H, separation has been proved to be a promising alternative
energy-efficient strategy.'”® For example, Han and co-workers'”
developed a porous COF, CTF-PO71, with functional sites on the
pore surface to address the C,H,/C,H, gas separation challenge.
The C,H, adsorption capacity of CTF-PO71 at 100 kPa was 104
and 74 cm® g~ " at 273 and 298 K, respectively, which are higher
than those of C,H, (78 and 49 cm® g ') under the same
conditions. The theoretical calculation results showed that
C,H, absorbed on all preventive sites (C—O group) on the pore
surface of CTF-PO71 offered a higher binding energy than C,H,.
Fixed-bed column breakthrough experiments were conducted
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to examine the real C,H,/C,H, separation performance. The net
breakthrough time of C,H, and C,H, was measured to be 7.77
and 1910 s, respectively, giving a C,H,/C,H, separation factor
of 246. Due to the stronger affinity of C,H, to CTF-PO71, C,H,
molecules preferentially occupied almost all the adsorption
sites and prevented C,H, from effective adsorption in the cases
of mixed gas that led to the high separation performance.
Zhu and co-workers®® synthesized a crystalline naphthalene
diimide COF (PAF-110) via imidization of triangular tris(4-amino-
phenyl)amine and linear naphthalene-1,4,5,8-tetracarboxylic
dianhydride. The adsorption isotherms of acetylene and ethylene
were measured at 273 K and 1 bar. The acetylene capacity of
PAF-110 was 3.48 mmol g~', which was around two times
higher than that of ethylene (1.61 mmol g~') under the same
conditions. The Qg values for acetylene and ethylene were
estimated using the Clausius-Clapeyron equation. The Qg
values for C,H, and C,H, were 38.4 and 22.6 k] mol™?,
respectively, at zero coverage. These results indicated that
PAF-110 had a higher affinity to C,H,. A computational study
suggested that the carbonyl oxygen atoms in PAF-110 have a
stronger electrostatic interaction with hydrogen atoms in acet-
ylene than in ethylene (Fig. 16). This result was consistent with
the adsorption data and calculated Qg. The IAST adsorption
selectivity of C,H, over C,H, ranged from 3.9 to 8.0 at 298 K,
which exceeded the selectivity (1.8 to 2.8) of CTF-PO71. Along
the same line, the same group'®® prepared PAF-120 using 1,3,5-
tris(4-aminophenyl) instead of TAPA to react with naphthalene-
1,4,5,8-tetracarboxylic dianhydride. The adsorption capacities of
PAF-120 for acetylene and ethylene were 3.50 and 1.89 mmol g™/,
respectively, similar to those of PAF-110. Notably, the adsorption
selectivity for C,H,/C,H, separation was 4.1, which was better
than that of PAF-110 (selectivity: 3.9). These reports suggest
that carbonyl-rich COFs could be used as ideal materials for
C,H,/C,H, separation ascribed to their stronger electrostatic
interaction with acetylene than ethylene. In addition, some
adsorbents with NH, and F groups also play important roles for
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the preferential binding with C,H, over C,H, by the weak acid-
base interaction between -NH, and C,H, or strong C-H:-F
hydrogen bonding.*°

3.1.4 Hydrogen purification. Hydrogen has been considered
as an alternative clean energy source for conventional fuels in
cars because of its clean combustion and high chemical energy
density.’®"*8> However, the H, product usually contains other
gases (CO,, N,, CHy, etc.) in industry.'®78 Therefore, exploring
some strategies for highly efficient H, purification is urgently
needed. Taking H,/N, and H,/CH, as typical examples, it is
relatively difficult to use packed bed technologies to separate
them because most adsorbents showed low adsorption ability for
H,, N,, and CH, under ambient conditions. The advantages
of well-defined pore aperture, ordered channel structure, large
surface area and permanent porosity make COFs excellent
candidates for using as molecular sieving membranes.'®” >
For example, Gao and co-workers'®® first developed a COF-320
membrane on a porous a-Al,O; substrate surface. A uniform and
compact COF-320 membrane with a thickness of ~4 um was
obtained. Gas permeation experiments were carried out using H,
(0.28 nm), CH, (0.37 nm), and N, (0.38 nm), for 3D COF-320
membranes, and the permeation flux was increased as H, >
CH, > N,. The permselectivity for H,/CH, (2.5) and H,/N, (3.5)
is closely similar to the theoretical calculation results (2.83 for
H,/CH,, 3.74 for H,/N,) governed by the Knudsen diffusion
mechanism. Therefore, the gas transport is mainly governed by
the Knudsen diffusion for the 3D COF-320 membrane.

Compared to the 3D COFs, 2D COFs in the form of layered
sheets within well-ordered in-plane pores favoured the con-
struction of membranes with minimal transport resistance. As
discussed above, the pore size of most COFs (0.8-5 nm) is
remarkably larger than the kinetic diameter of common gas
molecules (0.25-0.5 nm). Thus, it is difficult to fabricate sieving

This journal is © The Royal Society of Chemistry 2020
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COF membranes for gas separations. To address this issue, Caro
and co-workers'** developed an Al,O; supported COF-LZU1-ACOF-1
bilayer membrane via an in situ growth method. In their study,
the surface Al,O; disk was sequentially treated with 3-aminopropyl-
triethoxysilane (APTES), TFB and p-phenylenediamine (PDA)/
hydrazine hydrate mixture (Fig. 17). The obtained dual-amino-
functionalized Al,O; disk allowed the COF-LZU1 layer to grow
on the support surface by condensation of TFB with PDA at
room temperature, and then an ACOF-1 layer was synthesized
by condensation of the residual amount of TFB and hydrazine
hydrates at 120 °C for 72 h. The resultant COF-LZU1-ACOF-1
bilayer membrane exhibited much higher separation selectivity
for H,/CO, (24.2), H,/N, (24.2), and H,/CH, (100.2) gas mixtures
than the individual COF-LZU1 [H,/CO, (5.99), H,/N, (8.13), and
H,/CH, (9.65)] and ACOF-1 [H,/CO, (14.14), H,/N, (21.56),
and H,/CH, (24.67)] membranes. The increase of selectivity
for the COF-LZU1-ACOF-1 bilayer membrane is attributed to the
formed interlaced pores close to the size of gas molecules.
The high permeability is ascribed to the thin COF-COF layer
of ~1 um thickness.

Along the same line, Ben and co-workers® synthesized a
COF-MOF composite membrane on a flat SiO, porous substrate.
In their study, a continuous and uniform layer of COF-300 was
firstly grown on the surface of a SiO, disk by condensation of
tetra-(4-anilyl)-methane with free aldehyde groups. A MOF crystal
layer (Zn,(bdc),(dabco) or ZIF-8) was formed via coordination of
a zinc cation with terephthalic acid and 1,4-diazabicyclo-
[2.2.2]octane (DABCO) or 2-methylimidazole. The resultant
[COF-300]-[Zn,(bdc),(dabco)] (selectivity: 12.6) and [COF-300]-
[ZIF-8] (selectivity: 13.5) composite membranes exhibited much
higher separation selectivity for H,/CO, (1:1) gas mixtures
than the individual COF-300 (6.0), Zn,(bdc),(dabco) (7.0), and
ZIF-8 (9.1) membranes due to the formation of chemical bonds
between different components (support, COF, MOF) of the
membrane, The membrane separation performance surpassed
the Robeson upper bound.

3.1.5 Separation of hydrogen isotopes. Deuterium as a stable
isotope of hydrogen is a potential energy source for nuclear fusion
reactors and is widely used in industrial and scientific research
such as nonradioactive isotopic tracing, neutron moderators for
heavy-water nuclear reactors, and neutron scattering techniques.'*>
Despite the increasing global demand, the natural abundance
of deuterium is extremely low (~0.0184% of all hydrogen on
earth). Thus, the development of separation technology to
enrich deuterium from hydrogen isotopes is in high demand.
Unfortunately, separation of hydrogen isotopes is extremely difficult
because of their identical shape, size, and thermodynamic proper-
ties. Current industrial separation of hydrogen isotopes mainly
relies on cryogenic distillation, thermal diffusion, and the
Girdler sulfide process.'*® However, these techniques are not
easy to operate and are high energy consuming processes.

As a promising alternative separation strategy, kinetic
quantum sieving (QS) of isotopes by confinement in a narrow
space was first reported in 1995 by Beenakker et al'®” They
proposed that if the difference between the aperture diameter
and molecular size becomes comparable to the de Broglie
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(a) Schematic representation of the synthesis of a COF-LZU1-ACOF-1 bilayer membrane by a temperature-swing solvothermal approach.

(b) Schematic illustration of the reactions and growth of COF—COF membranes. (c) Separation performance of the COF-LZU1-ACOF-1 bilayer membrane

under different mixed gases (H,/CO,,

wavelength, the isotope separation in nanopores can be possible
due to the quantum effect (the diffusivity of the heavier isotope
is faster than that of the lighter one). Since deuterium showed a
shorter de Broglie wavelength than hydrogen, the effective
molecular size of deuterium is smaller than that of hydrogen.
Thus, deuterium exhibited a faster diffusion rate than hydrogen
in the porous medium leading to isotope separation.

However, hydrogen isotope separation studies showed high
molar ratios only at near zero coverage pressure for rigid porous
frameworks."*®'*® Unlike conventional rigid porous frame-
works, flexible COFs may exhibit different aperture geometries
depending on the exposed temperature and pressure, which may
lead to relatively high operating temperature and pressure.>**2%>
For example, Hirscher and co-workers®® studied the hydrogen
isotope separation ability by exploiting the flexible nature of
pyridine molecules decorated in the pore walls of COF-1. They
successfully incorporated pyridine molecules (Py) as flexible
gates into the large channel of COF-1 by a Lewis base approach
and obtained a close packed structure, Py@COF-1. Notably,
Py@COF-1 exhibited a varying degree of hysteresis in the low
pressure isotherm with a change in exposure temperature,
indicating the existence of a cryogenically flexible aperture.
Furthermore, the selectivity for a 1:1 D,/H, isotope mixture
was significantly higher than those for the molar ratio from pure
gas isotherms. This result was mainly ascribed to a quantum
isotope effect with cryogenic flexibility (Fig. 18). The Sp j, (the
ratio of desorbed amount of D, over H,) increased with pressure
and reached its highest value of 9.7 at 26 mbar and 22 K, which
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Hz/N,, and H,/CH,4). Reproduced with permission from ref. 194. Copyright 2018, American Chemical Society.
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is far superior to the value of the commercial cryogenic distilla-
tion process (Spu, & 1.5 at 24 K).

3.2 Liquid phase separation

Liquid separation based on COFs has been used in many fields.
According to the practical separation requirements in practical
applications, it can be mainly summarized into two categories:
water treatment (e.g. removal of organic contaminants, heavy

This journal is © The Royal Society of Chemistry 2020
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metal from water and seawater desalination) and chromato-
graphic separation (e.g. separation of nonchiral compounds or
chiral compounds). In this section, the typical liquid separation
applications of COFs are highlighted and discussed in detail.

3.2.1 Water treatment. The global environmental crisis
and growing human population have put a significant strain
on potable water sources available to the society resulting in
severe issues such as a lack of water and increased water
pollution.”®® In order to address these crises, various advanced
separation technologies have been proposed and employed to
offer freshwater by purifying seawater or from contaminated
water sources.”’* % Owing to the characteristics described
above, COFs have been considered as prominent candidates
in the area of water treatment, such as removal of salts, dyes,
metal ions and other organics from water.

3.2.1.1 Removal of organic contaminants from water. The Loh
group reported a salicylideneaniline-based COF (SA-COF) with
chemoselectivity, which displayed reversible proton tautomerism.
As a result, the ionic properties of SA-COF were reversibly
changed, hence forming the basis for size-dependent separa-
tion, charge-selective separation and chemoselective separa-
tion. The synthesized SA-COF can not only adsorb molecules
with a positive charge under alkaline conditions and exclude
them under acidic conditions, but also selectively bind more
molecules with aromatic hydroxyl groups than with aromatic
amine groups. As a result, the SA-COF was found to show high
selectivity for the separation of dye molecules (e.g. anthraflavic
acid, methylene blue, rhodamine B and chrome azurol S)
based on the differences in molecular size and charge. This
study demonstrated the utility of COFs as potential candidate
materials for molecular separation applications.*®”

Membrane separation has provided many opportunities for
water treatment.’**>'" In 2017, the Banerjee group prepared
COF membranes based on the COF (Tp-Bpy), which showed
excellent performance in permeation of both aprotic and protic
solvents such as acetonitrile (339 L m~> h™' bar™ '), water
(211 L m™> h™" bar™"), ethanol (174 L m~> h™! bar™"), and
methanol (108 L m~> h™" bar™"). Moreover, these COF thin films
demonstrated remarkable performance in dye-rejection, in which
Tp-Bpy displayed rejection values as high as 94% (brilliant blue-G),
80% (congo red), 97% (acid fuchsin) and 98% (rhodamine B).**
Along the same line, Wang et al. synthesized a continuous COF-
based membrane using interfacial polymerization with Tp and
Pa (Fig. 19). It was found that growing the COF on a polysulfone
(PSF) ultrafiltration substrate resulted in the formation of a
COF/PSF composite that demonstrated exceptional rejection of
congo red (99.5%), but with only a limited water permeability of
50 Lm~? h™" bar ".*'? In 2018, a molecular sieving membrane
was fabricated via the growth of a continuous 2D imine-linked
COF (COF-LZU1) on alumina tubes. Although the pore size
of COF-LZU1 was around 1.8 nm, the obtained membrane
possessed efficient dye molecule rejection (>90%) when the
molecular dimensions of the dye exceeded 1.2 nm. These
results could be attributed to the intergrowth of COF-LZU1 or
the aggregation of dye molecules in water.>"?
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Fig. 19 Schematic illustration of the fabrication process of TpPa/PAF
membranes via interfacial polymerization. Reproduced with permission
from ref. 212 Copyright 2018, Elsevier.

In the same year, the Ma and Li groups synthesized a 2D
cationic COF membrane (EB-COF: Br) via a bottom-up strategy
with interfacial crystallization by combining the cationic monomer
(ethidium bromide, EB) via the Schiff base reaction (Fig. 20).*"*
The fabricated membrane showed outstanding permeation to
protic solvents, such as water (546 L m~> h™" bar '), methanol
(1272 Lm > h™~ " bar "), and ethanol (564 L m~>h™" bar ). Owing
to the weak dipole interaction between the charged interface of the
EB-COF:Br membrane and aprotic solvents, the cationic membrane
exhibited higher permeation for aprotic solvents, such as acetone
(2640 L m > h ™" bar™ ') and acetonitrile (2095 L m > h™" bar™').
In addition, the EB-COF:Br membrane indicated a highly selective
anionic dye molecule removal (methyl orange, 99.6%; fluorescein
sodium salt, 99.2%; potassium permanganate, 98.1%) and the
separation of ions with differing sizes and charges. These
results demonstrated that the separation performance was
related to the charges of the COF membrane and the physical
size sieving effect.

Next, the Lai group further demonstrated that the decisive
molecular size for molecule rejection mainly depended on the
smallest projection size of the molecules.”™® In this work, a
2D COF thin film was synthesized using the Langmuir-Blodgett
method on an air/water interface. The membrane showed
excellent molecular rejection performance for large molecules.
For example, small molecules (e.g: methyl orange and rhodamine B)
were found to pass through the membrane unhindered, while
larger molecules (e.g. red 80 and PEG) were almost completely
rejected. The smallest molecular size of the molecules for
successful transport was around 1.3 nm, which was similar to
the calculated pore size of the COF membrane. Very recently,
Zhang and Wang’s groups reported a COF MMM based on
hybrid GO/COF-1 nanocomposites and demonstrated good
results for water treatment. Owing to the appropriate alignment
of adjacent graphene oxide (GO) sheets, the physical size
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the EB-COF:Br membrane. Reproduced with permission from ref. 214. Copyright 2018, Royal Society of Chemistry.
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Fig. 21 (a) Schematic illustration of GO/COF-1 membrane fabrication; (b)
the molecular sieving mechanism through GO/COF-1 membranes. Repro-
duced with permission from ref. 216. Copyright 2019, Elsevier.

sieving of COF-1, and the electrostatic interactions between
dye molecules and the GO/COF-1 membrane, the constructed
membranes exhibited excellent rejection rates for negatively
charged dye molecules (Fig. 21).>'°

3.2.1.2 Seawater desalination. As an attractive solution of
seawater desalination, reverse osmosis (RO) was widely applied
because of its higher energy efficiency.>'”>*" During the process
of RO, membranes have a significant role in water desalination.
COFs have been reported to be fabricated as membranes for
desalination performance. In 2017, a series of 2D COFs consisting
of Tp and Pa with different functional groups (TpPa-AM,,
-AMC,NH,, -OC;0H, -OC,H,, -AMCOOH, -OBn and -AM;) were
computationally designed by the Jiang group.”*' Simulated
results for water desalination (Fig. 22) indicated that all
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Fig. 22 The simulation system for water desalination through COF mem-
branes (C: cyan; O: red; H: white; Na+: blue; Cl—: cyan). Reproduced with
permission from ref. 221. Copyright 2017, Royal Society of Chemistry.

TpPa-X membranes possessed extremely high water permea-
tion values ranging from 1216 to 3375 kg m~> h™" bar™ ", which
are around three orders of magnitude higher than those of
commercial RO membranes (e.g. seawater RO, brackish RO and
high-flux RO membranes). According to molecular dynamics
simulations, the increasing pore size of TpPa-X resulted in an
increase in water flux through the TpPa-X membranes which
was also significantly affected by the functionality of the membranes.
TpPa-X membranes with hydrophilic functional groups
exhibited higher water flux than the membranes with hydro-
phobic functionalities and similar pore size, which is attributed
to the preferential interaction of water with hydrophilic
pore walls. Furthermore, the membranes exhibited a high salt
rejection of >98%, with the exception of TpPa-AMCOOH with a
comparatively lower 95.8%. These results revealed that the salt
rejection and water flux are associated with the aperture size
difference, hydrophobicity and hydrophilicity of COFs. According
to the simulation results reported by the Jiang group, these
TpPa-X COFs demonstrated the highest water flux when the
2D COFs were present as monolayers.

However, the fabrication of COF monolayers is far from
being a trivial procedure under practical conditions. Therefore,
the Wang and Wei groups studied how multilayer stacking
influenced water permeation and revealed an increase in ion
rejection with increasing layer numbers and a subsequent
decrease in water permeation. The hydrogen bonds and the
interaction between oxygen and nitrogen atoms in water
molecules and pore walls offered the resistance in the water
transport process. Moreover, due to differences in the effective
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Offset-eclipsed

Fig. 23 The transport behaviour of water and salt ions through multi-
layered COFs. Reproduced with permission from ref. 222. Copyright 2019,
American Chemical Society.

pore diameters between offset-eclipsed and fully eclipsed multi-
layered COFs, the permselectivity of multi-layered COFs may be
significantly altered. In the case of the fully eclipsed multi-
layered TpPa-1 COF, with an effective pore size of 1.58 nm,
when modelled with 25 monolayers the water permeation was
found to be 3201 L m > h™" bar " while MgCl, rejection was
only 42%. However, in a marginally offset-eclipsed structure,
with an effective pore diameter of 0.89 nm, the 25 COF mono-
layers offered 100% rejection of MgCl, with water permeation
falling to 1118 L m > h™" bar™". These results demonstrate the
importance of layer thickness and alignment of COF layers for
nanofiltration performance (Fig. 23).>*> Charged COF layers
have also been identified for their utility in desalination. In
2018, Kuehl and co-workers synthesized a series of 2D COFs with
ordered nano-sized pores that can be readily functionalized. When
functionalised with 12 ionizable carboxylic acid groups, a COF with
pore size of 2.8 nm was synthesized and used to fabricate mem-
branes that showed both high water flux (~2260 L m > h™* bar )
and highly size selective cation rejection, with a nearly complete
rejection of Oct,N (nearly complete rejection of Oct,N radius with
size of 1.09 nm and dodecyl with size of 1.51 nm).>**

3.2.1.3 Removal of toxic ions. COFs have also been applied in
the removal of toxic ions from the environment. The major
challenge in this field is the design of COFs with plentiful
accessible chelating sites, to achieve rapid uptake as well as
high capacity for toxic ions. The first reported example of this
field was a thioether-functionalized hydrazine-linked COF
(COF-LZUS8) for the detection and removal of toxic heavy metals
such as Hg>* by Wang’s group.*>* Owing to the distinct n-donor
character and soft nucleophilic nature of sulfur, COF-LZUS is
an efficient ionophoric receptor for Hg>". The real-time fluores-
cence response and the color change of COF-LZU8 under a UV
lamp demonstrated good sensitivity toward Hg>* detection.
Moreover, due to the 2D eclipsed structure (with a narrow
channel of ~1.2 nm promoting Hg>" and sulfur contact),
COF-LZU8 showed affinity for Hg>" removal even under extremely
high dilution (Fig. 24). Subsequently, the Jiang group designed
and synthesized an extremely stable imine-linked COF, and
introduced methyl sulfide units onto the pore walls of the 2D
COF (TAPB-BMTTPA-COF).>*® Due to the high accessibility
of methyl sulfide groups that offered the well-established
Hg”"-thioether ligation chemistry, the TAPB-BMTTPA-COF displayed
higher Hg”* removal capacity (734 mg g ') than most of the
normal porous materials, such as Zr-DMBD MOF (197 mg g~ ),>*
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Fig. 24 Schematic illustration of the synthesis route of COF-LZU8 and its

application for Hg?* detection and removal. Reproduced with permission
from ref. 224. Copyright 2016, American Chemical Society.

porous carbon (518 mg g~ *),**” mesoporous silica (600 mg g~ *),**®

and chalcogel-1 (645 mg g ").**° In particular, the TAPB-BNTTPA-
COF showed more than 3-fold Hg®* removal capacity compared to
COF-LZUS8 (236 mg g ') reported by the Wang group. In addition,
the distribution coefficient (Kg) of the COF was calculated to be
7.82 x 10° mL g~ ', which was comparable to those of the
benchmark materials, such as Zr-DMBD (9.99 x 10° mL g~ )**°
and porous carbon (6.82 x 10° mL g *).>?” More importantly,
the TAPB-BMTTPA-COF could retain its structure stability
under harsh conditions for practical use. These results demon-
strated the huge potential of the TAPB-BMTTPA-COF for diverse
Hg pollution issues.

In 2017, our team synthesized a novel vinyl-functionalized
mesoporous COF (COF-V) which was modified with a 1,2-ethane-
dithiol group to obtain a sulfur functionalized COF (COF-S-SH).
Owing to the strong binding affinity of the densely-packed sulfur
chelating groups, the COF exhibited higher performance in
mercury removal from air and aqueous solutions (with an Hg
capacity of 863 mg g ' and Hg>" capacity of 1350 mg g~ ') than the
TAPB-BMTTPA-COF reported by the Jiang group. More impor-
tantly, the COF-S-SH showed a superhigh distribution coefficient
value (Kg) of 2.3 x 10° mL g™ ", that allowed it to reduce the Hg>"
concentration from 5 ppm to lower than 0.1 ppb rapidly (below
the 2 ppb acceptable limit for drinking water).>*® An amidoxime
functionalized 2D COF (COF-TpAb-AO) was also synthesized as
highly efficient sorbents for uranium sequestration by our
group.”®" This study showed that the COF-TpAb-AO was capable
of extracting uranium from various contaminated waters. The
efficient performance was mainly because of the open 1D chan-
nels that exhibited exceptional accessibility from the chelating
groups. Moreover, the chelating groups were tightly coordinated
with each other due to the dense packing of extended polygons in
the 2D COF making chelating groups in adjacent layers parallel
to each other. Therefore, compared with the amorphous POP
analogue, the COF-TpAb-AO displayed higher uranium adsorption
capacities, kinetics, and affinities (Fig. 25). In particular, the
COF-TpAb-AO could reduce uranium in various contaminated
waters from 1 ppm to less than 0.1 ppb (the maximum
acceptable concentration limit was 30 ppb defined by the US
Environmental Protection Agency). Additionally, the COF-TpAb-
AO showed a super high uranium uptake capacity of 127 mg g~ *
from spiked seawater.

More recently, the Yan group reported a cationic covalent
organic nanosheet (iCON) for efficient adsorption of ReO,”
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Fig. 25 (a) Chelating groups in the uniform pores of the COF-TpDb-AO;
(b) chelating groups in amorphous porous organic polymers. Reproduced
with permission from ref. 231. Copyright 2018, Wiley-VCH.

(the nonradioactive surrogate of TcO, ). iCON displayed fast
exchange kinetics toward ReO, , with a high adsorption capa-
city of 437 mg g~ as well as an excellent distribution coefficient
of 5.0 x 10°. This was attributed to the combination of cationic
guanidine-based monomers with hydroxyl anchored neutral
edge units, and the loosely bonded chloride ions present in
iCON (making it easy to achieve anion exchange between Cl™
and ReOQ, ).>*> These reports presented here demonstrate the
exceptional potential of COFs for high-efficiency toxic ion removal.

3.2.2 Chromatographic separation of small organic mole-
cules. Chromatographic separation is the most universally used
precision analysis and separation method in diverse research
fields such as chemical engineering, pharmaceutical science,
and environmental detection.>**">** The key of every chromato-
graphic system lies in the stationary phase which determines
the separation efficiency and capability.”*® The separation
performance of the stationary phase mainly involves non-
covalent interactions, such as hydrophilic, hydrophobic, size-
exclusion or even chiral-specific interactions, between the
stationary phase and analytes. Improvements in chromato-
graphic separation are therefore dependent on the discovery
of new permeable materials with specific interactions with a
variety of chemicals.>*”~>*°

High surface area, tuneable pore sizes, good stability and
highly customizable pore chemistry render COFs highly desirable
materials for stationary phases. Additionally, due to the hydro-
phobic interaction, n- - -7 interaction and electron-donor-acceptor
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interaction between COFs and analytes, especially the size
selectivity of porous COF structures, COFs further show great
application prospects as stationary phases for chromatographic
separation.

3.2.2.1 Chromatographic separation of nonchiral compounds.
An increasing number of COFs have been investigated as
stationary phases in chromatographic separation systems,
including high-performance liquid chromatography (HPLC),
gas chromatography (GC) and capillary electrochromatography
(CEC). Examples of COFs and their applications in chromato-
graphic separation are summarized in Table 2.

In 2015, Yan and co-workers for the first time reported a
spherical TpBD COF stationary phase prepared as a coated
capillary column via a facile room-temperature solution-phase
approach for application in high-resolution GC (Fig. 26). Owing
to the relatively different van der Waals interactions between
the hydrophobic aromatic frameworks of TpBD and important
industrial analytes such as linear alkanes, the TpBD coated
capillary offered high-resolution separation for these analytes.
Additionally, separation within the column was also attributed
to m- - -m interactions and hydrogen bonding. For instance, the
separation of positional isomers a-pinene and B-pinene mainly
relies on differences in n- - -1 interactions between analytes and
the TpBD COF. The separation of alcohols on the capillary can
be attributed to hydrogen bonding interactions between the
amino or carbonyl groups of TpBD and the hydroxyl groups of
alcohols.”

NH; P N
. "“\?"\’
:3@“*' Stirring \ ,\‘
Y B _\_ +
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2
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10 12 14 16
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TpBD Capillary column

Fig. 26 Schematic illustration of room-temperature synthesis of TpBD for
high-resolution GC. Reproduced with permission from ref. 92. Copyright
2015, Royal Society of Chemistry.

Table 2 The COFs used as stationary phases for chromatographic separations

SAger Pore volume
COFs Linkages [m’¢™"] Pore width [nm)] [em’g "] Analytes Ref.
TpBD Imine 885 2.3 — Alkanes/cyclohexane and benzene etc. 92
COF-LZU1 Imine — Layer distance 0.37 — Alkylbenzenes/anilines/polyaromatic hydrocarbons 241
TpPa-MA Imine 317 1.5 . Polycyclic aromatic hydrocarbons/acidic/ 95

basic compounds etc.

COF-5 Boronate ester — 2.7 — Neutral, acidic, basic analytes 242
COF-SNW-1 C=C linkage = — — — SAs, cephalosporins, amino acid and parabens 245
TpPa-1 Imine — — — Neutral analytes, NSAIDs and food additives 244
BtaMth COF Hydrazone 723 1.41 0.46 Positional isomers 247
Salen-COF 1 Schiff-base 666 0.78 0.43 C8 alkyl-aromatic isomers 250
Salen-COF 2 701 0.78 0.38
Zn(salen)-COF 1-Zn 460 0.78 0.31
Zn(salen)-COF 2-Zn 535 0.78 0.22
CTpPa-1 Imine 146 1.3 0.48 (£)-1-Phenylethanol, (+)-1-phenyl-1-propanol, 257
CTpPa-2 Imine 104 1.2 — (£)-limonene and (+)-methyl lactate, etc.
CTpBD Imine 317 1.8 —
CCOF 5 Imine 655 0.62/0.74 0.51 Racemic alcohols 258
CCOF 6 Amide 613 0.59/0.74 0.42
COF 1 Amide 714 3.7 — Amino acids and drugs 259
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Fig. 27 The growth of multilayer COF-5 on the inner wall of a
polydopamine-coated capillary. Reproduced with permission from ref. 242.
Copyright 2016, Elsevier.

In 2016, COF-LZU1 was used as the stationary phase in open-
tubular capillary electrochromatography (OT-CEC) for the
first time by Niu and co-workers. The imine-linked COF-LZU1
was fabricated and coated on a capillary column by covalent
linkage. The column demonstrated excellent separation perfor-
mance for several model analytes (e.g. alkylbenzenes, poly-
aromatic hydrocarbons (PAHs) and anilines) as a result of
the size selectivity of the porous COF structure, and the hydro-
phobic interactions between the organic building blocks of
COF-LZU1 and the model analytes.”*' Subsequently, the Chen
group prepared a COF-5 coated capillary column using a
polydopamine (PDA) modification strategy for OT-CEC (Fig. 27).
The COF-5 coated column showed high separation efficiency,
outstanding stability, repeatability and reproducibility in the
separation of neutral, acidic and basic analytes. By contrast, the
capillary solely coated with polydopamine (PDA@capillary)
exhibited no separation capability. These results demonstrated
the increased interactions (such as =---m, hydrophobicity,
dipole- - -dipole) between model analytes and the COF-5-coated
column, contributing to the high efficiency of separation.”*> The
group then prepared a capillary column coated with COF-LZU1 via
an in situ growth method. An aldehyde-functionalized capillary
was obtained by treatment with 3-aminopropyltriethoxysilane
(APTES) and glutaraldehyde, which was subsequently used as a
cross support for COF-LZU1 growth. Compared with the aldehyde
functionalized capillary, the COF-LZU1-modified column showed
remarkable improvement for separation of neutral analytes,
amino acids and nonsteroidal anti-inflammatory drugs (NSAIDs).
These results further demonstrated that the interactions between
COF-LZU1 and the analytes play a vital role in the separation.>*®
In 2018, a COF-TpPa-1 modified capillary column was also
constructed by the Chen group via an in situ growth method.
The obtained column showed good resolution for the separa-
tion of neutral analytes, NSAIDs and food additives in open-
tubular CEC mode.*** Similarly, a Schiff base network (SNW-1)
was covalently attached within a capillary column by Ye et al.
The obtained SNW-1-coated capillary column was successfully
applied for the separation of sulfonamides (SAs), cephalosporins,
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amino acids and parabens in OT-CEC mode. Among them, the
retention factors for SAs and amino acids were correlated with
their pKa values. The successful separation of cephalosporins
can be attributed to the intermolecular hydrogen bonds and
n-- -1 stacking interactions between SNW-1 and cephalosporins.
In addition, the SNW-1 column showed good resolution for four
parabens as a result of differences in molecular sizes and steric
effects of the analytes.>*® All these results demonstrated the
significant potential of COFs for application in chromato-
graphic separation.

Compared to the COF-based stationary phases for GC and
OT-CEC, COF-based LC stationary phases have been relatively
less reported. The reasons for this may include the fact
that traditional methods for COF synthesis often result in
sub-micrometer sized particles which, when directly packed
into a column, would result in high column pressure and low
efficiency. In 2017, the Yan and Yang groups for the first time
fabricated a methacrylate-bonded COF poly(TpPa-methacrylic
anhydride-co-ethylene dimethacrylate) (poly(TpPa-MA-co-EDMA))
monolithic column for high-performance liquid chromatography
(Fig. 28). Compared with the poly(MMA-co-EDMA) monolithic
column in the absence of COFs, the obtained COF-bonded
monolithic column showed high efficiency and precision for the
separation of PAHs, phenols, anilines, NSAIDs and benzothio-
phenes. These benefits were attributed to improved transfer
properties between the analytes and stationary phase, increased
permeability and lower back pressure. Addition of the aromatic
TpPa-MA to the monolith is thought to have increased the
hydrophobicity of the column, hence increasing the performance
for HPLC separation.®®

In the same year, monodispersed COF@SiO, microspheres
with uniform and tuneable TpBD COF shells were also synthe-
sized via an in situ growth strategy, and used as the stationary
phase for HPLC by the same group. The TpBD@SiO, packed
columns also displayed high resolution for the separation
of small molecules, such as toluene and ethylbenzene, PAHs,
p-cresol and p-chlorophenol, and so on.>*® In another example,
the Zhang and Cai groups constructed a new hydrazine-linked
chiral BtaMth COF via a bottom-up strategy which was developed
into a BtaMth@siO, stationary phase in a one-pot synthetic
reaction. The prepared BtaMth@SiO, HPLC column exhibited
high resolution performance for the separation of positional

o b ",NQM,
OHC. CHO o OHC CHO a-
Mok/:(on * )L'o( EJK o 0@0 P
CHO ;\ CHO
Tp MA Tp-MA TpPa-MA
PEG d | ;
: polymerization & separation (1
EDMA ABN| 3 PIVLIGA

Fig. 28 Schematic illustration of the fabrication of the poly(TaPa-MA-co-
EDMA) monolith for HPLC. Reproduced with permission from ref. 95.
Copyright 2017, Elsevier.
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isomers and cis-trans isomers, including nitrotoluenes, nitro-
chlorobenzenes, beta-cypermethrin and metconazole. In the
separation of nitrotoluene positional isomers (e.g. o-nitrotoluene,
p-nitrotoluene and m-nitrotoluene), the hydrophobic interaction
between isomers and the BtaMth COF was thought to significantly
affect the separation efficiency. In addition, the separation of cis-
trans isomers (e.g. cis beta-cypermethrin/trans beta-cypermethrin
and cis metconazole/trans metconazole) was related to the length-
to-width ratio of the analytes.>"”

Similarly, covalent triazine-based framework (CTF) decorating
silica gel microspheres were fabricated via the growth of CTFs
onto the supporting silica spheres by Zhang et al>*® The
obtained CTF-SiO, stationary phase packed HPLC column
exhibited excellent separation efficiency for a large variety of
molecules, such as mono-substituted benzenes, PAHs and polar
compounds. In 2019, Chen and co-workers prepared a novel
multimode COF-300@SiO, liquid chromatography stationary
phase via an in situ growth strategy.>*® The separation perfor-
mance and retention mechanisms of the COF-300@SiO, column
were further investigated in reverse phase (RP) and normal
phase (NP) modes by selecting neutral and polar molecules,
such as benzene, naphthalene, phenanthrene, and pyrene, as
analytes. In the NP mode, only neutral molecules could be partly
or completely separated due to m---m interactions. However, all
the neutral and polar analytes can be separated efficiently in the
RP mode due to the n- - - interactions, electron-donor-acceptor
interactions, hydrophobic interactions and the size selectivity of
the COF structure. Additionally, owing to the amino groups in
COF-300, the analytes including nucleosides, nucleobases and
alkaloids were able to be separated on the column in the
hydrophilic phase mode. Recently, the Cui group synthesized
four isostructural Schiff-based 3D COFs (salen- and Zn(salen)-
based COFs), which were shown to be effective as HPLC
stationary phases for the separation of xylene isomers and
ethylbenzene (EB) (Fig. 29). In contrast, the Zn(salen)-based
COFs were found to be ineffective in this separation. These
results indicated that the uncoordinated polar salen units in
COF 1 and 2 offered the major specific isomer identification and
shape-selective separation for analytes.>® These works signifi-
cantly extend the application of COFs in the field of chromato-
graphic separation.

7-fold interpenetrated 3D microporous COF

Fig. 29 Schematic illustration of microporous 3D COFs and their use as
stationary phases for HPLC. Reproduced with permission from ref. 250.
Copyright 2018, American Chemical Society.
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3.2.2.2 Chromatographic separation of chiral compounds.
Chiral resolution is a crucial technique for the production of
chemicals and biologically active compounds due to the fact
that the biological behavior, metabolism, and toxicity of pure
enantiomers may often differ significantly.>>'">** These studies
have aroused continuous interest in the development of
new materials and approaches for the efficient separation of
enantiomers.

Recently, chiral porous framework materials have shown
great promise in diverse fields such as separation, recognition
and catalysis.”>*>>® As a result of the distinct features, chiral
COFs are highly desirable for application in chiral separation
and prompt their application in a variety of chromatographic
separation techniques such as high resolution GC and HPLC.
The pioneering work using COFs in chiral separation was
performed by the Yan group in 2016.>*” A series of chiral COFs,
CTpPa-1, CTpPa-2 and CTpBD, were synthesized via a bottom-up
strategy using the chiral organic monomer CTp ((+)-diacetyl-L-
tartaric anhydride functionalized 1,3,5-triformylphloroglucinol).
Chiral COF-bound capillary columns based on these chiral
COFs were fabricated via an in situ growth approach for chiral
gas chromatographic separation. The modified chiral capillary
columns showed high resolution for the separation of enantio-
mers, such as (+)-1-phenylethanol, (+)-1-phenyl-1-propanol,
(£)-limonene, demonstrating excellent repeatability and repro-
ducibility. In addition, the influence of the chiral microenvir-
onment as a result of the chiral COF of capillary columns was
studied using a column functionalized with the (+)-diacetyl-L-
tartaric anhydride monomer. It was found that the monomer-
bound column displayed no chiral separation performance
compared with the chiral COF-bound column. These results
revealed that the abundant interactions offered by the chiral
COF and the analytes, including hydrogen-bonding, w---m
interactions and size-exclusion, were essential to the chiral
resolution. In general, the unique COF structures, combined
with the chirality of (+)-diacetyl-i-tartaric anhydride, provided
the essential chiral microenvironment and strong column-
analyte interactions for the chromatographic separation. This
study promoted the continued development of chiral COFs
for applications in chiral separation. Subsequently, Han and
co-workers synthesized the first 3D chiral COF (CCOF 5) by the
imine condensation of chiral tetraaldehyde and tetrahedral
tetraamine building blocks.>*® An isostructural amide-linked
CCOF 6 was obtained via the post-synthetic oxidation of the
CCOF 5 framework. Both CCOF 5 and 6 were used as CSPs in
HPLC for the separation of racemic alcohols, in which the
CCOF 6 packed column was found to be effective in the separation
of various racemates including 1-phenyl-2-propanol, 1-phenyl-1-
pentanol, 1-phenyl-1-propanol and 1-(4-bromophenyl)-ethanol,
with high selectivity factors () and chromatographic resolution
(Rs) (a/Rs = 1.29/1.78, 1.21/1.58, 1.33/2.47 and 1.24/1.54, respec-
tively) (Fig. 30). However, the column packed with CCOF 5
afforded only baseline resolution of the racemic 1-phenyl-2-
propanol (¢ = 1.19 and R; = 1.52). The superior resolution
performance of CCOF 6 highlights the importance of pore
chemistry in the effective separation of analytes, with the

This journal is © The Royal Society of Chemistry 2020
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Fig. 30 Schematic illustrations for the synthesis of 3D chiral COFs and
their use as CSPs for HPLC. Reproduced with permission from ref. 258.
Copyright 2019, American Chemical Society.
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Fig. 31 [lllustration of fabricating the biomolecules < COF 1 stationary
phase for chiral separation. Reproduced with permission from ref. 259.
Copyright 2018, Wiley-VCH.

increased hydrogen bonding of the amide groups in CCOF 6
offering increased selectivity compared with the imine groups
of CCOF 5.

In 2018, our group developed a new strategy to introduce
chirality into the achiral COF-1 via the covalent anchoring of
chiral biomolecules, such as lysozyme, peptide and 1-lysine, onto
the channel wall (Fig. 31).>° The obtained biomolecules = COF
composites were found to inherit both the specific interactions
and chirality of the anchored biomolecules, while also retaining
the crystallinity, stability and porosity of the initial COF. The
composites were used as CSPs in both RP and NP HPLC resulting
in exceptional chiral separation efficiency for various racemates
including pi-threonine, pr-tryptophan, ofloxacin, and metopro-
lol. Additionally, the studied CSPs exhibited good reproducibility
and reusability due to the protection effect provided by COF 1.
Since the synthesis of COFs with chirality originating from the
building units is very challenging and costly, the strategy created
by us showed more potential for practical applications consider-
ing the relatively low cost of achiral COFs and biomolecules.

4. Conclusions and outlook

In the past few years, COFs have emerged as one of the ideal
candidate materials for advanced separation applications, due
to their high porosity, large surface areas, well-defined pore
structures, tunable pore sizes, adjustable surface properties
and excellent stability. Although remarkable advances have
been achieved in COF-based separations, some crucial chal-
lenges still remain to be addressed, which also provide great
opportunities for researchers in this field.

This journal is © The Royal Society of Chemistry 2020
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To date, one of the biggest challenges in COF synthesis has
been the construction of ultra-microporous (<0.6 nm)**® COF
materials to realize ultrafast and highly selective molecular
sieving. Although changing the length of building units has
been employed to modulate pores with different shapes and
sizes from mesopores to micropores, COFs with pore sizes less
than 1 nm were still rarely obtained due to the size limitation of
building units. In this regard, there have been three feasible
approaches aimed at addressing this issue: (a) constructing A-B
stacking 2D COFs, (b) preparing 3D interpenetrated COFs,
and (c) pore surface engineering by anchoring side groups on
COF inner walls. Such strategies may yet achieve progress in
breaking the size limitations on COFs to yield highly stable
ultra-microporous COFs.

Over the past decade, increasing attention has also been
paid on developing continuous COF-based membranes for gas
and liquid separation, and great success have been achieved
using strategies such as layer-to-layer stacking, in situ growth
and interfacial polymerization. However, the major bottleneck
may come from the poor mechanical performance and
the large pore size of COF membranes, which significantly
restrict the practical applications of COF membranes during
pressure-driven filtration processes. Developing new synthetic
strategies to fabricate high performance COF membranes
is highly desired. Very recently, the reported freestanding
polyCOF membranes have injected new vitality into the pre-
paration of continuous COF membranes with outstanding
mechanical properties and superior separation performance.
In order to expand the scope of the polyCOF strategy, more
efforts should be put on designing new types of polymers
to serve as building units of polyCOFs. Moreover, 3D COF
membranes are relatively less studied than 2D COF mem-
branes. Further studies can be focused on 3D COFs because
the pore size of 3D COFs is often small due to the existence of
structural interpenetration.

Finally, the practical applications of COF-based membranes
in industrial manufacturing remains a challenge. One of
the main reasons is that studies on the long-term stability of
COF-based membranes under realistic separation conditions
are still very limited. At present, research in this field
mainly focuses on gas separation and mild liquid separation,
including water treatment and organic solvent nanofiltration.
Explorations on the long-term stability of COF membranes
in acidic/basic environments or complicated organic solvent
systems are urgently demanded.

In summary, we provided a comprehensive overview of the
research progress in separation applications of COF materials,
including gas separation, water treatment, chiral separation,
organic solvent nanofiltration, etc. We believe that along with
the dramatic development of synthetic chemistry, materials
chemistry and chemical engineering, this research area will
witness a rapid growth proceeding to practical applications in
the near future. We hope this work will provide guidance for
the design and synthesis of functional COFs for the develop-
ment of advanced separation protocols, and inspire innova-
tions in this emerging field.
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Abbreviations

COFs Covalent organic frameworks

MOFs Metal-organic frameworks

HCPs Hyper-cross-linked polymers

CMPs Conjugated microporous polymers

PAFs Porous aromatic frameworks

1D One-dimensional

2D Two-dimensional

3D Three-dimensional

Tp 1,3,5-Triformylphloroglucinol

BD Benzidine

TpBD A COF synthesized from 1,3,5-triformylphloro-
glucinol and benzidine

MMMs Mixed matrix membranes

CNFs Cellulose nanofibers

TGCl Triaminoguanidinium chloride

PAN Polyacrylonitrile

HTTP 2,3,6,7,10,11-Hexahydroxytriphenylene

SLG Single-layer graphene

PTSA p-Toluene sulfonic acid

PolyCOFs  Polymer—-covalent organic frameworks

TB/TFB 1,3,5-Triformylbenzene

DTH 2,5-Diethoxyterephthalohydrazide

Pa-1 p-Phenylenediamine

IAST Ideal adsorbed solution theory

COF Nitrogen-rich COF

ACOF Azine-linked COF

TAPB 1,3,5-Tris(4-aminophenyl)benzene

BMTTPA 2,5-Bis(methylthio)terephthalaldehyde

Qst Isosteric heats of adsorption

SA-COF Salicylideneaniline-based COF

Bpy 2,2'-bipyridine-5,5’-diamine

PSF Polysulfone

EB Ethidium bromide

GO Graphene oxide

RO Reverse osmosis

COF-V Vinyl-functionalized COF

iCON Cationic covalent organic nanosheet

HPLC High-performance liquid chromatography

GC Gas chromatography

CEC Capillary electrochromatography

OT-CEC Open-tubular capillary electrochromatography

PAHs Polyaromatic hydrocarbons

PDA Polydopamine

APTES 3-Aminopropyltriethoxysilane

NSAIDs Nonsteroidal anti-inflammatory drugs
SAs Sulfonamides

SNW-1 Schiff base network-1

MA Methacrylic anhydride

poly(TpPa-MA-co-EDMA)

Poly(TpPa-methacrylic anhydride co-ethylene
dimethacrylate)
Mth (8)-2,5-Bis(2-methylbutoxy)terephthalohydrazide
CTFs Covalent triazine-based frameworks
RP Reverse phase
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NP Normal phase

CSP Chiral stationary phase

CTp Chiral (+)-diacetyl-i-tartaric anhydride function-
alized Tp

CCOF Chiral COF
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