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Macrocycles are a class of intrinsically porous organic molecules that can host guest molecules selectively.

Owing to their diversified porous characteristics, host—guest/supramolecular feature, unique chemical
versatility and tunable chemical functionalities, macrocycles are considered fascinating membrane
building blocks for advanced and efficient separations. Continuously growing research explorations on
macrocycle-based membranes have recently emerged ranging from preparation tactics to applications;
however, their significance for membrane separations is far from being fully recognized and understood.

Therefore, it is important to timely and systematically summarize the progress of macrocycle-based

membranes and provide genuine insight for future studies in this interesting field. In this review, we first
discuss the different types of macrocycles used to produce high-quality membranes and elucidate their
characteristics. We then focus on fabrication approaches, including blending, surface (or pore)
modification, crosslinking and self-assembly by discussing the merits and limitations of each approach.

We also break-down the different applications of macrocycle-based membranes including water
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treatment, pervaporation and organic solvent nanofiltration and chiral separation. All separation

applications are evaluated and analyzed in terms of current efficiency and future prospects. Most

DOI: 10.1039/d1ta02982g

rsc.li/materials-a

“°King Abdullah University of Science and Technology (KAUST), Nanostructured
Polymeric Membranes Laboratory, Advanced Membranes and Porous Materials
Center, Biological and Environmental Science and Engineering Division (BESE),
Thuwal, 23955-6900, Saudi Arabia. E-mail: suzana.nunes@kaust.edu.sa
*Functional Membrane Materials Engineering Research Center of Hunan Province,
School of Chemistry and Chemical Engineering, Hunan University of Science and
Technology, Xiangtan 411201, China

Tiefan Huang received his PhD
in Chemical Engineering from
Zhejiang  University in 2015
under the supervision of Prof.
Congjie Gao and Prof. Lin
Zhang. Then, he worked as
a postdoc under the supervision
of Prof. Klaus-Viktor Peinemann
and Prof. Suzana P. Nunes at the
King Abdullah University of
Science and Technology
T (KAUST).  Currently, he is

a lecturer at the School of
Chemistry and Chemical Engineering of Hunan University of
Science and Technology. His research focuses on advanced nano-
filtration membranes, and polymeric porous materials.

i gt ]

18102 | J Mater. Chem. A, 2021, 9, 18102-18128

importantly, this review highlights the challenges and opportunities for improving these smart
membranes in order to scale-up and translate this promising technology directly into the consumer market.
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1. Introduction

Separation technology plays a vital role in the chemical industry
as well as in our daily life and involves three basic functions:
concentration, fractionation, and purification. Although
conventional separation and purification processes, such as
distillation and evaporation, were developed a long time ago,
the accompanying intense energy consumption and large foot-
print cannot be ignored. Membrane separations, which have
the potential to address energy and environmental challenges,
have attracted intensive interest over the past few decades. This
forward looking technology outperforms other traditional
separation technologies in terms of its lower carbon emission,
high energy efficiency, continuous operation mode, and small
capital investment.*

So far, many different membranes with dense or porous
structures have been developed from conventional amorphous
polymers such as polyimide (PI), polyamide (PA), poly-
acrylonitrile (PAN), poly(ether sulfone) (PES), polysulfone (PSF),
poly(viny alcohol) (PVA), polydimethylsiloxane (PDMS), etc.
Though these polymer membranes dominate the present
separation market, they notably have an intrinsic trade-off
relation between permeability and selectivity, which means that
highly selective polymeric membranes usually have low
permeability and vice versa.*® This trade-off is as a consequence
of the lack of permanent microporosity and the free volume
within the membrane microstructure, leading to low solubility
and diffusion coefficients for molecule transport. Even more
important, the effective paths for molecular transport in most
membranes are not strictly uniform. The fine tuning of the pore
size and size distribution to promote high sieving control in the
nanoscale is still highly challenging. Strategies offering
permanent and uniform nanoporosity are important to enable
more effective molecular separations.®® An approach that has
led to high expectation is the preparation of membranes fully
composed of materials with well-defined microporosity, such as
2D materials, zeolites, metal-organic frameworks (MOFs) and
covalent organic frameworks (COFs)."® However, the
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fabrication of fully crystalline membranes without defects is
highly challenging and hard to scale-up. An easier alternative is
the incorporation of microporous materials as additives into
the polymer matrix to form mixed-matrix membranes.'* These
additives can offer intrinsic molecular transport channels to
facilitate solvent permeability. The main drawback of discrete
additives embedded within a polymer matrix is the poor
compatibility between them, which can induce the formation of
nonselective voids and decrease the separation performance.
Furthermore, if the right combination of permeability for the
matrix and fillers is not carefully chosen, poor selectivity would
be obtained even with good adhesion between them. Hence, the
development and design of new materials with characteristics
of well-defined intrinsic microporous structures and tunable
pore sizes as membrane building blocks are important for the
advance of separation membranes far beyond incremental
achievements with concrete perspectives of technical
scalability.

Macrocycles constitute a class of organic porous molecules
comprising intrinsically porous structures. They have attracted
wide interest for host-guest chemistry and have been inten-
sively investigated for decades.' Since the first kind of macro-
cycle, crown ethers, were reported in the 1960s, many other
synthetic macrocyclic molecules, e.g. calixarene, cucurbituril,
and pillararenes,'**® have been created. Research activity is
intense in all aspects of macrocyclic chemistry, with special

emphasis on molecular recognition and self-assembly
processes. In addition to synthetic macrocycles, naturally
occurring macrocycles—such as cyclodextrins (CDs)—have

been explored as native structures or after further functionali-
zation.'?® For decades, due to their unique porous character-
istics, host-guest/supramolecular feature, unique chemical
versatility and tunable chemical functionalities, macrocycles
have received substantial attention for diverse industrial
applications, including separation, adsorption, catalysis,
sensors, and drug delivery. Similar to 2D materials, zeolites,
MOFs and COFs, macrocycles are considered as suitable
building blocks for membrane-based separations, which are
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usually grown on substrates to construct continuous
membranes or exploited as fillers to form mixed matrix
membranes. Compared with traditional rigid framework parti-
cles, the small organic molecule nature of macrocycles may
facilitate a homogeneous distribution and the diversity of
possible functionalizations may favor interactions with the
polymer matrix and allow good compatibility. Even more
interesting is the possibility of using the abundant functional
sites for further reaction as membrane building units.

Outstanding results for macrocycle-based membranes
covering a large spectrum of applications, such as gas separa-
tion membranes, liquid separation membranes and
membranes for chiral separation are being achieved. However,
until now no dedicated report has discussed the status and
prospects of macrocycle-based membranes for high-perfor-
mance separation/purification. We consider it timely to provide
a review with focus on this fast-growing area. Herein, we aim to
introduce the status and prospects of separations to which
macrocycles can contribute or already had an important role.
We start with discussion of some representative macrocycles,
such as crown ethers, cyclodextrins (CDs), calixarenes, pillar-
arenes, cucurbiturils, and trianglamines (Section 2). Then, we
discuss their typical advances in membrane design and
construction (Section 3). Optimal methods to synthesize high-
performance macrocycle-based membranes with high perm-
selectivity will be emphasized. Separation applications of mac-
rocycle membranes in gas separation, water treatment, perva-
poration, organic solvent treatment and chiral separation are
subsequently presented, combining the separation mechanism
hypothesis in Section 4. In Section 5, new perspectives, oppor-
tunities, and challenges are summarized.

hﬂ

Crown ethers

Cyclodextrin
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2. Macrocycles for molecular
recognition

Supramolecular macrocycles are well known molecular entities
with intrinsic cavities and unique properties that inherently
enable them to bind and recognize a specific guest molecule.
Supramolecular macrocycles,” such as crown ethers,* cyclo-
dextrins (CDs),** calixarenes,* cucurbiturils (CBs),> pillarar-
enes,” and others®?** are attractive for a wide range of
applications, including molecular recognition,** nanotech-
nology,** catalysis,* and drug delivery.*® They undergo a variety
of interactions, such as electrostatic interactions, charge
transfer interactions, hydrogen bonding, m-7 stacking and
hydrophobic interactions.?” This section focuses on the molec-
ular recognition properties of the macrocycles that are most
commonly used for separation applications (Fig. 1).*®

The factors that make macrocycles attractive for membrane
application are given below:

(i) The cavity sizes are in the range of ions and molecules
requiring separations, purification and recovery in the desali-
nation, chemical and pharmaceutical industries.

(ii) Their relatively rigid structure and the channel-like
structures, like pillar[n]arenes, can provide pre-formed highly
uniform pores for membranes, and potentially separate
isomeric organic molecules and ions or act as artificial water
channels.

(iii) They can enhance the free-volume and the diffusivity of
gases and liquids.

(iv) Macrocycles have functionalities that stimulate host-
guest and highly specific interactions with selected molecules,
contributing to boosted membrane selectivity.
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Fig. 1 General structural formulas of the most common supramolecular macrocycles in separation science.
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(v) Chiral macrocycles could be instrumental in the separa-
tions of enantiomers.

Therefore, foreseeable applications enabled by macrocycle-
based membranes are ion separations and recovery from
different sources, e.g. highly saline lakes and seawater, chiral
separations of pharmaceutical products in the biotech industry,
separation of isomeric gas molecules in the petrochemical
industry.

In this section we describe the characteristics of the most
explored macrocycles for separations, in great part demon-
strated for selective absorption and molecular recognition.
Macrocycle integration into membranes and reported applica-
tions are discussed in the next sections.

2.1. Crown ethers

Crown ethers, the first generation of synthetic macrocyclic
hosts, have been widely utilized to fabricate various supramo-
lecular architectures®**® and received huge interest as com-
plexing agents since their fortuitous discovery by Pedersen in
1967.*" Pedersen also demonstrated the ability of this class of
molecules to bind other alkali metal ions and an ammonium
ion, as extensively reviewed in the literature.

In this review, we focus on the general facts and principles
that are useful to understand the scope and the utility of crowns
ether for membrane application. The size effect of both the
guest and the host plays a major role in the binding selectivity
and the stability of cation crown complexes. For example, K" fits
nicely within 18-crown-6 while Na" can be effectively hosted by
15-crown-5. When the macrocycle cavity is too small to fit
a cation, the host-guest interactions may be adjusted based on
the crown flexibility to allow for the accommodation of the large
cations at some energy expense with steric requirements. For
example, 12-crown-4 and 15-crown-5 cannot accommodate
large cations such as Rb" or Cs*. The complexation of the large
cations will then take place outside the macrocycle, placed
between two crown molecules, forming a “sandwich complex”.
On the other hand, when the macrocycle's cavity is larger than
the cation, as would be the case with 18-crown-6 or 30-crown-10
complex of Na®, the crown molecules will pucker to achieve the
correct O-Na' binding distances.*? Other factors are important,
such as the cation charge and type,**** the number and type of
donor atoms,* crown substituents,*® and ring flexibility,*” as
well as the physical properties of a solvent.**** The complexa-
tion usually takes place in a solvent where the complex could
crystallize. The equilibrium constant (K;) for the complexation
reaction indicates how stable the complex is. Generally, the
equilibrium constant for the same cation crown complex will be
higher in lower polarity solvents. Based on these complexing
properties, many crown ether host-guest recognition systems
have been reported. For example, the host-guest interaction
between benzo-18-crown-6 with primary alkylammonium salts
forms pH-responsive supramolecular polymer gels, by proton-
ation and deprotonation of the primary amino group.*® In
addition, many studies have been reported based on the host-
guest interaction of benzo-21-crown-7 with different secondary
ammonium salts to construct stimuli-responsive materials

This journal is © The Royal Society of Chemistry 2021
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benefiting from the reversible nature of noncovalent host-guest
interactions.®*** Also, stimuli responsive supramolecular
systems have been reported utilizing the host-guest interac-
tions of dibenzo-24-crown-8 with dibenzylammonium salts.**>’
On the other hand, the special properties arising from host-
guest interactions are not limited to produce stimuli-responsive
systems, but could provide cross-linking, suitable to fabricate
countless supramolecular networks, such as the host-guest
interaction between dialkyllammonium salt in polymer 1 in
Fig. 2a, which has a polystyrene backbone bearing pendant
groups (2,7-diamido-1,8-naphthyridine) (DAN), and benzo-21-
crown-7 in polymer 2, which consists of a poly (butyl methac-
rylate) backbone bearing deazaguanosine (DeUG) groups.
Quadruple hydrogen-bond interactions between DeUG and
DAN to produce a double supramolecular crosslinked polymer
gel with expansion-contraction behavior, as shown in Fig. 2a.
K" forms a very stable complex with benzo-21-crown-7 dis-
assembling the benzo-21-crown-7/dialkylammonium salt
complex and affecting the crosslinking density of the polymer
networks.*® Liu et al. report the host-guest crosslinking between
two glycidyl azide polymers functionalized with dibenzo[24]
crown-8 (GTP-DB24C8) and dibenzylammonium salt (GTP-DBA)
by click chemistry to produce a supramolecular organogel dis-
played high elasticity and responsiveness to a variety of stimuli
such as temperature, chemical species and acids/bases.** Wang
et al. reported the host-guest interaction between two units of
benzo-21-crown-7 linked by the [2]catenane moiety 1 (cross-
linker) and secondary ammonium salt grafted polymer 2 to
generate a supramolecular polymer network (SPN), as shown in
Fig. 2b.*® Moreover, crown ethers have been used as chiral
selectors for enantiomer separation. Chiral crown ethers
derived from r-tartaric acid and the 1,1-binaphthyl group
(+)-(18-crown-6)-2,3,11,12-tetra- carboxylic acid and bis-(1,1-
binaphthyl)-22-crown-6 were successfully applied in chiro-
technology as the HPLC chiral stationary phase (CSP).The effi-
cient enantiomer separation of ester salts and amino acids by
these chiral crown ethers occurs due to a host-guest stereo-
selective complexation.®

2.2. Cyclodextrins

Cyclodextrins (CDs) constitute the most explored family of
naturally occurring host molecules. Cyclodextrins are dissym-
metric bucket-shaped cyclic oligosaccharides composed of six,
seven, or eight glucopyranose units with hydrophobic cavities
(¢-CD, B-CD, and y-CD).*> CDs have a hydrophilic and polar
surface, due to the presence of many hydroxyl groups. These
dual-properties opened the utilization of CDs in a wide range of
areas, including water treatment,*® separation, chromatog-
raphy,*** biomedical applications,®*®” and catalysis.®® In this
section, we highlight the most significant studies of CDs for
separation applications.

The ability of CDs to form host/guest complexes enabled CDs
to be effectively utilized for the absorption of small molecules
and hydrocarbons separation. Dichtel and co-workers reported
porous B-CD polymers which were utilized for the removal of
many organic micropollutants such as pesticides, plastic

J. Mater. Chem. A, 2021, 9, 18102-18128 | 18105
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(a) Illustration of the advantage of the host—guest interaction for double supramolecular cross-linked polymer gels.?® (b) Cartoon

representations and chemical structures of supramolecular mechanically interlocked crosslinker 1, polymer 2, and supramolecular polymer
network SPN 1.%° Reproduced with permission from Royal Society of Chemistry, Copyright 2015 and Copyright 2018.

components, and pharmaceuticals.®® Also, Dai and co-workers
reported the formation of porous hyper-cross-linked B-CD
polymers, which exhibited excellent absorption performance
towards small aromatic molecules from water.” Uemasu et al.
reported inclusion complexes of well soluble branched a-CD
with ethyl benzene and xylene isomers in aqueous solution with
an order of inclusion selectivity as p-xylene > ethyl benzene > m-
xylene > o-xylene.” Yang et al. reported the separation of p-
xylene from m-xylene by selective extraction using an aqueous
solution of a bigger size CD derivative.” Extensive studies based
on the difference in the CD size, relative alkalinity and dipole
moment show a higher selectivity for complexation between p-
xylene and the bigger size CD derivative. Under optimal sepa-
ration conditions, they found that a 1: 1 mixture of m-xylene

18106 | J. Mater. Chem. A, 2021, 9, 18102-18128

and p-xylene could be concentrated up to 59.71 wt% with
respect to p-xylene after a single extraction cycle and up to 81.48
wt% after four extractions. Although CDs have demonstrated
the ability for separating xylene isomers, the relatively low
binding affinity of CDs and aromatic hydrocarbons (<10° M)
greatly limited the high selectivity of this method.”

CDs have also been effectively utilized for hydrocarbon
separation, chiral separation and CO, capture. Zhang et al
utilized y-CD to fabricate covalent organic frameworks (COFs)
suitable for CO, capture.” The ionic nature and microporosity
of y-CD-COFs facilitate CO, capture without consuming high
energy during the regeneration process. Also, Stoddart and co-
workers reported that y-CDs which form isostructural extended
frameworks in the presence of a wide range of the alkali metal

This journal is © The Royal Society of Chemistry 2021
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salts were utilized as selective absorbents for CO,, due to the
permanent porosity and robust crystallinity.”>”” B-CD-based
COFs synthesized by reacting heptakis(6-amino-6-deoxy)-p-CD
and terephthalaldehyde at room temperature exhibits selective
adsorption of polar micropollutants, such as rhodamine B, (S)-
naproxen, bisphenol A and 4-nonyl phenol in water due to
surface functionalization amino and hydroxyl groups.

2.3. Calix[r]arenes

Calix[n]aneres represent the third generation of the family of
supramolecular hosts after crown ethers and CDs. Calix[n]
aneres are usually made of four to eight arene units, linked by
methylene bridges, which can be easily functionalized at both
rims, by modifying the methylene groups or the phenol units.
However, larger calixarenes, from calix[9]aneres to calix[20]
aneres have been synthesized.”® The well-defined cavities of
these calix[n]aneres with a variable size can sufficiently encap-
sulate various guests such as anions, cations, or neutral mole-
cules through host-guest interactions.””® Yamamoto and
Shinkai reported the synthesis of calix[4]arene crown ethers
with a short oligoethylene glycol chain, providing highly selec-
tive recognition for Na" with strong binding affinity compared
with K" ions, due to the highly restricted flexibility of the crown
portion of this host.*

Atwood et al reported that a hexagonal close-packed
arrangement of calix[4]arene forms large unoccupied lattice
voids, stabilized by van der Waals forces, as the first calix[4]
arene-based supramolecular organic frameworks (SOFs).** The
lattice voids of this system were utilized to capture methane at
room temperature. However, these voids can also be used to
host volatile gases under harsh conditions, including high
temperatures and low pressure. Hattori and co-workers studied
p-tert-butyl calix[4]arene crystals due to their selectivity for eight
different regioisomers of disubstituted benzenes (Fig. 3a).**
Four types of inclusion crystals were obtained: 2:1 (host: -
guest) with p-isomers and 1 : 1 with o-, m-, and p-isomers. p-tert-
Butyl calix[4]arene crystals can selectively separate p-xylene
from a mixture of xylene isomers, o-cresol from a mixture of
three isomers of cresol, m-dichlorobenzene from a mixture of
three isomers of dichlorobenzene and p-chlorotoluene from
a mixture of three isomers of chlorotoluene. The p-tert-butyl
calix[4]arene crystals exhibit selectivity for aromatic
regioisomers due to their steric bulk and rigidity. These crystals
were utilized to absorb hydrochloric acid and iodine which
provides a new method to host acidic guests without the
requirement for an acid-base reaction.*® Ananchenko et al.
synthesized a calix[4]arene with longer alkyl chains to balance
between the rigidity of calixarene molecules and the flexibility
of the long alkyl chains. para-Octanoyl calix[4]arene compared
to para-hexanoyl calix[4]arene is more stable up to 183 °C.*® The
para-octanoyl calix[4]arene adsorption of linear alkanes C;-C,,
xenon, N,, O,, and CO, was measured. Interestingly, para-
octanoyl calix[4]arene exhibits higher adsorption of hydrocar-
bons, xenon, and CO, than of N, and O,, at room temperature.
However, the calix[4]arene capacity for CO, is not as high at low
pressure, which suggests the potential of these materials to

This journal is © The Royal Society of Chemistry 2021
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separate hydrocarbons from CO,. Calix[n]aneres were efficiently
utilized in removing toxic water-soluble pollutants from
wastewater especially non-biodegradable ones. Shalaeva et al
reported the synthesis of two polymers with amidoamine calix
[4]resorcinarene units as sorbents towards three water soluble
azo dyes, including acid orange, methyl orange and congo red
by hydrogen, electrostatic, dipole-dipole interactions.®” The
sorption efficiency was explained based on dye-sorbent struc-
ture conformity. Lakouraj et al. introduced new polymers with
great potential for heavy metal removal, including Cu**, Cr**,
Co>*, Cd*" and Pb** from wastewater by solid-liquid extraction
using  polytriazolecalixamides (PTCAs) and poly-
triazolecalixarenes (PTCs), which were prepared by poly-
condensation and click reactions, respectively (Fig. 3b).*® Guo
et al. reported the synthesis of a p-tert-butyl calix[6]-1,4-crown-4-
based polymer with high adsorption capacities for different
aniline derivatives, reaching 90%, due to the large cavity and
stable conformation of calix[6]arene within the polymer back-
bone, in addition to hydrogen and m-m stack interactions.®
Most recently, polymers with a backbone containing different
cavity sizes of calix[n]anere (n = 4, 6, 8) have been tested for
herbicide paraquat removal with high uptake capacities reach-
ing 419 mg g '.* Several studies developed calixarene-based
polymers to capture iodine, due to critical health and ecological
effects.”*> For example, an azo-bridged calix[4]resorcinarene-
based porous polymer was studied by Su et al. for capturing
iodine vapor with a high adsorption capacity of 477 wt%.”
Recently, An et al. studied iodine adsorption from water using
a series of amino-bridged covalent organic polycalix[4]arenes
prepared through the copolymerization between functionalized
calix[4Jarene with the triazine group and diamines (Fig. 3c).**
These polymers exhibit a high iodine uptake up to 310 wt% by
noncovalent interactions, including hydrogen bonding, and
anion-t interactions between the phenyl rings and triazines
groups with iodine molecules. Prata et al. synthesized chirop-
tical active polymers by copolymerization of calixarene and
aryleneethynylene monomers.” These polymers exhibit enan-
tiomeric recognition abilities towards (R)- and (S)-a-methyl
benzylamine.

2.4. Pillararenes

Pillar[n]arenes are constituted of hydroquinone units linked by
methylene bridges at para-positions (n = 5-15). Pillar[n]arenes
as a new class of synthetic macrocycles have received great
attention due to their simple synthesis and functionalization,
high solubility in many solvents, their host-guest interactions,
and possibility of assembling as supramolecular polymers.***”
Pillar[n]arenes have been utilized in the area of separation/
adsorption due to electron-rich and pillar-shaped rigid cavities.
Recent review articles have summarized the applications of
pillar[nJarenes in metal ion separation,”® and host-guest
recognition.” Here we discuss the recent application of pillar[n]
arenes in gas and hydrocarbons separation. Tan et al'®
designed a 3D porous supramolecular organic framework (SOF)
from perhydroxyl-pillar[5Jarene by intermolecular hydrogen
bonds. This pillar[5]arene-based SOF exhibited good thermal

J. Mater. Chem. A, 2021, 9, 18102-18128 | 18107
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stability, and permanent porosity and high CO, adsorption
capacity reaching up to 88 mg g ' under ambient conditions.
Later on, two 3D porous SOFs based on pillar[5]arene and pillar
[6]arene were synthesized and used for CO, separation. These
SOFs showed remarkable separation properties and high
adsorption selectivity for CO, over CH,, C,Hg, C,Hy, C,H,, N,

18108 | J Mater. Chem. A, 2021, 9, 18102-18128

and H, due to pillar[n]arene structural features within these
SOFs.'" Promising results for environmentally friendly and
energy-efficient adsorption and separation processes of hydro-
carbons have been reported using pillar[n]arenes. Activated
crystals of pillar[5]arene exhibit an uptake of n-alkane vapors
with chains longer than five carbon atoms. However, the same

This journal is © The Royal Society of Chemistry 2021
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activated crystals did not take up cyclic and branched hydro-
carbons vapors, due to the cavity size, which is suitable for host
linear alkanes, but not branched or cyclic alkanes (pillar[5]
arenes = 4.7 A).** The cavity size of the activated pillar[6]arene
crystals is 6.7 A, which shows selective uptake for branched and
cyclic alkanes such as 2,2-dimethylbutane, 2,3-dimethylbutane,
and cyclohexane.'® Jie et al investigated the separation of
styrene and ethylbenzene utilizing activated pillar[6]arene
crystals.’® The separation of these two compounds by conven-
tional distillation is difficult due to the close boiling points.
However, styrene with 99% purity was obtained by exposing
activated pillar[6]arene crystals to a 1:1 vapor mixture of
styrene and ethylbenzene. Subsequently, Jie et al. used pillar[6]
arene crystals for para-xylene separation.'”® The cavity size of
pillar[6]arene perfectly fits para-xylene and the -7 interaction
between para-xylene and pillar[6]arene crystals stabilize the
host-guest complex, leading to an ideal selectivity for the
separation of a 1 : 1 : 1 mixture of xylene isomers (Fig. 4a). The
same group studied the separation of cyclic aliphatic hydro-
carbons such as methylcyclohexane and cyclohexane from the
corresponding unreacted aromatic hydrocarbons toluene and
benzene with high purity. Adaptive perethylated pillar[5]arene
(EtP5) was effectively used to separate toluene from methyl-
cyclohexane with selective uptake driven by CH-7 interactions
for toluene, reaching 79 cm® g™* at P/P, = 0.5. Methyl-
cyclohexane was selectively taken up at P/P, = 0.35 by pillar[6]
arene (EtP6) crystals (Fig. 4b). However, perethylated pillar[5]
arene and pillar[6]arene crystals did not show the ability to
separate cyclohexane and benzene.'® This unique adaptive
behavior of pillar[n]arene crystals encouraged Feihe and
coworkers to extend their studies to separate p-chlorotoluene
from an o-chlorotoluene/p-chlorotoluene mixture by perethy-
lated pillar[5]arene and pillar[6]arene crystals with high selec-
tivity towards p-chlorotoluene, which was attributed to the
appropriate host cavity shape and size.'” Most recently, they
utilized the nonporous adaptive crystal adsorbent strategy to
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Adaptive pillar[6]arene crystals 90 % selectivity

Fig. 4 (a) Schematic representation of xylene isomer separation utilizing
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separate the 3-chloropyridine impurity from 2-chloropyr-
idine.’® Dihalobenzene isomers have been separated by an
adsorptive method using perbromoethylated pillar[5 and 6]
arenes.'” The separation of bromoalkanes isomers has been
recently demonstrated by nonporous adaptive crystals of pillar
[6]arenes."*® Derivatives of pillararenes, such as tiara[5]arenes
have been also reported as promising crystalline materials to
distinguish for instance benzene and cyclohexane.™*

2.5. Cucurbiturils

Cucurbit[n]urils (CB[n]s) consists of glycoluril units bound
together by methylene bridges. CB[n]s possesses a highly
symmetric structure with hydrophilic carbonylated rims and
a hydrophobic cavity, which enables CB[n]s to encapsulate
neutral molecules by hydrophobic interactions, while the
carbonyl portals of CB[n]s facilitate the encapsulation of
cationic species by means of hydrogen bonding and ion-dipole
interactions. Barrow et al. well summarized the molecular
recognition of cucurbit[r]urils in a review article.'*> Recently,
Cicolani et al. outlined the utilization of cucurbit[z]urils in the
environmental remediation sector, such as dye removal,
hazardous metal ion adsorption and gas capture.'*® Here, we
aim to highlight the most recent studies on cucurbit[z]urils for
separation applications.

Khashab and co-workers***

reported an economical and
facile method for the separation of xylene isomers. Cucurbit[7]
uril (CB7) showed excellent separation of o-xylenes (OX) with
a ratio reaching 92.2% by liquid-liquid extraction, while the
values of m-xylenes (MX) and p-xylenes (PX) were only 4.1% and
3.7%, respectively. Moreover, the separation of other disubsti-
tuted benzene isomers such as dibromobenzenes (DBBs),
dichlorobenzenes (DCBs) and chlorotoluenes (CTs) by cucurbit
[7]uril have been investigated. The results showed a separation
efficiency for ortho-disubstituted isomers as high as 96.7% for
0-DBB, 96.9% for O-DCB, and 96.8% for O-CT in one extraction

cycle. The selectivity of cucurbit[7]uril towards ortho-
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disubstituted isomers was interpreted as a shape-sorting effect,
due to the different aspect ratio (a/b) for xylene isomers, as
shown in (Fig. 5a). o-Xylene has the smallest aspect ratio, which
better fits the cucurbit[7]uril cavity. Li et al. investigated the
nonporous adaptive crystal behavior for toluene/pyridine sepa-
ration utilizing cucurbit[6]uril (CB6) (Fig. 5b)."*> CB6 crystals
exhibit remarkable selectivity for pyridine up to 93% even with
the volumetric ratio of pyridine to toluene being 1 :100.
Moreover, cucurbit[6]uril could be reused without lowering the
performance efficiency. Liang et al. reported a new and easy
“host-in-host” strategy for organic macrocycle-based frame-
works for selective separation of CO,/N,."* CB6 with an
appropriate molecular size (1.44 nm) was encapsulated into the
inner mesopores of MIL-101 with a pore size of 1.5 nm by
incipient-wetness impregnation (CB6@MIL-101). CB6@MIL-
101 showed high CO, uptake capacity and selective CO,/N,
separation at low pressures. Furthermore, they report cucurbit
[6]uril-based hydrogen-bonded organic frameworks (HOFs) for
SO,/CO, separation. Cucurbit[6]uril-HOF showed higher SO,
uptake (120 cm® g~ ") at 0.97 bar and 293 K compared to CO,,
due to the high polarizability of SO, leading to strong interac-
tions between SO, and CB6. This system has an easily scalable
synthesis, great structural stability, excellent recyclability and

reprocessing."*’

2.6. Trianglamines

Trianglamines are triangular chiral macrocycles synthesized via
a condensation reaction between equimolar amounts of chiral
1,2-diamine dicarboxaldehyde."™® A series of trianglamine
macrocycles have been reported with different functionalities,
sizes and geometries.'*® Trianglamines have been used as chiral

a)
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shift reagents, and organic catalysts.***** However, the appli-
cation of trianglamines for separation is still limited.

Khashab and co-workers*** reported the first trianglamine-
based supramolecular organic framework (T-SOF-1) by the full
protonation of trianglamine, which directs supramolecular
packing. T-SOF-1 showed an excellent affinity for CO, capture
under ambient conditions with the isosteric heat of adsorption
around 30 kJ mol~". Furthermore, the possibility of adjusting
and improving the selectivity for separation applications by
employing host-guest chemistry has been investigated by
loading iodine into T-SOF-1. Interestingly, after iodine encap-
sulation, T-SOF-1 exhibited great capability for CH,/CO, sepa-
ration. Most recently, Khashab's group reported shape selective
separation of a biphenyl based trianglimine toward benzene
derivatives, where unknown self-assembled structures were
discovered as dictated by the nature of the guest molecule
(Fig. 6).*

3. Fabrication of macrocycle-based
membranes

Employing a suitable strategy to rationally incorporating mac-
rocycle molecules into membranes is vital to realise their
advantages for precise separation. When compared to other
common molecules, the rigid molecular skeleton and intrinsic
pore structure are the key advantages of macrocycles for
membrane applications. Thus, the realization of the full
potential of these rigid and intrinsic pore structures is the
fundamental objective in the synthesis of macrocycle-based
membranes. In the early stages of this field, macrocycles as
porous fillers were added to polymeric mixed matrix
membranes to obtain recognition sites and extra channels for
specific molecules to favorably permeate and recognize.'****”
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Fig. 5 (a) Schematic representations for the shape-sorting effects of cucurbit[7]uril and xylenes.*** (b) (i) Chemical structures and cartoon
representations of cucurbit[6]uril. (i) Schematic of cucurbit[6]uril, as an absorbent for pyridine and toluene separation.*> Reproduced with

permission from Elsevier, Copyright 2020 and Wiley-VCH, Copyright 2020.
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Fig. 6

(a) Preparation of I@T-SOF-1. (b) Crystal packing along the axis of T-SOF-1 (left) and 1@T-SOF-1 (right). Color code: C, gray; H, white; N,

blue; O, red; Cl, green and |, orange.*** Reproduced with permission from American Chemical Society, Copyright 2018.

However, if the content of the embedded macrocycle molecules
is low, the polymeric matrix still plays the major role for the
transport and this was evident in early reports.'*®'* Later stages
of development continued to arouse great interest in macro-
cycles for membrane preparation, using different approaches.
For example, membrane surface and pore modification with
macrocycle molecules can make the macrocycles molecules to
fully interact with guest species, effectively realizing the pore
structure potential. However, this method can only introduce
a relatively small amount of macrocycle molecules into the
membrane. To increase the macrocycle molecule content in the
membrane, macrocycle molecules were later used as main
building blocks for membrane preparation. By choosing suit-
able cross-linkers, various kinds of membranes with a high
macrocycle content could be prepared. Because of the hyper-
crosslinked structure, the membranes show high chemical and
mechanical stability. By using the host-guest chemistry, state-
of-the-art self-assembled macrocycle membranes were
prepared. The detailed fabrication processes and strategies are
displayed in the following sections.

Competitive polymeric membranes for nanofiltration,
reverse osmosis (e.g. ions separations and desalination) and gas
separations are frequently manufactured in different steps and
can be constituted by different layers. We briefly describe here
the general methods or steps of preparation and the opportu-
nities and challenges for macrocycle integration in each of
them.

Step 1: the basic layer of a membrane is a porous asymmetric
structure that gives mechanical stability to the whole system,

This journal is © The Royal Society of Chemistry 2021

without compromising permeance. This step is mostly per-
formed by non-solvent induced phase separation (NIPS). A
polymer solution is cast on glass, a metal surface or on a poly-
meric highly porous non-woven, followed by immersion in
a coagulant bath, usually water. Depending on the solution
concentration and other preparation conditions, a dense
selective layer might be formed leading to an integral asym-
metric membrane.

Step 2: the selectivity is however in most cases only achieved
by the deposition of an additional thin (10 nm to 1 um) layer of
another polymer or composite material, on the asymmetric
layer described in Step 1. This additional layer is obtained by
dip-coating (300 nm to 1 pm thick) or by interfacial polymeri-
zation (IP) (10-400 nm thick). IP is performed by embedding the
porous asymmetric support layer in an aqueous solution con-
taining a reactive monomer, typically amino-functionalized and
then exposing this system to an organic immiscible phase
containing another reactive monomer, typically an acid chlo-
ride. The selective layer is formed at the interface.

Step 3: post-modification reactions might be required to
tune the hydrophilicity/hydrophobicity balance, reduce pore
sizes, add functionalization and enhance stability.

There are opportunities to integrate macrocycles into
membranes in all steps, as specified below.

3.1. Blending

The integration of macrocycle molecules as non-reactive addi-
tives into polymer matrices in Step 1 of preparation of the

J. Mater. Chem. A, 2021, 9, 18102-18128 | 18111
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asymmetric porous structure by NIPS, or dip-coating and IP
(Step 2) is the simplest and the most straightforward method to
fabricate macrocycle-based hybrid membranes. When adding to
the coating layers, the total amount of macrocycle needed is of
course lower. Compared to purely inorganic fillers, the organic
molecular structure facilitates the compatibility of the macro-
cycles with the polymer matrices. Moreover, the intrinsic pore
structures of macrocycles offer recognition sites and an addi-
tional free volume for gas, water, and organic solvent molecules
to pass through, improving membrane permeability. The
recognition capability has the potential of enhancing the
selectivity.

In the NIPS method, macrocycles are directly added to the
polymer doped solution and homogenized. Then the
membrane is formed following a regular NIPS procedure.
Macrocycles are randomly distributed over the final membrane
structure. The macrocycle is practically held in the polymer
matrix by the entangled polymer chains. Because of their
functionality, relatively good compatibility with the polymer
matrix, and easy dispersion, macrocycles are becoming attrac-
tive fillers for membranes.

In many cases, blending is first tested in a dense film,
prepared just by solution casting, followed by solvent evapora-
tion, as a pre-evaluation to later prepare NIPS integral
membranes or later apply as dip-coatings. In this manner,
macrocycles have been incorporated into different polymer
matrices, including polyimide (PI, e.g., Matrimid), polysulfone
(PSU), cellulose acetate, poly(ether-b-amide) (Pebax), etc. One of
the pioneering macrocycle-based membranes incorporated -
CD into a poly(vinyl alcohol) (PVA) matrix for xylene isomer
separation by pervaporation.™’ A separation factor of 2.96 for p-
xylene/m-xylene with a permeation flux of 95 ¢ m~> h™" was
achieved. This performance was superior to that of a plain PVA
membrane, which was attributed to the preferential inclusion
of p-xylene in the cavity.

The main drawbacks of the blending approach are the risk of
diluting the potential added value of the macrocycle if the
concentration is low, and the fact that the macrocycle, not being
covalently bonded to the matrix, could be potentially leached
out during operation, resulting in compromised separation
performance. The functionalization of macrocycles with
appropriate reactive groups that can covalently bond to the
polymer chain is helpful to increase their stability in
membranes. Because amine groups can react with the imide
structure on the polyimide backbone, CD was modified with
ethylenediamine and then was used as a filler for Matrimid/CD
composite membrane preparation.’* The membrane showed
superior properties for water/isopropanol separation as well as
a good stability. Nonetheless, the choice of macrocycle func-
tionalization is quite specific for each polymer systems.

Other CD-linked polymers have attracted great interest in
fabricating CD-based mixed-matrix membranes, because of
their relatively high stability. Zhang et al. imbedded B-CD
polymers with branching chain extension in PVA."** The incor-
porated B-CD polymer had a molecular recognition function,
which selectively facilitated the transport of the xylene isomers.
Assisted by host-guest chemistry, supramolecular polymers,

1812 | J Mater. Chem. A, 2021, 9, 18102-18128
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such as PDMS-conjugated CD/PEG-based polyrotaxanes, have
also been used as additives for mixed-matrix membranes
preparation (Fig. 7a).*** An interesting feature of this polymer is
that it self-assembles into a nanoparticle with core-shell
morphologies. When used as a filler, the nanoparticle endowed
the membrane with abundant ethylene glycol (EG) units
without crystallization, which significantly improved the CO,
permeability of the membrane along with only a slight selec-
tivity decrease for CO,/N,. This combination of characteristics
is believed to be favored by the dynamic structure of the
nanoparticle, provided by the polyrotaxanes/PDMS chains with
translational and rotational freedom.

When the selective coating is prepared by the IP method,
instead of dip-coatings, we have macrocycle-based thin-film
nanocomposite (TFN) membranes. The macrocycles are only
present in this thin (<400 nm) layer. Therefore, a relatively small
content of macrocycles is needed during the membrane fabri-
cation. Macrocycle TFN membranes were first prepared by Mao
et al.** in 2015 (Fig. 7b). In their work, CD derivatives with
different cavity sizes and functional groups (sulfonic acid,
phenyl and imidazolyl moieties grafted on the CD external
surface) were introduced in the polyamide (PA) thin film via
interfacial polymerization of trimesoyl chloride (TMC) and
polyethylenimine (PEI) monomers on top of a PAN substrate.
Within the interfacial polymerization layer, the hydrophobic
cavities of CDs offered favorable pathways for nonpolar
solvents, whereas the hydrophilic free volume cavities between
the CD and the polymer matrix gave efficient pathways for polar
solvents. By varying the functionalization, the interaction
between the CD derivative and the PEI matrix can be promoted
or minimized, tuning not only the polarity of the path, but also
the fraction of free volume (FFV) available for permeation
around the CD unities. Therefore, a dual-pathway nano-
structure is constructed. Increasing the cavity size of the CD
allows larger nonpolar solvents to permeate, meanwhile
increasing the solvent flux. For example, the toluene (0.6 nm)
permeance increased from 0.13 to 2.52 L m 2 h™* bar *, when
the CD cavity size changed from 0.6 to 0.75 nm. Similarly, the
polar solvents permeance increased when the free volume
between the CD molecules and the PEI matrix increases, by
decreasing the PEI-CD interfacial interactions.

Macrocycles can not only be used as fillers but also as
modifiers of inorganic nanoparticles. Abou-Elanwar et al.'**
prepared TFN membranes by incorporating B-cyclodextrin-
encapsulated magnetite (B-CD-Fe;O,) nanoparticles with
a diameter of 7-20 nm into a PA layer by interfacial polymeri-
zation between diethylene triamine (DETA) and trimesoyl
chloride (TMC). The compatibility between Fe,O; and PA was
significantly improved by chemical or physical interactions
between the hydroxyl groups of CD and the polyamide matrix.
Because of the magnetic properties of Fe;O,4, the B-CD-Fe;0,
nanoparticles in diethylenetriamine (DETA)/B-CD-Fe;0, solu-
tion could be conveniently separated by using an external
magnetic field and the separated nanoparticles could be reused
without any significant additional process.

In addition to CD, other macrocycle molecules have been
investigated to synthesize mixed matrix and thin-film

This journal is © The Royal Society of Chemistry 2021
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the preparation process of the nanocomposite membrane with CD as the additives.*** (c) (i) The diffusion of (i) CB6-PIP in the two phase
interface, (i) the sketch of the surface topography of NF-CB-1 membranes, (iii) the SEM and AFM images for a NF-0.1%CB-1 membrane.**¢
Reproduced with permission from Royal Society of Chemistry, Copyright 2015, American Chemical Society, Copyright 2015, and Wiley-VCH,

Copyright 2019.

nanocomposite membranes, due to their special characteristics
such as the pore structure and chemical properties."*® Using
cucurbit[6]uril (CB6)-piperazine (PIP) pseudorotaxane as the
aqueous monomer, CB-containing TFN membranes were then
prepared by IP (Fig. 7c). The host-guest complex by hydrogen
bonding or ion-dipole interactions greatly enhanced the solu-
bility of CB6 in water, making the subsequent interfacial poly-
merization process feasible. Different from traditional IP-
manufactured membranes, this membrane featured two types
of permeance paths, including the regular polyamide network
free volumes and rotaxane tunnels. Such abundant solvent
transport tunnels result in a high reported water permeance of
15.5-25.4 L m > bar™ ' h™' and a high rejection of MgSO, (99.5-
92.5%), largely surpassing that of conventional polyamide
membranes. By using a similar strategy, a type of dendritic
macromolecule, PAMAM, was also complexed with CB6 to
fabricate a thin-film membrane for high-performance anti-
fouling nanofiltration performance.™”

For the blending strategy, most macrocycles are used as
fillers in the polymer matrix. The presence of the polymer
matrix and the relatively low concentration of the macrocycles
could, to some extent, compromise the realization of the full
potential of macrocycles during the separation process. Hence,
utilization of macrocycles in a more efficient manner is highly
desirable for membrane applications, as described in the next
sub-sections.

This journal is © The Royal Society of Chemistry 2021

3.2. Surface and pores post modification

Surface modification has long drawn research attention to
impart desired functionalities to membranes. Unlike blending,
which alters the physiochemical properties of the bulk polymer
matrix, surface modification usually has little or even no effect
on the matrix. However, altering the surface composition can be
essential to realizing successful applications of membranes that
go from water treatment, by remediating fouling, to biomedical
devices, by securing biocompatibility. There are mainly two
classical methods to perform surface modification: phys-
isorption and chemical reaction. Physisorption is the deposi-
tion of species onto the membrane surface physically by
electrostatic or van der Waals interactions. The other possibility
is the attachment of molecules onto the membrane surface by
the formation of covalent or coordinated bonds. Macrocycles
have been explored for physical and chemical surface modifi-
cation of membranes. An early example was the surface modi-
fication of commercial cellulose membranes by grafting -CD
molecules, aiming at racemic amino acid separation.’****° The
effects of the spacer arm length, and of the steric groups chosen
to modify the CD, on the chiral selectivity have been investi-
gated. It was found that shorter spacer arms and larger steric
groups were more favorable. This strategy was further extended
to TFN membrane surface modification with CD.***

The examples mentioned above are mainly applied to rela-
tively dense layers. Modifications with macrocycles have been

J. Mater. Chem. A, 2021, 9, 18102-18128 | 18113
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applied to highly porous membranes, as well. In this case, there pores. This modification can be achieved by the attachment of
is not only a need to modify the surface of the membrane, i.e., specific molecules or polymer segments onto the pore wall. A
the hydrophilic nature, but also the size and properties of the pioneering fabrication of membranes with pores modified with
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Fig.8 (a) Schematic illustration of the preparation process and the K -response of the proposed smart membrane.**? (b) (i) Schematic illustration
of electrospinning of the B-CD-PDA@PLA NF membrane, and photographs and SEM images of the (ii) PLA nanofiber membrane, (iii) PDA@PLA
nanofiber membrane, and (iv) B-CD-PDA@PLA nanofiber membrane, the scale bars represent 2 um, (v) distribution of the pore size of nanofiber
membranes, (vi) graphical synthetic routes of the B-CD-PDA@PLA nanofiber membrane.*** Reproduced with permission from Wiley-VCH,
Copyright 2012, and American Chemical Society, Copyright 2018.
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macrocycles was reported in 2012.**> In this study, the pore
walls of nylon-6 membranes were grafted with a poly(N-iso-
propylacrylamide-co-acryloylamidobenzo-15-crown-5)  (poly(-
NIPAM-c0-AAB;5C;s)) copolymer. The crown groups provide
a host-guest recognition site for the K' ions (Fig. 8a). The
grafted pores function as gates, responsively switching from
a “closed” state to “open” state by recognizing K" ions in the
environment and vice versa. The K'-responsive gating is rapid,
reversible and reproducible. The membrane was highly selec-
tive to K' ions. Because of the lack of complexation ability of 15-
crown-5 with other ions (e.g., Na*, Ca®>" or Mg>"), there is no
responsive effect for them. By using a similar strategy, inorganic
membrane pore modification with macrocycles was also
investigated.'*

This strategy was further extended to nanofiber membranes
fabricated by electrospinning. CD molecules were grafted onto
polydopamine (PDA)-coated poly(i-lactic acid) (PLA) nanofibers
(Fig. 8b).*** The as-prepared CD-modified PLA nanofiber
membranes showed excellent hydrophilicity, underwater oleo-
phobicity, and recyclability, which therefore endowed the
membrane with good capability to separate oil-in-water emul-
sions. As a result, a flux higher than 1500 L m > h™" and 99.5%
selectivity could be reached. The CD-modified PLA nanofiber
membranes also demonstrated excellent adsorption (higher
than 95%) of positively charged water-soluble organic pollut-
ants during the filtration. This is attributed to the hydrophilicity
introduced by CD and its ability of host-guest complexation
with organic micropollutants, further elevating the separation
potential of the nanofiber membrane for environmental
applications.

Besides chemical grafting, physical deposition was also
explored for surface modification with macrocycles. Recently,
an ion-responsive material was fabricated by spraying benzo-15-
crown-5 (B;5Cs) onto a polytetrafluoroethylene (PTFE)
membrane."® Driven by the unique host-guest chemistry of
crown ethers, the wettability of the membrane surface was
adjusted based on the complexation between Na" and B,5Cs. At
a low salt concentration, the membrane surface was highly
hydrophobic (~145°) and superoleophilic (0°). Under high salt
concentration conditions, the membrane became highly
hydrophilic (~20°) and underwater superoleophobic (above
150°). These characteristics are convenient for water-in-oil and
oil-in-water emulsion separations. The salt-induced wettability
transition of the B;5;Cs-coated membrane results from the
polarity variation of the surface. The membrane promoted the
salt-responsive demulsification of both water-in-oil and oil-in-
water emulsions with outstanding performance and excellent
reusability.

Currently, although only CDs and crown ethers are applied
in membrane surface (or pores) modification, many more
different macrocycles could also be studied due to their unique
characteristics, such as the pore size and host-guest complex-
ation ability. Besides influencing the separation properties
themselves, CDs have been incorporated as surface modifiers to
impart antibacterial/antifouling activity to the membranes.**¢**”

This journal is © The Royal Society of Chemistry 2021
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3.3. Crosslinking

The above-mentioned blending and surface modification
approaches typically incorporate relatively small amounts of
macrocycle molecules. The potential benefit that could be
provided by macrocycles is therefore far from being fully
explored. Having macrocycles as the main building blocks for
membrane construction is therefore a much more promising
strategy. Because of their special porous structure and
complexation capability, macrocycles have been widely used to
fabricate crosslinked polymers as adsorbents for water treat-
ment. For example, Dichtel and coworkers® coupled the
hydroxyl groups of macrocyclic B-CD with tetra-
fluoroterephthalonitrile to synthesize a mesoporous polymer
network for the rapid removal of organic micropollutants.
Considering that cellulose-based fibers and B-CD are similar
chemically, they further modified cotton fabrics with a cross-
linked CD polymer simply by the same chemistry.**® Compared
to pristine cotton, the resulting CD-functionalized fabric could
rapidly remove organic micropollutants, such as bisphenol A.
The functionalized fabric also usefully sequestered volatile
organic compounds (VOCs) from the vapor phase more quickly
and with a capacity higher than that of untreated cotton as well
as other tested commercially available fabric-based adsorbents.
The ability to rapidly sequester contaminants could be due to
the high surface area, high porosity and the affinity between the
cyclodextrin binding sites and the micropollutants. Wooley and
co-workers proposed the crosslinking of peraminated B-CD
molecules with pyromellitic dianhydride to form a gel, which
could be cast onto a PVDF microfiltration support.** The gel
layer thickness was around 20 pum, and had hierarchical
porosity, leading to a high adsorption capability for rhodamine
B. High permeances for water (6.5 L m > h™' bar ') and
methanol (8.8 L m > h™ ' bar™ ') were also observed.

The crosslinking examples above were performed in one
phase and had more emphasis on adsorption than on the
membrane transport application. For membranes, addressing
both high selectivity and low transport resistance is essential.
Compared to a monophasic reaction, interfacial polymerization
can produce much thinner membrane selective layers, which is
greatly favorable for high permeance. As far as we know, the first
highly crosslinked macrocycle membrane by interfacial poly-
merization was reported in 2013."" In that case, cyclodextrin
was crosslinked with TMC in the presence of triethanolamine.
Similarly, in another report, cyclodextrin was crosslinked with
TMC on a PVDF support.*® Because of the low reactivity of
pristine CD under the membrane preparation conditions, no
dense film was generated, leaving the porous morphology
unchanged. The formed crosslinked cyclodextrin only improved
its hydrophilicity without contributing for selectivity enhance-
ment. The obtained membrane had a higher permeate flux as
well as better antifouling properties. But the full potential of CD
as a building block could only later be demonstrated.

The breakthrough of crosslinked macrocycle membranes by
interfacial polymerization was possible by precise control of
reaction conditions (Fig. 9a)."* CD was crosslinked with ter-
ephtaloyl chloride to form dense selective membranes on a PAN
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Wiley-VCH, Copyright 2017, Wiley-VCH, Copyright 2020, and Springer Nature, Copyright 2020.

support under exposure of NaOH. With a low NaOH concen-
tration (0.1-0.8 M), a flat and smooth membrane selective layer
was formed, while with a high concentration of NaOH (e.g. 1.0
M or higher), the formed membrane surface was crumpled. For
water and methanol, permeances up to 20 and 9.4 L m > h™*
bar ™" were respectively obtained. Interestingly, the high content
of crosslinked CD allows the prepared membrane to have the
capability to separate small molecules based on their shape.
Only molecules with a kinetic diameter smaller than the narrow
aperture of the B-CD cavity (=0.61 nm) were able to go through
it. For example, two neutral molecule dyes with a similar
molecular weight, protoporphyrin IX (562.7 ¢ mol %, 1.5 nm)
and rhodamine B base (442.6 ¢ mol™', 0.6 nm) can be suffi-
ciently separated by a B-CD membrane. In order to improve the
reactivity of CD, shorten the membrane preparation time and
make the interfacial polymerization of CD effective enough for
industrial application, amino-CD was used for membrane
fabrication (Fig. 9b).*** Interestingly, the formed membrane is
composed of a layered structure of polymerized cyclodextrin.
The as-prepared CD crosslinked membrane had good separa-
tion performance for organic solvent filtration, out-performing
commercial membranes to a large extent, and being compa-
rable or better than recently reported OSN membranes.

In addition to CD, other macrocycles have been explored for
crosslinked membrane preparation. For example, two kinds of
mesoporous polymer membranes have been prepared from
crosslinked sulfonatocalix[4]arenes and pillar[5Jarenes with
high solvent permeances." Due to the high permeability and
the preferred host-guest interaction between the macrocycles
and dyes, both membranes could effectively remove cationic
dye molecules via a simple filtration process. Moreover, the
captured dye molecules could be easily desorbed from the
membranes by organic solvents and the membranes could be
recovered to their original states.

18116 | J Mater. Chem. A, 2021, 9, 18102-18128

More recently, highly crosslinked trianglamine membranes
were prepared by interfacial polymerization (Fig. 9c).*** The
multiple reactive sites of trianglamine led to a highly cross-
linked ultrathin selective layer (<10 nm). Permeances as high as
40 L m >h ™" bar " were demonstrated with a molecular weight
cut-off around 450 g mol ', More interesting than size rejection,
the membrane was able to separate solutes based on chirality.
This was demonstrated with racemic mixtures of a series of
amino acids, the best results being for tryptophan, the largest
among the tested solutes.

3.4. Self-assembly

Unlike the crosslinking strategy that covalently bonds macro-
cyclic building blocks into a polymer network, another method
exploits the self-assembly of macrocycles, linking them via
reversible and non-covalent bonds. This soft interaction
provides the possibility of forming a more ordered structure
during the self-assembly process. Particularly, because of the
supramolecular complexation capability of macrocycles to other
molecules, host-guest interactions can be used for membrane
formation. An intricate example of single-layer 2D ionic
organic-inorganic frameworks was reported by Yue et al.**” They
first built bolaform cationic molecules with two cationic azo-
benzene groups linked by ethylene glycol segments (Fig. 10a). A
complex was promoted with a-CD molecules to form a pseu-
dorotaxane. Polyoxametalates as polyanionic clusters acted
then as connection nodes between the cationic pseudorotax-
anes, forming a single-layer ionic self-assembled framework
with 1.4 nm layer thickness. These soft supramolecular polymer
frameworks possessed uniform and adjustable ortho-tetragonal
nanopores with their size in the range of 3.4-4.1 nm, with
convenient solution processability. Membranes could be ob-
tained by filtration of solutions containing such supramolecular

polymer frameworks onto a supporting track-etched

This journal is © The Royal Society of Chemistry 2021
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(a) (i) Schematic representation of the membrane formation mechanism of the CD-based self-assembled framework. (ii) high resolution

TEM image of a CD-based self-assembled framework.*” (b) (i) Schematic representation of the membrane formation mechanism of the pil-
lararene-based self-assembled framework. (i) High resolution TEM image of the pillararene-based self-assembled framework.*** Reproduced
with permission from Springer Nature, Copyright 2016, and American Chemical Society, Copyright 2020.

polycarbonate filter under vacuum pressure. Recently, this
group also developed a pillararene-based framework by similar
strategies.'*®'*® For example, two positively charged pillararenes
interacted with negatively charged polyoxametalate, forming an
ionic complex (Fig. 10b). The pillararene on this complex then
acted as a supramolecular host unit to further include guest
molecules, 5,10,15,20-tetra[4-(4’-cyano)butoxyphenyl] porphyrin
bearing four arms in a right angle to each other, forming a 2D
supramolecular-ionic framework.**®

3.5. Layer deposition

Compared to the above host-guest approach, a layer-by-layer
(LbL) method is a more common strategy for membrane fabri-
cation due to its simple and adjustable features. A LbL assembly
procedure typically involves the deposition in sequence of two
materials via attractive forces such as electrostatic interactions,
van der Waals, and hydrogen bonding. An important merit of
the LbL method is that the membrane thickness can be strictly
controlled at the nanometer level by the number of layers. Tieke
and co-workers conducted a systematic study on a series of
calixarene-containing multilayered membranes via LbL and
investigated their metal ion transport selectivity.'***** In their
study, sulfonated calixarenes, used as polyanions, were depos-
ited with polycations on a porous support. It was found that the
membranes had higher permeability for monovalent ions over

This journal is © The Royal Society of Chemistry 2021

divalent and trivalent ones, because of the electrostatic effect.
The complex formation between metal ions and the calixarene
units also affected the permeance. Calix4 more favorably binds
with lithium ions, while calix6 favorably binds magnesium ions,
and calix8 transition metal ions. Consequently, for some ions,
a high selectivity could be achieved. The LbL membranes
prepared from calix8/PVA,"** for example, had a separation
factor for (NaCl/LaCls) of 143.3, 3 times higher than that of the
control membrane without the macrocycles.*®

Kazemabad and co-workers reported the first crown-based
membrane fabricated via a LbL method.'® The crown ether 15-
crown-5 was first copolymerized with polyethylenimine (PEI),
and then was utilized as a polycation in polyelectrolyte multi-
layer membrane formation via LbL deposition. The manufac-
tured membranes demonstrated Li/K selectivity over the
duration of 90 min, after which the crown ethers became
saturated and the selectivity was lost.

Recently, Shen et al. prepared vesicles constituted by block
copolymers with embedded and densely packed pillar[5]arene
artificial water channels.'*® Giant collapsed vesicles were used
as 2D sheets deposited by a modified LbL method on porous
supports. The resulting membranes were claimed to have
a sharp selectivity profile with a molecular weight cutoff of ~500
g mol ™" and permeance of ~65 L m > h™" bar™ ", far superior to
similarly rated commercial membranes (4-7 L m > h™" bar ).
Since the components of the membranes prepared by the LbL
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method interacted with each other just via electrostatic forces,
the macrocycles as small molecules could possibly leach out of
the membrane, especially when it comes to liquid separation.
Hence, further enhancement of the stability of LbL membranes,
for instance by crosslinking is important for their future prac-
tical application.

It is well known that surfactant molecules can form different
structures due to their amphiphilic characteristic. Macrocycle
molecule-based amphiphiles have also been investigated to self-
assemble into thin-filma.'” Regen and coworkers intensely
investigated the gas permeability of surfactant-like calix[n]
arene-containing membranes by the Langmuir-Blodgett (LB)
method.'**"”® Such membranes would act like molecular sieves
and the presence of the multiple hydrocarbon chain structure in
each surfactant would enhance the cohesiveness of these
assemblies, thereby minimizing defect formation. In order to
improve the stability of the LB membrane, the head of calixar-
ene-based surfactants has been designed with specific groups,
such as disulfide moieties for photo-cross-linking, amide oxime
groups for hydrogen bonding, quaternary ammonium-based
groups for ionic crosslinking.'**'***$% For example, a homolo-
gous series of calix[4]arene-, calix[5]arene-, and calix[6]arene-
based surfactants, containing pendant trimethylammonium
and n-hexadecyl groups have been synthesized and incorpo-
rated with poly(4-styrene sulfonate) (PSS) in LB bilayers for He,
N,, and CO, permeability.'”® As these calix[n]arenes increase in
size, their ability to undergo ionic cross-linking increases, the
thickness of corresponding glued LB bilayers decreases, and
their barrier properties and permeation selectivities increase.
For a calix[4]arene/PSS LB bilayer film, the measured per-
meances of He, N,, and CO, were 138 x 10°°,2.8 x 107°, 162 x
107° ecm® (em” s ecmHg) ", respectively, while the selectivity of
He/N,, He/CO, and CO,/N, was 49, 0.85 and 58 respectively. In
contrast, the calix[6]arene/PSS LB bilayer film has He, N,, and
CO, permeances of 94.1 x 107°, 0.59 x 107°, and 51.9 x 107°
cm® (em? s ecmHg) ' and He/N,, He/CO, and CO,/N, selectiv-
ities of 159, 1.8 and 88, respectively. However, all the perfor-
mances lie below the Robeson upper bound, implying that the
space between the calix[n]arenes, instead of the cavity, is the
main permeance passage. Thus, the diffusion through the
transitory void seems to have a bigger influence than molecular
sieving in the overall permeation process. Achievement of
molecular sieving will require further enhancement of the film
quality and more tightly packed surfactant assemblies.

4. Applications of macrocycle-based
membranes

Macrocycle-based membranes can be designed as multifunc-
tional materials for different separation applications. In this

section, several typical and emerging applications of macro-
cycle-based membranes are discussed.

4.1. Gas separations

Mixed-matrix membranes constituted of a polymer matrix with
dispersed fillers have been long under investigation for gas

18118 | J Mater. Chem. A, 2021, 9, 18102-18128
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separation, with the expectation of combining the advantages of
both materials. The compatibility between fillers and a polymer
matrix is a well-known problem that leads to defects and
consequent low selectivity. For example, carbon nanotubes have
been functionalized with B-CD to increase compatibility with
a polymer matrix in gas separation membranes."**'*> While
some improvement was achieved, the more promising aspect is
the direct use of macrocycle molecules as a membrane filler for
gas separation. Noble and coworkers prepared membranes by
embedding microporous, solid supramolecular organic mate-
rials, such as pillar[5]arene (P5-SOF) into Matrimid-5218™, and
tested the membranes for gas separation.'®® The membranes
offered good H,/CH, separation performance (&« = 600 £ 100;
P(CO,) = 26 + 1 Barrer) at a filler-loading of 50 wt%, as well as
good CO,/CH, separation performance (« = 180 =+ 40; P(CO,) =
8.5 £ 0.2 Barrer). As usual for mixed-matrix membrane mate-
rials, the exceptional (light gas/CH,) selectivity is attributed to
a combination of increased tortuosity and preferential transport
pathways introduced by the pillar[5]arene supramolecular filler.
Membranes containing calixarenes as fillers have been also re-
ported for gas separation.’” The effect of the introduction of
calix[4Jarenes and calix[8]arenes with different substituents
into a highly permeable polymer matrix of (3-trimethylsilyl-
tricyclononene-7) (PTCNSi1) on gas transport properties was
investigated. The selectivity results for CO,/N, and C4/C1
separations were however below the Robeson upper bound.
More recently, Pedram and coworkers prepared Pebax
membranes containing p-tert-butyl-calix[4]arene as an organic
additive for CO, separation.*®® The filler was effectively distrib-
uted in the polymeric matrix with high compatibility. The
permeability of CO, was significantly increased by introducing
calix[4]arene, as well as the selectivity for CO,/N, and CO,/CH,.
The membranes with 0.75 wt% calix[4]Jarene had the best
results, with the permeation of CO, increasing from 140.78 to
265.18 Barrer (about 88% enhancement) in comparison to the
pure Pebax-1657 membrane. Accordingly, the selectivity for
CO,/CH, and CO,/N, has been enhanced from 25.35 to 51.51
(almost 103%) and from 43.18 to 109.16 (almost 152%)
respectively. The high CO, selectivity was attributed to the
interaction of the carbon atom of CO, with the oxygen atom of
the calix[4]arene, as well as its interaction with the benzene ring
(Fig. 11a).

Compared with membranes prepared by simply blending
macrocycles and polymers, having them uniformly attached
and crosslinked to polymer chains might be more advantageous
for membranes and more promising for high performance. Liu
et al. prepared polymers of intrinsic microporosity (PIM) with B-
CD blended (referred to as PIM-CD) and studied the influence of
B-CD on gas separation performance (Fig. 11b).** Compared
with the unmodified PIM membrane, the PIM-CD membranes
exhibited a permeability improvement as the B-CD loading
increased. The addition of 2 mol% B-CD, significantly enhanced
the CO, permeability from 3368 to 8812 Barrer, an increase of
162% compared to pristine PIM membranes, without an
obvious decrease in gas selectivity. The gas separation perfor-
mance of PIM-CD membranes surpassed the Robeson upper
bound lines for many tested gas pairs (CO,/CH,, CO,/Ny, O,/N,,

This journal is © The Royal Society of Chemistry 2021
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and H,/N,). The PIM-CD membranes showed much better
physical aging resistance and can maintain long term stability
tests for more than 120 days. This can be attributed to the
presence of the f-CD units, linking the polymer chains by ether
bonds and preventing the highly rigid polymer architecture
from compacting. Similarly, ether-dibenzo-18-crown-6 and 4-
tert-butyl-calix[4]arene-based crosslinked copolymer

membranes have also been investigated for gas separation.*****

4.2. Liquid separations

Liquid separations, mainly referring to separations in water
and/or organic solvents, has a wide range of membrane appli-
cations, such as pollutant removal, desalination, and organic
solvent nanofiltration. Compared with gas separation, the main
challenge related to macrocycle-based liquid separation is the
stability of the membrane, which is exposed to water or organic
solvents for a long time. Besides, hydrophilicity/hydrophobicity,
surface functionality, the pore size, porosity, and mechanical
strength are also important factors that need to be considered
in the preparation of advanced membranes for liquid separa-
tion. Herein, we summarize the advancement of macrocycle-
containing advanced membranes for application in the
following three areas: water treatment, pervaporation, and
organic solvent treatment.

This journal is © The Royal Society of Chemistry 2021

4.2.1. Water treatment. The lack of clean and fresh water is
a prevailing global issue. Countless people lack access to safe
drinking water, and the crisis is becoming more serious due to
the increase of population as well as industrial, agricultural and
domestic activities. Membrane-based separations can offer
practical solutions to harvesting clean water from sea and other
sources, mitigating environmental pollution and enabling
water reuse by means of ultrafiltration, nanofiltration, RO, or
forward osmosis (FO).

One special characteristic of macrocycle molecules is that
they can form host-guest complexes with organic molecules
with a suitable size or functional groups. Therefore, the pres-
ence of macrocycle molecules in adsorber systems can enhance
their adsorption capability for organic micropollutants. This is
particularly relevant for porous systems constituted of nano-
fibers for applications rather as adsorbers and less as classical
transport membranes. For example, Chen et al. reported the
fabrication of a carbonaceous nanofiber functionalized with B-
CD." The chemically synthesized carbonaceous nanofibers
(CNF) were first grafted with B-CD, and a free-standing CNF
membrane could be prepared by a simple filtration process. The
membrane shows a remarkable capability to function as an
ideal molecular filter through complexation of phenolphthalein
molecules with the cyclodextrin molecules grafted on the CNFs.
Compared to inorganic analogues, polymer-based fibers are
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even more attractive, being easy to process by a versatile tech-
nique such as electrospinning that can be applied to various
polymers, polymer blends and composites. Various macrocycle-
molecules/polymer blend electrospun nanofiber membranes
have been fabricated to filter organic molecules for water
treatment."***%**%> Teng et al. reported a mesoporous PVA/SiO,
composite nanofiber membrane functionalized with CD.**° The
composite nanofiber membranes had good performance in the
adsorption of indigo carmine dye. The maximum adsorption
capacity reached 495 mg g ' and the adsorption equilibrium
was obtained in less than 40 min. Furthermore, the membranes
exhibit good recycling properties for practical usage. Zhao et al.
reported  water-insoluble  B-cyclodextrin-based  fibrous
membranes prepared by electrospinning and subsequent
thermal cross-linking." Because of the electrostatic attraction,
the fibers could favorably adsorb cationic dye like methylene
blue. Concerning the selective adsorption, the fiber membrane
could separate a methylene blue/methyl orange mixture by
dynamic filtration at a high flow rate of 150 mL min~" (Fig. 12a).
Celebioglu et al reported the fabrication of a crosslinked
insoluble poly-CD nanofibrous membrane by electro-
spinning.*” Unlike most macrocycle-based nanofibers fabri-
cated as a polymer blend, this electrospinning of CD nanofibers
didn't contain any carrier polymeric matrix. Therefore, a high
content of CD in a nanofibrous membrane was achieved. The
flexible and free-standing poly-CD nanofibrous membrane had
outstanding filtration performance. The removal efficiency for
highly concentrated solutions of methylene blue as a pollutant
(40 mg L") was more than 90% under a very high flux (3840 L
m~? h™"). Furthermore, poly-CD nanofibers could be re-used
after a mild washing procedure with almost the same perfor-
mance. Besides fibrous membranes, macrocycle-based mixed-
matrix and crosslinked macrocycle membranes were also
applied for micropollutant adsorption from water,'5%,155198-200
For example, macroporous membranes based on blends of
polymerized B-cyclodextrin and PVDF have been recently fabri-
cated.”® The filtration adsorption results demonstrated that the
optimized polymerized B-CD membrane almost completely
sequestered bisphenol A with a high concentration (50 mg L™?)
and high water flux (3000 L m~> h™'), orders of magnitude
higher than that of commercial nanofiltration membranes with
similar separation performance. The excellent adsorption
capability was due to the synergistic effect of the fast adsorption
of the abundant B-CD, and the large active area provided by the
spongy pores.

In addition to adsorber systems, macrocycle-based
membranes were also applied in nanofiltration for removing
organics from wastewater.””'>** Macrocycle molecules can offer
extra water transport nanochannels and contribute to the high
permeance of the membrane. Wang et al. developed a highly
permeable thin film nanocomposite nanofiltration membrane
containing CD-based polymer nanoparticles integrated in the
polyamide separation layer for antibiotic desalination.””® The
membranes exhibited not only high water permeance (15.3 L
m 2> h™! bar '), about three times larger than that of the pris-
tine membrane, but also 97% erythromycin rejection. Baek et al.
reported cucurbit[6]uril-based 2D polymer films coated onto
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a support membrane.”*® The separation selectivity could be
simply tuned by changing the surface charge via the modifica-
tion of the membrane with various spermine derivatives, facil-
itated by the strong host-guest interaction between cucurbit[6]
uril and spermine (Fig. 12b). Besides enhancing the membrane
performance, macrocycle molecules have also been helpful in
improving the chlorine-resistance and hydrophilicity of the
membranes for water treatment.7141,207.208

4.2.2. Pervaporation. Pervaporation is recognized as
a highly energy-efficient membrane and shows great promise
for liquid separations in refineries and in petrochemical fields
as well as in pharmaceutical industries. During a typical per-
vaporation process, one or more components in the liquid
mixture are preferentially absorbed, followed by diffusion
across the membrane, and subsequent evaporation at the other
side driven by a chemical potential gradient introduced by
vacuum or gas purge. The difference in sorption and diffusion
for different components is the key to realizing separation.
Pervaporation has been mainly applied for dehydration of
organic solvents, removal of trace volatile organic compounds
from aqueous solution and separation of organic-organic
solvent mixtures. Because of their good compatibility and
multifunctionality, macrocycles were added to polymeric
membranes to selectively enhance or hinder the sorption and
diffusion of components during pervaporation. Since CD is
highly hydrophilic, its introduction into membranes for perva-
poration was mainly focused on alcohol dehydration.™>*
Besides, because of the organophilicity of calixarene, calixarene-
based membranes have been studied for the removal of
organics from water by pervaporation.*® On the other hand, the
cavity of macrocycles endow them with particular molecule
recognition capability, which can be applied in isomer separa-
tion by the host-guest interaction using pervaporation.

Jiang et al. added CD in the preparation of Matrimid® per-
vaporation membranes for dehydration of isopropanol.**® By
adding 5 wt%, an increase of ca. 50% in water flux was observed,
without significant change of water concentration in the
permeate.

Besides the separation of alcohol/water mixtures, the sepa-
ration of isomers was also studied. After grafting CD onto the
polyamide-imide membrane surface, the membranes show
significantly improved separation performance, compared to
the unmodified membranes and those simply prepared from
CD/polymer physical blends.*** The optimal separation perfor-
mance was found with the CD-grafted membrane cast from a 22
wt% doped solution, which exhibited a total butanol flux of 15 g
m 2 h™" and a separation factor of 2.03.

Zhang et al. developed a membrane based on a blend
between a branched polymerized CD and PVA for separation of
p-/m- and p-/o-xylene mixtures."** The CD polymer was synthe-
sized by crosslinking B-CD with ethylene glycol diglycidyl ether
(EGDE). The PVA/polymerized B-CD membrane had a molecular
recognition function, which selectively facilitated the transport
of xylene isomers.

So far, only CD and calixarene have been studied for
membrane pervaporation. This suggests that there is an urgent

This journal is © The Royal Society of Chemistry 2021
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Fig.12 (a) (i) Separation mechanism of MB/MO mixture dyes by B-cyclodextrin-based fibrous membranes, (ii) separation of methylene blue (MB)

and methyl orange (MO), (iii) UV-vis spectra of MB/MO solution before and after filtration. Reproduced with permission.*** (b) (i) Non-covalent

surface tailoring of permselective membranes through host—guest chemistry of CB[6], (i) separation performance for various dyes.?°¢ Repro-
duced with permission from American Chemical Society, Copyright 2015, and Royal Society of Chemistry, Copyright 2016.
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need for much more study on other macrocycle-based In order to increase the role of CDin membrane separation,
membranes in this field. a high CD content in the membrane is demanded. Peinemann

4.2.3. Organic solvent treatment. Organic solvent treat- and coworkers prepared crosslinked CD membranes by inter-
ment is the most common process in the pharmaceutical, facial polymerization, from which a high CD content membrane
petrochemical and refinery industries. A sustainable and has been obtained."” The membrane demonstrated high per-
energy-efficient method to treat waste organic solvents rather meance for both polar and nonpolar solvents. This property was
than incinerating is highly needed for sustainability purpose. derived from the unique chemistry of CD. The cavity favors
Traditional separation processes depend on phase change nonpolar solvents and the outer surface favors polar solvents.
techniques such as distillation and evaporation, which resultin  Due to the rigid structure of CD, the cavity acts as an intrinsic
huge energy consumption, large footprints, and environmental pore that can discriminate molecules based on not only their
impact. The use of membrane separations to treat waste organic  molecular size, but also shape (Fig. 13a). Similarly, amino-CD
solvents has apparent merits. Among the favored processes, was also used to fabricate crosslinked CD membranes and
organic solvent nanofiltration (OSN) is widely studied. The first membranes by the IP method."® Because of the ultrathin
macrocycle-based membrane for OSN was reported by Mao selective layer, a high permeance of solvents was observed. For
et al*** They embedded CDs into hydrophilic polymeric water, the permeance was about 26 L m > h™* bar ', and
membranes. The authors confirmed that the cavity size of CD  hexane about 16 L m > h™' bar '. This membrane also
can affect apolar solvent permeation. Increasing the cavity size demonstrated shape selectivity. For molecule mixtures (meth-
of CD allows larger nonpolar solvents to permeate, meanwhile ylene blue vs. safranine O), which have the same charge and
increasing the solvent flux. However, due to the low CD loading, similar molecular weights but a different molecular shape,
low permeability is obtained, particularly for nonpolar solvents.
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Fig. 13 (a) (i) Pure solvent permeances for eight solvents through the B-CD membrane, (ii) schematic showing how a B-CD membrane separates
molecules based on their shape, (i) UV-vis absorption spectra of a methanol solution with PPIX (orange molecule) and RB (pink molecule) to
evidence the separation performance of the B-CD membrane.*** (b) (i) The permeance of various solvents through the polyamide—-CD
membrane, (ii) UV absorption spectra and photos of the mixed dyes (methylene blue, and safranine O) in methanol solution before (blue) and
after (red) permeation through the membrane.’>* (c) FESEM images of (i) TEN-STCAss-1.5 and (ii) TFN-SCA-1.5, OSFO performance for the (iii) FO
mode and (iv) PRO mode.?** Reproduced with permission from Wiley-VCH, Copyright 2017, Wiley-VCH, Copyright 2020, and Springer Nature,
Copyright 2020.
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much higher rejection was observed for safranine O, because of
its bulkier molecular structure (Fig. 13b).

Besides CD-based membranes, a few other macrocycle
molecules have been applied to prepare membranes for
OSN.™%?> For example, Zhai et al. prepared a polyarylate
membrane from waterwheel-like macrocycle Noria via interfa-
cial polymerization.”* The rejections of the resulting Noria
membrane increased with the molecular weights of various
dyes, leading to a molecular weight cut-off of 820 g mol . The
resulting membrane had relatively high permeance for polar
solvents. However, lower permeance was observed for nonpolar
solvents.

In addition to OSN, organic solvent forward osmosis (OSFO)
is being considered promising for organic solvent treatment.
Compared to OSN, OSFO has lower fouling tendency and can
treat highly concentrated feed solutions. Recently, Chung and
coworkers designed membranes by ionically blending sulfo-
thiacalix[4]arene (STCAss) and sulfocalix[4]arene (SCA) in the
polyamide network obtained by interfacial polymerization, and
examined their potential for OSFO (Fig. 13c).>"®* The membrane
containing 1.5 wt% STCAss mixed with phenylene diamine in
the aqueous phase during the membrane preparation exhibited
higher ethanol fluxes than the pristine IP-manufactured
membrane, while the ethanol flux of the membrane containing
SCA was not enhanced. This can be explained by the different
cavity sizes of STCAss (5.1 A) and SCA (4.2 A) as compared to the
kinetic diameter of ethanol (~4.4 A).

4.3. Chiral separation

Chiral separation is an important process for the pharmaceu-
tical and chemical industries. Though conventional techniques
have long been developed to discriminate enantiomers from
racemic mixtures, membrane technology has advantages, such
as high-throughput, being energy-saving, pollution-free, low-
cost, and easy operation. The introduction of advanced chiral
carriers into membranes may achieve high chiral selectivity and
efficiency, reducing the number of steps for separation.

Macrocycles can provide a useful platform for chiral sepa-
ration membranes. However, until now, most studies focused
on cyclodextrin-based membranes for chiral separation. It is
assumed that due to the chiral environment of cavities, CD
offers three-point interactions for the chiral recognition of
various organic molecules: hydrophobic interactions and shape
fitting in the CD cavity and hydrogen bonds with the hydroxyl
groups at the opening of the CD. Chung and coworkers func-
tionalized the surface of commercial cellulose dialysis
membranes with CD and systematically investigated the chiral
separation performance.”**'*° These CD-cellulose membranes
showed a dramatic increase of enantioselectivity for racemic
LD-tryptophan compared to the pristine cellulose membrane.
Interestingly, enantioselectivity was found to increase with
decreasing spacer arm length of CD, and the highest selectivity
of 1.2 was obtained when a mixture of CD with various spacer
arms was grafted to the membranes. After functionalization of
CD with henzoate groups, the enantioselectivity can be further
increased to 1.3-1.5.'*°
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Gupta and coworkers prepared membranes by phase inver-
sion, mixing B-cyclodextrin, glutaraldehyde, and polysulfone to
promote post crosslinking.*** This membrane demonstrated
excellent enantioselectivity for bp-phenylalanine, with
a permeate enrichment of up to 81% enantiomer excess.

Recently, Huang et al. prepared thin-film composite
membranes using trianglamine as the building block.
Compared to levorotary analogs, these membranes clearly
rejected dextrorotary molecules more, both in experiments with
separated enantiomers and with racemic mixtures. In the case
of single chiral enantiomer separation, the rejection of b-
leucine is 32%, while that of t-leucine is only 3%. For racemic
separation, the rejection of p-leucine is 31% compared to the
17% rejection for r-leucine.’*®

5. Conclusion and outlook

Macrocycles are molecular entities displaying a combination of
molecular recognition and complexation properties with vital
implications for host-guest/supramolecular chemistry. One of
the most fascinating features of macrocycles is the presence of
intrinsic pores in their molecular structure. Furthermore, the
advances of synthetic macrocyclic chemistry endow them with
tailored functionalities. All these aspects make macrocycles
attractive for membrane design and separations. In this review,
we first present an introduction of common macrocycle appli-
cation for membrane separation based on their chemical
compositions, including crown ethers, cyclodextrins, calixar-
enes, cucurbiturils, and pillararenes. A series of fabrication
strategies of macrocycle-mediated membranes in terms of the
specific properties of macrocycles, and functionality, have been
summarized, including blending, surface modification, cross-
linking, self-assembly, and layer deposition. Macrocycle-based
membranes with diverse properties such as molecular recog-
nition, molecular sieving, and surface hydrophilicity have been
manufactured. These membranes were explored for gas sepa-
ration, water treatment, organic solvent treatment, pervapora-
tion, and chiral separation, displaying great potential in
membrane technology. Particularly, compared to blending and
surface modification, self-assembly and interfacial polymeriza-
tion result in membranes with a high macrocycle content,
which is highly favorable for the separation process. Ultrathin
macrocycle-based membranes can be fabricated by layer-by-
layer stacking, and by interfacial polymerization with extremely
high permeability, implying the promise of these methods for
the future development of membranes.

Although significant progress has been already achieved
during the past few decades, macrocycle-based membranes are
still in the infant stage. There are still limitations and chal-
lenges to be addressed. Researchers should consider the
stability of macrocycles in membranes, especially for those
prepared by physical blending and layer deposition strategies
due to the lack of covalent bonds. Macrocycles may leach out of
the membrane when it comes to liquid separation because of
the possible swelling and dissolution. Hence, securing the
membrane stability during applications is the precondition for
their practical use. We believe that enhanced mechanical and
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chemical stability, higher rejection selectivity, enantiose-
lectivity, permeance, adsorbability and fouling resistance are
pre-requisites to extend the applications and guarantee trans-
lation into industrial separations. We believe that macrocycle-
based membranes will be intensively studied as a new research
hotspot of membrane technology for years to come. Specifically,
with the rapid development of macrocycle chemistry and
materials science, macrocycles with tailored polarity, molecule
favorable properties and hydrophilicity/hydrophobicity are also
expected to fit the future higher demand for organic solvent
nanofiltration, gas separation, and pervaporation. Macrocycles
possess intrinsic cavities, and distinct transport and complex-
ation properties, whose influence on the separation perfor-
mance of membranes is unclear, which should be further
pursued.

This review focuses on a handful of common macrocycles.
Meanwhile, many other macrocycles like the blue box and oligo-
meric p-conjugated aromatic diimide-based chiral cyclophanes,
which also possess intriguing properties, are attractive candidates
for membrane preparation, but the related studies have not been
reported yet. Combining membranes with these macrocycles will
bring about opportunities to create high-performance membranes,
improve their selectivity, and endow them with specific properties.
Therefore, further applications of these macrocycle-based
membranes need to be investigated and studied. Furthermore, the
design and synthesis of novel macrocycles with desired properties
guided by first-principles and molecular simulations from the very
start of the process of membrane preparation would be highly
suggested. A detailed understanding of the macrocycle structure
and properties will greatly assist in the rational design and
synthesis of macrocycle-based membranes.

Finally, benefiting from the unique supramolecular host-
guest properties of macrocycles, introducing guests with
specific properties to the membrane systems will be an effective
strategy to fabricate advanced functional membranes and worth
attempting and testing. The presence of supramolecular
assemblies by introducing appropriate guest molecules can
impart membranes with other fascinating properties. A detailed
understanding of the supramolecular structure, properties, and
host-guest interactions will greatly assist in the rational design
and synthesis of macrocycle-based membranes, as well as in
developing their applications for various areas.

Overall, macrocycles have many advantages and hold great
potential in membrane separation. The marriage of macro-
cycles with membranes will provide new opportunities in
membrane science with a diversity that has not been fully
explored yet. Although macrocycle-based membranes still face
limitations and challenges, gratifying efforts by scientists have
already provided a reference cornerstone for advanced
construction of promising systems with diverse advantages.
Continuous efforts in this research field will soon greatly
stimulate the development of more advanced macrocycle-based
membranes along with novel applications.
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