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The escalating challenges in water treatment, exacerbated by climate change, have catalyzed the emergence of
innovative solutions. Novel adsorption separation and membrane filtration methodologies, achieved through
molecular structure manipulation, are gaining traction in the environmental and energy sectors. Separation
technologies, integral to both the chemical industry and everyday life, encompass concentration and purification
processes. Macrocycles, recognized as porous materials, have been prevalent in water treatment due to their
inherent benefits: stability, adaptability, and facile modification. These structures typically exhibit high selectivity
and reversibility for specific ions or molecules, enhancing their efficacy in water purification processes. The
progression of purification methods utilizing macrocyclic frameworks holds promise for improved adsorption
separations, membrane filtrations, resource utilization, and broader water treatment applications. This review
encapsulates the latest breakthroughs in macrocyclic host-guest chemistry, with a focus on adsorptive and
membrane separations. The aim is to spotlight strategies for optimizing macrocycle designs and their subsequent
implementation in environmental and energy endeavors, including desalination, elemental extraction, seawater
energy harnessing, and sustainable extraction. Hopefully, this review can guide the design and functionality of
macrocycles, offering a significantly promising pathway for pollutant removal and resource utilization.

1. Introduction Leveraging inherent porosity, nonthermal adsorptive separation emerges

as a cost-efficient and energy-conservative solution. Furthermore, the

The dual pressures of population growth and climatic fluctuations
intensify global water shortages [1-5]. Concurrently, there is a rising
concern regarding micropollutants in potable water sources, stemming
from municipal, industrial, and agricultural effluents [6]. These micro-
pollutants, encompassing hormones, pharmaceuticals, pesticides, and
industrial agents, pose threats even in minimal concentrations. Given the
economic and environmental impacts of conventional water treatment
materials, the shift toward affordable, eco-friendly nanostructured
alternatives without compromising key physicochemical attributes has
become paramount [7]. The quest for innovative and sustainable meth-
odologies to access nonconventional water sources [8], such as seawater
[9-11], brackish groundwater [12], and wastewater [13], is crucial to
supplementing the available water from natural hydrological cycles.

* Corresponding authors.

rising emphasis on membrane separation technologies, with their poten-
tial to address energy and environmental constraints, is noteworthy [14,
15]. Membrane bioreactors are gradually being used for the treatment of
urban and industrial wastewater. The ideal membranes should have the
following advantages: low cost, easy to obtain, anti-pollution, high reuse
rate, and excellent separation performance. Zhang et al. [16] improved
the filtration performance by adding activated carbon and
laccase-immobilized activated carbon. Meanwhile, a bionic dynamic
membrane was prepared by physical adsorption and filtration of carbon
nanotubes and laccase for the advanced treatment of dye wastewater [17].
Notably, Zhang et al. studied the membrane fouling mechanism of aerobic
granular sludge, which provided sufficient theoretical basis for further
understanding of the membrane fouling mechanism of AGS in membrane
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filtration [18,19]. Chemists further improved the membrane performance
by preparing high-precision functional coatings. Geng et al. used Metal-
—phenolic networks to modify the surface [20]. The membranes can pu-
rify industrial wastewater by removing trace organic pollutants and heavy
metals. Likewise, Yang et al. [21,22] used atomic layer deposi-
tion/sequential osmosis synthesis engineering strategies for building
functional materials. It is imperative to distinguish the objectives when
utilizing membrane processes for solute extraction and water production,
as the underlying separation aims differ. Ultimately, the role of molecular
structures in determining water treatment characteristics is undeniable.

Macrocyclic structures along with related functional materials, such
as crown ethers [23,24], cyclodextrins (CDs) [25-28], calix[n]arenes (CA
[n]s) [29,30], and pillar[n]arenes (PA[n]s) [24-26], have been exten-
sively studied for applications in separation, adsorption, catalysis, and
drug transport. Tian et al. [27] summarized the work on supramolecular
macrocyclic structures for intelligent stimulation-responsive drug de-
livery systems. Zhang et al. [30] summarized the selective sensing and
transport of ions and chiral objects in supramolecular macrocyclic
structures. In commercial chiral columns on the market, cyclodextrin and
crown ether are used as chiral separation media to prepare the chiral
separation column [31]. A detailed evolution of these supramolecular
macrocycles is illustrated in Fig. 1. These entities, with their structurally
consistent frameworks and modifiable sizes, can encapsulate various
guest molecules through interactions like van der Waals forces, electro-
static associations, and hydrogen bonds. Notably, these macrocyclic en-
tities, with their innate ability for molecular recognition and binding,
exhibit remarkable adsorptive efficacy for organic micropollutants in
water. Moreover, when used as foundational units, they offer prospective
materials for membrane development characterized by high selectivity
and reversibility. Previous research has explored a range of responsive
interfacial materials by integrating these macrocyclic structures with
reactive features [32-39]. To date, multiple research groups have
documented the amalgamation of host-guest systems to craft biomimetic
gateways [38,39,40-44]. With the synergistic and directional attributes
of noncovalent interactions, membranes rooted in host-guest chemistry
amalgamate the best of both worlds, finding their niche in membrane and
adsorptive separation techniques.

This review underscores the latest advancements in the application of
supramolecular macrocycles for water treatment. Initial discussions
center on the characteristics of supramolecular macrocycles. Attention is
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then drawn to diverse regulatory behaviors and mechanisms observed in
macrocyclic adsorption and membrane separations. While membrane
filtration is a staple in water treatment, its potential for selective solute
separation and resource recovery is gaining traction as a research fron-
tier. Hence, advancements in membranes based on macrocyclic hosts,
especially in industrial wastewater treatment and resource extraction,
are further explored. The concluding section projects future trajectories
in macrocyclic host-guest chemistry. This review aims to inspire novel
approaches and insights within the realm of adsorption and membrane
separation technologies.

2. Characteristics of supramolecular macrocycles

Supramolecular macrocycles are renowned for their inherent cavities
and distinct properties, which enable them to selectively bind and
recognize guest molecules. This section delves into the structural attri-
butes of macrocycles frequently employed in separation tasks. CDs,
composed of 6-12 p-glucopyranose units, are sourced from common
plant starches like wheat, corn, and potato [41]. These molecules,
featuring their hydrophilic exteriors and hydrophobic cavities, can
encapsulate various entities, ranging from organic molecules to inorganic
ions and gases. Notably, the annular pores within CDs are rich in primary
and secondary hydroxyl groups, serving as chelation and nucleophilic
sites and facilitating precise molecular interactions [45-48]. Cucurbit[n]
urils (CB[n]s), where n ranges from 5 to 8 and 10, are symmetrical
structures derived from glyburide and formaldehyde condensation [49].
Exhibiting stability and organic solvent insolubility, CB[n]s possess inner
cavities adept at complexing with metal ions or organic ammonium ions.
The interactions involve hydrophobicity, ionic-dipolar forces, or
hydrogen bonds between CB[n]s and guest entities. CA[n]s, introduced
by Gutsche et al. in the 1970s, draw their name from their resemblance to
a Greek chalice [50]. Constructed from methylene-bridged phenol units,
CAl[n]s offer greater structural flexibility than crown ethers and CDs. This
adaptability, combined with a propensity for conformational shifts, al-
lows them to interact with both ions and neutral molecules [51].

Subsequently, PA[n]s were introduced by Ogoshi et al. [52]. Struc-
turally, PA[n]s are composed of hydroquinone or hydroquinone ether,
bridged with para-methylene, creating a symmetrical columnar config-
uration. Their internal cavity is characterized by hydrophobic n-proper-
ties, and their adaptable peripheries facilitate binding to neutral or

o™

o) o
( j RO
ORo O L&/g\/g‘ orR "
5 i ?
4 tBu - i i
1891 1942 1967 2008
() () /.\
/ b Y L=l
1 RV
é 1

Cucurbit[n]urils was obtained by Behrend through the
synthesis of formaldehyde and glycoluril, and then in
1981, the structure was determined by Freeman et al.

P ——
e i

Cyclodextrins were isolated by Villiers
from the starch digest of Bacillus
amyloliquefaciens.

Crown ether was first discovered by

Calix[n]arenes were first synthesised by

Austrian scientist Zinke.

New supramolecular

C.J. Pedersen of DuPont in the MACPOCYEHIC =

United States.

Pillar[n]arenes were first synthesised by

Japanese chemists Ogoshi et al.

Fig. 1. Structural representations of macrocyclic host molecules.
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electron-deficient entities [53,54]. Previously, a collection of responsive
interfacial materials was constructed by anchoring these macrocyclic
hosts with reactive features. With the evolution of macrocyclic chemis-
try, contemporary macrocyclic structures like resorcinarenes, cyclo-
triveratrylene, and cyclotetrabenzoin have emerged [55], paving the way
for the development of advanced membrane materials.

3. Molecular adsorption and membrane filtration technologies

Various contaminants, such as heavy metal ions, dyes, organic
micropollutants like antibiotics, and viruses, differ in size, as illustrated
in Fig. 2a. Water pollutant treatments primarily rely on adsorption and
membrane filtration strategies. Molecular adsorption refers to the uptake
of molecules or ions by a material from its surrounding environment
(Fig. 2b). This process is based on the principle that adsorption minimizes
interfacial energy. The efficacy of adsorption correlates with the avail-
able surface area. Based on the nature of intermolecular forces between
the adsorbate and the adsorbent, adsorption can be categorized into
physical, chemical, and ion exchange types [56,57]. Physical adsorption
arises from weak interactions, including van der Waals forces, hydrogen
bonding, and electrostatic attractions. Since no chemical reactions occur,
the associated forces are relatively feeble, the adsorption heat is minimal,
and desorption occurs with relative ease. Conversely, chemical adsorp-
tion results from the establishment of new chemical bonds between the
adsorbate and adsorbent, rendering most adsorption in this category
irreversible and accompanied by significant adsorption heat. The pre-
dominant interactions governing the relationship between adsorbents
and adsorbates encompass hydrophobic effects, electrostatic
teractions, covalent bonds, surface complexation, hydrogen bonding, n-n
interactions, and dipole interactions [58].

Membrane separation is a favored technique in wastewater treat-
ment, attributed to its cost-effectiveness, energy efficiency, eco-
friendliness, and scalability. The addition of supramolecular macro-
cycles with innate cavities can bolster membrane stability and selectivity.
Membrane separations can be divided into two primary mechanisms: size
sieving [59] and electrostatic interaction, also known as Donnan exclu-
sion [60] (Fig. 2b). Size sieving retains substances exceeding the mo-
lecular weight cutoff (MWCO) of the membrane. When a membrane
retains over 90% of a specific substance, the molecular weight of that
substance is indicative of the membrane's retention capacity. The Donnan
effect, or the membrane's charge effect, denotes the electrostatic inter-
action between ions and the membrane's inherent charge. Electrostatic
interactions, particularly for multivalent ions, are crucial when the
membrane surface is charged [61]. While uncharged-molecule filtration
predominantly operates through size sieving, charged-molecule filtration
is driven by the charge effect. Various techniques are employed in
membrane  fabrication, including interfacial polymerization,
vacuum-assisted self-assembly, dip-coating, spin-coating,
squeegee-coating, and thermally-induced phase separation. The chosen

in-
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method significantly influences membrane performance. Consequently,
selecting the optimal preparation technique, considering the membrane's
material characteristics and intended application, ensures enhanced ef-
ficacy and efficiency.

4. Macrocyclic adsorption in water treatment
4.1. Ionic pollutant removal

Heavy metals, owing to their persistence and nondegradability, have
long posed significant environmental and health risks [62]. The noto-
rious Minamata disease, attributed to mercury ion contamination of
water and marine ecosystems, exemplifies the gravity of such threats.
Particularly, Pb2*, an extremely hazardous heavy metal, has been linked
to Alzheimer's disease, dementia, neurodegenerative disorders, renal
impairment, stunted bone growth, and behavioral anomalies, empha-
sizing the urgency of heavy metal extraction and removal research.

Li et al. [63] introduced a chitosan-functionalized CB[8], which dis-
played robust Pb?* adsorption, attributed to the coordination between
the CB[8] carbonyl group and the chitosan amino group [64]. Further-
more, two novel covalent organic frameworks (COFs) with strong crys-
tallinity and stability were synthesized for alkali metal separation,
utilizing either 18-crown-6 or 24-crown-8 units as the core (Fig. 3a) [65].
Calculations revealed pronounced K binding to Py-B1gC¢—COF and Cs™
affinity for Py-B»4Cg—COF. Significantly, Shetty et al. [62] introduced a
meticulously crafted thioether-crown-rich mesoporous polymer, S-CX4P,
based on calix[4]arene for mercury (ng) extraction from water
(Fig. 3b). This polymer demonstrated remarkable Hg>" uptake efficiency
(1,686 mg/g) and a rapid initial adsorption rate [278 mg/(g-min)].
S-CX4P effectively reduced high Hg?* concentrations from 5 ppm to
drinking water-acceptable levels of 2 ppb or lower. Moreover, the poly-
mer showcased facile regeneration at ambient conditions and sustained
multiple usage cycles.

4.2. Removal of small molecules pollutants and biomacromolecules

The release of organic micropollutants in wastewater has dire envi-
ronmental, freshwater scarcity, and public health implications. Reactive
dyes, prevalent in textile the and dyeing sectors, offer benefits such as
vibrant hues, ease of application, robust color fixation, and cost-
effectiveness. In addition, the insecticide chlordecone (CLD), notable
for its persistence and low water solubility, was once extensively
deployed in the French West Indies, triggering a widespread public
health crisis [66]. Even with discontinued production and usage, CLD
contamination lingers. Levalois-Griitzmacher et al. augmented the
adsorptive capacity of activated carbon through chemical surface modi-
fications, endorsing the synergy of activated carbon support and CD as
the active site for CLD selective adsorption, fostering stable inclusion
(Fig. 4a). y-CD's proficiency as a chelating agent for CLD removal from
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Fig. 2. (a) Size of water pollutants from micrometer to sub-nanometer; (b) schematic representation of adsorption and filtration mechanisms. Reproduced with

permission from refs. [58,60], Elsevier.
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organic frameworks.

water was affirmed [66] (Fig. 4b). This complex can be effortlessly
filtered from water using activated carbon. Ciprofloxacin (CIP) stands out
for its remarkable stability and antibiotic efficacy. Cosma's group
employed CD-based polymers crosslinked with 1-4 butanediol diglycidyl
ether, suggesting recyclable nanosponges for environmentally respon-
sible CIP extraction and recycling from water [67]. The resultant cross-
linked polymers, boasting amorphous three-dimensional structures,
showcased commendable swelling traits, underscoring predominant in-
teractions between CIP's carboxylic acid groups and the polymers' posi-
tively charged surface. Furthermore, effective removal of
pharmaceuticals and insecticides like diclofenac, carbendazim, furose-
mide, and sulfamethoxazole from water was achieved.

Emergent pollutants, such as biological macromolecules including
proteins, nucleic acids, and polysaccharides, are now recognized as
threats to water systems. The detrimental, persistent, and intricate nature
of these pollutants, coupled with their treatment challenges, has
heightened concern among both researchers and the public. Schaefer
et al. fabricated fibers by integrating a blend of $-CD and poly-
ethersulfone through electrospinning [68] (Fig. 4c). This inclusion of CD
augments the fibers' micro-pollutant adsorption capabilities via inclusion
complexes. Experimental outcomes revealed that, when augmented with
B-CD, the fibers exhibited a 20% increase in E2 adsorption and an 80%
uptick in CP adsorption compared to pure nanofibers.
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Reproduced with permission from ref. [62], American Chemical Society. COF, covalent

5. Macrocyclic membranes for water treatment
5.1. Filtration of ionic pollutants

Research endeavors continuously focus on innovating strategies and
materials for the extraction of heavy metal ions from water. Abdulkadir
Sirit and his team developed liquid membranes utilizing the macrocyclic
compound p-tert-butylcalix[4]arene 3-diethylaminopropyl diamide de-
rivatives [69]. This method allowed the extraction of chromium (Cr)
species in complex forms, efficiently transferring Cr®* from acidic solu-
tions. In the automotive catalyst domain, rhodium (Rh) stands out due to
its distinct physicochemical characteristics. Tao et al. devised a strategy
to separate Rh®! from concentrated hydrochloric acid, employing a
thin-layer oil membrane (TOM) extraction technique with 18C6 crown
ether as the extracting agent [70] (Fig. 5a). Optimizing the membrane's
thickness and increasing the aqueous phase's flow rate bolstered the
flexibility of host molecules. This optimization facilitated enhanced
interaction between the interfacial hydrated Rh (III) anion and the 18C6
molecules, alongside water-molecule interactions. Rh®" was selectively
isolated from mixed solutions containing Cu?*, Co®", Ni%*, and Fe**
ions, even at minimal concentrations. Highlighting boron
compounds and their potential environmental repercussions in water
systems has raised alarms. Excessive human intake can lead to a plethora
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Fig. 4. (a) Proposed conformation of the CLD@y-CD complex; (b) illustration of an activated carbon bed for water purification. Reproduced with permission from ref.
[66], Elsevier; (c) CD-polymer composite designed for micropollutant removal from water. Reproduced with permission from ref. [68], American Chemical Society.

of health issues, ranging from nausea to potential fatalities. Addressing
this, Chung et al. [71] utilized CA[n]s as a monomer in an aqueous so-
lution, crafting membranes through interfacial polymerization. Serving
as molecular sieves, CA[n]s offered additional channels within the
polymer framework (Fig. 5b). Its hydrophilic sulfonate groups formed
ionic bonds with the polyamide selective layer, producing thin-film
nanocomposite (TFN) membranes that bolstered water transport while
effectively reducing salt migration (Fig. 5¢). This research paves the way
for advancements in boron-specific treatment membranes.

5.2. Filtration of small molecules pollutants and biomacromolecules

Huang et al. [72] have introduced ultrathin macrocycle membranes,
crafted via interfacial polymerization with per-6-amino-p-CD as the
monomeric building block (Fig. 6a). These membranes exhibit perme-
ability and shape-selectivity, attributed to their minimal thickness, regu-
lated microporosity, and stratified macrocyclic architecture. Likewise,
Liu's group [36] employed CDs to modify the exterior of MXene substrates,
forming composite membranes through a vacuum-assisted self-assembly
procedure. This membrane showcases remarkable efficacy in segregating
dye wastewater. When compared with the native MXene membrane, the
modified version demonstrated a permeate flux enhancement by
23.3-fold, achieving a staggering removal rate for methylene blue of over
99.7%. This efficacy is likely due to the membrane's charge effects com-
bined with its size-selective sieving ability. Furthermore, pillararenes,
characterized by their rigid and symmetrical framework, have been
employed as innovative supramolecular hosts to modify the surface of
MXene [35] (Fig. 6b). These structures regulate the interlayer gaps be-
tween adjoining nanosheets, introducing a systematically parallel,
slit-like membrane architecture. This design addresses the typical poor
water permeability seen in many densely packed two-dimensional mem-
branes. Empirical data validated a substantial enhancement in antibiotic
separation, driven by the size sieving mechanism coupled with electro-
static interactions between the membranes and antibiotic molecules. This
innovative approach, focusing on the crafting of sub-nanochannels and
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nanochannels on functional Ti3CyTx membranes, promises to pave the
way for layered membrane applications in areas like seawater desalina-
tion and comprehensive wastewater management.

Dong et al. [73] pioneered an innovative affinity membrane, specif-
ically designed to efficiently eliminate steroid hormones from water sys-
tems. The initial polymerization was conducted using 2-hydroxyethyl
methacrylate (HEMA) and ethylene dimethylacrylate (EDMA)
monomers in tandem with inert porogens. Subsequent to this, an affinity
membrane was fabricated by tethering the p-CD ligand to the foundational
poly(HEMA-co-EDMA) membrane via photodynamic disulfide linkages
(Fig. 6¢). Notably, this p-CD-enhanced affinity membrane exhibited a 30%
elevation in E2 adsorption compared to the primary membrane. This
improved performance is credited to the inception of inclusion-host-guest
complexes. An intriguing feature of this development is the photodynamic
nature of the disulfide bonds. This allows the affinity membrane to un-
dergo UV-triggered regeneration of its inherent p-CD ligands after each
adsorption cycle, thereby restoring its original affinity attributes. The
novel approach of employing dynamic covalent bonds for tethering affinity
ligands onto membranes introduces the potential to renew the adsorption
capabilities of such membranes via photodynamic exchange. The bio-
mimetic catalytic membranes exhibit powerful in situ regeneration effi-
cacy as well as minimal fouling during oil-in-water emulsion separation.
These new findings pave the way for energy-efficient applications in
tackling energy and environmental issues [74]. In summary, macrocyclic
molecular-structured materials demonstrate exceptional separation speci-
ficity, positioning them as ideal candidates for addressing a broad spec-
trum of pollutants present in industrial wastewater.

6. Exploiting macrocycles in seawater and salt lake resource
management

Seawater and salt lake resource development is a crucial strategy for
addressing challenges like water scarcity and the extraction of chemical
resources. Several innovative approaches utilizing macrocyclic molecules
have been recently explored. Chung et al. [75] pioneered pressure
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retarded osmosis (PRO) membrane technology to harness osmotic en-
ergy. Two variants of calix[n]arenes were integrated into the polyamide
matrix and then solubilized in an m-phenylenediamine (MPD) solution
via interfacial polymerization. This enhanced the selectivity of the
resultant membranes due to the distinctive macrocyclic molecular
structure and heightened molecular sieving capability. Drawing inspi-
ration from the notable adhesion properties of octopus tentacles (Fig. 7a),
Zhang et al. [76] incorporated cucurbit[5]uril into the two-dimensional
MXene material to fabricate a membrane. Through a combination of size
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sieving and charge effects, this membrane selectively concentrated ura-
nyl carbonate from seawater, achieving this even in high-salinity envi-
ronments due to potent interactions with the hydroxyl groups on the
MXene surface (Fig. 7b). Furthering the research on uranium (U)
extraction, Shao et al. [77] devised a cost-effective and straightforward
technique for efficient U(VI) extraction. Their composite, a blend of
cucurbit[6]uril and Fe ions with graphene oxide, exhibited substantial
U(VI) adsorption capacity. This capability arises from the plethora of
oxygen-rich functional groups within the composite. Similarly, Sun et al.
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[78] developed cucurbit[6]uril-based membranes that showcased

Additionally, membrane technologies have shown great promise in
enhanced uranyl ion adsorption, facilitated by the formation of expansive

advancing sustainable, cost-effective, and eco-friendly methods for
extracting lithium from seawater and salt lakes. A primary challenge in
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this extraction process is the separation of lithium ions from prevalent
impurity metal ions like Mg?", Nat, and K*. Kazemabad et al. [79]
introduced crown ether into polycation polyethylenimine (PEI), subse-
quently forming polyelectrolyte multilayer membranes (PEMMs)
through a layer-by-layer deposition process. These membranes demon-
strated pronounced Li/K " selectivity. This selectivity arises because the
membrane's polymeric architecture restricts the formation of 2:1
potassium-crown ether complexes. Taking a different approach, Yoon's
team integrated crown ether molecules into graphene-poly(ether sul-
fone) (PES)-based nanofiber membranes (CGPNFs) [80]. The inclusion of
graphene nanosheets enhanced the nanofiber's stability while also aug-
menting its surface roughness and hydrophilicity. PES functioned as a
foundational unit, bolstering the membrane's mechanical robustness.
Additionally, crown ethers have been covalently linked to cellulose ac-
etate backbones, forming adsorptive units within polyethylene mem-
branes stabilized through intermolecular hydrogen bonding [81]. These
innovative membranes achieved the efficient separation of Li* from
larger cations, capitalizing on ionic-dipolar interactions.

Ruan et al. [82] introduced a mechanically interlocked
three-dimensional porous organic framework utilizing crown ether
(Crown-POF). This was further developed into porous thin-film nano-
composite membranes. Within this structure, four crown atoms alongside
a single Ntert-amine atom function as adsorption sites, offering specific
recognition and binding of Li" ions. Subsequently, Mao et al. [83] syn-
thesized a distinctive polyamide membrane (14C4 PA) using the non-
solvent-induced phase separation (NIPS) technique, demonstrating the
potential for efficient lithium ion capture. Similarly, Wang et al. designed
nanofiltration membranes with elevated permeability by incorporating
1,4,7,10-tetraazacyclodecane (Cyclen). This design strategically lever-
ages Cyclen's properties to achieve a high rejection of divalent ions,
ensuring optimal lithium ion selectivity.

7. Conclusion and prospect

This review offers a synopsis of the advancements in macrocycle-
based adsorption materials and membranes for water treatment, with
an emphasis on their utilization in seawater and salt lake resources. The
research posits that separation and purification technologies, leveraging
supramolecular macrocycles characterized by robust structures and facile
functionalization, hold promise for real-world applications. While su-
pramolecular chemistry has seen significant exploration, applications
involving macrocyclic hosts in separation and purification are still
nascent. Momentum in this domain should prioritize understanding the
relationship between structure and efficacy, encompassing molecular
design, synthesis, and performance assessment. Key considerations
include:

(i) Laboratory-based adsorption separation technologies often
operate under idealized conditions. However, real-world industrial
water sources present a vast array of pollutants in substantial quanti-
ties. The durability, reusability, and contamination resistance of
macrocyclic hosts will be pivotal in determining their feasibility for
large-scale applications. Controllably obtaining ultra-thin, defect-free
large macrocyclic porous composite films/membranes is one of the key
factors affecting film performance.

(ii) Membrane technologies tailored for water treatment face chal-
lenges related to scalability and fabrication techniques. This is particu-
larly salient for emerging membrane materials, which currently hinder
their extensive deployment in large-scale water treatment operations.

(iii) Given the strides in computational science, simulations are
invaluable for assessing membrane separation performance. Molecular
dynamics simulations, which track molecular temporal evolution, are
crucial for forecasting material transport within constrained environ-
ments. A thorough grasp of the interplay between the thermodynamics
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and kinetics of supramolecular macrocycles in separation processes is
vital. Machine learning and artificial intelligence are considered
powerful approaches to overcome the shortcomings of experimental
methods. They may predict the effective receptor structures based on the
associated data-driven calculations. Consequently, with the increased
investigation on how macrocycle-based adsorbent/separation materials
interact at the molecular level, optimal macrocyclic receptors for the
desired separations will be created with the guidance of various machine
learning and artificial intelligence programs.

Generally, innovations in macrocyclic supramolecular chemistry are
anticipated to catalyze progress not only in environmental spheres like
water treatment and lithium extraction from salt lakes but also in broader
areas such as metal extraction and recycling. We also believe that chal-
lenges with macrocycle-based adsorption materials and membranes can
be properly addressed in the future with the development of emerging
synthesis and characterization techniques, especially for high-
performance macrocycle-based materials. Such advancements are
poised to invigorate associated disciplines and even foster novel fields of
study.
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