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Smart membranes for separation and sensing

Xin Liu, @2 Gengwu Zhang,? Khozama Bader Al Mohawes®
and Niveen M. Khashab @ *2

Self-assembled membranes are extensively applied across various fields due to their non-thermal and low-
carbon footprint characteristics. Recently, smart membranes with stimuli responsiveness have garnered
significant attention for their ability to alter physical and chemical properties in response to different
stimuli, leading to enhanced performance and a wider range of applications compared to traditional
membranes. This review highlights the recent advancements in self-assembled smart membranes,
beginning with widely used membrane preparation strategies such as interfacial polymerization and
blending. Then it delves into the primary types of stimuli-responses, including light, pH, and temperature,
illustrated in detail with relevant examples. Additionally, the review explores the latest progress in the use
of smart membranes for separation and sensing, addressing the challenges and opportunities in both
fields. This review offers new insights into the design of novel smart membrane platforms for sustainable

rsc.li/chemical-science

1. Introduction

As the most sophisticated system, biological membranes have
demonstrated their capabilities as smart membranes for
transporting water, ions, and proteins with open and close
switching behavior in response to diverse environmental
stimuli in their surroundings.'” Inspired by natural systems,
the development of artificial smart membranes with similar
properties has attracted increasing attention in the fields of
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development and provides a broader perspective on their commercial potential.

separation and sensing.*® In recent decades, a wide variety of
materials have been utilized as building blocks for preparing
smart membranes, including polymers,® graphene oxide (GO),*
metal-organic frameworks (MOFs),"* covalent organic frame-
works (COFs),*"” macrocycles,”** and porous organic cages
(POCs).**'” Moreover, extensive efforts have been devoted to
designing smart membranes that are capable of altering their
physical or chemical properties in response to various external
stimuli such as light, pH, temperature, humidity, mechanical
force, electrical fields, and magnetic fields.'*** Recent progress
in smart membrane technology has been remarkable, leading to
significant impacts on many aspects of human life. For
instance, a thermochromic and photochromic smart film serves
as a suitable substrate for smart windows with dual function-
ality,** and a pH-responsive smart membrane enables efficient
recovery of certain ions from brine.”® Advanced smart
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Fig. 1 Schematic illustration of the smart membrane fabrication strategies, types of stimuli, and advanced applications in separations and

sensing.

membranes are now designed and intensively applied in areas
such as nanofiltration, molecular sieving, ion separation,
actuators, self-healing, biosensors, shape-memory, and electro-
devices.”**

Membrane-based separation technologies are increasingly
crucial in various industrial applications, such as water treat-
ment and valuable resource recovery.”*** However, due to the
fixed structural properties, the application of traditional
membranes for separation in complex and dynamic environ-
ments faces significant limitations.>® For instance, solute
blockage within membrane pores and contamination during
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the separation process can lead to a decline in membrane
performance.** Despite recent efforts to improve traditional
membrane performance, there is an urgent need for the devel-
opment of smart membranes with adjustable functions to
better address these challenges. Smart membranes with unique
physiochemical properties hold the potential to significantly
enhance membrane performance by offering adjustable sepa-
ration selectivity and permeability.>” Precise control over per-
meance and selectivity are key factors in fabricating high-
performance membranes. These advanced membranes are
functionalized with various stimuli-responsive motifs, enabling
them to selectively and effectively alter their pore structure and
surface properties in response to specific environmental
stimuli. This dynamic adaptability allows smart membranes to
flexibly regulate permeability and separation performance,
achieving results unattainable by traditional membranes.
Moreover, smart membranes maintain their mechanical
strength and stability, and in many cases, they even enhance the
separation process, thus expanding their application prospects
in complex operating conditions.?***

Biotechnology is another essential area where smart
membranes are in great demand for human health, defense,
and security. Traditional smart materials usually respond to
external stimuli with structural deformation or color change.
However, they mostly exist as powders, which is greatly limited
for practical applications.***® In contrast, smart membranes
with high mechanical properties and good processability offer
substantial advantages when used for sensing and actuators.®”
For example, a photoresponsive and vapor-responsive smart
membrane can function like artificial muscles, enabling
complex motions.*® As a new generation of stimuli-responsive

Chem. Sci., 2024, 15, 18772-18788 | 18773
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smart materials, smart membranes with abundant responsive
sites ensure faster and more effective sensing to meet diverse
application demands compared to traditional powder mate-
rials.** Moreover, the processability of smart membranes
allows for the construction of practical stimuli-responsive
systems, such as sensor devices and smart actuators. Thus,
there is an urgent need to develop new strategies to fabricate
multifunctional smart membranes for practical sensing appli-
cations. These advancements will not only enhance the
performance of sensing and actuation systems but also broaden
their scope of application in various biotechnological fields.

This review aims to provide an overview of the recent prog-
ress in smart membrane technology (Fig. 1). We start by
summarizing some widely used membrane preparation
methods, discussing mechanisms of responsiveness, and the
relationship and difference among them. Then we present state-
of-the-art examples of smart membranes in advanced separa-
tion and sensing applications. Finally, by exploring these
current achievements of smart membranes, we highlight the
role of smart membranes in addressing critical global chal-
lenges and advancing technical innovation.

2. Preparation of smart membranes

The well-established membrane fabrication strategies are
essential for producing membranes with stable mechanical
strength and excellent performance. The preparation methods
of smart membranes share certain similarities to traditional
membranes. However, the difference is the addition of func-
tional motifs that can respond to environmental stimuli. By
incorporating these stimuli-responsive  motifs, smart
membranes are expected to combine the advantages of both
smart materials and conventional membranes for enhanced
separation and sensing applications. The preparation methods
for smart membranes are well-known as one-step and two-step
methods, which involve incorporating the stimuli-responsive
components either during the membrane preparation or after
the membrane formation. This section mainly introduces and
discusses two important and widely applied strategies for
preparing smart membranes, including interfacial polymeriza-
tion (IP) and blending methods. Then we will briefly discuss
some other methods in smart membrane fabrication.

2.1 Interfacial polymerization

IP is an ingenious technique for the preparation of ultrathin
film at the interface between two immiscible phases.** In
general, the IP process is a polycondensation reaction between
two highly reactive monomers, in which two active monomers
(or monomers and catalyst) are distributed in an aqueous
phase and an organic phase, respectively. Then two mono-
mers come into contact and are covalently bonded at the
interface.*" The resulting film or membrane prepared by the IP
method is inherently defect-free, thin, and uniform, which
greatly promotes the membrane performance in the applica-
tion of various separations.*> Moreover, the pore size, thick-
ness, and surface properties of the membrane can be easily
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manipulated by adjusting the reaction parameters, such as
monomer concentration, reactivity, solvent, temperature, and
reaction time.*

Recently, the IP method has emerged as a powerful and
practical fabrication technique to produce smart membranes
with unique structures and properties.**** In designing smart
membranes, functional units are usually introduced into the
active layer via the IP method to enhance membrane perfor-
mance. For instance, Bruggen and co-workers prepared a high-
performance flexible aliphatic-aromatic polyamide thin-film
composite (TFC) membrane through the IP method.*® The flex-
ible aliphatic chains in the polyamide network provide the
selective layer with an adjustable free volume via solvent activa-
tion (Fig. 2a). This designed membrane exhibited high stability,
permeability, and precise selectivity for organic solvent nano-
filtration (OSN) applications. However, membrane fouling
remains a significant obstacle to practical separation. To address
this issue, Bruggen's group developed another TFC membrane
with thermoresponsive properties for nanofiltration.*” This
smart membrane was fabricated by grafting poly(N-iso-
propylacrylamide) (PNIPAM) chains onto a bromine-containing
polyamide (Br-PA) layer (Fig. 2b). PNIPAM chain is a typical
smart material with a hydrophilic coil structure that shrinks
when the water temperature exceeds the lower critical solution
temperature (LCST). When the temperature rose above the LCST,
the PNIPAM-PA membrane exhibited improving fouling resis-
tance and cleaning efficiency during the filtration and cleaning
stages. Meanwhile, a buffer layer formed, eliminating the inter-
action energy between the membrane surface and pollutants,

further enhancing the recovery of flux. This finding
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Fig. 2 (a) Schematic illustration of the fabrication of PEI/TMC TFC

membrane fabrication via interfacial polymerization and the solvent
activation process. Reproduced with permission from ref. 46. Copy-
right 2020, American Chemical Society. (b) Schematic illustration of
the preparation of PA, Br-PA, and PNIPAM-PA membrane. BIBB and
ATRP are a-bromoisobutyryl bromide and atom-transfer radical
polymerization. Reproduced with permission from ref. 47. Copyright
2022, American Chemical Society.
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Fig. 3 (a) Schematic preparation of a (CB[7])-viologen membrane via
interfacial polymerization. (b) Schematic illustration of smart separa-
tion achieved by the voltage-gated membrane in the electric field.
Reproduced with permission from ref. 56. Copyright 2022, American
Chemical Society.

demonstrates that incorporating functional units or stimuli-
responsive motifs into membranes via the IP method can
significantly boost their performance in nanofiltration.

The IP method can also be utilized to prepare smart
membranes based on macrocycles and porous organic cages,**
offering a novel approach in the field of nanofiltration and
separation. Peinemann et al. fabricated ultrathin layered macro-
cycle membranes for molecular separation using cyclodextrin
and its derivatives as monomers via the IP method.>*** The
cyclodextrin or its derivative molecules were crosslinked to form
a layered structure. The channel-like cavities of cyclodextrins
generated numerous defined pores in the separation layer,
demonstrating outstanding performance in effectively discrimi-
nating molecules of different shapes. Recently, Livingston and co-
workers synthesized selectively functionalized macrocycles with
differentiated reactivities that preferentially aligned to create well-
defined pores across an ultrathin nanofilm.* By tailoring the size
to angstrom precision through varying the macrocycle identity,
these aligned macrocycle membranes exhibited twice the meth-
anol permeance and higher selectivity compared to their disor-
dered counterparts. This approach offers a feasible strategy for
creating smart membranes with subnanometer channels. Sun
and co-workers utilized a cucurbit[7]uril (CB[7])-viologen complex
as the monomer to prepare a voltage-gated nanofiltration
membrane via the IP method (Fig. 3a).>® The voltage-gated smart
membranes exhibited enhanced water permeability and superior
molecular separation efficiency by controlling the applied
voltage. When the membrane worked as the cathode with the
voltage increased from 0-20 V, the rejection of methyl green
increased from 20% to nearly 100% (Fig. 3b).

2.2 Blending

Mixed-matrix membranes (MMMs) technique has been widely
used to prepare membranes because of its simple process, easy

© 2024 The Author(s). Published by the Royal Society of Chemistry
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operation, and controllable membrane properties.”” In this
method, various fillers, such as nanoparticles, zeolites, MOFs,
and POCs, are dispersed within a continuous organic polymer
matrix.>®*** The process of preparing smart MMMs involves
blending stimuli-responsive materials, used as fillers, with an
organic polymer matrix to form a homogenous solution. This
mixture is then transformed into a composite membrane by
controlled solvent evaporation or phase inversion.** Such
methods ensure that the fillers are evenly distributed
throughout the polymer matrix, leading to a membrane that can
respond to external stimuli, making them highly versatile for
applications in separation and sensing.

Shen and co-workers developed a composite membrane by
incorporating a poly(N-isopropylacrylamide-methacrylic acid)
(PNIPAM-MAA) hydrogel into the GO layer, resulting in thermo-
and pH-responsive water channels (Fig. 4a).** The responsive
properties of this membrane stem from the regulated nano-
channels and nanopores of GO membranes, achieved by tuning
the shape features of the hydrogel. This smart gating membrane
with tunable channels exhibits superior molecular sieving
performance compared to traditional nanofiltration
membranes. MOFs have also emerged as promising candidates
for preparing MMMs. Recently, Jin and Liu reported a solid-
solvent processing strategy to prepare an ultrathin MMM with
MOF filler loading up to 80 volume %.** In contrast to the
current method, the polymer matrix acts as a solid solvent to
dissolve and immobilize metal salts after evaporation of the
aqueous solution. After a ligand vapor treatment, the metal salts
in the precursor layer undergo in situ conversion to nanoporous
MOF crystals, resulting in an ultrathin and highly loaded
MOF@polymer MMM (Fig. 4b). A polyMOF-based MMMs were
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Fig. 4 (a) Schematic illustration of the fabrication process of GO/
hydrogel composite membranes. Reproduced with permission from
ref. 64. Copyright 2019, Elsevier. (b) Schematic illustration of the
mixed-matrix membrane fabricated by a solid-solvent processing
strategy. Reproduced with permission from ref. 65. Copyright 2023,
American Association for the Advancement of Science.
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developed by using intrinsically microporous ligand coordi-
nated with metals as fillers. These polyMOFs have better
dispersion in polymer matrix when casting into membranes.*®
Despite many MOF-based MMMSs being fabricated, the scale-up
and widespread of MOF-based membranes are still challenging.
Elimelech and An reported a nanoreactor-confined crystalliza-
tion strategy that enables rapid and roll-to-roll fabrication of
high-performance ultra-thin (~25 nm) MOF hybrid membranes
with scalable size (0.33 m x 35 m).*’

POCs are also a suitable selection of porous filler that can be
easily incorporated into the polymer matrix to produce
MMMs.*® These intriguing properties of POCs greatly enhance
the membrane performance. Jansen and co-workers reported
a novel method to prepare MMMs through the in situ crystalli-
zation of POC molecules from an intrinsic porous polymer
(PIM-1) solution.® The incorporation of porous organic cages
into polymer significantly increases the gas permeation and
provides better resistance to physical aging compared to pure
polymer membrane. Moreover, Lively's group developed
molecularly mixed composite membranes by integrating
amorphous scrambled porous organic cages into Matrimid,
which can be used in a wide range of separation applications,
such as gas separation and nanofiltration.”

2.3 Other methods

In addition to the IP and blending methods, various other
approaches are also employed to prepare smart membranes.
Such as interpenetrating polymer networks (IPNs), layer-by-
layer (LBL) self-assembly, and chemical vapor deposition (CVD).

IPNs are composed of two or more polymers through cova-
lent cross-linking to form a penetrating polymer network. With
this unique mixing method and network structure, stimuli-
responsive monomers are easily blended into the
membrane.””””> Moreover, covalent cross-linking is used to
increase the stability of membranes under demanding envi-
ronments. Thus, highly cross-linked IPNs exhibit good
mechanical strength in membrane formation.”

The LBL self-assembly is commonly used in smart nano-
filtration membrane fabrication.””® It is a method of assem-
bling molecularly thin layers composed of different molecules
into ordered structures through various intermolecular inter-
actions, which can form ultrathin membranes on the surface of
the porous support. Therefore, the LBL method could precisely
control the membrane thickness and surface properties.” Thus,
one or more stimuli-responsive layers can be assembled into
nanofiltration membranes, achieving improved separation
performance.” However, due to the weak interaction between
layers, membranes formed by the LBL method have poor
stability in harsh conditions.

The CVD method is used to prepare polymer composite films
by directly transporting gas monomers on the substrate surface
with functional sites.”®” The functional sites on polymer layers
provide an opportunity to finely control the surface properties
of composite membranes. Moreover, this method provides an
alternative for polymer membranes, especially for those

18776 | Chem. Sci,, 2024, 15, 18772-18788
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insoluble and infusible films, which can be formed using this
simple step.®>*

Given the complexity of smart membrane structures, a single
preparation method may not be sufficient to meet the demands.
Thus, optimizing existing methods or combining multiple
techniques is crucial to achieve membranes with superior
performance and stimuli-responsive properties.

3. Stimuli-responsive behaviors in
smart membranes

With the increasing demand for advanced membranes across
different fields, various stimuli-responsive membranes have
been developed. These smart membranes are engineered to
respond to specific external stimuli, allowing them to adapt
their properties and functionalities dynamically. In this section,
we will discuss recent advancements in smart membranes and
their response to different external stimuli such as light, pH,
and temperature.

3.1 Light-responsive membranes

Light is a highly controllable stimulus that can be precisely
modulated, making light-responsive membranes a promising
candidate for various applications such as sensing, actuating,
drug delivery, and smart separation systems.*”®** Light-
responsive membranes generally have rapid and specific
responses by altering molecular conformation and morphology,
such as isomerization, energy excitation, and bond dissocia-
tion, under illumination with different wavelengths. The ability
to fine-tune light wavelength and exposure duration provides
a high degree of control over these membranes' functional
response. In general, photochromic units can be integrated into
membranes through physical blending, chemical bonding
within the membrane matrix, or immobilization on the
membrane surface.®® The choice of integration method depends
on the desired application and the specific properties required
from the membrane. Reversible physical and chemical changes
in light-responsive membranes are primarily attributed to the
isomerization of photochromic units, which lead to significant
changes in membrane properties, including pore size and
surface characteristics.*

Light-responsive chemical moieties, such as azo-benzene,
spiropyran, diarylethene, peptides, and stilbene, have been
extensively utilized in the development of light-responsive
membranes. Among them, azobenzene and spiropyran are
mainly studied in light-responsive membrane design due to
their well-characterized photoisomerization properties.

Azobenzene is known for its reversible trans-cis photo-
isomerization process, which can directly convert light energy
into mechanical motion. This process results in a size change of
the azobenzene molecule from 0.9 nm in the trans form to
0.6 nm in the cis form. By incorporating the azobenzene moiety
into the conjugated microporous polymer (CMP) as a monomer,
Lai and co-workers have fabricated the smart membrane (azo-
CMP@200-50c) with artificial light-gated ion channels.*” Using
electrochemical methods, the nanoscale thickness of these

© 2024 The Author(s). Published by the Royal Society of Chemistry
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membranes can be precisely tailored. This bottom-up strategy
allows each building block of the membrane channels to func-
tion as a photo switch with an “on-off-on” photoisomerization
response (Fig. 5a). The well-defined conjugated three-
dimensional (3D) network with uniform micropores serves as
smart ion channels, where geometrical changes induced by light
can remotely and dynamically regulate the ion transport
(Fig. 5b). Moreover, azobenzene can form a host-guest complex
with cyclodextrin, which can be attached to the membrane
surface.®® Bonding cyclodextrin to the membrane surface
provides linking sites for azobenzene polymers and allows for the
regulation of surface properties and the pore structure. The
successful assembly of light-responsive functional polymer on
the surface enables the membrane to enhance water perme-
ability and excellent fouling resistance properties (Fig. 5¢).

Spiropyran,” another widely studied light-responsive
moiety, undergoes reversible configuration change from ring-
closed form to ring-opened form under light exposure. This
transformation is accompanied by significant changes in its
chemical and physical properties. Incorporating sulfonated
spiropyran (SSP) into the cavity of ZIF-8, a hybrid smart
membrane SSP@ZIF-8 can be developed.** The resulting
membrane exhibits high proton conductivity, outstanding
switching properties, and fast response time upon visible light
irradiation (Fig. 5d).

Light-responsive MOF and COF-based membranes are also
investigated recently. Sun and coworkers report a photo-
responsive ionic dye-sensitized COF membrane. This membrane
can adeptly convert light into electrical signals through
photoexcitation-triggered ion movement within the membrane
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isomerization of the azo-CMP monomer and the corresponding pore
structure of the azo-CMP membrane under light irradiation. (b) The
controllable A* ion transport within the light-gated membrane azo-
CMP@200-50c. Reproduced with permission from ref. 87. Copyright
2022, American Association for the Advancement of Science. (c)
Schematic illustration of light-responsive TFC membrane with anti-
fouling and regenerable properties. Reproduced with permission from
ref. 88. Copyright 2020, American Chemical Society. (d) Illustrations of
the possible proton transport mechanism through the SSP@ZIF-8-10%
membrane in the dark (on mode) and under visible light (off mode).
Reproduced with permission from ref. 89. Copyright 2020, Wiley-
VCH.
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channels, which outperformed the current market standard by
approximately 26-fold.”* A similar concept was also utilized in the
light-responsive MOF-based membrane, which also performed
a high power density by light-controlled ion active transport with
the leverage of photo-thermal property of MOF structure.”

Although many light-responsive membranes have been
investigated for many years, the functionalization strategy and
response speed of the membrane still greatly limit the perfor-
mance and applications of light-responsive membranes.*® It is
important to combine advanced material science and precise
engineering techniques for the development of novel light-
responsive membrane materials with fast response and
enhanced efficiency, suitable for a wide range of applications in
biology and industry.

3.2 pH-responsive membranes

pH-responsive membranes, which can dynamically modulate
their permeability and selective permeation characteristics in
response to variations in environmental pH, represent a prom-
inent category of smart membranes. These advanced materials
are typically engineered by integrating pH-responsive compo-
nents into the membrane matrix.**®® The acid-base moieties
embedded within the membrane undergo reversible proton-
ation and deprotonation under specific pH conditions, which
often leads to conformation change, further causing changes in
the surface properties or channel sizes of membranes. The
incorporation of such components allows smart membranes to
exhibit significant changes in their structural and functional
properties under different pH conditions. For example, it has
been found that block polymers can be used to prepare thin
films with narrow pore size distribution for separation.®”*® The
pore size can be adjusted by swelling or shrinking the pH-
responsive polymer chain. Such properties of polymer
membranes are highly desirable for size-based separation.

Chu's group has designed a novel dual thermo- and pH-
responsive composite membrane by blending a pH-responsive
block copolymers poly(styrene)-block-poly(4-vinylpyridine) (PS-b-
P4VP) with the thermos-responsive PNIPAM nanogels as the top
and bottom layer in a simple twice-casting method, respectively.*
The pKa of PAVP is about 3.5-4.5 and the volume phase transition
temperature (VPTT) of PNIPAM nanogels is about 33 °C. At pH
2.5/20 °C, the water flux reached a small value of 1.13 kgm > h™"
bar™" due to the pore closure resulting from the protonation of
pyridine groups in the P4VP. In contrast, at pH 6.8/45 °C, the
water flux increased dramatically to 778.03 kg m~>h™ ' bar . The
substantial variation in permeability is a direct consequence of
the deprotonation of PAVP and the phase transition of PNIPAM
nanogels, which caused the pores to open (Fig. 6a).

More recently, Tang's group developed a novel nonpolyamide
nanofiltration membrane based on a metal-coordinated struc-
ture by fabricating a Cu-1,3-phenylenediamine (Cu-MPD) self-
polymerized membrane.’® The incorporation of copper into
the membrane matrix significantly enhanced both water
permeability and ion selectivity, effectively overcoming the
conventional MPD membranes. The low pH environment posi-
tively affected the water permeability due to the protonation of
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Fig. 6 (a) The water flux contour map of the composite membrane,
and four schemes near the four vertices of the contour map corre-
spond to four switching states of the composite membrane at different
pH values and temperatures. Reproduced with permission from ref.
99. Copyright 2017, American Chemical Society. (b) Schematic illus-
tration of ion transport mechanism for pH-responsive membrane.
Reproduced with permission from ref. 100. Copyright 2021, American
Chemical Society.

amino groups within the membrane structure, which reduced
the electrostatic repulsions and loosened the membrane pores,
facilitating high water flux. Conversely, increasing the pH led to
the deprotonation of the amino groups, which increased elec-
trostatic repulsions and tightened the pore structure, resulting in
a lower water permeability (Fig. 6b).

pH-responsive smart membranes have been developed using
various methods and exhibit promising potential in a range of
applications, including separation, sewage treatment, sensors,
and protein fractionation.'*** These advanced membranes
capitalize on the ability to dynamically alter their physical or
chemical properties in response to changes in environmental
pH, making them highly versatile for diverse industrial and
environmental applications. However, there remains significant
potential for improvement in the design and synthesis of pH-
responsive smart membranes. Future studies should focus on
enhancing the responsiveness, durability, and scalability of
these membranes to transfer them to real-world applications.

3.3 Thermo-responsive membranes

In thermo-responsive membranes, temperature serves as an
external trigger that induces reversible changes of microscopic
or macroscopic features to achieve “on and off” behaviors,
which opens a variety of application possibilities. Temperature-
responsive smart composite membranes are modified by
decorating them with thermochromic units that respond to
temperature variations. For example, the thermal-responsive
polymer membrane generally has an LCST in aqueous solu-
tion. When the temperature is higher or lower, the polymer
chain will shrink or swell, causing the actuator behavior of the
membrane. Some membranes exhibit an optical response when
subjected to temperature fluctuations, making them highly
valuable for applications requiring temperature-sensitive visual
indicators, including smart filtration systems and biomedical
devices. This section will discuss the latest developments in
temperature-responsive smart membranes incorporating ther-
mochromic segments.

Jeon's group manufactured mechano- and thermochromism
membranes (PDMS/Tdye_Al,0; HNTs) with an ultra-large-scale
size of over 300 cm®. These membranes consist of ultrathin
(~60 nm) AlLO; (HNTs) and

hollow  nanotubes
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polydimethylsiloxane (PDMS) nanofibers (NFs), with polyoxy-
methylene melamine serving as the thermochromic dye. The
thermochromic dye changed its color from powder pink to deep
pink in response to environmental temperature increases within
the ranges of 30 °C to 50 °C and 50 °C to 70 °C."* A dual scattering
effect was obtained by increasing the temperature to 70 °C and
a mechanical (stretching) force was applied. This effect enhanced
the visibility and accuracy of the temperature-induced color
change. Furthermore, the red response in the RGB color model
has been evaluated for the composite to obtain a more precise
color analysis. The red response progressively increased from
1.02 to 1.13 as the temperature rose, and this change was
observed before and after applying tensile stress (Fig. 7a).
Recently, Berglund's group utilized a mixture of thermo- and
photochromic components as pigments in their transparent
wood (TW)-based composite, creating innovative smart
windows.'® These smart windows integrated dual-stimuli-
responsive chromic materials, enabling them to react to both
temperature and UV light. In their study, the transmission
properties of a representative sample, T50P501 (containing
equal mass ratios of thermochromic and photochromic), were
compared with a thiol-ene monomer sample devoid of any
chromic components. The transmission data at 550 nm for the
T50P501 sample showed a 41% reduction below the phase
change temperature (PCT is 31 °C) and under UV exposure,
while above the PCT, the transmission increased to 48%. These
results indicated that T50P501 exhibited noticeable color
changes in response to varying temperature and UV conditions.
Cycle tests demonstrate the durability of the reversible optical
properties where the chromic constituents were restricted
inside the lumen of the wood of the composites (Fig. 7b).
These developments highlight the potential of temperature-
responsive membranes for various applications, including

Before
stretching

After
stretching

T (2041 'C) < PCT
UV-360 nm

(ii)

2 \ T e
) -
iy
T (3542 °C) > PCT mm T (3542 °C) > PCT

(iii) UV-360 nm (iv)

Fig. 7 (a) SEM image of PDMS/Tdye_Al,Oz HNTs and a thermo-
dependent color change of the membrane before and after stretching.
Reproduced with permission from ref. 105. Copyright 2020, American
Chemical Society. (b) Photographic images demonstrate a visual
change in transmission and color on exposure to various conditions of
temperature and/or UV light. Reproduced with permission from ref.
106. Copyright 2021, American Chemical Society.
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temperature sensors, environmental monitoring systems, and
smart separations.’” By exploring advanced fabrication tech-
niques, novel thermo-responsive smart membranes can also be
designed for energy-efficient and environmentally sustainable
filtration systems."*****

Given the current research progress, each type of smart
membrane has a specific application range. Thermo-responsive
membranes and light-responsive membranes are typical
physical-stimuli-responsive membranes. Thermo-responsive
membranes have a much higher degree of intelligence, which
can respond rapidly to temperature changes, so as to achieve
the purpose of real-time monitoring in nanofiltration. However,
most of the thermos-responsive membranes used in the
experiment are relatively monolithic. Light-responsive
membranes have become a hot topic in recent years because
such membranes are widely used in both separation and
sensing fields. This kind of membrane can store large-capacity
information with a low transmission loss, which makes it
possible to apply for optical information storage and optical
smart switches. Moreover, due to the realization of large-scale
manufacturing of some light-responsive membranes, such
membranes have been applied to self-cleaning, anti-
counterfeiting, and sensors, which have broad market pros-
pects. pH-responsive membranes, as a typical chemical-stimuli-
responsive membrane, have unique advantages in fine control
of membrane surface properties and pore size. In addition, pH-
responsive membranes can be easily combined with other
factors, like temperature and voltage, which extends its appli-
cations in complicated separation under harsh conditions."*

Although various stimuli-responsive membranes have been
developed and applied in a wide application range, the currently
used smart membranes are relatively single, multi-responsive
membranes that are more promising when operated in
a complicated environment, particularly in industrial separa-
tions. Multi-responsive membranes can alter their pore size,
surface charge, or hydrophilicity in response to several stimuli,
allowing for dynamic and adjustable separation performance.
For instance, a membrane that responds to the changes in both
pH and temperature can fine-tune its filtration properties
depending on environmental conditions, offering higher selec-
tivity and adaptability than single-responsive membranes. In the
field of sensing, multi-responsive membranes can detect
changes in multiple parameters, offering more detailed and
comprehensive sensing capabilities. For example, a light and pH
dual-responsive membrane could serve as a dual-mode sensor,
improving accuracy and sensitivity in detecting analytes in
biochemical or environmental monitoring applications. Above
all, multiple stimuli-responsive membranes enable broader
application possibilities, which is essential for cutting-edge
technologies in environmental, biomedical, and industrial fields.

4. Advanced applications of smart
membranes

With well-designed molecular structures, smart membranes
exhibit various responsive properties that enable their efficient

© 2024 The Author(s). Published by the Royal Society of Chemistry
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and flexible use in practical applications. Engineering chemical
or physical changes in smart membranes is crucial for unlock-
ing their advanced functionalities. In this section, we introduce
two key applications of smart membranes: separation and
sensing.

4.1 Separation

With the stimuli-responsive control of pore size and surface
property, smart membranes have the potential for enhanced
performance in various separation processes compared to
traditional membranes. Nunes and co-workers designed
a smart covalent organic network (CON) membrane featuring
“on-off-on” light-switchable pores for molecular separation. In
this design, azobenzene moieties acted as light switches,
bridging flexible cyclen building blocks."™® A chair-to-boat
stereoisomerism change of cyclen rings occurred due to the
isomerization of azobenzene under UV/vis light, which led to
geometrical changes in the membrane pores. Initially, the
original trans-form film had an open pore aperture of about 10.6
A. Upon UV irradiation, the trans-to-cis isomerization process
reduced the pore size to 7.5 A (Fig. 8a). This resulted in
a membrane with on-off-on light-switchable pores, enabling
precise control of molecular sieving and high solvent perme-
ability (Fig. 8b and c). By leveraging these dynamic and tunable
properties, smart membranes can achieve precise and efficient
separations, surpassing the capabilities of traditional static
membranes.

The development of smart membranes with more tunable
pore structures is highly demanded to perform exclusively as
size-based molecular sieves rather than selective absorbents."**
Cooper and Livingston designed a smart, responsive composite
membrane comprising crystalline porous organic films
prepared by interfacial synthesis on polyacrylonitrile (PAN)
support.*® Crystals of the organic cage (CC3) grew at the water/
dichloromethane interface, resulting in the most thermody-
namically stable polymorph, CC3a, which was transferred to
PAN to produce a continuous CC3a-PAN membrane. When
exposed to methanol, a rapid phase transition from CC3a to
CC3Y’ occurred, resulting in a CC3y’-PAN membrane with an
increased effective pore size (Fig. 9a).

This switchable porosity is reversible, enabling the separa-
tion of three organic dyes with different sizes via graded sieving
using a single membrane (Fig. 9b and c).

Very recently, Sun and co-workers fabricated a networked
cage (iac-cage) nanofilm, less than 8 nm thick, comprising
tunable, light-responsive organic cage-based water channels via
oil/water interface crosslinking.® The networked cage nano-
film, attached to the porous support, exhibited ultrahigh water
permeance and excellent molecular sieving performance,
surpassing the capabilities of most recent membranes
(Fig. 10a). Notably, the introduction of the light-responsive
motif “azo” allowed the membrane to display switchable
water permeance and graded molecular sieving (Fig. 10b). This
smart membrane was employed to separate a mixture of three
organic dyes (4-nitrophenol, methyl orange, and Congo red)
with gradient dimensions. Upon UV irradiation, only 4-
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(a) Schematic illustration of the trans—cis photoisomerization and chemical structures of the light-responsive membranes. (b) Separation

performance of mixed dyes through trans- and cis-CON membranes. (c) Indigo carmine separation performance in consecutive cycles under
UV/vis light. Reproduced with permission from ref. 113. Copyright 2022, American Association for the Advancement of Science.

nitrophenol was detected in the permeate, while the other two
dyes were almost completely rejected. After vis irradiation,
methyl orange became permeable, while the Congo red was still
rejected. By alternating UV and vis irradiation, the smart
membrane achieved the separation of a ternary mixture
(Fig. 10c and d). The versatility of porous organic cages presents
great potential for developing next-generation molecular sieve
membranes with smart responsive properties for industrial
separation.

MOF-based MMMs have also been designed as smart
membranes for gas separation.’”” One of the most widely
studied photo-responsive membranes in MOF is azobenzene.
For example, a photo-responsive MOF membrane was designed
by using azobenzene and bis(4-pyridyl)ethylene. The membrane
is in situ irradiated with UV and vis light, and the separation
factor of an H,/CO, mixture can be switched reversibly between
21.3 and 43.7."*® Another photoswitchable MOF membrane
(SURMOF) was fabricated by incorporating azobenzene moie-
ties as side groups into the framework. By controlling the
isomerization state of the azobenzene groups by light, the flux
and separation factor of H, and CO, can be precisely
adjusted."’

Moreover, to meet the sustainable separation requirements,
a smart hybrid membrane with self-healing properties was
designed by incorporating hyper-cross-linked metal-organic
polyhedra (HCMOPs) as nodes in hyper-cross-linked polymer
networks.’* The resulting membrane exhibited enhanced

18780 | Chem. Sci,, 2024, 15, 18772-18788

mechanical properties, self-healing ability, antibacterial
activity, and outstanding separation performance compared to
traditional MOP-based mixed-matrix membranes.

In addition to self-healing capabilities, smart membranes
with self-cleaning properties were also fabricated. Antifouling is
crucial in industrial separation, especially in water treatment,
pharmaceutical production, and food processing. Membranes
are continuously exposed to complex mixtures containing
particles, proteins, and oils, which can adhere to the membrane
surface, causing decreased performance. Smart membranes
could address this issue by utilizing self-cleaning mechanisms;
for example, thermoresponsive membranes can undergo
temperature-induced contraction or expansion, expelling
contaminants from their pores, while pH-responsive
membranes can alter their surface charge, repelling charged
contaminants under certain pH conditions. Photoresponsive
membranes can leverage light to trigger surface modifications
that reduce fouling adhesion. Moreover, some smart
membranes incorporate anti-fouling coatings or surface
hydrophilicity adjustments, making it harder for organic and
biofouling substances to adhere.

Naumov and Di Profio report a self-cleaning smart
membrane (PVDF-PVA-TBB) by incorporating stimuli-
responsive organic crystals onto the membrane surface
(Fig. 11a).”** This design resulted in smart gating membranes
that demonstrated increased water flux and enhanced fouling
resistance due to the thermos-responsive properties of the

© 2024 The Author(s). Published by the Royal Society of Chemistry
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(a) Scheme shows the synthesis of a crystalline CC3 film and its two different forms by cycling the solvent between water and MeOH. (b)

Reversible dye rejection of brilliant blue and solvent permeance of the CC3-PAN membrane was observed upon switching the feedstock solvent
between water and MeOH. (c) Brilliant blue rejection in mixtures of water and MeOH (v/v) for CC3-PAN membrane. Reproduced with permission

from ref. 115. Copyright 2022, Springer Nature.

incorporated crystals. Such properties enable the membrane to
maintain high performance and durability under varying
conditions, making it suitable for long-term applications in
water treatment and purification (Fig. 11b and c). Another
innovative approach involved designing a self-cleaning smart
membrane (PPFM) with CO, responsiveness for controllably
separating oil/water mixtures (Fig. 11d).*** By adhering CO,-
responsive copolymer to the membrane surface, a scale
membrane with gas-tunable surface wettability was generated.
This smart membrane can be applied to various oil/water
mixtures due to its switchable transport property under alter-
nating CO,/N, stimulation, demonstrating high separation
efficiency and adaptability to different industrial scenarios
(Fig. 11e and f).

© 2024 The Author(s). Published by the Royal Society of Chemistry

The development of these advanced smart membranes
represents a significant leap forward in separation science and
technology. The integration of dynamic and responsive
elements into membrane design paves the way for next-
generation materials that can meet the rigorous demands of
modern industrial separation processes.

4.2 Sensing

A sensor is an integrated device that senses and transforms
external stimuli into detectable signals.'**'** Sensors are widely
applied in various fields, such as touch-sensitive buttons,
environmental monitoring, and intelligent switches. Among
smart sensing devices, humidity sensors are particularly

Chem. Sci., 2024, 15, 18772-18788 | 18781
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networked cage nanofilm with water channel for rapid molecular separation. (b) Schematic illustration showing the microenvironment
modulation of the pore windows via anion exchange. (c) Separation performance difference of iac-cage membrane with Cl™ anion and TFSI™
anion. (d) Time-dependent UV/vis spectra of the iac-cage-azo membrane at 298 K, using UV and vis (inset) irradiation. Reproduced with

permission from ref. 116. Copyright 2024, Springer Nature.

noteworthy for their ability to detect moisture and record the
variation of humidity in real time, demonstrating great poten-
tial in flexible electronic devices. Our group reported an organic
caged-based humidity sensor with ultrafast response/recovery
time (1 s/3 s) and remarkable stability, capable of operating
for over 800 cycles.’* The humidity sensor comprises a unique
organic cage film featuring carboxylic (-COOH) and protonated
amine functional groups. With the incorporation of the -COOH
unit, protonated cages self-assembled into hydrogen-bonding
networks with highly interconnected pores, enhancing the
film's efficiency for water transfer and its sensitivity to the water
molecules under varying humidity conditions (Fig. 12a). More-
over, the fabricated humidity sensor was successfully applied as

18782 | Chem. Sci, 2024, 15, 18772-18788

a touchless screen and touchless password manager, demon-
strating its versatility and practical applicability in advanced
electronic devices (Fig. 12b).

Various polymer-based smart membranes have been devel-
oped for sensor applications; and their low-cost process, high
mechanical stability, and flexibility are vital for future applica-
tions in wearable/attachable devices. Zhang and co-workers
reported a porous ionic membrane (PIM) with fast and revers-
ible humidity response at room temperature, which can be used
as a highly selective flexible humidity sensor. The conductivity
of the PIM-based sensor changed more than 70 times as the
relative humidity (RH) value increased from 10.89% to 81.75%,
with rapid response (0.4 s) and recovery times (2.6 s).'>*'2¢

© 2024 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d4sc04793a

Open Access Article. Published on 17 October 2024. Downloaded on 4/1/2026 2:43:07 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Review

PVA-GA-TBB 4
suspension,/ |

ﬂ — r Teflon +HCI ¢ B

F"E
(PVDF) (PVA) crystals jgmml 5°’°e'\ ;
o ° - - A Sos
NJ\/\/U\N PVA-GA class FVPE membrane 3
©A solution coater lCasﬁnq g
B o ‘E’ 04
X &= 4 :
Br 8 y 48 4 goz
(T88) PVA-GA-TBB membrane = i
d
Acrylic plate Polymer solution
\ Capillary force-
DS driven process Self-assembling
Sy, ey » pr s
Sy
Polyester fabric
e

View Article Online

Chemical Science

o

[N)

PVDF-PVA

PVDF-PVA-TBB VO bvATes Cyde 3| Cycle 4l cycie 5

1.0

[<4
@

o
b

o
9

°
>

Transmembrane flux,J (L h'm?) ©
S 2

-4
o

25

w00 g0 3553333&“956333333338533355355556386833333388388 ;9
g8 L

Separation Efficiency (%)

@ Oil s CO,
@ Ce® N,

Time (min)

Fig. 11

20 30 40 50 60 70 80 9 100 110 120

BSA
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membrane. (b) Multi-cycle osmotic distillation (OD) tests of membranes. (c) Instantaneous transmembrane flux as a function of the operating
time for undoped and PVDF-PVA-TBB (doped) membranes in multiple OD cycles. Reproduced with permission from ref. 121. Copyright 2023,
Springer Nature. (d) Schematic illustration of the fabrication process of PPFM. (e) Self-cleaning performance of PPFM-0.5 with a gap width of 150
um for both water/oil and oil/water emulsion with others without organic foulants at 25 °C. (f) Schematic illustration of the gas-controlled self-
cleaning mechanism. Reproduced with permission from ref. 122. Copyright 2023, Springer Nature.
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Fig. 12 (a) Chemical structure of the cage and crystalline cage sensing
film. (b) Demonstration of the smart touches HMI application based on
cage humidity sensor. Reproduced with permission from ref. 124.
Copyright 2024, Springer Nature.

Smart membranes capable of dynamically sensing external
stimuli have been designed to function as actuators, a key
component in advanced materials science. Ma's group developed
a mixed-matrix membrane that functions as artificial muscles by
incorporating photomechanical molecular crystals into polymers

© 2024 The Author(s). Published by the Royal Society of Chemistry

such as polyvinylidene (PVDF)."” In this design, the photome-
chanical molecular crystals and polymers served as muscle fibers
and connective tissues, respectively. The membrane exhibited
controllable mobility, allowing it to reversibly lift/grasp objects,
crawl, and swim under visible light irradiation. Similarly, Zhang's
group engineered a class of rigid-flexible coupling crystalline
crosslinked polymer (CCP) membranes, which exhibited
a reversible and repeatable vapor-triggered actuation perfor-
mance. The unique polymer structures, high vapor sorption, and
anisotropic properties of these membranes induced the direc-
tional deformation, enabling precise control movement in the
CCP actuators."” Our group recently reported the first example of
a mechanically responsive soft composite film based on [2 + 3]
imine-based porous organic cages (Oba-cage).'*®'* This actuator
is vapor-responsive and possesses a shape memory, allowing it to
recover its original shape after the removal of the trigger due to
the reversible structural change of Oba-cage upon the vapor
adsorption/desorption. The response and recovery speed of this
actuator depends on the ratio of the Oba-cage used during
fabrication, with the optimal performance achieved at 50 wt%
(Fig. 13a). Inspired by this work, we designed another vapor-
responsive composite film UC-1@PVDF that displays distinct
actuation modes.”® The smart membrane was fabricated by
incorporating novel urea cage molecules into a polymer matrix

Chem. Sci., 2024, 15, 18772-18788 | 18783
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(a) Synthesis, fabrication, and operation of the Oba-cage@PVDF actuator film. Reproduced with permission from ref. 129. Copyright

2022, Wiley-VCH. (b) Schematic illustration of cage-based composite film fabrication. (c) The different actuation behavior of UC-1@PVDF (50) on
exposure to acetone vapor and ethanol vapor. Reproduced with permission from ref. 130. Copyright 2024, Cell Press.

(Fig. 13b). The specific actuation mode shows variations in
different organic vapors. In this process, host-guest interactions
between urea cages and solvent molecules play a key role, as these
solvent molecules can either occupy the extrinsic spaces among
the urea cages or be encapsulated in the intrinsic cavities of the
cages, leading to transformations between different crystalline
polymorph. Thus, the urea cages can serve as smart molecular
recognition units within the polymer matrix, driving the
membranes to perform diverse mechanical movements in
response to external stimuli (Fig. 13c).

Recently, COF-based composite membranes also have been
designed as a new type of stimuli-responsive actuators. A smart
soft polymer composite film with a 3D COF (FCOF-5) flexible
building block was fabricated, which can show a reversible
vapor-triggered transformation. The adsorption and desorption
of tetrahydrofuran (THF) molecules within FCOF-5 can
remarkably induce the expansion or contraction of the frame-
work, indicating a breathing motion.”®* Zhang and coworkers
designed a humidity-responsive composite membrane by
incorporating rigid hydrazone-linked COF (COF-42) with flex-
ible polyethylene glycol (PEG) moieties. The PEG-COF-42
membrane exhibited fast water adsorption/desorption due to
the asymmetric membrane structure. Due to the high sensitivity
to minimal humidity fluctuations, the PEG-COF-42 membrane
could achieve various actuation behaviors and continuous self-
oscillation above a water surface.™

5. Conclusion and outlook

In this review, we have summarized recent advances in the field
of smart membranes, covering preparation strategies, stimuli-

18784 | Chem. Sci., 2024, 15, 18772-18788

responsive mechanisms, and their promising applications in
sensing and separation. By incorporating various stimuli-
responsive moieties into the structural building blocks and
tuning the physical and chemical properties, diverse types of
smart membranes, including polymer and molecular crystals-
based composite membranes, have been developed. There-
fore, smart membranes can adjust their physical or chemical
properties in response to external stimuli, resulting in more
efficient performance and broader application prospects, such
as smart separation, advanced sensors, and soft robots. While
smart membranes offer significant potential as the next-
generation solutions for addressing critical global challenges
and advancing technological there remains
a considerable gap between fundamental research and practical
unresolved

innovation,

industrial

challenges.
First, despite significant progress over the past decades, the

industrial IP process for membrane fabrication has remained

implementation due to numerous

largely unchanged, highlighting a gap between fundamental
research and real industrial applications. Enhanced fabrication
methods are needed to improve membrane stability and
mechanical strength. For MMMs, current porous materials are
still far from being ideal fillers due to the poor affinity to the
polymer matrix and long-term stability problem. Designing and
synthesizing smart MMMs with good stability and excellent
polymer-filler compatibility remains a significant challenge.
Thus, more research is needed to explore and adapt smart
membranes for advanced sensing and separation.

Looking forward, one of the future research works includes
improving the scalability of smart membrane production.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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While there have been numerous breakthroughs in material
design, the fabrication processes still lag in terms of cost-
effectiveness and large-scale reproducibility. The development
of high-throughput manufacturing techniques that can retain
the advanced properties of smart membranes without
compromising performance will be essential for their wide-
spread adoption in the industry. Additionally, enhancing the
mechanical stability and long-term durability of these
membranes will be critical to ensuring their practicality for real-
world applications.

Second, the practical factors of response range, speed, and
reversibility in smart membranes for sensing and separation are
extremely critical. Unlike traditional membranes, smart
membranes can quickly respond to environmental stimuli by
altering their physical or chemical properties, allowing them to
adapt flexibly to complex separation environments and sensing
systems. Therefore, developing novel stimuli-responsive
membranes that can respond to multiple stimuli is highly
demanded. Future research could focus on addressing specific
problems such as improving membrane selectivity and
response speed in highly sensitive applications. As industries
demand increasingly sophisticated materials for applications
ranging from water purification to medical diagnostics, smart
membranes will need to become more versatile, efficient, and
reliable. For instance, the integration of smart membranes into
soft robotics or advanced medical devices could open up new
pathways for innovation.

Third, it is essential to consider the practical value of smart
membranes from the initial design stages. Meantime, the
advantages of low production cost, low energy consumption,
and wide response range should be prioritized. These
undoubtedly require the intensively cooperative effort of
scientists and engineers from both academia and industry.
Interdisciplinary collaboration between academia and industry
will be crucial in overcoming the challenges related to scaling
up and adapting smart membranes for commercial applica-
tions. Partnerships that combine academic innovation with
industrial expertise can help expedite the transition from
bench-scale research to market-ready solutions. Collaborative
efforts should also prioritize the development of smart
membranes that can respond to multiple stimuli simulta-
neously, enabling their use in more complex and dynamic
environments. By addressing the current challenges through
improved fabrication methods, enhanced response character-
istics, practical design considerations, and interdisciplinary
collaboration, the transition from fundamental research to
industrial implementation can be accelerated.

Another pressing issue is the environmental impact associ-
ated with smart membrane materials. Current production
processes often rely on non-renewable resources and involve
energy-intensive procedures, which may limit the sustainability
of these technologies. Future research should focus on devel-
oping environmentally friendly and energy-efficient production
methods. This includes exploring biodegradable or recyclable
materials to reduce the ecological footprint of smart membrane
technologies. Emphasizing the use of green chemistry princi-
ples in the design and fabrication of smart membranes could

© 2024 The Author(s). Published by the Royal Society of Chemistry
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significantly advance their acceptance in environmentally
conscious markets.

In summary, while smart membranes represent a promising
solution for many contemporary challenges, there is still much
work to be done to fully realize their potential. By addressing
key issues such as scalability, environmental sustainability, and
interdisciplinary collaboration, the next generation of smart
membranes could have far-reaching impacts across multiple
sectors. With continued research and innovation, these mate-
rials may soon move from the lab to large-scale industrial
applications, revolutionizing fields such as environmental
sensing, healthcare, and industrial separation.
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