DE GRUYTER

Nanotechnology Reviews 2023; 12: 20220538

Review Article

Yi Pan, Yapeng Liu, Shuangchun Yang*, Changqing Zhang, and Zain Ullah
Recent research progress on the stimuli-

responsive smart membrane: A review

https://doi.org/10.1515/ntrev-2022-0538
received April 29, 2022; accepted March 27, 2023

Abstract: The smart membrane is a new type of functional
membrane. The performance of this membrane is changed
according to the variations in external physical and che-
mical signals. This membrane has become an essential
focus in specific recognition, catalysis, selective permea-
tion, and other fields. However, the problems of this mem-
brane are weak anti-pollution ability, poor response
performance, and inability of mass production. Therefore,
scholars have done a lot of research on improving this mem-
brane by modification, grafting polymerization, phase trans-
formation, and in situ cross-linking copolymerization. This
review provides a comparative investigation and summary
of smart membranes, including temperature, light, electric
field, magnetic field, pH, and specific molecular and ion-
responsive membranes. Moreover, the authors also intro-
duce the preparation process, selectivity, optimization and
improvement of membranes, and their application fields.
Finally, the authors’ perspective on the current key issues
and directions of these fields for future development are
also discussed.
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1 Introduction

With the deterioration of the global ecological environ-
ment and the shortage of resources, membrane separation
technology, which is a physical reaction process that can be
used to separate substances of different molecular sizes,
has attracted more and more attention among science and
technologies [1-6]. Compared with traditional filtration
technologies, membrane separation technology does not
need additives [7]. Therefore, membrane separation tech-
nology is far superior to traditional filtration technology.
Smart membranes are used as the main material of mem-
brane separation technology now, which can change their
performance and structure according to the external envir-
onmental stimulation. The research and development of
smart membranes are also closely related to environ-
mental protection, energy recovery, water resource devel-
opment, etc. [8-11]. Therefore, smart membranes have
attracted extensive attention.

In fact, the initial inspiration of smart membranes
came from natural creatures. Many organisms in nature
have completely reversible capabilities, which provide us
with inspired ideas of smart membranes. For example, a
chameleon can change its color according to different
environments. This is because the chameleon can change
colors by relaxing and stimulating the pigment cells inside
its skin as well as adjusting the guanine crystal structure of
its skin surface. Based on this principle, Zhang et al. [12]
synthesized a photonic cellulose membrane using mate-
rials such as cellulose nanocrystals, which could switch
its wettability to display or hide the color traces left after
ink-free writing. Such membranes are widely used in fields
including color sensing, encryption, and anti-counterfeiting.
In another example, butterfly wings exhibit anisotropic
wetting behavior, from whose surface water droplets can
quickly roll away in the radial outward direction, and are
pinned to the wing surface in the opposite direction. This is
because butterfly wings are one of the most complex three-
dimensional periodic media in nature. The abundant square
scales on the wing surface overlap each other, forming a
periodic hierarchical structure along the reverse osmosis
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(RO) direction. This characteristic of butterfly wings pro-
vides an idea for designing intelligent fluid controllable
membranes [13]. According to the characteristics of these
biological systems in nature, smart membranes have shown
unique advantages in many fields such as anti-pollution
[14-17], self-cleaning [18,19], material detection [20,21], smart
sensors [22,23], seawater desalination [24,25], and water
treatment [26-28]. For example, temperature-responsive smart
membranes can be applied to anti-pollution [29-31] and water
treatment [32] by grafting intelligence materials such as N-iso-
propylacrylamide (NIPAM) and polyacrylic acid onto mem-
branes. For instance, the oligoethylene-glycol-based PGI1A
(dendronized copolymer) is modified on the surface of
gold nanoparticle (NP) membranes. This membrane has
good antifouling performance and can be used to separate
oil-in-water and water-in-oil emulsions according to tem-
perature variations [33]. Light-responsive smart membranes
have been widely studied in light responsiveness [34-37],
energy conversion [38], and large-scale manufacturing [39].
For example, electrolytes are used as the gate dielectric of
light-responsive membranes of nanostructured zinc oxide,
whose light responsiveness is greatly enhanced by ultraviolet
(UV) light irradiation [40]. Electric-field-responsive smart
membranes have made research progress in hydrophilicity
[41], remote control, and other fields. For instance, such
membranes can be synthesized by grafting poly(ionic liquid)
(PIL) onto the ultrafiltration membrane of regenerated
cellulose, which can interact with the external electric field
of oscillation, providing an opportunity for their remote
control [42]. At present, pH-responsive smart membranes
have developed rapidly in industrial production [43], dual
response [44-48], and other fields. One of these membranes
has super lipophilicity underwater and super hydrophobi-
city under oil by adding polyvinylidene fluoride (PVDF) to
Poly(dimethylaminoethyl methacrylate) (PDMAEMA) hydro-
gels. The membrane is used to solve the discoloration pro-
blem of anti-counterfeiting labels [49]. Specific molecular
recognition-responsive smart membranes are often used
for pharmaceutical engineering [50-52] and membrane sen-
sors. In one of those membranes, graft polymers containing
specific molecular recognition receptors are introduced on
its porous membrane substrate, so that target biological
molecules can be recognized and crosslinked to control
the opening and closing of pores through the membrane.
The membrane is of essential significance for membrane
sensors in the medical field [53]. Ion-responsive smart mem-
branes are often used in industrial wastewater treatment
[46,54], drinking water detection [55], and other fields. For
example, this membrane of zwitterionic carbon nanotube com-
bines nanostructured components with the polymer matrix.
The selective permeability coefficients of the membrane for
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glucose and divalent anions are 5.5 and 93, respectively. The
membranes have potential application prospects in saltwater
treatment [56].

There have been many reviews summarizing and com-
paring a variety of materials based on smart surfaces
with a switchable wettability, such as membranes, textiles,
foams, etc. [13,57-59]. The surface wettability of these mate-
rials can be completely transformed via external stimula-
tion, which is a reversible process. However, few reviews
provide a comprehensive introduction to the stimulus-
response of smart membranes. When smart materials are
distributed on the surface of smart membranes, the smart
materials can regulate the micro-morphology and energy
at the membrane’s surface according to the external sig-
nals, thereby changing the surface characteristics of the
membranes. In addition to wettability, these properties
include chargeability, selective permeability, etc. In addi-
tion, smart materials can also be “distributed” inside smart
membranes or in the smart membrane pores. In this review,
we focus on typical works on the synthesis, mechanism, and
application of smart membranes, mainly introducing smart
membranes from the aspects of stimulus-response, fabrica-
tion technologies, structural characteristics, intelligent beha-
vior, and potential applications. In addition, we describe the
development trend of smart membranes and the problems
to be solved in the future (Figure 1).

2 Mechanism of smart membrane

Membrane separation technology is a new separation tech-
nology developed in recent decades, whose biggest feature
is that no additives need to be added in the process of
separating substances. The key materials used in mem-
brane separation technology are membranes, which are
of many kinds [60-63], as is shown in Table 1. The mem-
branes are intermediate interfaces, which play the role of a
selective barrier and control the continuous material trans-
port on both sides.

With the further understanding of bionic technology,
people add intelligent materials into membranes directly
or indirectly, which can make membranes have stimula-
tion responses. There are many kinds of smart materials,
as shown in Table 2. Such membranes that respond to
environmental stimuli are called smart membranes. The
formation of smart membranes is mainly divided into two
types. One is to form smart membranes by mixing smart
materials and membrane-forming materials with environ-
mental responsiveness by the physical way, or to modify
the membrane-forming materials by covalent bonding, and
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Explain the origin and importance of smart membranes, and explain the

The classification of membranes and smart materials is introduced, and
the film forming methods and smart behaviors of smart membranes are

According to the references, the
manufacturing technology, structural
characteristics, intelligent behavior and
potential applications of each type of
smart membrane are summarized

The development status of smart membrane is analyzed, the possible
challenges are proposed, and the direction to solve the problems is given
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Figure 1: A summary scheme of the study.

Table 1: Classification of membranes [60-63]

Classification Name

standard

Structure Porous membrane, dense membrane
Source Synthetic membrane, natural membrane
Functions Filtration membrane**, select permeation

membrane, industrial membrane

**Filtration membrane includesultrafiltration membrane, microfiltration
membrane, nanofiltration membrane; Select permeation membrane
includespermeation membrane, reverse osmosis membrane, and elec-
troosmotic membrane; Industrial membraneincludes ion exchange
membrane, hemodialysis membrane, ultrafiltration membrane, reverse
osmosis membrane, gas separation membrane.

then to form membranes. This physical mixing form of
materials will make the smart materials uniformly distrib-
uted inside smart membranes. The pores formed inside
smart membranes are surrounded by smart materials
and other auxiliary materials. When subjected to external
stimuli such as temperature, light, and pH, the internal
smart material will begin to shrink or expand, causing
membrane pores to open and close, thereby changing the
permeability of membranes. The entire membrane exhibits
overall shrinkage or overall expansion. The mechanism dia-
gram is shown in Figure 2. For example, the molecular side
chains of the smart material poly(N-isopropylacrylamide)
(PNIPAAm) have both hydrophilic amide groups and hydro-
phobic isopropyl groups. When the temperature is lower

than the critical temperature, the amide groups will form
strong hydrogen bonds with the water molecules. The PNI-
PAAm materials begin to absorb water and expand, squeezing
the pores inside smart membranes, thereby closing it. Then,
the volume of smart membranes increases and the perme-
ability decreases. When the temperature is higher than the
critical temperature, the hydrogen bonds between the amide
groups and the water molecules will break, and the hydro-
phobicity of the isopropyl groups begins to play a leading role.
The PNIPAAm materials begin to be hydrophobic and gradu-
ally shrink, opening the pores of membranes. The volume of
smart membranes decreases and the permeability increases
[64,65]. In addition, the pores of smart membranes formed by
bonding will contain special recognition sites. These recogni-
tion sites can be chemically bonded and dissociated with some
specific substances, so that some specific substances can be
selectively penetrated. For example, the puerarin group is the
phenolic hydroxyl group, and the y-aminopropyltriethoxysi-
lane functional group is the amino group. The phenolic
hydroxyl group and the amino group can form ionic bonds.
Puerarin mixed with y-aminopropyltriethoxysilane acts as a
template molecule to be a membrane-forming material. Smart
membranes are synthesized with template molecules, silica
sols, ethanols, and other materials. The ethanol solution can
wash the puerarin in the membrane. When the puerarin solu-
tion is separated, puerarin can bond-dissociate-rebond with
the amino groups in the pores when passing through the
membrane pores. The schematic of puerarin is shown in
Figure 3 [66].
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Table 2: Classification of smart materials

Response type Representative materials Material performance Ref.

Temperature NIPAM, PNIPAAm, etc. When the temperature changes, the volume of NIPAM and PNIPAAm  [67]
can shrink or expand rapidly.

Light Spiropyrans and their derivatives, etc. Photoisomerization of spiropyrans: conversion of a compound froma  [68]
ground state to an excited state by direct irradiation with UV light of a
certain wavelength.

Electric field PVDF, etc. Piezoelectric response characteristics of PVDF: the B phase of PVDF has  [69,70]
piezoelectricity, and its dielectric constant changes with the electric
field strength and has an electrothermal effect.

Magnetic field Magnetic NPs, etc. When there is no magnetic field, the particles are non-magnetic. When  [71]
there is a magnetic field, the particles are magnetic.

pH Diferroformylmethane, alizarin red, etc. The color of alizarin red depends on the pH, it is yellow at low pH, and  [72,73]
purple at high pH.

Specific molecular PDMAEMA, etc. PDMAEMA is a polymer material with CO, stimulus responsiveness. [74]

Ton Polyacrylonitrile (PAN), electrospun PAN Electrospun PAN nanofibers contain a large number of unsaturated [75]

nanofibers, etc.

nitrile groups, which can introduce a variety of functional groups such
as thiol, amine, carboxyl, and amidoxime groups to selectively adsorb
heavy metal ions.

Swollen state

Shrunk state

Intelligent materials and
membrane-forming substances

Figure 2: Expansion and shrinkage of smart membranes [76].

= / 1 T

LN

puerarin

Interferinf; molecule

Figure 3: Schematic diagram of puerarin through membrane [66].

The other is to introduce smart materials on mem-
brane surfaces or in the membrane pores through physical
fixation, chemical modification, or grafting without chan-
ging the main structure of substrate membranes through
chemical methods. Two kinds of smart membranes will be
formed through this membrane-forming method, one is

<

that smart materials are distributed on the membrane sur-
face, which can control the energy or micro-morphology of
membrane surface based on changes in external signals,
thereby controlling the characteristics of the membranes
(such as charge, wettability [hydrophilicity and hydropho-
bicity]). The mechanism diagram is shown in Figure 4. For
example, wettability is mainly based on the surface energy
and surface roughness of a material. Some external stimuli
(such as light, ions, and pH) can affect the surface energy of
a membrane, while some others (such as electric field and
magnetic field) can affect its surface morphology [57,59].
When the surface energy and morphology of a smart mem-
brane change, hydrophilic, hydrophobic, lipophilic, oleo-
phobic, and other characteristics will appear on its surface.
Depending on the energy and roughness of membrane
surfaces, there are two typical wetting states, Cassie—
Baxter metastable state and Wenzel state. When testing
the hydrophilicity of air, stable cavitation occurs in the
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Figure 4: Expansion and shrinkage of smart membranes (Smart material are distributed on the membrane surface) [76].

rough gap between water droplets and membrane surfaces
in the Cassie-Baxter metastable state. The adhesion of
water droplets to membrane surfaces is reduced during
cavitation, so that water droplets can easily roll off mem-
brane surfaces and be quickly removed. At this time, smart
membranes will exhibit hydrophobicity. Upon external sti-
mulation, the energy and roughness of the surface of a
membrane change, and it enters the Wenzel state. Water
droplets will unreservedly occupy its surface and comple-
tely adhere to the solid surface. At this time, the smart
membrane will exhibit hydrophilicity. When testing the
lipophilicity of water, under the Cassie-Baxter state, a
stable water cavity appears in the rough gap between oil
droplets and membrane surface, in which an oil-water—
solid interface will form, making the smart membrane
oleophobic. When stimulated by the external environment,
the membrane enters the Wenzel state, and oil droplets
will completely adhere to its surface. At this time, the smart
membrane exhibits lipophilicity [13,57-59].

The other is the distribution of smart materials on the
surface or pores of the membrane. These smart materials can
regulate the effective pore size of the smart membrane,
thereby endowing the smart membrane with different perme-
ability and selectivity. Such porous membranes are usually
called smart switch membranes, whose working characteris-
tics belong to the valve mechanism. The smart materials on
smart switch membranes are mostly in a chain shape. When
exposed to external stimuli such as temperature, light, and pH,
these intelligent forging chains begin to extend, which then
block and close the membrane pores, while preventing mat-
ters from passing through. On the other hand, these forging
chains will begin to shrink after being stimulated by the out-
side world, opening membrane pores and allowing matters
to pass. Protonation or deprotonation reactions often
occur during the extension or contraction of forging chains.
Electrostatic repulsion occurs among some forging chains,
increasing the distance among them, which will lead to an
increase in polymer volume and the closure of membrane
pores. The mechanism diagram is shown in Figure 5.

As environmental information changes, smart materials
play a “switch” role on a membrane. So smart membranes

can also be called as smart gating membranes. The stimuli of
intelligent material responses usually include pH, specific
molecular, ion, temperature, light, electric field, and mag-
netic field. Smart membranes can be divided into chemical
and physical responses according to different stimuli of intel-
ligent material responses [78-80]. Among them, the physical
responses generally include temperature, light, electric field,
and magnetic field, while the chemical responses generally
include pH, specific molecular, and ion.

3 Physical stimuli-responsive smart
membrane

As a new type of functional membrane, physical stimuli-
responsive smart membranes can rapidly change their per-
formance according to external physical stimuli compared
with the conventional membranes, which are mainly com-
posed of temperature-sensitive, light-sensitive, electric-field-
sensitive, and magnetic-sensitive smart materials. Such mem-
branes are widely used in membrane filtration, self-cleaning,
protein separation, and biosensing.

3.1 Temperature-responsive smart
membrane

Generally, the synthetic materials of smart temperature-
responsive membranes include NIPAM, PNIPAAm, and
other materials [65]. In addition, temperature-responsive
membranes respond quickly when the external environ-
ment stimulation suddenly changes. The polymer PNIPAAm
was first reported in 1956, but it did not attract the attention
of scholars at that time [60]. In recent years, temperature-
responsive smart membranes have been widely used with
the progress of intelligent research.

In 1999, Pang et al. [81] studied a smart track mem-
brane to control the membrane aperture switch (Figure 6).
The membrane grafted NIPAM (thermosensitive materials)
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Figure 5: Expansion and shrinkage of smart membranes (Smart material are distributed on the surface or pores of the membrane) [77].

onto the membrane surface. The synthesis technology used
in this membrane was peroxide pre-irradiation grafting
technology. The base membrane used in this membrane
was a polycarbonate nuclear track microporous membrane.
When the temperature was higher than lower critical solution
temperature (LCST), the deswelling reaction occurred and the
pore size of the smart membrane increased. When it was
lower than LCST, the swelling reaction occurred and water
was absorbed, with the pore size of the smart membrane
shrinking or even completely closed. This membrane has a
very thin thermosensitive layer and submicrometer nuclear
track, which makes its switch response more sensitive. How-
ever, there was a lack of research on the anti-pollution [82,83],
salting out [84,85], and universality of the membrane [86].
To study the anti-pollution performance of smart mem-
branes, Wu [82] synthesized a kind of aromatic polyamide-RO
membrane, which was prepared by dip coating process and
has temperature responsiveness. The surface modifier used
in the membrane was the copolymer of NIPAM and acryla-
mide (Am) (Figure 7). In the mechanism of anti-pollution, the
hydrophilicity of the membrane is enhanced at a low tem-
perature, which weakens the contact between pollutants and
the membrane surface. However, the solution consisted of
NaCl and bovine serum albumin (BSA). Only when the ion

;mzmﬁ:g% TR

the pore size of the smart membrane shrunk

Figure 6: Action principle of the smart track membrane (TSINM) [81].

temperature>LCST

deswelling reaction

swelling reaction

concentration in the solution is lower and the pH value from
the isoelectric point of BSA is farther, the anti-pollution effect
of the membrane will be better.

Although the aromatic polyamide-RO membrane had
good anti-pollution effect, it required a stricter external
environment. Dong [83] successfully prepared a thermosensi-
tive polysulfone (PSF) switch membrane (Figure 8). PNIPAAm
was grafted on the surface of a chloromethylated polysulfone
membrane via surface-initiated atom transfer radical poly-
merization (SI-ATRP). Experiments showed that the rejection
rate of the membrane at room temperature was higher than
that at 40°C, which was because at room temperature, the
PNIPAAm polymer chains grafted on the surface of the
switching membrane exhibited an irregular elongation, which
would fill the membrane pore spaces and increase the BSA
rejection of the switching membrane. At 40°C, the PNIPAAmM
polymer chain presented a curled cluster structure, which
would release membrane pore spaces and reduce the BSA
rejection rate of the switch membrane. The switch membrane
can intercept BSA at room temperature. The interception pro-
cess does not require energy consumption to change the tem-
perature or ion concentration of the solution.

In addition to anti-pollution research, some scholars
have also developed temperature-sensitive membranes

temperature<LCST

BV

the pore size of the smart membrane increased
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Figure 7: Synthesis route of copolymer P(NIPAAm-co-Am) [82].

with good salting out and universality. Moribe et al. [84]
used PNIPAAm, poly(ethylene glycol) diacrylate, acrylic
acid, N-tert-butylacrylamide, N-[3-(dimethylamino)propyl]
methacrylamide, and other materials to polymerize tem-
perature-responsive hydrogel membranes. At low tem-
peratures, those membranes absorbed salts, while at high
temperatures, they released salts. Hydrogel membranes
absorb and release salts by controlling swelling ratio or
particle size, which can be regenerated through low-tem-
perature waste heat of factories or thermal power plants
and can be applied to the energy-saving desalination of
seawater. In addition, Yu et al [85] did more in-depth
research on rapid salt-capture using a temperature-respon-
sive hydrogel smart membrane consisting of thermosensi-
tive PNIPAAm NPs (Figure 9a). At high temperatures, acids
and alkali “imprint” in NPs, so they cannot capture coun-
terions or components. At low temperatures, NPs swell and
denature from imprinted structures, providing counter-
ions to absorb salts. When acids and alkali regenerate
during the heating process, the absorbed salts are released
(Figure 9b). During heating and cooling cycles, the mem-
brane captured up to 468 umol/g of NaCl, which could then
be used to almost completely desalt the solution (>90%).

PSF-CH,CI membrane

surface-initiated ATRP

P(NIPAM-co-Am)

Such membranes can be used to solve the problem of ser-
ious water shortage in the world.

In other fields, Ding et al. [86] developed a temperature-
responsive plasma membrane. PNIPAAm was transplanted
onto a gold mirror through an ionic body membrane and
the scattered gold nano-ions were placed on top. When the
temperature rose above the critical hydration temperature,
PNIPAAm shrank rapidly (up to 90%) and was completely
reversible throughout the phase transition. That is, as the
temperature drops, the volume of PNIPAAm will expand
rapidly. Then, the NPs were separated from the mirror
through the ionic membrane using the phase transition
characteristics of PNIPAAm, so that the plasma membrane
showed a strong color change. Such membranes can quickly
change color, which can be applied to large-area wallpapers,
video walls, and sensors.

In short, temperature-sensitive membranes have a high
degree of intelligence, whose difference with other forms
of smart membranes is that they can respond rapidly to
temperature changes, so as to achieve the purpose of
real-time monitoring. At present, research on temperature-
sensitive smart membranes is about the following three
points: enhance their antifouling ability by modifying the

PSF-g-PNIPAAmM membrane

I —CH,CI
CuBr/CuBry/bpy/water/Me OH

Figure 8: Preparation of thermal responsive PSF membrane [83].

- I— CH, A{CHQ —CH %CI
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CH; —— HC——CH;
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Figure 9: (a) Experimental schematic diagram of membrane; (b) proposed mechanism for reversible NaCl absorption by the membrane [85].

membranes; use NPs to improve the salt evolution of the
membranes; use color change to expand their application
fields. Temperature-responsive smart membranes have also
been applied to membrane filtration [87], energy-saving
regeneration, and catalytic reactions [88]. However, most of
the temperature-sensitive materials used in the experiment
are relatively monolithic. It is recently suggested to strengthen
research on poly(NV,N-dimethyl acrylamide) (PDMA) and poly-
acrylamide (PAM).

3.2 Light-responsive smart membrane

The molecular conformation and morphology of light-
responsive smart membranes will change under illumination
with different wavelengths. The photosensitive components
of the membranes are composed of azo derivatives, peptides,
spiropyran, and triphenylmethane derivatives. The mem-
branes can adjust air humidity, reduce carbon emissions,
and reduce energy consumption. In addition, the perme-
ability and humidity performance of those light-responsive
membranes can be changed by controlling the luminous
flux of light.

Earlier, Park et al. [89] synthesized the primary light-
responsive smart membrane using methyl methacrylate,
which was replaced by spiropyran and grafted on the

surface of a porous glass filter (Figure 10). The glass filter
was cultured in 0.1 M HNO; at 70°C for 3 h, washed several
times with distilled water, and then dried in vacuum at
140°C for 6 h. After being irradiated with UV light, the graft
chain would shrink, the pores would open in the surface of
the glass filter, and then the permeability would be increased.
If visible light is used, the graft chain will extend, covering the
pores of the glass filter and reducing the permeability, which
is because the photoisomerization of photochromic molecules
will cause structural changes in the macromolecular chains
when combined with them. Smart membranes are used in
the development of optical modulation devices now. How-
ever, their light sensitivity is low, so their application range
will be limited.

In order to solve the problem of low photosensitivity
and poor response performance of the above smart mem-
branes, Liu et al. [90] developed a kind of light-responsive
smart membrane (Figure 11), which was made by attaching
azo derivatives to porous silicon pores. 4-(3-triethoxysilyl-
propylureido)azobenzene (TSUA) was synthesized using
triethoxysilylpropyl isocyanate and 4-phenylazoaniline.
Brij56(C16H33(OCH2CH2)nOH, n ~ 10) (0.27g) and TSUA
(0.26 g) were dissolved in ethylalcohol containing tetra-
ethyl orthosilicate, then ultrasonic treatment was com-
pleted with HCI for 3 min, aged in mixed sol for 30 min,
and the membrane was prepared through impregnation
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Figure 10: Preparation scheme of glass filter [89].
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or heat

Figure 11: Schematic diagram of preparation of membrane compo-
sites [90].

method at room temperature. Under UV irradiation, azo
derivatives were efficiently converted into cis isomers;
while without it, the azo derivatives can be completely
and reversibly converted into trans isomers. In the smart
membrane, the characteristics of azo derivatives were
utilized to realize the optical control of pore size, which
could be applied to light-regulated mass transport.

In addition, some scholars had also made a specific
division of the photosensitive range of smart membranes.
For example, Guo et al [91] prepared a Ga,03:Cr vermi-
cular nanowire membrane on an a-Al,05(0001) substrate
via pulsed laser deposition. The experiment showed that
the photocurrent of the membrane under 365 nm UV irra-
diation was lower than that under 254 nm UV irradiation,
which was because there were many oxygen vacancies in
the nanostructure of the membranes in the defect state.
Under 365 nm UV irradiation, the electrons trapped in the
defect state will jump to the conduction band (CB). However,
under 254nm UV irradiation, they will jump from the
valence band (VB) to the CB. After turning off the illumina-
tion, electrons at the CB will annihilate rapidly. Such mem-
branes have deep ultraviolet photoelectric responses and

can be used in the field of magnetic-optical-electric multi-
functional nanodevices. Further, they also have the room
temperature anisotropic ferromagnetic behavior and the
characteristics of easy axes perpendicular to the plane char-
acteristics of membranes.

In addition to the research on primary and specific optical
responses, some scholars also studied the energy conversion
and large-scale manufacturing methods of light-responsive
smart membranes. For example, Jia et al [92] prepared a
(Y,05:Yb-Er)/Bi,S; composite membrane under near-infrared
light excitation using SILAR (continuous ion layer adsorption)
and electrodeposition (Figure 12a). The membrane was com-
posed of uniform Y,05 crystal particles and covered by Bi,S;
NPs. Under the excitation of 980 nm laser, photons were con-
verted into visible light emission at the Y,03:Yb—Er membrane
layer through up-conversion. Then, the covered Bi,S; NPs
absorbed visible light and produced photoelectrons (Figure
12b). This smart membrane not only had light-response per-
formance, but could also convert light into energy. Being
important for breaking the Shockley—Queisser limit (solar
energy conversion efficiency limit), the membrane was used
to collect near-infrared radiation of photocatalysts, solar cells,
and infrared photoelectric detectors.

In order to realize the large-scale production of the
photosensitive membranes, Li et al. [93] used electrospin-
ning technology to make a light-responsive N-carboxy spir-
opyran (SP-COOH)/PAN smart fiber membrane. The
SP-COOH was mixed with PAN (mass fraction of 15%)
(Figure 13). Based on the photoisomerization characteristics
of spiropyran, the wettability and surrounding humidity of the
electrospun membrane were reversibly adjusted by alter-
nating UV-visible light irradiation. Experiments showed that
the wettability of the fiber membrane surface was positively
correlated with the surrounding humidity under alternate irra-
diation. When the doping amount of SP-COOH was 10%, its
surface wettability changed by about 16° and the humidity
adjustment range was about +6%. Such membranes can be
produced on a large scale through electrospinning technology,
which have the potential to widely control air humidity.
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Figure 12: (a) Schematic representation of the fabrication process for the
thin composite membrane; (b) energy diagram of the energy transfer
process and emission process of the composite membrane [92].

In addition to the above progress, light-responsive
smart membranes have also been applied to anti-counter-
feiting materials [94,95], biological imaging [96], optoelec-
tronic micro-/manodevices [97], and sensors [94,98-100].
For example, Tian et al [100] studied the gold nano-
carbon-based membrane with high luminescence proper-
ties. The smart material used in the membrane was gold
nanoclusters, which was a new type of fluorescent nano-
material. The discrete electronic energy and direct elec-
tronic transition make this smart material have excellent
optical properties, whose application has potential prospects
in photoluminescence and electrochemiluminescence tem-
perature sensors. Ma et al. [99] studied the organic-inorganic

[
p) P
N toluene o
110 C6h OH
compound

Figure 13: Synthesis route of SP-COOH [93].
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hybrid ultrathin membrane, whose key materials were fluor-
escent brightener BBU and Mg-Al layered double-hydroxide
nanosheets. This membrane had reversible luminescence
responses to nitroaromatic explosive compounds, which,
moreover, could also be applied to the other two color
luminescence systems. When these systems interact with
explosives, the luminescence intensity and proportional
fluorescence will change. Such membranes can be used as
novel selective solid-state luminescent sensors for nitroaro-
matic compounds.

In recent years, related research on light-responsive
membranes has been a hot topic. Three progresses have
been made in a short time, namely, the discovery of a
primary light-responsive membrane, the completion of
its energy conversion, and the realization of large-scale
manufacturing of such light-responsive membranes. Light-
responsive smart membranes can store large-capacity
information with a low transmission loss, which are not
susceptible to electromagnetic interferences. It is possible
to apply them on a large scale for optical information
storage and optical switch. In addition, light-responsive
smart membranes have been applied to recognition sites
[101] and protein interception and self-cleaning [102],
which have broad market prospects.

3.3 Electric-field-responsive smart
membrane

Under the action of the electric field, electric-field-respon-
sive smart membranes change the conformation of conduc-
tive materials, and their properties will also be changed. In
recent years, most research results have been applied to
membrane fouling [103], biosensors, protein separation
[104], and other fields.

To solve the problem of membrane fouling, Xu et al. [105]
synthesized a poly(2-acrylamide-2-methyl-1-propanesulfonic
acid) (PAMPSA)-doped polyaniline (PANI) membrane using

ON
CHO
o
D ——
Anhydrous ethanol o
N2 6 h refls
reflux OH
SP-COCH



DE GRUYTER

phase inversion method. Conductive PANI was used as
the membrane material and PAMPSA was introduced into
its molecular chain structure. The rejection rate of the mem-
brane to polyethylene glycol (neutral substance) in the
electric field was reduced by about 10%, and the BSA concen-
tration in the cleaning solution increased from 4.97 x 10~ g/L. in
30 min to 539 x 10 g/L in 120 min, and the recovery rate of
membrane flux was 46.6% (Figure 14), which was because the
applied voltage could change the structure of the molecular
chain of the membrane materials, resulting in a change in the
free space inside the membrane. The applied electric field
would change the properties of the membrane materials and
the charge on the membrane surface, so that the interactions
between the membrane and the pollutants would be changed.
Then, membrane fouling was removed from the conductive
PANI membrane surface by changing electric field. In this
smart membrane, membrane materials are combined with
the electric field, so that it can change the selective perme-
ability under the action of the electric field. Therefore, the
membrane can be used as an anti-pollution material for new
types of membrane bioreactors.

In addition to the above membrane fouling problems,
other scholars also studied the selective permeability of
membranes. Hung et al. [106] prepared an electrically
responsive smart membrane with materials such as PVDF
and graphene. Experiments showed that when a voltage
was applied, the flux of MeOH decreased significantly, but
as the voltage was further increased, it tended to remain
unchanged. When the voltage was removed, the perfor-
mance of the smart membrane was restored, which was
because the pB-phase PVDF expanded and deformed mainly
through electric drive, thereby forming adjustable nano-
channels at the interface between organic and inorganic
materials. With the voltage applied on graphene, the free
volume of electroactive PVDF would increase, causing defects

Memb-PAMPSA

W A

— N
T

BSA concentration/(102g L)

=]

Figure 14: BSA concentration in the wash solution of Memb-PAMPSA
with time [105].
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at the interface to begin decreasing, so that the size of the
nanochannels could only allow water to pass through.
The membrane shows excellent performance in methanol
dehydration.

Widakdo et al. [107] synthesized an electrically respon-
sive smart membrane with piezoelectric properties using
materials such as ionic liquid (IL), PVDF, and graphene. By
applying electrical stimulation, the permeability of the
smart membrane to CO, increased by about three times,
but when the voltage was removed, it almost returned to
the initial value, which was because the nanochannels of
PVDF and graphene were filled with ILs. IL is a material
that can promote CO, transport, which is a neutral combi-
nation of charged ions. After applying a voltage, anions
and cations will move, thereby changing the spatial distri-
bution of ions, whose movement alters the vacancies
among them and further regulates the activity of CO..
Although after the application of an electric field, with
the increase in the free volume of PVDF, O,, N,, and other
gases in the field also show an increasing trend in perme-
ability. But as the voltage increases, the permeability does
not change significantly. The permeability of the mem-
brane increases with the increase in selectivity, which
can be selectively applied to gas separation and sensors,
providing alternative ideas for the future development of
active separation membranes.

Compared with the most deeply studied pH and tem-
perature response directions, electric-field-responsive smart
membranes have a faster response speed and less influence
on the properties of the main solution. Electric-field-respon-
sive membranes have a wider response range than a
light-sensitive system. A material with electrical stimula-
tion response characteristics is used to make such mem-
branes, which not only inherits the advantages of traditional
membrane materials, but can also respond to external
voltages.

3.4 Magnetic-field-responsive smart
membrane

So far, there is little research on magnetic-field-responsive
smart membranes. To fill the vacancy, Lin et al. [108] made
a kind of novel magneto-hydrogel pore-filled composite
membrane through in situ reactive pore filling (Figure 15).
Magnetic nanoparticles (MNPs) were used as a localized
heater, which could be excited by a high-frequency alter-
nating magnetic field (AMF), and a PNIPAAm hydrogel
network was used as the sieving medium as well as the
actuator. Polyethylene terephthalate was used as the carrier
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to functionalize the reactive pore filling of magnetic
nanofilms. This kind of smart membrane manipulated the
external AC magnetic field to control remotely, and the
membrane could be used in biomedical and microfluidic
fields in the future [109]. Zheng et al. [110] synthesized
a magnetically responsive and flexible superhydrophobic
photothermal membrane using carbonyl iron, polydi-
methylsiloxane (PDMS), carbonyl iron (Fe), and candle
soot, which could be perfectly adsorbed by all types of
substrates under the action of a magnetic field without
requiring any adhesive. This is because carbonyl iron (Fe)
particles are ferromagnetic materials that can be magnetized
rapidly in a magnetic field. The carbonyl iron is uniformly
coated on the substrate of a membrane, so that the mem-
brane has a magnetic response and super hydrophobicity.
Spherical carbonyl iron (Fe) will be wrapped with PDMS
and aggregated into micron-sized papillae on the membrane
surface, granting the membrane surface an ultra-high rough-
ness. A rough membrane surface will make a membrane stay
in the Cassie-Baxter metastable state, and show up its super
hydrophobic properties. The fact that such membranes can
be adsorbed through high-voltage transmission lines provides
ideas for solving the icing problem of transmission lines.
Although the research progress of magnetic-response smart
membranes is slow, it is still further concerned and valued
because of its significant economic value. Such membranes
will enter a period of rapid development in theory and
practice.

As a new kind of functional membrane, excellent
achievement has been made on physical-stimuli-respon-
sive smart membranes in recent years. At present, in
addition to the abovementioned most widely used smart
membranes, use of other types of physical-stimulus-respon-
sive smart membranes are also increasing year by year.
For example, humidity-responsive smart membranes respond
to the stimulation of the external environment through
humidity-responsive fluorescence) [111,112]. Physical-stimuli-
responsive smart membranes can rapidly change their
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performance according to external physical stimuli, which
have a wide range of types in favor of adapting to various
complex environments. This kind of membranes effectively
solve problems including a poor adaptability to the environ-
ment, high prices, unfavorable production, and environ-
mental pollution caused by conventional membranes. It
can be seen from Tables 3 and 4 that physical-stimuli-
responsive smart membranes have a wide range of applica-
tions, whose performance is altered according to the stimuli
such as temperature, light, electric field, and magnetic field,
considerably improving their use efficiency. However, some
smart membranes are still insufficient in material types,
technical research and practical application.

4 Chemical stimuli-responsive
smart membrane

The chemical stimuli-responsive smart membranes have a
variety of types. As a new type of functional membranes,
compared with physical-stimuli-responsive smart mem-
branes, chemical-stimuli-responsive smart membranes are
mostly used in the field of medicine and water resource
treatment, which are mainly composed of pH-responsive,
specific molecular-recognition-responsive and ion-respon-
sive smart membrane materials.

4.1 pH-responsive smart membrane

pH-responsive smart membranes are a kind of functional
membranes, on whose pore surface or pore path surface
polyelectrolyte switches are constructed [113]. A polyelectro-
lyte switch contains ionizable weak acid or alkali groups.
The configuration of smart membranes changes with the
strength of pH, which results in changes in their water

Figure 15: Schematic diagram of new magnetic hydrogel porous composite membrane [108].
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flux and hydrophilicity. Therefore, pH-responsive smart mem-
branes have become a research direction for scholars.

Jiang and Wu [114] prepared a pH-responsive micro-
porous membrane. The copolymer EC0.4-g-PDEAEMA47
was synthesized through ATRP, and pH-responsive func-
tional segments were added to ethyl cellulose. Experiments
showed that when the pH was 2.0, the water flow of the
microporous membrane was almost 0, but when the pH
was 6.0, it was greatly improved. When pH was 10.0, the
water flux further increased, which was because when the
pH began increasing, PDEAEMA would gradually proto-
nate, and the chain segments would gradually curl up.
The micropore area will gradually increase, making the
water flux of the membrane increase. Responsive func-
tional segments are added to natural polymers through
the membrane, which is an approach of great significance
in expanding the application fields of chitosan (CS) and
cellulose. But a disadvantage of this membrane is that its
PH sensitivity is affected by many factors such as chain
length, density, and porosity. In addition, the method of
introducing responsive forging chains is complex and the
requirements for the process are high. At present, researchers
have not yet obtained suitable process parameters, which are
not conducive to industrial production.

Given the above difficulties in industrial production,
Ma et al. [115] invented a method to prepare pH-responsive
polymer membranes on metal surfaces. Thioacetal mole-
cules containing halogen at the a-position of the terminal
group were assembled on a clean metal substrate surface
(Figure 16), which was placed in a monomer solution con-
taining catalysts at a concentration of 1 uM. After washing
with anhydrous ethanol and drying with nitrogen, a metal
substrate with pH-responsive polymer membranes was
prepared. When the pH value of the solution was greater
than a certain value, the polymer membrane showed no
obvious change. When it was less than a certain value, the
polymer membrane could quickly desorb from the metal
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surface. This phenomenon proves that such smart mem-
branes can be used as a carrier material for targeted
delivery, which can be applied to drug delivery and histo-
logical engineering. The invention is completed through
the process manufacturing method, which is beneficial to
industrial production, but the pertinence of this membrane
is poor.

In order to solve the problem of poor pertinence of smart
membranes, Piyal et al [116] prepared a pH-responsive PSF
membrane using phase inversion technology (Figure 17),
which was hydrophilic and pH-responsive by mixing humic
acid (HA) and polyethylene glycol methyl ether, making it
specifically used to recover H,SO,. When the pH value
was 4-12, the pure water flux (PWF) of the membrane
was 113.8-46.8 L/m?h, and its water absorption rate was
25.9-6.8%, which was because at a low pH, carboxyl ions
(-COO0-) present in HA were protonated to —COOH groups,
increasing the hydrophobic interaction, causing the mem-
brane surface to shrink, leading to an increase in pore size.
However, a higher pH results in a higher charge density on
the polymers, which leads to the dissociation of carboxyl
groups into carboxylate —-COO- and H" ions, prompting
the membrane skin layer to expand, resulting in a decrease
in pore size. The highest recovery of H,SO, was 76.57 + 1.5%
at a pH of 8.4 with 0.32 M NaCl and 0.5 M KHCO3, which was
because the pore size expanded at a low pH, while a large
pore size promoted the penetration of all molecules. At a
high pH, the average pore size decreases, so that H,SO, with
the smallest average particle size can quickly pass through.
However, NaCl and KHCO; with larger average particle sizes
cannot permeate such membranes, but they can alleviate
the ecological pollution caused by industrial wastewater to a
certain extent.

In addition to the above single response, pH is often
combined with temperature or voltage. The above smart
membranes have a dual response. Liu [117] prepared a
smart switching membrane with temperature and pH
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Figure 16: Preparation method of halogen-containing thioacetal molecules at terminal a position [115].
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Figure 17: Reaction mechanism diagram of pH-responsive membrane prepared by the bonding of PSF with (2:1, polyethylene glycol:HA) [116].

response (Figure 18). PVDF was taken as the substrate
material. A dual-response P4VP core/NIPAM shell microgel
was prepared through secondary free radical polymeriza-
tion. The microgel was uniformly embedded on the surface
and pore surface of the membrane. Results showed that the
water flux of the membrane increased with the increase in
temperature and pH, which was because the temperature and pH
response performance of the membrane was mainly controlled
by the microgels on its pores. As the temperature increases, inter-
molecular hydrogen bonds are formed between the amide group
and the carboxyl group. The hydrophobicity of the PNIPAM group
is enhanced, which results in the volume shrinkage of microgels

/e i Py
HC \)kﬁ
ZF y
= | Polymeri- Polymeri-
zation zation
4VP P4VP core P4VP core/
microgel PNIPAM she
microgel

Figure 18: Fabrication strategy of thermo- and pH-responsive smart gatin

and the opening of membrane pores. When the temperature
decreases, hydrogen bonds are formed between amide group
and water molecules, resulting in the volume expansion of micro-
gels and the closure of membrane pores. When the pH increases,
the pyridine group is deprotonated, resulting in the shrinkage of
the microgel volume and the opening of membrane pores. When
the pH decreases, the protonation of N atoms on the pyridine
causes an electrostatic repulsion among the polymer chains,
resulting in an increase in the volume of microgels and the clo-
sure of membrane pores. The membrane has a dual response to
temperature and pH, which can be applied to the experimental
design of polymer phase separation and self-assembly.

Dispersion
Phase trans-
formation
Il
Smart Smart gating
gate membrane

g membranes [117].
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Yang et al. [118] studied the phenomenon that biolo-
gical cell membranes controlled ion flow after the implan-
tation of nuclear pore complexes, who then developed a
nanopore etching membrane with pH- and voltage-rever-
sible gating. According to experimental results, when the
pH value was 7.9, the nanopores were closed at various
voltages, and the ion flux was close to 0. When the pH value
was 5.3, the nanopores were opened, and the ion flux
approximately increased quadratically with an increase
in the voltage. When the pH increased, the DNA chains
were negatively charged, and the repulsive interaction among
the chains would extend them to the center of the nanogate.
Subsequently, DNA strands are connected through hydrogen
bonding interactions, a DNA strand network is constructed,
and the nanopores are closed. On the contrary, when pH
decreases, the number of negatively charged phosphate
groups decreases by tens of times. In addition, there is no
hydrogen bond formation, thus various chains cannot be
connected, and the nanopores are opened. By increasing
the voltage at this time, the movement of the ion current
increases. This smart membrane, modified by DNA chains,
has a high selectivity and more easily meets various appli-
cation requirements than other smart membranes.

As one of the many kinds of smart membranes, pH-
responsive smart membranes have unique advantages in
fine control, which are applied to polymer phase separa-
tion, self-assembly, and nano-scale control by combining
temperature with voltage. At present, other scholars have
obtained corresponding research results in the field of
packaging materials [119,120], material separation [121],
anti-pollution [122], and drug-controlled release [123].

4.2 Specific molecular recognition-
responsive smart membrane

Specific molecular recognition-responsive smart membranes
can change their structure to cope with changes in the
external environment, which can not only realize the control
and release of substances, the “start/stop” control of chemical
reactions, as well as the rapid detection and separation of
substances, but also has a low energy consumption and a
high efficiency in the process of identifying specific mole-
cules. Therefore, such membranes have attracted the atten-
tion of researchers.

Zhang [66] invented a molecular recognition-responsive
smart switch membrane (Figure 19). The functional silica sol
was dip-coated on the support for 20s. Before heat treat-
ment, it was dried in closed water vapor at 50°C for 15h and
dried naturally for 24 h. Then, the puerarin in the functional
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Figure 19: Structural diagram of separation membrane [66].

silica sol was eluted with 80% ethanol solution to obtain the
switch membrane. Experiments showed that the amount of
puerarin solution passing through the switch membrane
with the same content was higher than that of rutin solution.
The permeation amount of puerarin solution and rutin solu-
tion through a blank membrane was basically the same
(Figure 20), which was because upon the elution of puerarin,
a recognition site featuring a functional group would be
created through the colloidal particles at the position of
puerarin, whose size and shape matched with puerarin. A
large number of recognition sites are superimposed to form
channels, whose entrances are the membrane surface pores.
The volume of pores on the membrane surface is the same
as that of puerarin. Moreover, there will be a strong ionic
reaction between puerarin and complementary functional
groups at the recognition sites. Under the action of pressure
difference, a bonding—dissociation-rebonding process will
be formed with puerarin when passing through the chan-
nels. Therefore, the puerarin solution can be efficiently
and accurately separated by the membrane, which can be
widely used in the preparation of sensors and novel mem-
brane reactors as well as the separation of chiral drugs, etc.

By observing the aggregation phenomenon of DNA-
PNIPAM, Sugawara et al. [124] prepared a DNA-PNIPAM
molecular recognition-gated membrane (Figure 21), on which
a conjugated polymer composed of thrombin binding aptamer
(TBA) and PNIPAM was grafted onto the pore surface. The
pores of the membrane opened and closed by controlling the
expansion and contraction of the grafted polymer. In the initial
state, double-stranded DNA (dsDNA) contains a large number
of negative charges. Due to the strong electrostatic repulsion
among DNA chains, the grafted PNIPAM expands and the
membrane pores are closed. When thrombin binds to the
TBA, dsDNA is dissociated into single-stranded DNA, whose
charge is relatively less than that of dsDNA, and then the
grafted PNIPAM shrinks and the pores are opened. Through
the smart membrane, thrombin molecules are specifically
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Figure 20: Comparison diagram of permeability of puerarin solution and rutin solution in switch membrane and blank membrane [66].

recognized by TBA (Figure 22), which can be used as a sensor
and drug delivery system in environmental and medical
applications.

In addition to the research results of the above scholars,
Teng et al. [125] also developed a specific molecular-recogni-
tion membrane with a gradual microchannel (Figure 23),
which was for the specific molecular recognition and separa-
tion of phenols and aniline compounds. PVDF was taken as
the skeleton. Functional hyperbranched polyether amine
(hPEA) was coated on the membrane surface through the
combination of crystallization and diffusion, and then well-
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Figure 21: Preparation process of gating membrane [124].

arranged and interconnected zigzag holes were formed on
this membrane. Experiments showed that by introducing
amphiphilic hPEA polymer chains, the water permeability
of the smart membrane increased by 3.2 times, while the
contact angle was reduced by about 4 times. Through the
strong interaction between hPEA and aromatic compound
functional groups, the membrane has a high sensitivity recog-
nition and separation characteristics in terms of phenols and
anilines. The smart membrane can be used to separate carci-
nogenic and mutagenic toxic components, which is suitable
for drug engineering or medical applications.

—’ C H Hy H

Water, SDS
40 °C,10h
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Figure 22: Schematic of molecular recognition gating membrane using DNA aptamer [124].

To solve the problem of CO, separation, Zhang et al.
[126] synthesized a PVDF/PVDF-g-PDMAEMA-blended ultra-
filtration membrane with CO, stimulus responsiveness,
whose main raw materials were PVDF and PDMAEMA.
The results showed that the PWF of the membrane in a
CO, atmosphere was less than 10% of the maximum value
in an N, atmosphere, which was because poly PDMAEMA
was a COj-responsive polymer material. When CO, was
introduced into the system, the PDMAEMA segments in
the membrane pores underwent a protonation reaction
and exhibited an extended state, causing the membrane
pore size to shrink, resulting in a reduced water flux.
When N, was introduced, N, would completely discharge
CO,, which reacted with PDMAEMA. The PDMAEMA chains
inside the membrane pores underwent deprotonation, resulting
in a collapsed state of the chains, which would lead to an
increase in membrane pore size and membrane flux. This
membrane can be used to effectively clean protein fouling
on membrane surface by alternately aerating N,/CO, and

vedy o4

® CompoundA
A CompoundB

Figure 23: Filtration diagram of molecular recognition membrane [125].

converting the hydrophilicity/hydrophobicity of PVDF/
PVDF-g-PDMAEMA membranes.

Borgohain and Mandal [127] conducted a more in-
depth study on the separation of CO,/N, using amine-based
biopolymers. A methyl chitosan/polyamine-specific molecular
membrane was prepared with carboxymethyl chitosan (CMC)
as the main material (Figure 24). The experimental results
showed that when the purge/feed flow ratio of 10 wt% den-
drimer was 2.33 and 1.67 at 90°C, the CO, transmittance was
100 GPU and the COyN, selectivity was 149, which was
because CMC, as a fixed carrier, was distributed in the pores.
During the separation of CO,/N,, CO, would react with adja-
cent CMC along the channel under the action of driving force
to form a complex until it was released. Polyamidoamine can

co,

Cco,

Figure 24: Overall CO, transport mechanism in membrane [127].
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provide a large number of primary and tertiary amine
groups. Through the reaction of CO, with amine, a carbamate
cross-linked polymer will be formed, thereby inhibiting the
penetration of N,. The tertiary amine groups can react with
CO, to form bicarbonate ions, which helps to transport CO,.
This kind of smart membranes can be used to effectively
separate CO,, which can solve the problem of energy shortage
and global warming.

As one of the hotspots in the field of membrane
science, specific molecular recognition-responsive smart
membranes have the “intelligence” of integrating chemical
information perception, information processing, and response
execution. At present, the universal results developed by
researchers can be applied to the preparation of sensors
and new membrane reactors, the resolution of chiral drugs
[128], drug delivery, as well as other aspects. Moreover, smart
membranes are developing rapidly in the field of molecular
separation [129], drug release [130], drug delivery, and histo-
logical engineering [52]. However, the materials and tech-
nologies for specific molecular recognition-responsive smart
membranes in the world are still at the basic stage of devel-
opment, which need to be further improved to be widely
used in industries or clinics.

4.3 Ion-responsive smart membrane

Ion-responsive membranes are a kind of functional mem-
branes that can respond to the changes in ion type and
concentration in the environment. Such functional mem-
branes can be used to quickly identify and respond to
specific ions, especially toxic heavy metal ions, which are
widely used in water detection [131], drug-controlled release
[132,133], and other fields. Therefore, ion-responsive smart
membranes have gradually attracted the attention of var-
ious technical and professional fields.

DE GRUYTER

In order to realize the detection of lead ions under
normal pressure conditions, Wang et al. [134] provided a
lead-ion-responsive smart membrane composed of poly(N-
isopropylacrylamide-co-benzo-18-crown-6-acrylamide)
(PNB) nanospheres at a mass ratio of (12-17):100 with a
polyethersulfone membrane substrate. When separating
other solutions, the nanospheres in the membrane pores
shrank and the membrane pores were opened. When the
lead ion solution was detected, the 18-crown-6 group of
PNB selectively complexed the lead ions and an electri-
cally-charged complex was formed. The electrostatic repul-
sion among the charged complex groups will cause the
extension of polymer chains, which will cause volume
swelling of the nanospheres and make the membrane
pores to close. The membrane can be used to detect lead
ions in water samples by monitoring the flux change of
solution. The pore size of the membrane is micron-sized,
which has an interconnected structure. It can be used to
detect whether the lead concentration in drinking water,
industrial wastewater, and other water samples meets the
national standard, effectively preventing and controlling
lead ion pollution, which is of great significance to human
health and environmental protection.

For the conflicts between flux and response character-
istics, that is, the more nano-polymers there are on mem-
brane pores, the better the response characteristics will be,
but the effective pore size will become smaller and the flux
across the membrane will be reduced. For this reason, Wang
et al. [135] developed a new smart membrane with ion-
recognizable nanogels as gates, in which three-dimensional
interconnected pores were formed via vapor-induced phase
separation (VIPS), and PNB nanogel was immobilized on the
surface of the membrane pores (Figure 25a and b). When the
lead ion solution flows through the membrane pores, a
host-guest complex is formed in the nanogels with lead
ions. A point repulsive force will appear among the charged

Figure 25: (a and b) Fabrication of membrane with three-dimensionally interconnected porous structure; (c) the PNB nanogels on the membrane pore
surfaces exhibit isothermal swelling after recognizing Pb>* and form 18-crown-6/Pb>" host-guest complexes, resulting in the decrease in trans-

membrane flux [135].
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composites, resulting in a swelling reaction of the nanogels,
which will reduce the pore size of the membrane, resulting
in a decrease in its flux (Figure 25c). The nanogels of the
membrane are fixed on its pore surface during the forma-
tion of interconnected porous structures. Therefore, with
the immobilization of membrane nanogels, the effective
pore size of membrane pores is not reduced. This unique
structure is adopted to obtain high-throughput and lead ion
response characteristics for the membrane, through which
lead ions in water can be quickly detected with a detection
limit of as low as 10 mol/L. The above membrane is suitable
for the real-time monitoring of drinking water safety, but its
detection ability is relatively simple and mercury in waste-
water cannot be detected.

To deal with mercury in industrial wastewater, Esmali
et al. [136] synthesized a polyethersulfone-based ion-
imprinted membrane (IIM). Ion-imprinted polymer particles
were synthesized using acrylamide, acrylonitrile, and ethyl
ethylene glycol dimethacrylate free radicals. The polymer
particles reacted with bathophenanthroline (BPh) with Hg
(m ions as the template. After washing the template ion
mercury, a three-dimensional recognition site was left on
the membrane. The membrane adsorbed mercury ions
when they encountered again. The mercury removal capa-
city and PWF of the IIM were optimized through central
composite design and response surface methodology, whose
removal rate and PWF reached 98.1% and 37.5 kg/m2 h,
and its maximum adsorption capacity was 432 mg/m* (or
21.6 mg/g), which was approximately four times that of a
non-imprinted membrane (5.25 mg/g), meanwhile the Hg(u)
ions could be effectively recovered by at least six times
(Figure 26). The smart membrane has a good hydrophilicity
and mercury removal performance, which can be used to
treat industrial wastewater with different salt contents.
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In addition to the detection of lead ions and the treat-
ment of mercury ions, some scholars have also developed
smart membranes that can identify multiple ion types.
Bakangura et al. [137] prepared QDA-IL/HBA membranes
using quaternary ammonium poly(2-dimethylaminoethanol-
N-2,3-dimethylphenyl oxide) (QDAPPO) as the main matrix
(Figure 27), whose zwitterionic pores were formed via the
electrostatic ion repulsion between the imidazole group on
organosilane and the carboxylic acid group of 4-(hydroxy-
methyl) benzoic acid. Colloid swelling or shrinkage was
controlled by the side hydroxyl groups on QDAPPO and
4-(hydroxymethyl) benzoic acid. The experiment showed
that the proton diffusion coefficient of the membrane was
0.0386 m/h at 25°C, but when it increased with the zwitter-
ionic pores, the diffusion of ferrous ions occurred, because
the pores were more critical for a high selectivity. It is sug-
gested to strengthen studies on membrane pore size, bal-
ance the number of charged groups in pores and membrane
matrix as well as optimize the selectivity of the membrane.

Zhang et al. [138] developed a poly(ionic liquid) (PIL)-
modified polyethersulfone membrane via in situ cross-
linking copolymerization. Ion exchange occurred when
the membrane came in contact with different types of
anions, causing a change in its PWF. The initial water
flux of the membrane was 20 mL/m®mmHg. After an ion
exchange with KPFg, NaBF,, and KSCN, the PWF of the
membrane increased to 75, 35, and 50 mL/m? mmHg respec-
tively. There was an electrostatic repulsion among the
molecular chains of functional materials in pure water,
which would diffuse in pure water, resulting in the volume
expansion of crosslinked polymers in the membrane, thus
reducing the permeability of the membrane and nar-
rowing its pores. When pure water was replaced by solu-
tions such as KPFg NaBF,, and KSCN, the electrostatic
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Figure 26: Adsorption capacity and flux data for stimulated samples of Hg(u) [136].
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Figure 27: Preparation method of QDA-IL/HBA membrane [137].

repulsion among molecular chains was shielded by anions
and the molecular chains curled, resulting in volume
shrinkage of the polymers, increasing membrane pores
and permeability. The smart membrane has a strong ability
in ion recognition and strong development prospects in che-
mical/biomedical separation as well as purification.

The development of ion-responsive smart membranes
is mainly for the detection of lead ions, while that of smart
membranes for identification of other heavy metal ions is
relatively backward. It is suggested to increase the detec-
tion of other heavy metal ions, so that cadmium, nickel,
and other toxic heavy metals can be monitored.

There are a variety of types of chemical-stimuli-respon-
sive smart membranes, which are more widely used in med-
icine and water resource treatment as well as other fields
compared with physical-stimuli-responsive smart mem-
branes. For example, the various types of chemical-sti-
muli-responsive smart membranes are summarized in
Tables 5 and 6. By focusing on smart membranes, their
performance can be changed according to the changes in
PH, molecules, and ions, so that they can be applied to
drug delivery and water detection. With the development
of membrane technology, chemical-stimuli-responsive smart
membranes need to be improved in nano-control and indus-
trial production.

5 Specific application work of
smart membrane

Smart membranes are widely used in membrane filtration,
water treatment, self-cleaning, protein separation, water
detection, chemical/biomedical separation and purifica-
tion, drug delivery, packaging materials, energy recovery,
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catalytic reaction as well as other fields. Their application
fields are mainly classified into five categories: environ-
mental protection, medicine, food, energy, and chemical
industry, among which they are most widely used in envir-
onmental protection, medicine, and food industries.

5.1 Environmental protection

Industrialization and urbanization have brought serious
water pollution problems. Wastewater treatment and water
detection have become important projects among environ-
mental protection projects. Smart membranes can be used
to deeply purify sewage, which, compared with traditional
membranes, have not only a higher purification efficiency,
but also a better self-cleaning ability. In addition, smart
membranes can also be used to detect the pollution compo-
nents inside water sources, playing an early warning role.
For example, proteins, heavy metals, and other pollutants
often appear in urban wastewater. For this reason, Su et al
[54] prepared a PAN-based zwitterionic membrane. When
the NaCl concentration was lower than 0.04 mol/L, proteins
would be adsorbed on the membrane surface or the pore
wall, making the membrane channels narrow; when it was
higher than 0.05 mol/L, the electrostatic interaction between
proteins and sulfobetaine dipoles was weakened, making
the hydrophilicity of the membrane enhanced; meanwhile,
the adsorption of proteins was weakened, and the mem-
brane channels were opened. The membrane could be
used to separate proteins by changing the concentration of
NaCl, which played an important role in wastewater treat-
ment. For water detection, smart membranes with ion
recognition nanogels can be used as the gate to quickly
detect lead ions in water, whose detection limit can reach
10 mol/LL [135]. IIMs can be used to effectively recover
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Table 6: Performance comparison of chemical stimuli-responsive smart membranes

Ref.

Application area Development direction

Performance characteristics

Principal raw material

Category

Yi Pan et al.

[66,124-130]

[113-118]

Easy to combine with other factors, has unique
advantages in polymer phase separation and
self-assembly, nanoscale control, etc.

Widely used, but lack of industrial production

and clinical research.

separation, anti-pollution, drug

delivery, etc.
Sensors, chiral drug resolution,

Packing materials, material
drug delivery, etc.

voltage to extend the application range,
Control, release, and rapid detection of

Easy to combine with temperature and
commonly used in fine control.

PDEAEMAA47, PVDF, etc.
DNA-PNIPAM, PVDF,

Copolymer EC0.4-g-
polyallylamine, etc.

pH-responsive smart

membrane
Specific molecular

substances, “start/stop” control of chemical

reactions.

recognition responsive
smart membrane

[131-138]

Only in lead and mercury ions. More in-depth

study of other heavy metal ions is less.

Water detection, chemical/

Rapid identification and response to specific
ions, especially toxic heavy metal ions.

PNB, QDAPPO, etc.

Ion-responsive smart

membrane

biomedical separation and

purification, etc.
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mercury ions by six times compared with non-imprinted
membranes [136]. These two kinds of membranes can be
used to detect whether the concentration of lead or mercury
ions in water meets the standards, which is of great signifi-
cance to environmental protection.

5.2 Medicine

Targeted transport and drug separation are the main research
directions of smart membranes in medical applications.
Researchers have used smart membranes to achieve tar-
geted transport of drugs, proteins, and other substances.
The transport of traditional drugs is subject to body fluid
circulation, making it difficult to accurately treat the lesion
areas. Through smart membranes, not only the substances
can be transported to make the drugs reach target positions
accurately, but they can also be used to accurately identify
the cells or biological macromolecules, so as to achieve drug
separation. For example, Hiroto et al. [53] introduced mole-
cular recognition receptors into the submicron-sized pores
of a membrane to prepare a hiomolecular recognition-gated
membrane, which could perform multi-point recognition
of target biomolecules, forming cross-linking, thereby con-
trolling the opening and closing of membrane pores. The
membrane could be used in antigen-polyclonal antibody
systems. DNA-PNIPAM molecular recognition-gating mem-
branes can be used to specifically recognize thrombin mole-
cules through TBA, so that the grafted PNIPAM shrinks and
finally the membrane pores open. The membrane can also
be used as a drug delivery system in the medical field [124].
For drug separation, puerarin is extracted from the legume
Pueraria lobata, with antipyretic, sedative, and expansion of
coronary arteries as well as other effect. Molecular recogni-
tion-responsive intelligent switch membranes can be used to
efficiently and accurately separate puerarin solutions as
well as widely used in the separation of chiral drugs [66].

5.3 Food industries

Food safety and food waste are two important challenges
in the food industry. There are differences between the
shelf life and the actual shelf life of a product. Some
food, in the process of storage, may develop microorgan-
isms internally due to some external factors, such as extru-
sion, perforation, and other reasons. This food decay can
affect the health of consumers. Smart membranes can pre-
sent obvious color changes according to the freshness of
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food. Compared with traditional packaging, which can only
play the role of hygiene and barrier, a smart membrane
can more accurately judge the freshness of food [73]. For
example, microorganisms produce metabolites that change
the pH value of the internal environment of packaging in
the process of food spoilage. Water-soluble natural pig-
ment anthocyanins can show different color changes as
pH changes. Therefore, Li et al [72] dispersed purple
tomato anthocyanin (PTA) into a CS solution to prepare a
PTA/CS composite membrane. The main raw materials
used in the membrane were anthocyanins and CS, which
were natural materials, and the membrane had a good pH
sensitivity and mechanical properties, which could be used
as an environmentally friendly packaging material. Due to
the unstable nature of anthocyanins, they are susceptible
to factors such as temperature, light, oxygen, and metal
ions, among which oxygen is the most important factor
affecting the performance of anthocyanins. To this end,
Zou et al. [139] used mulberry anthocyanin as an indicator,
took gellan gum and anthocyanin to form an indicator
inner-layer membrane, formed an outer-layer membrane
using CS and PVA, and used layer-by-layer assembly tech-
nology to prepare a double-layer indicator membrane.
Through the membranes, the oxidation of anthocyanins was
reduced by isolating oxygen, with their stability improved. The
membranes can be used as a freshness indicator for salmon.
Compared with monolayer membranes, those membranes
have better mechanical properties and a lower water vapor
permeability, which can not only reduce the oxidation of
anthocyanins to improve their stability, but can also be used
for the indication of salmon freshness, which has a good
application potential.

6 Future development direction of
smart membrane

Smart membranes have shown their unique potential and
advantages in the field of antifouling materials [140], spe-
cific recognition, drug development [141], detection control,
and catalysis due to their special environmental-response
ability. In particular, smart membranes have significant
commercial value in environmental protection [142,143],
medicine [144], energy [145,146], food [147,139], and chemical
industry. As researchers and engineers have made more
and more extensive and in-depth contributions to mem-
brane science and technologies, the current progress of
smart membranes not only contributes to global research
and industrial development, but also provides tips for smart
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membrane innovations. Therefore, we propose the following
possible challenges faced by further research.

With the emergence of various international environ-
mental protection measures, people began to focus on
environmental protection. For the initial smart membrane,
only whether it could respond to external environmental
stimuli was considered, and there was no special study on
its anti-pollution performance. For example, temperature-
sensitive intelligent track membranes have only tempera-
ture responses and no anti-pollution property. However,
with the optimization of smart membranes, great progress
has also been made in the anti-pollution effect of smart
membranes. For example, aromatic polyamide RO compo-
site membranes can weaken the connection between pol-
lutants and membrane surface at low temperatures to
achieve the anti-pollution effect. By filling the membrane
pore spaces using polymer chain at room temperature,
temperature-sensitive PSF switch membranes have anti-
pollution performance. However, anti-fouling experiments
on these two kinds of membranes were only carried out on
BSA. Although PANI membranes also have anti-pollution
performance, they are not intended to purify environ-
mental pollution. PANI membranes are designed to solve
the problem of membrane fouling. Although PSF mem-
branes can also alleviate ecological pollution, they can
only specifically recover H,SO,. At present, there has been
deep research on anti-pollution only for ion-responsive
smart membranes, such as lead-ion-responsive smart mem-
branes can be used to detect lead concentration in water
samples, which can prevent ion pollution. Smart mem-
branes with ion-recognition nanogels as a gate has a high
sensitivity and selectivity, which can be used to quickly detect
lead ions in water. Polyethersulfone-based IIMs have a good
hydrophilicity and mercury removal performance. In addi-
tion, to identify the types of multiple ions, researchers also
developed QDA-IL/HBA membranes and PIL-modified poly-
ethersulfone membranes. However, there are still some pro-
blems in the research of ion-responsive smart membranes in
antifouling. For example, in the actual water treatment pro-
cess, there are many kinds of pollutants in water. The sewage
often contains acids, alkalis, oxidants as well as heavy metals
such as lead, mercury, cadmium, arsenic, benzene, dichlor-
oethane, ethylene glycol, and other organic toxicants. The
single antifouling mechanism of smart membranes cannot
meet the needs of antifouling performance. Therefore, to
promote research on smart membrane antifouling, researchers
should deeply understand the characteristics of intelligent
materials and the special pore structure of base membranes.
Researchers should further study the relationship between
membrane performance and structure, enhance the develop-
ment of various antifouling properties of smart membranes, or
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develop a variety of antifouling mechanisms to comprehen-
sively construct antifouling defense lines.

From the process point of view, there are higher
requirements for the preparation process of smart mem-
branes. For example, through pH-responsive microporous
membranes, responsive forging chains are introduced in
natural polymers. This process is complex, costly, and non-
conducive to mass production. With the development of
smart membranes, some progress has also been made in
smart membrane technology. For example, pH-responsive
polymer membranes have the characteristics of industrial
production. Photo-responsive SP-COOH/PAN smart fiber
membranes can be mass-produced through electrospin-
ning technology. However, most of the spinning solvents
used in electrospinning technology have certain toxicity,
which will have a certain impact on the environment. In
the process of electrospinning, factors such as air tempera-
ture and humidity, solution viscosity, and jet charge den-
sity will affect the preparation of nanofibers, making it
difficult to control their preparation process for a long
time. Nanofibers are main materials of smart fiber mem-
branes. If the preparation of nanofiber membranes cannot
be controlled stably for a long time, the production and use
of smart membranes will be ultimately affected [148,149].
In addition to considering the preparation process of mem-
branes from the aspect of stability, it is also necessary to
consider their use process from the aspect of recycling. For
example, during the use of smart membranes, solid parti-
cles (proteins, bacteria, etc.) in solutions will adhere to the
membrane surface or membrane pores, resulting in a
decrease in the separation efficiency of the smart mem-
branes and a shortened service life [19]. To this end, Ye
et al. [150] prepared (P(NIPAAm-PEGMA))-grafted polypro-
pylene (PP) porous membranes through plasma initiation
method, which not only had temperature-sensitive proper-
ties, but also exhibited a good surface hydrophilicity up
and down the LCST. The enhancement of hydrophilicity
can weaken the adhesion of pollutants and membrane
surfaces. After the cleaning of variable temperature water,
the water flux recovery rate of the BSA-contaminated
smart membrane could reach 98.2%, enough to realize
the self-cleaning effect and the service life of the mem-
brane was prolonged. Therefore, researchers need to con-
sider the production and use of membranes from the
aspect of stability and recycling at the same time, deeply
study the preparation scheme and reaction mechanism of
smart membranes, and replace membrane-forming mate-
rials with stable and sustainable new intelligent materials.
The service life and replacement cost of smart membranes
are strictly considered. From the perspective of research
direction, the research results of smart membranes are
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mostly limited to laboratories. In most smart membranes,
only functionality is added while field experiments are
rarely conducted. Therefore, the research on the production
and application of smart membrane technology should be
increased, transform it into productivity, and develop an accu-
rate supply-and-demand-relationship optimization scheme.

7 Conclusion

As a new research direction in the field of membranes,
smart membranes have attracted the attention of many
scholars, which have a strong adaptability to the environ-
ment, a wide application range and simple preparation. In
this study, smart membranes are reviewed from six direc-
tions, namely temperature, pH, molecule, light, ions, and
electric field. In view of the current research progress, the
characteristics and application of each type of smart mem-
branes are summarized and evaluated in this study:

1) Among physical-stimuli-responsive membranes, tem-
perature-responsive smart membranes have a deep research
level and a wide application range. However, the smart mate-
rials currently used are relatively single, and there is a
lack of diversified research on synthetic materials. Light-
responsive smart membranes have the characteristics
including a large information storage capacity and a
low transmission loss, which are not susceptible to elec-
tromagnetic interferences. However, due to technical
limitations, the current research is relatively shallow.
Such membranes have strong research value in optical
information storage and optical switching. The response
speed of electric-field-responsive smart membranes is
faster than that of other smart membranes, whose influ-
ence on the properties of main solutions is small. Electric-
field-responsive smart membranes are often made of
materials with electrical stimulation response character-
istics, so that they can respond to external voltages while
taking into account the advantages of traditional mem-
brane materials. However, the research depth is rela-
tively shallow compared with other smart membranes.
Magnetic-field-responsive smart membranes can be
remotely controlled by the AMF, which has excellent
development prospects in biomedical and microfluidic
fields.

2) Among chemical-stimuli-responsive smart membranes,
the pH-responsive smart membranes have been studied
more in terms of fine control. They are easy to be com-
bined with other factors, so that they can be applied in
polymer phase separation, self-assembly, and nanoscale
control. Specific molecular recognition-responsive smart
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membranes have the characteristics of integrated sen-
sing, information processing, and response execution of
physical and chemical information, low energy consump-
tion, and high efficiency. But they lack industrial produc-
tion research and development. Ion-responsive smart
membranes can quickly identify and respond to specific
ions, and have unique advantages in dealing with toxic
heavy metal ions. Such membranes are mainly used in
the detection of lead ions in drinking water and indus-
trial wastewater. At present, scholars are focused only on
lead and mercury ions with more in-depth research,
while other heavy metal ions need to be explored.
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