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Abstract: Synthetic polymer membranes are widely used in many applications, including, among others, water purification,
protein separation, and medicine. However, the use of existing polymer membranes faces major challenges, such as the trade-off
between permeability and selectivity, membrane fouling, and poor mechanical strength. To address these problems the authors
have focused their research on surface/interfacial tailoring and the structure-property relationship of polymer membranes used in
liquid separation systems. Progress has been made as follows: (1) a methodology for membrane surface functionalization and
nanofiltration (NF) membrane preparation based on mussel-inspired catecholic chemistry was proposed and established; (2) a
class of mechanically robust and environmentally-responsive composite membranes with hydrogel pore-filled in rigid
macroporous supports was designed and developed; (3) a methodology for surface tailoring and antifouling modification of
polymer membranes based on amphiphilic copolymers was created and the scientific implications for amphiphilic polymer
membranes elaborated; (4) an adsorption membrane with both filtration and adsorption functions was designed and developed to
achieve rapid removal of trace micropollutants, including heavy metal ions, organic dyes, plasticizer, antibiotics, and others. This
mini-review briefly summarizes this work.
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Lee et al., 2014; Mohammad et al., 2015; Tan et al.,
2018). However, the existing utilization of synthetic

1 Introduction

Synthetic polymer-based separation membranes
are used in a wide variety of applications, including
water treatment, protein and drug concentration, food
processing, batteries and fuel cells, gas separation, air
filtration, medical health, and more (Park et al., 2007;
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membranes faces challenges such as the trade-off
between permeability and selectivity, membrane
fouling, and a complicated manufacturing process.
Designing and preparing high performance (high
permselectivity, antifouling, high strength, chemical
stability, energy-efficiency, etc.) and multi-functional
or catalytic)
membranes is a significant priority in driving the

(stimuli-responsive, biocompatible,
development and application of membrane technol-
ogy. The aim of this mini-review is to summarize our
recent work on surface/interfacial design and the
tailoring of traditional and novel polymer membranes
used in liquid separation systems.
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2 Membrane surface tailoring and function-
alization based on mussel-inspired cate-
cholic chemistry

As a versatile tool for manipulating material
properties, mussel-inspired catecholic chemistry has
recently become an interdisciplinary research topic of
strong interest in material science, chemistry, and
biomedicine. Some studies have shown that dopa-
mine, a catecholic biological neurotransmitter widely
existing in living organisms, is able to behave like
mussel foot proteins in the byssal plaque of Mytilus
(Fig. 1) (Zhang et al., 2017c). It undergoes oxidative
self-polymerization in an alkaline aqueous solution
and creates a polydopamine (PDA) coating that ad-
heres firmly to various solid surfaces. In 2008, the
authors used this strategy for the first time to perform
surface chemical modification and functionalization
of polymer membranes (Xi et al., 2009). Hydrophobic
porous membranes were successfully hydrophilized
by a simple dip-coating process with a dopamine or
3,4-dihydroxy-L-phenylalanine (L-DOPA) aqueous
solution under weak alkaline conditions. The water
permeability of the polymer membranes was im-
proved by 64%. This provided a convenient method
for surface modification of various polymer mem-
branes (Xi et al., 2009).

The evolution of dopamine in the solution as
well as the surface characteristics of the PDA layer on
various substrates were investigated in detail, and a
primary model on PDA adsorption and deposition on
solid surfaces was proposed. It was found that PDA
oligomers were first obtained in solution by oxida-
tion, cyclization, and molecular rearrangements.
Then, the oligomers were adsorbed, aggregated, and
deposited onto substrate surfaces by non-covalent
interactions (Fig. 2) (Jiang et al., 2011; Zhang et al.,
2017¢c). This explanation concurs with that of the J.L.
Lenhart group from the U.S. Army Research Labor-
atory (Knorr Jr et al., 2016).

Despite its advantages for membrane surface
modification, PDA deposition shows some short-
comings, such as long-time consumption, high sur-
face roughness, and weak alkaline resistance. In order
to accelerate the formation of catecholic thin films
instead of pure PDA, metal-phenolic network films
were constructed on substrate via rapid complexation
of Fe(Ill) ions with PDA oligomers or tannic acid.

The deposition process was shortened significantly to
several minutes and smoother surfaces were obtained
(Lin et al., 2018; Zhang PB et al., 2019). In addition,
PDA nanoparticles (NPs) were prepared by dopamine
oxidation and self-polymerization. The sizes and
morphologies of NPs were regulated by reaction pa-
rameters, including oxidant type, pH, reaction time,
temperature, and others. The synthesized NPs were
used as an additive of polymer membranes prepared
by phase inversion or interfacial polymerization
(Jiang et al., 2014; Zhang LL et al., 2019). It was
found that both the hydrophilicity (water contact
angle from 95.5° to 59.1°) and water permeability
(improved by 1300%) for the membranes were
greatly improved due to the incorporation of hydro-
philic PDA NPs. These strategies can be extended to
more polymers and catecholic substances and allow
exploitation of novel functional composites.
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Fig. 1 Mussel-bioinspired dopamine for material surface
tailoring. Reprinted from (Zhang et al., 2017¢c), Copy-
right 2017, with permission from Journal of Functional
Polymers

Nanoaggregates
PDA layer

Dopamine
VAN QAR
Fig. 2 Schematic diagram of PDA deposition on substrate

surface. Reprinted from (Zhang et al., 2017c), Copyright
2017, with permission from Journal of Functional Polymers
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The PDA films and aggregates containing reac-
tive groups such as quinonyl, amine, and catecholic
groups provide a versatile platform for further
chemical tailoring and functionalization of membrane
surfaces. A series of biopolymers or biomolecules
—such as heparin, bovine serum albumin, and



Li et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(2):85-93 87

polymer brushes—were immobilized onto polymer
membranes with an attached PDA coating or en-
trapped PDA NPs as the active intermediator to im-
prove the biocompatibility or hemocompatibility of
the membranes (Jiang et al., 2010, 2015; Zhu et al.,
2011). In addition, polyvinyl pyrrolidone-iodine
(PVP-I) was incorporated with polypropylene porous
membranes by strong noncovalent interaction be-
tween PVP-I and PDA. This resulted in a significant
improvement in the antifouling (permeation decay
from 12.4% to 50.4%) and antibacterial (99.9% of S.
aureus were killed) properties of membrane surfaces
(Jiang et al., 2013). In recent research, we reported
surface fractal patterns created by the dynamic as-
sembly of PDA nanoaggregates. Mineralization or
metal deposition was used to keep the pattern fixed
and maintain particular functionalities. This strategy
of material surface patterning is applicable to a broad
range of materials which allows the development of
materials with controllable patterned structures
(Zhang et al., 2017b). Moreover, the modified mate-
rials mediated by PDA have potential applications in
oil/water separation, separation for lithium ion bat-
teries, and more (Zhang PB et al., 2018, Zhang Y et
al., 2018).

Hierarchically self-assembled and microporous
characteristics make possible the application of PDA
coating in nanofiltration. We successfully prepared a
thin-film composite (TFC) membrane by depositing
PDA layers on polysulfone ultrafiltration (UF)
membranes. The obtained composite membranes
exhibited a characteristic of positively charged NF
membranes—they could completely reject the bril-
liant blue and Congo red dyes completely in water.
This work is the first report on PDA nanofiltration
(NF) membranes (Li et al., 2012). We further devel-
oped a strategy to improve the alkaline resistance of
PDA NF membranes by the co-deposition of
poly(ethylene imine) (PEI) and PDA followed by a
crosslinking step (Zhang et al., 2017a). Moreover, the
NF performances of PDA TFC membranes were
further optimized by reaction conditions, such as
extra amine sources, and additional crosslinked pro-
cess (Tang et al., 2018; Li et al., 2019).

In summary, we performed a systematic study on
the preparation and functionalization of polymer
separation membranes based on mussel-inspired
catecholic chemistry, and established a methodology

for membrane surface functionalization and NF
membrane preparation based on mussel-inspired
surface chemistry. We described self-polymerization
and the evolution of the typical catecholic substance,
dopamine, in aqueous solutions, and we proposed a
primary model on PDA adsorption and deposition on
solid surfaces in solution. TFC NF membranes with
PDA-based film as the selective layer were developed
and used for molecular separation in liquids. Fur-
thermore, surface functionalization of polymer mem-
branes was performed through a secondary surface
reaction with PDA as an intermediate layer. Some
applications of functionalized membranes can be
found in molecular filtration, protein separation, blood
purification, oil/water separation, separation for
lithium-ion batteries, and other fields. This mini-
review offers a versatile approach for membrane sur-
face functionalization and NF membrane preparation.

3 Design and development of amphiphilic
copolymer membranes

Membrane fouling is one of the key challenges
in membrane separation applications. Traditional
polymer membranes are often susceptible to mem-
brane fouling due to their hydrophobic character and
low surface energy. Amphiphilic macromolecules
simultaneously containing hydrophobic and hydro-
philic chains in their molecular structure demonstrate
great potential for integrating the advantages of hy-
drophobic and hydrophilic polymers in membranes.
In our work to develop polymer membranes with
strong antifouling properties and high mechanical
strength, a series of amphiphilic copolymers with
various topological architectures were designed
through the blending of additives of polyvinylidene
fluoride (PVDF), polysulfone (PSF), polyethersul-
fone (PES), and ultra-/micro-filtration membranes
prepared through the phase inversion process. We
investigated in detail the effects of amphiphilic
macromolecules on membrane morphologies and
properties. The hydrophilic chains in amphiphilic
macromolecules are often immiscible with host
polymers and thus are segregated onto membrane
surfaces spontaneously during membrane formation.
The hydrophobic part is generally miscible with the
host polymer and anchored onto the membrane
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surface. As a result, hydrophilic and antifouling
polymer brushes were immobilized onto membrane
surfaces by a one-step process and the hydrophilicity
and antifouling abilities of the membranes were sig-
nificantly improved without sacrificing mechanical
strength. Membrane flux modified by the hydrophilic
polymer was improved by approximately two orders
of magnitude, while antifouling ability was improved
by approximately 100% (Yi et al., 2012a, 2012b,
2014b; Zhu et al., 2014a, 2014Db).

Zwitterionic polymers are a class of
well-known biomaterials with excellent antifouling
properties due to their strong affinity with water
molecules. Amphiphilic copolymers with zwitteri-
onic chains are a strong candidate as the additive of
phase inversion membranes to improve the anti-
fouling ability of the membranes. However, a chal-
lenge for the application of zwitterionic copolymers
is their low solubility in membrane-forming solvents
such as N, N-dimethylacetamide (DMAc), and
N, N-dimethylformamide (DMF), and thus their use
in direct blending is difficult. In order to address this
problem, the authors proposed a strategy based on
secondary surface reaction from reactive amphiphilic
copolymers blended in polymer membranes. First,
nonionic amphiphilic copolymers containing tertiary
amine groups were designed and synthesized.
Then, the copolymers were used as the blend addi-
tive of phase inversion membranes. Finally, the
surface-enriched tertiary amine groups were
quaternized with 3-bromopropionic acid (3-BPA) or
1,3-propane sultone (Fig. 3). The generated zwit-
terionic  poly(carboxybetaine methacrylate) or
poly(sulfobetaine methacrylate) chains showed ex-
cellent antifouling ability for the polymer mem-
branes (Zhao et al., 2013, 2014a, 2014b, 2015; Zhu
et al., 2014a, 2014b).

Stimuli-responsivity is an attractive characteris-
tic for polymeric membranes used in chemical sepa-
ration, drug delivery, biomedical fields, and other
areas. Stimuli-responsive membranes, which are
composed of the membrane matrix and stimuli-
responsive functional gates, can switch their perme-
ability and separation properties in response to envi-
ronmental stimuli, such as temperature, pH, ionic
strength, light, electric, and magnetic fields. In the
work of the authors’ group, amphiphilic copolymers
containing stimuli-responsive polymer chains were

designed, synthesized, and used for the preparation of
stimuli-responsive membranes. It was demonstrated
that the modified membranes showed stimuli-
responsive characteristics in response to pH, temper-
ature, inorganic salt, etc. The authors’ research team
provided a simple and convenient strategy for the

preparation of smart membranes (Yi et al., 2014a,
2015; Zhao et al., 2016).
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Fig. 3 Schematic diagram of membrane surface zwitter-
ionicalization based on amphiphilic copolymer blending

The self-assembly of amphiphilic block copol-
ymers can also be used to prepare porous polymer
membranes. Free-standing symmetrical porous
membranes were prepared with a polystyrene-block-
poly(4-vinylpyridine) (PS-b-P4VP) diblock copoly-
mer by combining self-assembly and nonsolvent-
induced phase separation (the SNIPS process). Uni-
form cylindrical micelles can be constructed from the
amphiphilic block copolymer during the SNIPS pro-
cess. The membranes displayed an impressive ultra-
structure in the overlapping of the cylindrical mi-
celles. The water permeability of the prepared mem-
brane reached 400 L/(m*h-bar) in neutral conditions
(1 bar=1x10’ Pa). Significantly, when the pH of the
feed solution changed from 1 to 6, the permeability
and selectivity of the symmetrical membrane showed
a strongly pH-dependent character. The potential
application of the developed membranes in the size
fractionation of NPs with a wide size distribution was
demonstrated (Fig. 4) (Yi et al., 2016).

Based on the above-mentioned work, a method-
ology for surface tailoring and antifouling modifica-
tion of polymer membranes based on amphiphilic
copolymers was created and the scientific implica-
tions for amphiphilic polymer membranes were dis-
cussed. The mechanisms of surface segregation of
amphiphilic macromolecules during membrane
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formation and application were shown. The obtained
membranes, modified by amphiphilic copolymers,
have been frequently applied in applications such as
drinking water purification, wastewater treatment,
and biomedical separation.
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Fig. 4 pH-responsive PS-b-P4VP membranes used for
nanoparticle size fractionation. Reprinted from (Yi et al.,
2016). Copyright 2016, with permission from American
Chemical Society

4 Design, development, and applications of
gel-filled and adsorption membranes

Polymer hydrogels demonstrate strong potential
in the preparation of separation membranes due to
their unique mesh-like architecture and stimuli-
responsive behavior. Based on a designable “hydro-
gel pore-filling” concept, a novel class of polymer
composite membranes was developed by incorporat-
ing functional hydrogels into a porous support mem-
brane. As a typical example, poly(N-vinyl imidazole)
(PVI) gel-filled composite membranes were synthe-
sized by ultraviolet (UV)-initiated graft polymeriza-
tion of a VI monomer with a crosslinking monomer
from a UV-active asymmetric PSF UF support. These
membranes with unique mesh-like architecture
showed water permeance between ~0.5 and
10 L/(m*h-bar) and pore size ranging from ~1.5 to
2 nm, depending on the PVI grafting degree. The
rejections of different salts were in the order of
MgCl,>NaCl=MgSO,>Na,SO,, suggesting that the
rejection mechanism was dominated by Donnan ex-
clusion (Cheng et al., 2015). In contrast to traditional
NF membranes, three main mechanisms were in-
volved in the separation: size exclusion (sieving),
electrostatic repulsion (Donnan exclusion), and ad-
sorption (involved in hydrophobic effect or electro-
static attraction). Significantly, PVI gel-filled mem-
branes can indeed fractionate molecule mixture and
molecule/salt mixture based on solute size and charge
as well as on the solution condition. In particular, PVI

gel-filled membranes show different pore sizes for
molecular rejection in different pH conditions be-
cause of the stimuli-responsive behavior of polymer
hydrogel (Cheng et al., 2016). Furthermore, a class of
mechanically robust composite membranes contain-
ing polymer gels confined in the pores of rigid mi-
croporous supports has been developed and used for
the rapid removal of organic pollutants such as vari-
ous dyes from water through the flow-through ad-
sorption process (Sun et al., 2016; Hu et al., 2017,
2018; Liu et al., 2017; Fang et al., 2018).

In our recent work, a crosslinked p-
cyclodextrin-based polymer of intrinsic microporos-
ity (B-CD-PIM) was designed and synthesized with
the goal of removing persistent organic micropollu-
tants—including plasticizers, pesticides, pharmaceu-
ticals, and endocrine disrupters—from water, in an
efficient and cost-effective way. The hierarchically
micro-mesoporous structures and hydrophilic char-
acteristics enable this polymer to adsorb a variety of
organic pollutants from water with both at a very high
rate and capacity. The maximum adsorption capacity
for bisphenol A (BPA) reached 502 mg/g—
approximately 5.7 times as large as that of the state-
of-the-art porous f-CD polymer (Wang et al., 2019a,
2019b, 2020). A filtration membrane impregnated
with a B-CD-PIM was able to remove>99.9% of BPA
with a water permeability of a maximum of
1000 L/(m*h-bar)—approximately 100 times greater
than that of traditional NF membranes with similar
functions. In addition, the membrane was easily re-
generated and kept a high separation efficiency of
over six adsorption-desorption cycles, exhibiting
strong potential in water purification (Fig. 5) (Wang
et al., 2019b).

A hydrogel in situ filling strategy was used to
prepare a class of porous membranes for rapid re-
moval of trace organic and inorganic micropollutants
from water. In this technique, the hydrogel precursor
was first prepared and then added into the cast solu-
tion of membranes. Subsequently, hydrogel in situ
filling was conducted by further crosslinking and
membrane casting. A hydrogel composite hollow
fiber membrane was successfully prepared with a
dry-wet spinning technique. These membranes can
remove more than 99% of heavy metal ions and or-
ganic pollutants from water with a high water
permeation. The separation mechanism was not



90 Li et al. / J Zhejiang Univ-Sci A (Appl Phys & Eng) 2021 22(2):85-93

(@) ° ()

(c) E

(d) (e)
~ 1004 Feed: 10 mg/L of = +004
< BPA solution 5%
> =~ 804
o 754 g
» ] S 604
J S s ]
3 ¥ = 2.0 E 404
L L @® Micropollutants w —=—400L m*h w
T 25{ —1000Lm*h" T 0]
€ pco-PmM z 2000 Lm il :
£ —=—3000 L m? h"
Water 04 s o4
¢ L—80 08—~ 1 & L .
0 100 200 300 400 500 o 100 200 300 400 500

Permeation Volume (mL)

Permeation Volume (mL)

Fig. 5 PVDF/pB-CD-PIM composite membrane for ultrafast removal of organic micropollutants using the flow-through
adsorption process. Reprinted from (Wang et al., 2019b), Copyright 2019, with permission from Elsevier

(a) Schematic diagram of filtration and adsorption of the composite membrane; (b) Digital photograph of the composite mem-
brane; (c) Cross-sectional SEM image of composite membrane; (d) Adsorption break-through curves of the composite membrane
with various permeation fluxes; (e) Adsorption break-through curves of the composite membrane towards various single organic

micropollutants

attributed to size sieving or Donnan exclusion, but
specifically to adsorption. The preparation of this
membrane has been scaled up and a series of patents
have been granted (Zhu et al., 2015a, 2015b, 2015c,
2015d). This membrane has been manufactured in
large scale by the Ningbo Fotile Company, China and
used in household water purifiers.

5 Summary and outlook

Membrane-based separation has been increas-
ingly applied to address global challenges such as
water scarcity, environmental pollution, industrial
purification, energy storage and conversion, and
health care. In our group, some advances have been
made in performance improvements and multifunc-
tionalities of traditional polymer membranes via
surface/interfacial design and tailoring. The key
problems, such as membrane fouling, the trade-off
between permeability and selectivity, and low me-
chanical strength have been solved, to a certain ex-
tent. Such research is significant in its ability to propel
the widespread application of membrane technolo-
gies, but much research remains to be done. To ex-
pand in new directions and remain economically
viable, membrane development must seek higher

performance and lower costs. In recent years, in order
to break through the inherent limitations of conven-
tional membrane materials, novel materials such as
aquaporin, graphene, metal-organic frameworks,
microporous organic polymers, and self-assembled
block copolymers have been explored. In future re-
search, attention should be paid to an in-depth un-
derstanding of transport and rejection mechanisms, as
well as structure-property relationships. At present,
these areas remain challenging. Molecular-level de-
sign and processing approaches to the fabrication of
highly selective membranes should be developed.
The importance to the practical application of mem-
brane technology of the packing of membranes into
optimized modules is also often neglected.
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