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(1) Polyamide membranes with nanoscale Turing structures for

water purification

RESEARCH
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Polyamide membranes with
nanoscale Turing structures for

water purification

Zhe Tan,' Shengfu Chen,' Xinsheng Peng,” Lin Zhang,"* Congjie Gao"”*

The emergence of Turing structures is of fundamental importance, and designing these
structures and developing their applications have practical effects in chemistry and
biology. We use a facile route based on interfacial pelymerization to generate Turing-type
polyamide membranes for water purification. Manipulation of shapes by control of reaction
conditions enabled the creation of membranes with bubble or tube structures. These
membranes exhibit excellent water-salt separation performance that surpasses

the upper-bound line of traditional desalination membranes. Furthermore, we show the
existence of high water permeability sites in the Turing structures, where water transport

through the membranes is enhanced.

lan Turing's 1952 paper (I), “The chemi-

cal basis of morphogenesis,” theoretically

analyzed how two chemical substances, ac-

tivator and inhibitor (2) (Fig. 1A), can, un-

der certain conditions, react and diffuse
with each other to generate spatiotemporal sta-
tionary structures. Turing’s ideas have profoundly
influenced theoretical understanding of pattern
formation in chemical (3) and biological (<, 5)
systems, but it was not until nearly 40 years after
his paper was published that experimental evi-
dence was obtained for the chlorite-iodide-malonic
acid (CIMA) reaction (6, 7). About 10 years later,
stationary Turing states were also observed in the
consisting of reverse micelles (8). Recently, a va-
riety of two- and three-dimensional stationary
structures were studied in chemical (9, 10) and
biological (11-15) systems.

Turing structures typically emerge in reaction-
diffusion processes far from thermodynamic equi-
librium (I), in which the diffusion coefficient of
the inhibitor must be larger than that of the
activator, resulting in the “local activation and
lateral inhibition” phenomenon (Fig. 1B) that
underlies diffusion-driven instability (2). How-
ever, this condition is not easily satisfied in homo-
geneous solutions, for most chemical reactions
involve small molecules with similar or inappro-
priately differing diffusion coefficients. In the
classic Turing systems, two main approaches have
been developed to selectively control the effective
diffusion coefficients of reactants: (i) Introduce a
macromolecule that reversibly binds the activa-
tor, like starch or polyvinyl aleohol (PVA) in the
CIMA reaction, and (ii) use a heterogeneous fine-

IKey Laboratory of Biomass Chemical Engineering, College of
Chemical and Biological Engineering, Zhejiang University,
Hangzhou 310027, China. *Schoal of Materials Science and
Engineering, Zhejiang University, Hangzhou 310027, China.
“National Engineering Research Center for Liquid Separation
Membrane, Hangzhou 310012, China.

*C ling author. Email: lis ju.edu.cn

Tan et al., Science 360, 518-521 (2018) 4 May 2018

ly dispersed multiphase reaction system in which
the activator resides in a low-mobility phase, such
as when polar BZ reagents are confined within
nanosized aqueous droplets (6-10). On the basis
of theoretical analyses and experimental obser-
vations, we successfully applied these chemical
and physical approaches to aqueous-organic inter-
facial polymerization and developed a facile route
to generate nanoscale Turing structures with high
water permeability under ambient conditions.
Interfacial polymerization is a reaction-diffusion
process far from thermodynamic equilibrium
(16). It is based on the Schotten-Baumann re-
action, in which the irreversible polymerization
of two fast-reacting multifunctional monomers
oceurs near the interface of two immiscible phases
of a heterogeneous liguid system (17, 18). This
technique has been used to prepare reverse os-
mosis and nanofiltration membranes for large-
scale and low-cost water purification applications
(19, 20). In a typical membrane synthesis (fig. 51),
organic amines are dissolved in water while acyl
chlorides are dissolved in an organic solvent, and
a very thin insoluble polyamide (PA) membrane
forms on top of a porous support (figs. 52 and S3).
In our experiment, piperazine (PZ) is the activa-
tor, and trimesoy] chloride (TMC) is the inhibitor
(Fig. 1C). The reaction is initiated when the top
surface of a porous polysulfone (PSU) support
containing an agueous solution of the activator
comes in contact with an organic solution of the

inhibitor. Because the acyl chloride has very lit-
tle solubility in water, the polymerization oceurs
predominantly on the organic side of the inter-
face. Initially, the activator reacts with the locally
available inhibitor in the reaction zone, later it
diffuses to penetrate more deeply into the re-
action zone, and finally, a cross-linked PA mem-
brane forms across the region of pore openings
of the PSU support (figs. S4 to S11 and table S1).
This PA membrane formed by a conventional
interfacial polymerization reaction is not of Turing
type, for there are not appropriate differences
between the diffusion coefficients of the activa-
tor and the inhibitor. During the reaction, the
aqueous solution of the activator is confined
within surface nanometer-sized pores of the PSU
support, where physical obstruction blocks dis-
persed agueous-phase movement and slows the
activator transport. The diffusion coefficient
of the organic molecules is around 10°° em? 572,
whereas the diffusion of the dispersed aqueous
phases in the organic phase can be as low as
107% cm? 57" (fig. 812). When a certain amount of
macromolecule, PVA, was added to the aqueous
solution, it interacted with the activator via hy-
drogen bonding and increased solution viscosity,
further reducing the diffusion rate of the acti-
vator (fig. 513). Through the synergetic effects of
the physical obstruction and chemieal interac-
tion, the systems meet appropriate differences
in the diffusion coefficients of the activator and
inhibitor (21, 22), leading to a diffusion-driven
instability and generating nanoscale spotted (Fig.
1D) and striped (Fig. 1E) Turing structures.
Atomic foree microscopy (AFM) measurements
{Table 1) show that the surfaces of membranes
with the nanoscale spotted (TS-I) and striped
(TS-II) Turing structures are relatively rough
and heterogeneous. The measured average root
mean square roughnesses were 22 and 32 nm,
respectively, which is quite different from that
of traditional semiaromatic PA membrane (figs.
514 and 515 and table 52) with a relatively smooth
and homogeneous surface (23). The spotted and
striped structures have virtually the same height,
whereas the surface area increase of TS-II is ap-
proximately two times greater than that of TS-I,
suggesting that the continuous striped structures
have a larger surface area relative to the discrete
spotted structures in the scan area. To further
investigate the nanoscale Turing structures,
the membranes were characterized by scanning
electron microscopy (SEM) and transmission
electron microscopy (TEM) analyses. The SEM

Table 1. Surface properties of the Turing-type PA membranes. Comparison of the surface
properties of the spotted and striped Turing structures. These results were acquired from AFM
measurements over a scanning area of 5 um by 5 um. Reported are the averages and standard deviations.

Root mean square Surface area
Sample AFM scans Height (nm) e e )
TS 12 137 £ 34 217 £ 66 187 +53
TSI 12 119 +21 322+ 85 35.5+97
1of4
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(2) Dopamine: Just the Right Medicine for Membranes
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Dopamine: Just the Right Medicine for Membranes

Hao-Cheng Yang, Ruben Z. Waldman, Ming-Bang Wu, Jingwei Hou, Lin Chen,

Seth B. Darling,* and Zhi-Kang Xu*

Mussel-inspired chemistry has attracted widespread interest in membrane
science and technology. Demonstrating the rapid growth of this field over
the past several years, substantial progress has been achieved in both
mussel-inspired chemistry and membrane surface engineering based on
mussel-inspired coatings. At this stage, it is valuable to summarize the most
recent and distinctive developments, as well as to frame the challenges and
opportunities remaining in this field. In this review, recent advances in rapid
and controllable deposition of mussel-inspired coatings, dopamine-assisted
codeposition technology, and photoinitiated grafting directly on mussel-
inspired coatings are presented. Some of these technologies have not yet
been employed directly in membrane science. Beyond discussing advances in
conventional membrane processes, emerging applications of mussel-inspired
coatings in membranes are discussed, including as a skin layer in nanofiltra-
tion, interlayer in metal-organic framework based membranes, hydrophilic
layer in Janus membranes, and protective layer in catalytic membranes.

in molecular structure to the dihydroxy-
phenylalanine in mussel foot proteins,
which has been revealed to be responsible
for the strong adhesive capacity of mus-
sels onto marine substrates. PDA has
been found to adhere onto nearly all kinds
of substrates, including some challenging
low-surface-energy ones, via similar prin-
ciples. The adhesive mechanism is caused
by a few different interactions including
hydrogen bonds, chelation, electro-
static and hydrophobic interactions.?)
Significantly, PDA coatings offer a chemi-
cally and physically versatile platform for
further modification (Scheme 1) For
instance, the catechol groups can form
covalent bonds with thiol- or amino-
terminated reagents through Michael

Finally, some critical unsolved challenges are raised in this field and some

potential pathways are proposed to address them.

1. Introduction

It has been ten years since the first report concerning mussel-
inspired chemistry for surface modification was published.!
In the past decade, mussel-inspired chemistry has attracted
immense research effort and become a hot research focus in
materials science. Dopamine, a well-known neurotransmitter
in the human body, can self-polymerize to form polydopamine
(PDA) in weak alkaline solutions with the participation of
oxygen, and form a surface coating on a variety of material sur-
faces under ambient temperature. Dopamine is quite similar

addition or Schiff base reactions, which
is useful to graft polymers, small mole-
cules, and biomolecules onto PDA-
coated surfaces.’®) PDA coatings can
chelate metal ions and can coordinate
with metal/metal oxide nanoparticles from the solution,
which can initiate further mineralization or metallization."$!
These systems can act as a hydrogen bond donor and also
interact with charged molecules through electrostatic inter-
actions.I”) Moreover, the phenol structure endows PDA with
strong reducibility, which can directly reduce silver nitrate
(a strong oxidant) to silver nanoparticles after chelating silver
ions from solution.'” These diverse features render PDA a
powerful tool to adjust the surface properties of materials.
Membranes are 2D porous materials with permselectivity,
and have a large surface area directly contacting and interacting
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(3) A photothermal and Fenton active MOF-based membrane for
high—efficiency solar water evaporation and clean water
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A photothermal and Fenton active MOF-based
membrane for high-efficiency solar water
evaporation and clean water productiont

Xu Ma, Zheng Deng,* Zhuoyi Li, Danke Chen, Xinyi Wan, Xiaobin Wang
and Xinsheng Peng ©*
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Solar-driven interfacial water evaporation (SDIWE) is a promising way to reduce the fresh water scarcity.
However, it is still challenging to generate clean water from volatile organic compound (VOC)
contaminated water via SDIWE. In this work, a free-standing MOF-based membrane (Zr-Fc MOF/
SWCNT/gelatin, ZSG) with excellent photothermal properties and high Fenton catalytic activity is
rationally designed for producing clean water from VOC contaminated water. Thanks to the hierarchical
pore structure, excellent photothermal properties and good hydrophilicity of the ZSG membrane, an
impressive water evaporation rate of 153 kg m~% h™ is achieved under 1 sun irradiation. Meanwhile, the
Zr=Fc MOF has been demonstrated to be an efficient Fenton catalyst to promote the generation of "OH
for degradation of methylene blue and phenol. As a result, the VOCs are degraded in situ to prevent their
accumulation in the collected water, and the COD value of the regenerated water is lower than the
drinking water hygiene standards. Besides, its salinity also meets the drinking water standards of the
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1. Introduction

With the rapid development of society and the excessive use of
freshwater resources, many countries and regions are facing the
crisis of freshwater shortage. Although there is abundant water
on the earth, most of it exists in the form of brine, which must
be purified prior to use.'* More seriously, surface water and
groundwater are heavily contaminated by industrial waste, and
contain toxic chemicals such as organic compounds and heavy
metals. To tackle this freshwater crisis, tremendous efforts have
been made to generate clean water from either brine or
contaminated water.*”

Solar-driven interfacial water evaporation [SDIWE) tech-
nology, an energy efficient system that uses solar energy to
obtain clean water, has been deemed as a very promising
solution to the water-shortage problem.** SDIWE technology
has low quality requirements for raw water. Both seawater and
wastewater can be used to produce clean water. Numerous
materials have been studied, such as plasma particles, carbon
materials, conductive polymers and hydrogels, etc." And
while some SDIWE devices with a unique design can obtain
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igineering, ERC of and Water Treatment, Zhejiang University,

Hangzhou 310027, People’s Republic of China. E-mail: demgzheng@zju.edu.cn;

pengxinsheng@zfu.edu.cn

t Electronic  supplementary

10.1039/d0ta08101a

information  (ESI) available. See DOR

22728 | J Mater Chem. A, 2020, 8, 22728-22735

energy from the environment, and the evaporation rate has
reached 2-3 kg m~ h™",*** deeply understanding the mecha-
nism may be required to get highly reproducible performance.
To achieve a high solar-vapor efficiency and desirable water
vapor evaporation rate, the SDIWE system must be designed
intelligently and several key issues must be taken into consid-
eration.”™ Firstly, photothermal materials must have a high
photothermal conversion efficiency to convert more solar
energy into thermal energy. Secondly, the generated heat
should be concentrated at the water/air interface to reduce heat
loss. Thirdly, the water transportation through the evaporator
must be enhanced to ensure a high water vapor evaporation rate
by introducing a hierarchical pore structure and improving its
hydrophilicity. Besides, in order to ensure the service life in
seawater, the evaporator should also have a satisfactory salt
rejection ability. Generally, inorganic salts and most high-
boiling point organic pollutants remain in the residual bulk
water during solar distillation, and the quality of the obtained
distilled water is high. However, a large proportion of industrial
wastewater contains volatile organic compounds (VOCs), such
as benzene, toluene, phenol, etc., and these harmful VOCs will
also evaporate, condense or even accumulate in distilled water,
making all the effort go in vain.*** This has become the fatal
weakness of solar distillation, but only very limited progress has
been made in VOC contaminated water. Exploitation of novel
SDIWE systems capable of producing drinking water from VOC
contaminated water is thus urgent and of high importance.

This journal is @ The Royal Society of Chemistry 2020
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taining quaternary ammonium and zwitterionic polymers via quaternization and surface radical poly-
merization was designed, and its antifouling and antibacterial behavior was studied. In this work, poly
(vinylidene fluoride)/poly(methyl methacrylate-co-dimethylamino-2-ethyl methacrylate) (PVDF/P
(MMA-co-DMAEMA)) blend membrane was quaternized by p-chloromethyl styrene (p-CMS), and the
double bonds were introduced onto the membrane surface, which further participated in the polymeriza-
tion of zwitterionic monomers on the membrane surface. The results indicated that the resultant mem-
brane exhibited obviously improved hydrophilicity and weak positive charge (isoelectric point, 7.49). The
membrane presented higher flux recovery ratio and lower protein adhesion compared with the pure
PVDF membrane. Meanwhile, the membrane showed high-efficiency broad-spectrum antibacterial per-
formance, that is, the bacteria killing efficiency of S. aureus and E. coli reached 98.2% and 97.0%, respec-
tively. Moreover, the membrane effectively inhibited bacterial adhesion, which is important for the long-
term antibacterial properties of membrane. This antifouling and antibacterial PVDF membrane may have
potential in the long-term filtration process, especially when dealing with microbiologically contami-
nated water.

© 2020 Elsevier Inc. All rights reserved.
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Ultrafiltration (UF) membrane has been widely used in water
treatment, electronic, energy, biotechnological and chemical areas
[1] due to its advantages of low energy consumption and mild
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and Xinsheng Peng*

Though evaporation-driven electricity generation has emerged as a novel
eco-friendly energy and attracted intense interests, it is typically demonstrated
in pure water or a very low salt concentration. Integrating evaporation-driven
electricity generation and solar steam desalination simultaneously should be
more promising. Herein, a polyaniline coated metal-organic frameworks
(MOFs) nanorod arrays membrane is synthesized which inherits the merits of
both polyaniline and MOFs, demonstrating nice stability, good interfacial solar
steam desalination, and evaporation-driven electricity generation. Moreover,
an integrated system based on this hybrid membrane achieves good interfacial
solar-heating evaporation and prominently enhanced evaporation-driven
electricity generation under one sun. Notably, the realization of effective
seawater desalination and efficient evaporation-driven electricity generation
simultaneously by the non-carbon-based materials is reported for the first
time, which provides a new alternative way for cogenerating both freshwater
and electricity by harvesting energy from seawater and solar light.

Introduction

The unrestrained use of non-renewable resources has caused
intractable pollution to the environment and resulted in an
intensified energy and resource crisis. The dwindling freshwater
resources and lack of electricity are still the main problems
hindering the development of some rural areas in the world.
Many studies have been done about generating electricity!'*l
and collecting freshwater!**l from the ambient surroundings,
but most of them are independent.
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Recently, researches about some new
kinds of electricity generation have arisen
intense interests.’"®! Such as moving
droplets that could generate millivelts
voltage on graphene due to the formation
of waving potential.l”] Different from the
waving potential, a voltage of about 1V has
been achieved on carbon black originating
from a streaming potential®] Streaming
potential is always generated with the help
of an external driving force like salinity
gradients or pressures that drive the ionic
solution to pass through the charged
microchannels on the solid surface. The
natural process of the evaporation of water
at the interface is a promising driving force
to generate a streaming voltage. Thus, this
evaporation-driven electricity generation
provides a new idea of generating electric-
ity by making full use of the ubiquitous
natural water evaporation process which
harvests thermal energy from the ambient environment and
turns the sensible energy into latent heat.

According to the traditional streaming potential theory,* ' a
distinct evaporation-driven potential will be generated if satisfied
are the following requirements: 1) good hydrophilic microchan-
nels; 2) the size of the microchannels must meet the ion perme-
ability and be close to or smaller than the Debye length; 3) the
overlaps of the electric double layers (EDLs) form on the surface
of microchannels. Thus, the material suitable for evaporation-
driven streaming potential should have an appropriate pore size
for ion and water transportation and a high surface potential for
the formation of overlapped EDLs.I'2]

Carbon-based materials such as graphene!"* carbon
black,/®15] and carbon nanotubes,!'®l etc. have been wildly
utilized for evaporation-driven electricity. Though low-cost
carbon-based materials show good electricity generation per-
formance, the preparation process of those always involved a
high temperature carbonization process’”! which caused more
energy consumption. Other materials like fabric!™®! and natural
wood!"] have also been proved to generate evaporation-driven
electricity but with a relatively low output power density.

Recently, due to the high porosity, charged surface, and
hydrophilicity of metal-organic frameworks (MOFs) based
materials, MOFs have been considered to be a promising can-
didate for evaporation-driven electricity generation such as in

2004552 (1 Gf")} © 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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