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Fit-for-purpose block polymer membranes molecularly
engineered for water treatment
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Continued stresses on fresh water supplies necessitate the utilization of non-traditional resources to meet the growing global water
demand. Desalination and hybrid membrane processes are capable of treating non-traditional water sources to the levels
demanded by users. Speciﬁcally, desalination can produce potable water from seawater, and hybrid processes have the potential to
recover valuable resources from wastewater while producing water of a sufﬁcient quality for target applications. Despite the
demonstrated successes of these processes, state-of-the-art membranes suffer from limitations that hinder the widespread
adoption of these water treatment technologies. In this review, we discuss nanoporous membranes derived from self-assembled
block polymer precursors for the purposes of water treatment. Due to their well-deﬁned nanostructures, myriad chemical
functionalities, and the ability to molecularly-engineer these properties rationally, block polymer membranes have the potential to
advance water treatment technologies. We focus on block polymer-based efforts to: (1) nanomanufacture large areas of highperformance membranes; (2) reduce the characteristic pore size and push membranes into the reverse osmosis regime; and (3)
design and implement multifunctional pore wall chemistries that enable solute-speciﬁc separations based on steric, electrostatic,
and chemical afﬁnity interactions. The use of molecular dynamics simulations to guide block polymer membrane design is also
discussed because its ability to systematically examine the available design space is critical for rapidly translating fundamental
understanding to water treatment applications. Thus, we offer a full review regarding the computational and experimental
approaches taken in this arena to date while also providing insights into the future outlook of this emerging technology.
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INTRODUCTION
The growing global population and climate change have stressed
fresh water supplies to critical levels. Simultaneously, human
activity has degraded the quality of these vital resources through
the discharge of chemicals into ground and surface waters,1–3
while the deterioration of centralized water distribution systems
hinders conservation of these resources.4–6 As pressure from these
factors mounts, a recognition has emerged that, along with better
conservation and management of existing resources, nontraditional sources of water (e.g., seawater, brackish water, and
wastewater) will need to become components of the water supply
portfolio. Membrane separations have already made an impact in
the water treatment arena as highlighted by the successful
implementation of seawater desalination by reverse osmosis
(SWRO) and membrane bioreactor (MBR) processes.7,8 And, due to
their ability to produce high-purity water using simple-to-operate,
modular designs with small footprints and with relatively low
energy demands, membrane separations have continued to
attract signiﬁcant attention in the water treatment arena.9–11
Membrane separation processes used for the treatment of
unconventional water supplies can be broadly categorized as
desalination processes or hybrid membrane processes (Fig. 1). In
the context of this review, membrane processes with the single
purpose of producing potable water from a saline or wastewater
source, even though they may require several stages (e.g., intake,
pretreatment, and desalination), are classiﬁed as desalination

processes. On the other hand, membrane processes with several
integrated purposes such as harvesting energy, recovering
resources, and generating non-potable water treated to ﬁt the
purpose of target applications are classiﬁed as hybrid processes.
Desalination processes rely on membranes that are capable of
permeating water while retaining all other dissolved solutes
indiscriminately. Therefore, this approach, which forms the basis
of SWRO, produces a permeate stream of potable water while a
concentrated mixture of solutes is retained in the concentrate
stream. While the approach has been successful at the large scale,
it still faces fundamental challenges that need to be addressed
before its adoption becomes more widespread. In particular, the
management of the concentrate stream is one critical concern. In
the case of SWRO, the concentrated brine can be disposed using
appropriately designed approaches that reintroduce the brine into
the ocean with managed environmental impact.12,13 The disposal
of this brine, however, is a challenge for the desalination of inland
sources (e.g., brackish water). Moreover, the large volume of brine
has driven interest in zero liquid discharge operations that
minimize the volume of the concentrate stream and maximize
water production.13 However, the brine still contains micropollutants and other contaminants that pose risks to the environment
and human health. Furthermore, state-of-the-art desalination
membranes face materials challenges. For example, while the
membranes are highly-selective, they still allow small amounts of
solutes to permeate.14 This hampers the use of desalinated water
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Fig. 1 A conceptual process ﬂow diagram for water treatment by a desalination process and a hybrid membrane process. In contrast to
desalination, which focuses on producing potable water as the end product, the hybrid membrane process is designed with a cascade of
separations that target the generation of product water at the purity required for the end applications as well as the recovery of valuable
resources. In this type of process, resource recovery and selective solute removal can be achieved by membranes with functional pore wall
chemistries, as represented by each module, that are integrated in series. Many material platforms are in development for deployment in
these processes. Self-assembled block polymer membranes have great potential for implementation in desalination and hybrid membrane
processes due to their well-deﬁned nanostructure and nearly-limitless surface chemistries

for agricultural purposes because the passage of boric acid and
chloride ions through the membranes results in permeate streams
that necessitate further processing to produce water that does not
compromise plant health or quality. Finally, the susceptibility of
the polyamide chemistry that constitute state-of-the-art desalination membranes to fouling and degradation by chlorine are other
shortcomings in current designs.15 These issues highlight opportunities for the improvement of state-of-the-art desalination
processes. Moreover, due to the thermodynamics of chemical
separations, desalination processes will remain energy-intensive,
which has driven interest in other sources of water.
Desalination processes are energy-intensive because they target
the treatment of saline water sources, and the high osmotic
pressures generated by these sources require large amounts of
energy to overcome. This has caused engineers and scientists to
consider the treatment of less saline sources of water (e.g.,
municipal and industrial wastewater) using novel processes,
including membrane separations. While desalination membranes
can be used to produce potable water from these sources,
negative public perception resulting from the source water
chemistry and incomplete removal of trace contaminants is a
hindrance to direct potable reuse. Regardless, there are signiﬁcant
opportunities for non-potable water reuse to help meet the
growing demand for this valuable resource, yet only a small
fraction of wastewater is reused due to economic and technological constraints.16,17 There is a growing trend to view the
nutrients, natural polymeric substances, and metal ions dissolved
in wastewater streams as renewable resources that can be
recovered.16,18–22 Such that, if the appropriate technological
solutions can be developed, recouping the value of these
resources may help ameliorate the economic costs associated
with reuse. These factors have, therefore, driven research into the
development of hybrid membrane processes that seek to treat
water to the purity levels demanded by the requirements of its
end-users, while also recovering useful resources from the feed
stream. A preliminary example of this approach is in the use of
nanoﬁltration (NF) membranes to remove divalent cations from
npj Clean Water (2018) 2

saline water sources. The NF membranes do not, however, reject
monovalent ions well, although the osmotic pressures (and
associated energy demands) are less than the corresponding
reverse osmosis process. While the level of water purity is not
equivalent to that produced using reverse osmosis membranes,
the permeate water still can be used or reused in several
applications (e.g., cooling towers) without the worry of scale
buildup due to the fact that the divalent ions have been
removed.23 This is a single, but important, example of how novel
separation technologies will be essential to the development of
more sophisticated hybrid membrane processes that recover a
variety of valuable solutes while producing potable or nonpotable water for target applications.
Hybrid processes, which utilize a cascade of separation
processes to produce water of a desired quality while recovering
useful resources from the feed stream, are envisioned in future
reuse systems.24,25 Multifunctional membranes with deliberatelyassigned pore wall chemistries provide a platform for hybrid
processes by moving beyond the conventional size-selective
membrane separations that have dominated the ﬁeld to date.
These chemistries can be thoughtfully designed to effect selective
separations through afﬁnity-based adsorption, electrostatic interactions, and catalytic conversion of target solutes. In this manner,
the separation is tailored based on the chemical composition of
the source water with the end-use requirements in mind. Thus,
targeted puriﬁcation and solute capture can be accomplished
through the integration of functionalized membranes with
existing and other emerging water treatment technologies.
New membrane materials that address the limitations of stateof-the-art membranes or introduce new functionality will aid in
the advancement of both system designs. This review focuses on
one promising materials platform, namely, self-assembled block
polymers and how their self-assembled nanostructure and
nearly-limitless chemical compositions can be used to develop
membranes, using scalable nanomanufacturing processes, for
water treatment systems. First, a discussion of how block
polymers are tailored at the macromolecular level for targeted
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membrane properties provides a foundation for the subsequent
discussion. Next, the ability to rationally manipulate the
nanostructure of block polymer membranes provides a basis
for understanding how the limits of size-selective, self-assembled
membranes are being pushed into the NF regime as well as the
potential for the development of more selective desalination
membranes from this materials platform. Subsequently, the
ability to tailor the surface chemistry of block polymer
membranes for different water reuse and resource recovery
applications through a variety of modiﬁcation mechanisms is
discussed. With these large number of parameters to be
considered, the phase space for experimental scientists and
engineers to investigate could be limitless. Thus, the role of
computational screening using molecular dynamics (MD) simulations for the evaluation of candidate chemistries tailored for
targeted separations is addressed. The results that are calculated
from simulation provide potential solutions in order to begin to
establish the key structure-property-performance relationship of
a membrane. In this manner, block polymer membranes with
speciﬁc separation proﬁles can be designed and developed
through a library of rationalized techniques to meet the spatial
and temporal variations in composition among different sources
of water intake and user demands. Subsequently, the integration
of functional block polymer membrane operations could ﬁnd a
role in the development of processes that produce high quality
clean water, recover valuable resources, and discharge environmentally responsible waste streams in a manner that
addresses global water needs in an energy- and cost-efﬁcient
manner.

TUNING THE NANOSTRUCTURE FOR SELF-ASSEMBLED
MEMBRANES
Equilibrium nanostructures demonstrate the potential of block
polymer ﬁlms as membranes
The self-assembled nanostructure of block polymers in the
equilibrium state was what ﬁrst suggested their utility in the
development of high-performance membrane separation devices.
Speciﬁcally, the high-density arrays of well-deﬁned nanopores that
developed were appealing for incorporation into a membrane, as
they should lead to structures with high hydraulic permeability
and separation selectivity (Fig. 2).26,27 This combination of
properties could allow for the development of block polymer
membranes that exceed the upper bound developed for
commercial ultraﬁltration membranes made using non-solvent
induced phase separation (NIPS) processes.28–30 Because the
potential of these membranes is related directly to their
nanostructure, the deliberate design of the macromolecular
architecture of the precursor block polymers is essential to the
development of block polymer membranes.31 A fundamental
criterion in this design is that the material microphase separates
such that it forms ordered structures at the nanoscale. In most
instances, this microphase separation is driven by the chemical
incompatibility between the covalently-connected constituent
moieties of the block polymer, as parameterized by the Gibbs
free energy of mixing. For the simplest case of A-B diblock
copolymers, the extent of incompatibility is quantiﬁed using a
single segregation strength, χN, where χ is the interaction
parameter between the two blocks and N is the overall number
of repeat units (after normalization to a given repeat unit volume).
Based on the volume fraction fi of each block, a critical value of χN

Fig. 2 Scanning electron micrographs of a a self-assembled block polymer membrane and b a commercial membrane made using a standard
phase separation process. The highly-ordered nanostructure of the self-assembled membrane offers the potential for higher performance (i.e.,
higher throughput and more selective) separations relative to commercial membranes because the well-deﬁned, narrow pore size distribution
produces highly-selective ﬁlters, and generates a uniform ﬂow distribution through each pore. The blue and red spheres represent solutes of
varied size being ﬁltered from solution. The width of the blue arrows is proportional to the volumetric ﬂow through the associated pore.
Solute selectivity and a uniform residence time for ﬂuid ﬂowing through the membrane pores are essential in the development of functional
membranes for advanced applications. a adapted with permission from ref. 35, copyright 2010 American Chemical Society
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must be exceeded for phase separation to occur.31–33 Above the
minimum value of χN in the phase diagram for A-B diblock
copolymers, the block polymer self-assembles into a variety of
nanostrucutres, while below the critical value a disordered region
is observed. Experimental and theoretical studies, which are
discussed elsewhere, have identiﬁed the self-assembled nanostructures that develop for diblock and multi-block polymers as a
function of composition.31,33 Therefore, targeting an equilibrium
nanostructure as a precursor for a membrane requires considering
the block-block interactions, overall degree of polymerization, and
the volume fraction for each moiety.
The synthesis of block polymers that self-assemble into the
desired precursor morphologies in a reproducible manner is an
indispensable step towards implementing these materials into
membrane units with ﬁt-for-use puriﬁcation proﬁles. The large
number of morphologies available through appropriate macromolecular design provides several nanostructures that could be
implemented. This even includes the possibility of stacking the
morphologies in successive layers.34 However, the need to ensure
the concurrent formation of a permeable domain that percolates
across the entire membrane thickness (without channels that are
dead ends) and a mechanically-stable matrix provides a further
constraint to the design of the materials. Based on these criteria,
block polymers that self-assembled into bicontinuous or cylindrical morphologies have attracted broad interest. The initial
studies into these materials as separations media focused on the
transport characteristics of nanoporous block polymers.35–37
Therefore, these efforts implemented processing routes that
resulted in the development of porous and permeable materials
not necessarily the formation of membranes using scalable
processing methods. For example, thin ﬁlms of block polymers
can be prepared by coating a solution onto a solid substrate
followed by complete solvent evaporation and annealing to an
equilibrium nanostructure. In order to induce porosity, the thin
ﬁlm may undergo selective swelling in the melt followed by
extraction of the swelling agent38–40 or a sacriﬁcial moiety may be
etched to create the percolating network of pores necessary for
ﬁltration.35,41–43 The nanostructured thin ﬁlm is then transferred
onto a mechanically stable support for transport characterization.
Using this approach, block polymer membranes with cylindrical
domains that have their long axes orientated normal to the plane
of the substrate have been studied in detail. The need to orient
the cylindrical domains with their long axes perpendicular to the
membrane surface while ensuring that they span the entire
membrane thickness is one design challenge to their use.
Cylinders with a parallel orientation or pores that dead-end
before traversing the membrane result in impermeable domains.
Unfortunately, both of these structural features are often found in

practice.36,44–47 However, carefully controlling processing conditions through: (1) regulating the rate of solvent evaporation; (2)
tailoring the substrate block polymer interactions; (3) and/or
selective solvent annealing have allowed for this challenge to be
met, and supported thin ﬁlms with cylindrical pores have
demonstrated excellent performance in ﬁltration applications.35,41,42,43,48,49 For example, membranes based on polystyrene-b-poly(methyl methacrylate) (PS-PMMA) were used to ﬁlter a
virus from solution.43 After coating the block polymer on a
functionalized substrate, the pore-forming PMMA moieties were
etched using a combination of exposure to ultraviolet light and
acetic acid. The resulting nanoporous PS thin ﬁlm was then
transferred to a commercial support for ﬁltration studies. When
compared with commercially-available standards, the nanoporous
PS thin ﬁlm demonstrated higher ﬂuxes and selectivity. Since this
seminal study, several other efforts have used this approach to
generate key insights into the use of nanoporous block polymer
thin ﬁlms based on cylindrical morphology as ﬁlters.38,40,50–55
Scalable fabrication of high performance block polymer
membranes
The self-assembled nanostructure of block polymers at equilibrium demonstrated their promise as next-generation membranes. However, the translation of these materials to functional
membrane systems required more than a well-ordered nanostructure on the surface. The high-throughput fabrication of an
asymmetric cross-section that consists of a thin (i.e., 100–500 nm
thick) self-assembled active layer supported by an underlying
microporous layer is needed for the promise of these materials to
be realized. In this regard, the self-assembly and non-solvent
induced phase separation (SNIPS) technique, which combines selfassembly of the block polymers in solution and controlled solvent
evaporation followed by the membrane industry standard NIPS
process, has received the most attention because it can lead to the
formation of an asymmetric structure without post-fabrication
treatments to create the permeable domains (Fig. 3).56,57 The
SNIPS process begins by casting a thin ﬁlm of a block polymer
solution on a substrate followed by a period of controlled solvent
evaporation. The evaporation of solvent generates an increased
polymer concentration at the solution-air interface, which causes
the block polymer to form into ordered nanostructures across the
top surface of the ﬁlm.56,58–61 At this juncture, it is critical to note
that these nanostructures are dynamic and driving toward
equilibrium such that the instantaneous nanostructure observed
at any point during the evaporation step depends upon the
solution composition, solvent evaporation rate, and block polymer
properties. At the end of the solvent evaporation step, the ﬁlm is
plunged into a non-solvent bath. By plunging the ﬁlm into the

Fig. 3 a A schematic representation of the SNIPS membrane fabrication protocol. In the SNIPS process, a self-assembled block polymer is
dissolved in a solvent to form a homogenous solution that is drawn into a thin ﬁlm on top of a porous support (e.g., a nonwoven fabric) using
a coating blade. The solvent is then allowed to evaporate for a pre-determined amount of time prior to plunging the thin ﬁlm into a nonsolvent bath. During the solvent evaporation period, the polymer concentration at the solution-air interface increases, which drives the
formation of a self-assembled nanostructure in the active layer of the membrane. Introducing the ﬁlm into the non-solvent bath, causes the
polymer to precipitate, which traps the self-assembled nanostructure of the active layer and causes the phase inversion of the support layer. b
A photograph of a laboratory-scale roll-to-roll casting machine used to implement the SNIPS membrane fabrication process. a and b adapted
from ref. 57, copyright 2014 Elsevier
npj Clean Water (2018) 2
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non-solvent bath, the rapid exchange of solvent and non-solvent
precipitates the block polymer and traps the self-assembled
nanostructure of the active layer. This exchange also drives the
formation of the microporous structure in the underlying support.
Because the lower portion of the thin ﬁlm is far from the solution
interface, the evaporation front does not have time to travel
across the ﬁlm thickness. Therefore, the morphology in the
bottom portion of the ﬁlm is determined by the instantaneous
composition when the non-solvent bath is initiated and the rate of
solvent-non-solvent exchange, as studied in detail for the NIPS
process. The resulting support or gutter layer possesses larger
pore sizes that, in the ideal case, do not contribute a signiﬁcant
hydraulic resistance to the asymmetric membrane. This summary
provides a useful framework for considering the design of SNIPS
processes. However, ample room for understanding the detailed
structure formation mechanism at the nanoscale, especially for
self-assembled morphologies far from the equilibrium morphologies predicted in the bulk material, exists.
To address these issues, studies aimed at identifying design
rules for the SNIPS process based on fundamental scientiﬁc
principles have begun to emerge. These studies began by
examining the self-assembly of the block polymer in the casting
solution, which experiments suggested was a critical parameter in
determining the morphology of SNIPS fabricated membranes. In
particular, the solvent identity and polymer concentration in the
casting solution must be selected appropriately. Solvent selection
is guided by two general principles with respect to the need to
produce: (1) self-assembled, porous nanostructures and (2) an
asymmetric membrane cross-section. The formation of these two
structural motifs is directly related with the interaction between
the solvent and the block polymer, the volatility of the casting
solvent, and the rate of exchange between the solvent and nonsolvent. In regards to the ﬁrst point, small angle X-ray scattering
(SAXS) and cryogenic-transmission electron microscopy (cryoTEM) data have revealed the role that solvent selectivity plays in
the nanostructures nucleated within the casting solution. Speciﬁcally, solvent selectivity may impact the effective segregation
strength and volume fraction of the block polymer, leading to the
formation of morphologies in the initial casting solution that are
different than those observed in the bulk material.62,63 For
example, block polymers that form cylinders in the bulk can
produce micelles in solution that then propagate to various
nanostructures in the active layer of the ﬁnal membrane.59,63,64 A
discussion regarding the effect of solvent selectivity in the
formation of these nanostructures has been detailed in other
reviews.29,65 Of particular note, a semi-empirical trend line, which
was related to the block polymer composition and solvent
interactions with each constituent block, was introduced to serve
as a guide for the identiﬁcation of selective solvents that drove
micelle formation when new block polymer precursors were being
considered for the fabrication of membranes.64 Also related to the
second point that guides solvent selection, the vapor pressure of
the solvent should be sufﬁciently high such that, upon evaporation, a gradient in the solvent concentration is generated across
the ﬁlm. This leads to an asymmetric cross-section with a selfassembled active layer situated on top of a support layer.
Time-resolved cryo-TEM, small angle neutron scattering
(SANS),66–69 and SAXS data have recently been utilized to examine
the dynamic evolution of the self-assembled nanostructure within
the active layer during the solvent evaporation step of the SNIPS
protocol (Fig. 4). As solvent evaporates, the surface nanostructure
undergoes a transition from a disordered morphology in the semidilute regime into various ordered states as a function of the
polymer concentration.67,68,70,71 For example, in a study with
polyisoprene-b-polystyrene-b-poly(4-vinylpyridine)
(PI-PS-P4VP)
membranes, the block polymer in the cast ﬁlm experienced a
transformation from a body-centered cubic lattice into a simple
cubic as the evaporation process progressed. This simple cubic
Published in partnership with King Fahd University of Petroleum & Minerals

lattice was evident in the terminal nanostructure of the membrane
surface (Fig. 4c). As such, these studies are critical to understanding the transitions between morphologies that occur at
different periods during the solvent evaporation process, and
further inform the choice of the evaporation step length, solvent
composition, and initial concentration of polymer in the casting
solution. In addition to the effects of solvent evaporation time,
several studies have demonstrated that the terminal selfassembled nanostructure of the membrane is sensitive to
environmental factors such as humidity or the temperature of
coagulation bath during the casting process.72,73 Thus, the
appropriate selection of these parameters, which are controlled
in large-scale membrane manufacturing processes, is critical to the
reproducibility of SNIPS derived nanostructures.
The solvent selected for the SNIPS process should produce
asymmetric membranes with cross-sectional structures that are
designed to realize the full potential of the block polymer active
layer. In other words, the underlying support layer cannot provide
a signiﬁcant resistance to ﬂow (Fig. 5). The architecture of the
underlying support or gutter layer is determined by the
precipitation pathway through the ternary phase diagram for
polymer-non-solvent-solvent mixtures.74 Therefore, the morphology of this layer depends on the local composition of the solution
and the rate of solvent exchange at the instant the non-solvent
precipitation bath is initiated. Because it is the industrial standard
for membrane fabrication, an extensive literature exists regarding
the NIPS process.74 These prior studies demonstrate that, for a
given polymer, the choice of solvent and non-solvent can be
adjusted to produce highly-porous cross-sectional structures.
However, the constraint that the block polymer should selfassemble within the active layer restricts the modiﬁcations that
can be made in this regard. For this reason, strategies for tailoring
the cross-section have been focused on utilizing additives and
facile modiﬁcations to the membrane fabrication process.
Strategies to control the gutter layer structure have been studied
extensively for the PI-PS-P4VP system with the chemical
composition and temperature of non-solvent bath and the
introduction of additives in the casting solution being examined
systematically.72,73 For example, the inclusion of additives that
modify the rate of solvent exchange (i.e., TiO275 and glycerol76) in
the casting solution drove the formation of a highly-porous
support layer. In these cases, the cross-sectional structures do not
contribute signiﬁcantly to the overall hydraulic resistance and the
potential of the self-assembled block polymer membranes has
been realized.
In addition to tailoring the cross-sectional morphology by
modifying the phase inversion step of the process, researchers
have developed thin ﬁlm composite membranes by using novel
solution deposition protocols, in lieu of blade coating, at the
outset of the process. These technologies highlight the possibility
to use less of the block polymer material by coating ultra-thin
layers on a support in a controlled manner. For instance, spray
technologies were used to coat 1 μm-thick ﬁlms of polystyrene-bpoly(4-vinylpyridine) (PS-P4VP) on a support. These composite
ﬁlms exhibited a higher permeability than a 30 μm-thick
membrane prepared from the same material by blade casting.77
Dip-coating offers another facile deposition procedure that
provides systematic control over the total membrane thickness.78
Using this approach, the cross-sectional architecture has been
controlled by modifying the dip-coating speed and evaporation
time. At a low coating speed and longer evaporation times, a 500
nm-thick poly(isoprene-b-styrene-b-N,N-dimethylacrylamide) (PIPS-PDMA) layer was deposited atop of a hollow ﬁber support
(Fig. 5c). These processing techniques give rise to additional
adjustable parameters that enable further control of the crosssectional morphology and performance of the membrane.
Regardless of the end application, the knowledge being
generated by the studies discussed above is essential for the
npj Clean Water (2018) 2
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Fig. 4 The SNIPS technique is a dynamic process where the nanostructure of the membrane surface evolves as the evaporation period
progresses in time. At the end of the evaporation period, the polymer solution is plunged into a non-solvent bath to vitrify the nanostructure
on the membrane surface. a–c The kinetically-trapped surface nanostructure of PI-PS-P4VP membranes precipitated after evaporation periods
of varying lengths of time. a Short evaporation times lead to a morphology similar to that observed with simple non-solvent induced phase
separation casting processes. b Prolonged evaporation times initiated nucleation of a self-assembled naostructure. c At a sufﬁcient
evaporation time, the self-assembled nanostructure, with pores organized on a simple cubic lattice, covers the membrane surface. d In situ
materials characterization techniques are invaluable tools in further understanding and designing the SNIPS process. For example, in situ GISAXS data demonstrate the structural evolution of a PI-PS-P4VP material during solvent evaporation. In this ﬁgure, the intensity of the
scattering is plotted as a function of the magnitude of the scattering vector, qxy. The material exhibits a transition from a disordered to an
ordered morphology as the evaporation time increases from 4 to 52 s as indicated by the appearance of the well-deﬁned peaks at higher
values of qxy (i.e., higher order peaks), which is consistent with the onset of structure observed in SEM analysis. a–c adapted with permission
from ref. 58, copyright 2011 American Chemical Society. d Adapted with permission from ref. 70, copyright 2016 American Chemical Society

Fig. 5 The generation of high-performance membranes requires cross-sectional architectures that do not present a signiﬁcant hydraulic
resistance to ﬂow. The cross-sectional morphology can be controlled during membrane fabrication by modifying the polymer deposition
technique and the SNIPS process parameters. Three PI-PS-PDMA membranes demonstrate some of the cross-sectional morphologies that can
be generated in this manner. a Sponge-like and b ﬁnger-like morphologies were generated by modifying the casting substrate. The highlyporous structure of the ﬁnger-like morphology resulted in a membrane with a signiﬁcantly higher permeability. c An ultra-thin PI-PS-PDMA
membrane fabricated atop a macroporous support by combining dip-coating and the SNIPS process. a adapted with permission from ref. 92,
copyright 2014 Elsevier. b adapted with permission from ref. 78, copyright 2017 Royal Society of Chemistry. c adapted with permission
from ref. 93, copyright 2017 American Chemical Society
npj Clean Water (2018) 2

Published in partnership with King Fahd University of Petroleum & Minerals

Fit-for-purpose block polymer membranes
Y Zhang et al.

7
rational design of block polymer precursors and the subsequent
processing routes that transform them into high-performance
membranes. Consequently, the well-deﬁned nanostructure of selfassembled block polymer membranes and the molecular design
versatility and ﬂexibility associated with their chemistry enables
the opportunity for their application in desalination and hybrid
membrane processes.
Pushing the limits of self-assembled membranes: moving from
ultraﬁltration to desalination
The advances in identifying systematic approaches to tailoring the
structure of block polymer-based membranes are enabling
researchers to push the boundaries of where these materials
can be deployed within water treatment processes. For sizeselective ﬁltration membranes, a major research objective has
recently centered about tuning the membrane pore size through
molecular engineering.57,79 In this regard, fabricating membranes
with smaller pore features has been identiﬁed as a critical
direction of research for extending the applicable range of block
polymer membrane devices into the nanoﬁltration and reverse
osmosis regimes useful for desalination. To date, most block
polymer membranes have been prepared with pore diameters in
the range of 10 to 50 nm. Yet, the pore size must be reduced to
the 0.7–0.9 nm scale in order to be in the range where block
polymers can be used for desalination.80–83
The feature size of microphase separated block polymers is
related to the overall degree of polymerization. Therefore, one
straightforward route to reducing the pore size of block polymer
membranes, which has been implemented successfully in the
ultraﬁltration regime, is to use lower molecular weight precursors.
However, this technique faces some challenges in order to achieve
separations in the targeted desalination range. Speciﬁcally, as the
overall degree of polymerization is reduced, the value of χN can
become too low for self-assembly to occur due to a lack of a
thermodynamic driving force.84 The development of high χ block
polymers, which exhibit large dissimilarities between each block,
allow for the synthesis of low N materials that self-assemble with
smaller features. Due to their extremely hydrophobic nature,
silicone-containing block polymers possess high χ values that
make sub-5 nm dimensions viable.85–88 For example, oriented
cylinders with a 5 nm diameter could be generated from
maltoheptaose-b-poly(trimethylsilylstyrene) materials.87 Furthermore, the use of charged moieties in one block induced additional
charge cohesion that shifts the equilibrium phase diagram and led
to self-assembly at low overall degrees of polymerization.89 Other
examples of how polymer chemists are pushing the boundary of
high χ-low N materials are discussed in a recent review.90
A major concern during the design of such materials for
membrane applications is the reduced mechanical integrity
associated with the lower molecular weights, whereby the
membranes become too fragile for practical applications. This is
of particular importance in practice because large applied
pressures are needed to overcome the osmotic pressures
generated in desalination systems. The viscoelastic response of
block polymer materials is an active area of research and progress
in that arena provides a number of potential avenues for
designing nanoporous materials that can withstand operation in
high pressure membrane systems. Notably, while initial studies on
block polymer membranes focused primarily on diblock materials,
more recent efforts have incorporated a third rubbery moiety in
the block polymer design to improve mechanical resilience. For
example, the toughness of nanoporous membranes made from
the triblock, polyisoprene-b-polystyrene-b-poly(4-vinylpyridine),
was three times higher than the toughness of membranes made
from the diblock analog, polystyrene-b-(4-vinylpyridine).58
Alternately, the careful design of the precursor material to
include a reactive matrix that can be cross-linked may be a
Published in partnership with King Fahd University of Petroleum & Minerals

potential solution to preventing the collapse of nanostructured
pores. In principle, because the distinguishing line between a low
N block polymer and a small molecule surfactant is not well
deﬁned, a successful approach to fabricate mechanically robust
materials with a pore diameter below 2 nm has already been
demonstrated through the directed assembly of liquid crystals
with a magnetic ﬁeld followed by crosslinking of the matrix.91 This
system required the precise molecular design to include a
magnetically anisotropic moiety that responded to the external
ﬁeld by aligning into highly ordered morphologies. However, it
demonstrated the principle that mechanically-robust, selfassembled materials with small pore sizes are achievable.
An alternative approach to mechanically-robust block polymer
membranes is the use of materials that can be post-synthetically
modiﬁed to introduce chemical functionality that narrows the
pore size into the desired range. For example, the implementation
of polyelectrolyte brushes that are covalently attached within the
nanopores of a block polymer membrane have been shown to
swell upon hydration and lead to pores smaller than 5 nm in
diameter from mechanically stable building blocks.76 A membrane
with a pore diameter of 2 nm that exhibited sub-nanometer
selectivity during ﬁltration experiments was achieved through the
use of pores lined by a high density of poly(2-acrylamido-ethane1,1-disulfonic acid) (PADSA) brushes. A PI-PS-PDMA material
served as a precursor for these membranes. The pore walls of
these membranes were initially lined by poly(N,N-dimethylacrylamide) brushes, which were hydrolyzed to form poly(acrylic acid)
(PAA)78,92 that was subsequently converted to PADSA through a
simple carbodiimide coupling mechanism.93 In such systems,
which relied on the swelling of polymer brushes to narrow the
pore size into the nanoﬁltration regime, the design of the brush
chemistry was critical. Because weak polyelectrolyte (e.g., PAA or
P4VP) brushes often respond to external stimuli through
conformational changes that affect the pore geometry, a strong
polyelectrolyte was preferred in order to generate a membrane
with a consistent and small pore size. Block polymer membranes
in the nanoﬁltration regime have also been realized through the
blending of A-B/A-C type block polymers. In one recent study, the
combination of PS-P4VP and polystyrene-b-poly(acrylic acid) (PSPAA) led to small pore sizes due to the formation of hydrogen
bonds between the PAA and P4VP blocks of the two materials.
These complexes induced a morphological shift to densely-packed
spherical nanostructures that resulted in small pore sizes.94 These
efforts demonstrated that the selectivity of block polymer
membranes is retained while shifting the pore size from the
ultraﬁltration regime into the nanoﬁltration regime. The successful
demonstration of these nanoﬁltration test beds leaves the
development of self-assembled membranes in the RO regime as
the next critical separation regime to enter, which could address
the material challenges of state-of-art systems in pursuing more
selective desalination membranes. While no prior study has
demonstrated such a membrane from block polymer precursors,
computational studies, in particular molecular dynamics (MD)
simulations, have provided critical information to guide the design
of membranes targeted for this application by providing
molecular-level insights into the selection of an ideal nanostructures for ion rejection.
By being able to track in detail the dynamic trajectories of
(representative) water molecules and ions around and within
model membranes, MD simulations have identiﬁed the salient
interactions that are relevant to solute rejection. To ﬁrst order,
solute rejection is determined by the effective pore size of the
membrane. When simulating membranes for desalination, an
optimized pore size is selected based on the size of the hydrated
solute. In the case of salt ions, a hydration shell of water molecules
surrounds the ion. Hence, the entry of ions into small pores is
made more difﬁcult because the solvation shell ﬁrst has to be
removed in order for the ion to enter the pore. For instance, the
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diameters of hydrated sodium cations and chloride anions are 6.4
Å and 7.7 Å, respectively, while the thickness of the water shell
surrounding an ion is between 2.5 Å and 3.3 Å.95 Therefore, a
starting point to selecting a pore size for salt rejection would be to
choose a diameter that is smaller than the hydrated ion. However,
because the sizes of the water molecules and ions are relatively
close, and each one may interact with the membrane surface and
pore walls differently, the observed trends of the effective salt
rejection are not solely predicted by the sizes of the hydration
shells of the ions. In fact, a more precise understanding of the salt
rejection may be obtained by determining the potential of mean
force (PMF) of ions along the pore from an MD simulation. In
general, the PMF of a solute yields the free energy differences that
arise upon changes in location of the solute, and therefore,
provides information about molecular-level rearrangements that
must occur (e.g., changes in solvent structure) upon translation of
the solute. Here, the PMF provides a measure of the free energy
barrier for the entry of ions into a membrane, and as such, yields
important insights into the various molecular and structural
rearrangements (including both those of the water within the
hydration shell surrounding an ion and the polymers within the
membrane) that occur as the ion enters a pore.
Previously, the PMF obtained using MD simulations of carbon
nanotubes of different pore diameters ranging from 0.66 nm to
1.09 nm demonstrated that there is a strong correlation between
the free energetic barrier for ion entry and the size of the pore.96
For a 0.66 nm diameter pore, the free energy change upon entry
of Na+ was found to be 23 kcal mol-1, while the free energy barrier
was only 3 kcal mol-1 for a 0.93 nm pore diameter. Hence, for small
enough pores, the membrane provides a high resistance to the
entrance of the water shells that surround the ions, and yields the
expected high resistance to the ions themselves. But that
resistance rapidly decreases with an increase in the pore diameter.
As the probability of an ion entering the pore is inversely
proportional to the exponential of the free energy barrier, the
~50% increase in the pore diameter led to a signiﬁcantly greater
chance of the ion entering the pore as it resulted in a nearly 90%
reduction in the free energy barrier. For larger diameter
nanotubes, fewer water molecules within the hydration shells
need to be removed for the ions to enter the pore; a smaller
dehydration barrier therefore makes ion permeation much more
likely. On the other hand, those “unbounded” water molecules not
within the hydration shell of a given ion were found to have a
much lower free energy barrier for these same two pore
diameters, 0.8 kcal mol-1 and 0.3 kcal mol-1, respectively.97 Therefore, these MD simulations demonstrate that the key mechanism
of ion rejection in these systems is not simply the pore diameter
but is instead the free energy cost associated with dehydrating
the ion such that it can enter the carbon nanotube pore.
Moreover, this study suggests that MD simulations also can be
used to identify those changes to both the pore structure and
chemistry that are needed to yield an appropriate free energy
proﬁle for optimal material transport. While primarily examined for
carbon nanotube-based separations to date, these same types of
MD simulations can, and should, be employed as a complementary tool for the rational design of block polymer membranes with
targeted properties.
MODIFYING THE PORE WALL CHEMISTRY FOR ADVANCED
SOLUTE SEPARATIONS
Design of pore chemistry enables applications beyond ﬁltration
Pushing block polymer membranes from the NF regime into the
RO regime has the potential to meet the emerging demand for
more selective desalination membranes that allow for the passage
of water while completely removing all dissolved solutes. This
development alone, however, will likely not be sufﬁcient to meet
npj Clean Water (2018) 2

the world’s thirst for water in a sustainable manner due to the
high energy use associated with desalination processes.98 This
need for less energy-intensive methods of producing usable water
has led to interest in potable and non-potable water reuse as well
as resource recovery processes. In these cases, the indiscriminate
removal of all solutes is often unnecessary or undesired. Instead,
the water can be treated such that it is ﬁt for its targeted use and
the dissolved solutes of value are isolated. The well-deﬁned
nanostructure and array of chemistries associated with block
polymer systems will allow for the development of designer
separation devices tailored to the speciﬁc demands of these
emerging processes. In particular, the ability to control the surface
properties of block polymer membranes and produce devices that
regulate solute transport based on membrane-solute interactions
is crucial to their potential utility for the targeted separations
envisioned in reuse and recovery processes.
Block polymer membrane systems that are chemically-modiﬁed
for target applications are an emerging area of study.28,99 As
detailed in some of the examples above, these chemical
alterations can modify the physical properties of membranes
fabricated from block polymers such that they display excellent
size-selective separation abilities. In addition, the block polymer
system can be modiﬁed using straightforward schemes for
controlled properties that go beyond the size of the membrane
pores. The incorporation of reactive entities along the pore walls
has been used to convert a membrane into a reactor with a high
density of active sites within a small volume.100,101 Alternatively,
the addition of coordination chemistry allowed for the puriﬁcation
of feed solutions containing contaminants, such as heavy metal
ions, by adsorption.102,103 These examples utilized the transverse
direction of the pores to simulate a staged process as the solution
passed through the membranes. In this conﬁguration, the
nanoscale dimensions result in short diffusion lengths from the
centerline of the pore to the pore wall that reduce mass transfer
limitations. Furthermore, the uniform pore sizes of block polymer
membranes provide them with a unique advantage over most
state-of-the-art membranes in these applications because the
well-deﬁned nanostructure results in a narrow distribution of
residence times associated with each pore.104,105 This uniformlydistributed ﬂow allows block polymer membranes to regulate
mass transfer in a more efﬁcient manner because it prevents
channeling and utilizes the high packing density of functional
groups conﬁned within the pores more effectively. For example, in
reactive membranes, a well-deﬁned residence time allowed
conversion to be controlled precisely through regulating the
water ﬂux. Membranes can also be used to enhance the transport
of target solutes across the membrane using favorable enthalpic
interactions between solutes and pore walls. This control over
permeation of solutes lays the foundation for the development of
membranes for water puriﬁcation applications, including the
removal of toxic contaminants or the concentration of valuable
materials dissolved in water supplies.
Functional self-assembled membranes have been achieved in
several ways (Fig. 6). These include: (1) incorporating the
functional chemistries into the membrane precursor; (2) using
the self-assembled membrane as a template and grafting
molecules to the pore wall or back ﬁlling the pores with a
functional material; and (3) designing a reactive moiety into the
membrane precursor that allows for post-assembly introduction of
functional chemistries. Importantly, each of these approaches has
its advantages and drawbacks; thus, care must be taken when
selecting the means of implementation. Ultimately, the methods
will be judged by their ability to introduce a high density of active
groups into a well-deﬁned membrane structure in a safe and rapid
manner that is consistent with commercial membrane manufacturing processes.
The desired chemistry can be incorporated directly into the
precursor block polymer material during synthesis. This chemistry
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Fig. 6 a Functional moieties can be introduced into the pore wall chemistries of membranes made from block polymer precursors through
three mechanisms. (1) The functional chemistry (red block) can be incorporated into the precursor block polymer prior to membrane
fabrication. With the identiﬁcation of suitable SNIPS parameters, a self-assembled membrane with functional pore walls that require no further
functionalization reactions is generated. (2) The block polymer chemistry facilitates formation of a self-assembled structure. Subsequently, the
surface of the membrane is modiﬁed using a coating (orange dots) to which functional chemistries are attached (green brushes). (3) The pore
wall-lining block (magenta) is designed as a reactive chemistry that can be converted to a variety of functional chemistries through coupling
reactions that are consistent with roll-to-roll processes. b An illustration of the broad range of potential applications where membranes with
functional pore wall chemistries could be utilized

then becomes the pore wall lining moiety upon membrane
fabrication, resulting in a membrane with a high “built-in” density
of functional units. The P4VP block of PS-P4VP membranes is one
example of this design approach. Whereby, the repeat units of
P4VP were used to complex metal salts from aqueous solutions.106–108 Subsequently, the salts that were localized within the
membranes were reduced to form metallic nanoparticles that
introduced catalytic functionality into the membrane.107 This
study implemented a model reaction to demonstrate the catalytic
activity, but the concept could be extended to the degradation of
organic contaminants such that puriﬁcation can be achieved
through chemical conversion. Another iteration of this approach,
which was discussed above, used the blending of chemically
distinct block polymers (i.e., A-B and A-C types) to provide the
desired functionality.109–112 While the minimal processing needed
after membrane fabrication for this approach is attractive, the
ﬂexibility of the functional groups that can be used as the poreforming block may be slightly limited by the requirement that the
material self-assemble during membrane fabrication.
Functionalizing the nanoporous structure with surface coatings
following membrane fabrication is an alternative approach that
circumvents the need to identify new SNIPS processing conditions
for self-assembly each time a new surface chemistry is desired.
The utilization of poly(dopamine) (PDA) chemistries is one
example of a coating that has been used widely to attach
functional groups without affecting the self-assembled nanostructure of the original membrane.113–115 The PDA coating enables
modiﬁcation using either the grafting-from or grafting-to
Published in partnership with King Fahd University of Petroleum & Minerals

approach. In one study, the polymerization of an antifouling 2hydroxyethyl methacrylate polymer brush onto the surface of
nanostructured PS-P4VP membranes was achieved through the
reaction of dopamine with 2-bromoisobutyryl bromide initiator,
which then allowed the membrane to serve as an initiating site for
polymerization using the atom transfer radical polymerization
(ATRP) mechanism.114 Following a similar manner, the Michael
addition reaction supports the grafting of functional molecules,
such as zwitterionic L-cysteine or amine-terminated poly(Nisopropylacrylamide) (PNIPAM) to the dopamine without affecting
the membrane performance.113,115 Additionally, the block polymer
membranes can be used as sacriﬁcial templates for the formation
of nanoporous metal, metal oxide, and carbon ﬁlms with welldeﬁned nanostructures.116–121 The electronic and catalytic properties of these ﬁlms could be useful in ﬂow-through membrane
reactors targeting the degradation of organic micropollutants and
viral inactivation. This approach of adding desired chemical
functionalities into a pre-formed membrane material allows for
the incorporation of a range of chemistries with tunable properties. However, the need for a complex reaction scheme and long
reaction times following membrane fabrication makes this
approach a less attractive option for scale-up to roll-to-roll
production.
Beginning with a polymer containing a block that, instead of
incorporating the desired chemistry directly, can be chemically
reacted to generate multi-functional devices after membrane
fabrication enables another versatile approach to avoid the
complexity of designing a new SNIPS procedure each time a
npj Clean Water (2018) 2
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new chemistry is desired. In this approach, rationally-designed
reaction pathways can be used to modify surface properties
through the covalent attachment of small molecules. The
quaternization of the pyridine group in P4VP served as a
preliminary example of this concept, as this chemical modiﬁcation
resulted in a positively-charged membrane surface. This made
separations based on electrostatic interactions possible, as the
positively-charged surface could separate solutes of similar size
when one of the solutes was negatively-charged and the other
was not.109,122 While further modiﬁcations were possible, the
major shortcoming of P4VP is that a limited number of
functionalization schemes are available.123
One example that tapped into a broader range of potential
functional moieties for water puriﬁcation is based on the
previously described PI-PS-PDMA membrane, which contains pore
walls that can be converted to PAA and subsequently to a variety
of other chemistries.92 The membrane in the PAA-functionalized
form was an effective adsorber for aqueous solutions containing
copper, providing a high adsorption capacity and a sharp
breakthrough once the binding sites were saturated.124 Because
a variety of functional groups containing a primary amine can
react with each repeat unit of the carboxylic acid lining the pore
walls, these promising features were translated to applications
more closely tied to water treatment processes. For example, a
previous study demonstrated the coupling of the small molecule,
cysteamine, as well as the peptide, glutathione, to the pore
wall.125 Both chemistries were able to remove more than 98% of
the lead ions in a 50 ppm feed solution via selective binding
between the metal ions and the thiol groups of the two ligands.
Similar chemical ﬂexibility can be realized in many precursor
systems. Thiol-ene, copper(I)-catalyzed alkyne-azide cycloaddition,
and other reaction mechanisms are attractive systems due to their
modular nature as well as their rapid reaction kinetics. Recent
studies have been focused on membranes equipped with a highdensity of functional groups amenable to several of these reaction
mechanisms.126–131 The thiol-ene mechanism demonstrates the
ﬂexibility associated with these approaches. In one study, the
covalent linkage is realized by using membranes that contain
reactive thiol groups, such as polystyrene-b-poly(4-vinylpyridine)b-poly(propylene sulﬁde) (PS-P4VP-PPS) to attach the dye tetramethyl rhodamine-5 to the membrane surface.128 Alternatively,
the reaction mechanism is possible with solutes containing a thiol
moiety through the incorporation of a reactive poly[(allyl glycidyl
ether)-co-(ethylene oxide)] [P(AGE-co-EO)] domain within the
membrane.126 Through the systematic macromolecular engineering of the block polymers, these coupling reactions should allow
for a wide range of functional chemistries to be incorporated into
membranes through the formation of resilient covalent bonds
that form on a time scale consistent with the high throughput rollto-roll manufacturing of membranes on an industrial scale.132,133
This, in turn, will allow the vast number of functional membrane
chemistries for targeted water-based separations developed
within academic settings to be translated to larger scales.
Modiﬁcation of pore walls to charged groups for separation by
electrostatic effects
Charge-functionalized membranes highlight the utility of postsynthetically modiﬁed materials in the development of membranes for water treatment. For example, membranes with a larger
pore size and, in turn, permeability that are functionalized with a
charged moiety can achieve similar rejections as membranes with
smaller pores due to repulsive electrostatic interactions between
the dissolved ions and the pore walls.134,135 Using this paradigm,
the development of membranes that selectively remove multivalent ions relative to monovalent ions, and that could be
implemented in water softening and reuse applications, is
possible through design of the surface chemistry. Moreover, the
npj Clean Water (2018) 2

development of these membranes also highlights how experiments and MD simulations can be combined synergistically to
guide their molecular engineering.
The selective rejection of divalent cations or anions was
demonstrated experimentally through the introduction of ammonium and sulfonate groups, respectively. This trend in rejection
was anticipated based on Donnan equilibrium, but the example
demonstrated that the separation of ions can be tuned by simply
controlling the functional groups lining the pore walls.135,136 A
subsequent study, through a combination of MD simulations and
experiments, revealed critical phenomena at molecular length
scales that enhanced membrane design. The PMF for magnesium
cations entering into a coarse-grained pore lined by positive
charges demonstrated that charge-functionalized membranes
effectively reduced the area available for ion permeation by
increasing the free energy barrier for the entry of the co-ion (i.e.,
those with the same charge as the pore wall) into the pore.
Moreover, the distance between the charged moiety and the pore
wall (i.e., the spacer arm length) affected the free energy barrier
for ion entry into the membrane.137 A consistent increase in the
size of the free energy barrier was observed with increasing spacer
arm lengths because the longer chains pushed the terminal
charges toward the center of the pore and increased their
repulsive coverage (Fig. 7b). Importantly, the molecular design
versatility associated with the pore wall chemistry allowed for
experimental validation of the simulation results (Fig. 7c).
Taken together, these studies highlight how chemical functionalization provides for additional separation mechanisms. They
also demonstrate that designing the molecular architectures that
provide the highest performance with respect to a targeted
separations proﬁle is challenging due to the myriad interactions
that impact the afﬁnity between the pore wall and the solutes of
interest. Thus, a systematic approach to screening the pore
structure and functionality is required, and molecular simulations
can play an important, complementary role to meeting this need.
Tailored surface chemistries for solute-speciﬁc separations and
controlled interfacial interactions
The beneﬁts of adsorptive membranes based on block polymer
materials are beginning to emerge. Notably, the high density of
functional repeat units lining the pore walls result in large
saturation capacities that are competitive with commercial resins.
Therefore, the block polymer membrane platform has the
potential to positively impact other challenging separations being
studied in the ﬁeld of water puriﬁcation and resource recovery. For
example, amidoxime binding chemistries for the targeted separation of uranium from seawater have been identiﬁed, but current
substrates result in problematic low uptake capacities.138,139 The
block polymer platform lends itself well to such instances due to
its structural characteristics and easily modiﬁed chemical properties. These features could, likewise, improve the separation
performance of membranes lined with phosphate-chelating
agents for the recovery of phosphorus from wastewater
streams.19,20 Moreover, the ﬂexibility to freely modify these
membranes with various chemistries could allow this platform
to serve as a substrate for the incorporation of other highlyspeciﬁc binding moieties, such as cucurbiturils and cyclodextrins,
which are effective agents for the capture of hydrophobic
polarized molecules, respectively. In order to utilize the broad
range of chemistries that can be introduced, and therefore
separations that can be achieved, effective binding groups for
solutes of interest must be identiﬁed. This search can be aided by
the molecular-level detail that is provided by computational
studies.
In MD simulations, the interactions of the functional group with
the solute can be evaluated by measuring the coordination
number and the binding afﬁnity. The local solute atmosphere
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Fig. 7 Molecular scale information that guides the systematic design of pore wall chemistry can be determined through carefully constructed
MD simulations. In this case, the rejection of magnesium ions through a positively charged membrane is used as a model. a Schematic
showing the measurement of the free energy change of ions (blue and yellow) as they are entering the pore (atoms forming the membrane
are gray). b The PMF proﬁles for the translation of a magnesium cation from a bulk solution into the pore of a membrane. The entrance of the
functionalized pore is indicated by the arrow at ~2 nm. The orange line represents a parent membrane, n = 0; the other lines correspond to
simulations executed with increasing spacer arm lengths. The spacer arm length, n, is deﬁned as the number of carbon atoms between the
pore wall linkage and the terminal charged functional group. c Simulated and experimental rejection for magnesium cations plotted as a
function of spacer arm length, n. The simulation results, which were calculated using the free energy barrier obtained from b, are shown with
the red line. The experimental data, which are represented by the bar graphs, were measured using a 10 mM MgCl2 feed solution. b and c
adapted with permission from ref. 137, copyright Royal Society of Chemistry

around the functional group can be analyzed via the coordination
number of the molecules within the ﬁrst solvation shell of
potential binding sites. Additionally, the binding afﬁnity of
different solutes to a functional moiety can be calculated with
the PMF or, equivalently, the pair correlation function between the
interaction sites and dissolved species, which here quantiﬁes how
the free energy changes as a function of the distance between the
functional group and the solute.140 Understanding better the
complex interactions between the solute particles and pore wall
groups will allow for improved predictions of the afﬁnity, and
subsequently allow for the development of groups that present
optimal binding afﬁnity and speciﬁcity for the design of water
treatment systems.
The ability to modify their surface chemistry rapidly can
broaden the applications of this membrane platform to allow for
their deployment in applications that require speciﬁc wetting
properties or surface energies (e.g., membrane distillation).141,142
To date, due to its ubiquitous presence in water treatment
processes, most membrane have been modiﬁed using surface
chemistries aimed at mitigating the deleterious effects of fouling.
Fouling, which is the adsorption of materials to membrane
surfaces, is a limiting factor that affects the performance of almost
all membrane separations through the loss of throughput.143 It
has been clearly demonstrated that tuning the surface properties
of the membranes can help to regulate the extent of fouling.144,145
And while general guidelines for the generation of surfaces with
low fouling propensities have been established,146 they are not
universally applicable and each water source may require speciﬁc
surface chemistries.147 Therefore, the ability to make membranes
with a well-deﬁned nanostructure that are amenable to chemical
modiﬁcations on time scales consistent with roll to toll processing
presents an opportunity to implement surface chemistries that are
designed based on the composition of the feed water.
CONCLUSION AND OUTLOOK
Desalination is an established separation process and will continue
to be critical to the production of potable water from nontraditional sources. The large energy demand needed to execute
the process, however, will necessitate the utilization of other
unconventional sources to meet the global demand for water
sustainably. As such, the design of multifunctional membranes
that enable the design of hybrid processes for water reuse and
resource recovery will be critical to tapping into non-traditional
Published in partnership with King Fahd University of Petroleum & Minerals

sources. The self-assembled block polymer membranes detailed in
this review present several opportunities for the development of
next-generation membranes that possess performance proﬁles
that address the needs of desalination and hybrid membrane
processes. In the past decade, the feasible pore size of block
polymer membranes has been reduced an order of magnitude
from the ultraﬁltration regime (~20 nm) to the nanoﬁltration
regime (~2 nm). In order to be utilized in reverse osmosis
processes, the pore size will need to be reduced even further to
~0.7–0.9 nm. This will be a challenging transition, but the growing
body of work that is currently elucidating how to generate
structural precursors with the needed feature sizes and how to
processes those precursors into membranes holds the promise
that materials that are more resilient and more selective than
current state-of-the-art desalination membranes can be developed. Furthermore, the modular design of block polymer
materials allows for the ready incorporation of functional
chemistries in a systematic manner. The membranes that result
provide critical characteristics, such as a high density of functional
moieties and uniformly distributed ﬂow proﬁles, which enable the
design of hybrid membrane processes capable of treating water to
the levels demanded by end-user applications while recovering
valuable resources. MD simulations provide a predictive tool to
guide the design of these functional membranes such that
chemistries that enable target separations with minimum
energetic and chemical input are identiﬁed.
In lab-scale experimentation, block polymer membranes have
demonstrated the potential to affect water treatment processes in
a positive manner. Realizing the potential of this platform requires
that the membranes are translated from the laboratory setting to
practice. This transition necessitates collaboration between
scientists and engineers to address questions that remain in
regards to the large-scale fabrication of block polymer membranes
as well as their long-term use in water treatment processes.
Environmental conditions will need to be well-controlled in larger
membrane fabrication processes to ensure alignment of the
membrane nanostructure. In this regard, the development of inline quality control metrics would aid the reliable fabrication of
self-assembled membranes. Furthermore, due to the variability of
the feed streams that will be encountered, investigating the longterm pilot plant operation of block polymer membranes is
essential for identifying the technological challenges associated
with their use that cannot be simulated in laboratory settings. The
ability to molecularly engineer self-assembled block polymer
npj Clean Water (2018) 2
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materials in order to overcome these new challenges will make
these membranes an exciting and fruitful area of research and
industrial application in the years to come.
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