
Nanostructured Membranes for Water
Purification

Xin Li, Gomotsegang Fred Molelekwa, Meryem Khellouf
and Bart Van der Bruggen

Abstract Membrane based processes enjoy numerous industrial applications and
have greatly enhanced our capabilities to restructure production processes, protect the
environment and public health, and provide new technologies for water purification.
The scope of membrane technology is still extending, stimulated by the develop-
ments of novel membrane materials and membranes with better properties, as well
as by the decrease of capital and operation costs. Recent advances in nanomateri-
als empower next-generation multifunctional membrane processes with exceptional
catalytic, adsorptive, optical and/or antibacterial abilities that enhance treatment cost-
efficiency. This chapter reviews emerging opportunities and sustainable approaches
for the design of nanostructured membranes for water purification. Potential devel-
opment and implementation barriers are discussed along with research needs to
overcome them for enhancing water purification.
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1 Introduction

Water is the lifeblood of ecosystems, vital to human health and well-being and a pre-
condition for economic prosperity. For this reason, it is at the very core of the 2030
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Agenda for Sustainable Development [1]. Although encouraging progress has been
achieved in the field ofwater treatment in the 20th century, water scarcity ismore than
ever before the main challenge to provide clean, fresh water for the world’s inhab-
itants. As estimated by the World Water Council (WWC), 3.9 billion people in the
world will live in water-scarce regions by 2030 (WWC, Urban Urgency, Water Cau-
cus Summary, 2007). In addition, water-associated vector-borne diseases continue to
be a major public health problem in many countries. 2.1 billion people lack a safely
managed drinking-water supply, and more than half of the 842,000 water-related die
attributed to unsafe drinking-water (World Health Organization, Water, Sanitation
and Hygiene strategy 2018–2025, 2018). Therefore, water resources, quality and
treatment have become major topics of public and government.

Consolidated and emerging water purification strategies are pressingly acclaimed
to offer compelling solutions to the water pollution issues and indeed, increasingly
available approaches have surfaced. Initially, activated carbon was employed for
wastewater purification, but has been replaced recently by more cost-effective mem-
brane technologies [2]. Based on a range of synthetic membranes with various func-
tions,membrane technologies offer the best options to ‘drought proof’mankind on an
increasingly thirsty planet by purifying seawater or wastewater [3]. Reverse osmosis
(RO), which involves pushing water through a semipermeable membrane that blocks
dissolved salts, is now considered the heart of conventional desalination plants. Other
membrane processes, microfiltration (MF) and ultrafiltration (UF), have become
major technologies for water treatment from non-saline sources, pretreatment for
RO processes and in wastewater treatment in membrane bioreactors. Nanofiltration
(NF) finds application in water softening and color removal, industrial wastewater
treatment, water reuse, and desalination. Additionally, as emerging technology, for-
ward osmosis (FO) has showngreat promise inwater supply, because it requiresmuch
less energy to induce a net flow ofwater across themembrane compared to traditional
pressure-driven membrane processes such as RO. However, FO as a stand-alone pro-
cess has to be integrated in an overall process scheme to be used as a desalination
process. Although commercially available membranes perform well in water purifi-
cation and desalination, current materials and fabrication methods for membranes
are largely based on empirical approaches and lack molecular-level design [4]. The
drive to protect existing water resources and produce new water resources demands
membranes with improved productivity, selectivity, fouling resistance, and stability
at lower cost and with fewer manufacturing defects.

The recent development of nanotechnology offers leapfrogging opportunities for
developing innovative technologies for more efficient water purification and wastew-
ater treatment processes. It is now a popular belief that many of the solutions to the
existing and even future water-based challenges are most likely to come from nan-
otechnology and especially novel nanomaterials with increased affinity, capacity,
and selectivity for water contaminants [5]. Particularly, the incorporation of these
novel nanomaterials into the chemical composition of membranes for water purifi-
cation has been the focus in this field, as illustrated by the number of publications
and related citations (Fig. 1). The obtained nanostructured membranes can alter the
membrane properties such as permeability, selectivity, mechanical resistance and
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Fig. 1 The number of journal papers on nanostructured membrane for water purification since
2003. Data were obtained from Web of Science on July 2019. Search topics were ‘membrane,
nanoparticles and water purification’

hydrophilicity as compared to virgin polymers [6]. Nanomaterial properties desir-
able for nanostructured membranes also include a high surface area for adsorption,
a high activity for (photo)catalysis and degradation, antibacterial properties for dis-
infection and biofouling control, and other unique optical and electronic properties
that find use in novel treatment processes in water purification [7–9]. Since the use
of nanostructured membranes in water purification is considered an achievement of
high importance, they should be designed to maintain the surface reactivity, effec-
tive contact and uptake capacity. For this reason, the class of applied nanomaterials,
and fabrication strategies of nanostructured membranes combining the respective
advantages should be preferred for water purification.

This chapter presents promising nanostructured membranes and provides a broad
view on how they could transform our water purification and wastewater treatment
systems. The extraordinary properties of prevalent nanomaterials in nanostructured
membranes, such as high surface area, photosensitivity, catalytic and antibacterial
activity, and electrochemical, were introduced. The fabrication strategies and rel-
evant applications of nanostructured membranes in water purification were criti-
cally reviewed based on their functions in unit operation processes. The potential
impact of nanostructured membranes on ecosystems and economics as well as their
technological capacity were also discussed.
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2 Prevalent Nanomaterials for Nanostructured Membrane

Most of the prevalent nanomaterials used in nanostructured membranes are either
metal or metal oxide, with some recently emerging materials like metal organic
frameworks (MOFs) [10], covalent organic frameworks (COFs) [11], and two-
dimensional (2D) nanomaterials [12]. Each of these nanomaterials can be incor-
porated with most of polymeric materials available to produce nanostructured mem-
branes with specific characteristics, as a result of the synergistic properties between
synthetic membranes and advanced nanomaterials. The unique properties of nano-
materials mentioned above will be discussed in the following sections. The focus
will be placed on how these properties contribute to water purification in membrane
processes.

2.1 Metal Nanoparticles

The challenge to achieve appropriate disinfection without forming harmful disin-
fection byproducts in point-of-use water treatment calls for new technologies for
efficient disinfection and microbial control. Several natural and engineered nano-
materials have demonstrated strong antibacterial properties through diverse mech-
anisms. Among them, Ag nanoparticles have drawn special attention due to their
excellent antibacterial and antifungal activity [13]. It is now well accepted that the
antibacterial activity of Ag nanoparticles stems from the release of Ag+, which can
bind to thiol groups in vital proteins, resulting enzyme damage [7]. It has also been
reported that Ag+ can prevent DNA replication and induce structural changes in the
cell envelope [14] (Fig. 2a). With these advantages, significant progress has been
made in the development of Ag nanoparticles-based membranes for water purifi-
cation. For example, Ag nanoparticles were impregnated in a polysulfone matrix
to improve biofouling resistance and virus removal [15]. Biogenic Ag nanoparti-
cles were also incorporated in polyethersulfone (PES) membranes for enhancing
their antibiofouling capability in a membrane bioreactor [16]. Besides, Ag nanopar-
ticles were embedded into woven fabric MF membranes. Such designed membranes
were more hydrophilic, showing a higher water permeability and 100% removal of
bacterial load from drinking water [17].

One challenge with the Ag nanoparticles inside the membrane matrices is their
weak resistance to washing, as they can be released either as nanoparticles or dis-
solved ions form [18], so the antibacterial ability of membrane would be attenuated
with time. A more advanced in situ reduction coating procedure is introduced to
address this issue: Ag ions are firstly dissolved in the polymer/polyelectrolyte solu-
tion, followed by coating the mixtures and in situ synthesizing Ag nanoparticles
onto a membrane for stable attachment. With this strategy, polydopamine (PDA) has
been proposed to improve the long-term antibacterial efficiency of Ag nanoparticles-
based membranes [19]. Huang et al. successfully immobilized Ag nanoparticles on
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Fig. 2 a Proposed mechanism of Ag nanoparticles-related toxicity. Reprinted with the permission
from Ref. [25]. Copyright 2014 The Royal Society of Chemistry. b Photocatalysis and photo-
induced ultrahydrophilicity mechanism of TiO2 nanoparticles. Reprinted with the permission from
Ref. [26]. Copyright 2015 Elsevier. c Schematic model of magnetic nanoparticles. Reprinted with
the permission from Ref. [27]. Copyright 2013 Elsevier

a PES UFmembrane by PDAmediated in situ reduction of Ag(NH3)2OH. The static
immersion test of the membrane exhibited a slight release of Ag+ ions even after
12 days [20]. The inhibition zone study showed a clear halo, confirming its tremen-
dous disinfection properties against E. coli and B. subtilis. Meanwhile, compared
with a control membrane, the pure water flux of optimized membrane was increased
from 248 to 336 L/m2h. Similarly, tannic acid (TA) also has been used to enhance the
stability of Ag nanoparticles due to its metal chelating and adhesive ability. Based
on this strategy, an ultrathin precursor layer of TA-Fe-PEI complexes was deposited
onto the membrane surface, followed by in situ reduction of Ag nanoparticles in the
presence of polyvinylpyrrolidone. After contacting with E. coli and B. subtilis for
1.5 h, the bactericidal efficiency of TA-Fe-PEI/Ag-modified membrane could reach
100% [21]. Moreover, constructing nanocomposites by immobilizing Ag nanopar-
ticles onto a larger-scale support can also tackle the instability problem. Promising
carriers for Ag nanoparticles include carbon nanotubes (CNTs) [22], graphene oxide
(GO) [23], and TiO2 [24]. These carriers are either antibacterial agents themselves
or possess the advantages of hydrophilic, antifouling, and photocatalytic proper-
ties, which can even lead to a higher antibacterial capability than that of pure Ag
nanoparticles due to a synergistic enhancement effect.

Due to their considerably lower cost than silver, Cu nanoparticles were also
explored in term of their antibacterial activity against various bacterial species.
Although the exact antibacterial mechanisms remain elusive, substantial efforts have
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been devoted to designing Cu-based antibacterial membranes [28–30]. Similar with
Ag nanoparticles, mitigating the release of Cu nanoparticles has been the focus of
research in this area. An improvement of the pure water flux for Cu nanoparticles
based membranes with the increase of Cu content was observed [28].

Beside bacteria or fungus, toxic organic compounds such as chlorinated aliphatic
and aromatic molecules are another common class of contaminants in natural water,
which were implicated with several diseases, chronic damages and carcinogenicity
[31]. Due to the low cost and broad availability, zero-valent iron nanoparticles have
drawn more attention in the detoxification of these compounds by electron transfer
reactions [32]. Particularly, bimetals such as Pd/Fe, Ni/Fe, Cu/Fe are found to have
higher efficiency for dichlorination of chlorinated organic compounds (COCs). For
example, in the Pd/Fe bimetallic system, the corrosion of iron leads to the emergence
of hydrogen. Pd is known to have the unique ability to absorb hydrogen into its lattice
and acts as a catalyst to accelerate hydrodechlorination [33]. During the past years,
many theoretical and experimental studies focused on designing Fe-based catalytic
membranes for COCs dichlorination [33, 34]. In parallel, a continuous effort to
enhance the stability of bimetals nanoparticles inmembrane structures and to evaluate
the degradation efficiency of target COCs is still under progress. The preservation
and regeneration of Fe-based catalytic membranes are also an important issue for
their prolonged applications.

2.2 Metal Oxide Based Nanomaterials

Metal oxides nanomaterials are widely explored as highly efficient adsorbents and
catalysts for contaminants removal fromwater/wastewater, due to their easy andwell-
developed synthesis method, cost effectiveness and functionalization to nanostruc-
tured membranes. There has been bountiful literature published on the application of
TiO2 nanoparticles inmembranes for water purification [35]. This could be attributed
to two main reasons—its excellent photocatalysis that decomposes/disintegrates
organic foulants and microbes, and photo-induced ultrahydrophilicity that repels
hydrophobic foulants and forms hydration layer of water on the membrane sur-
face, thereby enhancing fouling control [36, 37] (Fig. 2b). TiO2 based photocatalytic
membranes exhibit a more obvious effect on dye degradation [38], humic substances
removal [39], and oil-water emulsion separation [40], as compared with virgin mem-
branes. In particular, TiO2 free-standing membranes have been reported, providing
higher photocatalytic surface area and mass transfer rate than TiO2 nanoparticles
coated and blended membranes. For example, TiO2 nanotube membranes shown a
satisfying permeability and antifouling performance due to the rejection and pho-
todegradation of foulants on the surface of membrane under UV irradiation [41].
Despite of these advantages, UV-responsive TiO2 based membranes still face chal-
lenges. TiO2 based catalysts suffer from the limited photocatalytic performance due
to fast recombination of the photogenerated charges, and exhibit poor photoactivity
in the visible light region [42]. Moreover, the membrane structure may suffer from
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severe destruction by both UV light and reactive oxygen species [43]. Recently, mod-
ification of TiO2, by metal or nonmetal doping, co-doping, coupling with another
semiconductor or developing composites with carbon materials, has led to a signif-
icant enhancement of its photocatalytic performance under visible light irradiation.
With this progress, the attempt to extend the modified TiO2 photocatalysts into the
design of visible-light responsive membranes has become a topic of great interest.
A timely review by Shi et al. discussed the development of these novel TiO2 based
membranes for water purification [44].

The presence of heavymetals in aqueous systems is considered amajorworldwide
problem related tomany harmful effects on the health of humans and other life forms.
Iron-based nanoparticles are the widely applied materials for the uptake of heavy
metals in water [45]. During thewater treatment, zero-valent iron is oxidized forming
in situ oxy-hydroxides and oxides with enhanced surface area, charge density and
reactivity (Fig. 2c). Iron oxide nanoparticles may surpass the drawback of soluble
iron release. In addition, the magnetic behavior of Fe3O4 and γ-Fe2O3 facilitates
their recovery after application. Cr (VI) removal is the early studies case of iron
oxide nanoparticles based membranes application in water purification, based on
the electrostatic adsorption and redox reaction [46, 47]. Similarly, the adsorptive
removal of Cu (II)was remarkably improved using an Fe3O4 nanoparticles embedded
PESmembrane [48]. Recently, for improving stability and controlling aggregation, a
metformin/GO/Fe3O4 hybridwas introduced into nanofiltration for effective removal
of dye and Cu (II) [49].

Several metal oxide nanoparticles, namely CuO and ZnO were also studied for
inclusion in antibacterial membranes. CuO nanoparticles presented enhanced bacte-
ricidal behavior against E. coli and P. aeruginosa [50]. The proposed antibacterial
mechanism of ZnO nanoparticles is closely correlated with the photocatalytic for-
mation of reactive oxygen species or the release of Zn2+ ions, both of which can
effectively inhibit the bacteria. A recent work reported the development of CuO
or ZnO decorated polyacrylonitrile (PAN) nanofibers membranes for drinking water
purification [51]. Thehybridmembranes exhibited an excellent antibacterial potential
against both E. coli and S. aureus. The developments and breakthroughs on antibac-
terial membranes with metal oxide nanoparticles for water treatment have been well
described by Zhu et al. [18]. Besides, ZnO nanoparticles have shown more obvious
advantages related to membrane fouling control based on their hydrophilic nature.
The reduced flux drop, extended operational lifespan or higher flux recovery rate for
ZnO nanoparticles based membranes have been experimentally/theoretically con-
firmedwhen testedwithmodel foulants (e.g., oleic acid solution [52], sodiumalginate
solution [53]) and river water [54]. More recently, surface modified ZnO nanopar-
ticles were also immobilized on the polyvinylidene difluoride (PVDF) membrane
surface for oily wastewater treatment [55].

In the same direction, SiO2, ZrO2, and Al2O3 nanoparticles have been proven
efficient for designing antifouling membranes in water purification. The addition of
these nanoparticles to membranes enhanced the surface hydrophilicity, water perme-
ability, or fouling resistance, along with the mechanical and thermal stability [7]. In
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the light of molecular-level design, in situ preparation, permitting the in situ gener-
ation of nanoparticles into/on the membrane matrix, has pushed the design of metal
oxide based nanostructured membranes to the next stage [56].With the in situ forma-
tion process (i.e., the formation of SiO2, ZrO2, and Al species via sol-gel process),
the deposition of nanoparticles can be preciously controlled on the membrane sur-
face or around membrane pores, which triggers the maximum exposure of hydrogen
accepter groups. Research has been undertaken to compare the influence of in situ
and ex situ created SiO2 nanoparticles on the structure and performance of PES
membranes [57]. In recent research PVDF MF/UF membranes were modified via
in situ biomimetic silicification for oily emulsion and protein wastewater treatment
[58] (Fig. 3a). Similarly, a successful design was achieved with ultrathin ZrO2 film as
selective layer to prepare a novel NFmembrane using hydrolysis of zirconium sulfate
[59] (Fig. 3b). By this stage, researchers realized that the chemistry and the functions
of metal oxide nanoparticles could be deliberately pre-designed for specific water
treatment purposes, while integrating with a suitable membrane formation process.

2.3 Metal Organic Framework/Covalent Organic Framework

The development of crystalline materials extended their applications for designing
next-generation nanostructuredmembranes inwater purification. Among thesemate-
rials, porous inorganic solids are highly attractive due to their porous structure and
high surface area, which can increase the overall porosity and separation ability of
membranes. MOFs/COFs have emerged as porous solids of superior new types [60].
These solids have a regular and highly tunable pore structure, alongwith an enormous
variability in secondary building units connected by multitopic organic ligands and
linker topology, connectivity, and chemical functionality, which are preferred over
conventional porous materials such as zeolites and carbon based materials. Both
continuous MOFs/COFs and MOFs/COFs based composite membranes have been
developed as multifunctional materials for membrane separation beyond the tradi-
tional uses for dye removal and fouling-resistance, and even contribute to catalytic
degradation, heavy metal adsorption, and oil/water separation. For example, trace
nickel (II) (ppm level) could be effectively removed from high-salinity wastewater
([Na+] = 15,000 mg/L) with a ZIF-8 modified PVDF UF membrane under the pro-
tection of a polyacrylic acid layer [61]. The hybrid membrane could be regenerated
by a HCl-NaCl solution (pH = 5) for repeated use. Recently, COFs based mixed
matrix membranes with much higher permselectivities were obtained by embedding
carboxyl-functionalized COFs in PAN UF membrane [62]. The best performing
membrane displayed a relatively high pure water flux of 940 L/m2 h bar and an
enhanced fouling resistance, maintaining a 99.4% rejection of γ-globulin. Further-
more, novel composites, such as UiO-66-(COOH)2/prGO [63] and TpBD@Fe3O4

[64], were introduced into membrane for water treatment, which represented the lat-
est trends for MOFs/COFs based membranes. The recent progress of MOFs/COFs
based membranes for water purification has been discussed in published reviews
[10, 11].
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Fig. 3 Scheme of (a) co-deposition of gallic acid (GA) and γ-aminopropyltriethoxysilane (APTES)
on the PVDF MF/UF membranes for application in water remediation on oily and protein
wastewater. PGA refers to the abbreviation of the hydrophilic hybrid network derived from poly-
merization of GA and APTES-derived polysiloxane. Reprinted with the permission from Ref.
[58]. Copyright 2018 American Chemical Society. b Preparation process and mechanism for the
organic–inorganic TFC membranes with ultrathin ZrO2 film as the selective layer on the PDA-PEI
coated PAN membranes. Reprinted with the permission from Ref. [59]. Copyright 2015 Elsevier

2.4 Two-Dimensional Materials

With the development in materials science, the dimension has become a signifi-
cant parameter of materials classification. 2D nanomaterials, such as graphene and
GO [65], exfoliated nanosheets of MOFs [66], zeolite nanosheets [67], transition
metal dichalcogenides (TMDs) [68], and 2DMXene nanosheets [69], have attracted



252 X. Li et al.

increasing attention owing to their outstandingmechanical properties, excellent ther-
mal stability, and superior flexibility that surpass their 3D counterparts. With these
advantages, 2D nanomaterials are rapidly emerging in the development of nanostruc-
tured membranes with high performance in desalination and wastewater treatment.
The introduction of 2D nanomaterials manipulates the morphology, stability, sur-
face hydrophilicity, charge, and roughness of a membrane [12]. Meanwhile, the
obtained membranes have the potential to balance the trade-off between thermal and
physicochemical stability, permeability and selectivity, while mitigating membrane
fouling, which has been the bottleneck of membrane processes. In this part, three
main families of 2D materials widely used in nanostructured membranes will be
discussed.

2.4.1 Graphene Derivative Nanomaterials

Graphene is a 2D single-layered nanomaterial consisting of sp2-related carbon atoms
arranged in a hexagonal honeycomb lattice structure. Since its discovery in 2004,
several synthesismethods have been proposed, whichweremainly classified into two
routes, i.e., top-down methods (such as micromechanical cleavage [70] and liquid
exfoliation [71]) or bottom-up methods (such as chemical vapor deposition (CVD)
[72] and wet-chemical synthesis [73]).

Graphene finds its application in nanostructured membranes due to its better
properties compared to other materials. For instance, compared with polyamide for
preparing thin film membrane, graphene is thinner with better selectivity and higher
porosity, and a better mechanical, and chemical resistance [74]. Despite these advan-
tages, the application of graphene in membrane separation is constrained by the
limited potential for large scale production. Carbon nanosheets of GO and reduced
graphene oxide (rGO) have received increasing attention due to their potentials for
enhancing membrane performances and easy scale-up [75]. Besides the basic struc-
ture of graphene, GO contains a large variety of functional groups created during
the synthesis process, such as hydroxyl and epoxy on the basal plane and carboxyl
groups at the edges [76]. These functional groups facilitate the adjustment of the
adjacent interlayer distance of the stacked GO sheets by different methods so that
the stability, the interactionwith the charged particles or the channels size of the lami-
natedGOmembraneweremodified.Moreover, the oxygen groups of aGOnanosheet
ensure the interlayers hydrogen bonding interactions that play an important role in
assembling laminated GO membranes [77].

Figure 4 illustrates the investigations about tuning interlayer spacing GO sheets
to create laminates GO and change the surface charge of modified GO based mem-
branes [78]. By intercalating various nanoparticles, such as TiO2, SiO2 and Si3N4,
GO based composite nanomaterials have been developed to design novel GO based
nanostructured membranes with high rejection against specific water pollutant and
desired water flux. For example, an intercalated GO base membrane with Si3N4

nanoparticles provided approximatively a doubled water flux compared with a pris-
tine membrane, while maintaining a high rejection of methylene blue and methyl
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Fig. 4 Effect of GO intercalation with different nanoparticles and grafting of functional groups on
membrane’s performances (contaminant rejection % and water flux L/m2 h MPa)

orange of 88.9% and 99.3%, respectively [79]. Moreover, rGO nanosheets were
doped with oxidized CNTs to enlarge the GO interlayer spacing using layer-by-
layer self-assembly technique, which instantly increased the water permeability to
5.65 L/m2 h bar with a Na2SO4 rejection of 80.0% [80].

2.4.2 TMDs Materials

2D nanomaterials with semiconducting character, such as TMDs, were also received
extraordinary research attention due to their electrical, physicochemical, mechanical,
and biological properties [68], which make them promising candidates to fabricate
TMDs based membranes in water purification.

TMDs are a kind of 2D nanoporous materials of three-atom thickness with the
formula MX2, where M is a transition metal atom (like Mo or W) and X is the
chalcogen atom (mainly S, Se or Te); showing a ‘sandwich’ structure with two
chalcogen atomic layers separated by a transition metal atomic layer [68]. Molyb-
denum disulfide (MoS2) is one of the most extensively studied TMDs materials in
membrane separation. Although there exist few in-plane nanopores within a single
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MoS2 nanosheet, it has a high potential in water desalination assuming that in-plan
nanopores with controllable shape, size and functionality could be drilled in a large
scale [81]. Heiranian et al. studied the desalination ability of a single layered MoS2
membrane usingmolecular dynamics simulation [82]. Similarly,Hirunpinyopas et al.
prepared a functionalized laminar MoS2 membrane that delivered water flux of 40
× 10−3 L/m2 h bar for a 3 μm-thick membrane and 11.6 × 10−3 L/m2 h bar, with
a salt rejection ratio up to 97% [83]. The obtained MoS2 nanoporous membranes
demonstrated excellent water permeation which was 2–5 times higher than that of
GO based membranes as comparable thickness, while maintaining the rejection ratio
(89%) for Evans blue. The highwater flux can be attributed to the low hydraulic resis-
tance of smooth channel surface, since MoS2 nanosheets do not have any functional
groups. In comparison, GO containsmany oxygenated functional groups sticking out
from its carbon plane, generating hydraulic resistance to water flow. Meanwhile, the
smooth MoS2 channel also allows the continuous transport of light organic vapors,
to which a GO membrane is impermeable because of the blocked pathway by its
oxygenated groups [84]. The water permeance of a layer stacked MoS2 membrane
can be increased by templating ultrathin nanowires between MoS2 layers, a strategy
that has been demonstrated in an analogue MoS2 made membrane [85]. A study by
Sun et al. found that water molecules could not pass through the MoS2 nanopores
with a diameter smaller than 0.23 nm, while freely circulating throw the nanopores
with a diameter of 0.44 nm [86]. Unfortunately, salt molecules can pass through at
this pore size, resulting in ineffective salt rejection. Thus, in order to balance the
water flux and salt rejection, the size of MoS2 nanopores should be maintained in
the range of 0.23 nm.

2.4.3 2D MXene Nanosheets

MAX phases are a new class of ternary nanolayered, hexagonal ceramics with the
general formula Mn+1AXn, where: M is an early transition metal, A is a group of
elementmainlyAl, Ga, In, Tl, Si, Ge, Sn and Pb,X is carbon or nitrogenwith n= 1–3.
Thesematerials are attracting increasing scientific attention as candidatematerials for
diverse applications [87]. They have a unique combination of metallic and ceramic
properties, which has advantages in low density, good machinability, high strength
and high Young’s modulus with excellent thermal and chemical resistance [88]. The
excitement about the mass production of 2D materials from 3D layered one using
exfoliation and sonication, was shared by the finding of a new family derived from
MAX phases called MXene with the general formula Mn+1XnTz (T is the functional
group edging the surface, such as O2−, OH−, F−, NH3, NH4+). Till now, over 70
compounds of MXene were reported in both experimental syntheses and numerical
simulation, which has been shown in Fig. 5 [89].

Due to its excellent exfoliation capability, Ti3C2Tx is the most reported MXene
material for designing nanostructured membranes. Gogotsi et al. prepared Ti3C2Tx

MXene based membranes via assembling freestanding or supported membranes for
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Fig. 5 Schematic classification of MXene compounds with examples

the charge- and size-selective rejection [90]. The micrometer-thick MXene mem-
branes was found to have an ultrafast water flux, which was attributed to the
hydrophilic nature and the presence ofH2Omolecule layers between thewet Ti3C2Tx

layers. It also showed a high selectivity towards metal and dye cations with different
charge and size. Another nano-sized MXene sheets based membrane was prepared
byWang et al. who intercalated Fe3O4 nanoparticles followed bymild acid etching as
pillars to achieve larger interlayer distance and create more nanochannels [91]. These
nanochannels exhibited a water flux of over 10,000 L/m2 h MPa while achieving a
90% rejection rate for particles larger than 2.5 nm.

Recently, for further improving the performance of MXene based membranes,
composite MXene based nanomaterials, such as Ti3C2Tx-GO [92] and Ti3C2Tx-
PEI [93], were introduced to overcome defects in the structure and selectivity of
nanochannels for pure MXene membranes. The post-modification of MXene mate-
rials was also explored, by grafting multiple functional groups including –NH2 and –
COOR [94]. Moreover, improving the hydrophilicity ofMXene based nanomaterials
may extend their applications in water treatment.
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2.5 Environmental Effects of Nanomaterials

The fate of nanoparticles in the environment relies on the synergistic effects of their
physicochemical properties and interactions with pollutants. The sources of nanopar-
ticles in the environment include, but are not limited to, various natural activities
(e.g., volcanic activities, veld fires, soil erosion, weathering, clay minerals, and dust
storms); anthropogenic activities (e.g., burning fossil fuels, mining, construction,
production of nanoparticles and waste materials) [95]. After reaching the environ-
ment, nanoparticles accumulate in different environmentalmedia (e.g., air, water, soil
and sediments) and harm the health of humans and animals [96]. The health effects
associated with the release of nanoparticles to the environment include damaging of
cell and DNA, inflammatory and immune responses, oxidative stress, lipid peroxi-
dation, genotoxicity, lung diseases, inflammation, pulmonary pathological changes
[97]. Furthermore, the transfer of certain nanoparticles such as TiO2 was also found
to cause a genotoxic effect (at low dose of 0.25 mM), and to damage DNA (at higher
concentrations) of the plants.

Given the benefits as well as the environmental and health impacts of nanoparti-
cles, there is a need to develop and implement strategies to manage the production
and use of nanoparticles in a manner that would prevent or reduce their impact on
human health and the environment. To this effect, Patil et al. suggested the use of
innovative greener routes for nanoparticle synthesis; advanced engineering ways for
manufacturing smarter and more degradable nanoparticles; and governing local and
international legislation to monitor nanoparticles released into the environment [98].

3 Rational Design Strategies

3.1 Blending

Blending is the classical membrane elaboration method which was mainly applied
in fabricating nanomaterials based mixed matrix membranes (MMMs), using either
organic or organic-inorganic materials. A large number of studies has been dedicated
to investigating the effect of blending polymericmaterials withmineral nanoparticles
including silica, ZrO2 and TiO2 etc. [26], which have been considered as convenient
operation with mild conditions and stable performances. Besides, blending newly
emergingnanomaterials, such asGO,MOFs,COFs, and2Dmaterials, intomembrane
matrix were also intensively investigated [10–12, 75]. The major inconvenience of
the blending method was the absence of evenly dispersed inorganic interconnected
networks compared with other methods such as the sol-gel process. In the area of
nanostructured membranes, the blending procedure is assisted by phase inversion.
Typically, nanomaterials were directly dispersed into a polymer dope (e.g., PSF,
PES, PVDF) or in situ formed within the dope in the presence of solvent [26]. The
blending procedure in presence of solvent conventionally involves in three main
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steps, (i) mixing the nanomaterials and the polymer with a solvent, (ii) casting the
mixed solution on a porous support, (iii) drying and thermal treatment to eliminate
the solvent.

The blended nanomaterials influence the pore size and pore size distribution of
MMMs. Meanwhile, the performances of MMMs depend upon the size and loading
rate of blended nanomaterials, as well as their interaction with the polymer matrix.
It has been reported that nanomaterials blended UF membrane display a higher
permeability and hydrophilicity, improved photocatalytic activity, antifouling and
antimicrobial properties, and lower compaction under pressure [26].

3.2 Interfacial Polymerization

The interfacial polymerization process is a classical method, where two monomers
react on the surface of the porous support. The developedmembranes to date are inte-
grally composed of an ultrathin polyamide (PA) layer containing functional nanoma-
terials and a porous polymer support [99]. The addition of these nanomaterials to the
barrier layer endows the membranes with various attractive properties such as high
permeability, increased mechanical strength, desirable contaminant selectivity, and
antibacterial ability etc. Taking silica as an example, a representative fabrication step
for silica nanoparticles based thin film RO membrane was reported by Peyki et al.
[100]. The substrate was dipped in an aqueous amine solution containing different
contents of silica nanoparticles. Then the membrane was immersed into the hexane
solution of acid chloride, which formed a PA thin film with silica nanoparticles.
In another study, NF membrane active layers of polyimine COF were synthesized
via the interfacial polymerization of terephthalaldehyde and tris (4-aminophenyl)
benzene monomers on top of a PES UF membrane support [101]. The rejection
efficiencies of the COF NF membrane for a model organic compound, Rhodamine
WT, and a background electrolyte, NaCl, were higher than those of the PES support
without the COF film. The changes in properties of nanocomposite membranes are
strongly influenced by the chemical properties, type, size and concentration of the
nanomaterial used. Based on rational design strategies, intentionally selected nano-
materials were employed to modify PA thin film composite (TFC) membranes for
enhancing forward osmosis performances. A comprehensive review summarized the
recent advances of nanostructured TFC membrane in this area [102].

The control of the molecular and structural characteristics of the PA layer are of
great importance in improving the permeance and selectivity. Porous nanomaterials
can be ideal fillers embedded in the PA layer for preparing TFN membranes, which
behave like water channels to facilitate water permeability while blocking hydrated
cations, leading to an enhanced permeancewithout adversely affecting the selectivity.
However, a significant change of water transport properties in the PA-based active
layers is difficult to achieve because water transport is heavily restricted by the highly
cross-linked polymer chains in a tortuous manner. Recently, Wang et al. fabricated
a TFC NF membrane with a crumpled PA layer, which provided a simple avenue to
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overcome this challenge [103]. Interfacial polymerization was performed in a single-
walled carbon nanotubes/polyether sulfone composited support loaded with ZIF-8 as
a sacrificial templating material. ZIF-8 can be removed by water dissolution, which
facilitates the formation of a rough PA active layer with crumpled nanostructure.
The resultant membrane exhibits an unprecedented permeance up to 53.2 L/m2 h bar
while maintaining a high rejection of 95.2% for Na2SO4.

3.3 In Situ Preparation

In situ preparation has been considered a promising strategy to fabricate next-
generation nanostructured membranes with rational design. Under this in situ design
platform, the functionalized elaboration for nanomaterials and sophisticated modifi-
cation for membrane matrix/surface with nanomaterials can be judiciously merged,
which farthest exploits the advantages of nanomaterials in disinfection, adsorption
and catalytic degradation for water treatment. Based on the general preparation pro-
cess for membranes, in situ formation of nanomaterials takes place (i) within the
casting solution, (ii) during the solidification of casting solution, or (iii) after the
solidification of the casting solution [56].

In the past two decades, two kinds of main in situ design strategies have been
developed: (i) sol-gel process. Through the controlled hydrolysis and polycondensa-
tion reaction of the inorganic precursors, accompanying the polymer solidification,
a nanostructured membrane is obtained during the in situ generation of metal oxide
nanoparticles on/within the membrane matrix. For example, the classical in situ
preparation of TiO2 based nanostructured membranes is moderately controlling the
synchronous formation of TiO2 nanoparticles (derived from the sol-gel process of
titanium (IV) butoxide [104] or titanium tetraisopropoxide [105]) and a polymeric
membrane. Furthermore, SiO2 [106] and ZnO [107] nanoparticles were also intro-
duced into membrane via the in situ sol-gel process for water treatment. Recently,
biomimetic mineralization opens a new avenue to design nanostructured membranes
with complex structures [108]. The mineralization inducers act as catalysts to pro-
mote the in situ nucleation andgrowth of inorganicswithin the confined spaces among
polymer chains, which favor the uniform dispersion of inorganics in amolecule level.
(ii) In situ reduction. Inorganic precursors are reduced by a reducing agent; metal
nanoparticles are in situ synthesized in the casting solution or on the membrane
surface/pore. The fabrication strategy was attractive particularly for preparing mem-
branes functionalized with Ag [109], Fe [34], Cu [30] nanoparticles. Two methods
have been reported to fabricate nanostructured membranes via in situ reduction [56].
The classical method is the ‘generating before’ method, in which the precursor is
in situ reduced in the casting solution before the formation of the membrane matrix.
The ‘generating after’ method allows the in situ reduction and localized loading of
nanoparticles on the membrane exterior surface or membrane pore.



Nanostructured Membranes for Water Purification 259

3.4 Surface Modification

It iswell known that surfaces/interfaces play a crucial role in the fabrication and appli-
cation of nanostructured membranes in water purification owing to its simplicity and
sustainability [110]. Compared with blending, surface modification minimized the
effects of nanomaterials on the internal structure of membranes, which offers oppor-
tunities for modification of commercial membranes. In addition, the functionality of
nanomaterials could be fully utilized.

A simple method is to modify the membrane surface with active moieties to
‘capture’ nanomaterials from suspension via physical interactions. Some researchers
grafted hydroxyl or sulfonic acid groups onto the membrane surfaces to capture TiO2

nanoparticles [111, 112]. To further improve the nanomaterials coverage and their
stability on the membrane surface, strong interactions, such as electrostatic interac-
tion, hydrogen bonding, coordination, or covalent bonding, were applied between the
membrane and nanomaterials. For example, Choi et al. attempted to modify the TFC
membrane surface by depositingmultilayers of oppositely charged GO and aminated
GO nanosheets using layer-by-layer technique [113]. Similarly, to develop a low-
fouling antibacterial membrane, azide-functionalized GO was covalently anchored
onto commercial flat sheet membrane surfaces via azide photochemistry [23]. Alter-
natively, in another development, a commercial RO membrane was functionalized
by a spray- and spin-assisted layer-by-layer (SSLbL) method through the alternate
coating of polyethyleneimine modified Cu nanoparticles and poly(acrylic) acid [29].
Cu nanoparticles can be potentially regenerated on the membrane surface via the
same SSLbL method. Besides, as introduced in Sect. 3.3, biomimetic mineraliza-
tion, defined as a mineral formation process regulated by bio-macromolecules, was
also involved for sophisticated surface modification of membranes. The mineralized
membranes are composed of three major layers: polymer membrane (as the skele-
ton), intermediate layer (as the connection, e.g., polydopamine/polyethyleneimine
intermediate layer) andmineral coating (e.g., CaCO3, SiO2, ZrO2 nanoparticles). The
relevant progress on fabrications of nanostructured membrane for water purification
have been extensively reviewed by other researchers [9].

Polymer/nanomaterials composites were considered as promising candidate for
membrane surface modification in the past few years. Especially in the field of mem-
brane fouling, these composites imparted synergistic effects of nanoparticles and
polymers to membrane surfaces, where nanoparticles and polymers provide micro-
bial and fouling resistant properties, respectively. Recently, a hybrid of GO-poly
L-lysine (GO/PLL-H) was covalently bonded to the PA layer of TFC FO mem-
branes [114]. The membrane surface grafted with GO/PLL-H had improved surface
morphology, smoothness, antibacterial and hydrophilic properties.
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3.5 3D Printing

Three-dimensional (3D) printing or additive manufacturing
is a game changer in manufacturing space due to its capability to design com-
plex customized products. Specifically, this technology presented the capability to
design advanced materials, such as nanocomposites by introducing nanoparticles
into the matrix [115]. It is different from conventional manufacturing in that it is
the closest to the ‘bottom up’ manufacturing where a structure can be built into its
designed shape using a ‘layer-by-layer’ approach rather than casting or forming
by forging or machining. 3D printing is versatile, flexible, highly customizable
and, as such, can suit most sectors of industrial production. Again, a wide range
of raw materials can be used, including metallic, ceramic and polymeric materials
along with combinations in the form of composites, hybrid, or functionally graded
materials [116]. Generally, all the 3D printing methods follow a basic process of
additive manufacturing [115]: (1) 3D modeling through CAD software, 3D scanner,
or a photogrammetry procedure; (2) digitalization of the 3D model by converting it
into a STL file; (3) converting the STL file data into a G-code file which contains the
geometrical information of each 2D layer slicing from the 3D model; (4) printing
the materials in a layer-by-layer manner.

3D printing has been applied in various fields, includingmembranes. For instance,
3D printing was used by Thomas et al. to create different feed channel spacer designs
aimed at enhancing the spacer performance specifically for membrane distillation
(MD) application [117]. The triply periodic minimal surfaces (TPMS) were used
as feed spacers. The best performing TPMS spacer topology exhibited 60% higher
water flux and 63% higher overall film heat transfer coefficient than the commercial
spacer. Al-Shimmery et al. fabricated 3D printed composite membranes by deposit-
ing a thin PES selective layer onto ABS-like 3D printed flat and wavy structured
supports [118]. The resultant flat and wavy composite membranes were tested in
terms of permeance, rejection, and cleanability by filtering oil-in-water emulsions.
Results showed that the pure water permeance through a wavy membrane is 30%
higher than of a flat membrane. The wavy 3D printed membrane had a 52% higher
permeance recovery ratio compared to the flat one after the first filtration cycle,
with both membranes having an oil rejection of 96% ± 3% [118]. Besides, Tsai
et al. designed three turbulence promoters with different configurations (circular,
diamond and elliptic) using 3D printing technology for cross-flow MF [119]. The
elliptic type of promoter with a hydraulic angle of 90° displays the flux enhance-
ment by approximately 30–64% under 20 kPa compared to the normal type of MF,
whereas the diamond type of promoter with a hydraulic angle of 60° shows a lower
flux enhancement by approximately 7–16%.

Although the applications of 3D printing in membrane technology are increas-
ing, some challenges still need attention, including void formation, poor adhesion of
fillers and matrix, blockage due to filler inclusion, increased curing time, and limited
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resolution [120], production of high performance membranes (e.g., highly perms-
elective membranes). These could be addressed by conducting extensive research
using both experimental and simulation approaches.

4 Applications of Nanostructured Membrane for Water
Purification

4.1 Desalination

Desalination has been touted as one of the promising technologies that could provide
a solution for global water crisis. It offers effective removal of minerals and salts
from brackish or seawater to achieve pure water for industrial, domestic, agriculture
and human consumption [121]. The Global Water Intelligence and International
Desalination Association revealed that the installed desalination plants around the
world have the capacity to producemore than 74.8 billion liter freshwater per day and
there is an increase in demand for membrane-based desalination market throughout
the globe due its advantage and advancement in the production of low-cost pure
water.

With the progress of membranes in desalination, nanostructured membranes
have been an area of interest for many researchers to further improve the desali-
nation performances. For instance, Shi et al. prepared GO-cellulose acetate (CA)
nanocomposite membranes for high-flux desalination [122]. The GO-CAmembrane
with 0.01 wt.% GO showed the optimal water flux (16.82 L/m2 h) due to its best
hydrophilicity and highly porous structure. Similarly, the effect of the loading rate of
candle soot (CS) nanoparticles on the desalination process using CA/polyethylene
glycol (PEG) membranes was investigated [123]. The results indicated that CS
nanoparticles contributed in improving the NaCl rejection with a slight reduction
in the water permeability. Perera et al. fabricated a novel TFN membrane by interfa-
cial polymerization to enhance FO membrane desalination performance [124]. They
incorporated fullerenol (C60(OH)n, n = 24–28) nanomaterials into the active layer.
The TFN membrane with a fullerenol loading of 400 ppm exhibited a water flux of
26.1 L/m2 h, which is 83.03% higher than that of TFC membrane with a specific
reverse salt flux of 0.18 g/L using 1 M NaCl draw solution against deionized water
in FO mode. The incorporation of fullerenol also contributed to a decreased foul-
ing propensity. Besides, Nemati et al. examined the desalination and heavy metal
removal abilities using NiFe2O4/hydrogel based on 2-acrylamido-2-methyl propane
sulfonic acid (HAMPS) nanocomposite modified ion exchange membrane [125].

Given their unique structural and morphological features, nanomaterials have
gained considerable attention for their applications in membrane desalination. The
progress in enhancingwater flux and salt rejection for desalination has beenwitnessed
and well-reviewed [126, 127]. Future studies should be directed at more long-term
performance data using real feed solutions.
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4.2 Contaminant Removal

In the last two decades, the advancement in membrane technology permitted the
development of a variety of nanostructuredmembranes to effectively removemultiple
water contaminants ranging in size and nature fromyeast and virus to humic acids and
salts. Table 1 gives some examples on recently reported nanostructured membranes
(mainly in NF and RO process) elaborated for contaminants removal. Contaminants
can be classified in four main classes: (i) emergent contaminants and pharmaceutical
compounds that can be eliminated by TFC membrane, (ii) textile dyes, (iii) metal
ions, and (iv) salts. Overall, the ability of nanostructured membranes for the removal
of contaminants has been well confirmed.

Table 1 Nanomaterial basedmembrane preparationmethods and their contaminant/solute removal
efficiency

Nanomaterial Preparation
method

Applied
process

Contaminant Efficiency
(%)

Ref.

Polyamide thin-film
composite

Commercial RO Caffeine,
theobromine,
theophylline,
amoxicillin,
and
penicillin G

100 [128]

PVDF/APTES-functionalized
halloysites

Blending NF Dye, Cr (VI) 94.9, 52.3 [129]

Ultrathin GO framework Layer-by-layer
self-assembly

NF Pb (II) 95 [130]

SAPO-34 nanoparticles Wet phase
inversion

NF Methyl violet
6B, reactive
blue 4, and
acid blue 193

100 [131]

Multiple hierarchic structures
on porous polypropylene

Surface
modification

NF Methylene
blue, nano
sized oil
droplet

≤95, ≤99 [132]

rGO–CNT-AAO Vacuum
assisted
filtration
method,
surface
modification

NF Na2SO4,
NaCl

84, 42 [133]

Ti3C2Tx (MXene) Vacuum
assisted
filtration
method

NF MB+ ~99 [92]

GO-TFC IP RO NaCl 99 [134]
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4.3 Fouling Mitigation

The main issue of membrane processes in water purification is its high-energy
consumption derived from fouling in long term operation [26]. Membrane foul-
ing occurs during an increase in trans membrane pressure to maintain a particular
flux or during a decrease in flux when the system is operated at constant pres-
sure. Membrane fouling can be classified as reversible fouling and irreversible foul-
ing, which was mainly determined by pore size, surface charge, roughness, and
hydrophilicity/hydrophobicity of membranes [135].

Because of the adverse effects that fouling has on membrane processes, the lit-
erature on developing nanostructured membranes in improving fouling resistance
is vast, and readers are referred to comprehensive reviews [26, 136]. Incorporating
metal oxide nanoparticles by blending or surface modification is one of the most
promising and versatile antifouling strategies for nanostructured membranes. This
favorable effect was attributed to the hydrophilic nature ofmost metal oxide nanopar-
ticles. For example, the self-assembly of TiO2 nanoparticles on a PES UFmembrane
via a synergistic analysis method for enhancing the antifouling behavior was demon-
strated [137]. Li et al. studied the synthesis and incorporation of hollow mesoporous
SiO2 spheres (HMSS) to improve the antifouling property of PES membrane [138].
Especially, the irreversible fouling resistance was improved for a membrane with
1.5%HMSS compared with the pristine PESmembrane using bovine serum albumin
as the model foulant. In addition, a significant number of research papers indicates
that membranes incorporated with GO show enhanced hydrophilic performance and
improved water flux [139]. Lee et al. reported that a GO membrane had a high water
permeability and antibiofouling capability due to its hydrophilicity and electrostatic
repulsion characteristics [140]. Similarly, the negatively charged GO-incorporated
nanocomposite membranes were responsible for a gradual decline in the adsorbed
amount of humic acid [141].

Nanomaterials such as zeolite, multiwalled CNTs and TiO2 nanoparticles have
also been incorporated into the PA layer to enhance the membrane anti-scaling prop-
erties [142]. For instance, Zhao et al. incorporated multiwalled CNTs into PA poly-
mer membrane [143]. The flux decline of the PA/multiwalled CNTs membrane was
remarkably lower than that of neat PAmembrane, demonstrating that the PA/MWNTs
membrane could effectively reduce inorganic fouling. The improved antifouling
property against Ca(HCO3)2 was mainly attributed to the enhanced electrostatic
repulsion between charged membrane surface and the inorganic ions. The excite-
ment and great benefits harnessing from the nanomaterials on antifouling ability
of TFC membrane have spurred great interest in the desalination industry. Several
key technical constraints ranging from economic feasibility to the synthesis process
have to be addressed. Furthermore, research needs to continue to discover alternative
means for fabricating such membranes on a large scale.
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5 Technological Capacity and Economic Impact
of Nanostructured Membranes

Figure 6 displays a graphic classification of the most used membrane technologies
for aquatic depollution and water treatment based on pore size, operating pressure,
contaminant rejection, and process cost investment.Meanwhile, the respective rate of
nanocompositemembrane is illustrated. The nanostructuredmembrane applied inUF
process represents 45% of total nanostructured membranes whereas their application
on NF and RO processes represents 32% and 6%, respectively.

The incorporation of nanomaterials in membranes improved their water perme-
ability and contaminant removal ability. The current state-of-the-art of hydrophilic
commercial and hydrophobic laboratory membranes performances has been the
research focus [144]. All reported data agree that commercial hydrophilic dense
membranes were mainly applied in RO process with relatively low permeability
ranging from 0.01 to 0.12 L/m2 h bar, while exhibiting high selectivity toward pollu-
tants. Conversely, laboratory-made nanostructured membranes showed an excellent
permeability with relatively low contaminant rejection/selectivity.

Figure 7 compares the commercial and laboratory nanostructured membranes
according to their technical capacities (pollutant removal rate and water perme-
ability). Commercial nanostructured membranes from different manufacturers (e.g.,
DOW, Microdyn Nadir and Trisep) exhibited the highest pollutant removal ability
(>99%) with relatively low water permeability [145]. Taking MXene nanomaterial
as example, the laboratory made MXene based membranes presented an unpreceded

Fig. 6 Schematic
classification of
nanostructured membranes
in water treatment
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Fig. 7 Technical capacities of commercial and lab-made nanostructured membranes

ability for water permeation [91]. Correspondingly, metal/metal oxide nanoparticles
based nanostructuredmembranes showed a limited improvement inwater permeabil-
ity and fouling resistance, owing to the lack of functional groups on their surface.
In this issue, Li et al. reported the incorporation of carboxylated nanodiamonds into
PVDF membrane during phase inversion [145]. Carboxylate group minimized the
aggregation of nanomaterials comparedwith the raw nanodiamonds, at the same time
improving the porosity and surface pore size, water permeability and hydrophilicity,
and antifouling ability of obtained membrane.

For a membrane based configuration, three main parameters are considered to be
crucial for an economic analysis, (i) cost investment of general installations (e.g.,
pumps, pipe, control and monitoring devices, energy consumption and efficiency),
(ii) physical and chemical properties of the feed (i.e., salinity, pollutant concentra-
tion, feed flowrate, and target quality of treated water according to the final reuse
purpose), (iii) membrane performances (e.g., water flux, pollutant hydraulic per-
meability, structural properties, and cost). Today, RO and NF membranes are the
leading technologies for desalination installations and water treatment plants. How-
ever, current commercial membranes performances are less than optimal, resulting
in inefficient and energy-intensive separation processes.

The economic impact and cost assessment of membrane based processes have
been analyzed in many papers. They focused on those membrane based separation
processes, especially NF and RO, which continue to be used worldwide for water
treatment, industrial andmunicipalwastewater reuse, anddesalination [146]. In 2017,
BCC Research claimed that the global market for RO system components for water
treatment reached nearly $6.6 billion in 2016 and it should reach over $11.0 billion
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by 2021, growing at a compound annual growth rate (CAGR) of 11% in this period.
The report further indicated that US market of liquid separation membranes almost
reached $3.5 billion in 2018 and it is expected to reach $5.0 billion in 2030, if the
CAGR of 30% is maintained [147].

Additionally, to engineer solutions throughout process combination and intensi-
fication, research teams from all over the world developed nano-engineered, high
permeance membrane materials, aiming to reduce energy consumption, thereby
decreasing production cost in water treatment. To date, advances made in mem-
brane nanomaterials could reduce the cost of wastewater treatment. This could be
explained by the enhancement of water permeability and selectivity as well as the
low operation pressure which reduces the energy consumption during the treatment.
Moreover, the development of fouling mitigation property extends the life cycle of
the process and decreases the operating and maintenance cost.

6 Conclusion and Future Perspectives

In the present chapter, various nanomaterials used to design nanostructured mem-
brane forwater purification are reviewed. 2Dmaterials andMOFs/COFswith tunable
surface chemistry are qualified to optimize membrane properties or add additional
functionalities. A special emphasis has been given to the most adopted prepara-
tion techniques of nanostructured membranes, along with their applications in water
purification. Specifically, 3D printing, expected to have a significant future impact
on designing nanostructured membranes, is highlighted.

The toxicity of nanomaterials was also reviewed with a brief discussion of their
economic impact onwater purification. Nanostructuredmembranes have huge poten-
tial in developing next-generation membrane technology by removing microorgan-
isms, heavy metal, salt ions, organic compounds, and emerging micropollutants.
They would have leapfrogging potential for futurist multifunctional membranes.
Nevertheless, several challenges for industrial application still exist, including (i)
difficulty/cost for large scale (ii) recyclability/reusability of the membranes at the
end of cycle, (iii) lack of comprehension on their behavior during the treatment of
complex municipal and industrial effluents. Meanwhile, a continue working is nec-
essary on understanding and improving the surface physicochemical properties of
nanostructured membrane, such as hydrophilicity and surface charge, to gain wider
social and economic acceptability.
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