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Abstract: Water shortage is a major worldwide issue. Filtration using genuine polymeric mem-
branes demonstrates excellent pollutant separation capabilities; however, polymeric membranes
have restricted uses. Nanocomposite membranes, which are produced by integrating nanofillers into
polymeric membrane matrices, may increase filtration. Carbon-based nanoparticles and metal /metal
oxide nanoparticles have received the greatest attention. We evaluate the antifouling and permeability
performance of nanocomposite membranes and their physical and chemical characteristics and com-
pare nanocomposite membranes to bare membranes. Because of the antibacterial characteristics of
nanoparticles and the decreased roughness of the membrane, nanocomposite membranes often have
greater antifouling properties. They also have better permeability because of the increased porosity
and narrower pore size distribution caused by nanofillers. The concentration of nanofillers affects
membrane performance, and the appropriate concentration is determined by both the nanoparticles’
characteristics and the membrane’s composition. Higher nanofiller concentrations than the recom-
mended value result in deficient performance owing to nanoparticle aggregation. Despite substantial
studies into nanocomposite membrane manufacturing, most past efforts have been restricted to
the laboratory scale, and the long-term membrane durability after nanofiller leakage has not been
thoroughly examined.

Keywords: polymeric nanocomposite membranes; nanoparticles; located polymerisation; physical
combining; sol-gel; electrospinning; 3D printing; size exclusion mechanism; dissolution—diffusion
mechanism; stability; scalability; persistence and toxicity

1. Introduction

The world’s rapidly expanding population places enormous strain on clean water sup-
plies. According to the World Health Organization, by 2025, half of the world’s population
will live in water-stressed regions [1]. It is critical to protect existing freshwater sources and
create technology to supplement the present water supply [2]. Industrial waste, municipal
wastewater, and agricultural operations are major contributors to water contamination.
Pesticides [3], hazardous heavy metals [4], organic acids [5], fertilisers [6], dyes [7], and
microbes [8] are all found in wastewater. Heavy metals are the most dangerous of the
above-mentioned contaminants owing to their toxicity and non-biodegradability [9-11].
Therefore, they cling to the food chain and the environment [12]. Furthermore, drinking
dirty water causes a variety of ailments, including cancer, nasal septum rupture, skin
ulcers and irritation, organ damage, diarrhoea, fever, chills, headache, stomach discomfort,
appetite loss, and many others [13]. As a result, removing these contaminants is critical to
ensuring the availability of clean water for all living species [13].

Researchers have focused on membranes as the central component of membrane-based
processes for a wide range of water treatment purposes, including the removal of harmful
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and non-harmful chemicals, heavy metals, and biological contaminants [14]. Membrane
filtration is regarded as the most promising technique for addressing contemporary water
concerns since it needs no chemical or heat input and produces no toxic by-products [9,15].
More crucially, by altering membrane architectures and pore sizes, membrane filtration
may selectively remove pollutants [14,16]. Based on membrane pore diameters and work-
ing processes, membrane science and technology have resulted in the creation of several
approaches, including microfiltration (MF) [17-19], ultrafiltration (UF) [20-22], nanofiltra-
tion (NF) [23-25], reverse osmosis (RO) [26-28], pervaporation (PV) [29-31], membrane
distillation (MD) [32-34], and forward osmosis (FO) [35-37]. While MF is usually used
for the removal of viruses, colloids, and macromolecules, UF is frequently utilised for the
removal of suspended particles, prokaryotes, yeasts, and fungi. Nanofiltration mostly
removes hardness, heavy metals, and dissolved organic matter, while RO, PV, and MD are
used for desalination, water reuse, and the production of ultrapure water. [2,38,39].

Membranes are classified into polymeric membranes and inorganic membranes based
on their composition. Both membrane types have been widely researched for water filtra-
tion. Inorganic membranes are very resistant to corrosive agents such as strong acids, bases,
and oxidants, as well as have superior mechanical strength and temperature tolerance.
Inorganic membranes outperform polymeric membranes in terms of maintenance because
they are less susceptible to bacterial deterioration. High-temperature chemical cleaning
may be utilised to remove biofouling and obtain high flux recovery. Inorganic membranes
are the sole solution in many applications that demand extreme environmental conditions.
Inorganic membranes, on the other hand, are less frequent in water treatment owing to
their high production costs, handling challenges, and relatively poor control over pore size
distribution [40,41]. Polymeric membranes, on the other hand, are very adaptable. Their
pore diameters may be narrowed to a certain range. By altering the casting circumstances,
additives, coagulation bath conditions, and monomer molecules and concentrations, the
membrane characteristics may be altered [40]. However, polymeric membranes have sev-
eral significant limitations. One major downside is that they are prone to clogging owing to
their intrinsic hydrophobicity [42—44]. They are also susceptible to chlorine. Depending on
the level of fouling, significant physical and chemical cleaning or membrane replacement
may be necessary [41,45]. As a frequent disinfectant in the water treatment process, chlorine
may react with electron-rich functional groups in polymeric membranes [46]. Another
difficulty is the substantial trade-off between permeability and selectivity. For the existing
polymeric membrane, it is impossible to enhance one without sacrificing the other.

Due to the limits of present polymeric membranes, next-generation membranes with
excellent permeability and selectivity, as well as antifouling and chlorine resistance, have
been developed. Nanotechnology advancements, an enabling technology at the atomic
level, give a once-in-a-lifetime opportunity for membrane development. Engineered
nanoparticles having well-controlled characteristics in at least two dimensions in the
range of 1-100 nm may be readily manufactured. Because the quantum size effect be-
comes substantial at the nanoscale, they have distinct structural, thermal, and mechanical
characteristics as compared to their bulk counterparts. Their distinct features are also due
to their greatly enhanced specific surface area [47]. The drive to include nanoparticles
in polymeric membranes stems from the belief that polymeric membranes may benefit
from the better features of nanoparticles to overcome some of their shortcomings, such
as fouling proclivity. As shown in Figure 1, depending on the membrane structure and
placement of the nanoparticles, many kinds of nanocomposite membranes may be made,
including traditional mix-matrix nanocomposite (MMN), thin-film nanocomposite (TFN),
thin-film composite (TFC) with nanocomposite substrate, and surface-located nanocom-
posite. [14,16]. Organic polymers, primarily polysulfone (PSF) [48-52], poly(ether sulfone)
(PES) [53], polyacrylonitrile (PAN) [54,55], polyamide [56,57], polyimide [58,59], cellulose
acetate membrane [60-63], polylactic acid [64—67], polyvinyl alcohol (PVA) [68-70], poly-
(vinylidene fluoride) (PVDF) [71-74], and polytetrafluoroethylene (PTFE) [75-77], are all
often employed in water filtering membranes.
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Figure 1. A diagram depicting the forms of nanocomposite membranes.

This research gives an in-depth look at several production methods for nanocompos-
ite polymeric membranes by traditional methods reaching 3D Printing Innovation with
unique functionalities provided by diverse nanomaterials and their prospective water
treatment applications. To that end, a picture of unrealised potential and difficulties with
present-day membrane systems is provided. The complete assessment of the scalability
of such membranes is also explored regarding health, environmental, and cost-efficient
impacts, as well as the research required to solve these challenges. Recent advances in
the synthesis of innovative nanostructure materials have also addressed the possibility
of creating new hybrid membranes for water treatment applications. Several significant
obstacles in nanocomposite membrane creation are explored at the conclusion of the paper,
as are future research requirements.

2. Nano-Enhanced and Nanostructured Membranes

There is a significant distinction between nano-enhanced and nanostructured mem-
branes in membrane technology. The phrase “nano-enhanced” refers to membranes that
have been functionalised with nanoparticles, nanotubes, nanosheets, or nanofibers, while
the word “nanostructured” refers exclusively to the pore size or internal structure of the
membrane or the size of the solutes separated by the membrane (approximately 1 nm).

Despite the tremendous success and widespread use of nanostructured membranes
(e.g., nanofiltration (NF) membranes), numerous limitations remain, including fouling,
restricted flux, and the trade-off between flow and selectivity. To circumvent these con-
straints, nanoparticles may be introduced into the membrane matrix to enhance membrane
properties such as antifouling and antibacterial properties, selectivity, and flow (through
altering the membrane hydrophilicity). The incorporation of nanoparticles into the mem-
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brane may help reduce energy usage, the use of chemicals for membrane cleaning, and
overall operating costs [78]. The degree of technological advancement and the danger of
using nano-enhanced and nanostructured membranes vary greatly. The major membrane
technology companies are still not engaged in large-scale manufacturing of nano-enhanced
membranes [79].

3. Nanoparticles

As the size of solid particles decreases to around 1/1,000,000 of a millimetre, the
number of atoms comprising a particle decreases to a few hundred or thousands. When
this stage is achieved, the particle’s basic physical characteristics, such as its melting
point, may be drastically changed; ceramic material may sinter at lower temperatures
than before. In addition, when particles become smaller than the wavelength of visible
light, they become transparent and emit a unique kind of light through plasma absorption.
They exhibit completely different electromagnetic and/or physiochemical properties than
when they exist in bulk, although being formed of the same materials. Nanoparticles are
characterised variously based on their composition and the sectors and applications they
are utilised in. Nanoparticles are defined as particles smaller than 10-20 nm, which is the
size range at which the physical properties of solids are significantly influenced. However,
nanoparticles are particles with a size range in the triple digits of nanometres (1 nm to
1 pm). Much study has been conducted in recent years on the use of nanoparticles in the
synthesis and design of novel materials. Numerous scientific and technical disciplines have
shown interest in these materials because of the exceptional differences in their mechanical,
thermal, and magnetic characteristics compared to organic polymers [80-83].

Several inorganic nanoparticles have been shown to be harmful to certain bacteria [84].
This feature may be helpful for drinking water disinfection and antibacterial applications.
Among organic nanoparticles, Ag nanoparticles are the most intriguing due to their very
potent antibacterial and antifungal activities. In addition to being extremely selective
towards certain microbes, Ag nanoparticles (Ag NPs) are also tiny enough to readily enter
biological entities. Numerous hypotheses [85-87] have been advanced to explain how the
mechanism producing antibacterial action works. Two primary processes account for the
toxicity and antibacterial activity of Ag NPs [87,88]: the production of oxidative stress cells
and reactive oxygen species. In the presence of Ag NPs, the cell membrane ruptures during
endocytosis and in other locations, enabling ions and/or nanoparticles to enter the cell.
Significant advances have been made in the development of water treatment membranes
containing Ag nanoparticles produced on-site, and some commercial applications have
been introduced. Reducing Ag NPs in situ using a moderate reducing agent (gaseous CO)
over a polyacrylonitrile (PAN) substrate to promote biofilm resistance, so facilitating the
production of an Ag-based thin-film composite (TFC) membrane, is a recent innovation [89].

Fe-based membranes are better in iron suspensions due to the fact that membranes
prevent particle aggregation during the particle creation process, hence managing envi-
ronmental dissolution issues during a chemical reaction; this also provides particle size
control [90].

Similarly, Fe nanoparticles produced in situ and coated with Pd nanoparticles were
used to functionalise polyvinyl pyrrolidone (PVP) decorated (hydrophilization) hollow
fibre and flat sheet membranes for the elimination of chloro-organic hazardous substances,
as palladium demonstrated full dechlorination without intermediates [91].

Using commercial PVDF membranes functionalised with polyacrylic acid (PAA) that
included Fe/Ni bimetallic nanoparticles [92], an experiment was conducted to investigate
the degradation of methyl orange dye. Polymerisation in situ resulted in a more uniform
dispersion of metal without agglomeration on membranes than the dip-coating approach
of PAA immobilisation was able to achieve.

By performing polymerisation in situ, PAA functionalisation resulted in a more uni-
form distribution of metal without agglomeration on membranes than could be achieved
by the dip-coating approach of PAA immobilisation. Moreover, the research demonstrated
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that employing a nanocomposite membrane enhanced with in situ PAA polymerisation
resulted in metal oxide nanoparticles being favourable because they have a simple and
well-developed technique of production, they improve the hydrophilicity of the membrane,
and they are cost-effective. Because TiO, has remarkable chemical and physical properties,
it is expected to be beneficial for water filtering. Numerous studies are being conducted
on the use of in situ produced TiO; nanoparticles in water treatment membranes. This
level of interest is primarily due to two factors: firstly, its excellent photocatalytic activity
and photo-induced ultra-hydrophilicity, both of which either repel or degrade organic
foulants, thereby enhancing antifouling mechanisms; and secondly, its straightforward
synthesis strategy, which allows it to be easily incorporated into the membrane fabrication
process. The standard method for preparing TiO;-coated membranes in situ is to control
the synchronous formation of TiO, nanoparticles alongside a polymeric membrane as part
of the non-solvent-induced phase separation (NIPS) method using the sol-gel technique,
which fixes these newly constructed nanoparticles within the matrix of the membrane.
Notably, careful control of the reaction rate and morphologies of nanoparticles requires a
harsh microenvironment (containing acid or basic catalyst), which restricts their general
use [92,93]. In imitation of natural biomaterials, biomimetic mineralisation has facilitated
the creation of complex-structured metal-oxide-nanoparticle-based membranes in recent
years. To perform this, nanoparticles of metal oxide with a hierarchical form, tenable
size, and controlled dispersion are synthesised in situ in an aqueous solution at ambient
temperature and neutral pH using an organic matrix. Organic matrices act as confined com-
partments and structural templates, as well as being important in the nucleation/growth of
inorganic particles [94,95]. These nanocomposite membranes do not experience favourable
excess aggregation or severe circumstances during the sol-gel process because biomimetic
mineralisation occurs inside organic matrices, and the polymers and inorganic particles
interface well. A unique TiO;-based membrane for water treatment was created by com-
bining biomimetic mineralisation with the NIPS oil/water separation technology. The
superoleophobicity of hybrid membranes was enhanced by a quick mineralisation pro-
cess in situ using titanium (IV) bis (ammonium lactate) dihydroxide as a precursor and
PVDE-g-poly 2-(methacryloyloxy) ethyl trimethylammonium chloride (PTA) as a surfac-
tant. In the process of separating oil-in-water emulsions, membranes exhibited little flux
decrease and practically total flux recovery, demonstrating a significant increase in oil—-
water separation performance as well as enhanced antifouling capabilities. Photoactive
MF membranes using the controlled production of TiO; nanoparticles on a wet polymer
surface with tetraisopropoxide (TTIP) as a precursor were used to remove drugs from
water. When tested with ibuprofen and diclofenac, membranes coated with hydrophilic
TiO; exhibited remarkable photocatalytic activity, and they have been acknowledged as
an effective method for eliminating such medicines from water. Deposition of a poly-
dopamine/polyethyleneimine (PDA /PEI) intermediate layer on the membrane’s surface
offers intriguing potential for in situ modification utilising TiO, nanoparticles to increase
the membrane’s surface stability. Additionally, SiO, nanoparticles have been successfully
used to decorate novel water treatment membranes. By combining the in situ preparation
process with the production of SiO; nanoparticles, it is possible to develop a platform
for the further enhancement of membrane performance. Researchers are comparing the
effects of in situ and ex situ created SiO, nanoparticles on the structural and performance
characteristics of cellulose acetate membranes [96,97]. Controlling the condensation and
hydrolysis of tetraethoxysilane (TEOS) inside a PES polymer matrix to initiate the in situ
synthesis of SiO, nanoparticles is considered the classic application of the in situ prepara-
tion technology. A recent study changed polyvinyl chloride (PVC) hollow fibre membranes
using the soft hydrolysis reaction of TEOS in water utilising an environmentally friendly
chemical technique, an in situ sol-gel procedure [98]. This approach does not need cor-
rosive ingredients, either acid or alkali, as part of the coagulation liquid, hence reducing
the cost of membrane production. For enzyme separation, further study described the in
situ synthesis of amino-functionalised SiO, nanoparticles in a poly (ether imide) matrix.
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Using an ion-exchange approach, homogenous ZrO; nanoparticles in a polymeric matrix
have been successfully synthesised. These in situ generated ZrO, nanoparticles battle
hydrophilicity and reduce protein adsorption in the membranes formed. This method
efficiently eliminated both brittleness and shrinkage, two issues that are constantly faced
when working with stiff materials. The mineral coating provides the membranes with
exceptional curl resistance and mechanical stability, allowing them to withstand water
treatment pressure filtration. Controlling the hydrolysis of Zr(5O4), on a PDA /PEI-coated
UF membrane resulted in the formation of a defect-free ultrathin (10-20 nm) and strong
ZrO, film. Due to the ultrathin and hydrophilic nature of this inorganic selective layer,
the membrane produced had a high water flow (60 Lm~2 under 0.6 MPa) and retention
(>90 percent) for bivalent cations. It was shown that the coordinating force of the coating
and the nanoparticles produced in situ was long-lasting. Comparable to nanoparticles
based on similar metal oxides, Al-based nanoparticles contain characteristics that may
result in improved membrane function. However, the use of in situ formed Al species in
water treatment contexts has not yet been thoroughly studied. It has been shown that com-
bining the sol-gel approach with the NIPS method provides an in situ preparation strategy
for producing Al-containing PVDF UF membranes with superior separation performance.
The surface of PVDF membranes was effectively changed by doping them with anhydrous
and hydrated Al,Oj3 particles by in situ particle embedding, followed by crystal formation
in a hydrothermal environment. Particles were entrapped on the surface of the PVDF
membrane during the polymerisation after being dispersed in the membrane precipitation
water bath. Using embedded Al,Os particles as “roots”, the mineral phase on the surface of
a membrane may be changed by growing hydrated Al,O3 using Al,(SO4);3 as a precursor.
Embedded Al,O3 nanoparticles were placed on membranes in order to improve their
anti-biofouling characteristics [99] due to the membranes’ unique qualities. This in situ
preparation method for synthesising non-metal/metal oxide nanomaterials is expanding
the range of applications for the next generation of nano-enhanced membranes. As a result
of their large surface area and porous structure, porous inorganic solids have gained a great
deal of attention among the available nanomaterials due to their ability to increase both the
membrane’s overall porosity and its separation capacity. Based on this technology, several
inorganic nanomaterials, such as 3-FeOOH nanorods [99], CaCO3 nanoparticles [100], and
Mg nanoparticles, are produced. Two (OH) nanoparticles have also been put into water
treatment membranes. In addition to inorganic nanoparticles, polymeric nanoparticles
have the potential to generate new materials with novel structure/property correlations.

4. Membranes Made of Polymeric Nanocomposite (PNC)

PNCs may be classified into three categories based on the functional properties of
the membranes. Type I is conventional PNCs, which are PNCs created from polymeric
nanocomposites to increase their characteristics but without adding a function to the
membrane. The membrane is enhanced in this scenario, but it remains a passive element in
separation systems, with the primary and unique role of separating components of the feed
phase through two different mechanisms, ion exchange and ionic exchange, in addition to
size exclusion or dissolution—diffusion [101-107]. Type Il is the active-bulk phase PNCs,
which are PNCs made from polymeric nanocomposites that give the membrane the ability to
perform dual functions, one major function linked to mass transfer between two separated
phases and a second function linked to specific properties of the material from which it
is made; an example of this is a PNC made from inorganic nanoparticles distributed in a
polymeric phase based on a conductive polymer such as poly(aniline) [108-112]. Type III
is the active-surface PNC, which exhibits a second functionality on the surface in contact
with the feed phase or the inner of the pores, but not in the bulk of the material [113-118].
The kinds of PNCs are shown in Table 1. The categorisation previously given is implicitly
dependent on the nature of the active layer; hence, the same membrane might be classed
as two distinct categories due to the effect of polymer bulk characteristics on polymeric
surface properties.
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Table 1. Polymeric nanocomposite membranes of various sorts.

Type Polymeric Phase Nanophase Functionality Ref.
Polyvinyl alcohol (PVA) Cellulose Enhanced mechanical [101]
and chitosan nanocrystals/ZnO characteristics

Nano fibrillated cellulose The enhancement c?f mecha.n .1ca1, [102]
thermal, and chemical qualities
Phosphorylated nanocellulose Mech.a nical, thermél,.and

Type L: fibrils chemical characteristics are [103]

Conventional PVA enhanced

PNC Cellulose Enhancement in tensile strength,

thermal stability, and swelling [104]
nanocrystals .
capacity
Zirconium phosphates + .
Nafion® carbon nanotubes Enhanced mechanical [105]
characteristics —
Zirconium phosphates [106]
PVA crosslinked with Nanostructured Ad]ustmg .me.mbrane
lutaraldehyde Fe3O4/polystyrene core-shell permeability in response to [108]
& 3 temperature
. Graphene oxide and reduced Improve thermal
Poly(acrylamide) graphene oxide conductivity [109]

Type II: Active-bulk o : o

phase PNC Poly(aniline) Graphene oxide Sensitive to NH3 gas [110]
Conductive Carbon nanofiber + ionic
poly(vinylidene liquid Sensitive to strain [111]
fluoride) !

. Gaseous compound detection at

Cellulose Copper Oxide low temperatures (e.g., HyS) [112]
Aromatic Antifouling, increased

. Carbon nanotubes permeability, and chlorine [113]
polyamide )

resistance
Fep,O3 nanoparticles Ionic strength sensitive [114]

Polyethersulfone (PES) Anti-biofouling properties and

Type III: Carboxylated graphene protein antifouling [116]

Active-surface Nitrate reiecti d

PNC Natural zeolite nanoparticles Htrate rejection an [115]

permeability increase
Highly hydrophilic clay Increased NaCl rejection and [117]
Polyamide (PA) mineral + Ag anti-biofouling
Silica nanoparticles . e
functionalised with quaternary Super hydrophilic, antifouling, [118]

ammonium groups

and very permeable to water

Several papers have proposed a second category for the different kinds of PNCs
based on the membrane structure and placement of nanomaterials: (i) mix-matrix PNCs,
which are membranes made of some nanocomposite material, (ii) nanomaterial thin-film
PNCs, which are membranes surface coated with some sort of nanomaterial, (iii) thin-
film PNCs with nanocomposite substrate, which are membranes made of a thin-film on a
support made of nanocomposite material, (iv) nanocomposite thin-film PNCs, which are
membranes coated with some type of polymer nanomaterial [119].

Despite the fact that this classification aids in visualising the configuration of mem-
brane layers, it is deemed unsuitable for describing the structure—function relationship
of PNCs because all separation properties of porous membranes are dependent on the
“active layer”, which would be defined as the layer with the littlest pore size distribu-
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tion constituting the membrane structure, and as a result, the porous substrate must be
understood to explain the separation properties. An asymmetric polymeric membrane,
for example, is defined as porous polymeric support covered on its surface by a thin
film with a pore-size distribution less than the support’s pore-size distribution; as a re-
sult, all retention characterisations in this type of membrane are largely decided by the
thin film comprising the active layer, as the porous polymeric support’s function is to
enhance the mechanical characteristics of the multi-layered system [120]. In the cases
of “nanomaterial thin-film PNC” (symmetric membrane | nanomaterial), “thin-film PNC
with nanocomposite substrate” (nanocomposite support | active layer), and “surface-coated
PNC” (support | activelayer | nanomaterial), the previous classification describes multilayer
membranes rather than PNCs. Note that the vertical bar was utilised to denote the contact
between the membrane’s distinct layers. Note that “mix-matrix PNC” corresponds to
symmetric PNC whereas “thin-film PNC” relates to asymmetric PNC [121].

5. Methods of Membrane Preparation

Hybrid inorganic polymer membranes or polymer nanocomposite membranes (PNCs)
are cost-effective, high-performance membranes in which it is amazingly simple to manu-
facture and disseminate a wide variety of inorganic nanomaterials in the organic matrix.
In this section, the primary approaches for producing hybrid inorganic/polymer mem-
branes are outlined. Following the presentation of traditional approaches are innovative
preparation techniques, such as electrospinning and 3D printing.

5.1. Traditional Methods for the Preparation of Nanocomposite Membranes

Currently, the conventional techniques for fabricating hybrid nanocomposite mem-
branes fall into three categories. The methods include (1) in situ polymerisation, (2) sol-gel,
and (3) physical mixing. These three methods may be utilised alone or in combination to
create membrane architectures of choice [122-124].

5.1.1. Located Polymerisation

Infiltration, often known as in situ polymerisation, is a typical approach for producing
PNC membranes. Before polymerisation, the nanofillers are mixed in bulk or solution with
the monomer (Figure 2). When exposed to heating, high-energy radiation, or plasma, cer-
tain functional groups on the surface of nanofillers, such as hydroxyl and carboxyl groups,
may create activated species (radicals, cations, or anions). These activated species may
cause the monomer’s surface to polymerise. The polymer chain grows after the initiation
phase, and inorganic fillers may be physically or chemically connected to or integrated
into the polymer matrix. This method is particularly useful for nanocomposite membranes
with inorganic exfoliated structures because the monomer penetrates the exfoliated struc-
ture’s inorganic galleries and, after polymerisation, achieves more uniform filler dispersion
within the polymer matrix. Ring-opening, atom transfer radical, live anionic/cationic,
and nitroxide-mediated polymerisations, in addition to standard polymerisation proce-
dures [125-127], are among the polymerisations that may be employed in this methodology.
The aggregation of inorganic nanofillers in the produced membranes is difficult to prevent
or minimise using this approach [124,128-131].

As previously stated, many polymerisation techniques may be utilised during this
preparation procedure, such as polystyrene (PS), which typically polymerises by generating
radicals. This kind of polymerisation may occur in bulk, solution, or suspension. For this
reason, the selection of the proper surfactant must take into consideration several criteria.
The first is because the surfactant alters the reactivity of the inorganic filler so that it may
react with the monomer. The second theory depends on the notion that a surfactant’s
structure must have long alkyl chains or tetrahedral structures for interlayer space to be
increased [132]. A team from the Toyota Research Institute was the first to use in situ
polymerisation to create nylon-6/clay nanocomposite membranes. Between the layers,
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polymerisation occurs, and macromolecular chains are created. As these chains expand,
they remove the disoriented clay layers, resulting in an exfoliated structure [133].

Polimerisation ) Polymer
nanocomposite

Figure 2. Steps for PNC fabrication using in situ polymerisation.

Doucouré et al. [134] created certain gas permeation membranes by using in situ
plasma polymerisation on mesoporous silica containing various fluorinated monomers.
The monomers used were octafluorocyclobutane (C4Fg), trifluoromethane (CHF3), and
1,1,1,2-tetrafluoroethane (CF3-CH,F), with argon serving as the carrier gas. The Fourier
transform infrared (FTIR) spectra and X-ray photoelectron spectroscopy (XPS) findings
revealed that CF3-CH,F produces the most crosslinked polymers and C4Fg produces
the least crosslinked polymers, indicating that C4Fg is the most flexible polymer. Using
permeability and selectivity procedures, it was determined that N, molecules could pass
through this polymer with the least amount of crosslinking. Using CF3-CH,F, however, it
proved difficult to penetrate tiny atoms such as He.

Patel et al. [135,136] produced various hybrid membranes by combining dispersed
silica nanofillers with diacrylate-terminated poly(ethylene glycol) (PEG) or poly(propylene
glycol) (PPG) and initiating the radical polymerisation using 2,2-azobisisobutyronitrile
(AIBN). After silica incorporation, the polymer’s elastic modulus increased and its gas
permeability decreased, but the CO, /H; selectivity was practically unaffected. Moreover,
Nunes et al. [137] produced a PNC for gas separation by dispersing silica in poly (ether
imide) (PEI). In situ hydrolysis and condensation of tetraethoxysilane (TEOS) were used
to produce polymer nanocomposite membranes to scatter silica, and aminosilanes, which
interact strongly with the imide groups of PEI, were added into this inorganic polymer
network. By measuring the glass transition temperature (Tg), it was discovered that
aminosilanes raised the Tg, which is directly connected to the increase in rigidity; this
rigidity explains why a PNC is more stable under pressure. In addition, the inclusion of
silica transformed the membrane’s structure from finger-like to sponge-like [138].

5.1.2. Sol-Gel

The sol-gel method is a low-temperature synthesis technique that has been widely
used to produce PNCs since the 1980s. This approach involves the mixing of dissolved in-
organic nanofillers with monomers, oligomers, or polymers. Then, the inorganic precursors
hydrolyse and condense into nanofillers that are uniformly scattered in the polymer matrix
(Figure 3). The mid-reaction circumstances in this approach, such as room temperature
and pressure, are advantageous. Additionally, the concentration of the various species in
the solution is simple to regulate. Due to the dispersion of chemicals at the molecular or
nanometre level [138-143], the membranes formed are homogenous.
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Figure 3. Steps to fabricate PNC with the sol-gel method.

Clearly, the actual process is more complicated, and intermediate compounds, such
as metal oxo alkoxides, may be produced. To produce monodisperse TiO, powder, for
instance, hydrolysis, condensation, nucleation, and particle growth are undertaken in
sequence. Oxo oligomers, polymers, and crosslinked macromolecules are also produced
and coexist with the sol [144]. Typically, monomers and oligomers in gels condense and
reprecipitate, resulting in a phase change. Some inorganic fillers are not overly sensitive to
hydrolysis, and if water is introduced within a few days, gelation may occur. Therefore,
hydrolysis and condensation happen without catalysts for non-silicate metal alkoxides [145],
whereas acid or base catalysts are needed for silicon alkoxides.

Iwata et al. [146] produced gas-permeable PNC membranes to separate Ny and O,
by combining tetraethoxysilane (TEOS) with 1.3 to 20% fumed silica in polyacrylonitrile
(PAN) membranes. Si—-O-Si networks are created using TEOS. The scientists exhibited an
excellent separation of the O, /N, mixture by increasing the silica content of this PNC,
thus producing a thick Si-O-Si network. In another instance, Gomes et al. [147] used
sol-gel copolymerisation of TEOS with various organoalkoxysilanes to create a poly(1-
trimethylsilyl-1-propyl) (PTMSP)/silica PNC. The kind and content of organoalkoxysilanes,
as well as the temperature and duration of the synthesis process and gas permeability of the
PNC, were examined. Butane permeability and butane/methane selectivity are enhanced
by using 20-40 nm particle size and increasing silica concentration in the PNC.

In addition, this approach eliminates the need for elevated temperatures in the MOF’s
development, since a uniform growth of ZIF-8 may be obtained at room temperature, as
seen in the following example. For instance, Guo et al. [148] employed this approach to
produce a PNC of MOFs at room temperature to remove Rhodamine B dye molecules from
wastewater. Using this method, a coating of ZIF-8 was applied to the hollow PVDF fibre’s
macroporous surface. All the components were submerged in a methanol/water solution
for 12 h at room temperature. The preparation was then submerged in Zn(NO3)26H,0 in
an ethanol/water solution at 30 degrees Celsius for six hours. Thus, the creation of ZIF-8
membranes on the inner or outer side of hollow PVDF fibres may be regulated so long as
the pre-coating of one or the other surface with the Zn precursor or ZIF-8 seeds is regulated.

5.1.3. Physical Combining

Physical blending or casting is regarded as the easiest technique for producing hybrid
polymer membranes. In this procedure, nanofillers and polymer matrix are combined
directly (Figure 4). There are two primary ways to obtain the mixture: solution blending
and melt blending. These two blending techniques are further examined independently.
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Figure 4. Steps to fabricate a PNC using the physical blending method.

Solution Blending

Solution blending or solution casting is a simple and efficient process for producing
PNC membranes from any inorganic material. Moreover, the concentrations of chemicals
in the combination may be readily regulated [149]. However, membranes may accumulate
inorganic components [150]. In order to dissolve the inorganic material, the polymer must
be soluble in the solvent. Stirring in three consecutive phases allows the two compounds
to be mixed and distributed: (a) dissolving the polymer and then adding the nanofillers,
(b) dissolving the nanofillers and then adding the polymer, and (c) dissolving both species
to combine them. The polymer chains intercalate into inorganic structures by exchanging
with solvent molecules. The membrane is then formed by evaporating the solvent by
precipitation or under vacuum [151]. However, owing to health, financial, and environ-
mental issues, this technique’s commercial viability is diminished by its high solvent use.
Nevertheless, water-soluble polymers, such as poly(ethylene glycol) and polyvinyl alcohol,
may be used with this approach in a water solution. Moreover, low or non-polar polymers
may be employed to produce intercalated nanocomposites using this technique [129,131].

Panwar et al. [132] noted that by immersing the clay in the proper solvent, the solvent
molecules permeate and extend the clay channels. However, they also noted that one
of the main advantages of this procedure over melt mixing is the reduction in viscosity.
This facilitates the movement of polymer molecules to the platelet surface. However, the
solvent is also adsorbed on the clay’s surface, thus the polymer must better adsorb on the
clay’s surface in order to displace the solvent. This last argument demonstrates that this
procedure is superior for producing hybrid membranes from weak polar polymers.

Ragab et al. [152] removed micropollutants from water using a polytetrafluoroethy-
lene (PTFE) double-layer membrane with ZIF-8. The PTFE membrane was dipped in
various concentrations of ZIF-8 (20 wt.%) for the manufacture of hybrid membranes. In a
comparison of modified and unmodified membranes, it was discovered that the changed
membranes enhance the adsorption capacity of micropollutants by 40% while increasing
their water permeability. This permeability is also highly intriguing since it would min-
imise the process’s energy usage. In addition, following three regeneration cycles using
poly(ethylene glycol)-400, it was discovered that the membrane retained 95% of its original
efficiency.

Low et al. [153] created a novel two-dimensional ZIF with a leaf-like architecture
(ZIF-L). The influence of incorporating this ZIF-L onto polyethersulfone (PES) membranes
on its ultrafiltration characteristics was investigated. The membrane modified with 0.5%
ZIF-L yielded the greatest results, as its water flow was enhanced to 75% and its resistance
to fouling with bovine serum albumin was almost doubled (BSA). These findings achieved
with the modified membrane may be explained by the decrease in zeta potential, the rise in
hydrophilicity, and the decrease in surface roughness, which made it more difficult for BSA
to bind to the membrane surface.
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Melt Blending

When it comes to synthesising PNCs, the melt blending method (also known as melt
compounding, melt casting, or melt intercalation method) is by far the most popular, flex-
ible, and favoured methodology. As an added bonus, the method is widely employed
in industry since it is solvent-free and safe for the surrounding ecosystem. It is the most
exciting method for PNC synthesis with industrial applications [124], and one of the best
methods overall since it is compatible with cutting-edge industrial processing equipment
such as injection moulding and extrusion. Since it does not need the selection of a solvent,
it is also simpler than in situ polymerisation, sol-gel, or solution mixing [124,129,130,154]
and is accessible for commercial polymers that are incompatible with these techniques. This
process includes combining thermoplastic polymers and nanofillers using force. Various
processing methods are available, including single- or double-screw extrusion, internal
mixers, and manual mixing. The external pressures used during processing enhance
the dispersion of nanofillers into the polymer matrix to be simpler and more uniform.
Paul et al. [126] investigated the dispersion and intercalation of nanofillers in polymers and
determined that shear forces due to extrusion melt processing and mixing conditions owing
to screw speed, mixing duration, and temperature are both crucial characteristics. In addi-
tion, the type of the polymer, its molecular weight, and its polarity impact the interaction
between phases, which is crucial for obtaining a homogenous filler dispersion [155]. The
blended hybrid material undergoes annealing at a temperature greater than the Tg of the
polymer, enabling the appropriate mixing of components for membrane fabrication. How-
ever, this feverish temperature might be a drawback since hot temperatures can occasionally
breakdown polymers. Using solid-state NMR, Van der Hart et al. [130] studied different
exfoliated nylon-6/clay membrane combinations and compared them to pure nylon-6.
Using mixing and in situ polymerisation, the membranes were produced. The clays were
first treated with a cationic modifier, which attaches ionically to the surface of the clay
layers and causes them to expand. In terms of the spacing, crystallinity, and mobility of the
non-crystalline nylon-6 segments, the findings obtained for modified hybrid membranes
produced by both preparation procedures were comparable. Bhiwankar and Weiss [154]
used tetra-octyl and tetra-decyl ammonium salts of sulfonated polystyrene (SPS) as ionic
compatibilizers of polymer PS and pure Na-montmorillonite clay using this approach.
After combining all the components, the compatibilizers exhibited excellent exfoliation and
dispersion of the clay, most likely as a result of the separation created by the quaternary am-
monium ion, which exchanges with the Na in the channels. In addition, it was noticed that
exfoliation increased when the alkyl chain length of the counterion of the compatibilizer
increased. In addition, the membranes containing the compatibilizer exhibited a larger stor-
age modulus. Motamedi and Bagheri [156] examined the structure and characteristics of
polymer composite membranes made with polypropylene (PP), nanoclay, and polyamide-6
(PA6) utilising this preparation process, creating PP/organoclay, PA6/organoclay, and
PP/PA6 and PP/PA6/layered silicate combinations. The PA6/organoclay PNC had an
exfoliated structure because the clay was contained inside the PA6 particles, resulting
in an increase in viscosity. In contrast, the silicate layers in the PP/PA6 PNC were ori-
ented near the PP/PA6 interface. In this sample, it was also noticed that the organic clay
altered the form and size of the PA6 particles. Finally, the mechanical characteristics of
the produced samples with two components were enhanced. In a separate work, Yoon
et al. [155] examined the influence of polar comonomers in PS chains on melt intercalation
in organosilicate galleries. The comonomer composition and two production techniques
of styrene/organosilicate membranes were investigated. PS and three distinct styrenic
copolymers containing methylvinyl oxazoline and acrylonitrile units were employed as
polymers. At the same temperature, the two synthesis procedures were used with and
without shearing. In every instance and very rapidly, the polymers intercalate flawlessly
inside the organosilicate framework. The structural stability of polymer/organosilicate
hybrids seems to rely on the interactions between both components. Because polymer
chains do not diffuse effectively into organosilicate layers, the weak interactions between
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components resulted in an unstable hybrid. However, when polar comonomers were used,
the resulting PNCs were stable because of the strong interaction between their constituents.

5.2. Electrospinning

Electrospinning is regarded as one of the most significant techniques for obtaining
polymeric (or composite) nanofibers with diameters between the nanometric and micro-
metric scales [157]. One of its greatest benefits is its adaptability, which enables simple,
inexpensive, and customizable membrane production with variable pore size and distri-
bution, aspect ratio, elasticity, and stiffness, among others. Thin-film nanocomposites,
mix-matrix hybrids, two- or three-layered composites, and metal-organic membranes
with a broad range of components have all been produced using this approach [158].
Electrospun membranes have been used in a wide range of environmental applications,
including MF [159], UF [160], NF [161], RO [162], oil/water separation [163], MD [32], and
bio-separation [164].

The management of the structural integrity, stability, and functioning of electrospun
nanofibrous membranes (ENMs) across a broad range of operating conditions, such as
temperature, fluid pressure, and pH [158], is critical for their usage in a variety of appli-
cations. These features are integrally connected to the diverse polymeric or composite
systems as well as the morphology/topology of the electrospun fibres. There are ap-
proximately 200 polymers that have been utilised effectively for the creation of fibres by
electrospinning [165], providing a broad variety of compositions for membrane manufac-
turing. Moreover, electrospinning is compatible with a variety of inorganic fillers, such as
nanoparticles (NPs) of various natures (5i0;, TiO,, ZnO, carbon nanotubes, etc.) [166,167].
The plethora of available combinations enables the enhancement and/or modification
of membrane mechanical characteristics to meet a variety of operating situations and,
in certain instances, to offer secondary capabilities such as photocatalytic activity [167].
Compared to other conventional fabrication techniques such as non-solvent-induced phase
inversion (NIPS) and thermally induced phase inversion (TIPS), electrospun membranes
have an interconnected open pore structure and an easily tenable thickness, giving them
superior porosity and permeability [168].

5.2.1. Instrumentation and Conceptual Framework

A notable advantage of the electrospinning method is that the required equipment is
quite simple (as shown in Figure 5), which makes the method easily accessible to almost
any research centre. The following are the major constituents: (i) a static DC high-voltage
power supply source between 1-30 kV, (ii) a syringe pump that allows the control of
the fluid flux between 0.01-2 mL-h~}, (iii) syringes and needles, in most cases, hypoder-
mic blunt tip type needles are used, with different lengths and inner diameters between
0.3-1 mm, and (iv) a metallic collector, in most instances, an aluminium one. It is possible to
manufacture materials with nanofibers that are randomly oriented by setting the grounded
collector so that it is perpendicular to the needle, or it is possible to produce materials with
nanofibers that are oriented in the desired deposition direction by using a rotatory system.

Taylrr cone
— 1
Polymer jet
Polymer solution
- .
Z BR Cece
High voltage system Syringe pump <
Programme controller Collector

Figure 5. The simplest method of assembling an electrospinning machine [169]. Creative Commons
BY-NC-SA.
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Electrospinning is based on an electrohydrodynamic process in which a drop of poly-
mer solution or melt is subjected to the electric potential difference caused by the electrical
field in which it is immersed. This difference in potential is what makes electrospinning
possible. Taylor’s cone is the name given to the shape that the drop takes on, which re-
sembles a jet or a cone and is analogous to the point of a fountain pen. This cone goes
through elongation and flapping processes because electrostatic tensile forces exerted on
it are greater than the surface tension of the fluid it encounters. These pressures cause
the polymer to be driven into a connected metal manifold, and it is in this manifold
that the polymeric fibres that will eventually make up the final membrane are deposited
and overlaid.

5.2.2. Parameters of Control in an Electrospinning Process

Every step of the electrospinning process is determined by several factors, each of
which has one of three unique qualities: (i) electrospinning characteristics, such as the
needle inner diameter, the fluid flow velocity, the applied voltage, and the distance between
the needle tip and the collector; (ii) the parameters of the fluid, such as its viscosity
and conductivity, as well as, for solution electrospinning, the kind of solvent and the
concentration of the polymer; (iii) environmental variables, including temperature and
moisture [158]. The true difficulty of this technology is in the adjustment of these factors
to produce fibres with a certain diameter and shape. Each of these factors has a distinct
critical value for each distinct electrospinning system. Setting a parameter outside of this
range will always result in fibres with undesirable morphologies, pearl-beaded formations,
discontinuous fibres, or insufficient fluid solidification prior to deposition on the collector.
The versatility of the electrospinning process is enabled by the simplicity of standard
electrospinning equipment. Multi-needle electrospinning and coaxial electrospinning
are examples [158]. Multi-needle electrospinning increases production by as much as
18 m?-h~! [170] but adds additional control factors such as the number of needles, the
distance between them, and their arrangement [171]. A coaxial spinneret, formed by two
concentric needles, permits the extrusion of two distinct systems that, upon meeting at
the needle’s tip, create a core-sheath structure (Figure 6) [172]. Coaxial electrospinning
adds the parameter of miscibility between the two extruded fluids and makes it desirable
for both fluids to have comparable dielectric characteristics [173] to provide comparable
electrical pilings.

PVP/TI(OiPr

}

plastic =— heavy
syringe mineral
oil
metallic 7  silica
needle capillary
high voltage coaxial jet

power supply

ol o

Figure 6. A coaxial electrospinning setup diagram. Li et al. [172].
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5.2.3. Membrane Electrospinning of Composites

When it comes to generating membranes by electrospinning, these two methods are
by far the most common ones to use. They both concentrate on composite nanofiber
membranes. When creating ceramic-based composite fibres, it is common practise to add
sol-gel precursors [174]. On the other hand, this is not always the case, and the approach
that is utilised the most often for composite fibres with polymeric matrices is the integration
of nanoscale components into polymeric solutions [175]. Over the course of the last
several years, it has come to widespread public attention that viable composite nanofiber
materials for use in water purification applications have been produced employing these
two methods.

The many applications of nanocomposite membranes are outlined in Table 2, which
may be found here. It is essential to recognise that the incorporation of the presented
nanocomponents or any other nanocomponents will always have the ultimate effect of
modifying the aspect ratio, the mechanical properties, the water flux [170], and/or the
hydrophobicity of the material. Because of this, it is essential to optimise the proportion to
be used to adjust these properties to their optimal values for each application. Chemical
compatibility, contact angle, pore size, porosity, and surface roughness are some of the most
important considerations to make when choosing the best appropriate composite system
for a particular application [176].

Table 2. Some potential applications for composite nanofibrous membranes that are supported by
polymeric matrices in the field of water purification.

Nanocomponent Membrane Composite System Application Ref.
poly(vinylpyrrolidone) (PVP)-co-poly (vinylidene fluoride) Organic pollutants are broken down by [177]
(PVDE)/Py5-TiO, NPs photocatalysis

102 NPs ly(ethersulfones) (PES)/TiO
poly(ethersulfones 10, .
NP5/ water soluble porphyrins Heavy metals are easy to find and remove [178]
poly(acrylonitrile)(PAN)/CNT/TiO,-NH, NPs Metal ions can be broken down by [179]

Carbon photocatalysis

Nanotubes PES/single-walled CNT (SWCNTs) Membranes with antimicrobial activity [180]

(CNT) Th binding and est
poly(vinyl alcohol) (PVA)/bovine serum albumin (BSA)/SWNTs h cre was more enzyme bInding and ester [181]

ydrolysis
. 72. 71 . . .
PVDF/SiO, NPs Increasg in flux (24 Lm~“-h™") in water—oil [182]
separations

5i0, NPs . Forward osmosis (FO) desalination showed an
PVDF/Amorphous $i0; NPs increase in water flow (83 Lm~2-h~1) [183]
PVDF/SiO; NPs For processes of membrane distillation (MD) [184]
Cellulose acetate/ Ag NPs Antimicrobial activity [185]
poly(lactide-co-glycoside) PLGA /chitosan . . .

Ag NPs (10%)/ graphene-oxide-Ag decorated NPs (GO-Ag NPs) Antimicrobial activity [180]

- Photocatalytic and antibacterial activity

Polycaprolactone (PCL)/TiO,-Ag NPs membranes [187]
Nylon 6,6/Zn0O core-shell Photocatalytic membranes that are very stable [188]
nanofibers and flexible

ZnO Polyurethane Antifouling membranes that work through [189]
(PU)/polydopamine/ZnO nanorods photocatalysis
PAN/ZnO-Ag heterostructure NPs Antibacterial activity [190]

Fe NPs Poly(acrylic acid) (PAA)/ polyvinyl alcohol (PVA)/FeCly (aq) ~ ComPplexation of Fe®* ions and creation of new 1,4,

’ Fe nanoparticles (NPs), dye degradation
Fe,O3 NPs poly(lactic acid)/y-Fe,O3 NPs Oil is absorbed and separated very efficiently [192]
Yeast Cells Core: PVP/Yeast Cells Sheath: PVDF-co-hexafluoropropylene Degradation of phenol [193]

(HEP)/poly(ethylene glycol) (PEG)
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5.3. The 3D Printing Innovation

Additive manufacturing or 3D printing technologies have emerged as extremely adapt-
able and promising approaches for a variety of applications. From aerospace [194-196],
automotive [197,198], and construction [199] sectors to biomedicine [200,201] and the food
sector [202], the range of fields in which this technology might be utilised has grown sig-
nificantly. Even though it is currently relatively understudied, the number of membranes
produced by 3D printing technology for desalination and water remediation rises annually.

In addition to the reduction in membrane fouling and the chemical stability of the
membrane, one of the driving forces behind the search for more efficient and lucrative
membranes is the necessity to remove new pollutants such as emerging contaminants.
This requirement is one of the driving forces behind the search. A manufacturing process
that can manage membrane structure has been adopted as an economical and solvent-
free approach for the manufacture of new membranes thanks to the development and
expansion of 3D printing technology. Therefore, three-dimensional printing, which is
capable of producing complex structures despite their reduced size, has been identified
as one of the most promising methods for the production of membranes in the years to
come. However, this method still has significant disadvantages that hinder its widespread
use. Table 3 highlights the benefits and drawbacks of the most used membrane production
processes [203,204] to date.

Table 3. Comparison of the key benefits and drawbacks of the various membrane production

procedures.
Fabrication Technique Key Benefits Drawbacks
Interfacial ° Low C.OSt, hlgh 51mp11c1ty, and reproducibility Low flux
olymerisation ° Pore size uniformity High retention
P e  Excellent antifouling qualities &

e  Stability
Phase inversion e  Film formation is quick Non-uniform pore size
e  Simplicity and repeatability Limited materials
e  High flux
. Structgre sub]ect to control e High cost
Track-etching *  Poresize uniformity e  Low simplicity
e  High reproducibility
e Low flux
e  Exact structure
e  Non-uniform pore size
Electrospinnin High flux e  Medium cost
p 8 Mass production e  Solvent required
e  Low mechanical stability
s Costeffective . e  Limited materials
- e  Complex and tightly regulated structures o
3D printing I e  Size limitations
*  Flexibility Post-processing time
e  Stability both chemically and mechanically P &
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According to the material feed or deposition process, 3D printing technologies are often
categorised into four categories (Figure 7): (1) powder, (2) material extrusion, (3) lamination,
and (4) photo polymerisation. The most used 3D printing technology is fused deposition
modelling (FDM), a filament extrusion process that typically prints thermoplastics (PC, ABS,
PLA, etc.) with a resolution between 50 and 200 microns. In three-dimensional printing
(3DP), selective laser sintering (SLS), selective laser melting (SLM), and liquid binding
jetting are among the powder-processing-based techniques employed. In these techniques,
the powder is applied to the construction platform and is used to strategically combine
material layers. SLS resolution is close to 80 m, but 3DP resolution ranges from 100 to 250 m.
Laminated object manufacturing (LOM) and selective deposition lamination (SDL) utilise
cut and laminated polymer sheets as feedstock in lamination-based 3D printing. Lastly,
photo-polymerisation-based 3D printing, also known as stereolithography (SLA), employs
UV light to commence the polymerisation process, solidifying a polymer/resin layer that
binds the following layers together. In this instance, the resolution is around 10 m. In
addition to the popular 3D printing methods, additional printing technologies have been
improved during the last several years. Among the revolutionary techniques, two-photon
polymerisation (TPP) and continuous liquid interface production (CLIP) stand out because
of their superior resolution and enhanced mechanical characteristics when compared to
conventional techniques [205]. Moreover, these procedures are extensively used in several
applications, but when it comes to membrane manufacturing, photo polymerisation has
emerged as the most prevalent process [206].

Up to now, when contemplating 3D-printed materials for water clean-up, the prevail-
ing technical limits, resolution beyond 10 m, have limited their usage to module spacer
production rather than membrane synthesis [207]. Nonetheless, recent advancements in
advanced manufacturing (AM) technologies have increased the viability of 3D printing for
the production of membranes, and various instances of membranes based on this method
have been published [208]. Koh and co-workers, for instance, produced an antifouling
oil/water cellulose membrane by direct printing. The average pore size of the cellulose
mesh produced was less than 240 m, and its separation efficiency was almost 95% [209].

This progress has also enhanced the creation of hybrid materials that can be printed
using the many current techniques. Sangiorgi et al. [210] created hybrid polylactic acid
(PLA) and titanium dioxide (TiO,) membranes using FDM technology.
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deposition modelling (FDM), direct writing assembly (DWA) (DWA could be used in both liquid
and solid), laminated object manufacturing (LOM), and selective deposition are all examples of
techniques used in semiconductor manufacturing. Reproduced under the Creative Commons CC-BY
licence from [206].

6. Mechanism of Separation of PNC

The separation mechanism of conventional membranes and PNC is, in general, the
same; however, the presence of nanocomponents on the surface and in the internal struc-
ture of the pores, or, in the case of dense membranes, the occlusion of the nanophase
within the membrane can lead to minor changes in their descriptions. The impact of
nanocomponents on separation based on the usage of PNC may be examined by examining
the separation mechanisms or membrane performance. In general, a large number of
papers [119,211-214] have concentrated on antifouling qualities and operational perfor-
mance (i.e., the improvement of mechanical and thermal properties for their use in oper-
ations at high temperatures and high pressures). Therefore, the rejection coefficient and
permeability of a porous polymeric membrane are the characteristics that characterise its
use in the separation of analytes dissolved in water. Because of this, the description of the
process contains the initial values of the rejection coefficient and permeability at a starting
temperature that has already been established. Alterations in the temperature at which the
process is carried out contribute to an increase in permeability because temperature has
a direct correlation to permeability. Despite this correlation, an increase in temperature
causes the polymer phase to expand, which in turn results in an increase in the effective
pore size. If size exclusion is the mechanism of separation, then an increase in effective pore
size will lead to a large fall in the rejection coefficient. This will be the case if the rejection
coefficient decreases. In contrast, if a porous polymeric membrane is nanostructured, its
thermal characteristics may be enhanced, and as a result, it may be conceivable for PNCs to
increase their permeability in response to an increase in temperature without compromis-
ing their rejection coefficient values. Globally, the membrane performance is enhanced in
PNCs compared to non-nanostructured membranes because of this example. However, the
enhancement of attributes is contingent on the type and concentration of the nanomaterial,
the properties of the polymeric phase, and the interaction between the nanostructured and
polymeric phases.

The examination of separation processes is essential for a complete comprehension of
PNCs. In general, two mechanisms can be identified for membrane separation processes:
(i) separation by size-based exclusion and (ii) separation by dissolution—diffusion [120].
In the first case, particles that are larger than the pore in the membrane are retained,
while those that are smaller are allowed to pass through. This process takes place in
membranes, referred to as nano-, ultra-, and microfiltration (NF, UE, and ME, respectively),
with water being the majority of the fluid phase. The input stream’s liquid phase might
be homogeneous (e.g., aqueous dissolution for macromolecule removal) or heterogeneous
(e.g., aqueous dispersion for the removal of suspended solids). In some settings (e.g., air
filtration), it may be seen as a gaseous fluid containing suspended particulates [120,215].
During the second step, known as separation by dissolution—diffusion, the substance
that penetrates the membrane is first dissolved inside the membrane (during the stage
referred to as the dissolution stage), and then it diffuses across the membrane (i.e., diffusion
stage). This mechanism is used to describe the separation process in dense membranes
(for example, bulk, emulsion, and supported liquid membranes), but it can also be used
to describe the separation by porous membranes of reverse osmosis (RO). This is due
to the fact that the nanoconfinement of matter in the inner of very small pores increases
the interaction between the permeant substance and membrane phase [120,215]. Figure 8
depicts the main processes of membrane separation techniques.



Nanomaterials 2022, 12, 3637 20 of 46

(a ) Feed solution Membrane

O ° g
|8
® £
]

o ] Cth
c e | o
=}
-l
g ‘—> |
-t
]
2 Bulk concentration |
S |
e
. o |
Distancing from the membrane's surface
Film
b Feed solution
( ) ® |
@ ® e
O I @ Diffusion 8
® | o0 £ [
S
I Dissplution g °
O ® O L o
s - O
2 ® e —o
g | ® Diffusion ®
5 Bulk concentration | .
o | . .
3 ¢ 0 o °
O o ® @ ®
o |
I

Distancing from the membrane's surface

_

Figure 8. Separation by size-based exclusion (a) and dissolution—diffusion (b) methods.

6.1. Impact on the Size Exclusion Mechanism

Understanding the effect of nanometric components on porous PNC separation re-
quires looking at the process, rather than focusing just on the membrane itself. Because of
this, the composition of the membrane is of no consequence to the procedure of separation
if a system is envisioned in which the fluid and the species contained within it do not
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interact with the membrane, which may be an NF, MF, or UF membrane. In this scenario,
the nature of the membrane is irrelevant. Regardless of whether the membrane is ceramic,
polymeric, or nanocomposite, the separation will be controlled by the cut-off of the mem-
brane, which is determined by the pore size and particle size distribution in the fluid. This
means that ceramic, polymeric, and nanocomposite membranes all have the same effect on
the separation. It is important to note that this hypothetical “zero interaction membrane”
or “non-interacting membrane” should not be confused with the concept of “zero retention
membrane”, which is used for the modelling of hybrid methods of membrane separation
such as polymer-enhanced ultrafiltration, micellar ultrafiltration, and liquid membranes
enhanced with liquid-phase polymer-based retention [216,217]. This is because the separa-
tion mechanism being analysed is size exclusion, as the process involves the addition of
liquid membranes that are enhanced

On the other hand, when the membrane interacts with one or more fluid components,
the nature of the membrane becomes a primary component if the interaction is significant.
This is due to the fact that the nature of the membrane is associated not only with the
type of interaction that occurs between the membrane and solutes, but also with the
phenomena that are triggered as a result of these interactions. These may be both good and
negative occurrences, with the major negative consequence being an increase in fouling
and, as a result, a loss in operating capacity due to decreased permeability and selectivity.
Positive benefits might include less fouling, increased permeability and disinfection, longer
working durations, fewer secondary cleaning stages, a longer half-life time, and improved
microbiological quality of retentate and permeate [113-118] (see Figure 9).
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Figure 9. (a) Diagram showing numerous processes that occur during membrane separation through
the size exclusion mechanism, (b) surface hydration (solvent = water), (c) fouling, and (d) biofouling.

When a PNC that is not interacting with anything else is investigated, however, various
cases may be found, including the following: (i) If the nanomaterial that makes up the
PNC only improves its mechanical and thermal characteristics, it is predicted that the
membrane’s permeability will improve, but there will be no effect on the mechanism that
controls separation, and as a result, the PNC will not be an active component when it comes
to the separation process (see Figure 10a). (ii) If the nanomaterial that makes up the PNC
improves the performance of the membrane and the separation process, then there is some
kind of beneficial interaction with one or more solutes. For instance, PNCs that are based on
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silver nanoparticles (AgNPs) are an active element during the separation process because
they reduce biofouling. One or more additional interactions at the level surface may take
place in comparison to the equivalent non-nanostructured membrane. This is due to the
fact that the surface of the nanocomposite that makes up the active layer of the membrane
in these systems has AgNPs that are partly exposed and come into contact with the feed
stream. In the case of AgNPs, the nanoparticle surface chemically links molecules that have
thiol groups on their structures. As a result, even though small molecules such as cysteine,
which have dimensions of 0.64 nm (length) and 0.37 nm (width) [218], cannot be removed
by the size exclusion mechanism using NF, UF, or MF membranes, the formation of RSH-
Ag0 bonds can produce the retention of cysteine molecules without causing changes to
them. In addition, washing the membrane under certain pH conditions might facilitate the
recovery of cysteine that is linked to the membrane [219,220] (see Figure 10b). In addition,
the anti-biofouling characteristics of PNCs based on AgNPs have been comprehensively
established in several studies throughout the scientific community. AgNPs, in general,
have the potential to function as a reservoir for Ag* ions, diffuse off the surface of the
membrane, and enter the bacterium, where they interact with a variety of biomolecules,
ultimately leading to the death of the microorganism [217] (see Figure 10c).

(a) Size exclusion (b) Selectivity (c)Anti-
improvement biofouling
alive dead

0

Feed Solution

Permeate

Figure 10. (a) A schematic of a nanocomposite asymmetric membrane that does not affect sep-
aration mechanisms; (b) an improvement in selectivity due to the interaction of a surface nano-
material with a particular solute; (c) an improvement in functionality due to the presence of
anti-biofouling properties.

In these membranes, AgNPs are reduced and stabilised using an appropriate stabilis-
ing agent (e.g., citrate, glucamine, PVA, etc.) before being added to the polymer phase to
generate the nanocomposite, which is then employed to make the membrane. In addition
to the preferential retention of thiolate compounds and anti-biofouling capabilities, it is
clear that the addition of AgNPs impacted other material properties, including dielectric
properties. There have not been many studies that have focused on describing the di-
electric response of PNC in terms of the chemical composition of the polymer phase and



Nanomaterials 2022, 12, 3637

23 of 46

nanomaterial, despite the fact that this type of membrane has the potential to be used as
a sensing surface for both monitoring a particular effluent and performing process self-
control operations [221,222]. To produce anti-biofouling membranes or anchoring surfaces
of thiolate compounds, AgNPs can only be added at the surface level. However, this type of
membrane could be referred to as “nanostructured” and “active”, but not a PNC, because
the active polymer phase is not a nanocomposite. It is important to note that AgNPs can
only be added at the surface level.

6.2. Influence on the Dissolution—Diffusion Mechanism

Liquid membranes are not included here since the research presented below is re-
stricted to polymeric membranes alone. The dissolution—diffusion mechanism may be
broken down into two main stages: the first step is the dissolution stage, and the second
stage is the diffusion stage. It is essential to keep in mind that the dissolving stage is
determined by the phases that are in touch with one another; hence, it is inextricably linked
to the constituent parts of the solute and the membrane. Interfacial contact is favourable
and the transfer of analytes to the membrane phase is promoted if the feed phase has a
high affinity for the membrane phase. This step is comparable to size exclusion because
of the fact that size is used when it is specified as a criterion for affinity. Particles that are
larger than the membrane cut-off are unable to enter the membrane phase, therefore their
affinity for the membrane phase is low. On the other hand, particles that are smaller than
the membrane cut-off have a high affinity for the membrane phase since they can enter it. In
a similar manner, the dissolution of analytes in the membrane phase serves as an exclusion
criterion. As a result, solutes that have a weak affinity for the membrane phase are not
allowed to pass through it, while analytes that have a strong affinity are permitted to do so.
This affinity is connected to the structural similarity of the membrane-forming polymer
and the solute, or, to put it in molecular terms, to the collection of intermolecular interac-
tions that take place between the membrane material, the analyte, and the transporting
phase [120,223,224]. Because of this, it is challenging to understand how the nanomaterial
will affect the very first step. However, further investigation reveals several fascinating
components that contribute to a better understanding of the mechanism behind the process.

To elaborate on the idea presented previously, take into account the simplest system
that could possibly exist, which would be equivalent to a feed that did not contain any
solutes. In this scenario, for the dissolution stage, a single interaction should be analysed
for both non-nanostructured membranes and PNCs, and that interaction is the solvent—
membrane interaction. The fluid phase in the feed is referred to as the “solvent.” In the
case of gases, the analysis is limited to the examination of a single gas that is allowed to
pass through the membrane. If the molecular diameter of the gas molecules was smaller
than the cut-off for the membrane, then the gas molecules would have a strong affinity for
the membrane in the case of porous membranes such as RO membranes. In very certain
situations, such as when the gas molecules are enormous in relation to the cut-off point of
the membrane, the affinity may be significantly diminished. However, the affinity in dense
membranes, which are crosslinked polymers that are embedded in a liquid, is governed
by the solubility of the gas in the liquid; hence, the structure of the polymeric material is
analogous to that of a hydrogel when water is the solvent. However, the solubility of the
gas will be determined by operational factors such as pressure and concentration (chemical
potential), which are the fundamental characteristics that have an impact on the gas’s Henry
constant. This will be the case because pressure and concentration are the fundamental
characteristics that impact the gas’s Henry constant. [120,223,224].

In the case of thick membranes, however, if the feeding stream is a liquid, three
scenarios are possible: (i) the feeding phase has a high affinity for the liquid contained in
the membrane, (ii) the feeding phase and the liquid in the inner of the membrane are the
same, and (iii) the feeding phase has no affinity for the liquid in the membrane phase. The
solvent will be able to infiltrate the membrane in the first situation, and the membrane’s
stability will be governed by the mechanical strength of the polymer network. The nano-
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structuring of the membrane becomes critical at this time. In the second situation, nothing
changes. As a result, in order to deepen the analysis, at least one solute must be included
in the simplification performed. As a result, if the solute is physically like the medium and
the medium is structurally similar to the membrane, the solute will have a high affinity in
the membrane phase. However, in the scenario when the solute carries a net charge, the
membrane surface features may be exploited to offer better selectivity to this initial step. In
this way, if the membrane has charged, even if two solutes have a high affinity with the
medium and the medium contained in the inner of the membrane has a high affinity with
the membrane, it is possible to increase the rejection of one of the solutes with respect to
the other by selecting the appropriate polymer structure via the use of an anionic barrier to
prevent negatively charged particles from passing through. In the third instance, when the
liquids are not structurally connected, the solute affinity is determined by the partition or
distribution coefficient between the phases [120,223,224].

In the case of porous membranes, more specifically RO membranes, the solvent will
penetrate the structure of the membrane, which will lead to two outcomes: the polymer
phase has a high affinity with the membrane, and as a result, it is possible that strong
solvation interactions will occur, which will promote the decrease in the permeability,
which will result in a decrease of the effective pore radius; however, it is also very likely
that the membrane will exhibit poor mechanical performance under these conditions. In
circumstances such as these, the nanocomponent of the PNC contributes to the attenu-
ation of the effect [101-106]. Because there is no affinity between the solvent and the
membrane, solvation does not take place, the membrane material’s mechanical properties
remain unchanged, and solute dissolution in the membrane phase can be easily under-
stood by using the solute-membrane affinity in terms of relative size in relation to the
membrane cut-off.

7. Nanocomposite Membrane Stability

Although nanocomposite membranes have shown several surprising features, their
long-term durability remains questionable [225]. After a very short filtering time, a
nanocomposite membrane was shown to lose 10% of its silver nanoparticles, resulting in a
considerable decrease in antifouling and antibacterial activity owing to Ag* leakage from
the membrane surface [226]. Direct leaching, nanoparticle release, and degradation of the
polymer matrix are the three processes that account for most nanoparticle leakage from
nanocomposite membranes. Because the matrix fixes the nanoparticles and acts as a barrier
to shield them from the outside environment, the chemistry of the polymer matrix is an
extremely important factor that plays a significant role in determining the degree to which
nanoparticles in nanocomposite membranes are stable. [227] Research has shown that
carbon nanotubes may be connected to polyamide membranes in a way that makes them
very stable. There are seldom any reports of carbon nanotube leaching from nanocomposite
membranes. If the polymeric membrane does not undergo any structural or chemical
changes, then it is reasonable to believe that carbon nanotube leaching is a very uncommon
occurrence. Figure 11 demonstrates that UV degradation, temperature extremes, mechan-
ical stresses, and chemical erosion are the primary mechanisms that lead to membrane
deterioration [227]. When compared to the raw membrane, the polyamide nanocomposite
membrane that included carbon nanotubes exhibited significantly improved resistance
to UV radiation and temperature [228]. In addition, carbon nanotubes have the ability
to operate as nucleating agents, which may change the lamellar orientation, dispersion,
and viscosity of polyamide membranes, ultimately leading to an improvement in the
membranes’ thermal and mechanical properties [228]. Therefore, the most likely source of
nanoparticle release from damaged membranes is chemical erosion brought on by chlorine
disinfection [227] (see Figure 11).
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Figure 11. UV radiation, temperature extremes, mechanical abrasion, and chemical erosion as the
four modes of polymer matrix deterioration. There are two ways that engineered nanoparticles
(ENP) might release: either as (a) free particles when the polymer matrix degrades or as (b) particles
combined with the destroyed polymer matrix.

In order to maintain the functioning of nanocomposite membranes, a number of dif-
ferent methods for immobilising nanoparticles inside the membrane have been researched.
One way is the synthesis of nanoparticles in situ, or “in situ”, inside the membrane ma-
trix. It has been observed that polydopamine deposition and in situ reductions of silver
ammonia aqueous solution (Ag(NHj3),0) are effective methods for immobilising silver
nanoparticles in the polysulfone membrane [225]. It is possible that having smaller particle
sizes may limit membrane nanoparticle leaching [229,230]. It was found that micro-sized
silver had a leaching rate that was three times higher than that of silver nanowires and
silver nanoparticles. During the process of water filtration, a greater particle mass of
micron-sized silver particles caused a greater amount of silver to leach from the composite
membrane. However, the antifouling properties of silver nanoparticles are partly due to the
oxidation and release of Ag*, and as the size of silver nanoparticles decreases, more Ag*
ions will be released. This is because the smaller the silver nanoparticles are, the more Ag*
ions will be released. When an optimal silver size distribution is sought, it is necessary to
strike a balance between the release of Ag* and the detachment of silver nanoparticles from
nanocomposite membranes. In addition, the interaction between chemical additives and
nanoparticles that are contained inside the membrane has a major impact on the leaching of
nanoparticles. It has been suggested that the incorporation of Pluronic F127 into a nanocom-
posite membrane that already contains titanium oxide nanoparticles may effectively limit
nanoparticle leaching [231]. The interaction between additives and nanoparticles may assist
reduce leaching by reducing the amount of nanoparticle aggregation that occurs inside
the membrane. Polyacrylic acid was added to a poly(vinylidene fluoride) membrane that
included Fe/Pd bimetallic nanoparticles [232], and the membrane became more stable. The
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presence of the linking molecule allowed for a more even distribution of the bimetallic
nanoparticles across the membrane holes of varying depths [233]. In addition to the ways
that have been mentioned above, an additional method that was studied as a viable strat-
egy for minimising leaching was the pairing of a relatively unstable nanoparticle with a
relatively stable nanoparticle. For instance, zeolites were covalently bonded to the surface
of a polyamide membrane to act as anchors for silver nanoparticles [234]. After use, the
membrane could be regenerated by simply physisorbing the silver nanoparticles, and the
regenerated membrane showed antifouling performance that was comparable to that of
the original membrane.

The chemical stability of nanoparticles influences the stability and performance of
nanocomposite membranes in addition to their physical stability. Graphene oxide, in
particular, may function as a terminal electron acceptor and be reduced to graphite by
Shewanella [235], a genus of heterotrophic and metal-reducing anaerobes found in a range
of settings. The decrease may also occur rapidly (24 h) in aerobic conditions [236]. It has
also been reported that E. coli may reduce graphene oxide by glycolysis in 48 h under
anaerobic conditions. Although graphene oxide is known to be antibacterial, the sheets
may provide a biocompatible surface for E. coli to adhere to and thrive on [237].

To produce high-performance nanocomposite membranes, the uniform dispersion
of nanoparticles in the polymeric matrix is a further significant difficulty. Due to high
interactions between nanoparticles and weak polymer—-nanoparticle interfacial contacts,
nanoparticles tend to agglomerate. Poor nanoparticle dispersion and aggregation may
result in modest improvements in nanocomposite membrane performance [238].

8. Membrane Hydrophobicity/Hydrophilicity

Because of the differences in the material composition and surface chemistry of the
membrane, its affinity for water, and therefore, its wettability, might change. One of the
surface characteristics of a membrane that might vary depending on the material is its
wettability. The wettability of the material may be evaluated using the material’s surface
tension to determine how well the material will behave when it comes into contact with
liquid. It is possible to estimate the surface tension of a material by taking a measurement
of the contact angle that exists between the surface of a membrane and a drop of liquid that
is placed on the membrane. The potential of all substances to lower their surface area in
reaction to an imbalance in molecular forces is what causes surface tension. This is because
of the attraction between molecules. The surface tension of different liquids and solids
may be measured, which can show differences between different systems. Hydrophilicity
is a property that may be seen in materials that have a strong affinity for water. High
surface tension levels are characteristic of materials that have a natural tendency to be
hydrophilic. The chemistry of the material’s surface makes it possible to wet the substance
by forming a film or coating of water on the surface of the material. On a hydrophobic
surface, the water droplet will gather together to form a bead [239]. Materials that are
hydrophobic have a low or non-existent propensity to absorb water. Hydrophobic materials
have low surface tension values, and their surface chemistry does not include the active
groups required for the creation of “hydrogen bonds” with water molecules. This makes
hydrophobic materials less likely to interact with water. The wettability of a membrane is
the most critical factor to consider when selecting the ideal membrane to use in applications
involving water filtration. When it comes to the purification of fluids that include water,
hydrophilic membranes are often used [239]. It is possible that the hydrophilic quality of
nanocomposite membranes will change if nanofillers are included into polymer materials.
To increase the membrane’s hydrophilicity, hydrophilic nanoparticles were incorporated
into the membrane. When creating hydrophilic nanocomposite membranes, nanoparticles
such as TiO,, graphene oxide, carbon nanotubes, silica, and cellulose nanofibers are among
the ones that are used [240-251].
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9. Aspects of Nanocomposite Membranes in Water Purification That Present Difficulties

The use of nanocomposite membranes in water filtration has followed a lengthy road
of development. In reality, an abundance of bench-scale research investigations has been
undertaken on the subject. However, it may seem contradictory that only a small number
of water filtration systems based on nanocomposite membranes have been implemented
in practise.

In terms of hybrid material efficiency, the gap between laboratory- and industrial-scale
production poses the greatest challenge. Academic research tends to idealise, overvalue,
and overestimate the performance of nanocomposite membranes, as well as to make a
number of lofty promises regarding their industrial scaling up that would fall by the
wayside if their potential limitations, such as technical practicability and feasibility, are
not considered. Consequently, it is of paramount importance to avoid the scientific and
industrial communities from being deceived by the transition to an industrial large scale,
and this is accomplished by recognising the most common obstacles and issues that may
be encountered.

In this section, we focus on the most significant obstacles facing the future uses of
nanocomposite membranes in the water purification industry.

9.1. Scalability

Membrane fouling is a key barrier to the commercialisation of membrane technologies.
Fouling is an undesired process of membrane film formation caused by the deposition of
colloidal particles, organic materials, and microorganisms such as viruses, bacteria, fungi,
and extracellular biopolymers (lipids, proteins, lipoproteins, glycoproteins, and polysac-
charides). Biofouling by microorganisms is the most severe sort of fouling because these
materials first cling to the surface, then grow on the membrane’s surface, and then multiply
and proliferate in the presence of nutrients [252,253]. Extracellular chemicals are released
from them, assisting in their growth. Membrane fouling reduces membrane lifespan and
performance while increasing energy usage. To circumvent this issue, membrane materials
that inhibit foulant adsorption to membrane surfaces are used [254]. Backwashing, high-
pressure forward washing, and chemical cleaning are used to combat fouling. Fouling may
also be minimised by using various membrane surface modification approaches. Modi-
fications are made to change the wettability, surface charge, and surface roughness of a
membrane. The hydrophilicity of a membrane may be boosted by combining polymer and
nanomaterials to generate a polymeric nanocomposite membrane with higher salt rejection,
water permeability, and permeate flow [255,256]. Nonetheless, despite recent advances in
membrane technology’s success, some difficulties remain unsolved. The flux-selectivity
“tradeoff” connection persists, and poor permeation rate remains a significant challenge
impeding commercial use. This problem will be overcome once we understand the function
of NPs and their interfacial interactions with polymer matrices.

Almost all research investigations using nanocomposite membranes for water treat-
ment are currently undertaken on batch size. The process by which research and develop-
ment moves from the laboratory to practical use in industry is referred to as “scaling up.”
This is an important stage in the research and development process (R&D). Scaling up is
not only a numeric concept that involves increasing the batch size; rather, it is a problem
concerning the viability of the process (whether it is scalable or not), its productivity, and
its effectiveness, all of which need to be explored in great detail. These batch tests serve
a crucial role in giving a preliminary description and understanding of the depollution
process using nanocomposite membranes but do not completely represent the actual yields
at higher scales. The gradual transition from lab size to big practise is a result of the
complexity of large system operations.

The design and manufacture of nanocomposite membranes for the removal of specific
pollutants from simulated polluted water at the lab scale involve minimal amounts of
materials and chemicals, as well as lower energy consumption. This is not the case at a
bigger scale, when several factors might interact and need extra processing in addition to
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requiring substantial process adjustments. In addition, other disciplines, such as engineer-
ing, economics, and materials science, may be integrated to sustain industrial applications’
efficacy and satisfy rising needs and expectations.

Several approaches may be undertaken to improve the profitability of nanocom-
posite membranes’ performance and facilitate their sustainable use in the water
depollution industry:

Methods of synthesis examined to obtain a better result.
Engineering suitability studies and economic analyses, including the structuring of
scalable models.

e  Effective quality control and applicable analytic techniques across all process phases
to ensure quality.
Comparison of the purity profiles of the initial and final materials.
Production of large, homogenous amounts of well-characterised nanocomposite mem-
branes for key prototype phase testing, and hence industrial evaluation.

e  Excellent record of technology transfer techniques.

9.2. Stability

Nanotechnology is still in its infancy, and scientists are attempting to create novel
techniques for enhancing the dispersion of nanoparticles. It is impossible to foresee the
working principle of NPs since their behaviour and influence on society are determined by
their interactions with their surroundings. However, we have a wealth of information on
the use of nanocomposites from which to determine their environmental effect. Researchers
are focusing on nanoscale methods and their applicability in the real world, as well as
improving the characterisation of NPs. Therefore, there is a significant knowledge vacuum
about the influence of NPs on the atmosphere. This is very necessary in order to compre-
hend the results of the experiment as well as their behaviour. Since 2007, the Organization
for Economic Co-operation and Development (OECD) has been collecting data on the
impact that NPs have had on the surrounding environment. The OECD has developed
guidelines for the production and testing of products. The agencies in charge of regulation
are still conducting risk assessments for composites that incorporate nanoparticles. It is of
utmost importance to create a connection between the laboratory and the outside world.

The sorption and catalytic efficiency of nanocomposite membranes are insufficient to
fulfil the anticipated demand on a bigger scale. The exceptional structural stability and
high fatigue resistance of nanocomposite membranes, particularly in hard water conditions,
is the primary factor driving the progression of water purification technology as well as the
perception of the quality of purified water.

Since nanocomposite membranes are composed of two or more components, their
stability reflects first and foremost the long-term assembly of all their components and
their active components without any leaching in the reaction media. The second goal is
to maintain the same level of dependability and efficacy throughout time. Recognising
and comprehending the variables that might contribute to the instability of nanocomposite
membranes is crucial for preventing their emergence and bringing stability to the materials
even after several reuses.

According to the majority of the available literature, performance and stability evalua-
tions of nanocomposite membranes are often conducted in simulated circumstances that
closely resemble real-world conditions, but in short-term experimental experiments. The
ins and outs of the long-term influence on the decontamination mechanism of nanocom-
posite membranes and their stability must be thoroughly investigated. All of this is meant
to serve as the foundation for future implementations on a bigger scale.

Typically, the following methods are used to test the stability of nanocomposite
membranes:

e Using analytical technologies such as atomic absorption spectroscopy (SAA) and
inductively coupled plasma emission (ICP) [257] to investigate the leaching behaviour
of nanocomposite membranes into the aqueous medium.
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e Utilising X-ray photoelectron spectroscopy, or XPS, to investigate the binding ener-

gies, chemical composition, and atomic percentages of nanocomposite membrane
components both before and during the treatment of wastewater with nanocomposite
membranes. [258,259].
Determining the magnetisation at saturation for hybrid magnetic materials [259,260].
The excellent stability of nanocomposite membranes creates a double-paned window
of enticing possibilities for their industrial uses. Reusability and regeneration for
extended cycles are ideal examples.

9.3. Recyclability and Renewal

The reusability and regeneration capabilities of nanocomposite membranes are es-
sential not only for their economic viability but also for their simple use on a broad scale.
It is recommended that careful consideration should be given to these two criteria when
designing nanocomposite membranes in order to obtain the most out of the significant
amount of time and money that is required to construct these materials. The two criteria
together constitute a substantial source of value addition to nanocomposite membranes.

When we talk about the reusability or recycling of materials, we are referring to their
ability to be reused on several occasions up to the point when they become saturated and
overloaded with water pollutants, which causes a decline in the efficiency with which
they remove impurities. One solution instantly comes to mind: restoring the material’s
key decontamination properties via its regeneration. This latter factor facilitates the reuse
of nanocomposite membranes in the future, which serves as the foundation for possible
cost-reduction prospects.

The recovery of adsorbate contaminants is essential, particularly in the case of dan-
gerous heavy metals that must be desorbed and concentrated for continued industrial
use rather than seeping into the environment. This is because the alternative would be
for the metals to leak into the environment, which would have a negative impact on the
environment and the economy. In order to analyse the reusability of materials at the lab
scale, nanocomposite membranes are subjected to several cycles of repeated use under
similar circumstances to obtain a clear understanding of the shelf life and maximum perfor-
mance of nanocomposite membranes. In contrast, regeneration is assured by a variety of
procedures that revitalise wasted, exhausted nanocomposite membranes in order to greatly
reduce the need for virgin materials in favour of regenerated materials. Depending on the
kind and formulation of the hybrid material, regeneration might include ultrasonic [261],
thermal [262], electrochemical [263], chemical [264] treatments, etc.

Lab-scale testing of the hybrid material’s reusability and regeneration potential is a
necessary precondition. However, the results produced from these trials are of limited
use and may not always represent what may occur on a broader scale. The explanation
for this is that most, if not all, laboratory-scale studies are conducted in batches. The
move from static mode (lab-scale) to dynamic continuous operations (bigger scale) is often
accompanied by a number of risk factors, including the influence of the flow rate and the
harsh operating conditions of the larger scale, which may promote the deterioration of
nanocomposite membranes. Consequently, their shelf life is drastically shortened compared
to what was anticipated while in a static state.

Considering the aforementioned factors and in the interest of practicality, nanocomposite
membranes should be able to withstand the most demanding environments and applications.
Therefore, transitioning from a static, closed, and controlled system to a dynamic, open, and
uncontrollable huge system should take into account more essential factors.

9.4. Interruptions

Pathogenic organisms, organic and inorganic pollutants, metallic elements, oils, ra-
dioactive elements, and so on, are among the many co-existing pollutants in contaminated
water, none of which are regarded innocuous to human health [265]. In light of this, the
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performance of nanocomposite membranes may be assessed more accurately if they have
been shown to remove many pollutants simultaneously.

Most experiments conducted in this vein with nanocomposite membranes were on
the removal of water contaminants extracted from different solutions. However, few stud-
ies illuminate the significance of evaluating the influence of coexisting ions on pollutant
removal [266]. It is not uncommon for coexisting inorganic ions to prevail at large con-
centrations in wastewater. According to recent scientific investigations, these ions have
a considerable impact on the systems responsible for removing contaminants; they may
speed up, slow down, or even halt the decontamination process.

Predictably, and according to the research, the presence of coexisting ions has a
substantially detrimental effect on the removal of contaminants [264]. This is mostly due to
the fact that competing interactions between the target pollutants and coexisting ions may
occur at the binding sites of nanocomposite membranes, resulting in a decrease in affinity
and decontamination efficacy.

As was mentioned before, polluted waterways such as wastewater (also known as
sewage) contain a wide variety of different pollutants. It is essential to simulate wastewater
at the lab scale in order to allow for a more accurate evaluation of the prepared nanocom-
posite membranes and to account for possible interferences within polluted water. This is
carried out so as not to misrepresent the conditions of the contaminated water, but rather
to fully describe them in order to infer the behaviour of the hybrid material. In order to
accomplish this, it is necessary to simulate wastewater at the lab scale. After that, is the
second step, which consists of testing the nanocomposite membranes on real samples of
wastewater in order to carry out an in-depth investigation of their actual ability to clean
water. In this manner, any and all potential interferences are already taken into considera-
tion at the lab scale, in addition to the functioning of these materials; as a result, it is now
possible to draw conclusions based on robust research and facts that can be relied upon.

9.5. Cost Efficiency

When evaluating nanocomposite membranes, both their ability to remove pollutants
and their prices must be considered. The cost-effectiveness analysis is an essential compo-
nent of environmental projects to maximise environmental benefits at the lowest cost, thus
assuring an economically feasible option for large-scale water treatment.

The cost calculation of nanocomposite membranes for water treatment is seldom or
never adequately specified in the evaluated literature. Estimating the cost of an elaborated
material for a particular application may rely on a variety of parameters, such as the
availability and pre-treatment of precursors, elaboration techniques and processing, the
recyclability of the material, energy consumption, etc.

In the case of nanocomposite membranes based on bio-resources, such as biopolymers,
their beginning components are readily accessible, natural, and affordable, allowing them
to be used on a greater scale [267,268]. However, greater emphasis must be placed on
the effective management and utilisation of natural resources in order to profit from the
environment while maintaining its resources.

One of the key challenges that nanotechnology applications face when it comes to
the purification of water is the use of nanocomposite membranes, which are composed
of nanoparticles and nanomaterials. A major obstacle in using these membranes is the
availability of copious quantities of these nanomaterials at acceptable rates. Consequently,
it would be advantageous for the deployment of these materials as effective and enticing
alternatives in the current traditional wastewater sector to locate suppliers who can meet
the demands while giving cheaper pricing or at least within fair boundaries.

It is anticipated that the worldwide market for membranes would increase by 8.5%
annually, reaching USD 26.3 billion in 2019. The development of improved membrane
technology in combination with the use of nanomaterials makes it possible to create a
greener, more sustainable future with less trash being produced all around the globe. PNCs
that are of a higher quality and better techniques of separation may find use in the food,
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chemical, and pharmaceutical industries. The PNC-based separations’ excellent selectivity,
low energy consumption, good cost-to-performance ratio, and tiny modular construction
have contributed to their rise in popularity [269].

It is anticipated that membrane filtration will become the predominant method of
water purification. Regardless of the enormous advantages, researchers must also account
for the significant operating costs of the filtration plant, the environmental and resource im-
pacts associated with nanoparticle functionalisation, and membrane maintenance [270,271].
Even though these difficulties may be resolved by enhancing membrane design, service,
performance, and maintenance, there is an ongoing need to enhance and strengthen the
sustainability of this technology [272].

It is vital to comprehend the rapid expansion of nanotechnology research and commer-
cialisation in order to develop effective purification technologies. The commercialisation of
nanotechnology in membranes often faces the following obstacles:

(i) Time delay: The commercialisation of nanocomposite-based membrane technology
must not exceed three to five years [273].

(i) Funding for research prototype development: There is a significant gap between
obtaining funding for commercialisation and prototyping and a favourable research
outcome. Compared to research costs, commercialisation expenses are high. Scientists
do not focus on the actual application of their research, but businesses want a return
on their investments.

(iii) A lack of necessary equipment: Research that is based on nanotechnology is very
costly and requires very expensive fabrication equipment. The inability to promote
the goods is hampered by a lack of equipment.

(iv) The lack of an assessment standard: The lack of performance evaluation criteria is a
significant obstacle in nanoparticle preparation.

(v) Lack of financing: The commercialisation of nanoparticle-based membranes requires
substantial expenditures that small- and medium-sized businesses cannot undertake.

(vi) Lack of qualified experts: Sufficiently qualified scientists, researchers, engineers, and
technicians are desperately needed in this discipline.

(vii) Support from the general public: The general public is looking forward to novel
scientific ideas such as nanotechnology. Therefore, companies who are interested
in investing in this sector to deliver high-efficiency output obtain a stronger brand
image, but sole proprietorships and small firms that now control a major share of
membrane technology do not [274-277].

9.6. Persistence and Toxicity

Biodegradable, non-toxic, biocompatible, eco-friendly, ecological, etc., are the words
most often used in the literature to describe nanocomposite membranes for water treat-
ment [257,264,278]. To bridge the gap between these claims and reality, it is necessary to
measure the sustainability and “non-toxicity” of these materials prior to their widespread
use. However, there is a paucity of research on this topic.

Why are nanoparticles so dangerous? The solution lies in their modest size in compari-
son to lung alveoli (200 pm), blood capillaries (5 um), red blood cells (2-6 pm), mitochondria
(500 nm), and fenestrated capillary holes (up to 180 nm) [279,280]. Nanoparticles smaller
than any of the aforementioned systems may be ingested by inhalation, enter the circula-
tory system, travel to organs, enter cells and even organelles, and influence fundamental
cellular processes such as metabolism and cell death, hence causing illness [279,281]. Some
nanoparticles cause oxidative stress and inflammation, denaturation of proteins, and dam-
age to cell organelles and DNA [282-284]. Noting that compounds that are not harmful
in bulk form may become toxic as nanoparticles is essential. As we have learned more
about the intrinsic toxicity of most nanoparticulate materials in recent years, occupational
exposure of employees to airborne particulates has become a more relevant area of study.
According to studies [285-288], occupational exposure to nanoparticles may occur at all
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phases of manufacture, research, wear and tear, recycling, and disposal of nanoparticles
and materials containing nanoparticles.

Few papers addressed the biodegradability or sustainability metrics of previously
manufactured nanocomposite membranes by statistically and qualitatively investigating
their possible environmental effects [278] or by evaluating their biodegradability [129]. In
the case of adsorption, wasted nanocomposite membranes represent secondary waste if
they are not regenerable. Indeed, even on a small scale, adsorbents containing harmful
pollutants such as heavy metals are considered to pose significant risks to human health
and the environment, and this risk would be amplified if the size were increased.

Numerous researchers are now eager to use nanocomposite membranes for the fil-
tration of contaminated water due to these qualities. TiO, is one of the catalytic nanopar-
ticles often employed. Many environmental pollutants, such as PCBs (polychlorinated
biphenyls) [289,290], halogenated aliphatics [291-293], aze dyes [294,295], halogenated her-
bicides [296], and organochlorine pesticides [297,298], are often degraded using catalysts or
redox reagents. The challenge with this catalytic breakdown, however, is that it may lead to
poisoning or the production of by-products that have the potential to infiltrate into purified
water, which then results in the presence of dangerous compounds in the water. After
embedding nanoparticles (NPs) of silver, zinc oxide (ZnO), and titanium dioxide (TiO,) in a
membrane and evaluating them as an antibacterial material for water purification [299,300],
it was found that toxic by-products may be created if a nanocomposite membrane leaks or
interacts with water [300].

It is important to take into consideration the possible risks to one’s health that are
linked with the absorption of NPs in drinking water in the event that NPs leak into purified
water during the process of purification. The phenomenon of nanoparticle leaching is
ignored in a significant number of research studies [301,302]. However, this is an indirect
estimate suggesting the likely presence of NPs in water [303,304]. A small number of
studies have assessed the total metals in treated water after filtration utilising contemporary
nanoparticle treatment technologies. For instance, measurable quantities of silver particles
were present in water that had been filtered using silver nanoparticles embedded into paper
filters; however, the concentrations of silver NPs in the water were significantly lower
than what is recommended by the World Health Organization (WHO) and the United
States Environmental Protection Agency (EPA) [303]. Even after 15 h, ceramic filters that
had been coated with nanoparticles of silver continued to leach silver into the drinking
water [304]. Silver levels in early water samples taken during the first two hours of filtering
exceeded 100 ppb [304]. These scientists did not determine if the silver ions or nanoparticles
that drained from the passages were present. Nonetheless, the results indicate that the
purifying technologies may not be beneficial. Even though these filters were effective at
eliminating microbiological pollutants, it is vital to assess the hazards posed by the presence
of low-level NPs in drinking water following filtration via a nanocomposite membrane.

Experiments conducted in vivo and in vitro reveal that exposure to the nanoparticles
investigated results in severe adverse health consequences. In cell-level investigations,
exposure to NPs led to cell death, DNA damage, and an increase in reactive oxygen
species [305,306]. Due to their small size, NPs may accumulate within cells and may release
ions that can directly alter cell function [306]. Animal research conducted in vivo has
investigated the effects of NP intake. After 5 days of eating TiOp NPs in drinking water,
rats exhibited DNA damage, according to a study [307]. In another study, rats and mice
who were fed silver or TiO; nanoparticles had a larger quantity of silver or TiO; in their
blood, kidneys, liver, and brain compared to the control group [308,309]. In research, the
concentration of Ag ions decreased throughout filtration, and substantial leaching was
seen at the start of filtering. However, this quantity dropped as filtering continued [310].
The effects of these increased metal weights are not yet fully understood. Nonetheless, the
results suggest that exposure to NPs through digestion might result in the transport of NPs
or metal ions throughout the body.
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It is essential to design products that do not release nanoparticles into purified water
since this poses extra concerns to public health. In order to ensure public health, it is
also important to determine if present drinking water treatment procedures properly
remove these dangerous chemicals. Despite the vast majority of good and transformational
applications of NPs, further research is necessary to keep up with the rapid growth and
extension of the potential dangers of this invention. We must come up with a method that
assures public health without producing harmful side effects [311].

To verify the non-toxicity assumptions of nanocomposite membranes, more research
and a risk-benefit analysis are necessary. Using polymers or natural resources in the
production of nanocomposite membranes does not provide a sustainability certification
that is guaranteed. The use of nanoparticles in biopolymeric matrices is a serious cause
for worry. As predicted, these nanoparticles exert their impact on the nanocomposite
membranes, making them high-performing yet less benign. This is the source of the
issue, and paradoxically, no studies have confirmed the possible toxicity of nanocomposite
membranes using nanoparticles for water purification. Typically, the removal efficiency of
contaminants receives the lion’s share of attention, whereas the adverse consequences of
nanoparticles are neglected. The likely leaching of these persistent, insoluble nanoparticles
into water and, subsequently, their infiltration into the soil [312,313], is another concern
that must be addressed.

10. Prospective Studies

Despite significant developments in nanocomposite membrane fabrication, addi-
tional study is required to address current obstacles. We still have a lot to learn about
nanoscale processes involving nanoparticles in membranes, for starters. Incorporating
several nanoparticles or multi-element nanostructures into a single polymer matrix has
the potential to improve membranes’ long-term stability and performance by offsetting
the weaknesses of the components used. The ability to selectively remove pollutants from
source water makes metal-organic frameworks (MOFs) an appealing nanofiller [314-316],
since the availability of alternative water sources for desalination and the development
of novel applications for filtrate have increased the value of specialised membrane syn-
thesis, the latter being given preference. Second, nanocomposite membrane development
is stymied by the difficulty of preventing nanoparticle aggregation. The current options,
which involve surface modification and improvement of production techniques, only
apply to certain nanoparticles and polymer matrices. In addition to improving the desir-
able features of nanocomposite membranes, a standardised approach to better dispersing
nanoparticles in the polymer matrix may make the membrane technology more viable
for industrial usage. Lastly, more research is needed to determine how nanocomposite
membranes hold up over time. Some carbon-based nanoparticles have been found to
shield polyamide membranes from chlorine assaults, although the nature of their direct
interactions with free chlorine is poorly understood. To identify the effects that prolonged
exposure to chlorine has on the functional groups of nanoparticles, there is a pressing need
for more study in this area. In addition, there is an absence of exhaustive studies on the
processes that are responsible for the release of nanoparticles over polymer membranes. In
conclusion, the findings of the study indicate that effective applications of nanocomposite
membranes are mostly limited to low-volume environments such as laboratories. The
large-scale fabrication technology and long-term testing that are essential for extensive
industrial application are currently unavailable.

11. Conclusions

The development of hybrid polymer/inorganic nanofiller membranes has led to
substantial advancements around polymeric nanocomposite membranes for the treatment
of contaminated water, as a consequence. These membranes combine the best properties of
inorganic nanofillers, such as photocatalytic degradation capacity, bactericide properties,
or absorption capacity, with the improved mechanical, absorption, and chemical properties
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of polymer matrices. This combination is a critical factor in the broad range of applications
described for these hybrid membranes, as it combines the best properties of two different
types of materials, including food technology, gas separation, wastewater, desalination,
biotechnology, the dairy sector, and the pharmaceutical business. Membrane technology
offers medicinal uses such as controlled medication administration, artificial lungs, artificial
kidneys, diagnostics for different disorders, and microimaging. Membrane technology also
has uses in environmental protection, such as the safe generation of electricity in fuel cells.

The potential for MOFs to improve mass transport inside membranes is becoming an
increasingly popular research topic. Metallic nanoparticles have the most significant impact
on enhancing heat transfer in nanocomposite membranes, while carbon-based nanoparticles
introduced into polymer matrices raise the charge conductivity of the membrane.

The functionality of nanocomposite membranes is superior to that of their bare mem-
brane analogues. The characteristics of the nanoparticles, such as their size and shape,
surface qualities, composition, and the kind of polymers that were utilised, have a signif-
icant impact on the end result of the performance of nanocomposite membranes. There
appears to be an optimum concentration of nanoparticles and polymeric membrane materi-
als for each possible combination, as suggested by the literature. There is no correlation
between nanofiller concentration and performance enhancement. Thus, in order to attain
the best result, certain combinations of nanoparticles and polymeric membranes require
exhaustive experimental assessments.

Despite the abundance of literature, most experiments on nanocomposite membranes
have only been conducted for a few months at most. Nanocomposite membranes’ durability
and efficacy in the long run are still up for debate. In addition, there has not been a lot of
research on how to make nanocomposite membranes on a larger scale. The widespread
use of nanocomposite membranes will be considerably facilitated by the development of
a mechanistic understanding of nanoparticle polymer matrix interactions and the scaling
up of their production. More work needs to be conducted in the future to build stable,
high-performance, and scalable nanocomposite membranes for many uses.

The so-called “Valley of Death” is the sometimes-lethal period between a researcher’s
scientific findings and the first money required for prototyping and commercialisation.
Scientists may publish their findings without being interested in commercialisation. This is
a significant gap between research and commercialisation that government organisations
and venture investors must overcome.

The inadvertent release of nanoparticles into the environment may be attributed in part
to both mechanical and photochemical processes. These processes include grinding, cutting,
photo and heat degradation, as well as the features of nanocomposite materials. During the
process of nanocomposites being broken down, both nanoscale and microscale fragments
as well as nanofillers are formed. As a consequence of the breakdown of the nanocomposite,
both workers and consumers are at risk of exposure to particles, especially in the airborne
or respirable component of the material. Research indicates that nanoparticles may pose a
health risk, with the potential danger posed by these particles varying depending on their
make-up, size, and several other physicochemical aspects.

It is obvious that the use of nanomaterials has the potential to make future water
treatment facilities more effective, efficient, and economical to run, in addition to making
them very simple to build in developing countries that have a limited supply of clean
water. PNC membranes will make it possible to create inexpensive and ecologically friendly
separation processes, and they will also make it easier to create modular systems that will
contribute to the advancement of existing technologies. The implementation of PNCs into
long-term separation strategies will bring the factors that influence the economy;, society,
and environment together and integrate them.
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