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Abstract: Synthetic membranes are currently employed for multiple separation applications in

various industries. They may have been prepared from organic or inorganic materials. Present

research majorly focuses on polymeric (i.e., organic) membranes because they show better flexibility,

pore formation mechanism, and thermal and chemical stability, and demand less area for installation.

Dendritic, carbon nanotube, graphene and graphene oxide, metal and metal oxide, zwitter-ionic, and

zeolite-based membranes are among the most promised water treatment membranes. This paper

f.ieﬁtfgsr critically reviews the ongoing developments to utilize nanocomposite membranes to purify water.
Various membranes have been reported to study their resistance and fouling properties. A special

Citation: Singh, R.; Singh, M.; focus is given towards multiple ways in which these nanocomposite membranes can be employed.

Kumari, N; Janak; Maharana, $.; Therefore, this review provides a platform to develop the awareness of current research and motivate

Maharana, P. A Comprehensive . 1e s . . . .
its readers to make further progress for utilizing nanocomposite membranes in water purification.
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1. Introduction

Kumar Singh

Water dearth and decontamination widely alter the sustainable development of global
Received: 1 May 2021 and societal activities. The crises of imbalance between both demand and supply of
Accepted: 31 May 2021 quality water is a growing concern of the 21st century [1]. Based on the continuously
Published: 21 June 2021 growing population and urbanization, the year 2050 is expected to face an increased water

demand of 40%, leaving 1.8 billion of the population in water-deficient situations. In
Publisher’s Note: MDPI stays neutral  India, around 75% of households are short of clean drinking water, and by 2030, 40%
with regard to jurisdictional claims in of the total population will completely run out of drinking water. Considering water
published maps and institutional affil-  quality, an adequate fresh supply of clean water has become a pivotal challenge. At present,

fations. almost 80% of wastewater worldwide is released without any pre-treatment into our water
bodies, causing various water-borne diseases. Particularly in India, around 200,000 people

die every year because of the unavailability of clean drinking water [2]. Present-day
BY infrastructure for wastewater treatment and safe water production struggles to keep pace

Copyright: © 2021 by the authors. ~with demand within both developed and developing nations. Therefore, the growth of
Licensee MDPI, Basel, Switzerland.  economical and efficient water purification systems is urgently required.

This article is an open access article The membrane is an interface between two different phases and works as a selective
distributed under the terms and  barrier. Mechanisms followed by separation membranes are highly motivated by the natu-
conditions of the Creative Commons  ra] world. For example, the exchange of materials between stomachic tissues of the body
Attribution (CC BY) license (https:// and the liver is quite similar to microfiltration and ultrafiltration processes. Membrane

creativecommons.org/licenses/by/ technologies are becoming an important aspect of industrial effluent treatment, including
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those in the pharmaceutical, food, biotechnology, petrochemical, and chemical industries.
Membranes are also employed for water purification in households and small commercial
sites. In comparison to conventional separation materials, membranes offer economical
and efficient treatment. Membranes also require less energy and raw materials for their
preparation [3]. In fact, the synthesis materials can also be found in nature and hence
are economical. Polymers and ceramics are the most widely used membrane materials.
Polymers have attracted more attention due to their excellent mechanical and chemical
stability [4]. Among the investigated materials, polymeric membranes such as polyvinyli-
dene fluoride (PVDE), polyacrylonitrile (PAN), polyvinyl chloride (PVC), polysulfone
(PSf), polyethylene (PE), polyamide, polyether sulfone (PES), polyvinyl chloride (PVC),
polypropylene (PP), and polyvinyl alcohol (PVA) are applied the most. It is further found
that PES and polyimide polymeric membranes experience the highest mechanical strength
and operating temperature.

Dendrimers are considered to be novel synthetic polymeric nanostructures with
balanced structure and a distinctive 3-D configuration. Its functional groups are capa-
ble of showing intermolecular interactions with various functional moieties. They are
superior because of their exceptional properties, which are absent in linear polymers. Poly-
(amidoamine) dendrimers are most widely used as an adsorbent for water purification [5].
They are non-toxic, cost-effective, and can be prepared from easily available materials. A
section of this article will focus on dendrimer based materials for the adsorption of heavy
metals, organic and inorganic pollutants, and dyes. Their adsorption mechanismes, fillers,
and the influence of doping materials is intensively reviewed.

Advanced nanomaterials are also well-investigated compounds for water and wastew-
ater purification. Carbon nanotubes and graphene/graphene oxide composites have shown
positive results. These materials have a graphite-like carbon structure and follow the prin-
ciple of adsorption and restrict the flow of pollutants [6]. The cost of fabrication of carbon
nanotubes (CNTs) and graphene nano-composites poses a few challenges for their com-
mercialization; however, these materials are the most potential candidates for the future of
water purification. The paper also discusses a few chemical modifications for improving
membrane performance and neutralizing the water-borne bacteria.

Incorporating nanoparticles (NPs) into polymeric membranes is another way of im-
proving membrane properties. Nano-sized metals and their oxides have shown interesting
properties when incorporated into polymeric membranes. They have shown enhance-
ments in the optical, electronic, catalytic, and magnetic properties of the membrane [7].
Metal NPs of alumina, zirconium, silver, magnesium, and copper can be employed in
almost every polymeric membrane to get targeted characteristics. These groups are mostly
ionic and or comprises a lone pair of electrons that show chelating and stability effects
on modified material. The above-mentioned metal NPs will be critically discussed in the
upcoming sections.

Zwitter-ionic polymers are potential antifouling materials as they are capable of
forming a hydration shell through electrostatic interactions. These interactions are much
stronger than hydrogen bonds and thus result in closely packed adsorbed water [8]. In
the past few years, a wide range of research has been carried out to incorporate zwitter-
ionic materials on the membrane surface. Hence, a brief perspective of the most famous
approaches is focused on in the present article.

Thin-film nanocomposite (TFN) membranes were first investigated in 2007, with an
aim of enhancing membrane separation capacity, selectivity, and permeability properties.
By introducing a minute amount of zeolite into polyamide (PA), water permeability can be
highly improved. Zeolites also offer preferential flow paths to water molecules between its
super hydrophilic passages and mesoporous structure [9].

Hence, the paper lays out the different characteristics and potential applications of
nanoparticle membranes for water desalination applications. An intensive review of al-
ready developed technologies is covered based on their interactivities between different
contaminants and polymeric nanomaterials such as carbon nanotubes, graphene/graphene
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oxide (GO), metal/metal oxide, zwitter-ionic, and zeolite-based. Finally, the article high-
lights the future outlook and challenges existing practices.

2. Dendritic Polymers

These are polymers with random hyper branches. These mainly include spherical
macro-molecules and are assembled with cross-linking shell morphology and terminal
clusters, ultimately giving a well-defined structure [10]. Dendrimers may be of different
formations, namely cone, disc, sphere, and more, and they can be in the range of 2-20 nm
in size. These structures can be fabricated through the reaction of multiple dendrons with
multi-functional characteristics. To date, hundreds of dendrimers have been synthesized
with different surface modifications and compositions. Dendrimers act as adsorbents in
the removal of heavy metal ions and organic pollutants. The inner shell of dendrimers is
hydrophobic in nature and thus eases the adsorption of organic pollutants, whereas the
outer shell consists of amine and hydroxyl functional groups that can adsorb the heavy
metals present in wastewater. Dendrimer based polymers have come out to be an effective
adsorbent for the removal of radionuclide as well as organic solvents from wastewater [11].
With all such characteristics, dendrimer polymers are among the best options for water
and wastewater purification.

2.1. Titanium Supported Dendrimers

Titanium dioxide (TiO,) modified by PAMAM dendrimers with ethylene diamine
cores (G4-OH) were utilized for the removal of Cr(III), Cu(Il), and Ni(II) from wastewa-
ter [12]. The immobilization strategy is displayed in Figure 1.

Immobilization - Metal lon
TiO, " : -
omplexation

Terminal Groups

Figure 1. Strategy for immobilizing G4-OH dendrimers on titania to produce dendrimer/titania composites. Reprinted

with permission from [12]. Copyright (2013) Elsevier Ltd.

The notable outcome regarding PAMAM modified TiO, was that the Brunauer—
Emmett-Teller surface area of Ti remained similar to before. However, the removal rate
and efficiency were improved with less operational time and a pH value of 7 and 9. The
mixture also successfully removed Ni*? ions better than the single system. Additionally,
a PAMAM-Ti composite was employed for the removal of Pb(Il) ions, which displayed
the adsorption capacity of 400 mg/g [13]. Figure 2 suggests the removal mechanism of
positive metal ions through dendrimers-Ti composite.
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Figure 2. Mechanism for metal cations removal by PAMAM dendrimers—titania composites.
Reprinted with permission from [12]. Copyright (2013) Elsevier Ltd.

Castillo et al. [14] studied the removal capacity of Ni and Fe oxidation states utilizing
4th generation PAMAM with the G4-OH group. They also investigated the influence of
G4-OH immobilization on Ti enhanced materials and their chelating potential on Ni(II)
removal. The results found that the potential of Ni(II) complexation towards idle PAMAM
dendrimer gets inactive on Ti support. This behavior was explained mainly by two things;
firstly, the limitations of diffusion in Ti pores, and secondly because of a decrease in
the flexibility of PAMAM dendrimer, which leads to the increasing constraints for the
accommodation of metal ions.

2.2. Magnetic Supports for Dendrimers

Separators utilizing magnetic particles offer finer phase separation and circumvent
various steps of centrifugation and filtration in the post-removal cluster of adsorbents.
Combining magnetic nanoparticles (MNPs) not only eases the adsorbent separation but
also remarkably improves the adsorption capacity. It also limits the production of sec-
ondary waste from employed nanoparticles. In 2011, Chou et al. [15] investigated the
elimination of Zn(Il) from an aqueous mixture in a batch arrangement by utilizing G3-
MNPs (i.e., dendrimer-conjugated magnetic nanoparticles) as adsorbents. As projected by
the Langmuir model, the highest adsorption capacity came out to be 24.3 mg/g at 25 °C,
with a pH of 7. Further, it was claimed that the removal capacity of Zn(II) was not much
hindered, even after 10 consecutive cycles of adsorption and desorption.

Another research by Yen et al. [16] showed the formation of third-generation den-
drimers on the surface of MNPs employed for the adsorption of metals such as Ag(l),
Au(IlI), PA(IV), and Pd(II). The adsorption value of greater valence metals such as Pd(IV)
and Au(IlI) came out better than the lower value valence metals such as Pd(II) and Ag(I).
Thus, it is concluded that the adsorption by precious metals on MNP-G3 varies in pro-
portional to the valence value. Further, the regeneration was obtained by utilizing a 1%
solution of hydrochloric acid.

PAMAM is also employed for the purposes of grafting dendrimers onto the surface of
MNPs of silica. It was used for the decontamination of Hg(Il) and MeHg(I). Both these ions
are highly toxic in nature. Exposure to them can result in neurological and immunological
disorders. The properties of PAMAM grafted with MNPs of silica (Fe304-5i0,-PAMAM:s)
were enhanced through Coulomb attractions. Herring sperm type deoxyribonucleic acid
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(DNA) fragments were immobilized onto a nanocomposite surface and hence acted as
a reagent in mercury removal. Additionally, the Fe304—SiO; NPs get some traces of the
hydroxyl group and itself becomes an adsorbent for Hg(II) and MeHg(I). The positive
charge gets accumulated on the surface of NPs due to grafting. Additionally, increasing
dendrimers result in a higher density of amines, leading to enhancement of net positive
charge. In such conditions, the capacity of adsorbate decreases and Fe;04-S5iO, gets
shielded with a negative hydroxyl group, thus leading to a coulombic force of repulsion to
adsorbate. Hence, Hg(II) and MeHg(I) removal using Fe304-5i0,-PAMAMs is poor. The
efficiencies were thus increased through DNA immobilization onto the surface [17].

Kim el al. [18] have shown that the removal of heavy metals such as Pb(II) and Cd(II)
is also effective through magnetic core dendrimers. The pH played an important role
in the adsorption of heavy metals and regeneration of adsorbent. This is mainly due to
the interactions between H* and metal ions. As the pH increases, the H* ions decrease,
and hence the interactions also decreases. It is evident that higher pH results in effective
adsorption, but at pH above 5, the lead and cadmium start to precipitate into hydroxides.
Pb(II) has greater Pauling electronegativity and thus shows a high affinity towards sorbent
and lone pair nitrogen in dendrimer amine groups. Furthermore, hydrochloric acid can be
used as an extracting element to regenerate the adsorbent.

Pourjavadi et al. [19] synthesized PAMAM graft-poly (methyl acetate) dendrimer for
the adsorption of lead ions from aqueous solution. It was produced first using radical of
methyl acrylate polymerization. Then, PAMAM was used to functionalize the methyl ester
group. The adsorbent displayed an adsorption capacity of 310 mg/g of lead ions. The
adsorbent shows less activity at lower pH due to surface protonation. The preferred pH
range is from 5 to 6, and above that, the lead ions precipitate into its hydroxide.

Zhou et al. [20] experimented the modified MNPs with PAMAM dendrimer for
extraction of RBk5 (reactive black) from dye mixture. The results showed that the highest
adsorption value of modified MNPs with the PAMAM dendrimer was 70.423 milligrams
of RBK5 per gram of modified MNPs with PAMAM dendrimer. Additionally, the rate and
kinetics of adsorption reduce with an increasing initial concentration of RBk5.

2.3. Dendrimers Supported on Nantural Materials

Natural materials are economical, abundant, environment friendly, and easily avail-
able. These have increased the interest for decontamination of wastewater pollutants
in recent years. Chitin and cellulose are among the most easily available biopolymers.
Chitin based cellulose and chitosan are widely preferred for bio-sorbent activities due to
their non-toxicity, biocompatibility, and other outstanding adsorption properties. They
are also employed for the removal of dyes and heavy metal ions [21]. Zhao el al. [22]
showed a poly(amidoamine)-grafted cellulose nanofiber for the removal of Cr(VI) from
aqueous solution. The bio-adsorbent displayed a low density and high porosity, while it
was multi-functioning with an amine group. Further, its characterization disclosed that
it has an open-cell-like geometry with sheet-like walls of interconnected cells. The pores
were between 3 and 5 mm in size. Multiple peripheral pores of sizes 50-200 nm were also
visible on each wall. The maximum removal capacity came out to be 377.36 mg/g, and this
is the maximum reported capacity so far.

Chitosan is a nitrogen-containing polysaccharide, which is produced through the
deacetylation of chitin. It is mostly found in terrestrial invertebrates, marine invertebrates,
and lower forms of plants. Amine groups present in chitosan can be easily functionalized
to Chitosan/poly(amidoamine) dendrimers for the efficient removal of dyes and heavy
metal ions. Chitosan micro-particles can also be transformed into magnetic micro-particles,
operationalized with polyamidoamine (PAMAM) dendrimers [21,23].

The good biocompatibility of an adsorbent is judged from its biocompatibility, surface
area, hydrophilicity, and resistivity to chemicals and solvents. To enhance these properties,
a cellulose membrane was implanted with Diaminobutane-poly (propyleneimine) func-
tionalized with 16 thiol active group (DAB-3-(SH);¢) for the removal of heavy metals of a
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toxic nature. Further, the membranes were characterized by electrochemical impedance
spectroscopy (EIS) [24]. The bode plots reveal the decreasing Z.,), indicating heavy metal
entrapment in the membrane, which results in an increasing number of charges.

2.4. Carbon-Based Supports for Dendrimers

Graphene oxide exhibits an oxidized functional branch and has a high surface area,
due to which it acts as an excellent adsorbent for the removal of organic and inorganic pol-
lutants. Yuan et al. [25] synthesized GO-PAMAMSs by the grafting-form method for the ad-
sorption applications of heavy metals. GO-PAMAMSs, obtained through the grafting-form
method, displayed higher adsorption capacity than GO. This was mainly due to the addi-
tional complexations among PAMAM amines and heavy metals. Similarly, Zhang et al. [26]
obtained GO-PAMAMSs through the grafting-to method and claimed that grafting-from is a
superior method for synthesizing GO-PAMAMs.

Selenium (Se) falls under the category of trace nutrition. However, it can be highly
toxic and harmful if ingested in excess. The toxicity levels of selenite and selenate are
quite high. The elimination of Se(VI) is more difficult compared to Se(IV). Xiao et al. [27]
synthesized GO-dendrimer, and the materials showed good removal capacity against
selenium. It was facilitated mainly due to the high surface area of GO and the presence
of multiple functional groups. The GO-PAMAM dendrimers acted as adsorbents for the
Se(IV) and Se(VI) ions. The fraction of Se in the supernatant was measured after 24 h using
inductively coupled plasma mass spectrometry (i.e., ICP-MS). The maximum adsorption
results were shown by GO-G3 and GO-G4 adsorbents for Se(IV) and Se(VI), respectively.
Further, it was noted that the adsorption of Se(VI) ions relies more upon the presence of
the amine group. Because the interactions of selenite and selenate with GO-G4 are totally
electrostatic, it mainly changes with initial pH values. At high pH, the primary and tertiary
amine group gets deprotonated, and at lower pH values, the amine groups are protonated,
and it also ensures more active binding sites for negative Se ions. GO-G4 displayed more
adsorption capacity in comparison to both magnetic GO and pristine GO. At pH value 6,
Se(IV) and Se(VI) showed adsorption capacities of 60.9 and 77.9 mg/g, respectively.

Iannazzo et al. [28] developed dendrimer on the surface of multiwall carbon nanotubes
(MWCNTSs) using triazole for the adsorption of heavy metals. The Moedritzer-Irani route
was chosen for the synthesis of alpha-amino phosphonate nanosystem (MWCNT-TD,P)
amine group. The synthesized material displayed good chelating towards Pb(II), Hg(Il),
and Ni(II). Apart from this, the PAMAM-CNT nanocomposite exhibited high adsorption
capacities of 4870 mg/g and 3333 mg/g towards Pb(Il) and Cu(ll), respectively [29].

2.5. Miscellaneous Dendrimers

Xu et al. [30] highlighted the applications of five major dendrimers, namely G1.0-NHp,
G1.5-COOH, G4.0-OH, G4.0-NH;, and G4.5-COOH, where G is the generation number. A
fixed bed column was utilized for experimental purposes. G4.5-COOH initially retained
almost 90% of the copper at pH 6. Further, 100 mL of 2 normal (N) hydrochloric acid was
used for the regeneration of dendrimer.

Gajjar et al. [31] produced triazine dendrimer with a hydroxyl terminal using the
divergent method. No supporting material was used during the synthesis. The triazine
dendrimer group that was synthesized included GO0, G0.5, G1.0, G1.5, G2.0, G2.5, and G3.0.
Out of these, half of the dendrimers appeared white in color and were insoluble in water
due to chlorine termination. In comparison, the dendrimers with the hydroxyl terminal
were brown in color and were very well water-soluble. The key result of the experiment
was that the capacity of adsorption of these groups towards Cu, Ni, and Zn increases in
direct proportion to the generation number.

PAMAM dendrimers were also employed in a fixed bed column to adsorb lead from
contaminated soil. For regeneration of dendrimer, 2 N HCI, along with 94% dendrimer
bounded PB?* species, were extracted from dendrimers during acid regeneration [32].
Another study reported the synthesis of poly (methacrylic acid-g-PAMAM dendrimer)
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using multiple proportions of nickel salt by gamma radiation-induced copolymerization
of PAMAM dendrimer and methacrylic acid (MAA). Batch experiments were performed
to study the adsorption effectivity of Cr(IlI), Cu(Il), and Co(Il) ions. Further, it was stated
that nickel effectively enhanced the adsorption capacity of dendrimers towards Co(II) and
Cu(Il) ions. However, due to the different structural properties of Cr(III) and nickel, the
dendrimer showed a decrease in adsorption capacity for the adsorption of Cr(III). Finally,
a capacity of 16.37 mg/g, 17.2 mg/g, and 9.7 mg/g was obtained for Cr(IlI), Co(Il), and
Cu(Il), respectively in the presence of 25 mg of Ni(Il) at a pH value of 6 [33].

Beraa et al. [34] used 1st and 2nd generation phosphorous cationic dendrimers and
sodium saturated montmorillonite for the adsorption of Cr(VI). Leather industries usually
use Cr(VI) salts for surface treatment processes, and the effluents from these industries are
usually filled with Cr(VI). The experimental analysis showed that GC2-montmorillonite,
Na-montmorillonite, and GCl-montmorillonite can remove 7.15 mg/g, 6.2 mg/g, and
10.2 mg/g, respectively, of Cr(VI).

2.6. Outlook

Dendritic polymers are getting highlighted in various applications due to their adapt-
able structure and properties. In addition to exterior surface area, they offer high inside
surface area to encapsulate targeted pollutants. As it can be comprehended from literature,
dendrimers have not been substantially investigated in the field of removal. The com-
mon reason for this may be the requirement of expertise for its multistep synthesis. This
can be overcome through research collaborations between different fields. Such practice
can enable the designing of more cost-effective, selective, and target-oriented dendritic
polymers. Along with focusing on one dendritic structure, it is very important to simulta-
neously investigate other dendritic polymers too. Novel and newly developed dendritic
polymers must be benchmarked and compared with already existing adsorbents. Also, the
already developed dendrimers should be modified in terms of removal efficiency, toxicity,
mechanical and chemical strength and other important factors to improve the research
environment. In conclusion, dendrimers have a very bright scope in removal applications
and other different directions.

3. Carbon-Based Polymeric Membranes

Carbonaceous nanomaterials have high sorption capacity, selectivity, and surface area,
due to which they act as potential sorbents to organic solutes in an aqueous medium.
Along with this, they also exhibit good thermal conductivity, electrical conductivity, steady
reactivity, and exceptional antioxidants. Highly discussed carbon nanomaterials include
nanowires, activated carbon, carbon nanotubes (CNTs), diamonds, and fullerenes (C60) [35].
Genz et al. [36] utilized acids to enhance the colloidal stability of CNTs to remove Cr(VI).
Multi-walled carbon nanotubes (MWCNTs) have proven their effectiveness in the adsorp-
tion of binary pollutants such as 2,4,6-trichlorophenol and Copper(Il) ions. Additionally,
chitosan nanoparticles display good absorption capabilities in the removal of acid dyes [37].

3.1. Carbon Nanotubes-Based Membranes

Carbon nanotubes are potential candidates for employing into wastewater treatment
and purification. The pore size in nanometers can be altered by inner cores. Addition-
ally, modifications in the growth process can be utilized to control the size of nanotubes.
Hinds et al. [38] synthesized controlled nano-porous membranes through chemical-vapor
deposition methods utilizing CNTs. The nanotubes obtained were in the range of 5-10 pm.
Process simulations are an important part of examining water transportation through
CNTs. Hummer et al. [39] demonstrated the chain transportation and permeation of water
molecules in CNT without any friction. This happens because of the hydrogen bond formed
between the water molecule and the inner core of CNT. Thomas and McGaughey [40]
conducted the examination of dynamics of water directed by pressure in CNTs by varying
the dimensions (i.e., diameter and length) of the tube. They also proposed a method to



J. Compos. Sci. 2021, 5, 162

8 of 22

configure the flow of water in CNTs and its dependence on tube diameter. It was noted
that a single string chain of water molecules, having high flow velocity with fixed pressure,
is accomplished in tube diameters of 0.83 nm.

CNTs are also very well known for rejecting dissolved ions during water desalination.
The diameter of CNTs plays an important role in the selective exclusion of species [40].
One example of this has been demonstrated recently by K. Chen et al. [41]. He concluded
that when the diameter of CNT is increased from 0.66 nm to 0.93 nm, the ion rejection
efficiently decreases from 100% to 95%. Different studies have further revealed that 0.34 nm
and 0.39 nm are the ideal diameters of CNTs for the rejection of sodium and chlorine ions,
respectively [42]. However, it is quite difficult to achieve the swift flow of water molecules
from an extremely small diameter CNTs. Instead, there are few effects observed on water
flux and design elements to gain the optimal ion rejection at 0.6 nm to 0.8 nm diameter.
Narrow tubes display less flux and also pose challenges in industrial-scale operations,
such as reverse osmosis. Therefore, researchers are finding different ways in which CNTs
with large diameters can be used for effective ion rejection applications. A few functional
groups have also been suggested to improve the ion rejection capacity of CNTs. One of the
mainly employed functional group is a carboxylate or amine group around the tip of CNT
of diameter 10.9 nm. This addition blocks the entry of charged ion and improves the ion
rejection capacity. However, this addition will reduce the water flux of the membrane [43].
Various important innovations in wastewater pollutants degradation using CNTs is given
in Table S1 of supplementary file.

3.2. Graphene and Graphene Oxide-Based Membranes

Several methods, such as ball milling, electrochemical exfoliation, and high shear, have
been suggested to synthesize graphene at affordable prices. Wang et al. [44] synthesized
graphene through a new method called the pyridine-thermal exfoliation method. This
methods uses pyridine as an intercalating dispersant and produces graphene with well
capacitive deionization capacity. GO has a graphene lamellar structure with 1-30 um
thickness at the planes and edges. It has rich oxygen in the form of carboxyl and hydroxyl
groups [45]. The presence of these oxygen groups signifies that graphite oxide has a
complex structure. This also signifies that GO does not require any dispersant or stabilizer
to stably disperse in water. This property turns out to be an extremely useful one during
the process [46]. The oxygen-containing functional groups being susceptible to chemical
reactions can be used for modifying GO chemically [47]. During the earl research into
graphene, Brodie continuously treated graphite with potassium chlorite (KClO3) and nitric
acid (HNO3) to obtain GO. Staudenmaier broadened the oxidation process through the
utilization of sulfuric acid (H,SOy), KClO3, and HNO3. Hummer’s method is the most
widely used method for the synthesis of GO. It is a quick and secure process. Graphite
powder can be extracted from brown oxidation graphite and high shear/ultrasonic intense
agitation stripping [35]. This method has been regularly refined by adjusting oxidant
quantity and time of oxidation, enabling the production of lamellar structures with different
sizes. Alternative techniques such as liquid auxiliary electronic stripping [48], potassium
ferrate [49], sealed oxidation [50], etc. have been investigated for improved oxidation of
GO in terms of safety, environmental damage, and speed.

A few other methods used to prepare GO-based separation membranes include electric
field induced-assembly, coating, layer-on-layer self-assembly, filtration, and evaporation.
Filtration involves the dispersion of GO over a porous membrane (either a micro-filtration
(MF) or ultra-filtration (UF) membrane) used as a substrate [51,52], either in vacuum
or under pressure [53]. This further undergoes filtration, drying, and other processes,
resulting in the formation of a porous membrane layer. Han et al. [54] synthesized a
MWNT-intercalated nano-filtration membrane of graphene (G-CNTm). The graphene
and CNT grains, which were dispersed and reduced, underwent filtration in a vacuum
atmosphere within a PVDF UF membrane of 100 mm effective diameter to produce G-
CNTm. This method may also be used for preparing GO films, ranging from several
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nanometers to microns. However, the adjoining layers showed a fragile interface, hence
the stability was less. The coatings can be applied to improve the membrane quality. This
may be spin, cloth, or spray coating.

The demand for self-assembling GO nano-sheets is high. Sun et al. [55] prepared a new
type of nano-filtration (NF)-membrane composite with PAN-UF membrane and coated it
with a thin ethanol gel layer. Further, he prepared the GO film through the evaporation
method. It was performed at an interface linking liquid and gas. The thicker the interface
is, the easier it becomes to prepare a membrane of large transverse size.

Yang et al. [56] prepared GO in a solution with 2 mg/mL concentration. It was
carried out through the evaporation method that removes the solvent, hence giving a
surface holding characteristic to the self-assembled film of GO. It was observed that the
thickness of GO can be controlled by controlling the time period and temperature of
evaporation. GO with more carboxyl, hydroxyl, and epoxy clusters follow the layer-by-
layer self-assembly route. In one case, the negative charge and carboxyl and the positive
charge of the organic matter group was used to generate self-assembly. In another case, the
reactivity of appropriate functional groups was employed to achieve self-assembly. For a
carboxyl rich GO surface, the more probability there is of the creation of a negative charge
for groups dispersed in water. Hence, the self-assembly becomes feasible by applying an
electric field.

Researchers are currently focused on combining the properties of various nanomateri-
als to produce a single nanocomposite membrane with enhanced performance. Kou and
Gao [57] successfully prepared a GO-5i0; nano-hybrid for employment in the applications
of super hydrophilic coatings. Gao et al. [58] prepared a TiO, (P 25)-GO nanocomposite
and found that the photocatalytic activity under the near violet-blue spectrum represents
layer-by-layer self-assembly of GO on the top of TiO,. The adsorption capacities of several
other GO-based adsorbents can be further seen in Table S2 of supplementary file.

4. Metal and Metal Oxide Nanoparticles

Few nanoparticles of metals, such as silver (Ag), palladium (Pd), and gold (Au),
have been intensively studied to be applied in wastewater treatment. Titanium deco-
rated gold nanoparticles are effective in eliminating trichloroethane from groundwater.
Tobiszewski et al. [59] showed that titanium nanoparticles catalysts show almost 2200 units
better effectiveness than palladium alone. Nano silver in the form of colloidal and spun
silver with 10-200 nm size exhibits high surface area and good antimicrobial properties.
Due to this, silver nanoparticles are responsible for the removal of coli form microbes from
wastewater [60].

TiO,, Zinc Oxide (ZnO), and Cerium(IV) Oxide (i.e., CeO;) metal oxide nanoparticles
are employed for the degradation of various forms of organic pollutants that are usually
present in the aqueous stream. Due to excellent surface area and photolytic properties,
these metal oxide nanoparticles turn out to be a better option as photocatalysts for wa-
ter and wastewater decontamination. Magnesium (Mg) and Magnesium Oxide (MgO)
nanoparticles are helpful in the adsorption of biocides against Escherichia coli, Bacillus
megaterium, and Bacillus subtillus (i.e., bacterial spores) [61]. Nano Copper(I) Oxide (i.e.,
Cu;0) and TiO; electrodes exhibit coherent oxidation in electrocatalytic oxidation activity.
These also show efficient COD removal rates [62]. Mei et al. [63] observed that upper
layered crosslinked chitosan Ag-SiO, nanocomposites showed higher biocidal action for
Escherichia coli and Staphylococcus. Ferrites with iron minerals, such as maghemite,
goethite, akagneite, ferrihydrite, lepidocrocite, magnetite, and hematite, have been used for
adsorption operations in wastewater treatment [64]. Oxides of iron (Fe) and titanium (Ti)
acts as sorbents for the decontamination of wastewater from metal dopants. A Pd/Fe3;O4
catalyst is used for dehalogenation in water and wastewater treatment [65].
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4.1. Membranes Infused with Aluminium Nanoparticles

Aluminum based NPs can enhance the activity of membranes when fabricated with
them. However, the addition of NPs has to be carried out very carefully as the excess of it
can decline the adsorption capacity and membrane strength of the polymeric membranes.
PVDF material forms asymmetric membranes of high permeability, good pore structures,
and high porosity. It is also thermally stable and highly resistant to corrosion by various
organic pollutants. PVDF membranes display good anti-oxidation properties; film-forming
properties; and thermal, hydrolytic, and mechanical performance. These membranes
have also been employed for ultrafiltration processes [66]. Besides all these benefits,
PVDF membranes still require certain modifications. Various processes such as chemical
grafting, surface modification, and physical blending can be used for modification purposes.
Blending is relatively easier than other methods as it enables the inversion of phase easily.
Further, when hydrophobic materials were added to dope solutions, the water permeability
of the membrane increases with similar pore size and distribution. This is due to increasing
pore density and hydrophilicity inside the pore surface of the membranes [67]. Ploymethyl
methacrylate (PMMA) is another organic material that is used for blending with PVDF to
enhance the pore side dispersion, structure, and penetration [68].

Inorganic fillers have shown potential properties to improve the effectiveness of PVDF
membranes. Inorganic fillers result in the increase of membrane permeability and surface
properties. A few of the inorganic fillers used so far includes silica, zirconium dioxide, and
salts of lithium [7]. Yan et al. [69] demonstrated the modification of a PVDF membrane with
inorganic nano-sized particles of aluminum oxide (Al;O3). The composite membrane was
synthesized by the phase inversion method. The main aim of the study was to observe the
effect of Al,O3 particle concentration on membrane morphology, hydrophilicity, mechanical
performance, permeation flux, and anti-fouling properties. The following results were
obtained from the experiment and characterizations:

e  The permeate flux constantly increased with the addition of AlO3 NPs; however, the
trend reversed after the quantity of Al,O3 exceeded a certain limit. The trend of flux
is represented in Figure 3.
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Figure 3. Distilled—H,O fluxes of membranes having different compositions of nano-sized Al,O3
particles. Reprinted with permission from [69]. Copyright (2006) Elsevier B.V.

Thus, Al,O3 can highly influence the hydrophilicity of the PVDF membrane, hence
increasing its surface area ratios. However, the flux cannot be improved after the Al,O3
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concentration exceeds a fixed limit in casting drops. In reports, 2% by weight of nano
AlyOs particles were reported to be ideal.

e  Further, the SEM micrographs of PVDF-0 and PVDF-2 membranes were studied.
Micropores were found to be distributed on either side of the membrane without any
difference among modified and unmodified membranes. Both membranes displayed
finger-like pores along with sponge wall linkage. Thus it was concluded that Al,O3
NPs do not influence the surface structures, inner pores, and cross-section.

e It was also observed that, with an increase in Al,Os particle concentration, the contact
angle subsequently decreased. Other values such as porosity, rejection, and other
cut-off value were not affected. This observation concludes that Al,O3 particles can
improve the hydrophilicity of the PVDF membrane but have no influence on pore size
and amount in the membrane.

e  Figure 4 shows that Al;O3 NPs were mostly dispersed uniformly, with a few large bun-
dles. These might be due to the overlapping or coalescing of particles in the membrane.

e~ —

Figure 4. Differential coefficient interference pattern of Al,Os-particle distribution in the modified
membrane. Reprinted with permission from [69]. Copyright (2006) Elsevier B.V.

Moreover, the mechanical properties of the membrane can also be enhanced with the
appropriate addition of Al;O3 NPs. However, an excess concentration of NPs may also
reduce the membrane elasticity, hence resulting in less elongation-at-break value.

4.2. Membranes Infused with Zirconium Nanoparticles

Zirconium dioxide is a potential compound for the synthesis of PVDF ultrafiltration
membranes. The membrane properties can be effectively controlled by controlling the
zirconium dioxide (ZrO,) concentration or the PVDF solvent in ternary suspension. How-
ever, excessive ZrO; can also result in increased permeate flux [70]. When employed with
sulfonated poly-ether-ketone, it reduces the permeability between water and methanol.
This property makes ZrO, and poly-ether-ketone amalgamation a potential candidate to
apply in the fuel cell. A fuel cell being an energy-efficient energy conversion device that
utilizes polyelectrolyte membranes for mobile applications. However, storage is still an
issue with fuel cell development. Alternatively, reforms can be used to produce hydrogen
from methanol and gasoline. The reformer can then be extracted for gaining technical
simplicity [71].

Nunes et al. [72] demonstrated the sulfonated poly-ether-ketone (SPEK) and sul-
fonated poly-ether-ether-ketone polymeric membranes. Inorganic branches were prepared
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in a polymer-matrix through the hydrolysis of tetra-ethoxy silane (TEOS) and of 1-(3-
triethoxysilyl propyl)-4,5-dihydroimidazole (I-silane). As shown in Figure 5, the modifica-
tion by inorganic SiO, considerably reduced the permeability of the membrane.
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Figure 5. Methanol-H,O flux in pervaporation experiments at 55 °C by modification of an SPEK

membrane with hydrolyzed TEOS. Reprinted with permission from [72]. Copyright (2002) Elsevier
Science B.V.

Further, it was observed that ZrO, and TiO; reduced the water-methanol permeability
on its modification. Figure 6a demonstrates the water-methanol permeability reduction
after they were modified with TiO,, and only slight improvement was seen on pre-treating
with 1,1’-carbonyl diimidazole (CDI), amino propylsilane (AS). Similarly, as shown in
Figure 6b, distributing ZrO, particles in sulfonated poly-ether-ketone membranes highly
reduced the methanol-water permeability. Furthermore, no additional enhancements were
observed from pre-treatment with CDI and AS [72].
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Figure 6. Methanol and water flux in pervaporation experiments at 55 °C post modification of a SPEK membrane with
(a) TiO, and (b) ZrO;. Reprinted with permission from [72]. Copyright (2002) Elsevier Science B.V.
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Besides this, SEM (Figure 7) of the SPEK membrane enhanced with 22 wt.% TiO,
displayed a good distribution of NPs, with inorganic networks been generated in the
polymeric matrix through hydrolysis of TESO and I-silane.

Figure 7. SEM of a SPEK membrane modified with 22 wt.% TiO,. Reprinted with permission
from [72]. Copyright (2002) Elsevier Science B.V.

It has also been reported that Nafion membranes doped with SiO; and ZrO, are
capable of improving water retention and increase proton conductivity [73,74]. In another
study by Pan et al. [75], synthesis of zirconia NPs of diameter 6.3 & 0.5 nm is shown. NPs
were prepared in situ in Nafion solution through hydrolysis and condensation of tetra-
butylzirconate (TBZ). The result suggested that in situ zirconia NPs were homogeneously
distributed in dispersion. Additionally, the suggested average diameter of NPs was nearly
6.3 £ 0.5. Further, all the adsorption peaks obtained through the FTIR spectrum of the
hybrid membrane were without any shift of wave numbers. The zirconia addition does not
disturb the crystallinity and structure of the molecules present in the membrane. Moreover,
the Nafion molecules can also undergo self-assembly for the formation of zirconia parti-
cles by electrostatic interactions. The new Nafion-zirconia membrane showed improved
water retention.

4.3. Membranes Infused with Silver Nanoparticles

Biofouling generally includes the microbial liberation of extracellular polymeric sub-
stances, which decreases the membrane flux and shortens the membrane life [76]. Foul-
ing in the membrane is mostly controlled in pretreatment or chemical-based cleaning in
backwashing. Introducing antimicrobial NPs in membranes can offer potential relief to
biofouling. Silver NPs are considered amongst the best antibacterial materials that can be
integrated within the polymer matrix of membranes [77]. Silver is also resistive towards
corrosion and high toxicity. Moreover, silver NPs contribute well to water and wastewater
purification applications. This is mainly because they successfully hamper waterborne
microorganisms such as algae, fungi, and other microbes. Due to chemical and thermal
stability, silver NPs and ions have been utilized in the fabrication of wastewater purification
antibacterial membranes. Silver also combats a wide range of bacteria and has no adverse
effect on humans [78,79]. In 1997, Davies et al. [80] reported that the antibacterial features
of silver are due to its interactions with phosphorus and sulphur. When ionic silver and
thiol groups interact to form S-Ag or disulphide bonds, the bacterial proteins and dimerize
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DNA get damaged. It also interrupts the electron transport chain [81,82]. Furthermore,
silver shows some antiviral characteristics to interact with the thiol group and DNA. Silver
NPs also acts as a selective barrier to element transportation. These properties of silver
enable its usage in various fields that includes the transportation of high-value products.
Silver NPs and ions have been widely employed in water treatment applications, such as
water purification membranes. Materials such as polyimide, polyamide, Poly(2-ethyl-2-
oxazoline), and cellular acetate have all had silver NPs introduced into them to prepare
efficient membranes.

Doping of silver-based materials into PMMA displays a sustainable membrane of
higher selectivity. Besides this, silver-base materials have also been discussed in association
with polymeric membranes such as polyamide membrane. Polyamide membrane is a pop-
ular material because of its high resistivity towards temperature and chemical compounds.
Polyamides have bulky CF3 groups that exhibit excellent film development and separa-
tion profiles [83]. To avoid the exhaustion of silver ions, a dry co-polyamide membrane
was utilized with metal ions in the crown ether cavity. The examples are 4,4’-hexafluoro-
isopropylidene diphthalic anhydride (6FDA) co-polyimides and 3,5-diamino benzoic acid
(DABA). Further doping of silver ions in polymer materials considerably improves the
selectivity, but with a reduction of permeability due to distortion of free volume. AgBFy-
infused membranes were found more selective than AgNOg3-infused membranes. However,
the selectivity decreased with increasing feed pressure. in the long run, the reduction in
separation factor was observed at constant feed pressure. In membranes without crown
ethers, silver ions penetrate deeper into membrane structure due to there being more free
volume available of the polymer. In such cases, membranes are comparatively stable. On
the other hand, silver ions penetrate just up to the membrane layers in the presence of
crown ether units [84].

Despite all these advantages of silver materials, researchers are still dubious about its
commercial use. Increasing the use of silver NP systems may pose a health and environment
risk of NPs. Silver infused polymeric materials used in the drinking water filtration process
may lead to the leaching of silver NPs. This may be caused due to poor NP incorporation or
physical damage to the membrane. Long-time exposure to silver may also lead to argyria,
which results in blue-grey discoloration spots on the skin and other body organs. Besides
this, in vitro examinations suggested that silver NPs cause damage to DNA structures and
apoptosis in embryonic stem cells and fibroblasts of mouse [85].

4.4. Membranes Infused with Magnesium Nanoparticles

Membranes are continuously employed for gas separation applications in chemical
and petrochemical industries. Separating hydrogen from hydrocarbons, removing carbon
dioxide from natural gas, and nitrogen purification are some of the highly recognized
industrial uses of membranes. However, polymeric membranes still suffer from selectivity
issues, which restricts their future development [86]. Nanocomposite and facilitated
transport membranes are two gas separation membrane generations that have the capability
to be applied in purification and gas separation. The mechanism of interactions among
magnesium oxide (MgO) and a few gas (e.g., CO;) surfaces have motivated researchers to
explore the capabilities of MgO infused membranes. Hosseini et al. [87] fabricated a flat
nanocomposite membrane by infusing MgO NPs into a Matrimid polymer matrix. MgO
NPs enhanced the permeability and effected the selectivity of the membrane. As shown in
Figure 8, it is observed that the permeability of the modified membrane is relatively higher
than the pristine Matrimid membrane. Additionally, there is a regular rise in permeability
with increasing MgO concentration.
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Figure 8. Comparison between gas permeability of pure Matrimid and its nanocomposite membranes having different
concentrations of MgO NPs; (a) shows the comparison of helium, hydrogen, and carbon dioxide; (b) shows the comparison
of oxygen, nitrogen, and methane. Reprinted with permission from [87]. Copyright (2007) Elsevier B.V.

The average increase in gas permeability is nearly 70% from using 40 wt.% MgO
particles. Clearly, the highly porous magnesium oxide NPs occupy the space in the dense
structure of polymeric chains and hence increases the gas permeability.

4.5. Membranes Infused with Copper Nanoparticles

Copper was initially used in the sterilization of injuries and water back in 2000 BCE in
ancient Egypt. Romanians also utilized it to manufacture hygienic utensils. Phoenician
ship manufacturers installed copper strips to the hulls of a ship to prevent fouling and
enhance the maneuverability of the ship. In WW 1I, Japanese people added copper to
canteens to battle dysentery [88]. Copper was also utilized as a fungicide in the late 19th
century [89]. Copper NPs can easily be oxidized into copper oxides. To prevent oxidation,
argon and nitrogen inert atmospheres can be employed with other organic coatings [90].
The dependence of the mechanical and physical characteristics of PVDF-Cu composite on
copper concentration was studied by utilizing the Cambridge Engineering Selector (CES)
software. Bassyouni et al. [91] listed the various findings of CSE in a tabular form. The
various methods that are currently employed for copper NPs synthesis include chemical,
biological, and physical.

The biological technique is very much similar to the chemical technique; the only differ-
ence is that it utilizes biomolecules for synthesizing NPs through the reduction of metallic
ions. Another method of copper NPs synthesis, i.e., physical process, enables the synthesis
of copper NPs of different sizes and structures. However, the process utilizes expensive
machinery and also produces low-quality particles compared to chemical processes.

Palza et al. [92] showed the direct relation of NP’s antibacterial properties of Cu** with
the particle size. When NPs of diameter 10 nm are introduced into polypropylene matrix,
the ion release rapidly increases. However, for particles with a diameter of 45 pum, the ion
release increases slowly. Nanocomposites with 5 v/v% copper happen to remove 99.8%
Staphylococcus aureus after 1 h. Copper NPs, copper oxide NPs, and copper ions attack
different species of bacteria to act as an antimicrobial material. These are also relatively
much more affordable than silver.

Ben-Sasson et al. [93] used electrostatic interactions to physically embed positive
poluethylenimine-modified copper NPs onto a negative thin film composite. Because PEI
is a good capping reagent to monitor copper NP size, it provides a stable and uniform
film and lowers the bacterial concentration up to 80-95%. Further, in order to modify the
surface, Ma et al. [94] prepared a technique known as the spray/spin assisted layer-by-layer
(SSLbL) technique. In order to control biofouling, the SSLbL method was employed to
modify the thin film composite membrane surface with the help of copper NPs. Another
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strategy, called the swift strategy, uses reduced graphene oxide-copper (rGOC) nanocom-
posite to co-deposit it along polydopamine (PDA) on a hydrolyzed PAN UF membrane [95].
The characterization demonstrated that copper NPs are uniformly dispersed around the
rGO surface. Further, the bridging across the voids of the UF membrane improves the
water permeability and dye removal capacity. Almost 97.9% Escherichia coli was ob-
served to become inactive by using multi-functional PDA-rGOC later for bridging. Hence,
swift and co-deposition methods emerged as a possible solution for loading antibacterial
nanomaterials onto membrane surfaces.

4.6. Outlook

As discussed in the above sections, PVDF is the most favorable material to fabricate
membranes. However, it is immediately contaminated with proteins and other wastewater
contaminants during water treatment, hence resulting in a sharp decrease in membrane
flux. Therefore, infusing membranes with metal and metal oxide NPs improves their
chemical and physical properties. Silver represents an ideal candidate to reduce membrane
biofouling. However, incorporation of silver NPs may also lead to the reduction of void
volume and the permeability of the membranes.

In drinkable water purposes, nanoparticles should be controlled carefully due to their
toxic properties. Moreover, the amount of NPs and polymeric materials must be optimized
to manufacture economical and high performance membranes in the future. Further merits
and demerits of different metal/metal oxide polymeric membranes can be seen fin Table
S3, provided in the supplementary material.

5. Zwitter-Ion Based Polymeric Membranes

Antifouling properties of zwitter-ionic materials follows two main paths when the
surface is below water. The first one includes hydration shell formation through elec-
trostatic interactions. This acts as an effective barrier for foulants and blocks them from
making direct contact with the surface [96]. According to thermodynamics, foulants re-
quire high energy to break the hydration shell. Therefore, the maximum Gibbs free energy
present on the hydrophilic surface is higher than unmodified surfaces. This significantly
decreases the possibility of adsorption taking place. As compared to polyethylene glycol
(PEG) and derivatives, zwitter-ionic materials configure a thick and denser hydration
shell. This is mainly because the PEG molecular chain contains a repeated -CH,CH,O-
units and also every unit contains an oxygen atom joined with a water molecule through
hydrogen bonding. Zwitter-ionic chains have both positive as well as negatively charged
groups, which are bonded to a maximum of eight water molecules with the help of the
electrostatic force of interactions [97]. In the case of macromolecular biological foulants,
the hydrophilic materials shell creates a small water atmosphere and liberates water to
maintain the conformation, hence giving materials the lesser adsorption tendencies and
high biocompatibility [98].

The second way in which zwitter-ionic materials show antifouling actions includes the
effect of steric hindrance. In zwitter-ionic polymers, the steric effect works quite similarly
to hydrophilic polymer chains, having higher embargo volume by virtue of motility and
hydrophobicity. Chang et al. [99] postulated that the minimized dipole of zwitter-ions
and the balanced charge are two important factors for antifouling. Zwitter-ionic materials
having both the conditions to repulse charge proteins by electrostatic repulsions. He also
stated that zwitter-ionic heads with an anti-parallel orientation work to minimize the
dipole. Furthermore, the theory was proved correct through various molecular simulation
calculations. Subsequent experiments were performed for protein absorption using zwitter-
ionic polymers with an unequal charge. The outcome showed that zwitter-ionic polymers
with unequal charges show reduced antifouling properties. The practical application of this
is having control upon the charge distribution when zwitter-ionic materials are employed
as antifouling compounds. Another implication is that membrane may also be of lower
surface packing, hence lowering the total number of water molecules of the polymeric
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chain. Chang et al. [99] got the model to work on interface surfaces. However, the same
was also seen to be applied in the case of rough and porous membrane surfaces. Further,
a multilayered zwitter-ionic polymer was developed. The initial layer had the lowest
foiling, then the higher loading in the second layer. The whole arrangement shows higher
anti-fouling properties than single-layer arrangements [100]. Chang et al. [99] then showed
that an increase in density and zwitter-ionic material length would enhance the protein re-
sistance. In 2015, the same group of researchers used molecular modelling and simulations
to study the structural properties and their relationships with zwitter-ionic materials on a
molecular level. Finally, they proposed that good anti-fouling characteristics are assisted
by strong hydration, moderate self-associations, and lower protein interactions [101].

The surrounding environment conditions in which zwitter-ionic materials operate
also play a major role in its anti-fouling activity. In conditions where positive and negative
charges have strong interactivity, the zwitter-ionic polymers tend to aggregate and hence
give more surface to external hydrophobic and hydrocarbon groups. This eliminated the
steric hindrance and hydration shell. Conversely, on adding a small amount of salt, the
screening process protects the positive and negative charge interactions. This expands the
polymer chain and creates a strong steric hindrance with dense hydration shell [101].

A new technique is proposed for preparing high permissive polyamide thin-film
nanocomposite membranes (TFNMs) by embedding soft zwitter-ionic co-polymers onto
sodium carboxy-methyl cellulose. This technique shows improved water permeability and
fouling resistance. The synthesized zwitter-ionic nano-gel (ZNG) shows good interactions
with organic particles and polymer grids. Organic materials (i.e., antibiotics) and salts (i.e.,
NaCl, MgCl, NaySQOy, etc.) can be ideally separated with high water permeation, meaning
that ZNG thin-film nanocomposite membranes have the potential of separating organic
pollutants and salts. This examination provides a comprehensive approach to the structure
and separation efficiency of the membrane, allowing us to further explore different ways
to improve TFN nano-filtration membranes [102].

6. Zeolite-Based Polymeric Membranes

Various studies have shown zeolites as a potential material for permeability and selec-
tivity applications. Liu et al. [103] experimented with the performance of PSf membrane
by incorporating zeolite 4A. This experiment studied the influence of zeta potential and
its content and the micro-channel dimensions and particle size of UF membranes. Zeolite
4A offers a rough surface and hence enhances the hydrophobicity. Introducing Zeolite 4A
accurately into a PSf membrane creates swift nanoscale water routed for its flow. This also
creates a negatively charged surface, with higher density and roughness. These membranes
displayed good mechanical and thermal stability and improved fouling resistance.

Han et al. [104] experimented with the effect of NaA-zeolite particles in UF membrane
composite with poly-(phthalazinone ether sulfone ketone) (PPESK). PPESK is a chemically
and thermally stable compound with the good, mechanical strength required to prepare
an efficient UF membrane. Because PPESK is hydrophobic, it has certain limitations
in the aqueous phase. On the contrary, NaA-zeolite is a hydrophilic material used to
improve the virtues of PPESK. On examination, membranes displayed high hydrophobicity,
water permeability, and antifouling capacity with 3 wt.% NaA. Additionally, the PEG
6000 rejection was 77.9% and 96.8% in the absence and presence of NaA-zeolite particles,
respectively. However, the flux decreased from 340 to 246 1/m?h. It was further concluded
that NaA /PPESK UF-membranes have better performance than commercially prepared
UF membranes.

He et al. [105] further experimented with UF-PVDF membranes by adding an MCM-
41 zeolite particles into it. These membranes have high permeability and mechanical
strength. The highest mechanical strength of the composite reaches 3 wt.% zeolite NDPs,
with 71.75 MPa tensile strength. In comparison to this, pristine UF-PVDF membranes show
only 22.5 MPa tensile strength. Additionally, the permeability of zeolite NPs enhanced UF
membranes increased from 91,200 M/m?2h bar to 118,900 L/m?h bar.
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Leo et al. [106] used SAPO-44 as a filler against the fouling generated from the
humid acid and organic matter present in PS{-UF membranes. Different samples of
(St/PVA /SAPO-44)-UF membrane were prepared for the examinations. The results demon-
strated that a membrane containing 15 wt.% SAPO-44 zeolite shows the highest water flux,
with a 164% increase as compared to pure membrane. At 15 wt.% SAPO-44, 80% permeate
flux was able to be maintained throughout the operation. On the other hand, there was a
slight drop in permeability and water flux with 20 wt.% SAPO-44.

Zeolite membranes have also been widely employed in applications such as acid
separation, alcohol dehydration, and organic/inorganic separations [107]. A pervaporation
process is employed for separation purposes. It is used where separations are comparatively
difficult with conventional techniques. Kunnakorn et al. [108] identified different ways of
improving the performance of NaA-zeolite membranes under pervaporation with a water-
ethanol mixture. Alumina was used as a support to modify the zeolite membrane. The
experiment produced a stable membrane with high separation efficiency. The membrane
showed filtration for 130 h with water flux ranging between 0.4-1.0 kg/m?h.

7. Conclusions

Finally, the activity of adsorption of dendrimers relies over the nature and physic-
ochemical characteristics of adsorbents. Surface and functionalization are two critical
parameters in determining the operational efficiency of new adsorbents. Both specific
surface area and intrinsic cavities can bond with pollutants through different interactions.
Dendrimers can also be modified as per the requirement of targeted pollutants. They are
less toxic, biocompatible, and are potential materials for water purification. Carbon-based
nanomaterials are presently dominating as adsorbents for water treatment. Graphene pro-
vides the potential for preparing size-selective membrane due to its excellent mechanical
properties and atomic thickness. In CNT and graphene-based membranes, a relatively
lower number of components are needed for its operation. In upcoming research, combing
these carbon-based nanomaterials with other compounds is highly preferred to develop a
next-generation water treatment system. Metal and metal oxide NPs are superior because
they already have well-developed synthesis paths. They enhance membrane hydrophilicity
and are economical to use. Copper NPs can deactivate almost 90% of live bacteria from
untreated water. Silica NPs/PSf membranes can handle a good amount of tensile force
along with its activity as an antifouling membrane. Zwitter-ionic materials have shown
potential applications in antifouling membranes through steric hindrance effects.

Moreover, the impacts and implications of environmental nanomaterials must be
focused on; their preparation through green chemistry needs to be studied to eliminate
their adverse environmental effects. Guidelines should be strictly followed about the
harmful effects of nanomaterials on human and aquatic habitats.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/jcs5060162 /51, supplementary file has been submitted along with manuscript. The detail of
material is as follows: Table S1: Important developments in the field of wastewater purification using
different CNTs. Table S2: Adsorption capacities of various GO-based adsorbents. Table S3: Compari-
son for merits and demerits of different metal/metal oxide nanoparticles infused membranes.
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