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Abstract: During the past few years, researchers have focused their attention on developing inno-
vative nanocomposite polymeric membranes with applications in water purification. Natural and
synthetic polymers were considered, and it was proven that chitosan-based materials presented
important features. This review presents an overview regarding diverse materials used in devel-
oping innovative chitosan-based nanocomposite polymeric membranes for water purification. The
first part of the review presents a detailed introduction about chitosan, highlighting the fact that
is a biocompatible, biodegradable, low-cost, nontoxic biopolymer, having unique structure and
interesting properties, and also antibacterial and antioxidant activities, reasons for using it in water
treatment applications. To use chitosan-based materials for developing nanocomposite polymeric
membranes for wastewater purification applications must enhance their performance by using dif-
ferent materials. In the second part of the review, the performance’s features will be presented as a
consequence of adding different nanoparticles, also showing the effect that those nanoparticles could
bring on other polymeric membranes. Among these features, pollutant’s retention and enhancing
thermo-mechanical properties will be mentioned. The focus of the third section of the review will
illustrate chitosan-based nanocomposite as polymeric membranes for water purification. Over the
last few years, researchers have demonstrated that adsorbent nanocomposite polymeric membranes
are powerful, important, and potential instruments in separation or removal of pollutants, such as
heavy metals, dyes, and other toxic compounds presented in water systems. Lastly, we conclude
this review with a summary of the most important applications of chitosan-based nanocomposite
polymeric membranes and their perspectives in water purification.

Keywords: chitosan; nanoparticles; nanocomposite polymeric membranes; water purification

1. Chitosan: An Introduction

This paper describes the state-of-the-art perspectives of chitosan, and chitosan-based
nanomaterials, for developing nanocomposite polymeric membranes for water purifica-
tion. Water is the most important natural resource of the planet Earth, and its purity is
vital for humans. Currently, the entire world is facing the most challenging issue, water
contamination with different pollutants. Researchers and scientists are trying to overcome
this emerging problem by seeking new materials with great adsorbent properties [1]. The
review offers a detailed background of chitosan, mainly based on its unique properties and
structure, and presents a multitude of examples of applications regarding chitosan-based
nanocomposite as polymeric membranes in water treatment.
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Among the biodegradable biopolymers, the ones based on polysaccharides such
as chitosan have presented interest since the 19th century, when Rouget [2,3] showed
the first chitin polymer. Chitosan is the most bountiful natural polysaccharide after cel-
lulose and is produced by the deacetylation of chitin. The reason polysaccharides such
as chitosan attracted special attention was because of their availability in nature, bio-
renewability, sustainability, and having low-cost and impressive performance compared to
other materials used in water treatment [4]. Chitosan is a biocompatible, biodegradable,
bio-renewable, and non-toxic biopolymer, which is commercially derivates from shrimps
and other sea crustaceans [5,6].

Chitosan presents very interesting polymeric forms, having unique structures and
properties, and functionalities that target multiple applications from biomedicine, agricul-
tural, and environmental protection [7,8]. Even though chitin has extraordinary properties
and mechanics, it still has limitations [9-11], and because of that, the attention shifted
towards chitosan [9,12].

Chitin conversion in chitosan uses chemical methods and enzymatic processes [13],
but for better use in biomedical applications, chitosan is more appropriate due to better
solubility in organic media and also water [14]. Being a copolymer, chitosan is formed by a
linear 3-(1—4) glycosidic link, very similar to the cellulose system having its structure of
2-acetamido-D-glucose and 2-amino-D-glucose combined through a glycosidic bond as
shown in [15].

Chitosan is a product of chitin deacetylation when acetate is removed [16,17]. It proves
that the molecular weight and degree of deacetylation influence the physical and chemical
properties of chitosan. Having interesting composition and structure, and also unique
physicochemical properties, chitosan provides plenteously of prospects through physical
and chemical approaches to expand the applications in the removal of contaminants from
water sources. Chitosan, being an important adsorbent material, presents great usage for
the removal of toxins, such as microorganisms, heavy metals, dyes, and phenols, from
drinking or wastewater. This review also presents the adsorption mechanisms and impor-
tant factors which affect the adsorption process of chitosan-based polymeric membranes in
the removal of pollutants from water sources [4,18]. They have shown that the modification
of chitosan is crucial in improving the adsorbent capacity of the formed-membranes and
expanding the applications towards the removal of contaminants from water.

The tremendous importance of the adsorption mechanisms of chitosan and chitosan-
based nanocomposite polymeric membranes is fundamental in offering better understand-
ings that can enhance the performance of the membranes for the removal of pollutants [19].
The adsorption mechanism of chitosan as an adsorbent, especially for heavy metal removal,
is very poorly studied. By understanding the critical role of the interaction between the
amine group of the metal ions and the hydroxyl group from the chitosan, could bring
better contribute towards a greater sorption property of the membrane for the removal of
heavy metals. Normally, heavy metal adsorption through a modified chitosan surface can
be measured by the electrostatic or chemical interaction (chelation or complexation), ion
exchange, and nonpolar interaction such as van der Waals forces. The interaction mecha-
nism of chitosan or chitosan-based materials with different metals affects the presence of
diverse functional groups which can be characterized using various surface analyses such
as X-ray photoelectron spectroscopy (XPS), X-ray diffractions (XRD), scanning electron
microscopy (SEM), Fourier-transform infrared (FTIR) spectroscopy, and electron dispersive
X-ray spectroscopy (EDX) [20].

There was a study made by Kuang et al. [21] that used the FTIR technique, and the
data presented showed the complexation due to the grafting of magnetic chitosan with
triethylenetetramine influenced the Pb(II) adsorption. In other research, Kwok et al. [22]
described the removal of arsenic by using chitosan and nano chitosan where the adsorption
mechanism, as electrostatic forces between arsenic oxyanions and chitosan-amine groups,
were involved in the arsenic removal. Realizing that the presence of the metal could highly
be absorbed on the chitosan surface through the van der Waals forces.
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Kumar et al. [23] reported chitosan-functionalized with graphene oxide as an excel-
lent adsorbent for As(V) adsorption. It has been proven the regeneration capacity of the
adsorbent by using NaOH. Moreover, the adsorbent regeneration and stability for three
adsorption—desorption effective cycles, makes it an interesting adsorbent material. The
authors claimed that the adsorption mechanisms were validated by the FTIR and XRD
analyses and also through the EDS and XPS analysis.

Chitosan and its derivatives possess interesting characteristics with applicability
in diverse fields of research, such as water treatment [24,25], food industry [26,27], cos-
metics [28], agriculture [29], and biomedicine [30,31]. Because of the antibacterial and
antioxidant properties of chitosan, it presents great potential in producing films, nanofibers,
and hydrogels, which have great benefits in biomedical applications, also [32,33]. As stated
above, chitosan exhibits many unique features and properties; nevertheless, its applica-
tions include various fields, which involve the development of wastewater membranes
in treatment processes. The excellent antimicrobial activity of chitosan has received great
importance in using it in promising technologies for industrial desalination. Wang et al. [34]
studied the effects of surface wettability properties and fouling behavior of membrane
distillation. A study reported that Forward Osmosis (FO) has great potential in the de-
salination of seawater and has low fouling capacity. Authors described the efficiency
of FO using chitosan/GO membranes and the results proved the fouling resistance [35]
and another study found that antibacterial performance against E. coli was better because
of the cell membrane destruction [36]. Two studies in 2015 proved that the use of ZnO
nanoparticles in chitosan polymeric membranes improves the antibacterial properties.
Motshekga et al. [37] synthesized chitosan-based nanocomposite with bentonite-supported
silver and ZnO nanoparticles to disinfect water. In another study made by Kamal et al. [38],
they examined raw chitosan/ZnO composite coated on microfibrillar cellulose. Both
studies showed excellent performance of the nanocomposite membranes against E. coli.

Even if chitosan presents great qualities, such as low toxicity and high biodegradability,
it still needs to overcome some other limitations regarding porosity, thermo-mechanical
properties, and stability [19,39]. To pass these setbacks displayed by chitosan, researchers
have devoted their efforts in developing different physicochemical modification methods
that include functionalization through different chemical modifications of the polymer,
which modified its properties for specific applications in various fields [40]. In addition to
the forms of chitosan already mentioned above, researchers have succeeded in producing
many more (such as gel beads, membranes, fibers, powders, sponges, hollow fibers, and
also nanoparticles) [41-44].

It has been discovered that when suffering various chemical modifications, it enhances
its flexibility and stability. After studying the commonly used modification methods that
enhanced the functionalization, it was found that the mechanical strength of chitosan
improved. It was another important aspect that enhanced the functionalization of chitosan,
which involves using glyoxal, glutaraldehyde, or epichlorohydrin to reinforce the structure
of chitosan through cross-linking [45-48]. Raw and unmodified chitosan has been used for
the removal of diverse pollutants from the water as presented in the next study. Chitosan
and chitosan cross-linked with glutaraldehyde (GLA-chitosan), epichlorohydrin (ECH-
chitosan), and ethylene glycol diglycidyl ether (EGDE-chitosan) were examined for Cu(II)
removal from water. The authors mentioned that the adsorption capacity of raw chitosan
was greater than the cross-linked chitosan samples. Moreover, it has been stated that the
adsorbents based on chitosan present the ability to be reused and regenerated [49].

In this review, we present a comprehensive and detailed view of the chitosan, high-
lighting its unique structure and interesting properties, and also the antibacterial and
antioxidant activities, reasons for its use in developing polymeric membranes for water
purification. The second part of the review focuses our attention on evaluating the effect of
diverse nanoparticles on several polymeric membranes. Further, insights into understand-
ing how various factors affect the adsorption performance of chitosan-based membranes
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are discussed. Finally, the review presents a summary regarding promising applications
and perspectives of chitosan-based polymeric membranes in the environmental field.

2. Effect of Nanomaterials on Polymeric Membranes

In this section, will be presented the effect of diverse 0-3D nanomaterials that could
impact developing polymeric membranes for applications in water treatment. Special at-
tention will be brought to nanostructured materials, which are typically classified based on
their dimensions, such as 0D-nanoparticles (Ag, TiO, ZnO, and Cu); 1D-nanotubes (CNTs),
nanofibers; 2D-nanosheets (graphene oxide, graphene, etc.); and 3D-bulk structures, which
represents the number of dimensions that are not at nanoscale. However, bulk nanoma-
terials still exhibit features at nanoscale and can contain dispersions of nanoparticles,
nanofibers, and nanotubes, as well as multilayered nanostructures.

Scanning the literature, there are many works that has used different nanomaterials,
like silver (Ag) [50], titanium dioxide (TiO,) [51], zinc oxide (ZnO) [52], copper oxide
(CuO) [53], alumina (Al,O3) [54], silica (5i0;) [55], magnetite (Fe3Oy) [56], cobalt (Co) [57],
zirconia (ZrO;y) [58], carbon nanotubes (CNTs) [59], graphene oxide (GO) [60], and zeo-
lites (such as, for instance, NaX) [61], under the evolution of nanocomposite polymeric
membranes for water treatment applications (Table 1). There have been some innovative
nanocomposite membranes commercialized for a multitude of segregation applications.
Especially membranes having silver-based nanoparticles aimed for Reverse Osmosis (RO),
as described by Sterlitech, and for water filtration by Lenntech and LG Chem (NanoH,O
composite membranes) [50,62]. The components of nanocomposite polymeric membranes
will be tested for water treatment at an industrial scale, which can be applied in the function
of its high selectivity, self-cleaning properties, and in terms of environmental impact will
consider easy to use, flexible, and adaptable [62].

Table 1. Applications of Nanoparticles in Nanocomposite Polymeric Membranes for Water Treatment.

Nanoparticle Membrane Type Targeted Application Ref.
Wastewater Treatments [63]
MF Copper ions elimination [64]
VOC elimination from water systems [65]
Humic Acid (HA) elimination [66]
Salt elimination [67]
Micelles elimination from solutions [68]
UF Pollutants removal (alginate and HA) [69]
Evaluating antifouling p.roperties in divel.‘se water membranes, [70]
model-Bovine serum albumin (BSA)
Zn0O Treatment of wastewaters [71]
Bacterial removal from aqueous solutions [72]
Water treatment (HA elimination) [73]
NE Salt and metal ions elimination [74]
Separation of Rhodamine B [75]
Inorganic salts and HA elimination [76]
FO Salts tests elimination (model of MgSOy) [77]
Desalinization and wastewater treatments [78]
RO Salt, bivalent ions, and bacterial retention models [79]
AgNO; UF Evaluating antifouling properties in water [80]

membranes—Mixture model—BSA.
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Table 1. Cont.

Nanoparticle Membrane Type Targeted Application Ref.

Evaluating antifouling properties in water

MEF/UF membranes—Mixture model—BSA. [81]
Water purification [82]
Evaluating antifouling antibacterial properties in water [83]
membranes—Model bacteria—E. coli
Evaluating antifouling antibacterial properties in water
v membranes—Model bacteria—E. coli. Mixture model: [84]
Ag-NPs U BSA and dextran
Evaluating antifouling antibacterial properties in water [85]
membranes—Model bacteria—P. putida. Mixture model: BSA
Evaluating antifouling properties in water treatment membranes [86]
Test mixture: polyethylene glycol (PEG) and dextran solutions [86]
Evaluating antibacterial properties in water treatment membranes:
NF : (871
E. coli, S. aureus
Evaluation of antibacterial properties and salts elimination
AgNO; NF (NaySOy). Model bacteria: E. coli [88]
Evaluating antibacterial properties and salts removal (NaCl). [89]
Model bacteria: E. coli, P. Aeruginosa, S. aureus.
Evaluating antibacterial properties and salts (NaCl). Model [90]
RO bacteria: E. coli, Bacillus subtilis
Ag-NO; Evaluating antibacterial properties. Model bacteria: [91]
E. coli, Bacillus subtilis
DCMD Desalination of seawater through silver nanoparticles deposition [92]
PRO/RO Evaluating antifouling and antibacterial properties in water [93]

treatment membranes. Model bacteria: E. coli

Evaluating antifouling and antibacterial properties in water
Ag-NPs PRO treatment membranes. Model bacteria: E. coli, Bacillus subtilis. [94]
Mixture model: C. testosterone

Evaluating antifouling and antibacterial properties in water

UF treatment membranes. Model bacteria: E. coli, P. aeruginosa [95]
bio-Agy Evaluating antibacterial properties and salts removal (NaySOy). [96]
NE Model bacteria: E. coli, P. aeruginosa

Evaluating antibacterial properties and salts removal (NaySOy). [97]

Model bacteria: P. aeruginosa

Evaluating antifouling and antibacterial properties in

water treatment membranes. Model bacteria: [85]

UF P. putida. Mixture model: BSA
Cu-NPs Wastewaters treatment and evaluating antifouling [98]

properties in membranes. Mixture model: BSA

Evaluating antibacterial properties in water treatment
RO membranes and salts removal (NaCl). Model bacteria: [99]
E. coli, P. aeruginosa, S. aureus.
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Table 1. Cont.
Nanoparticle Membrane Type Targeted Application Ref.
MF Evaluating antifouling properties using whey solution [100]
Evaluating antifouling p1.'operties in water treatment membranes. [101]
Mixture model: HA
Evaluating anti'fouling properties in water treatment membranes. [102]
Mixture model: BSA, PEG, and MgSOy,
) Treatment of water systems [51]
TiO,-NPs Evaluating UV-cleaning and antifouling properties. [103]
UF Mixture model: BSA -
Evaluating antifouling properties and salts 1.‘ejection (NaCl). [104]
Mixture model: BSA and pepsin.
Filtration systems [105]
Evaluating UV—C.leaning properties and antifouling properties. [106]
Mixture model: red dye and BSA.
TIP Evaluating antifouling properties. Mixture model: BSA [107]
FO Evaluating salts rejection (NaCl) [108]
TiO,-NPs Evaluating antifouling properties. Mixture model:

’ ME/MBR ® " BsA, PEG, MgSO, [109]
nano-TiO; MBR Evaluating membranes based on algae [110]
TiO,-NPs NF Filtration systems applications [111]

NF Evaluating antifouling and salts rejection (NaCl, Na;SOy). [112]
NF System purification [113]
UF Water system treatments and biofouling application [59]
NF Filtration systems applications [114]
NF Filtration systems [115]
CNTs NF Metal rejection (Cr(IV), Cd(II)) [116]
NF Treatment for salts elimination (NaCl, Nay;SOy) [117]
NF Evaluating antifouling properties in water treatment membranes [118]
UF Water treatment for UF applications [119]
UF Wastewaters treatment through a membrane bioreactor [120]
MF Effluent treatment through a membrane bioreactor [121]
Effluents elimination with high dyes content [69]
Wastewaters filtration [122]
Natural organics removal [123]
GO MF

Water systems treatment [124]
Elimination of organic pollutants in salty water [125]
Distillery effluent treatments [126]
Na,SO4 removal [127]
Soft water production [128]
NF Evaluation of dyes removal [129]
GO Water treatments [130]
RO Salt removal (NaCl) [131]
Salts removal (NaCl, CaCl, and NaySOy) [132]
FO Desalination processes for seawater [133]
UF Wastewater treatment [134]

Graphene e
NF Water purification [135]

UF—Ultrafiltration, MF—Microfiltration, NF—Nanofiltration, FO—Forward Osmosis, RO—Reverse Osmosis, DCMD—Direct Contact
Membrane Distillation, MBR—Membrane Bioreactor; titanium tetra-isopropoxide—TIP.
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2.1. The Role of Nanoparticles (0D Nanomaterials) in Developing Polymeric Membranes

Lately, nanocomposite polymeric membranes have captivated scientists’ attention
towards applications, such as water purification, removal of microorganisms, chemicals,
heavy metals in water and wastewater treatments. Using nanocomposite-based polymeric
membranes for different technologies in wastewater treatments has developed limitations,
so to enhance their performance, inorganic fillers must be added. The addition of dif-
ferent nanofillers/nanomaterials, for instance, carbon nanotube, zinc oxide, graphene
oxide, silver, and copper nanoparticles, could overcome its limitations by amplifying hy-
drophilic properties, increasing retention of hazardous waste while enhancing thermal and
mechanical stability [69,136-139].

Over the past decade, researchers developed artificial membranes for special oper-
ations with unique characteristics, for example, permeability, selectivity, specific chemi-
cal, and physical properties. To this extent, different methods accomplish, for example,
track-etching, stretching, sintering, phase inversion, electrospinning, and interfacial poly-
merization [140]. For membranes, it has been used for preparation in diverse organic and
inorganic materials. For instance, developing inorganic membranes from ceramic, glass,
and metals. Organic membranes developed from composite materials or polymers [141].
Ceramic membranes achieve superior thermo-mechanical and chemical stability versus
polymeric membranes. The hydrophilicity and the surface charge of ceramic membranes
are superior to the polymeric membranes. As a result, ceramic membranes can endure
higher pH and temperature in an excessive oxidizing environment, but polymers grant
the flexibility and are cheaper [142]. Polymeric membranes must be performant, so must
fulfill some requirements regarding the need to optimize and enhance the separation
process [136], improving other physical properties, namely, stability, hydrophilicity, and
fouling resistance [143].

Regardless of innovation in the membrane industry, there are multiple problems to
overcome in order to proceed with large-scale implementations. One of the most important
aspects of the membrane applications industry is membrane fouling [144], caused by
conglomeration on membrane surfaces and pores. Therefore, contaminated membranes
may absorb an enormous quantity of cleaning agents, damaging the surface, and rising
costs of operation and maintenance of water treatment [145,146].

The longevity of the membrane from the industrial point of view is important but still
needs to overcome some challenges regarding its complexity. Current developments in
nanotechnologies have expanded the realm of membrane technology for the sake of refining
water treatment. These polymers are exceptional, thanks to their dispersed nanoparticles
in the polymeric matrix and perhaps, when used in contrasting processes, especially
thanks to their unique properties, stability, and separation grade, having their use in water
treatment processes [147,148].

Normally, nanocomposite polymeric membranes are created by adding nanoparti-
cles as fillers into a macroscopic matrix, coating nanoparticles on the membrane exterior,
or spreading the polymer solution before molding [149]. Considering these aspects in-
troducing fillers into the polymer matrix provokes polymer-nanocomposite membranes
considered (MMMSs) [150] along with nano-enhanced membranes [151]. According to the
above aspects, nanocomposite polymeric membranes are great alternatives to solve all
these challenges. One of the most important applications of these membranes is in water
treatment [152]. These types of nanoparticles-based polymeric membranes with nanoparti-
cles dispersed into the polymer, form these nanocomposite membranes which can upgrade
their performances such as permeability and selectivity in polymeric membranes [153].

Using nanocomposite polymeric membranes for water treatment is a challenging topic
that will be pursued and researched, and all publications in this field stand as evidence
of growing interest in solving the water problem. The following pages of the review will
present the highest relevant fillers included in polymeric membranes. Table 1 presents
the principal use of the nanocomposite polymeric membranes for water treatment. An
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analysis regarding the membrane technology and the use of the routine nanofillers used in
polymeric membrane groundwork for water treatment is also displayed.

An extended overview of the fillers used in the formation of nanocomposite polymeric
membranes for water treatment applications will be presented, highlighting the main
advances and the influences of the presence of nanoparticles over their performances in
environmental applications.

Titanium dioxide (TiO,) is an industrial pigment, disinfectant agent, and photocat-
alytic material [67,142,154]. TiO, can be synthesized in three crystalline forms, noting
that rutile and anatase are suitable for photocatalytic action [155]. TiO, has excellent
thermo-chemical stability, being less expensive than other nanomaterials, and also has low
toxicity [152]. In addition to the photocatalytic properties, it has been intensively applied
in water treatment processes and anti-fouling applications. The most important advantage
of TiO, nanoparticles is its interminable lifetime and the fact that it stays unaffected under
degradable actions of organics and microorganisms.

TiO, nanomaterials present some other advantages besides the one mentioned above,
which concern its hydrophilicity and oxidation capacity that transform it into a great
material for applications in membrane fields. By developing new membranes with self-
cleaning properties, the fouling rate can decrease but still maintain the water permeability
of the membranes [69]. It relates to another issue regarding these nanocomposite poly-
meric membranes to the accumulation of the nanoparticles. TiO, nanoparticles develop
conglomerates which lead to efficiency decrement and to membrane performance. The
mechanism of the TiO, agglomeration has been intensively studied. Sotto et al. [156] exam-
ined the mechanism of nanoparticle agglomeration at low concentrations. The fabrication
of PES-TiO, nanocomposite polymeric membranes through adding ethanol influenced the
TiO; diffusion. Analyzing TEM images, some observe that adding ethanol stimulates the
increase of cluster sizes. Through the agglomeration process, nanocomposite polymeric
membranes enhanced permeability.

Instead, Abedini et al. [105] synthesized a new hybrid membrane based on TiO, and
cellulose acetate through the ex situ sonochemical methods. The water flux tests increased
when nanoparticle concentration increased by 20wt%; thus, at 25wt%, TiO, nanoparticles
agglomerated on top of the membrane which conducted in the water flux decrement.

Vatanpour et al. [154] investigated some commercial TiO, materials to test their
performance on PES membranes, and they have shown that Degussa P25 exhibits better
diffusion, which indicated enhanced hydrophilicity. This fact could indicate that the 20%
rutile imprinted stability and enhanced antifouling properties.

Even if the membrane preparation is still in the beginning step and further studies
must be done, researchers are trying to synthesize new membranes for diverse applications.
Zhang et al. [157] investigated a novel approach by comparing two different methods of
synthesis for TiO, composite membranes through polymerization with polydopamine.
Alam et al. [56] studied another interesting technique that involved the preparation of
TiO,-based composite membranes. The TiO, /PES synthesized polymeric membranes pre-
pared through the atomic layer deposition (ALD) technique, showed that the membranes
exhibited up to 90% salts removal. Zhang et al. [158] mentioned in their work, the nanocom-
posite fibers based on PES and TiO, prepared through the electrospinning method. Results
conducted showed better porosity and hydrophilicity of the composed membranes, and
the flux rate increased by 19%.

Silver salts and nanoparticles, also in polymers and metal oxide composites, being
some of the most frequent examples used in environmental protection and biomedical
applications, mainly because of their antibacterial properties. Zapata et al. [159] reported
the use of silver nanoparticles in many applications, such as health and environmental
protection. Mainly thanks to the possibility of incorporation into polymers, this could bring
great potential in nanofibers membranes. The World Health Organization (WHO) reports
that it could use Ag salts in drinking waters as a bacteriostatic agent; though, WHO also
stated the daily intake of Ag should not be higher than 0.1 mg/L to be tolerated [160].
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Chaloupka et al. [161] has also reported that the antibacterial activity of Ag nanopar-
ticles depends on the size, shape, and chemistry of the nanoparticles. Because of the
synergism between the nanoparticles and the release mechanism, Ag nanoparticles could
decrease the bacteria spread which could negatively influence the permeation and respira-
tion of the membranes [69,162].

There are multiple casting solutions for Ag nanoparticles incorporation on the mem-
brane surface, such as direct adsorption reduction or in situ synthesis [163]. Cao et al. [164]
synthesized a new membrane by incorporating Ag nanoparticles into the membrane’s
surface through the vitamin C as a reducing agent. Zhu et al. [165] reported an experi-
ment on the evaluation of membrane’s performances by immobilizing metallic silver on
chitosan-based polymeric membranes. They also evaluated the antibacterial effect with the
help of some bacteria responsible for developing biofouling problems. Some observed that
the incorporation of chitosan into membranes does not influence the bacteria development,
but adding silver brought great antibacterial effects.

Haider et al. [166] evaluated the antibacterial activity against E. coli of the PES mem-
branes by incorporating Ag nanoparticles into the membranes. After testing the polymeric
membranes, they have shown that the amino groups found on the surface of the membranes
could reduce the colony spread and enhance the disinfection potential.

Similarly, Biswas and Bandyopadhyaya [167] prepared PES membranes by surface
modification using Ag nanoparticles by generating -SO3H groups on the membrane surface.
Andrade et al. [168] prepared Ag nanoparticles in situ, having nano cubic and spherical
shapes dispersed equally on the membrane surface. It is worth mentioning that adding
the stabilizing agent AgNOj enlarged the dimensions of the nanoparticles, and when
decreasing the sizes of the nanoparticles, they could enhance the antibacterial activity
of the membranes. Rehan et al. [82] presented an ex situ method for the synthesis of Ag
nanoparticles by using AgNOs3; and PVP as capping agents that produced an enhanced
antibacterial effect.

Escobar et al. [86] and Andrade et al. [87] reported the preparation of nanocomposite
membranes through an inverse process using stabilized silver nanoparticles, and both
concluded in having better permeability. Usually, researchers use commercially available
silver nanoparticles, but some studies used bio-silver nanoparticles synthesized with Lacto-
bacillus fermentum [169,170]. In conclusion, they found that the incorporating the bio-silver
nanoparticles in the membrane composition increased the water flux rate and stability.

Copper (Cu) and its derivatives present antibacterial and antifungal effects upon
different microorganisms [129,130,171,172]. There are still some uncleared issues regarding
the interaction of Cu nanoparticles with some bacteria which generated ROS and other
oxides anions [173]. Cu?* ions may link with thiol groups from the molecules of DNA
and proteins and can disrupt the biological and chemical processes that could lead to
protein denaturation [169,170]. Like silver, copper presents antibacterial property, low
cost and sorption properties [174-176] also possesses applications in the biomedical and
textile industry [177], packaging materials, and also water treatment and can control
biofouling production [178-180].

Cu nanoparticles have been extensively used in applications for nanocomposite poly-
meric membranes. Xu et al. [181] and Xu et al. [182] have reported antibacterial copper
(II)-chelated PAN membranes. Some researchers compared two membranes, one based on
Cu-PEI (polyethyleneimine) which showed lower hydrophilicity; however, the membrane-
based on PAN-PEI-Cu proved high water permeability but still low hydrophilicity. Con-
sidering the presence of Cu®*, the membrane presented a 95% antibacterial effect, and the
biofilm formation delays. After evaluating the Cu-NPs-PES membranes, Akar et al. [98]
presented that water properties decreased as the polymer concentration increased. To
promote better anti-fouling performance in activated sludge as a fouling solution.

Zinc oxide (ZnO), one important inorganic nanomaterial with important applications
because of its antibacterial and physical properties. Because of their functionality, ZnO
nanoparticles attract hydroxylic systems [183], simultaneously, their exterior seems to be
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larger than other inorganic nanomaterials [184]. Introducing this inorganic filler resulted
in the improvement of the polymer characteristics [185,186]. The addition of ZnO nanopar-
ticles into the membranes created better adsorptive capacity for the membranes based
on ZnO filler. These fillers enhanced also the anti-polluting endurance throughout the
separation of diverse pollutants existing in waters [187].

Moreover, it proves that adding ZnO into the membranes enhanced their fouling
performance and also prolong the durability of the membranes [188]. For instance, adding
ZnO nanoparticles into membranes has a significant advantage as an efficient elimination of
heavy metals from wastewaters. They attribute the adsorbent property of the ZnO materials
to their electropositive nature. Finally, it can state that incorporating ZnO nanomaterials in
different membranes for wastewater treatment has satisfactory results and showing good
adsorbent performances [189].

Using materials such as aluminum oxide (Al,O3) nanoparticles for synthesizing com-
posite polymeric membranes showed an improvement of the hydrophilicity and fouling
property in the obtained polymeric membranes [190-194]. The most common methods
used in the synthesis of the membrane are interfacial polymerization [190], surface deposi-
tion and structure entrapment [191], and also in situ polymerization [192]. FepO3 and FezO4
possess many spectacular characteristics which include magnetic properties, antibacterial,
antifungal, and hydrophilic properties. Zinadini et al. [129] revealed significant results of
Fe30O4 nanoparticles on the formation of PES membranes for applications in dye removal.

Niksefat et al. [195] developed nanocomposite membranes for FO applications by
studying the morphology and performance effects of silica nanoparticles. These types of
membranes confirmed water permeability and flux increment with increasing silica content.
Kebria et al. [196] investigated another model of SiO,-PEI composite membranes for NF
applications such as dye removal from organic solutions.

2.2. The Role of 1D Nanomaterials in Developing Polymeric Membranes

This section of the review provides a brief overview of the use of one-dimensional
nanomaterials such as nanotubes and nanofibers/wires in developing polymeric mem-
branes for water purification. In recent years, 1D nanostructures have gained great interest
because of their unique properties and interesting applications. They pose promising fea-
tures for using them, particularly in the design of porous nanostructures with beneficial
use for catalysis, bioengineering, environmental protection, sensors, and also photovoltaic
devices because of their high surface area [197,198]. The next section of the manuscript will
provide some examples of such nanomaterials.

Carbon nanotubes (CNTs) gained scientists attraction thanks to their extraordinary
properties and antibacterial effect. CNTs enhance the potential of membranes for other
applications but alter the physicochemical properties of membranes. Normally, by increas-
ing the mechanical and thermal properties of the membranes, CNTs nanopores enhanced
permeability without decreasing selectivity [199]. Adding CNTs into PES has shown poly-
meric membranes to increase water flow and decrease the fouling rate, thus increasing
the hydrophilicity of PES membranes, demonstrated by Celik et al. [59]. The uncovered
membrane has low permeability compared to the membrane covered with a thin layer of
CNTs [112]. Similarly, the nanocomposite membrane based on nitrocellulose coated with
a film containing 3% CNTs, showed significant antimicrobial activity of 80-90% against
Gram-positive and Gram-negative bacteria [113]. As a result, CNTs have functions in
wastewater treatment since they did not show toxicity against fibroblast cells.

Shah and Murthy [116] have prepared composite polymeric membrane functionalized
with CNTs-polysulfone to remove heavy metals. These types of composite polymeric mem-
branes have a high percentage in removal of heavy metals by increasing the loading of
MWNTs. In addition, Shen et al. [117] have synthesized nanocomposite membranes embed-
ded with methyl methacrylate (hydrophobic) modified multi-walled CNTs by interfacial
polymerization. This type of membrane has 99% rejection for Na;SO, and the water perme-
ates flux was enhanced by 62% compared to the pristine thin-film composite membranes.
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Adding different fillers lead to increased permeability and decreased fouling ten-
dency [118]. Normally, most syntheses of CNTs use acids before incorporating them into
the membranes, but the treatment of the membrane with acid could disrupt the CNTs. To
solve this problem, Sianipar et al. [119] suggested covering the CNTs with polydopamine
to avoid wall disruption, which resulted in proving 99% rejection rate, and the water
permeability increased by 19-20% and also having better stability of the membrane.

Lately, carbon nanotubes have attracted great interest in applications for wastewater
treatments. Thus, membrane bioreactors incline to have fouling issues, Khalid et al. [120]
fabricated a new composite membrane based on PEG-CNTs through the processes of
membrane bioreactors and it proved that adding CNTs into the membrane composition
increased fouling and performance.

Another important type of nanomaterial used for application in the removal of dye
pollutants from water were nanofiber adsorbents. This type of nanofiber adsorbents is
usually made through the electrospinning process and is superior to nanoparticle-based ad-
sorbents, mainly because of their easy recovery. A good example of nanofibrous adsorbent
material is polyethersulfone (PES) electrospun nanofibers with di-vanadium pentoxide
(V205) nanoparticles, which has been effectively used for the removal of MB dyes from
pollutant water [200]. Electrospun nanofibrous membranes have been widely used for
ultrafiltration and nanofiltration. These types of membranes were developed for their
size exclusion of contaminants having large porosity and interconnected structure with
micropores which enhances fouling resistance. For instance, it has been developed a PES
electrospun nanofiber mat coated on a poly(ethylene terephthalate) (PET), in order to
evaluate it as a membrane for liquid filtration and removal of polystyrene (PS) particles
from water [201]. Therefore, to exhibit a high potential for water treatment, it should
be mechanically reinforced and hydrophilized to raise water permeability and flux. To
fulfill these aspects, PES nanofibers were stabilized and hydrophilized by incorporating
ZrO, [202] and TiO; [203] nanoparticles. Another issue that nanofibers must overcome is
the biofouling challenge, which could be done through the sake of antibacterial nanoparti-
cles such as Ag nanoparticles incorporated within the nanofibers. For FO (forward osmosis)
water treatment, Pan et al. [204] studied a TFC (thin film composite) membrane for the
removal of diverse pollutants. The results proved that the as-formed membrane offers
remarkable bactericidal effect for E. coli and S. aureus.

2.3. The Role of 2D Nanomaterials in Developing Polymeric Membranes

Researchers and scientists are developing new two-dimensional materials for the
synthesis of nanocomposites with applications in water treatment [205]. Next, will present
some 2D materials used for the design of water treatment membranes such as graphene
and graphene oxide but also some clays, which are just some of them. The 2D composites
are so interesting and have captivated researchers due to their unique properties such as
chemically active surface area, which can enhance significantly the transportation features
regarding their shape, size, and structure [206].

Worth mentioning that the transportation features of such 2D materials could bring
new outcomes and challenges to the synthesis of nanoporous composite with applications
in desalination membranes [206,207]. Graphene was the first 2D material used in water
treatment, which was studied due to its special characteristics based on the honeycomb
arrangement structure, which presents good permeability in developing such membranes.
Moreover, graphene was developed mainly for the applicability of two important usages:
water desalination [208] and water purification [209]. Graphene has exhibited good practi-
cability in reverse osmosis used especially for water desalination, the material being able to
remove salts up to 100% [208]. In the case of water purification, graphene coated on PVDF
exhibited rejections >99% for organic dyes.

Graphene oxide (GO), carbon nanomaterial resulted from graphite treated with strong
oxidizers, exhibiting balanced hydrophilic character according to the oxidation level,
different from graphene, which is hydrophobic [188]. They have shown that graphene oxide
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enhances the thermo-mechanical effects of polymeric membranes [210]. The GO presents
functional groups on the surface that can transform into hydrophilic functional groups
(-NHy, -OH, and -SO3H), which are useful in producing functionalized graphene oxide and
graphene-based materials [211,212]. GO gained important consideration in applications
regarding nanocomposite polymeric membranes for water treatment, inclusive in water
purification, also examined as potential candidate for the removal of pharmaceuticals and
organic molecules from water and wastewaters [212,213]. Like other nanofillers already
presented in this paper, GO incorporation in polymeric membranes can bring significant
change to the hydrophilic profile and improving also permeability performance [123].

Yang et al. [214] reported studies regarding the improved flux and anti-fouling capacity
of nanofiltration membrane by incorporating GO and enhanced dye retention up to 90%.
Another example of membranes used in dye molecule removal was GO impregnated
with TiO, composite films having application in water purification [215]. As another
option, developing GO membranes functionalized with different nanomaterials could
enhance their performance, which could lead to the heavy metals and salts elimination
from wastewaters [216].

In a similar case, new membranes for water desalination through the development
of GO-based composite membranes have been studied [217]. For instance, Yin et al. [218]
improved the removal rate for different salts in the case of GO nanocomposite membranes
for water purification. In similar experiments, Chae et al. [131] have reported an almost
99% removal for NaCl in the case of preparation the GO-PA membranes. Adding GO into
the membrane structure enhanced the water permeability and anti-biofouling capacity of
these membranes [94]. Ali et al. [219] and He et al. [132] have reported a 97% rejection for
salts using also membranes based on PSF integrated with GO.

Recently, graphene’s performance has been studied for wastewater treatment also.
Yang et al. [220] synthesized composite membranes based-graphene to remove phthalates
and pharmaceuticals from water media. In their results, authors observed that the rejection
rate for phthalates was 99% and for pharmaceuticals between 32 and 97%. Crock et al. [134]
developed polymer-composite membranes based on graphene feathered with Au nanopar-
ticles and then included into PSE. These types of membranes exhibited remarkable removal
of up to 69% for compounds such as dextran, showing that this membrane based on
graphene has important relevancy in water treatment.

Xiaowei et al. [221] have prepared chitosan/GO chitosan-derived membrane for
water desalination. The authors carefully examined the morphological transformations,
wettability, and also desalination ability of the membranes by changing the GO amount.
The results showed an improvement in the permeate flux (30 kg/m?h) and salt rejection by
99.99% at 81 °C observed for NaCl (5 wt.% aqueous) solution with 1 wt.% GO concentration.
In conclusion, the stability of the chitosan/GO membrane enhances because of the good
compatibility between GO and chitosan biopolymer. Another example of GO with chitosan-
derived materials for water desalination is presented next. Deng et al. [222] reported in their
work that chitosan/GO/titania oxide membrane show about a 30% higher salt rejection
rate than the GO membrane.

Another 2D material used for water treatment was di-vanadium pentoxide (V,0s)
used for the preparation of water treatment membranes. Gao et al. [209] synthesized a
new multifunctional membrane based on hierarchical TiO; /V,05 with applications in
water purification, which exhibited a high removal rate of up to 90% for total organic
carbon (TOC), high quality in water filtration, and also reduced membrane fouling. This
membrane used in photodegradation techniques for organic pollutants showed that the
membrane has great potential for water purification.

2.4. The Role of 3D Nanomaterials in Developing Polymeric Membranes

Currently, there are more inorganic materials with a 3D structure, such as zeolites
and silicate, used for water treatment applications. The usual applications for zeolite
membranes were in desalinization, gas, and liquid separation, and also in membrane
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reactors [223-226], showing unique properties such as a better permeability and selectivity,
but also great thermal and mechanical properties, which presented interest for using
in diverse applications [227]. Adding zeolites into the composition of these membranes
was beneficial regarding the enhancement of the hydrophilicity and molecular character
of the developed membrane. Different authors reported positive results regarding the
permeability and stability of the zeolites on the RO membranes, which was described by
Huang et al. [228]. Another study by Dong et al. [229] presented the progress of using PS
supports functionalized with zeolite NPs in the thin-film nanocomposite NF membranes
fabrication. These membranes exhibited enhanced permeability and salt removal of 93.4%.

The authors presented a study regarding carbon dioxide adsorption or chemical fix-
ation through the help of a mesoporous zeolite/chitosan composite membranes. After
submitted to different tests, the zeolite/chitosan composite membrane showed great results
on the adsorption of CO; compared to raw chitosan or zeolite. Moreover, the nanocompos-
ite membrane exhibited excellent catalytic activity in the chemical fixation of CO, [230].

Silicon dioxide or silica (5iO;) is an important inorganic metal oxide used as filler for
developing composite membranes for water purification. Because of its interesting features,
it has been intensively used in diverse applications such as accessible manipulation, low
reactivity, and also for its good chemical properties [69]. For example, Ahmad et al. [231]
synthesized PS membranes by incorporating a diverse amount of silica at different con-
centrations. That silica is hydrophilic, permitted the increment of permeability up to
17.32 L/m?h in comparison with the simple membrane which was at 1.08 L/m?h. The
results suggested an enhancement in antifouling properties, which indicated a better
oil-in-water separation.

3. Chitosan-Based Nanocomposite Polymeric Membranes: A Case Study

In recent decades, water scarcity has become an increasing problem that needs to be
solved. We know that water is a basic human need for our survival, and also is the most
valuable and permanent resource in the world. However, this aspect is changing, mainly,
because of our rapid industrialization where human society is contributing to diminishing
the water resources [232-235]. From these aspects, water scarcity has developed into an
arising problem, and the need to engineer new materials to resolve it has become imperative.
The main interest was focusing on finding novel synthesis methods to develop materials
with applications in water treatment. To sustain diverse activities in various industries or
other processes, water sources must be purified. The water purification process implies
removing chemical contaminants from polluted aqueous systems [153,236].

In the last years, new and promising polymeric membranes for water treatment
were developed [236,237]. Various membranes made from polymer materials coated with
different biomaterials exist which have immense applicability in decontamination and
water treatment (Table 2). Membranes have the purpose of removing fine and large particles;
however, the process depends very much on the pore size of the membrane [238].

Different processes such as microfiltration, nanofiltration, ultrafiltration, and reverse
osmosis use diverse particles. There are other processes such as conventional filtration
that filter only small particles that could not see with the naked eye, whereas microfiltra-
tion isolates only particles larger than 10 um, such as microorganisms, for instance. The
ultrafiltration method is used for the separation of smaller particles than 1000 A, such as
macromolecules or colloids. Nanofiltration and reverse osmosis membranes usually can
separate ions and salts, but both need pressure to work [259-262].

After analyzing and comparing multiple types of membranes, biopolymeric mem-
branes have attracted great interest since they are cost-efficient, biodegradable, safe for
humans, animals, and the environment. After examining the challenges in obtaining pure
drinking water and the above characteristics, they have proven that the most used ma-
terial is chitosan. It has been shown that the use of chitosan-like biopolymers and their
impregnation with various biomaterials could improve the versatility of membranes and
their effectiveness [237,263]. As already mentioned in the previous section of the review,
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one must consider the most important factors affecting the adsorption performance of the
chitosan membranes. It is essential to establish the critical point of view regarding the use
of chitosan membranes for water purifications. However, the physical characteristics of the
material, source and composition, physical properties, and process application are the most
significant aspects which influence the adsorption processes of the membranes [264]. The
chitosan physical character has the most important effect on the adsorption capacity of the
chitosan-based membranes. To be used for water treatment, chitosan has been physically
changed into different forms such as hydrogels and beads [265,266], nanoparticles [267],
fibers [268], powder [269], flakes [270], membranes [271], and honeycomb or sponge-like
structures [272,273]. The second most important aspect that must take into consideration
for establishing the adsorption capacity of the polymeric membrane is the source and com-
position of the chitosan. As known, chitosan is extracted from crab shells and lobsters, and
other natural materials that have been used for water purification. The adsorption capacity
of the chitosan membranes depends on the binding ability of metal ions with the amino
groups of the chitosan, degree of deacetylation, and also density of amino groups on the
surface [13]. Another important factor for the adsorption capacity of chitosan membranes
are its physical properties such as surface area, volume of the pore, density, and elemental
composition [274]. It proves, also, that process factors such as temperature, pH, presence of
anion or cation, and degree of combination are very important in the chitosan processing.
For instance, increasing the temperature during the process could cause an increment in
the adsorption rate by lowering the adsorption capacity [275].

Table 2. Diverse Applications of Chitosan with Various Compounds.

Material Type Compound Selected Applications Ref.
AoNP Wound dressing applications [32]
g Health and environmental protection applications  [239]
Textile industry applications [240]
CuNP, Bi.omed.ical appl.icat.ions [241]
Biofouling applications [242]
oD Water treatment applications [243]
NP Heavy metal removal [244]
s The performant adsorbent in water applications ~ [245]
TiO, NP, Water. treatfnent ap}.)licz.itions [246]
Anti-fouling applications [247]
Glycerol Burn dressing applications [248]
PEG Wound dressing applications [249]
CNTs Wastewater treatment applications [59]
1D TiO, CNTg Proton-exchange membranes [250]
Attapulgite Proton exchange membrane for fuel cells [251]
Cellulose/halloysite Biomedical applications [252]
GO The adsorbent in water purification [212]
Food industry [253]
it 254
$i0,@PVDF Supercapaa or o [254]
2D Membrane separation applications [255]
MMT Drug del'ivery sy'tster?s [256]
Food packing applications [257]
LAP@Ag NP; Food packing applications [258]

In recent years, researchers have shown that adsorbent membranes can be used in
environmental applications such as water purification, and potentially be used to sepa-
rate or remove dangerous compounds, such as heavy metals and other toxic compounds
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presented in wastewaters. To detect contaminants and pollutants from water sources,
nanocomposite polymeric membranes-based on chitosan were investigated. Chitosan-
based biopolymers are very important because of their high content of amino and hy-
droxyl groups, good biocompatibility, biodegradability, nontoxicity, reactivity, good hy-
drophilicity, and cost-effectiveness, which make them essential in water treatment applica-
tions [188,261,262,276]. Chitosan presents hydroxyl and amine groups on its surface, the
reason for their wide use in heavy metal removal from wastewaters [276-280]; however, it
does have some inconvenience when it comes to its low stability, thermo-mechanical prop-
erties and, also, porosity [281]. To overcome these difficulties related to issues, scientists
developed chitosan-based adsorbent membrane through diverse methods to defeat these
drawbacks [237,282-285]. This chapter of the review is focused on offering a perspective
regarding the preparation and applications of chitosan-based polymeric membranes with
application in wastewater treatment [286].

Various membranes based on chitosan have been developed for using them in
multiple applications, but the most special use was to remove toxic pollutants from
contaminated waters.

Singh et al. [286] prepared chitosan-based thiomer using the microwave irradiation
method to remove arsenic from contaminated waters. The chitosan thiomer shows high
efficiency in removing the pollutant from the groundwater, showing an 85.4% elimination
of As(IIl) and 87% for As(V). Worth mentioning that the synthesized thiomer is efficient
even at 10 ppb and can reduce the arsenic concentration to less than 3.2 ppb, which is much
lower than the WHO guidelines.

Tang et al. [287] made chitosan (CTS) with polyvinylidene fluoride (PVDF) in a mixture
(CTS/PVDF) for synthesizing a composite using a single-step process. The composite
polymeric membrane synthesized based on chitosan has excellent mechanical strength,
better adsorption capacity, and good selectivity compared to Cd(II) over Pb(Il). The tests
suggested that the adsorption capacity was in a normal range.

Gedam et al. [288] prepared a new type of chitosan-based on iodate used for removing
the lead ions from wastewaters. Using the Langmuir and Freundlich models could measure
the adsorption capacity for Pb(Il) ions. Lei et al. [289] studied a mineral based on apatite
and chitosan, showing that hydroxyapatite has great stability, low water solubility, and
high retention capacity. The adsorption capacity for this nano-hydroxyapatite is ranging
from 208.0 to 548.9 mg/g. In conclusion, this nano-hydroxyapatite chitosan composite
adsorbent confirms its efficiency in removing Pb(II) from wastewaters.

Wang et al. [290] used immersion precipitation for the adsorption of Cu(Il) on a porous
chitosan membrane. To develop a chitosan membrane that has a porous structure, silica has
been introduced as porogen material. The as-obtained polymeric membranes presented
a reticular structure having pores ranging from 1.9 to 4.6 um and an adsorption capacity
of 87.5mg/g.

Razzaz et al. [291] fabricated through two techniques, chitosan/TiO, composite nanofi-
brous adsorbents. After evaluating these type of nanofibers, they showed that are efficient
for removing Cu(Il) and Pb(Il) ions. They demonstrated that chitosan/TiO, composite
adsorbent presented high adsorption capacity than TiO;-coated chitosan nanofibers.

Habiba et al. [292] prepared an interesting type of membrane-based on chitosan/
polyvinyl alcohol (PVA)/ zeolite nanofibrous composite through the electrospinning method.
Chitosan/polyvinyl alcohol/zeolite membrane has good efficiency in removing toxins
from wastewaters. It also determines that the synthesized composite polymeric mem-
brane presented regeneration and reusability capacity and no loss of adsorption capacity.
Zavareh et al. [293] fabricated Cu-chitosan/Fe3O4 nanocomposite with applicability in
phosphate removal from wastewaters. This nanocomposite presented a high rate of adsorp-
tion capacity of 88 mg/g~! than raw chitosan. Zuo et al. [294] synthesized an innovative
adsorbent based on poly(vinyl alcohol)/citric acid /chitosan (PVA /CA /CHT, PCC) for the
removal of Cr(Ill) from aqueous solutions.
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Mohseni-Bandpi et al. [295] developed a new adsorbent based on magnetite-chitosan
composite used in applications for the removal of fluoride from wastewaters. With this
type of membrane, chitosan loaded with magnetite nanoparticles and noticed that pH,
concentration, and temperature enhance the adsorption capacity of the adsorbent. They
observed that the adsorption capacity influences the changing of the pH, temperature,
volume, and even the concentration of fluoride solution.

An interesting functionalized chitosan-based membrane was developed by
Makaremi et al. [296]. To enhance the filtration capability, mechanicals, and antibacte-
rial activity of the chitosan membrane, they have functionalized it with nanofibers of
polyacrylonitrile and ZnO nanoparticles. After testing this type of porous membrane, it
proves that adding the nanofiber and nanoparticles enhanced the adsorption performance
for Cr(III). Another material such as chitosan-based tetraethyl orthosilicate/aminopropyl
triethoxy silane composite membrane was efficient in the removal of heavy metals
from wastewaters [297].

Chitosan and chitosan-based systems have uncovered a great potential in the detox-
ification of pollutants from waters and have shown great performance in the removal
of toxic metals, such as Cr(VI) [298,299], As(V) [286,300,301], Mo(V) [302], Hg(II) [303],
Cu(Il) [283,296], and Pb(II) [304,305], but also have presented potential in removing inor-
ganic species such as nutrients (NO3~, NO, ™ and PO,437) [306,307]. In addition to the
diminishing of inorganic pollutants from wastewaters, chitosan was used as an adsorbent
for organic pollutants [39].

As already presented in the previous section of the paper, chitosan-based materi-
als have been shown to have perspectives as adsorbents in wastewater treatment, such
materials are metals [301], metal oxides [304], and bimetals [305]. Another important
application of chitosan-based ZnO nanoparticles is in agriculture for the removal of per-
methrin [308]. Some researchers tested the adsorbent in agriculture, and showed that
permethrin’s removal capacity increased from 49 to 99% when it uses the chitosan-based
ZnO nanoparticles [309].

Saifuddin et al. [310] tested also a variation of chitosan impregnated with silver
nanoparticles (Cs-Ag NPs) used also in agriculture for the removal of pesticide atrazine (a
persistent herbicide). While testing this composite, researchers discovered that the pesticide
content decreased when increasing the adsorbent dose. Danalioglu et al. [311], in their study,
reported information about using some composite systems based on magnetic-activated
carbon/chitosan used to annihilate diverse antibiotics (ciprofloxacin, erythromycin, and
amoxicillin). When testing the composite system for antibiotics, they noticed a good
adsorption performance. To the example above, Nadavala et al. [312] developed a system
based on chitosan-sodium alginate-calcium chloride used for the removal of phenols. The
results sustained that the as-obtained system exhibited the optimal adsorption capacity
for phenols.

In addition to the inorganic pollutants, organic pollutants such as dyes, phenols,
pesticides, detergents, play an important role that strongly influences the quality of the
waters and their removal will be displayed next. Every year, about 9 million barrels of
oil are being discharged into the ocean worldwide. Researchers are trying to develop
new environmentally and supportive approaches to remove oil pollutants from waters
without threatening the ecosystems [39]. Ummadisingu et al. [313] studied and tested
chitosan extracted from seafood industry wastes and purified it for further applications
in the removal of oil from diverse polluted waters. In conclusion, researchers stated that
pH, concentration, and contact time influence the adsorbent quality of chitosan [313]. The
study conducted by Bibi et al. [314] described the adsorption capacity of a membrane-based
chitosan, nanotubes, and PVA with silane for the removal of naphthalene [314].

Fan et al. [315] developed a novel magnetic chitosan/graphene oxide (MCGO) adsor-
bent for the removal of methylene blue. To determine the structural and morphological
modifications and magnetic properties of the MCGO adsorbent, XRD, SEM, and FTIR tech-
niques were used. The authors changed some parameters to establish the adsorption rate.
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The results indicated that the adsorption of methylene blue into the MCGO (95.16 mg/g)
was higher than chitosan (60.4 mg/g). Nitrophenol, another organic pollutant that needs to
be eliminated from water by using chitosan-based nanocomposite polymeric membranes.
Khan et al. [316] synthesized chitosan/GO nanocomposite coated with Cu nanoparticles to
identify and eliminate 4-nitrophenol. The results showed a constant reduction rate, good
sensitivity, and good detection.

Herman et al. [317] studied the synthesis and characterization of chitosan-silica mem-
branes for treating hotel wastewaters as being affected by polyethylene glycol and polyvinyl
alcohol. The purpose of the study was to determine the mechanical features, permeability,
selectivity, and also the effect of membrane’s composition in order to see the change in their
performance. Experiments showed that adding higher amount of PEG enlarged the pore
diameter but increases the flux rate; although, the rejection value was smaller. In contrast,
adding PVA shrank the pore diameter and increased the rejection value but decreased the
flux rate. Another study made by Rosdi et al. [318] investigated the purpose of adding
silica in improving chitosan membrane performance in removing Pb(Il) ions from water
solutions. The results indicated that the composite polymeric membranes presented greater
efficiency for lead removal compared to pure chitosan membranes.

Another example implies chitosan/zeolite composite membranes for the elimination
of trace metals ions such as Cr, As, Cd, and Pb from wastewaters. For this study, researchers
used chitosan combined with zeolites for developing composite membranes filled with
glutaraldehyde to eliminate as mentioned metal cations through the evacuation perme-
ation process (EPP). In conclusion, results indicated the potential capacity of using the
chitosan/zeolite composite membranes in wastewater purification [319,320].

Carbon nanotubes were considered valuable materials in combining them with chi-
tosan for developing adsorbent membranes for heavy metals removal [321,322]. Special
attention is brought to the chitosan/biochar (BS) composite which was used to give higher
performing adsorbent capacity to the obtained polymeric membrane. Due to the porous
structure of biochar, it has been studied in adsorbent membranes with important ap-
plications, such as removal of heavy metals, phosphates, and various antibiotics and
pharmaceuticals from waters [321,322].

4. Conclusions

The manuscript highlights the preparation and applications of composite membranes
with special attention on chitosan-based membranes for the removal of pollutants from
aqueous systems. Chitosan, the most used biodegradable, biocompatible, hydrophilic
biopolymer, presents considerable features for using it in applications such as biomedicine,
biosensors, food industry, cosmetics, agriculture, but its most evaluated usability remains
water treatment. This review presents a summary regarding diverse materials used in
developing innovative chitosan-based nanocomposite membranes for water purification.

Analyzing the presented nanocomposite polymeric membranes in the manuscript, it
is worth mentioning some suitable examples that could bring important benefits to the
water treatment industry. The excellent antimicrobial activity of chitosan has gained great
interest by using it in membranes for industrial desalination. Chitosan-functionalized with
graphene oxide offers an excellent adsorbent for the heavy metal removal from wastewater
systems. Moreover, introducing an inorganic filler, ZnO in chitosan’s membrane compo-
sition has demonstrated improvements in the adsorptive capacity, fouling performance,
and also durability of the membranes. In addition to the examples above, an innovative
magnetic chitosan/graphene oxide (MCGO) adsorbent for the removal of methylene blue
from wastewaters has been developed, but additional examples should be highlighted.

The synergism between chitosan and the reinforcing agents was also debated within
the manuscript. It was found that using this type of fillers in the composition of the chitosan-
based membranes brings significant improvements in their performances. Moreover,
the addition of various nanomaterials as fillers (C nanotubes, ZnO, Ag, Cu, and TiO,)
could overcome their limitations by increasing retention, hydrophilicity, and thermo-
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mechanical stability, and also swelling, which prevents its use at a larger scale. Thus, this
significant accomplishment would be a great breakthrough for the water treatment industry.
Broadening chitosan’s applicability in nanocomposite membranes, could overcome its
limitations and bring major outcomes. This review presents a perspective on the promising
potential of chitosan-based nanocomposite membranes in developing innovative materials
for water treatment applications.
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