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1. Introduction

A nanocomposite is defined as a blend of two or more materials in which at least one of the
components is in nanosize [1]. These materials are usually of different physical properties, chemical
properties and apparent interface [2]. Their numerous advantages over the individual component
include higher toughness, higher stiffness, high specific strength, gas barrier characteristics, flame
retardancy, corrosion, and resistance [3, 4]. Nanocomposites have diversified applications in areas such
as biological sciences, drug delivery systems and wastewater treatment [S]. In nanocomposites, the
nano-component is incorporated into functioned materials such as carbon nanotubes, activated carbon,
reduced grapheme oxide and different polymeric matrices for numerous applications, which efficient
handling of water pollutions is one [6].

Water free of pollution is a natural resource that is extensively needed in all human endeavours.
Without it, the most essential aspects of man’s life; health, food, energy, and economy is not safe [7].
Also, environmental, economic and social effects, and social effects of poor-quality water supply
threaten the safety of children and the impoverished [8]. It is estimated that about twenty (20) millions
of human lives are lost annually as a result of waterborne problems, while on a daily basis about six
thousand infants lose their lives due to water-related problems [9]. Currently, about a billion of people
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living in the world are without access to safe water, which results in major health challenges. In addition
to the problems of water pollution faced by man, there is limited access to available safe water due to
competing demands of increasing further due to climate changes and geometric population growth in
the next two decades [9].

Water pollution is caused by the presence pollutants and these pollutants are majorly grouped
into health problem causing and ecosystem disruption pollutants as shown in Table 1 [10]. Among the
health problem causing pollutants are heavy metals [11]. Heavy metals are elements having atomic
weights between 63.5 and 200.6 and specific gravities greater than 5.0 [12]. With the fast growth in
human and industrial activities, wastewater pollute by heavy metals is directly or indirectly released
into the environment in large volumes, particularly in developing countries [13]. Heavy metals are not
biodegradable therefore have tendency to build up in living organisms to become toxic [14].

In recent years, heavy metal remediation of wastewater has been carried out on the using various
nanocomposites as adsorbents [15]. These nanocomposites provide high surface areas and specific
affinities for heavy metals adsorption from the aqueous systems [16]. Hence, the adsorption of heavy
metal ions as pollutants from contaminated water using nanocomposites has attracted significant
attention due to their characteristic’s properties such as extremely small sizes, very large surface areas
and high surface-area-to volume ratios. It has also been established that they have the better adsorption
capacity, selectivity and stability than nanoparticles [17].

Therefore, nanocomposites have been considered helpful as agents in the removal of toxic
substances contributing to the development of more efficient treatment processes among the highly
developed water systems [18]. Currently, there are numerous nanomaterials used for the various
problems of water pollution in order to ensure environmental stability. Hence, this review provides an
exclusive insight on the basic use of nanocomposites for water/wastewater treatment and reuse while
focussing on the challenges of future research. Thus, this review tried to look into the recent and
updated published works regarding the preparation and application of chitosan-silver nanocomposite
as agent for the removal of heavy metals and other pollutants.

Table 1: Common pollutants of water

SN  Health Problems causing  Sources Ecosystem Disruption Sources
pollutants causing pollutants

1 Microorganisms. Such as Human and animal wastes ~ Sediment such as soil and silts ~ Land erosion
bacteria, viruses, parasites

2 Organic pollutants. Such as  Industrial, domestic, and  Plant nutrients such as nitrates Agricultural and urban
pesticides, plastics, agricultural and phosphates fertilizers, sewage, manure
detergents, oil, gasoline

3 Inorganic pollutants such Industrial effluents, Oxygen-demanding wastes  Sewage, agricultural runoff,
as heavy metals, salts domestic cleansers, such as manure from animal paper mills, food processing

surface runoff and residues from plants

4 Radioactive pollutants  Mining and processing or  Thermal such heat Power plants, industrial
such as uranium, thorium, ores, power  plants, cooling
caesium, iodine, radon weapons production,

natural sources

2. Sustainability of water using nano-biopolymeric material

The uses of synthetics materials for the removal of heavy metals from wastewater face some
drawbacks caused by their high cost of development, toxic and non-biodegradable nature [15]. Hence,
treatment of wastewater using efficient and low-cost adsorbents is always highly encouraged [19]. As
a result of this, biopolymers in place of other adsorbents are suspected to possess some potential for
wastewater treatment by adsorption [20]. Among the existing biopolymers, the one commonly used for
wastewater treatment is chitosan but itself need some kind of improvements to boost it efficiency which
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is believed can be achieved using nanotechnology [21]. Hence, recently, so much interest in terms of
improving existing biopolymer adsorbents using nanotechnology were shown by researchers [22].
Nanotechnology is an aspect of science that involves development of materials of sizes between 0 to
100 nm [23]. These materials are commonly referred to as nanomaterials; they exist in various forms
(Figure 1) and have numerous applications, which wastewater treatment is one [23]. The uses of
chitosan incorporated with nanoparticles of metal especially silver to form nanocomposite have been
an area of interest of stakeholders in wastewater treatment [24]. Therefore, nanocomposites of chitosan
will therefore add to the inventory of efficient and low-cost adsorbents.

Generally, nanocomposites of chitosan have distinctive properties which include availability of
numerous active sites for binding of metal ions, large surface area, biodegradability and easy
regeneration [25]. Several researches have been done using nanocomposites of biopolymer as nano-
adsorbents in recent years [26-29]. The properties of these materials account for their high adsorption
potentials in wastewater treatment [30]. The frequently used adsorbents for wastewater treatment
include activated carbon, clay, biomaterials, silica, metal oxides and nanoparticles [31]. Among the
listed common adsorbents, biomaterials which chitosan is one have gained the interest of researchers
in wastewater remediation processes due to their cost-effectiveness and abundance of sources [32].
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Figure 1: Images of some nanomaterials [33]

3. The need for chitosan as adsorbent

Chitosan is the second most abundant biopolymer after cellulose, which when undergone
deacetylation produces chitosan. Chitosan formed part of structural component of sea shells such as
crab, shrimp, shellfish, and krill. It can also be found in mollusks, insects, crustaceans, fungi and algae
[34]. Naturally, chitosan compared to order adsorbents, is non-toxic, biodegradable, biocompatible,
and antibacterial [35], this makes its stand out as the most appropriate choice for sequestration of
adsorbates particularly heavy metal. It has also attracted considerable interest due to its antimicrobial
and antifungal activities [36]. The action of chitosan is dependent on factors such as the source, the
degree of deacetylation and some other physicochemical properties [37]. The chemical structure
(Figure 2) of chitosan shows a randomly distributed B- (1-4)-linked D-glucosamine and N-acetyl-D-
glucosamine components derived by deacetylation of chitin [38]. Three kinds of functional groups
namely amino group, primary and secondary hydroxyl groups are present in chitosan [38]. The amine
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group allows the strong electrostatic interactions with other substances [39]. Chitosan exhibits
chemical reaction usual of amines, of which N-acylation and Schiff reaction are the most common and
important [40].

OH OH OH
HO O lo O Lo O
HO HO HO OH
NH, NH, NH,
- -n

Figure 2: Chemical structure of chitosan [41]

Commercially, chitosan is commonly produced via chemical deacetylation of crustacean chitin
using slight concentrated sodium hydroxide [42]. Chitosan obtained from crustacean chitosan is not
consistent in its physicochemical properties as a result of different kinds of raw materials and extraction
conditions [43]. The extraction of chitin from source like crab shells involves three main processes
which include decalcification or demineralization (which is the removal of the minerals mainly calcium
using dilute aqueous solution of HCI). This is followed by deproteinization involving the removal of
protein content, peptides and caroteniod pigments as well as other lipids using dilute aqueous solution
of NaOH with constant stirring and lastly deacetylation process (removal of acetyl groups from the
chitin to obtain chitosan) [44]. The schematic diagram of process of chitosan preparation from crab
shell is presented in Figure 3.
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Figure 3: Schematic diagram of the preparation of chitosan from crab shells [45].

For some decades now, chitosan has been employed as an adsorbent to sequestrate heavy metals
from wastewater due to the presence of numbers of amino and hydroxyl groups, which act as active
binding sites [15]. This biopolymer stands for a likeable substitute to other biomaterials due to its
physicochemical characteristics, high reactivity, outstanding chelation performance and high
selectivity towards pollutants [46]. Globally, the solid waste from the processing of shellfish, krill,
shrimps, and crabs make up large quantity of industrial waste from food industries [47]. This enormous
waste can be converted to chitosan via dimerialization, deproteinization and partial deacetylation to
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produce a low-cost biodegradable adsorbent [48]. Chitosan, even though has high adsorption capacity
for many heavy metals has shortcomings such as instability during applications and storage due to
some factors which include weak mechanical property, and low density. These shortcomings can be
overcome through modifications using numerous methods [49]. However, addition of stabilizing
agents in the form of nanoparticles of metals like gold, copper, zinc and silver is so much believed to
improve the physicochemical properties of chitosan due to high stability exhibits by silver metal [50].

4. Preparation of chitosan — silver nanocomposite

A number of methods have been used for the preparation of chitosan nanocomposites and were
grouped into chemical, green, thermal, gamma ray irradiation, thermal, UV irradiation, and
electrochemical methods [S1]. Among these methods, green method (Figure 4) using plant extracts
have been known to be the most excellent and these was well researched [52, 53]. The method is
reported to be the easiest and the most cost-effective owing to the large abundance of plant rich in
phytochemicals [S4]. Though, there are still continuous researches on the preparation chitosan-metal
nanocomposites using others method [55].

— Syringe

—»Drops of aqueous plant extract

_______
- ~

.. 3
_________

Mixture of chitosan ‘o s Chitosan-metal
Magnetic Stirrer -
and metal salt nanocomposites
solutions

Figure 4: A schematic diagram of the green preparation of chitosan-metal nanocomposites [64].

In general, the green method primarily includes the use of chitosan solutions as the precursors
[42, 56]. During the preparation, aqueous plant extract is place into a mixture of chitosan and metal
salt solutions. The mixture is stir using a magnetic stirrer, allowed to age and change in colour is
watched. The change in colour of the mixture signifies the formation of nanocomposite [S7]. The plant
extracts mostly act to reduce the metal ions in the solution to metal nanoparticles and at the same time
stabilizes its. The metal nanoparticles formed diffuse into the chitosan polymer matrix while the excess
spread across the surface [58]. After the formation of nanocomposites, sedimentation is allowed and
sediment is freeze dried to obtain the nanocomposites [S9].

The existence of numerous amine (-NHi) and hydroxyl (—OH) groups in chitosan polymer
chain boost its adsorption potential for metal ions. The groups (—-NH: and —OH) are the binding sites
for heavy metal ions [60]. Conversely, the major shortcomings of chitosan which affect its adsorption
capabilities are instability at higher temperature, weak mechanical strength and low porosity [61].
These shortcomings can be overcome using either physical or chemical modifications which involves
incorporation metal/metal oxide nanoparticles into chitosan polymer matrix [62]. Meanwhile, various
heavy chemicals as cross-linking agents like glutaraldehyde, epichlorohydrin and ethylene glycol
diglycidyl ether were used to achieve these [63].
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5. Common Characterization of chitosan-silver nanocomposites
In most synthesis of chitosan nanocomposites, Fourier-transform infrared spectroscopy (FTIR),
scanning electron microscopy (SEM) and X-ray Diffraction (XRD) are commonly employed as

analytical techniques for their characterizations [65]. This section of the review gives concise idea of
these techniques.
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FTIR spectroscopy is an analytical technique employed to identify mostly polymeric and
organic such as chitosan nanocomposites. But, in some cases, it can also be used to analyse inorganic
materials. This technique uses infrared light to observe chemical properties (functional groups) of the
nanocomposites through scanning [66].

In most studies, an indication of the presence of silver nanoparticles in the polymer matrix of
chitosan is the change in wave number and intensities of the characteristic bands assigned to the
overlapped stretching vibrations of hydroxyl (-OH) and amino (-NHi1) groups of chitosan (Figure 5).
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Figure 5: FTIR spectra of (a): silver nanoparticles (b): chitosan (c): chitosan-silver [67, 68].

These changes show that there is successful link between the polymer chains and the silver
nanoparticles [69, 70, 71].

I"; &19-5%=)00(-4,)&.$®= :$

X-Ray Diffraction is a non-destructive analytical technique frequently employed to analyzed
nanomaterials for their crystalline structures [72]. This technique helps to identify the various
crystalline phases present in the material such that information regarding their chemical compositions
are revealed. More so, the technique reveals the unit cell dimensions, angles of the atoms, distance of
interatomic planes which are used to determine the crystallite size of the materials using Debye—
Scherer formula [73]. Figure 6 shows the X-ray diffractogram of synthesized chitosan—silver
nanocomposites using different concentrations of silver nitrate as illustrated by Huang et al. [74]. The
authors affirmed that the crystal phases of both chitosan and silver nanoparticles were indexed and also
established that as the amount of silver used for preparing the nanocomposite increases the crystal
phases of silver nanoparticles became more visible.

The X-ray diffractogram (Figure 7) of carboxymethyl chitosan—nanosilver hybrids prepared at
80 °C using different concentrations of silver nitrate were studied by [75]. They explained that the
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major diffraction peaks at 20 =38.03°, 44.14°, 64.47°, 77.26°, and 81.35°n the CMC-Ag
nanocomposites matched to the (111), (200), (220), (311), and (222) planes of silver crystals while the
decrease in the intensities of characteristic peaks indicates decrease in the concentrations of silver in
the nanocomposites.
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Figure 6: X-ray diffractogram of chitosan and Figure 7: XRD patterns of cMc-agl (a), cMc-ag2 (b),
chitosan-Ag nanocomposites prepared using cMc-ag3 (c), and cMc (d). cMc.cMc-ag, means
0.02M, 0.04M, and0.06M AgNOs [76]. carboxymethyl chitosan—nanosilver [77].

From the outcomes of the XRD, it can be said that the silver nanoparticles due its nanosize
found its way into the intermediate layer of chitosan causing the changes in the crystalline structure of
chitosan [78].

I":$>4-..).?3@A*4,(&.$B)4(&/4&FB>@B$

SEM is an analytical technique which creates an image of nanomaterials by using a focused
electron beam to scan over a surface of the material [79]. Details of surface morphology, orientation
and compositions of material are obtain using signals from the interaction between electrons in the
beam interact and the sample surface [80]. Several studies carried out revealed that the SEM images of
chitosan-silver nanocomposites differ depending on the conditions of preparation. This difference is
usually on the shape, smoothness and homogeneity of the surface [81, 82, 83]. But, their surfaces
(Figure 8) are mostly porous and agglomerated. Upon the formation of nanocomposites, silver
nanoparticles are enclosed by chitosan due to surface-surface interaction [84].

6.0 Chitosan-silver nanocomposites for treatment of wastewater

Recently, due to continuous increase in industrial and anthropogenic activities, the release of
pollutants into the environment increases [87]. Most of these pollutants like heavy metals are non-
biodegradable and when build up in living organs above permissible limits through food chain may
result to various degree of health disorderliness [88]. Thus, there is urgent need to control their presence
in the environment particularly in water bodies. This needs to control their entry into the environment
makes it essential to design efficient methods and materials to get rid of them from the wastewater
[89]. Though, among the numerous existing methods often employed to treat water/wastewater include
chemical precipitation, biological treatments, electro-deposition, evaporation, ion exchange and
membrane separation [90]. These methods are usually faced by limitations which include
ineffectiveness, high cost of operation, and generation of sludge, particularly when the amount of the
toxic materials is very low [91]. In order to overcome these challenges mentioned, adsorption technique
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which has shown high effectiveness, low-cost and easy operation is commonly used, but itself has a
problem of better adsorbent [92].
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Figure 8: SEM image of chitosan-silver nanocomposite prepared by [85, 86] by In-situ chemical
method using PVA/NaiSOs and NaBHs:as reducing agents respectively
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Figure 9: Application of Nanocomposite Adsorbent (%)*A2$235)

Meanwhile, the existing adsorbents for toxic substance removal such as sawdust, activated
carbon, zeolites and clay are faced with the problems of low adsorptive capacity, lack of large-scale
implementation, non-biodegradability, unease regeneration, smaller surface area, low efficiency and
effectiveness and high-cost preparation among others [93]. This calls for the search for more
inexpensive adsorbents. However, biodegradable polymer such as chitosan showed to be very efficient
to sequester pollutants due to their availability, low cost, presence of numerous binding sites and
environmental friendliness [94]. However, as a result of its instability and low mechanical strength, its
potential to remove metals from water/wastewater is limited. But, its modification through
incorporation of silver nanoparticles to form nanocomposites has helped to overcome these problems
[95]. This nanocomposite can be applied in the form of either adsorbent or filter (Figure 9).
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Conclusion

The danger pose by heavy metal toxicity is one of the critical problems in the field of
environmental science and management globally. Numerous polymer-based nanocomposites were
developed for the sequestration of heavy metal ions, bacteria, virus-like microorganisms and other
harmful moieties from wastewater. Among these adsorbents, biopolymers such chitosan
nanocomposite is being favoured because it is inexpensive, abundant in nature and has series of
functional groups as binding sites, but its dissolution using acidic media among other factors limit its
application. However, incorporation of stabilizing agents like metal/metal oxide nanoparticles into the
polymer network obviously enhanced its properties and hence, widen its applications. Thus, production
of novel nanocomposites-based chitosan present a very remarkable approach in the area of
water/wastewater treatment. Also, it was found that in most of the studies, the use of chitosan-silver
nanocomposites for heavy metals removal and as well desorption experiments were not carried out.
However, indicate that further studies are required in this regard

Future outlooks

In this paper, we have reviewed a series of previous studies carried out in the preparation,
characterization and applications of chitosan-silver and other chitosan-based nanocomposites. Still, to
better the use of chitosan nanocomposites in water pollutant remediation, further studies are required,
including: choice of suitable materials to form the composites; designing for ease and eco-friendly
methods to prepare the nanocomposites using the chosen materials and optimizing the preparation and
adsorption parameters. Biosynthesized chitosan stabilized silver nanocomposite films that are stable
and multitasking in nature should be a present research interest. From the recent available studies on
chitosan nanocomposites, exceptionally well-built prospects for these nanocomposites can be foreseen,
which will increase the field of use to sequestrate of heavy metals.

Acknowledgement:The various inputs of Department of Pure and Industrial Chemistry, Prince
Abubakar Audu University, P.M.B 1008, Anyigba Kogi State, Nigeria is acknowledged.

Conflict of Interest: The authors declare that there are no conflicts of interest.

Compliance with Ethical Standards: This article does not contain any studies involving human or
animal subjects.

References

[1] Ragab A. M. Said, Mohamed A. Hasan, Ahmed M. Abdelzaher and Ahmed M. Abdel-Raoof,
Review—insights into the developments of nanocomposites for its processing and application
as sensing materials. J Electrochem Soc, 167 (2020) 037549, https://doi.org/10.1149/1945-
7111/ab697b

[2] R. Asmatulu, W. S. Khan, R. J. Reddy, and M. Ceylan, Synthesis and analysis of injection-
moulded nanocomposites of recycled high-density polyethylene incorporated with graphene
nanoflakes. Poly Comp., 36 (2015) 9.

[3] G. Israel, and H. D. Wagner, Nanocomposite toughness, strength and stiffness: role of filler
geometry. Nanocomposites, 1 (2015) 1.

[4] F. A. Dos Santos, G.C.V. Iulianelli, and M.I.B. Tavares, The use of cellulose nanofillers in
obtaining polymer nanocomposites: properties, processing, and applications. Mat Sci Appl., 7
(2016) 257.

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 877



[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

S. Chen, X. Hao, X. Liang, Q. Zhang, C. Zhang, G. Zhou, S. Shen, G. Jia, and J. Zhang,
Inorganic nanomaterials as carriers for drug delivery. J Biomed Nanotechn., 12 (2016) 1.

X. Luo, C. Wang, L. Wang, F. Deng, S. Luo, X. Tu, and C. Au, Nanocomposites of graphene
oxide-hydrated zirconium oxide for simultaneous removal of As (III) and As (V) from water.
Chem Eng J., 220 (2013) 9.

R. Kyriaki, and K. Phoebe, Environmental effects on public health: an economic perspective,
International J  Environ Res Pub Hith., 6,8 (2009) 2160-2178.
http//doi:10.3390/ijerph6082160.

WHO (World Health Organization) and UNICEF, (2014). Progress on Drinking Water and
Sanitation: 2014 Update. Geneva: WHO and UNICEF.

A. Burakov, E. Galunin, I. Burakova, A. Kucherova, A. Anastasia, S. Agarwal, A. Tkachev,
and V. Gupta, Adsorption of heavy metals on conventional and nanostructured materials for
wastewater treatment purposes: A review. Ecotox Environ Safe., 148 (2017) 702.

I. Manisalidis, E. S’[tavropoulou, A. Stavropoulos, and Bezirtzoglou, E, Environmental and
health impacts of air pollution: a review. Frtiers Pub Hith., 8 (2020) 14.

P. B. Tchounwou, C. G. Yedjou, A. K. Patlolla, and D. J. Sutton, Heavy metal toxicity and the
environment. Exper supple., 101 (2012) 133. https://doi.org/10.1007/978-3-7643-8340-4 6.
M. E. A. Ali, (2018). Synthesis and adsorption properties of chitosan-CDTA-GO
nanocomposite for removal of hexavalent chromium from aqueous solutions. Arab J Chem., 11
(2018) 1107.

K. Harneet, R. Anita, and S. K. Amritpal, Role of phytoremediation to remove heavy metals
from sewage water: review article. J Envir Sci Techno., 12 (2019) 1.

A. Singh, and S. M. Prasad, Remediation of heavy metal contaminated ecosystem: an overview
on technology advancement, Internat J Envir Sci Techno., 12 (2015) 353. https://doi
10.1007/s13762-014-0542-y.

J. Yang, B. Hou, J. Wang, B. Tian, J. Bi, N. Wang, X. Li, and X. Huang, Nanomaterials for the
removal of heavy metals from wastewater. Nanomat (Basel, Switzerland)., 9 (2019) 3.
https://doi.org/10.3390/nan09030424.

M. Hua, S. Zhang, B. Pan, W. Zhang, L. Lv, and Q. Zhang, Heavy Metal Removal from
Water/Wastewater by Nanosized Metal Oxides: A Review. J Hards Mats., (2011) 211.
http//doi. 317-31. 10.1016/j.jhazmat.2011.10.016.

L. Fan, C. Luo, M. Sun, X. Li, and H. Qiu, Highly selective adsorption of lead ions by water-
dispersible magnetic chitosan/graphene oxide composites. Collds Surf B Biointerf., 103 (2013)
523.http//d0i.10.1016/j.colsurfb.2012.11.006.

N. Pandey, S. K. Shukla, and N. B. Singh, Water purification by polymer nanocomposites: an
overview, Nanocomposites, 3 (2017) 2, http//doi: 10.1080/20550324.2017.1329983.

G. Z. Kyzas, and M. Kostoglou (2014). Green adsorbents for wastewaters: a critical review.
Materials (Basel, Switzerland), 7 (2014) 1. https://doi.org/10.3390/ma7010333.

T. O. Adedamola, and S. B. Olugbenga, (2016). Sequestering heavy metals from wastewater
using cow dung, Water Res Ind, 13 (2016) 7. http//doi.org/10.1016/j.wri.2016.02.002.

S. Bandara, H. Du, L. Carson, D. Bradford, and R. Kommalapati, Agricultural and biomedical
applications of chitosan-based nanomaterials. Nanomat (Basel, Switzerland), 10 (2020) 10.
https://doi.org/10.3390/nan010101903.

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 878



[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

S. Mustapha, M. M. Ndamitso, and A. S. Abdulkareem, Application of TiO:and ZnO
nanoparticles immobilized on clay in wastewater treatment: a review. App/ Wat Sci., 10
(2020) 49. https://doi.org/10.1007/s13201-019-1138-y.

J. Jeevanandam, A. Barhoum, Y. S. Chan, A. Dufresne, and M. K. Danquah, (2018). Review
on nanoparticles and nanostructured materials: history, sources, toxicity and
regulations. Beilstein J Nanotech, 9 (2018) 1050. https://doi.org/10.3762/bjnano.9.98.

S. Angela, I. Cornelia-loana, F. Denisa, F. Anton, and A. Ecaterina, Chitosan-based
nanocomposite polymeric membranes for water purification—a review. Materials, 14 (2021)
2091. http//doi.org/10.3390/ma14092091.

R. O. Adeeyo, J. N. Edokpayi, O. S. Bello, A. O. Adeeyo, and J. O. Odiyo, Influence of selective
conditions on various composite sorbents for enhanced removal of copper (ii) ions from
aqueous environments. Internat J Envir Res Pub Hit, 16 (2019) 23, 4596.

E. A. E. Mohammed, Nanoadsorbents for water and wastewater remediation. Sci Ttl Environ.,
739 (2020). http//doi.org/10.1016/j.scitotenv.2020.139903.

J. Keerti, S. P. Anand, P. P. Vishwas, and J. S. F. Swaran, Nanotechnology in wastewater
management: a new paradigm towards wastewater treatment. Molecules, 26 (2021) 1797,
doi.org/10.3390/molecules26061797.

T. V. Van, D. Park, and Y. C. Lee, Hydrogel applications for adsorption of contaminants in
water and wastewater treatment. Enviro Sci  Pollun Res, 25 (2018) 24569,
doi.org/10.1007/s11356-018-2605-y.

Z.Muhammad, Y. L. San, A. M. Amira, M. A. Nur Adlin, J. Khairiraihanna, and E. R. Nurul,
Efficient removal of Pb (II) from aqueous solutions by using oil palm bio-waste/mwcents
reinforced pva hydrogel composites: kinetic, isotherm and thermodynamic modelling.
Polymers, 12 (2020) 430, doi: 10.3390/polym12020430.

J. U. Ani, K. G. Akpomie, U. C. Okoro, L. E. Aneke, O. D. Onukwuli, and O. T. Ujam,
Potentials of activated carbon produced from biomass materials for sequestration of dyes, heavy
metals, and crude oil components from aqueous environment. Appl Water Sci., 10 (2020) 69,
doi.org/10.1007/s13201-020-1149-8.

M. E. Ali, M. E. Hoque, S. K. SafdarHossain and M. C. Biswas. Nanoadsorbents for wastewater
treatment: next generation biotechnological solution. Internat. J. Environ. Sci. Technol, 17
(2020) 4095. http//doi.org/10.1007/s13762-020-02755-4

H. Sadegh, G. A. M. Ali, V. K. Gupta, A. H. Makhlouf, R. Shahryari-ghoshekandi, M. N.
Nadagouda, S. Mika, and A. Megiel, The role of nanomaterials as effective adsorbents and their
applications in  wastewater treatment. J. Nanostru. Chem., 7 (2017) 1-14,
http//doi.org/10.1007/s40097-017-0219-4.

A. P. A. Carvalho, C. A. Conte-Junior, Recent Advances on Nanomaterials to COVID-19
Management: A Systematic Review on Antiviral/Virucidal Agents and Mechanisms of SARS-
CoV-2 Inhibition/Inactivation. Global Challenges., 5(5) (2021) 2000115

W. Arbia, L. Arbia, L. Adour, and A., and A. Amrane, Chitin extraction from crustacean shells
using biological methods - a review. Food Technol Biotechno, 51 (2012) 12-25.
https://hrcak.srce.hr/file/146860

M. Jebraeel, G. Ali, S. F. B. BiBi, A. S. T. Sayyed, and G. A. Hamideh, The use of natural
biopolymer of chitosan as biodegradable beads for local antibiotic delivery: release studies,
Jundishapur J Nat Pharmac Prod, 8 (2013) 1.

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 879



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

A. Sharma, P. Prakash, K. Rawat, P. R. Solanki, and H. B, Bohidar, Antibacterial and
Antifungal Activity of Biopolymers Modified with Ionic Liquid and Laponite. App! Biochem
Biotechno, 177 (2015) 267, http// doi.org/10.1007/s12010-015-1727-7.

J. R. F. Leslie, H. Sonia, J. Hook, and B. H. Monica, Chitosan as a biomaterial: influence of
degree of deacetylation on its physiochemical, material and biological properties, 10 (2015) 8
http// doi: 10.1371/journal.pone.013515.

A. Sumaila, M. M. Ndamitso, A. S. Ambali, Y. A. Iyaka, and J. O. Tijani, Sequestration of
copper (ii) and iron (ii) ions from electroplating effluent using crab shells chitosan stabilized
silver nanocomposite. Iranian J. Eng Environ., 10 (2019) 1.

Enyeribe C. C., Kogo, A. A., and Yakubu, M. K. Synthesis and antimicrobial activities of
cationated chitosan. Org Chem; Indust J., 13 (2017) 3.

M. K. Hanif, H. Tao, F. Edvin, G. Cédric, Y. Bogqian, F. R. Mary, G. Anne, and R. Nathalie, A
Role for Weak Electrostatic Interactions in Peripheral Membrane. Protein Binding, 110 (2016)
6. doi: 10.1016/j.bpj.2016.02.020.

Younes I, Rinaudo M. Chitin and Chitosan Preparation from Marine Sources. Structure,
Properties and Applications. Marine Drugs. 13(3) (2015) 1133-1174.

W. M. Argiielles-Monal, J. Lizardi-Mendoza, D. Fernandez-Quiroz, M. T. Recillas-Mota, and
M. Montiel-Herrera, Chitosan derivatives: introducing new functionalities with a controlled
molecular architecture for innovative materials. Polymers, 10 (2018) 3.

C. Pires, J. Vilela, and C. Airoldi, The effect of chitin alkaline deacetylation at different
condition on particle properties, Procedia Chemistry, 9 (2020) 220.

E. G. Hala, S. T. Abdelrahman, V. D. Natalia, M. S. H. Ahmed, and M. A. Nahed,
Characterization of chitosan extracted from different crustacean shell wastes. J Appl Sci, 16
(2016) 454.

G.M. Oyatogun, T.A. Esan, E.I. Akpan, S.O. Adeosun, A.P.I. Popoola, B.I. Imasogie, W.O.
Soboyejo, A.A. Afonja, S.A. Ibitoye, V.D. Abere, A.O. Oyatogun, K.M. Oluwasegun, LE.
Akinwole, K.J. Akinluwade, Chapter 11 - Chitin, chitosan, marine to market, Handbook of
Chitin and Chitosan, Elsevier, (2020) 341-381

A. Sumaila, M. M. Ndamitso, Y. A. Iyaka, A. S. Abdulkareem, J. O. Tijani, and M. O. Idris,
Extraction and characterization of chitosan from crab shells: kinetic and thermodynamic studies
of arsenic and copper adsorption from electroplating wastewater. lraqi J. Sc., 61 (2020) 9.
http//doi:10.24996/ijs.2020.61.9.2.

J. GangSeob, Q. Zhao, and J. B. Markus. Mechanical Properties and Failure of Biopolymers:
Atomistic Reactions to Macroscale Response. Top Curr Chem, 369 (2015) 317. http//
doi: 10.1007/128 2015 _643.

T. Trung, A. R. Nguyen, C. Barber-Kendall, and Z. Wei, Lobster processing by-products as
valuable bioresource of marine functional ingredients, nutraceuticals, and pharmaceuticals,
Biores Biopro, 4 (2017) 1. http//doi: 10.1186/s40643-017-0157-5.

I. Younes, and M. Rinaudo, Chitin and chitosan preparation from marine sources. Structure,
properties and applications. Marine drugs, 13 (2015) 3. https://doi.org/10.3390/md13031133.
K. Suneeta, P. Rath, and H. K. A. Sri, Chitosan from shrimp shell (Crangon crangon) and fish
scales (Labeorohita): Extraction and Characterization. African J Biotechno, 15 (2016) 24.
http//doi:10.5897/AJB2015.15138.

N. Roberto, Review on aquatic-derived biomaterials for a sustainable future: a European
opportunity. Resources, 6 (2017) 4. http//doi: 10.3390/resources6040065.

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 880



[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

S. Kim, J. O. Jeong, S. Lee, J. S. Park, H. J. Gwon, S. I. Jeong, J. G. Hardy, Y. M. Lim, and J.
Y. Lee, Effective gamma-ray sterilization and characterization of conductive polypyrrole
biomaterials. Sci reports., 8 (2018) (1). https://doi.org/10.1038/s41598-018-22066-6.

J. Singh, T. Dutta, K. H. Kim, M. Rawat, P. Samddar and P. Kumar, Green' synthesis of metals
and their oxide nanoparticles: applications for environmental remediation. J Nanobiotech., 16
(2018) 1. http//doi.org/10.1186/s12951-018-0408-4.

L. Irfan, G. Ezaz, N. Ammara, and B. Aysha, Detail review on chemical, physical and green
synthesis, classification, characterizations and applications of nanoparticles. Green Chem Lett
Revw., 13 (2020) 3. http//d0i:10.1080/17518253.2020.1802517.

M. Yanat, and K. Schro’en, Preparation methods and applications of chitosan nanoparticles;
with an outlook toward reinforcement of biodegradable packaging. React Funct Polys., 161
(2021) 104849. http//doi.org/10.1016/j.reactfunctpolym.2021.104849.

A. Sumaila, M. M. Ndamitso, Y. A. Iyaka, A. S. Abdulkareem, and J. O. Tijani, (2020). The
role of chitosan (CHS) and chitosan-silver nanoadsorbents (COMP) in adsorption of Cu (IT) and
Fe (I) ions from electroplating wastewater, Adv in Environ Std, 4 (2020) 2. http//doi:
10.36959/742/228.

J. Seyedmohammadi, M. Motavassel, M. H. Maddahi, and N. Soudabeh, Application of
nanochitosan and chitosan particles for adsorption of Zn(II) ions pollutant from aqueous
solution to protect environment. Modeling Earth Sys Envir., 2 (2016) 165. http//
doi.org/10.1007/s40808-016-0219-2.

O. Dhlugosz, K. Szostak, A. Staron, J. Pulit-Prociak, and M. Banach, Methods for reducing the
toxicity of metal and metal oxide NPS as biomedicine. Materials (Basl, Switzerland), 13 (2020)
2. http//doi.org/10.3390/ma13020279.

A. Bhakay, M. Rahman, R. N. Dave, and E. Bilgili, Bioavailability enhancement of poorly
water-soluble drugs via nanocomposites: formulation processing aspects and challenges.
Pharmaceutics., 10 (2018) 3. http//doi.org/10.3390/pharmaceutics10030086.

D. C. da Silva Alves, B. Healy, L. A. Pinto, T. R. S. Cadaval, and C. B. Breslin, recent
developments in chitosan-based adsorbents for the removal of pollutants from aqueous
environments. Molecules, 26 (2021) 594, http// doi.org/10.3390/molecules26030594.

E. Szymanska, and K. Winnicka, Stability of chitosan-a challenge for pharmaceutical and
biomedical applications. Mar drgs., 13 (2015) 4. http//doi.org/10.3390/md13041819.

X. F. Zhang, Z. G. Liu, W. Shen, and S. Gurunathan, Silver nanoparticles: synthesis,
characterization, properties, applications, and therapeutic approaches. Intern J Molec Sci., 17
(2016) 9. http//doi.org/10.3390/ijms17091534.

M. Hadiseh, G. Ahad, and G. G. Hossein, Evaluation of hyper-cross-linked polymers
performances in the removal of hazardous heavy metal ions: a review, Sep Pur Techno., 260
(2021). http//doi.org/10.1016/j.seppur.2020.118221.

H. Ibrahim, Chitosan Molecular Weight Effects on The Synthesis of Gold Nanoparticles and
Catalytic Degradation of Environmental Pollutants. J Adv Phy., 14 (2) (2018) 5388 — 5405.

K. Kosowska, P. Domalik-Pyzik, M. Krok-Borkowicz and J. Chtopek, Synthesis and
characterization of chitosan/reduced graphene oxide hybrid composites. Mat (Bas, Swrl)., 12
(2019) 13. http// doi.org/10.3390/mal12132077.

Y. Algaheem and A. A. Alomair, Microscopy and spectroscopy techniques for characterization
of polymeric membranes. Membranes., 10 (2020) 2. http//
doi.org/10.3390/membranes10020033.

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 881



[67]
[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

[80]

[81]

[82]

D. Arif, M. B. K. Niazi, N. Ul-Haq, M. N. Anwar, E. Hashmi. Preparation of Antibacterial Cotton

Fabric Using Chitosan-silver Nanoparticles. Fibers and Polymers 16 (7) (2015) 1519 - 1526.
S. Govindan, E.A.K. Nivethaa, R. Saravanan, V. Narayanan, A. Stephen Synthesis and
characterization of chitosan—silver nanocomposite. Appl Nanosci 2 (2012) 299-303

E. Sreelekha, G. Bini, S. S. Sarojini, T. D. Thomas, W. Stanistaw, C. Miroslav, and V. T. Vinod,
Chitosan/gelatin/silver nanoparticles composites films for biodegradable food packaging
applications. Polymers, 13 (2021). http//doi.org/10.3390/polym13111680.

S. Govindan, E. A. K. Nivethaa, R. Saravanan, V. Narayanan, and S. Arumainathan, Synthesis
and characterization of chitosan—silver nanocomposite. App! Nanosci., 2 (2012) 10.

M. Zienkiewicz-Strzatka, A. Derylo-Marczewska, Y. A. Skorik, V. A. Petrova, A. Choma, and
I. Komaniecka, silver nanoparticles on chitosan/silica nanofibers: characterization and
antibacterial activity. Internat J Molec Sci, 21 (2019) 1.

D. Rasel, A. Md, A. Hamid, and S. Bee, Current applications of x-ray powder diffraction - A
review. Rev Adv Mat Sci., 38 (2014) 95.

S. Akmaz, E. D. Adigiizel, M. Yasar, and O. Erguven, The effect of Ag content of the chitosan-
silver nanocomposite material on the structure and antibacterial activity. Adv Mat Sci Eng.,
xx(2013)xx https://doi.org/10.1155/2013/690918.

S. Huang, Z. Yu, Y. Zhang, C. Qi, and S. Zhang, In situ green synthesis of antimicrobial
carboxymethyl chitosan-nanosilver hybrids with controlled silver release, Interna J Nanomed,
12 (2017) 3181.

V. Holubnycha, O. Kalinkevich, O. Ivashchenko & M. Pogorielov, Antibacterial activity of in
situ prepared chitosan/silver nanoparticles solution against methicillin-resistant strains of
Staphylococcus aureus. Nanoscale Res Lett., 13 (2018) 71. http//doi.org/10.1186/s11671-018-
2482-9.

S. Akmaz, E. D. Adigiizel, M. Y. O. Erguven, "The Effect of Ag Content of the Chitosan-Silver
Nanoparticle Composite Material on the Structure and Antibacterial Activity", Advances in
Materials Science and Engineering, vol. 2013, Article ID 690918, 6 pages, 2013.

S. Huang, Z. Yu, Y. Zhangchusheng, Q. Zhang, In situ green synthesis of antimicrobial
carboxymethyl chitosan—nanosilver hybrids with controlled silver release, International Journal
of Nanomedicine 12 (2017) 3181 — 3191.

A. Ul-Hamid, Introduction. In: A Beginners' Guide to Scanning Electron Microscopy.
Springer., (2018) 1.

G. Sharmal, J. S. Nam, A. R. Sharma, and S. S. Lee, Antimicrobial potential of silver
nanoparticles synthesized using medicinal herb Coptidis rhizome. Molecules., 23 (2018) 9.
http// doi:10.3390/molecules23092268.

S. Govindan, E. A. K. Nivethaa, R. Saravanan, V. Narayanan, and S. Arumainathan,
Synthesis and characterization of chitosan—silver nanocomposite. App! Nanosc, 5 (2012) 7
http//doi: 2. 10.1007/s13204-012-0109-5.

S. Honary, K. Ghajar, P. Khazaeli, and P. Shalchian, Preparation, characterization and
antibacterial properties of silver-chitosan nanocomposites using different molecular weight
grades of chitosan. Trop. J. Pharmac. Res., 10 (2011) 1.

A. Nithya, H. L. J. Kumari, K. Rokesh, K. Ruckmani, K. Jeganathan, and K.
Jothivenkatachalam, A versatile effect of chitosan-silver nanocomposite for surface plasmonic
photocatalytic and antibacterial activity. J Photochem Photobio B: Biol., 153 (2015) 412.
http//doi.org/10.1016/j.jphotobiol.2015.10.020.

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 882



[83]

[84]

[85]

[86]

[87]

[88]

[89]

[90]

[91]

[92]

[93]

A. Regiel-Futyra, M. Kus-Liskiewicz, V. Sebastian, S. Irusta, M. Arruebo, A. Kyziol, and G.
Stochel, Development of noncytotoxic silver—chitosan nanocomposites for efficient control of
biofilm forming microbes. RSC Adv., 7 (2017) 83.

A. Shah, I. Hussain, and G. Murtaza, Chemical synthesis and characterization of chitosan/silver
nanocomposites films and their potential antibacterial activity. Internat J Biolog Macromo., 116
(2018) 520. http// doi: 10.1016/j.ijbiomac.2018.05.057.

I. Manisalidis, E. Stavropoulou, A. Stavropoulos, and E. Bezirtzoglou, Environmental and
health impacts of air pollution: a review. Front Pub Hith., 8 (2020) 14. http//doi:
org/10.3389/fpubh.2020.00014.

A. Kumar, A. Kumar, M M S, C. P. Chaturvedi, A. K. Shabnam, A. A. Subrahmanyam, G.
Mondal, R. Gupta, D. K. Malyan, S. K. Kumar, S. A. Khan, and K. K. Yadav, Lead toxicity:
health hazards, influence on food chain, and sustainable remediation approaches. Intern J Env
Res Pub Hith., 17 (2020) 7. https://doi.org/10.3390/ijerph17072179.

R. Bhateria, and D. Jain, Water quality assessment of lake water: a review. Sust Wat Res Mgt.,
2 (2018) 161. http//doi: 10.1007/s40899-015-0014-7.

L.«Gurreri, A. Tamburini, A. Cipollina & G.:Micale Electrodialysis applications in wastewater
treatment for environmental protection and resources recovery: a systematic review on progress
and perspectives. Membranes., 10 (2020) 7, doi.org/10.3390/membranes10070146.

N. Ferronato, and V. T, Waste mismanagement in developing countries: a review of global
issues. Internati J Envi Res Pub Hth,. 16 (2019) 6. https://doi.org/10.3390/ijerph16061060.

N. A. A. Qasem, R. H. Mohammed, and D. U. Lawal, Removal of heavy metal ions from
wastewater: a comprehensive and critical review. NPJ Cln Wat. 4 (2021) 36.

N. N. Rudi, M. S. Muhamad, L. Te Chuan, J. Alipal, S. Omar, N. Hamidon, N. H. Abdul Hamid,
N. Mohamed Sunar, R. Ali, and H. Harun, Evolution of adsorption process for manganese
removal in water via agricultural waste adsorbents. Heliyon., 6 (2020) 9.

T. Russo, P. Fucile, R. Giacometti, and F. Sannino, Sustainable removal of contaminants by
biopolymers: a novel approach for wastewater treatment. Curr state and future perspectives.
Processes., 9 (2021) 4. https://doi.org/10.3390/pr9040719.

J. Yang, B. Hou, J. Wang, B. Tian, J. Bi, N. L. Wang, and X. Huang, Nanomaterials for the
removal of heavy metals from wastewater. Nanomat., 9 (2019) 42. https://doi:
10.3390/nan09030424.

(2022) ; http://www.jmaterenvironsci.com

Sumaila et al., J. Mater. Environ. Sci., 2022, 12(8), pp. 869-883 883



