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Abstract

The present review describes the application of lignocellulosic biomass-derived nanocellulose for wastewater remediation
with a focus on the removal of heavy metals. Nanocellulose and its nanocomposite are among the emerging materials of this
century, with an abundance of application in the versatile field of composites, medicines, functional additives, and water
treatment. Water treatment has received attention from the commercial and academic sector, with a large emphasis on one
of the biggest problems faced by humans in the 21st century i.e., clean potable water. There are various sources of water
pollution including heavy metal toxifications. The applications of cellulose and its various composites for heavy metal
removal for wastewater treatment have been elaborated on in this review. Several biosorbent based on nanocellulose such as
aerogels, hydrogels, ion-exchange beds, flocculants, and photocatalyst to remove heavy metal toxicity have been discussed
furthermore. Research work on the effect of composites of carbon nanotube, functionalized cellulose has been covered too.
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Introduction
Increasing Water Pollution by Industrial Pollutants

Water pollution has become a burning problem for
advanced and emerging economies in the 21st century. The
worldwide water consumption is increasing day by day for
the growing demands of human habitation, agricultural
irrigation, and other necessities. Recent studies reported
that the world’s water consumption has risen §-fold over
the last 100 years. Since several agricultural, residential,
and industrial activities, wastewater effluent is released
into the environment. These activities lead to an escape of
a wide range of contaminants into the water resources as
per their origin. Chemical pollution, notably from many
heavy metals such as arsenic, lead, cadmium, etc., is the
most conscientious part of water pollution because it is
intended to affect population wellbeing [1]. Groundwater
is one of India’s most important water resources account-
ing for about 63% of irrigation water and around 80% of
domestic and urban water supplies. Over the past seven
years, 54% of India’s groundwater wells have been dete-
riorated and 21 major cities are being projected to run
out of groundwater by 2020. So, our goal is to review the
application of lignocellulosic biomass-derived nanocel-
lulose in water treatment applications [2].

Analogously, industrial activities have been producing
the greatest volume and the maximum variety of pollutants
day by day. Thus, the generated effluents are the utmost
contributors to various water pollution problems. Over
50,000 synthetic materials are produced or processed for
multiple applications across the globe and approximately
2,000 new compounds are launched onto the marketplace
annually. These industrial wastes encompass a series of
chemicals that can be classified as organic and inorganic,
synthetic or compostable, polar or non-polar, hydrophilic
or hydrophobic, inert or reactive, poisonous or non-toxic,
etc. These wastes contaminated the water sources harm-
ing human and environmental health. Pollutants can reach
water resources present on the surface or underground
through the emission of gaseous, liquid, and solid com-
ponents from industries, or during its transportation and
disposing of utilized products, from households and agri-
cultural production. Runoffs, wastewater can also hold
numerous pollutants that cause negative environmental
impacts. Thus, wastewater effluent should be treated well
and systematically to lower the adverse health effect of
the user of surface water resources as well as the aquatic
ecosystem [3].

There are innumerable conventional methods for remov-
ing toxic metal ions like chemical precipitation, electro-
chemical treatment, membrane filtration, adsorption,
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reverse osmosis, ion exchange, flotation, coagulation/
flocculation, photocatalysis, and separation membrane
technologies. Although metal ion concentrations in aque-
ous solutions are low, the chemical precipitation and elec-
trochemical treatment are proved to be useless and because
of their low efficiency and expensive setup. They generate
a large quantity of waste sludge and require further treat-
ment of the sludge. Both membrane technologies and ion
exchange techniques are much expensive due to their high
efficiency in the selectivity of ions, but the ion exchange
technique is in persistent use due to its reusability. Adsorp-
tion technology is also found as efficient and prevalent,
due to the exceedingly small concentrations of metal accu-
mulation and its economically practical characteristics.
Therefore, if low-cost adsorbents or biosorption technol-
ogy can perform well in removing heavy metals, they can
be adopted and widely used to minimize operational cost
and for improving profitability [4].

The use of nanomaterials has taken an advantage to
adsorb heavy metals in water because of their exceptional
properties. Previously, these nanomaterials were mainly
based on carbon, metal oxide materials, zero-valent metal
nanomaterials, and nanocomposites. They showed efficient
adsorption of pollutants; however, they are highly unstable,
thus reducing their removal efficiency. Furthermore, it is
quite difficult to separate these nanomaterials from the aque-
ous medium at full tilt due to their nanoscale size. Since,
many studies confirmed the adsorption by these nanomateri-
als, hence its utilization should be taken into consideration.
Nanostructured materials deliver greater adsorption abili-
ties and stronger binding than macroscale counterparts [5].
Recently, the naturally produced nanomaterial- nanocellu-
lose from lignocellulosic biomass have been used for metal
detoxifications in wastewater treatment. The use of nanocel-
lulose for water remediation has emerged as an attractive
choice among the diverse application of nanocellulose [6, 7].

In this review, comprehensive information on cellulose-
derived nanocellulose, and its applications in the aspect of
water remediation have been discussed. The role of com-
posites based on nanocellulose in reducing cytotoxic effects
from metal ions, such as lead, arsenic, cadmium, mercury,
and so forth, are reviewed here. Besides this, the effect of
heavy metals on the environment and the human popula-
tion has been studied, and the use of bio adsorbent has been
discussed to mitigate the problem of heavy metals con-
taminants. Moreover, the potential of cellulosic adsorbent
materials for various heavy metal uptake abilities has been
reported here.

Lignocellulosic Biomass

The dry matter of plants (biomass) is referred to as lig-
nocellulosic biomass. Lignocellulosic biomass is the
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Fig. 1 Schematic representation of lignocellulosic biomass with the structure of cellulose, hemicellulose, and lignin. Adapted from the permis-

sion with Zhang et al. [18]

most bountiful raw material on the earth. The plant cells
are composed of two carbohydrate polymers (cellulose,
hemicellulose), and an aromatic polymer (lignin) (Fig. 1).
However, depending on the type of plant, the composition
and concentration of these plant cell components vary.
Lignin and hemicellulose represent 10-25% and 20-35%
of the total dry weight of dry lignocellulosic biomass
respectively [2]). Whereas cellulose is the major element
in lignocellulosic biomass which is primarily found in the
plant cell wall with its total concentration of about 35-50%
of dry lignocellulosic biomass. It comprises of the linear

Fig.2 Networks of intramo-
lecular (=) and intermolecular
(—) hydrogen bonding in cel-
lulose structure. Adapted from
the permission with Phanthong
et al. [8]

homopolysaccharide of -1, 4- linked anhydro-d-glucose
units with the repeating unit of cellobiose (2, 8).

The cellobiose monomer is comprised of three hydroxyl
groups forming a strong hydrogen bond with the adjoining
glucose unit by intramolecular and intermolecular hydro-
gen bonding networks (Fig. 2). This hydrogen bonding
leads to strong and tight packing in the crystalline parts of
cellulose fibrils. This enhances the tensile and mechani-
cal strength of the polymeric fibre and makes it insoluble
in water, many acids, alkalis. In cellulose, the alignment
of glucose molecules and hydrogen bonding networks is
broadly oriented, leading to various cellulose allomorphs
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(cellulose I and II). The variation of cellulose allomorphs
(cellulose I and II) depends on the origin of lignocellulosic
biomass and the processing method. By its abundant car-
bon, hydroxyl groups, glucose monomeric units, cellulose
has been found as the most naturally occurring substance of
carbon properties, with different hydroxyl groups and solid
hydrogen-bonding networks. Nevertheless, cellulose fibrils
aggregate to form crystalline and amorphous structures for
greater rigidity and strength. Wood and crop wastes have
immense potential as energy or animal feed for the produc-
tion of high-value-added materials without vying with a man
and livestock [8].

Nanocellulose and its Applications

The nanocellulose is the naturally occurring biomaterial
derived from cellulose. In general, nanocellulose fibre com-
prises polymeric fibres of less than 100 nm in diameter and
several micrometers in length. The nanocellulosic fibres
are comprised of 3—100 pm in diameter with a length of
1-4 pm in size. They are comprised of desirable properties
such as high tensile, mechanical, and thermal strength. They
are biologically degradable nanofibre with a low density of
1.6 gm/ cc and with exceptional strength properties and has
high mechanical strength of up to 220 GPA which is sig-
nificantly higher than Kevlar fibre. Nanocellulose also owns
other physical properties such as high tensile strength of up
to 10 GPA, higher thermal stability with lightweight and,
transparency. Nanocellulose fibre is transparent and because
of the presence of reactive surface of hydroxyl groups, it
becomes functional by various alterations for surface func-
tionalization and surface modification [2, 8, 9]

Presently, nanocellulose has been explored as a good
biosorbent. Before nanocellulose, various biomaterials
have been studied including non-living biomass (such as
chitosan, xylan-rich hemicellulose, longan shell, soy protein,
potato peels, tea wastes, almond shell, lignin, coconut husk
fibres, sawdust), algal biomass, and microbial biomass (such
as bacteria, fungi, and yeast) for their potential biosorbent
properties for the extraction of metal ions from wastewa-
ter. But nanocellulose, its derivatives, and composites
have shown magnificent results in the case of biosorption
properties for metal removal from effluent. This is due to
its nano-dimension, large surface area, higher mechanical
strength, thermal stability, and biocompatibility as compared
to other biomaterials. Another advantage of nanocellulose
is that it is a green biomaterial, which is abundant in nature
as compared to animal-derived chitosan [10]. For these
reasons, nanocellulose is found better than all biomaterial
available [11]. The mechanical and physical properties of
synthetic materials have been evaluated by incorporating
soybean-derived nanocellulose to three sorts of new poly-
mers and found that the flexural modulus and stiffness of
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the nanocellulose-reinforced polymer were substantially
improved compared to the pure polymer matrices [12].

Scientific investigation proved that the use of nanocel-
lulose strengthened the contact between matrix fillers when
reinforced with poly (lactic acid) fibre to structure the new
polymer composites. The thermal properties, as well as crys-
tallization, were also strengthened [8, 13]. With the highly
charged property of dicarboxylate chains, when electrosteri-
cally stabilized nanocrystalline cellulose (ENCC) was devel-
oped, it eliminated copper approximately 185 mg/g, which
would be beneficial in wastewater elimination of toxic met-
als [14]. Nanocellulose may also be applied in other areas,
also with the above uses. For reference, it can be used as a
thickening agent for textured natural food colorant prepara-
tion as a specific textile filler, as a compostable kit, as a CO,
adsorbent, and as an oil recovery [14, 15].

Toxicity of Heavy Metals

Heavy metals exist naturally on the earth that have approxi-
mately five times higher atomic weight and density than
water. There are numerous industrial, household, agrarian,
pharmaceutical, and economic implementations that have
been resulted in various range distribution of heavy met-
als, citing fears about their possible impact on public health
and the environment. There are some water pollutants, their
sources, and their harmful effects are described in Table 1.
Most heavy metals including arsenic, mercury, lead, copper,
cadmium, chromium, zinc, and nickel are generally associ-
ated with water pollution and various toxic issues, especially
when they available in dissolved form. The presence of any
of these heavy metals at an extreme level is dangerous to
people, the environment, and other life forms.

The potency of heavy metals relies on various fac-
tors. These factors include the dosage, exposure path, and
chemical species and age of the affected individual, gen-
der, genomes, and dietary status. Heavy metals are highly
soluble in aquatic environments and get easily absorbed by
living organisms. Arsenic, cadmium, chromium, lead, and
mercury are highly toxic and hazardous heavy metals. Such
metallic elements are considered to be cumulative toxicants
and cause health issues even at lower occupational exposure.
As per the US Environmental Protection, and International
Cancer Research Agency, these heavy metals are also listed
as carcinogenic to human beings [16]. Non-biodegradabil-
ity and bioaccumulation of these hazardous metal ions can
cause various adverse health and environmental issues. The
source of heavy metals varies as per the geographical region
of the globe- depending upon the industrial development,
respective government policies on pollution control of that
region. The major sources of heavy metal pollutants are min-
ing industries, metal alloy industries, paint and dye indus-
tries, leather industries, industries involved in electro-plating
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Table 1 Examples of modified and unmodified nanocellulose adsorbents for the removal of the heavy metals

Nano/microcellulose adsorbent Modification Heavy metals References
Nanocellulose Nanocellulose iron oxide nanocomposites (NIONs) As (III) [40]
Nanocellulose 2- mercaptabenzamide + itaconic acid-grafted magnetite Hg (I) [41]

nanocellulose composite
Microfibrillated cellulose ZnO nanocrystals + microfibrillated cellulose As(V) [42]
Nanofiber Nitro-oxidation Cd(D [43]
Nanofiber Nitro-oxidation Pb (II) [44]
Microcrystalline cellulose Halogenation + pyridine diacid Pb (II), Co (II) [45]
Nanofiber Enzymatic phosphorylation Ag(1), Cu (II), Fe (IIT) [46]
Nanocellulose Phosphorylation Ag(I), Cu (1), Fe (III) [46]
Pristine nanocellulose - Ag(1), Cu (II), Fe (IIT) [46]
Microfibrillated cellulose Aminopropyltriethoxysilane Ni (II), Cu (II), Cd (II) [47]
Nanocellulose - Ag(D) [48]
Nanocellulose Xanthation Cd (II) [49]
Nanocellulose Succinic anhydride Pb (II), Cd (1) [50]
Succinic anhydride + sodium bicarbonate Pb (II), Cd (1)

Nanocellulose TEMPO-oxidation U02+2 [51]
Bacterial cellulose Epichlorohydrin + diethylenetramine Cu (II), Pb (IT) [52]

activities, fertilizer manufacturing industries, cement indus-
tries, and so on. These heavy metals even at low concentra-
tions inversely affect highly to aquatic environments and also
lead to natural degradation that is dangerous to all of us.
Henceforth, nowadays researchers are highly focused on the
heavy metal removal from the waste effluent [17].

Biosorbents for Heavy Metal Removal
from Contaminated Water

To effectively extract heavy metals, several appropriate
recovery methods have been applied, which have already
been discussed above. Amid them, biosorption draws keen
interest for eliminating minor quantities of hazardous heavy
metal contamination. Biosorption is a natural physiochemi-
cal phenomenon that refers to the ability of biological mate-
rials to accumulate heavy metal ions from wastewater and
the biomaterial used for biosorption is known as biosorbent.
The binding of a chemical compound to a sorbent is a fun-
damental concept of adsorption [18]. In terms of equipment
and substances used, biosorption is flexible and responsive.
The components may be, pristine or mixed, non-renewable
or renewable, organic or inorganic, etc. however, in many
other countries, biomass and biomaterials make up a major
chunk of trash. They have an immense application for elec-
tricity generation, manufacturing products, and treating
waste. Hence, there is a need for many studies to investigate
the feasibility of such biomaterials for specific applications
[19].

A major issue is the identification of a suitable biosorb-
ent that can bind and uptake the metal ions with greater
affinities. Mostly natural materials that are abundant in
nature may be used for the removal of contaminants from
water resources. Besides other plants, microbial and ani-
mal biomass and industrial by-products can be developed as
biosorbents [20]. Hence selection of these biosorbents from
a large broad spectrum of available materials is critical. High
affinity for metals (biosorption capacity), easy desorption of
the absorbed metal ions, availability in large quantities, and
low economic values (low cost) along with multiple uses of
biosorbent are some of the desired characteristics of an ideal
adsorbent. Biomaterials hold a high capacity for environ-
mentally sustainable wastewater treatment methods includ-
ing such adsorption, according to several research studies
reviewed here [21]. Agricultural by-products are commonly
utilized both with and without modification for the adsorp-
tion. Their natural adsorption capabilities can sometimes
be indeed very dependable without alteration. Moreover,
biosorption shows many advantages over traditional meth-
ods as follows:

e Biosorption is a highly lucrative and feasible process.

e [t presents a great opportunity in the recycling of biosorb-
ent and metal recovery from effluent.

e [t shows a coherent recovery of metals even at low con-
centrations.

e It does not produce secondary sludge.

e The low-cost agricultural and industrial waste biosorbent
shows greater efficiency in the removal of heavy metals
from an aqueous medium [22].
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Innovative biosorbents that can deliver heavy metal
recovery are still being studied. It is relatively inexpensive
as well as requires minimum waste management resulting
from the absorption mechanism. As compared to other iron
oxide particles, starch and carboxymethyl cellulose have
been assessed as excellent stabilizers for the preparation of
magnetic particles and hence absorbed arsenic more effec-
tively [23].

Nanocellulose, which provides a combination of biosorp-
tion, nano dimensions, and unique cellulosic nature, has
enormous potential to solve the current problems of heavy
metal pollution. It is expected that a high specific area of
nanocellulose will provide a large number of active sites
on the surface of the biosorbent to immobilize metal ions.
Regardless of microscale and nanoscale, surface functional
groups acting as metal-binding sites on the biomass are
known to be responsible for the immobilization of heavy
metal ions. Moreover, the abundance of a hydroxyl group on
the surface of nanocellulose offers a unique medium for sur-
face modification onto the surface of the cellulosic structure.
Nanocellulose has strong mechanical strength and rigidity
that make them useful in actual water treatment applications,
especially in a high-pressure environment. In an aqueous
environment, hydrophilicity, and stability of nanocellulose
are beneficial to reduce biofouling [24]. Besides, nanocel-
lulose generally has high crystallinity, particularly for CNC,
which makes them resistant to chemical and biological cor-
rosion in an aqueous environment. However, some problems
like agglomeration, immobilization, cost-effectiveness, and
long-term performance create difficulties in nanocellulose
water purification. Some operational difficulties arose if
adsorbents are being used with agricultural by-products.
These involve low adsorption capacity in the original form
of the adsorbent. These could be surmounting by reconfigur-
ing the adsorbent mechanically or chemically [21].

Nanocellulose Biosorbent

Polluted wastewater often consists of a variety of toxic ele-
ments, namely heavy metal ions, such as chromium, lead and
arsenic, dyes, organic solvents, pesticides, herbicides, and
so forth. Unless the wastewater is not well processed before
release, such polluted chemical compounds can spill into the
groundwater to develop serious diseases. Treating waste-
water techniques like sand, precipitation, reverse osmosis,
adsorptive filtration by ion exchange resins, active alumina,
and iron oxide can only eliminate some of the heavy metals.
There are different methods for water remediation such as
membrane separation, chemical oxidation, electro-precip-
itation, electro-dialysis, liquid extraction, electrochemical
treatment, membrane technologies, and adsorption on acti-
vated carbons.
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However, a major problem with these methods is the
incomplete precipitation and the formation of large volumes
of sludge that can be difficult to filter. Another restriction
of their applications is the prohibitive cost especially for
activated carbons that suffer from material losses during
regeneration. The key issue with some of these approaches
production of significant amounts of effluent, which can be
hard to sort. The use of biomass in water treatment and pol-
lution control is currently gaining a great deal of attention.
Nevertheless, untreated biomass is usually not usable, and
the adsorption potential differs based on the composition of
biomass. Consequently, surface modification is a vital step
in nanocellulose-based adsorbent materials to facilitate the
adsorption of a particular class of contaminants and improve
adsorption ability [25].

Bio-based nanoparticles have become the focus of
increasing interest due to the characteristics of these nano-
particles, particularly their non-hazardous quality, degrada-
bility, and substrate reactivity. Nanocellulose is by far the
most studied of such materials, and therefore its processing
has achieved a massive level [26]. Even though the utility of
nanocellulose as a modern category of nanostructured adsor-
bent has recently obtained a great deal of interest. Nanocel-
lulose incorporates essential cellulose properties, like hydro-
philicity, crystalline character, broad chemical modification
potential, and high surface area [27, 28].

Aerogels Adsorbents from Nanocellulose

Aerogels are emergence of a new type of nanoscale
mesoporous materials with such an open structure with high
porosity (between 95 and 99%), low density as well as a high
surface area. Aerogel materials are formulated by replacing
the liquid solvent in the gel with air without significantly
changing the composition of the network or the volume of
the gel. This form provides the benefit of fast recovery of the
adsorbent by quick filtration with the probability of regen-
eration with no chance of agglomeration [25]. In particular,
the advancing nanocellulose-based aerogels produced by the
aqueous solution are flexible and less fragile compared to
inorganic aerogels. Such nanocellulose aerogels have poten-
tial application in oil adsorption since they are low-cost,
reusable, environmentally friendly, and have a high adsorp-
tion ability [28].

Aerogels could cross-specific surface areas from 60 to
350 m*g™! acquired based on the heating process being used
and thickness of the cellulose fibrils used. Cellulose aero-
gels are incredibly versatile and have excellent mechanical
strength. They show ductility and can be compressed to large
strains of even more than 80%. Their compression strength
is between 100 and 300 kPa and 40-200 kPa, relying on
their density. The aerogel density and porosity depend on the
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initial nanocellulose concentration and can be theoretically
predicted [25].

Hydrogels Adsorbents from Nanocellulose

Hydrogels are heterogeneous mixtures of two or more
phases. The dispersed phase is water, and the solid phase
is a solid three-dimensional network. They consist of a
3-D polymer network filled with water. The formation of
hydrogels mainly depends on hydrogen bonds, electrostatic
interactions, covalent and, van der Waals forces between a
cross-linking agent (multifunctional monomer) and the poly-
mer chains. Hydrogels can be synthesized from synthetic
polymers or natural polymers such as cellulose, chitosan,
and starch. Biodegradable polymers have gained much atten-
tion in the last decades due to the increase of public pressure
on environmental issues [29].

To make these polymers’ hydrogels more strengthened
as compared with other materials, the incorporation of rein-
forcing agents such as nanocellulose has been studied to
improve their properties. For instance, Fiorati et al. [30],
synthesized a stable tunable hydrogel with TEMPO-oxidized
CNF by incorporating calcium ions. These hydrogels were
proved to be suitable controlled release systems by meas-
uring the diffusion coefficient of a drug model (ibuprofen,
IB). Cellulose hydrogels can be classified as "green" nano-
composite materials because of their renewable and biode-
gradable design. The production of these "green" materials
combines and creates new and attractive properties that can
be explored in the fields of biomedicine, food, agriculture,
etc. [29]. Maestri et al. [31] developed a cellulose-chitosan
hydrogel for oral delivery of macromolecular therapeutics to
the intestinal tract. The CNC provided mechanical support
to the drug delivery vehicle.

lon Exchange Mechanism

An ion-exchange mechanism is one of the ways to reduce
heavy metal toxicity where the adsorbing metal ions com-
pete with other metal ions already associated with the sorb-
ent surface. However, the maximum adsorption capacity is
limited by stoichiometry rules and cannot exceed half the
content of the surface ionic site. For this reason, surface
modification is necessary to increase or introduce ionizable
or complexing sites such as carboxylic sulfate and amine
groups on the surface of the nanocellulose on which the
metal is adsorbed to enhance the adsorption capacity. The
surface modification of CNC with phosphate groups leads
to enhanced adsorption of silver, copper, and ferric ions as
compared with the native one. The removal efficiency was

mainly because of specific surface area, nature, and density
of functional groups on the nanocellulose surface [25].

Nanocellulose-Based Flocculant

Biopolymer-based flocculants such as chitosan, cellulose,
and alginate are nowadays becoming attractive due to a
high specific surface area. An effective flocculant gener-
ally contains the right amount of (-OH) groups on its sur-
face [32]. Usually, modification of nanocellulose to create
effective flocculants is accomplished by adding anionic,
cationic, or hydrophobic functional groups to the nano-
cellulose surfaces. The (—OH) groups on the cellulose
surface facilitate the facile fabrication of nanocellulose
to incorporate the necessary functions and develop high-
performance flocculants. The association of cellulose with
different chemicals may be improved by the establishment
of innovative functional groups to maximize surface polar-
ity as well as hydrophilicity [32, 33].

Nanocellulose-Based Photocatalysts

Cellulose individually possesses minimal photocatalytic
behaviour under Ultraviolet or visible light irradiation, but
many semiconductor materials being applied to intensify
photocatalytic activity. Many other scientific researchers
have proved photocatalytic water purification using cel-
lulose-based metal oxide nanostructures in the shape of a
thin layer, membrane, fibre as well as composite materials
under solar illumination. Nanocellulose composites with
a metal oxide such as titanium oxide, zinc oxide, and gra-
phene oxide can be used as photocatalysts to accelerate the
amount of oxidation of organic compounds individual’s
specific products.

Cellulose derivatives would effectively capture metal
oxide substrate surface and have additional hydroxyl pre-
sent on the surface of metal oxides. Here as consequence,
the surface area of such a hybrid model is anticipated to
accelerate and expand the wavelength sensitivity to the
visible spectrum. Bacterial cellulose demonstrates the
potential to function as a support for nanoparticle metal
oxide. It does have a high specific surface area with a fibre
diameter of 40-70 nm, high strength, and wettability char-
acteristics. Due to the well-separated nano and microfi-
brils, the incredibly 3-D network provides bacterial cel-
lulose with such a highly precise surface area. Besides, the
existence of hydroxyl binding sites, as well as a fibrous
framework, can promote the biosorption of metal oxide
to its surface. An et al. reported that nano-fibrillated cel-
lulose/magnetite/titanium dioxide nanocomposites have a
better generation rate of photocatalytic hydrogen than the
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nano-fibrillated cellulose/titanium dioxide specimen [32,
33].

Nanocellulose-Based Membranes

Membranes and filters may be used to separate various
chemicals and metal ions. The selectivity of a membrane
is linked to the membrane material’s microstructure and
interfacial chemistry (Fig. 3) [34]. Cellulose nanofibres
and nanocrystals have been studied by many researchers for
wastewater treatment and removal of heavy metals [10, 32].
The membranes can be engineered with some well-defined
pores for molecular diffusion and designed surface chemistry
to adsorb different solutes selectively focused on the size of
pores. Membrane adsorption as a substitute is based on a
porous membrane filtration method that enables the convec-
tive flow of solution through the pores with maximum out-
turn. Several multiple types of membranes have been used
to build adsorptive membrane beds such as cellulose acetate,
thin polyamide composites, and sulfonated polysulfone [35].

Another type is a nonwoven membrane bed made by a
wet-laid procedure which is usually mostly used for filter
paper production. Such a bed consists of non-woven fibres
that are arranged arbitrarily to give the shape of entwined
pores. Besides adsorption, that very framework enables
a large flow rate as well as a rapid mass transfer due to
the increased surface area and permeability. In terms of
thickness, porosity as well as pore size, proper assessment

Fig.3 Schematic diagram to
represent the schematic diagram
for different types of membrane
filter. Adapted from the permis-
sion with Voisin et al. [34]
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of the wet-laid procedure, would also facilitate the crea-
tion of a consistent membrane bed. Nevertheless, hardly
a few earlier types of research have revealed heavy metal
filter-bed adsorption using certain non-woven membranes
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priate fibres for adsorption and usage of bed effectively
for high loading, let alone the single-pass flow which can
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using NPs, and the constant process fixed-bed column is
sometimes preferred. A fixed-bed configuration has still
two major disadvantages: a massive drop in pressure and
a sluggish transfer of mass. Further, the operational flow
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rate is restricted by the diminutive diameter of NPs that
need to be overcome [37].

Surface Modification of Nanocellulose
for Wastewater Remediation

Nanoparticles (NPs) have drawn extensive attention in multi-
ple areas such as wastewater treatment besides their potential
applications. Compared to conventional particles, NPs pos-
sess a high surface area enhanced sites of surface activation,
and a great affinity to detach target species. Metal oxide NPs
do have a remarkably promising possibility for adsorption
both for organic and inorganic contaminants, proven to be
effective adsorbents for eliminating toxic contaminants from
the marine environment. Besides real application areas,
NPs self-agglomerate and then its significant fraction of the
anticipated surface area get lost. Regardless of their eventual
loss/training in static or dynamic adsorption processes, these
may also induce severe environmental contamination. The
toxicity of NPs and their harm to the ecosystem have also
been mentioned elsewhere, so right means of using them
are extremely desirable [38]. The combination of two or
more polymers has now become an important and on-going
approach for analysing metal contaminants in wastewater,
which often exhibit properties which an individual polymer
could not achieve.

In this review, biopolymer-based NPs, their deriva-
tives, and composites for biosorption of toxic metals from
wastewater have been emphasized. It is well known that the
adsorption efficiency of these biopolymers-based NPs is not
satisfactory in pure form; therefore, to improve the chemical
and mechanical properties of these biosorbents, they are to
be chemically modified. Modification of these biopolymers

3
— = 4[..
; ’ — | R
! @ [ . O? ey
._ .—' e
Alkali treatment Bleaching
Lignocellulosic
Biomass
= ,
. Enzymatic
Ball milling hydrolysis
pretreatment

is necessary to increase the adsorption capacities and their
applicability in different mediums.

The mechanism of biosorption is a complex process that
involves the binding of sorbate onto the biosorbent. Unmodi-
fied nanocellulose has a low heavy metal adsorption capacity
as well as variable physical stability. Therefore, chemical
modification of nanocellulose can be carried out to achieve
adequate structural durability and efficient adsorption capac-
ity for heavy metal ions (as shown in Table 1) [39].

Modified nanocellulose can be used as biosorbents which
involve the binding of metal ions by physical (electrostatic
interaction or van der Waals forces) or chemical (displace-
ment of either bound metal cations (ion exchange) or pro-
tons) binding, chelation, reduction, precipitation, and com-
plexation. Biosorbents contain chemical/functional groups
like amine, amide, imidazole, thioether, sulfonate, carboxyl,
sulthydryl, carboxyl, phosphodiester, phenolic, imine, and
phosphate groups that can attract and sequester metal ions.
The key factors that control the formation of metal-binding
biocomposites include: -

The chemical, stereochemical, and coordination charac-
teristics of metal ions like molecular weight, ionic radius,
and oxidation state of the targeted metal species.
Properties of the biosorbent, such as the structure and
nature (in case of microorganism—Iiving/non-living);
type of the binding site (biological ligand)

the process parameters like pH, temperature, the concen-
tration of sorbate and sorbent, and other competing metal
ions; and

availability of the binding sites.

The presence of a large number of hydroxyl groups on
the surface of cellulose provides a platform to get modified
with different functional groups such as carboxyl, sulfate,

= OH OH OH

Acid = V4 / y

hydrolysis | i 3 C Crystalline nanocellulosel
I
—d 0S0;” 0SO;™ 0SOj5”
ll / 7

TEMPO oy . I Crystalline nanocellulosel

Oxidation: g

CO0" CO0"COO"
VAR AR

_ l Crystalline nanocellulose I

HCI treatment

Fig.4 Schematic representation of nanocellulose preparation and surface modification of nanocellulose
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aldehyde, amino, phosphate, and thiol groups for different
features. There are many methods for surface modification
such as mechanical refining, enzymatic hydrolysis, hydroly-
sis using hydrochloric acid, and TEMPO oxidation (Fig. 4)
[32]. The additional groups that are added can be traced by
elemental analysis and by X-Ray photoelectron spectroscopy
and can be characterized by FTIR and NMR [53].

Cellulose-Based Adsorption Materials

As discussed earlier various biopolymers have been used as
effectual biosorbents in the removal of metal contaminants
from wastewater. Among them, cellulose is an efficient natu-
ral and ample material that has been played a pivotal role
in sewage treatment from a multitude of sources. Cellulose-
based products are workable in industrialized nations for
treating wastewater since they originate from waste sources.
Finding has also shown that cellulose can be chemically
altered or modified with various materials for the achieve-
ment of better results to disposal of waste materials [54].

Much as hydroxyl groups (—OH) on cellulose are less
reactive, and the chemical modification takes place first at
the primary hydroxyl found on carbon 6 (Cg), which may
occur through different methods. Moreover, modifications
can also occur on the secondary hydroxyl groups (—OH)
present on carbons 2 and 3. The significant modifications
of cellulose occur through halogenation, oxidation, etheri-
fication, and esterification, etc. These modifications can
offer improvement to the cellulose biopolymer’s capacity
for adsorption. For this reason, cellulose has excellent bind-
ing properties to heavy metals. Yet more research is needed
to set up strategies to use cellulose-based materials for the
removal of heavy metals from sewage on a large scale [55,
56].

Numerous plant and animal-based biomaterials that
constitute cellulose are being used to adsorb heavy metals.
Many of these are leftover materials. Bagasse becomes the
very compound that provides cellulose of 50%. It could be
used to adsorb metal ions from industrial effluents in native
and immobilized forms. Zhou et al. [57], utilized Pb (II)
adsorption with such a cellulose-based fibre. Despite its cel-
lulosic structure (45-50%), other waste products via wood
processing, wood sawdust, can also be used for adsorption.
A simple and reliable pathway studied for the processing of
altered cellulose fibre (Cell MW-HPEI) hyperbranched poly-
ethyleneimine (HPEI) as an efficient adsorbent for removing
inorganic arsenic. The findings showed that the experimental
results well matched the Langmuir and pseudo-second-order
models [58].

In one of the studies, waste cellulosic materials like
orange juice residues were chemically modified and iron-
loaded to form gels. The iron loading capacity of orange
waste was higher than that of pure cellulose, leading to

@ Springer

higher adsorption and hence the removal of heavy metal
ions [12]. These are all often overlooked biomaterials and
though can be used to increase the adsorption process. A
cellulosic adsorbent prepared by halogenation of microcrys-
talline cellulose, which is followed by the functionalization
with pyridone diacid for the removal of Pb (II) and Co (II)
from aqueous solutions. The content of carboxyl groups in
this cellulosic adsorbent was responsible for the high adsorp-
tion toward metal ions [45].

In a study, carboxy cellulose nanofibre was found to be
an effective medium to remove Cd>* ions from water, which
was prepared from untreated Australian spinifex grass by the
nitro-oxidation method. A large concentration of Cd** ions
was removed by a low concentration of nanofibre suspension
in less than 5 min [43]. Recently Bhabha Atomic Research
Centre developed a unique cellulose-based water purifier
via radiation-induced graft polymerization process, which is
simple and efficient for removal of arsenic, chromium, fluo-
rides, dyes, etc. from drinking water both at domestic and
community scale. It also regenerates the cartridge by eluting
the adsorbed contaminant to reuse the system. The removal
of Hg (II) ions was conducted by green cellulose adsorbent
(Cell-DMA) bearing N, N—dimethyl benzalaniline chelat-
ing group. Thermodynamic studies of cell-DMA showed
that the adsorption process is workable and exothermic [59].

From literature, it was found that most of the adsorp-
tion studies are limited to only batch-scale and are not fully
developed at the pilot and industrial scales for the treatment
of industrial effluents that require more investigation for
the selectivity of adsorbents. Upon chemical modification,
cellulose-based adsorbents can lead to the high adsorption
capacity of these adsorbents. The increase in active binding
sites upon modifications of cellulose-based adsorbents may
result in the addition of new functional groups that can be
considered in the higher uptake of pollutants [35, 54]. Here
are some modified and unmodified nanocellulose adsor-
bents are listed in Table 2 [60], which have been used for
the removal of the heavy metals and dyes.

Cellulose-Based Composites

Cellulose may be blended with several components of waste-
water treatment. Even then, in a membrane, advanced tech-
nologies polymer composites mainly of cellulose and chi-
tosan are growing in importance [2]. Cellulose also may be
coupled with chitosan (CTS) to shape composite materials
of chitosan/cellulose to remove heavy metals from contami-
nated water [80]. The organic solvents have been utilized to
adsorb ions like copper, zinc, chromium, nickel, and lead,
to develop cellulose and chitin composite materials [81].
Several other substances can be used to pump up adsor-
bent adsorption capacity to remove metal ions from waste-
water. Polymer composites have expanded adsorption
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Fig.5 Insitu diagrammatic
representation of TiO, fabri-
cated with cellulose microfibres.
Adapted with the permission of
Lietal. [36]

g

cellulose fibers

cellulose microfibers

TiO, crystals

capability, particularly in comparison also with polymer
members’ exclusive potential. In Fig. 5 the combined cel-
lulose fibres (CF) with TiO, to develop with their nanocom-
posites [36]. The subsequent nanocomposites of cellulose/
TiO, showed a considerable spike in adsorption capacity
in experimental analysis with lead. The concentration of
CF/TiO, nanocomposites in Pb removal was 371.0 mg/
gm and was significantly greater than those for TiO, only
which was 20.0 mg/gm. The nanocomposite filtration bed
has shown 12 times larger ability than just a simple CF bed,
further highlighting the significance of polymer products.
These investigations have been extended while using CF/
TiO, nanocomposites for Pb adsorption with such a fibrous
membrane bed, in such a single-stage fluid flowing. It dem-
onstrated an adsorption capacity 9 times greater than that
of the self-assembled filtration process, as well as 13 times
larger than that of the purely CF bed [36].

A simple, universal method has been applied in the prepa-
ration of cellulose-based magnetic iron oxide nanoparticles
through a green pathway. The prepared cellulose @Fe203
composites exhibited excellent adsorption efficiency of
arsenic compared with other magnetic materials reported
[50]. Cellulose can also be used for adsorption once it
has been modified to build beads. In one research, Zhou
et al. [45] adsorbed Cu?*, Pb**, and Cd** via an aqueous

@ Springer

medium. Chitin/cellulose beads have been established using
an aqueous solution of sodium hydroxide as well as thiourea
(Fig. 6).

The high adsorption capacity, fast adsorption rate, and
quick magnetic separation has been shown from treated
water of nanoscale zero-valent iron and cellulose compos-
ites, (cellulose @nZVI). They are expected to be an efficient
magnetic adsorbent for arsenic removal from aqueous solu-
tions [12, 23, 57].

Coagulation is the concept underneath bead formation,
including the use of sulphuric acid as a coagulant. The maxi-
mum adsorption was seen for lead accompanied cadmium
and copper ions. Also, in the presence of such an additive
poly (ethylene glycol) 600 (PEG600), cellulose acetate
could be used to produce a combination of sulfonated poly
(ether imide) (SPEI). The composite material significantly
showed higher carry-up capacity in the order of cadmium,
zinc, nickel and, copper ions [57].

In a study, nanofibre composite fabricated for phenol
adsorption from aqueous solution via hybridization of
nano-magnetite zinc oxide and cellulose acetate (CA). Their
results showed an increase in phenol adsorption percentage
as contact time and dosage increased. The removal of arse-
nic [As (V)] impurity has been examined from water using
zinc oxide (ZnQO) nanocrystals incorporated micro fibrillated
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cellulose (R-MFC) scaftfolds. ZnO-R-MFC showed as an
effective adsorbent for the removal of arsenic ions with
great adsorption capacity at pH 7 [3]. The cellulose acetate
(CA)-iron oxide nanocomposites (NC1 and NC2) have been
experimented with for the detection and removal of fluorine
by solid-phase extraction technique (SPE). NC2 thin film
showed maximum selectivity to bind with fluorine as com-
pared to other compounds and higher adsorption capacity
[11].

Nanocellulose Iron Oxide Nanobiocomposites (NIONs)
have been synthesized from rice husk and sugarcane
bagasse-derived nano cellulose for removal of arsenic and
associated contaminants present in groundwater samples by
adsorption. These NIONSs were magnetically recoverable
due to their superparamagnetic properties and exhibit prom-
ising recyclability [40]. A novel aerogel has been synthe-
sized from a hydrogel precursor, which is formed by incor-
porating nano bentonite into the dialdehyde nanocellulose
and carboxymethyl chitosan mesh to examine the removal
of harmful components from wastewater. This showed
accountable adsorption capacity against many dyes, organic
solvents, and oils [82]. A novel method of self-assembly of
nanocellulose and nanochitin has been developed to produce
high-efficiency and versatile biohybrid hydrogel (BHH) and
aerogel (BHA) for water purification. Thus, this versatile
BHA offers simple and green alternatives to the conventional
adsorbent from synthetic polymers [28].

Cellulose-Based Derivatives

Cellulose derivatives are frequently often used to extract
toxic heavy metals from wastewater together with chitosan
as well as other ingredients. As discussed in the research
findings referenced earlier in this thread, nanocellulose with
modifications has enhanced the amount of adsorption based
on the modifying agents. Nanocelluloses can be enzymati-
cally transformed to develop variants of their phosphorylate.

Cellulose can be used as a substitute,—for example, car-
boxymethyl cellulose (CMC), to extract heavy metals by
the formation of complexes from sewage. Singha et al. [83]
developed another methodology also for the formulation of
such a successful adsorbent for heavy metals by incorpo-
rating graft copolymers via cellulose biomaterials. An and
Zhao [23] stated that As (III) laden soil treated with CMC
stabilized Fe-Mn could reduce the water leachable arsenic
by 91-96%.

For one research, the potential of PAMAM den-dimer
(G4) modified CNT to eliminate copper and lead ions from
municipal effluents for single or two-part systems was
assessed and it’s been shown that PAMA/CNT functions
as an extremely-adsorbent. The adsorption performance
was progressively enhanced by increasing nanocomposite
concentration. Specifications of the adsorption velocity
were perceived to strengthen with the growing dosage of
PAMAM/CNT. The results revealed that PAMAM/CNT can
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be positively related as a super-adsorbent for multi-compo-
nent adsorption of heavy metals [38].

Functionalized Cellulose

The waste from biomass residues is yet another source of
cellulose-based biosorbents, which can be used efficiently.
The product is available in abundance, possesses versatile
surface morphology, large specific surface area, and valuable
mechanical characteristics. The original natural resources
have been chemically synthesized utilizing TEMPO oxida-
tion. Nano-reductions and adjustments expanded cellulose
adsorption capacity for copper, chromium, zinc, and nickel
ions. To remove chromium ions from aqueous solutions,
cellulose from cellulose acetate can be functionalized [37].

To create a composite material, Cellulose acetate is com-
bined with tetraethoxysilane; the composite is being cre-
ated in nanofibrous membranes by surface functionalization.
Nano-structured cellulose could also be functionalized in
many other ways for the removal of heavy metals. Func-
tionalization of cellulose could also be achieved utilizing
different polymers. In a study, polyethyleneimine was sup-
plemented to exclude mercury from sewage. At lower adsor-
bent quantities the adsorbent displayed a high adsorption
efficiency of approximately 288 mg/gm in batch mode [84].
Cellulose may also be altered to adsorb ions of lead, cop-
per, nickel, cadmium, and zinc with an elevated efficiency
improvement utilizing p-aminobenzoic groups in the immo-
bilized form on the cellulose surface. Cellulose has been
efficiently used to modified to develop iron-coordinated
amino-functionalized poly (glycidyl methacrylate)-grafted
TiO,- cellulose for the removal of arsenic ions from polluted
water through adsorption. The latter functionalized adsor-
bents have been proven to be efficient [85].

Cellulose, in the form of nanocrystals, has also been
proven to perform very effectively. It has several indus-
trial applications that are increasingly growing. Among
such approaches is the development in treating wastewater.
There are so many outlets for gleaning cellulose nanocrys-
tal. Nanoporous cellulose can also be used in sewage for
the processing of dyes. The sulfur-bearing adsorbent groups
induced strong heavy metal adsorption capacity. In another
research, cotton was utilized as raw material to get cellulose
nanocrystals. Those cellulose-nanocrystals were then chem-
ically modified through an aqueous phase to adsorb Pb>*
and cadmium ions. They were altered to develop succinic
anhydride cellulose nanocrystals (SCNCs) as well as sodium
bicarbonate (NaHCO;) for NaSCNCs, the sodium nanoad-
sorbent, was accomplished through succinic anhydride [50].

Oxolane-2, 5-dione-functionalized cellulose nanofibres
were being used for adsorption of Pb and Cd from model
sewage water. Cellulose has been chosen for its relatively
high flexibility, large surface area, and ease of access to
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chemicals. However, cellulose could not be used efficiently
as an adsorbent without eventually incorporating some sort
of physical or chemical alteration [48]. For another research,
magnetic chitosan hydrogel beads have been synthesized for
the adsorption of lead ions via the aqueous medium. That
is composed of carboxylated nanofibrils of cellulose and
the analysis reveals that perhaps the presence of carboxy-
late groups triggered the adsorbent to boost its adsorption
capacity [57].

Because of the strong reinforcing effect of nanosized cel-
lulose, chitosan when blended with nanofibrils (CNFs) and
cellulose nanowhiskers (CNWs) has indeed been reported to
have strengthened the tensile and thermal properties. Strong
acid hydrolysis eliminates most of the amorphous regions of
native cellulose but also produces CNFs or CNWs. Besides,
PVA-mixed chitosan may establish better a three-dimen-
sional structure with no chemical cross-linking, which would
be advantageous for the eventual removal of heavy metals.
The use of the magnetic adsorption technique is now one of
the effective ways of addressing environmental issues. Effec-
tive segregation of adsorbents from sewage until the recy-
cling of both sorbates and adsorbents is indeed a significant
step, specifically when the adsorbent generates excessively
small particles [37]. In one analysis, magnetic chitosan
hydrogel beads were loaded with CCNFs and formulated
using an immediate gelation method. The basic behaviours
of adsorption of lead ions on an aqueous solution by the
magnetic hydrogels have been studied in detail [57].

Two novels designed nano and micro cellulose supported
adsorbents with organic support (amino-functionalized)
and inorganic nanohybrid precipitated adsorptive material
(magnetite) exhibited favourable properties towards arse-
nate [86]. Maleic anhydride modified nanocellulose showed
5-times higher adsorption capacity showing the effect of an
increased number of amino surface bonding sites on adsorp-
tion. In recent research led by Chen et al. [3], cellulose-based
nanostructured materials have been prepared from wood
pulp for the extraction of heavy metals from the water. For
removal of mercury from wastewater, Anirudhan et al. [41],
reported a nanocellulose based novel adsorbent,2-mercapto-
benzamide modified and itaconic acid-grafted-magnetite
nanocellulose composite [P(MB-1A)-g-MNCC]. Complete
removal of Hg (II) from aqueous solution was possible with
an adsorbent dosage of 2.0 g/L.

In another research, TiO,/CF nanocomposites were syn-
thesized in the presence of cellulose fibres via microwave-
assisted hydrolysis of TiOSO,. On the surface of cellulose
fibres have been well dispersed mesoporous TiO, particles
with an average size of 100 nm. Those very particles are
principal nanoparticles of 10 nm TiO,. Through the chemi-
cal reaction between the functional hydroxyl groups of cel-
lulose as well as the Ti crystal nucleus, the particles get
attached to the cellulose material to generate the TiAO bond.
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Fig.7 Schematic illustration of adsorption of mercuric ions on DTMC.

Those nanocomposites exhibited a mesoporous structure
and a large surface area, enabling fast adsorption rate and
high lead ions adsorption efficiency in synthetic wastewater.
Adsorption upon these nanoengineered composite materials
accompanied Freundlich isotherm and showed tremendous
regeneration potential, enabling functional use of the nano-
sorbents as just accessible renewable energy for the prompt
and efficient elimination of toxic metals from polluted water
[18, 87].

A diethylenetriaminepentaacetic acid (DTPA)-modified
cellulose-based adsorbent has been synthesized using N [3
(trimethoxysilyl) propyl] ethylenediamine as a crosslinking
reagent to remove mercuric ions from an aqueous solution.
The DTPA effectively fabricated cellulose and coordinated
DTPA moiety significantly enhanced the adhesive affinity
towards heavy metal ions [36]. Figure 7 depicts the sche-
matic mechanism of adsorption of mercuric ions on DTPA.
Diethylenetriaminepentaacetic acid (DTPA) is a probable
ligand with five groups of carboxylates that would gener-
ate adsorbents with exceptional complex formation to heavy
metal ions after being grafted onto cellulose.

Conclusion

Heavy metal poisoning is quite prevalent amongst all the
sources of water pollutions. The use of heavy metals has
been illustrated from earlier civilizations for different appli-
cations, and its findings of toxic effects are well-validated.
It has been used widely because of its significant physico-
chemical properties. Hence safer ways are required to avoid
unnecessary contamination and mitigate ramifications.

Adapted with permission from Li et al. [36]

Cellulose is a nanoparticle that has several industrial
applications. Cellulose is identified as the most found
naturally carbon-property material, with various hydroxyl
groups and strong hydrogen-bonding networks forming
crystalline and amorphous structures for greater rigidity
and resistance. Nanocellulose has appeared to be a viable
strategy for an adsorbent and filter membrane for remov-
ing contaminants. This capability is due to the increased
aspect ratio, high geographical areas, high retention abil-
ity, and environmental inertia. Besides, the involvement
of binding sites enables the integration of chemical func-
tional groups which may increase the binding efficiency
with the pollutants.

Despite the noteworthy developments in the prepara-
tion of heavy metal binding biocomposites from cellulose
and other material, there are many issues such as higher
binding efficiencies and low costs that remain vague which
require further research and improvements.
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