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Abstract: Cellulose nanomaterials (CNs) are renewable, bio-derived materials that can address not
only technological challenges but also social impacts. This ability results from their unique properties,
for example, high mechanical strength, high degree of crystallinity, biodegradable, tunable shape,
size, and functional surface chemistry. This minireview provides chemical and physical features
of cellulose nanomaterials and recent developments as an adsorbent and an antimicrobial material
generated from bio-renewable sources.
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1. Introduction

Cellulose nanomaterials (CNs) hold many interesting properties, for example, high
mechanical strength, reinforcing capabilities, biodegradable, environmentally friendly, and
self-assembly in aqueous media which arises from its tunable shape, size, surface chem-
istry [1–9]. CNs can be considered as one type of natural polysaccharides that are widely
used as nanocarriers to effectively remove dyes [10] or in the pharmaceutical field as drug
delivery [11]. Innovative technology and applications utilizing cellulose nanomaterials, for
example, in antimicrobial materials, heavy metals, and dyes and adsorbents, have attracted
tremendous efforts during the past few decades [2–4,6,12].

Figure 1 presents an exponential increase in the number of publications on CNs in-
cluding journal articles, books, or book chapters count and also patent documents collected
from the Lens website with “nanocellulose” keywords. In the last ten years, the publication
count on journal articles was increased by approximately 16 times from 929 in 2010 to 14,660
in 2020 and the filed and granted patents were also increased by 23 times in 10 years from
2010 to 2020. CNs have emerged as an ideal nanomaterial for sustainable development
which satisfies several criteria: (i) it can be isolated easily from renewable cellulosic sources
in high yield, environmentally friendly, and economically affordable; (ii) CNs are proven to
have a low toxicity; in some cases, non-toxicity to human beings and biodegrade in nature
and (iii), several chemical and mechanical methods are performed on nanocellulose to
enhance its physical properties such as ionic conductivity, mechanical strength, thus greatly
expanding their applications. For example, cellulose nanomaterials have Young’s modulus
in the range 20 to 50 GPa and a large surface (up to a few hundreds of square meters per
gram) associated with a great amount of the hydroxyl group, which eventually make them
promising nanomaterials in biomedicine, environment, and high-end products [1,4,8,13,14].
Therefore, research on different aspects of cellulose nanomaterials, including extending
possible applications in various industries, and their production techniques, has quickly
increased.
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Figure 1. (A) Publications (journal articles and book/book chapters) and (B) Patent (filed and granted)
documents related to nanocrystal cellulose.

This mini-review highlights cellulose nanomaterials’ most important chemical and
physical aspects and their relation to some emerging possible applications of CNs. Several
other reviews on cellulose nanomaterials can be found in the literature. We will first
provide a short description of the structure of cellulose nanomaterials and then strategies
to functionalize CNs and finally end up with a description of two interesting applications,
particularly sustainable, renewable adsorbents and antimicrobial materials.

2. Nanocrystal Cellulose
2.1. Structure of Cellulose

Cellulose is the most abundant renewable biomaterial produced in the biosphere,
as it is the main component in wood (40–4%) and other plant-based materials (up to
90%) [9,13,15–18]. The annual production of cellulose is estimated to be approximately
1011–1012 tons of total annual biomass production. It is widely agreed that cellulose is a
fibrous, water-insoluble polymer playing an essential role in maintaining the structure of
plant cell walls.

In 1838, Anselme Payen discovered a fibrous solid, first named cellulose by the French
academy, remaining after several chemical treatment steps were applied to various plant
tissues. He reported the molecular formula of the fibrous solid as C6H10O5 using elemental
analysis [9,18]. Scheme 1 presents the molecular structure of cellulose, namely carbohydrate
polymer, generated from repeating of β-1,4-linked-D-glucopyranose molecules, a chair
conformation [9,18]. These repeating units are covalently linked through acetal functions
between the OH group of C4 and the C1 carbon atom (β-1,4-glucan). It is widely agreed
that Cellulose is an extensive, linear chain polymer with a large number of hydroxyl groups
(three per anhydroglucose, AGU, unit) presented in the thermodynamically preferred 4C1
configuration. The repeating unit is frequently defined as a dimer of glucose, known as
cellobiose (shown in Scheme 1). The length of cellulose or the degree of polymerization,
DP, strongly depends on the origin and treatment of the raw material. The DP value of
wood pulp is typically 300 to 1700 while cotton and other planted fibers have DP values
in the 800–10,000 range which strongly depends on the treatment; cellulose generated by
bacteria has the same DP values. Cellulose fibers usually contain 250 to 500 repeating units
per chain [9,18].
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It is agreed that at one end, the cellulose chain consists of a d-glucose unit with an
original C4-OH group, known as a nonreducing end, and at the other end, a d-glucose unit
with the aldehyde structure (C1-OH), sometimes named as the reducing end, is presented.
Moreover, cellulose produced by bleaching wood pulp may contain additional carbonyl
or carboxyl groups at the C6 position. These functional groups play an important role in
determining the cellulose properties such as the hydrophilicity, chirality, degradability, and
broad chemical properties resulting from the high donor reactivity of the hydroxyl, OH,
groups [5,18,19].

2.2. Cellulose in Solid-State

Cellulose does not exist as an isolated individual chain, instead, it is usually ob-
served as assemblies of individual cellulose chain-forming fibers (30 to 100 chains) in
nature [2,3,9,15,18]. The assembly phenomenon can occur via van der Waal’s forces and
both intra- and inter-molecular hydrogen bonding. Typically, individual cellulose chains
assemblies are brought together into an elementary fibril (protofibrils), which then assemble
into larger units called microfibrils with the cross-dimension in the range of 2 to 20 nm,
and these microfibrils are eventually packed into the cellulose fibers as shown in Figure 2A.
The numerous possible applications of cellulose are based on its morphology defined by
elementary fibrils, microfibrils, and microfibrillar bands and the chemical functional group
on its surface. The lateral dimension of these units is in the range of 1.5 to 3.5 nm for
elementary fibrils, 10 to 30 nm for microfibrils, and on the order of 100 nm for microfibrillar
bands. The length of microfibrils is in the range of a few hundred nanometers to the
micrometer, µm [5,20].
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Figure 2. (A) Hierarchical cellulose fibrils. (B) Schematic of a cellulose bundle showing the organiza-
tion of crystalline and amorphous regions (Reproduced with permission from authors [21]. (C) X-ray
wide angle scattering of cellulose crystallinity phase transformation (Reproduced with permission
from authors [21,22].

As described in the molecular structure of cellulose in Scheme 1, the H-bonding net-
work forming between the hydroxyl groups and molecular orientation in cellulose fibers
can vary widely, which results in cellulose polymorphs or allomorphs, depending on
several parameters such as cellulosic source, method of extraction, or pretreatment and
treatment. Another domain of cellulose fiber that could not be stabilized laterally through
H-bonding would form disordered and less organized segments, as illustrated in Figure 2B.
Six interconvertible polymorphs of cellulose, namely, I, II, IIII, IIIII, IVI, and IVII, have been
identified [18,19,21]. Cellulose I is thermodynamically metastable and can be converted



Crystals 2022, 12, 106 4 of 14

to either cellulose II or III. Cellulose II is known as the most stable structure, and it has a
monoclinic structure and has been used to make cellophane (transparent films). Cellulose
III can be produced from Cellulose I and II by liquid ammonia treatments, and subsequent
thermal treatments can then be applied to form Cellulose IV. Natural cellulose is usually
found in the form of cellulose I, including cellulose Iα and cellulose Iβ discovered in 1984
by cross-polarization magic angle spinning (CP-MAS). Iα, a metastable phase, can be trans-
formed into the more thermodynamically stable Iβ phase by hydrothermal treatments (at
260 ◦C) in alkaline solution or high-temperature treatment in organic solvents. Depending
on the condition used, [21,22] cellulose I can be converted into various crystalline forms, as
shown in Figure 2C.

In general, these two allomorphs coexist in different ratios: Cellulose Iα is dominated
in primitive organisms like bacteria and algae, while in higher plants both Iα and Iβ are
equally contributed [8,23]. In general, the crystalline structure of cellulose Iα has a triclinic P1
unit cell containing only one chain per unit cell and the unit cell parameters are a = 6.717 Å,
b = 5.962 Å, c = 10.400 Å, α = 118.08◦, β = 114.80◦, and γ = 80.37◦, whereas cellulose Iβ
exists in a monoclinic P21 unit cell having two cellulose chains per unit cell with the unit
cell parameters: a = 7.784 Å, b = 8.201 Å, c = 10.38 Å, α= 118o, β = 90◦, and γ = 96.5◦.
Despite the differences in the crystal structure, the shifts in the cellulose chain arrangement
in both structures are small, and the main difference is the relative displacement of the
cellulose chain along the hydrogen-bonded planes.

The hydrogen bonding within cellulose I, both Iα and Iβ, is important as it controls
the physical properties of the polymorphs. The intra- and interchain hydrogen bonding
are most recognized within the (110)t and (200)m planes, namely the hydrogen-bonded
planes. The intrachain hydrogen bonding is dominated by the strong O3-H . . . O5 bond,
this configuration is widely agreed in the literature [3,5]. This intrachain hydrogen bonding
is in charge of the high axial chain stiffness. The interchain hydrogen bonding within
other planes is subsequently lower, and the van der Waal force is usually considered to
be significantly strong between cellulose chains. It is also agreed that the number of the
interchain hydrogen bonds in Iβ is greater than in the Iα polymorph which causes the good
stability of Iβ compared to Iα.

3. Preparation of Cellulose Nanomaterials

The main process to isolate CNs summarized in Table 1 will be briefly described here.
The details can be found in the literature [1,5,8,9,20]. The most common protocol to isolate
CNs is to hydrolyze and esterify cellulose in concentrated sulfuric acid within a short time
(<2 h) with high yields (up to 75%). It is widely agreed that the high proton concentration
in concentrated acid will hydrolyze the glycosidic bonds faster in less ordered regimes of
cellulose fiber. These bonds are broken, and the cellulose chain or degree polymerization
will be shortened until the disordered regions have been partially degraded. To an extreme
extent, the cellulose could be completely degraded into glucose molecules. Afterward, the
CNs functionalized with the sulfate group can be isolated by centrifugation and dialysis,
respectively. Besides sulfuric acid, several mineral acids have been used to produce CNs,
such as hydrochloric acid, hydrobromic acid, and phosphoric acid, which can produce
CNs with high degrees of crystallinity in high yields [20]. However, up to now, hydrolysis
with sulfuric acid is still the best method since it allows to produce the CNs with high
colloidal stability, uniform nanoscale length, and high crystallinity. Phosphorylation of
nanocellulose has recently received particular efforts since phosphorylated CNs associated
with a negative charge, -OP(OH)O2

−, on its surface can be produced in good yield, and
environmentally friendly [24,25].
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Table 1. Common production method of cellulose nanomaterial, TEMPO-(2,2,6,6-tetramethylpiperi
din-1-yl) oxyl.

Method Reagents NC Surface
Chemistry

Crystallinity
Index Yield (%)

Mineral
acids

Sulfuric acid
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Recently, several studies have been attempted for utilizing organic acids to isolate
CNs with new surface functionalities [20,26,27]. Several organic acids can be used, such as
formic acid, maleic acid, oxalic acid, and citric acid [28–31]. In comparison to CNs made
by sulfuric acid, the CNs obtained from these organic acid processes have a low degree of
crystallinity, and the yield or colloidal stability is usually questionable. For example, CNs
made with oxalic acid are colloidally stable, but the yield is low (less than 10%) while CNs
made with formic acid offer a high yield (30–40%) but low colloidal stability and usually
form aggregation [20,32]. Mixtures with mineral acids such as a mixture of nitric and
hydrochloric acid have been used to produce CNs since the kinetics of cellulose hydrolysis
is largely governed by free proton concentration while keeping the benefit of organic acid
on the surface chemistry of CNs [33]. Overall, the use of mixture acids is a growing research
area since it offers several advantages of high crystallinity, high yield, colloidal stability,
and a variety of surface chemistry.

In addition to acid hydrolysis, CNs can be obtained from the oxidation process, enzy-
matic hydrolyses, or extraction with ionic liquid or deep eutectic solvent (DES) [26,34]. Of
these methods, oxidation reactions yield the best results with a high crystalline, homoge-
neous, and consistent colloidal stability. Several oxidizing agents, including ammonium
persulfate, hydroperoxide, (2,2,6,6-Tetramethylpiperidin-1-yl) oxyl (TEMPO) or sodium
periodate, can be used. In the oxidation approach, CNs with carboxyl or aldehyde group
offer great opportunities for surface functionalization that cannot be obtained with CNs
with the sulfate group obtained from the process utilizing sulfuric acid.
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Dimensions of Cellulose Nanomaterials

In the 1950s, Ränby reported for the first time that colloidal suspensions can be pro-
duced from the hydrolysis of cellulose fibers catalyzed by concentrated sulfuric acid [9].
Transmission electron microscopy (TEM) revealed the presence of needle-shaped nanoparti-
cles in dried suspensions, and later on, electron diffraction further demonstrated that these
nanoparticles had the same crystalline structure as the original cellulose fibers. In 2017, the
scientific community agreed to call it “cellulose nanocrystals or nanocrystal cellulose or
cellulose nanomaterial” as a standard term referred to as microcrystals, whiskers, nanocrys-
tals, nanoparticles, microcrystalline, or nanofibers (CNFs). The cellulose nanomaterial type
can be classified based on the geometrical dimensions (length, L and width, w) [18,35].
In general, the width of the cellulose nanomaterial slightly varies while the length of the
cellulose nanomaterial can be tuned up to 10 times on the µm scale, as shown in Table 2.
If the length of CNs is above 1 µm, then they are commonly named cellulose nanofibers
(CNFs). Occasionally, cellulose nanomaterial produced by bacteria was called bacterial
nanocellulose, BNC. Several cellulose nanomaterial types are caused by two main factors:
(i) cellulosic sources and (ii) the isolation process of the cellulose nanomaterials, including
any pretreatment steps applied to the cellulose microfibrils [3,23].

Table 2. Examples of CNs with the length (L) and width (w) from cellulosic sources measured by
different methods.

Source Length (nm) Width (nm) Technique

Bacterial 100–1000 10–50 TEM

Soft wood 100–200 3–4 TEM

Soft wood 100–150 4–5 AFM

Hard wood 140–150 4–5 AFM

Coconut husk fiber 200–500 10–15 TEM

Pineapple crown 100–400 20–60 SEM

Corn husk 162 26.9 TEM

Banana pseudo-stem 20–170 0.6–6 TEM

Doum tree 435 5.2 AFM

The dimensions (length, L, and width, w) of CNs vary widely as illustrated in Table 2.
The morphological characteristics are usually studied by microscopy (transmission electron
microscopy, TEM, atomic force microscopy, AFM, etc.) or light scattering techniques [23].
TEM images of CNs usually show aggregations of the CNs formed during the drying step
in the sample preparation. Since CNs are a poorly conductive material, then to optimize
the TEM analysis, a conductive layer such as carbon is usually needed to deposit on top of
the CNs layer. However, the conductive layer could damage the CNs. In contrast to TEM,
atomic force microscopy (AFM) can be utilized to analyze the morphology and topography
of an insulating layer without any additional steps for samples preparation. Another benefit
of AFM is the ability to conduct rapid analysis on a large area under ambient conditions at
lengths scaled down to the angstrom level as shown in Figure 3. Besides, AFM was also
utilized to rebuild the material in 3D structure and to measure CNs mechanical properties,
for example, stiffness and adhesion or pull-off forces in contact mode.

Typical geometrical characteristics for CNs measured by AFM and TEM are summa-
rized in Table 2. The reported width is generally in the range of a few to 50 nanometers,
but the length of CNs spans in a larger window, from tens of nanometers to several mi-
crometers. As a result, the aspect ratio defined as the length-to-width is in broad range
(2 to a few hundred) strongly depending on the source of cellulosic materials and the
extraction techniques [9,20]. For instance, CNs extracted from softwood are 3–4 nm in
width and 100–200 nm in length, while CNs produced by bacteria are 10–50 nm in width
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and 1000–2000 nm in length. To optimize the performance of CNs, the aspect ratio should
be carefully studied.
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4. Surface Modification of Cellulose Nanomaterials

The chemical functionality of CNs surfaces plays an essential role in utilizing the
CNs in many applications. Due to the abundance of hydroxyl groups on the surface of
CNs, several chemical modifications have been studied, including esterification, oxidation,
polymer grafting, etc. In addition, non-covalent surface modification via electrostatically
adsorbing surfactants and polymer coating has also been studied. Generally speaking, the
purpose of surface modification is to first (1) improve the dispersion of CNs by incorporat-
ing negative or positive functional groups on the surface and secondly (2) to new functional
groups on its surface to enhance or generate the new possible application. The challenge
for the surface functionalization of CNs is to conduct the process only on the surface of
CNs while preserving the original morphology. Here we will shortly describe selective
covalent techniques which are commonly used to modify the surface of CNs and more
details could be found in the literature [3,5,13,21].

4.1. Chemical Functionalization of Cellulose Nanomaterials

The most common and effective method of surface modification is through the direct
chemical reaction in hydroxyl groups of cellulose surfaces. Several types of chemical
reactions have been studied and briefly summarized in Scheme 2. This chemical reaction
can be categorized into two main classes: [7,8,35]. The first one is the oxidative reaction
of hydroxyl groups, both at C6 position or in the AGU unit, which then transforms OH
groups to CHO or COOH groups. The second method is to make an additional reaction
with the OH groups which then converts it into O-R where R is a chemical functional group
such as -SO3H, CO-OH, CO-R1. We then briefly explain some main reactions below.

4.1.1. Acetylation

Acetylation, as illustrated in Scheme 2, involves the addition of acetic anhydride or
dry acetic acid under the catalysis of mineral acid. Sassi et al. were the first to propose
acetylation reactions occurring by the two main mechanisms [38]. In this case, toluene as a
diluent was added to the reaction medium, a high degree of acetylation could be obtained
and most importantly, the original morphology was maintained while in the diluent-free
process, the acetylated functional group is soluble in the reaction medium consisting of
acetic acid and an amount of mineral acid. We notice here that in the acetylation process,
the acetylated functionalized cellulose nanomaterials usually undergo significant changes
in morphology [35]. Cetin et al. reported that the original dimensions and crystallinity
were preserved by catalyzing the reaction by vinyl carbonate [39]. Bulota and colleagues
isolated cellulose nanofibers with a high degree of substitution using acetic anhydride for
the acetylation associated with mechanical treatment [40]. Another concern in acetylation
chemical reactions is the use of corrosive chemicals. Several methods using ionic liquids or
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enzyme lipases with acetic anhydride have been attempted to enhance the efficiency of the
acetylation process [35].
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4.1.2. Carboxymethylation

Carboxymethyl functional groups are incorporated onto the surfaces of CNs by the
carboxymethylation reaction, as illustrated in Scheme 2. The reaction is usually performed
with raw cellulose associated with a mechanical method to produce nanocellulose with high
-COOH content on their surface, a one-step process to produce CNs. For example, Walberg
et al. demonstrated the production of NFCs bypassing carboxymethylated cellulosic
microfibers through a homogenizer, yielding NFCs with a diameter of 5–15 nm [41].

4.1.3. Grafting on Cellulose

Recently, grafting polymers onto cellulose nanomaterials appeared to be a promising
approach to modifying the chemical and physical properties of the CNs used in biomedical
applications. More details can be found in the literature [3,13]. Briefly, polymer grafting
has been studied using three main approaches: grafting-to, grafting-from, and grafting-
through as illustrated in Figure 4. In the grafting-to approach, polymers are attached to
the CNs via a chemical reaction between the reactive end group of the polymer and the
hydroxyl groups of the CNs. In grafting-from or grafting-through, cellulose nanomaterials
are usually functionalized with an initiator or an active, polymerizable species via the
reaction with the hydroxyl group of the CN. Afterward, monomers are added and then
the polymerization is initiated. In comparison with the grafting-to approach, the grafting-
from and grafting-through are widely used for their high yield and flexibility in choosing
monomers. The desired polymer-CNs product usually determines which polymerization
approach should be used and was reviewed in detail by B. Thomas et al. [35].

Grafting onto cellulose has also been extended to produce hybrid materials based
on CNs such as cellulose-metal-organic frameworks (celloMOFs) [42,43], TiO2/
nanocellulose [44], graphene oxide/nitrocellulose [45]. For example, Aji P. Mathew et al.
reported the ability to use nanocellulose as a platform for the in-situ formation of metal ox-
ide nanoparticles on its surface as illustrated in Figure 5 [46,47]. The authors demonstrated
that carboxylated cellulose nanofibril-based films can spontaneously grow functional metal
oxide nanoparticles, for example, Cu2O, during the adsorption of Cu(II) ions, without
any further chemical or temperature treatment. By monitoring the reaction in real-time,
they suggested that the first step in the nanoparticle formation is the absorption of these
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metal ions onto the CNs and then followed up by the nanoparticle formation catalyzed by
aldehyde groups in the drying process of these wetting films. These hybrid nanomaterials
can not only remove dye waste but also be used as antimicrobial materials [46].

Crystals 2022, 12, x FOR PEER REVIEW 9 of 15 
 

 

hydroxyl groups of the CNs. In grafting-from or grafting-through, cellulose nanomateri-
als are usually functionalized with an initiator or an active, polymerizable species via the 
reaction with the hydroxyl group of the CN. Afterward, monomers are added and then 
the polymerization is initiated. In comparison with the grafting-to approach, the grafting-
from and grafting-through are widely used for their high yield and flexibility in choosing 
monomers. The desired polymer-CNs product usually determines which polymerization 
approach should be used and was reviewed in detail by B. Thomas et al. [35]. 

 
Figure 4. Scheme showing grafting-from, grafting-to and grafting—Through of polymers onto CNs 

Grafting onto cellulose has also been extended to produce hybrid materials based on 
CNs such as cellulose-metal-organic frameworks (celloMOFs) [42,43], TiO2/nanocellulose 
[44], graphene oxide/nitrocellulose [45]. For example, Aji P. Mathew et al. reported the 
ability to use nanocellulose as a platform for the in-situ formation of metal oxide nano-
particles on its surface as illustrated in Figure 5 [46,47]. The authors demonstrated that 
carboxylated cellulose nanofibril-based films can spontaneously grow functional metal 
oxide nanoparticles, for example, Cu2O, during the adsorption of Cu(II) ions, without any 
further chemical or temperature treatment. By monitoring the reaction in real-time, they 
suggested that the first step in the nanoparticle formation is the absorption of these metal 
ions onto the CNs and then followed up by the nanoparticle formation catalyzed by alde-
hyde groups in the drying process of these wetting films. These hybrid nanomaterials can 
not only remove dye waste but also be used as antimicrobial materials [46]. 

 

Figure 4. Scheme showing grafting-from, grafting-to and grafting—Through of polymers onto CNs.

Crystals 2022, 12, x FOR PEER REVIEW 9 of 15 
 

 

hydroxyl groups of the CNs. In grafting-from or grafting-through, cellulose nanomateri-
als are usually functionalized with an initiator or an active, polymerizable species via the 
reaction with the hydroxyl group of the CN. Afterward, monomers are added and then 
the polymerization is initiated. In comparison with the grafting-to approach, the grafting-
from and grafting-through are widely used for their high yield and flexibility in choosing 
monomers. The desired polymer-CNs product usually determines which polymerization 
approach should be used and was reviewed in detail by B. Thomas et al. [35]. 

 
Figure 4. Scheme showing grafting-from, grafting-to and grafting—Through of polymers onto CNs 

Grafting onto cellulose has also been extended to produce hybrid materials based on 
CNs such as cellulose-metal-organic frameworks (celloMOFs) [42,43], TiO2/nanocellulose 
[44], graphene oxide/nitrocellulose [45]. For example, Aji P. Mathew et al. reported the 
ability to use nanocellulose as a platform for the in-situ formation of metal oxide nano-
particles on its surface as illustrated in Figure 5 [46,47]. The authors demonstrated that 
carboxylated cellulose nanofibril-based films can spontaneously grow functional metal 
oxide nanoparticles, for example, Cu2O, during the adsorption of Cu(II) ions, without any 
further chemical or temperature treatment. By monitoring the reaction in real-time, they 
suggested that the first step in the nanoparticle formation is the absorption of these metal 
ions onto the CNs and then followed up by the nanoparticle formation catalyzed by alde-
hyde groups in the drying process of these wetting films. These hybrid nanomaterials can 
not only remove dye waste but also be used as antimicrobial materials [46]. 

 
Figure 5. Conceptual scheme showing the in-situ formation of Cu2O nanoparticles on CNs films
with dye removal and antimicrobial properties. The scheme presents the reaction between Cu (II)
adsorbed on the CNs surface with -CHO functional group of the CNs to form Cu2O-NPS.

5. Application of Cellulose Nanomaterials
5.1. Absorbents in Water Treatment

It is widely agreed that the water crisis will quickly become a global pandemic shortly.
Safe, drinkable water is considered one of the top requirements for defining the standard
of living of human beings. However, the rising contaminated water is becoming a common
threat worldwide and is highlighted as one of the significant challenges shortly [6].

Recent advances in nanotechnology have proposed several approaches to decontam-
inate and then convert polluted waters into safe, drinkable water [6,48,49] Among these
approaches, the scientific community has made tremendous efforts on the utilization of
nanomaterials as an adsorbent. Nanomaterials, especially metallic oxide nanoparticles,
have been investigated in purifying polluted, degraded waters such as waste waters and
saline waters. For example, titanium oxide (TiO2), zinc oxide (ZnO), and silver (Ag)



Crystals 2022, 12, 106 10 of 14

nanoparticles were considered not only as good adsorbents but also as antimicrobial ma-
terials and photocatalysts. However, these nanoparticles could accumulate in both living
and nonliving systems which could eventually trigger unpredictable changes in natural
ecosystems and eventually on human beings’ health [49]. For example, it is widely agreed
that silver nanoparticles can be extremely toxic and hazardous to human beings caused by
their dissolution, aggregation, oxidation, and sulfidation. In contrast to these nanoparticles,
CNs, produced from cellulose, have the advantages of being ubiquitous, nontoxic, and
exceptional adsorbents. Furthermore, the surface chemistry of nano cellulosic materials
can easily be modified to enhance the adsorbent properties. These features make CNs an
ideal bio-adsorbent.

Removal of heavy metals by adsorbent has received great effect by its high efficiency
and simplicity. CNs have been extensively investigated to remove heavy metals thanks to
their low-cost absorbent, environmentally friendly, safe nanomaterials [46,49]. It is known
that the carboxylic functional groups of CNs enable the adsorption of cationic species
from aqueous solutions caused by the electrostatic force between the negative charge of
carboxylate groups and the metallic cations. Furthermore, the hydroxyl group on the AGU
unit of CNs can chemically be transformed to other functional groups such as amine or
thiol to enhance the heavy metal adsorption capacity. As expected, CNs were reported to
effectively coordinate and absorb several heavy metal cations, for example, Cu (II), Co (II),
Cd (II), Ni (II), Pb (II), As (V), and Cr (VI) cation. Jafari et al. also demonstrated the ability
to efficiently adsorb gold from a chloride solution (98%) [50]. Ma et al. further reported
the ability of CNs to remove radioactive uranyl ions (UO22+), from solutions caused by
the affinity of UO22+ ions with the carboxylate groups, and the maximum adsorption
capacity 167 mg·g−1 is 2–3 times greater than traditional adsorbents (e.g., silica particle,
montmorillonite) [51].

Copper (II) cation is a common pollutant in industrial wastewater as copper metal
is being used in industrial production. A small amount of copper is essential for human
health, however excess amounts (above 1.3 mg/L) can cause adverse health effects such as
hemolysis and anemia. Kardam et al. reported the low adsorption capacity (<20 mg·g−1)
of native nanocellulose fiber (NCF) which is assigned to the low affinity of hydroxyl, OH,
group concerning Cu(II) ion [52]. To enhance the adsorption capacity or the affinity with
metal ions, a general method is to transform the OH group into active sites for metal
adsorption (such as carboxyl, sulfonic, or phosphoryl groups). Liu et al. reported that
CNs with a carboxylate content of 1.5 mmol·g−1 produced by TEMPO oxidation had a
Cu (II) adsorption capacity of 75 mg·g−1, which is better than native CNs and many other
nanomaterial adsorbents (such as modified TiO2, carbon nanotube, and granular activated
carbon) [53]. Its enhanced performance was widely agreed caused by the strong affinity of
the carboxylate groups on the surface of CNs. It was later proven by Zhang et al. that the
Cu (II) absorption capacity linearly increases concerning the carboxylate contents. Sehaqui
et al. reported that by optimizing the pH and CNs surface, the maximum Cu (II) capacity
of the TEMPO-oxidation CNs was 135 mg·g−1, and more importantly, the adsorbent can be
easily regenerated by acidic washing [54].

Carboxylation and carboxymethylation are efficient approaches to enhance the content
of COOH groups on the surface of CNs. Qin et al. recently reported that carboxymethylated
nanocellulose fibrils were produced with a carboxylate content up to 2.7 mmol·g−1. As
predicted, the maximum adsorption capacity of the carboxymethylated CNs was up to
115.3 mg·g−1 at pH ~5 [55].

In addition, the adsorption capacity of adsorbent CNs can be greatly increased by
changing the architecture of the adsorbent. For example, Karim et al. reported the record Cu
(II) adsorption capacity, 374 mg g−1, using CNs membranes based on TEMPO oxidation which
is three-times higher than many other bio-adsorbents (usually less than 100 mg g−1) [56].
This extraordinary performance could result from the large active surface area and high
concentration of the carboxylate groups.
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5.2. Antimicrobial Materials

Biodegradable and renewable cellulose nanomaterials have recently proven to be great
candidates for antimicrobial materials against microbes in healthcare protective gears, food
packages, and ultrafiltration membranes [57,58]. Since native cellulose nanomaterials are
usually not considered antimicrobial agents, then cellulose nanomaterials utilized as an-
timicrobial materials must be prepared through two main approaches. The first approach is
to functionalize the surface of cellulose nanomaterials with antimicrobial functional groups
such as the aldehyde group and quaternary ammonium [58]. Aldehyde functionalized
cellulose nanomaterials can be prepared through the oxidation process catalyzed by a
periodate sodium oxidant. Quaternary functional groups such as imidazolium, pyridinium,
or 4-vinyl pyridine are usually considered low toxicity and environmentally friendly. It is
known that viruses and many other microbe species have a negative charge on their surface,
and as a result, cellulose nanomaterial associated with the quaternary group will improve
the electrostatic forces, in other words, its antimicrobial properties. The second approach
is to combine cellulose nanomaterials with antimicrobial agents such as nanoparticles
(e.g., Au, Ag, Cu, Cu2O), chitosan, silanes, chlorine, and antibiotics, to produce hybrid
nanocomposite. There are several antibiotics for example gentamycin, chloromycetin, or
allicin which are usually utilized for packaging and biomedical applications while inorganic
nanoparticles are widely used for bacteria.

The virus is the smallest in size (diameter in the range of 20 to 400 nm) and it is the
most difficult to deal with. For example, on 12 March 2020, the World Health Organization
(WHO) declared the COVID-19 outbreak as a pandemic that caused serious threats to
humanity. COVID-19 infection is caused by a novel betacoronavirus, named SARS CoV-
2. This virus continues through airborne circulation and as a result, infected cases have
exponentially increased and few signs of remission were recorded though the vaccinated
rate was ramped up recently. Many countries are requiring a surgical face mask as a
mandate, hand hygiene, and social distancing to minimize the spread of this virus. A great,
emerging challenge associated along with COVID-19 is the effect of face mask waste on
human health and the marine ecosystem. We note here that all available surgical face masks
are non-biodegradable and hazardous since they are normally made of petroleum-based
polymers. It is urgent to produce a virus removal filter that could work effectively, but
equally importantly, it must be biodegradable and affordable. To our knowledge, the
exploration of cellulose nanomaterials as virus removal for a degradable filter has recently
seen some efforts.

In the filtration process, two main parameters will influence the efficiency. The first
one is the architecture of a filter, including pore size in comparison to the size of a virus,
thickness, number of filter layers, and the design of the filter [59]. The size exclusion filtra-
tion is widely used due to its flexibility, ease of use and nontoxic chemicals for inactivation.
Secondly, the efficiency of virus removal can be greatly improved by strengthening the
interaction force between the surface charge of the virus and the nitrocellulose filters. For
example, the coronavirus and others are widely known to have a negatively charged sur-
face. As a result, introducing functional groups with a positive charge on CNs will enhance
the possibilities of virus removal. This approach was proven as an effective method by
several reports. For instance, Mi et al. reported that incorporating nanocellulose with a
positively charged guanidine group can enhance the adsorption of porcine parvovirus and
sindbis virus from water by forming ionic and hydrogen bonds with the proteins and lipids
on the virus surface [60].

6. Challenges

In summary, in this mini-review, we highlight cellulose nanomaterials’ most important
chemical and physical aspects and some interesting CNs applications. Cellulose nanoma-
terial is interesting for two main reasons: firstly, it is a sustainable, renewable, and more
importantly biodegradable biomaterial that can be produced from a wide range of natural
materials including biomass waste. An increase in utilizing this biodegradable material
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could help to manage the waste, eliminating pollution on the earth. Secondly, it has several
excellent properties and thus can be incorporated into a variety of materials applied in
packaging, films, and paper, but also for much more surprising domains: biomedicine,
microelectronics, catalyst support, adsorbents, and antimicrobial material. The broader and
more versatile properties result from their size at the nanoscale, surface chemistry and the
assembly of CNs into nanostructure materials. Through their wide range of applications,
there is a need to improve our understanding of the chemical structure of CNs and its inter-
action within hybrid, composite, and formulated products. To optimize the performance
of materials that incorporate CNs, researchers must select CNCs with suitable surface
chemistry, surface charge density, crystallinity, and aspect ratio, as each target application
requires a different set of CNs properties.

The CNs have been reported as effective heavy-metal adsorbents by several works;
however, several scientific questions and improvements still need to be assessed. Most
of the examples reported in the literature assigned good heavy metal adsorption to the
existence of -COOH groups. However, the lack of systematic studies made it a challenge to
understand the relationship. Importantly, there are several chemical groups, such as thiol,
-SH, or amine, NH2, which are usually considered to enhance adsorption. As a result, CNs
functionalized by thiol or amine must be used to optimize the adsorption. In addition, the
active surface area of CNs or the design of CNs film must be studied carefully in order to
understand the kinetic of the adsorption process. The application of CNs as antimicrobial
agents is still very limited and therefore more research is needed. For example, the CNs
as support must be chemically bonded with antimicrobial agents in order to enhance the
stability and durability. The CNs could also be used in combination with antimicrobial
agents derived from nature to enhance the antimicrobial properties.

The surface chemistry of CNs plays an important role in enhancing their adsorption
and antimicrobial properties. In this review, several approaches were presented; however,
these approaches usually consist of several steps, such as isolation of CNs, then chemical
functionalization, and polymerization. These steps made the process less environmentally
friendly, sustainable and efficient. As a result, there is a need to compile these steps into
single steps in order to generate functionalized-CNs which can be used as adsorbents or
antimicrobial materials.
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