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ABSTRACT

Environmental pollutions especially water pollution has been a persisting issue battle by
mankind worldwide. There are various kinds of pollutants in contaminated water where it varies
from heavy metals, organic dyes, pharmaceutical products and others. The presence of all these
pollutants poses adverse effect to both animal and human as most of them are toxic. With the
depleting sources of clean water, the needs of treatment for polluted water are highly demanded.
Adsorption process for removal of contaminant has been gaining popularity due to the easy
application. Nanocellulose based materials emerged as one of the most interesting adsorbents to
be applied. This is due to its sustainability in production which is aligned with the current interest
of research. The main source of nanocellulose is plants and nowadays, majority of researches utilize
agricultural and industrials wastes as the sources. This article focuses on the nanocellulose and its
classification, the sources of nanocellulose and its application as adsorbent for various types of
pollutants.
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1. Introduction

Water pollution is one of the biggest problems plaguing everybody around the world. It is
known that clean water is essential for survival of mankind. However, with industrial revolution, it
is nearly impossible to obtain clean water straight from its source. The wastewater from the
industries were directly released to water bodies thus contaminate and pollute the clean water
source. The types of pollutants present in contaminated water varies from heavy metals, organic
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dyes, oils and solvents, pharmaceuticals and other organic compounds (Singh et al., 2020). These
pollutants will pose adverse effect towards both animal and mankind. Therefore, removal technique
that is non-selective is much needed. There are various methods to remove pollutants such as
physical process; mainly filtration, chemical process; chemical coagulation and biological process;
such as activated sludge (Gopakumar, Manna, Pasquini, Thomas, & Grohens, 2018). Although these
techniques are effective to remove most of the pollutants, it high energy and cost, production of
sludge and sometimes toxic by-product make it undesirable (Saharan, Pinjari, Gogate, & Pandit,
2014; Sahu & Singh, 2019). With the recent focus towards sustainable and eco-friendly materials for
water purification, nanocellulose production for wastewater remediation has been gaining
popularity. This is due to their desirable properties such as high surface area to volume ratio,
abundant hydroxyl groups which make it easy for functionalization, good chemical resistance and
good mechanical properties (Gopakumar et al., 2018). This chapter focused on nanocellulose and its
classification and the potential of nanocellulose based materials as adsorbent for wastewater
remediation.

2. Nanocellulose

Recently, the area of green, renewable and sustainable materials has been gaining popularity
and importance for both academicians and industries as it provides an alternative solution to
environmental pollution, global issues and currently depleting non-renewable resources (Trache et
al.,, 2020). Biobased compounds such as cellulose, starch, alginate, chitin, chitosan and other
polysaccharides emerged as potential alternative source in producing materials with the same
properties as petroleum-based materials (Nguyen, Naficy, Chandrawati, & Dehghani, 2019). Among
the polysaccharides, cellulose is the most abundant that can be found in various plants, algae,
tunicates and microorganism. Statistic shows that the annual production of cellulose biomass is about
1011-1012 tons and only small portion, 6 x 109 tons, is used for industries thus makes it the most
abundant raw materials (Kose, Mavlan, & Youngblood, 2020). The term “cellulose”, originating from
a French word “cellule” with a definition of living cell and glucose, was first discovered by a French
chemist, Anselme Payen, in 1838 (Tshikovhi, Mishra, & Mishra, 2020). Cellulose is made out of
hydrogen, oxygen and carbon in the form of linear homopolysaccharides of anhydro-p-glucose unit
linked by f3 -1,4-glycosidic bond which form a cellobiose, a repeating unit of cellulose (Phanthong et
al,, 2018; R et al., 2021). Figure 1 shows the cellobiose of cellulose. Cellulose exist in four different
polymorphs known as cellulose I, II, IIl and IV and it can be transformed via thermal or chemical
treatments (Trache et al., 2020). Naturally, cellulose exist as assemblies of chain. Through
intramolecular and intermolecular hydrogen bonding, the cellulose chains form fibrils thus make it
strong and highly stable.
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Figure 1. Chemical Structure of Cellobiose.
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Besides that, this strong hydrogen bonding due to abundance of hydroxyl group leads to
formation of crystal structure (Tshikovhi et al., 2020). Cellulose has been widely studied in the past
decades but its nanosized form has been receiving attention these last two decades.

2.1.Classification of Nanocellulose

Nanocellulose can be defined as cellulose materials with one of its dimension having 100 nm or
less (Faiz Norrrahim et al., 2021). Due to its reduction of size to nanometer, they exhibit desirable
properties such as high surface area to volume ratio, good strength, low thermal expansion, capability
of forming hydrogen bond, easy functionalization, biocompatible, environmentally friendly,
renewability and non-toxic (Trache et al., 2020). In general, nanocellulose can be classified into three
which are cellulose nanocrystals (CNCs), cellulose nanofibrils (CNFs) and bacterial nanocellulose
(BNCs). There are also others slightly recent discovery of nanocellulose such as amorphous
nanocellulose, cellulose nanoyarn and cellulose nanoplatelets (Chavez-Guerrero, Sepulveda-
Guzmadn, Silva-Mendoza, Aguilar-Flores, & Pérez-Camacho, 2018; Grumezescu, 2016; Prado, Jacinto,
& Spinace, 2020; Sen Wang, Lu, & Zhang, 2016). However, this newer classification nanocellulose is
not covered in this chapter. Figure 2 shows the common classification of nanocellulose.

§ Cellulose Nanocrystal
(CNCs)

' Cellulose Nanofibers
(CNFs)

Nanocellulose

Figure 2. Classification of nanocellulose from cellulose nanocrystal, cellulose nanofiber and
bacterial nanocellulose.

2.1.1. Cellulose Nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) are extracted from the crystalline part of cellulose via top-down
approach. There are various extraction methods such as mechanical shearing, enzymatic hydrolysis
and the most common and popular is acid hydrolysis. Through the acid hydrolysis process, the
amorphous region of cellulose will be hydrolyzed while the crystalline region remain intact due to
its higher resistivity towards acid which then produced CNCs (Shojaeiarani, Bajwa, & Shirzadifar,
2019). CNCs dimensions can varied from 5 to 10 nm and 50 to 500 nm in width and length
respectively. The properties of CNCs dependent on the source of cellulose and its crystallinity and
the extraction process used (Thakur, Thakur, Raghavan, & Kessler, 2014). CNCs has high percentage
of crystalline structure which makes it less flexible (Zinge & Kandasubramanian, 2020). Typically,

45



Journal of Research in Nanoscience and Nanotechnology
Volume 5, Issue 1 (2022) 43-64

CNCs exist in cylindrical and rod-like morphologies but in these recent years, other shapes such as
nanoballs, nanowhiskkers and other were also generated (Trache et al., 2020).

2.1.2. Cellulose Nanofibrils (CNFs)

Another common class nanocellulose is cellulose nanofibrils (CNFs). CNFs consists of
interconnected network of fibrils made of both crystalline and amorphous domains. The lateral size
of CNFs is in the nanometer range (1-100 nm) while the length can go up to several micrometer (Kalia,
Boufi, Celli, & Kango, 2014). The characteristics of CNFs is similar to CNCs in exception of lower
crystallinity due to the presence of amorphous component (Ghasemlou, Daver, Ivanova, Habibi, &
Adhikari, 2021). CNFs was first discovered by Turbak, Synder and Sandberg in the 1970s (Kalia et al.,
2014). The extraction of CNFs greatly differs than CNCs where mechanical techniques were
employed. Some of the common extraction methods of CNFs are high pressure homogenization,
microfluidization, grinding and ultrasound (Ghasemlou et al., 2021; Kalia et al., 2014).

2.1.3. Bacterial Nanocellulose

Bacterial nanocellulose (BNCs) as it is named, produced using bacteria via bottom-up approach
in which it is produce as exopolysaccharide of cellobiose (Phanthong et al., 2018). The production of
BNCs generally proceed through four stages; (a) activation of monosaccharide via sugar nucleotide
development, (b) polymerization of repeating units, (c) addition of acyl groups if present and finally
(d) excretion of BNCs from the microorganism (C. Sharma & Bhardwaj, 2019). Various bacteria such
as Gluconacetobacter (also known as Acetobacter), Acanthamoeba, Achromobacter, Aerobacter,
Agrobacterium, Alcaligenes, Azotobacter, Escherichia, Pseudomonas, Rhizobium, Salmonella,
Sarcina and Zooglea. However, the most effective species in producing BNCs is a Gram-negative
bacteria, Acetobacter xylinum (Skocaj, 2019). Due to its production nature, BNCs is free from other
components such as lignin, hemicellulose, pectin and others that can be found from lignocellulosic
biomass (Phanthong et al., 2018). The BNCs produced typically highly crystalline with ribbon-shape
fibrils and diameter ranging from 20-100 nm and the length can reach up to several micrometers. By
controlling the experimental conditions, the size of BNCs can be altered (Ghasemlou et al., 2021).

3. Sources of Nanocellulose

Prior of obtaining nanocellulose, the cellulose must be obtained and the sources of cellulose
varied from plants (inclusive of biomass and agricultural wastes), bacteria, algae and industrial
wastes. Figure 3 and Table 1 shows the sources of cellulose for the production of nanocellulose.
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Figure 3. Sources of nanocellulose prepared from plants, bacteria, algae, and wastes.

Table 1. Sources of cellulose for production of nanocellulose.

Sources  Species/sources type Type of Ref
nanocellulose
Plants  Natural cotton CNCs (Theivasanthi, Anne Christma,
Toyin, Gopinath, & Ravichandran,
2018)
Zea mays husk CNCs (Onkarappa, Prakash, Pujar,
Rajith Kumar, V, et al., 2020)
Native  rubber wood CNCs (Onkarappa,  Prakash, Pujar,
powder, Maize husk, Kumar, et al., 2020)
Sugar cane bagasse
Carrot pomace CNCs (Ciesla, Chylinska, Zdunek, &
Szymanska-Chargot, 2020)
Hevea brasiliensis CNCs (Onkarappa, Prakash, Pujar,
Rajith Kumar, Latha, et al., 2020)
QOil palm frond leaves CNCs (Elias et al., 2017)
Pomegranate peel CNCs (Dewan et al., 2021)
Pineapple peel residues CNGs (Camacho et al., 2017)
Pyrus pyrifolia fruit peel CNCs (Y. W. Chen, Hasanulbasori,
Chiat, & Lee, 2019)
Eichhornia crassipes CNCs (Tsade Kara, Anshebo, Sabir, &
Adam Workineh, 2021)
Rubber wood Kenaf bast CNCs (Tuerxun et al., 2019)
fibre
Corn cob CNCs (Louis & Venkatachalam, 2020)
Waste reed CNCs (C. Zhang et al., 2020)
Agricultural byproducts CNCs (Shahi, Wang, Adhikari, Min, &
e  Peanut shell Rangari, 2021)
¢ Rice husk
e Sugar can bagasse
Bacteria  Gluconacetobacter — xylinus BNCs (Yingkamhaeng,  Intapan, &
strain Sukyai, 2018)
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Medusomyces gisevii Sa-12~ BNCs (Sakovich, Skiba, Gladysheva,
Golubev, & Budaeva, 2020)

Cellulomonas uda BNCs (Zhong, Zajki-Zechmeister, &

Clostridium cellulosi Nidetzky, 2021)

Komagataeibacter BNCs (Jeremic et al., 2019)

medellinensis ID13488

strain

Komagataeibacter hansenii BNCs (Jacek, Ryngaijtto, & Bielecki, 2019)

Komagataeibacter BNCs (Abol-Fotouh et al., 2020)

saccharivorans MD1

Algae Cystoseria myricaas algae =~ CNCs (Zarei, Niad, & Raanaei, 2018)

Gelidium elegans red algae CNCs (Y. W. Chen, Lee, Juan, & Phang,

marine biomass 2016)

Antarctic algae CNFs (Paniz et al., 2020)

Cystosphaera jacquinottii

Cladosphora sp. algae CNCs (J. Liu, Willfér, & Mihranyan,
2017)

Gelidium sesquipedale CNCs (de Oliveira et al., 2019)

Enteromorpha prolifera CNFs (Z. Zhang, Liu, Wang, He, & Bai,
2021)

Pithophora CNCs (Gustafsson et al., 2019)

Aegagropila linnaei CNFs (Guo et al., 2017)

Ulva lactuca CNFs (Wahlstrom et al., 2020)

Laminaria hyperborea CNFs (Onyianta, O'Rourke, Sun,
Popescu, & Dorris, 2020)

Wastes  Pulp and paper mills CNCs (Gibril et al., 2018)

sludge

Industrial kelp (Laminaria  CNCs (Z. Liu, Li, Xie, & Deng, 2017)

japonica algae) waste

Discarded cigarette filters ~CNCs (Ogundare, Moodley, & van Zyl,
2017)

Municipal solid wastes CNCs (Y. W. Chen & Lee, 2018)

e  Panax ginseng
e Spent tea residue
e  Waste cotton cloth

e Old corrugated
cardboard
Baby diaper wastes CNCs (Trilokesh, Bavadharani,
Mahapriyadarshini, Janani, &
Uppuluri, 2021)
Recycled Tetra Pak CNCs (Diop & Lavoie, 2017)
Aseptic

3.1.Plants

Plants are the most common source of cellulose in the production of nanocellulose. They are
abundant, available and easily accessible. Various parts of plants can be used as the source as the
plant cell wall consist of cellulose (25-50 %), hemicellulose (20-35 %) and lignin (10-25 %) (Ibrahim,
Sazali, Salleh, & Ismail, 2021). However, with the recent focus towards sustainable process, by-
products of plants and agriculture have been the main source of nanocellulose. The common process
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of obtaining nanocellulose from plants is through acid hydrolysis via top-down approach. Onkarappa
and colleagues reported the production of nanocellulose from native rubber, wood powder, maize
husk and sugar cane bagasse. The cellulose component was extracted through alkali treatment and
bleaching (Onkarappa, Prakash, Pujar, Kumar, et al., 2020). In another work, two step acid hydrolysis
process was employed to extract nanocellulose from pineapple peel residues. The first step was using
hydrochloric acid and the product obtained was microcrystalline cellulose. The size reduction to
nanometer occurred through the second step acid hydrolysis using sulfuric acid (Camacho et al.,
2017). Agriculture wastes such as peanut shells, rice husk and sugarcane bagasse were used the
source of cellulose. The extraction process yielded 35, 39 and 41 % cellulose from peanut shell, rice
husk and sugarcane bagasse respectively. CNFs were then produced through ultrasonic assisted
chemical methods. Through FESEM analysis, the CNFs generated exhibited web-like, parallel and
tangled morphologies for peanut shell, rice husk and sugarcane bagasse (Shahi et al.,, 2021).
Interestingly, Dewan and co-workers reported a simple process of microwave technique in producing
nanocellulose. The nanocellulose generated exhibits distorted honeycomb-like cage structure with
diameter of 1-16.7 um (Dewan et al., 2021).

3.2. Bacteria

The production of nanocellulose using bacteria proceed via bottom-up approach and the type
of nanocellulose being produced is BNCs. The most commonly used bacteria in BNCs production are
Gluconacetobacter xylinus and based on FESEM analysis, BNCs with an ultrafine network structure
with diameter between 70-100 nm. Another advantage of bacteria synthesized nanocellulose is its
high crystallinity and purity (Yingkamhaeng et al., 2018). One literature reported the usage of 2
bacteria, Cellulomonas uda and Clostridium cellulosi to produced BNCs with diameter of 5-7 nm and
up to several micrometer in length (Zhong et al., 2021). Several of Komagataeibacter species were also
used in generation of BNCs (Abol-Fotouh et al., 2020; Jacek et al., 2019; Jeremic et al., 2019). Although
bacteria able to produce good quality nanocellulose with high purity, the conditions and media of
incubation in some cases are complicated and expensive.

3.3.Algae

Algae is one of widely used raw material for various industrial sector such as food,
pharmaceuticals, cosmetics and others. It is due to their components such as alginates, carrageenans,
agar, etc. One component that rarely explored is cellulose and this lead to various researches in
discovery and extracting cellulose from algae for applications such as production of nanocellulose
(Paniz et al., 2020). Red algae, Gelidium elegans was used as source of nanocellulose. The production
proceeds through three stages of alkalization, bleaching treatment and acid hydrolysis treatment. The
imaging analysis showed that the nanocellulose exhibit average diameter and length of 21 and 547
nm respectively (Y. W. Chen et al., 2016). CNFs was successfully extracted from another type of algae,
Enteromorpha prolifera. The CNFs has diameter ranging of 20-40 nm, length of several microns and
the crystallinity index of 57.2 % (Gustafsson et al., 2019). The advantage of this work is they utilized
an environmental issue which cause by this alga to produce a material that can benefit the society.

3.4. Wastes

One of the most intriguing sources of nanocellulose is industrial wastes. With the concern
towards the environment and increasing amount of wastes in the world, utilizing the waste to
produce something useful is beneficial and the main focus in the society nowadays. Gibril and co-
workers reported on the usage of pulp and paper mills sludge to produce CNCs. The sludge were
collected, cleaned and the CNCs was extracted using ammonium persulphate (Gibril et al., 2018).
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Another interesting waste investigated for CNCs production was discarded cigarette filters. Acid
hydrolysis with sulfuric acid technique was employed to extract the CNCs from cigarette filter wastes
(Ogundare et al., 2017). Diop and colleague utilized commercial food packaging, Tetra Pak food
packaging, as the source of CNCs. The TEM analysis showed that the average length and width of
CNCs produced was 127-258 and 11-14 nm. By manipulating the process time, the morphology and
crystallinity of CNCs can be altered (Diop & Lavoie, 2017).

4. Nanocellulose Based Materials for Wastewater Remediation

Water pollution is one of the biggest problems plaguing everybody around the world. It is
known that clean water is essential for survival of mankind. However, with industrial revolution, it
isnearly impossible to obtain clean water straight from its source. The wastewater from the industries
were directly released to water bodies thus contaminate and pollute the clean water source. The
presence of various different type of pollutants such as heavy metals, dyes, pharmaceutical
compounds, oil and organic solvent, microorganism and others will pose adverse effect to both
animal and mankind health (Singh et al., 2020). The removal of these toxic compounds from the
wastewater and polluted water is the priority nowadays. There are various techniques that can be
employed such as the conventional wastewater treatment plant which involve physical process such
as filtration and adsorption, chemical process such as coagulation and catalytic degradation and
biological process which uses microbes to digest the waste via both aerobic and anaerobic process.
Although these techniques are effective to remove most of the pollutants, it high energy and cost,
production of sludge and sometimes toxic by-product make it undesirable (Saharan et al., 2014; Sahu
& Singh, 2019). Therefore, a non-selective sustainable materials and simple pollutant removal process
is needed to overcome both issues of water pollution and complicated conventional treatment
technique.

Nanocellulose emerged as a promising material for wastewater and polluted water
remediation. This is due to their properties such as high surface area to volume ratio, abundant
hydroxyl groups which make it easy for functionalization, good chemical resistance and good
mechanical properties (Gopakumar et al., 2018). One of the most important factors that make it
favorable over other materials is the source of nanocellulose. With the recent focus towards
sustainability, nanocellulose materials are produced using wastes from agricultures, industries and
even domestic. Typically, nanocellulose based materials are being used as adsorbent of various types
of pollutants from water.

5. Nanocellulose Based Materials as Adsorbent

Adsorption process is the most common technique used by nanocellulose based materials for
waste water remediation. This technique was recognized worldwide as the one of the most cost
effective and efficient in removal of pollutants. In general, there are two adsorption mechanism which
are chemisorption and physisorption. True to its name, chemisorption refers to the formation of
chemical bonds between the pollutant and the surface of adsorbent. The bond can vary from ionic
exchange, electrostatic interaction and chelation. Physisorption mechanism involves mainly the
interaction through Van der Waals (Singh et al., 2020). In this section, we will focus on nanocellulose
based materials as adsorbent for various pollutants such as heavy metals, organic dyes, oil and
solvent, pharmaceuticals and other organic compounds. Table 2 shows the nanocellulose based
materials as adsorbent for various different type of pollutants.
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Table 2. Nanocellulose based materials as adsorbent for different pollutants.

Pollutant type Specificities Nanocellulose composites Ref
of pollutant

Heavy metals Hg FesOs-nanocellulose NCs (Zarei et al., 2018)
Spherical nanocellulose (Ram & Chauhan,
Thiol-functionalize spherical 2018)
nanocellulose
Nitro-oxidized carboxycellulose (H. Chen et al., 2021)
nanofibers
CNF-lysozyme nanofibrils (Silva et al., 2020)

As FesOs-nanocellulose NCs (Baruah et al., 2020)
Nanocellulose-polyethyleneimine- (Chai et al., 2020)
glutaraldehyde NCs

Co Sulfhydryl and carboxyl (Anirudhan, Shainy,
functionalized magnetite & Deepa, 2019)
nanocellulose composites

Cd Nanocellulose (P.R. Sharma et al.,

2018)

Pb Carboxylated (Xu, Ouyang, &
chitosan/carboxylated Yang, 2021)
nanocellulose hydrogel beads
CNFs and CNCs (Ramos-Vargas,

Huirache-Acufa,
Guadalupe Rutiaga-
Quinones, & Cortés-
Martinez, 2020)
CNFs/cystal nanocellulose sheets (Hernandez-
(CNS) Francisco et al., 2020)
Cr Nanocellulose and succinic (Kara, Anshebo, &
anhydride functionalize Sabir, 2020)
nanocellulose
Mn Dithiozone modified nanocellulose ~ (Ahmadi-Asoori,
Tazikeh-Lemeski,
Mirabi, Babanezhad,
& Juybari, 2021)

Ni CO-CNCs (Yu, Zhang, Wang,
Yin, & Huang, 2021)

Th Polymer grafted nanocellulose/GO  (Sreenivasan,

NCs Mahesh, & Sumi,
2019)
U CNFs aerogel (Y. Wang et al., 2021)

Physphorylated CNFs

(Lehtonen et al.,
2020)
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V, Cr Modified nanocellulose (Daniel, Zahir, &
Asghar, 2021)
Pb, La Nanocellulose scaffolds (Zhan et al., 2020)
Cu, Pb, Cd CNF/chitosan/mmt NCs (Rong et al., 2021)
Cr, Pb, Hg CNFs/GO/FesO4 (Hosseini, Zaki
Dizaji, Taghavi, &
Babaei, 2020)
Cd, Mg, Fe, Chitosan nanocellulose (Grzabka-
Zasadzinska,
Ratajczak, Krol,
Wozniak, &
Borysiak, 2021)
Cr, Cu, Co, Ni, MOF-CNFs (Li, Tan, & Xu, 2020)
Mn, Zn, Ti, Fe,
Zr
Organic dyes Methylene Sodium periodate-modified (Tsade Kara et al.,
blue nanocellulose NCs 2021)
Carboxylated CNCs (Wu & Andrews,
2020)
CNFs composite aerogel (Sijie Wang, Zhang,
Wang, & Pu, 2020)
CNFs aerogel (Beh, Lim, Lew, &
Lai, 2020)
Malachite GO-Nanocellulose-Copper NCs (Khawaja, Zabhir,
green Asghar, & Asghar,
2021)
Victoria Blue R Chitosan-nanocellulose Cs (Frye, Vasisth,
Atassi, Mazyck, &
Nino, 2021)
Methylene Dendritic colloidal silica-hairy (Nia, Tavakolian,
blue nanocellulose NCs Kiasat, & van de
Methyl orange Ven, 2020)
Methylene Starch/Magnetite functionalized (Moharrami &
blue nanocellulose Motamedi, 2020)
Crystal violet
Direct Blue 6 Nanocellulose-polypyrrole (Tasrin, Mohamed
Bromophenol Madhar Fazil,
blue Senthilmurugan, &
Selvaraju, 2021)
Naphthol blue  Nanocellulose (Riva, Pastori,
black Panozzo, Antonelli,
Orange II & Punta, 2020)
Brilliant Blue
R
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Cibacron
Brilliant
Yellow
Oil and organic Thiophene Al20s- nanocellulose NCs (X. Zhou, Fu, Liu,
solvents Ethanol Gu, & Guo, 2021)
Ethyl acetate
Cyclohexane
Sesame oil
Acetone
Dichlorometha
ne
Mineral oil Nanochitosan/rGO/ (Gu et al., 2021)
Sesame oil Nanocellulose NCs
Ethyl acetate
Thiophene
Pump oil
Waste pump
oil
Kerosene
Ethanol
N/A Nanocellulose aerogel (Dilamian &
Noroozi, 2021)
N/A MOF-nanocellulose (Li, Zhai, Wu, & Xu,
2021)
Chloroform Nanocellulose aerogel (Shang et al., 2021)
N/A Graphene/PV A-nanocellulose (L. Zhou & Xu, 2020)
Pharmaceuticals Tetracycline Iron(IIl) loaded CNFs (Lu, Liu, Chen, &
Luo, 2021)
Vancomycin Functionalize nanocellulose (Vismara et al., 2021)
Ciproflaxin,
Amoxicillin
Chlohexidine
Ciprofloxacin ~ Nanocellulose (Shahnaz, Vishnu
Diclofenac Priyan, Pandian, &
Narayanasamy,
2021)
Other organic Chlorpyrifos Polyvinylamine-modified (Yang et al., 2020)
compounds (Pesticide) nanocellulose
Diuron MMT-nanocellulose (Ma, Yi, Yang, Tao, &
(Herbicide) Li, 2020)
Tetraconazole  Nanocellulose (Khalaf et al., 2021)
(Pesticide)
Fluoride Nanocellulose/PVA composites (Das, Das, Bhowal, &

Bhattacharjee, 2021)
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Nitrate 3-chloro propyl trimethyoxysilane (Manhooei,
modified nanocellulose Mehdinejadiani, &
Amininasab, 2020)
Nitrate CNFs aerogel (Darabitabar, Yavari,
Nitrite Hedayati, Zakeri, &
Phosphate Yousefi, 2020)
Nitrate 3-chloro propyl trimethyoxysilane (Manhooei et al.,
modified nanocellulose 2020)
Two Different Types of Pollutants
Heavy metals Chromium Nanocellulose-polypyrrole Cs (Shahnaz, S, V.C, &
Organic dyes Congo red dye Narayanasamy,
2020)
Lead Hydroxyapatite-nanocellulose NCs ~ (Oun, Kamal, Farroh,
Methylene Ali, & Hassan, 2021)
blue
Copper Polyetherimide-Carboxylated (Tang et al., 2020)
Malachite nanocellulose
green dye
Arsenic MOFs-CNFs (Ashour, Abdel-
Rhodamine B Magied, Wu, Olsson,
& Forsberg, 2020)
Organic Cyanotoxin CNFs grafted with beta (Gomez-Maldonado
compounds Methylene cyclodextrin et al., 2021)
Organic dyes blue dye
Organic dyes Methylene GO-CNFs aerogel (Z. Wang, Song,
Pharmaceuticals  blue dye Wang, Zhang, & Yao,
Tetracycline 2021)
Methyl orange  MOFs-nanocellulose (KarzarJeddi,
Diclofenac Laitinen, Mahkam, &
Liimatainen, 2020)
Organic dyes Bromophenol Nanobentonite-nanocellulose (V. Sharma, Shahnaz,
Oil and solvents  blue dye chitosan based aerogel Subbiah, &
Direct blue 6 Narayanasamy,
dye 2020)
Isopropanol
Ethanol
Methanol
Spent engine
oil
Silicon oil
Ethylene
glycol
Heavy metals Copper CNFs aerogel (Ji, Wen, Wang,
Chloroform Zhang, & Guo, 2020)
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Oil and organic

solvents

5.1. Heavy metals

One of the most concerning pollutants in the wastewater nowadays is heavy metals. It can be
defined as any dense (density > 5 g/cm3) metal or metalloid that pose adverse effect. World Health
Organization (WHO) stated that some heavy metals such as cadmium, mercury, lead and arsenic are
in the top 10 chemicals of concern. The presence of heavy metals in water is resulted from natural
phenomena such as weathering of soils and rocks. However, the most common contributor of heavy
metals in water is the industries such as mining, metal plating, paper and pesticides. Due to its
insusceptibility to degradation, it tends to accumulate in living organism. High concentration of
heavy metals will cause neurological diseases, cancer, organ injury and in serious case, mortality.
Therefore, it is important to remove these heavy metals from water (Gopakumar et al., 2018; R et al.,
2021). Among various technique to heavy metals, adsorption technique emerged as the most popular
method to be applied in heavy metals removal. With the emphasis of sustainable material nowadays,
bioadsorbent such as nanocellulose gained popularity as heavy metals adsorbent. Pure nanocellulose
in the form of carboxymethylcellulose nanofiber was extracted from Australian spinifex grass was
used to remove cadmium from water. The results indicated that the CNFs produced able to removed
cadmium from the water. At low concentration and high concentration, the nanocellulose and
cadmium interacted via chelation and crystallization respectively (P. R. Sharma et al., 2018). Ram and
co-workers report on the production of nanocellulose with spherical morphology for adsorption of
mercury from water. Besides that, they also functionalized the spherical nanocellulose with thiol
group and compared the adsorption activity between the two nanocellulose. It was found that with
thiol functionalized nanocellulose, the adsorption of mercury reach up to 97 % within 20 minutes
with 100 ppm solution concentration (Ram & Chauhan, 2018). Composite consist of nanocellulose,
chitosan and montmorillonite were used as adsorbent for various heavy metals such as copper, lead
and cadmium. An aerogel form of the composites was used and it is capable to adsorb the three
different heavy metals (Rong et al., 2021). Nanocellulose based materials was also used as adsorbent
for radionuclides such as thorium and uranium. Polymer grafted nanocellulose functionalized with
graphene oxide was used as adsorbent for thorium and the result showed that up to 98 % of thorium
was adsorb (Sreenivasan et al, 2019). CNFs aerogel was successfully produced via simple
crosslinking and freeze-drying technique. The adsorption of uranium indicated that the produced
CNFs aerogel has maximum adsorption capacity of 195 mg g-1 with initial concentration of 10 ppm
(Y. Wang et al., 2021).

5.2. Organic dyes

Dyes are defined as compounds that can adhere themselves to surfaces or fabrics to generate
bright and lasting colour. Before 1856, natural dyes were used and they were obtained through
extraction process from plants and animal resources (Carmen & Daniela, 2012). Although these
natural dyes seem more environmentally friendly and sustainable, they actually poses several
disadvantages such as the extraction process uses many hazardous chemicals, limited shade range
and limited availability (Richards, 2015). In the year 1856, the first synthetic dye was discovered by
W. H. Perkin which was “mauve”, a brilliant bright fuchsia colour (Carmen & Daniela, 2012). With
this discovery, the usage of synthetic dyes rapidly replaced the natural dyes as it overcame the
drawbacks posed by natural dyes. As time moves on, more synthetic dyes were produced to be used
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across various fields such as textile, cosmetic, paper, leather, pharmaceuticals, food and agriculture.
In fact, up to the current date, there are over 100 000 commercial dyes available with a yearly
production of over 7 x 105 tonnes per year (Brillas & Martinez-Huitle, 2015, Wee & Lim, 2016).
Naturally, with increasing production, increase of waste occur. Hence, there are 450 000 ton of organic
dyes produced yearly worldwide with more than 11% is lost during manufacturing and application
process (Yagub, Sen, Afroze, & Ang, 2014). This leads to dye becoming the major pollutant to water.
Besides that, these commercial organic dyes are made out of complex aromatic structure which makes
them resistant to degradation (Drumond Chequer et al., 2013). Similarly as heavy metals, organic
dyes can be removed via adsorption using nanocellulose based materials. The most common dye
being studied as model textile wastewater is methylene blue. Nowadays, recent researches have been
focused towards the production of nanocellulose aerogels as adsorbent due to their properties such
as high surface area. CNFs aerogel was reportedly produced from sago pith via three steps of
dewaxing and delignification, sonification and homogenization and finally freeze-drying. The results
for removal of methylene blue indicated that the sample manage to remove up to 99 % of the dye
(Beh et al., 2020). Composite consist of nanocellulose and chitosan managed to removed Victoria Blue
R dye. The adsorption followed pseudo-second order kinetics and Langmuir isotherm (Frye et al.,
2021). Besides that, nanocellulose based materials were also used to studied the adsorption of
different dyes. Nia and colleagues produced a new type of silica-nanocellulose hybrid aerogel for
adsorption of methylene blue and methyl orange. The fabricated aerogel has adsorption capacity of
270 and 300 mg/g of methylene blue and methyl orange dyes respectively.

5.3.0il and solvents

The majority of oil pollution come from oil spill from tankers, but there are also other sources
that cumulatively contribute to oil pollution. The main issue with oil pollution is its spread rapidly
especially lighter oils. It also covers the surface of water which effect the aquatic ecosystem adversely
and contaminate the drinking water for mankind (Gopakumar et al., 2018). Nanocellulose is of an
interesting material for oil and solvents adsorption. Due to abundant hydroxyl groups on its surface,
it can be functionalized to make it hydrophobic thus good adsorbent for oil and solvents.
Nanocellulose aerogel was produced from rice straw via freeze-drying method and it was
functionalized with methyltrimethoxysilane to make it hydrophobic. The hydrophobic nanocellulose
aerogel capable to adsorb various organic solvents and oils with adsorption capacity of 170 g g-1
(Dilamian & Noroozi, 2021). Nanocellulose composite with nanochitosan and reduce graphene oxide
successfully adsorbed mineral oil, sesame oil, acetone, ethyl acetate, thiophene, pump oil, waste
pump oil, kerosene and ethanol with high adsorption capacity (Gu et al., 2021).

5.4.Pharmaceuticals

There have been a lot of concerns regarding emerging pollutants such as hormones, pesticides,
pharmaceutically active compounds and personal care products. As the world population grows, the
demand and consumption of such products increases and this subsequently raises their concentration
level in the water due to improper disposal and effluents from municipal and industries (Sabouni &
Gomaa, 2019). Among the emerging pollutants, pharmaceutical waste has the highest percentage of
detection in the water compared to the other emerging pollutants. Antibiotics specifically are the
major concern as their consumption are very high in both human and veterinary medicine. Their
presence in the environment may lead to the development of antibiotic resistant bacteria (Elmolla &
Chaudhuri, 2010; Maniakova et al.,, 2020).The utilization of nanocellulose based materials as
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adsorbent for pharmaceutical products is rather low. Shahnaz and co-workers reported on the
production of nanocellulose from Cyprus rotundas grass for removal of ciprofloxacin and diclofenac.
The maximum adsorption capacity for ciprofloxacin and diclofenac are 227 and 192 mg g-1
respectively. In another research, nanocellulose was first functionalize prior to application for
vancomycin, ciprofloxacin, amoxicillin and chlorhexidine adsorption. Based on the adsorption
results, the adsorption process followed pseudo-second order model (Vismara et al., 2021).

5.5. Other organic compounds

Besides heavy metals, organic dyes, oil and solvents and pharmaceuticals, there are other
organic compounds such as fertilizers, herbicides and pesticides were investigated as pollutants. By-
products of fertilizers such as nitrate, nitrite and phosphate were adsorbed using CNFs aerogel. The
overall removal percentage obtained were 79, 73 and 98 % for nitrate, nitrite and phosphate
respectively (Darabitabar et al., 2020). In another work, the researchers studied the adsorption of
fluoride by using polyvinyl alcohol (PVA) — nanocellulose composites. The results indicated that
adsorption capacity of the adsorbent was 11.36 mg g-1 (Das et al., 2021). The adsorption of pesticide,
chlorpyrifos, was studied using polyvinylamine-modified nanocellulose. The overall removal
percentage obtained was 93 % (Yang et al., 2020).

5.6. Combination of pollutants

The study of nanocellulose as adsorbent is not limited to a single type of pollutants. It is known
that in polluted water, there might be different type of pollutants are present. Therefore, determining
that whether the nanocellulose is a non-selective adsorbent is an importance in these recent years.
Shahnaz and colleagues produced nanocellulose-polypyrrole nanocomposites as adsorbent of heavy
metal, chromium, and organic dye, Congo red. They conducted optimization of adsorption process
using response surface methodology and found that total of maximum 80 and 85 % removal
percentage for chromium and Congo red respectively were obtained (Shahnaz et al., 2020). In another
research, hydroxyapatite-nanocellulose composite was used to adsorb lead and methylene blue. In
the absence of hydroxyapatite, the adsorption of pollutant in lower compared to the composite.
Furthermore, pure nanocellulose was found to be more selective in removal of lead while composite
showed excellent adsorptive capability for both pollutants (Oun et al., 2021). Arsenic and rhodamine
B dye successfully removed from solution using metal-organic-framework (MOF) functionalized
CNFs. The adsorption capacities of 2.8 and 2.7 mg g-1 was obtained for arsenic and rhodamine B
removal (Ashour et al., 2020). Besides combination of heavy metals and organic dyes, removal of
combination of organic compound and dye were studied. CNFs grafted with beta cyclodextrin was
produced as adsorbent for cyanotoxin and methylene blue. The adsorption capacities for both
pollutants were determined to be 0.078 and 3.48 mg g-1 for cyanotoxin and methylene blue
respectively. There were also reports on the removal of organic dye and pharmaceutical (KarzarJeddi
et al.,, 2020; Z. Wang et al., 2021), organic dyes and oil (V. Sharma et al., 2020) and heavy metals and
oil combination (Ji et al., 2020).

4. Conclusions

Increase of world populations with time cause depletion of non-renewable sources and
increment of pollutions due to the disposal of waste. Due to this, researches in the field of science,
engineering and technology have been shifted towards more sustainable materials. Nanocellulose
emerged as one of the most popular sustainable materials to be developed. The production of
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nanocellulose can be considered as a green process as it utilized agricultural and industrial wastes.
Although the extraction process might be toxic as it uses acids, further researches have proven that
the process can be improved to reduce the toxicity of chemicals used. With the increasing issues
related to water pollution, nanocellulose based materials has been gaining popularity as bio-
adsorbent for removal of various of type of pollutants such as heavy metals, organic dyes, oil and
solvents, pharmaceuticals and other organic compounds. Although the result is promising, the
potential of nanocellulose based materials towards other applications especially in terms of
wastewater remediation was not covered in this article.
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