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Cellulose-based materials have been advanced technologies that used in water
remediation. They exhibit several advantages being the most abundant biopolymer in
nature, high biocompatibility, and contain several functional groups. Cellulose can be
prepared in several derivatives including nanomaterials such as cellulose nanocrystals
(CNCs), cellulose nanofibrils (CNFs), and TEMPO (2,2,6,6-tetramethylpiperidine-1-oxyl
radical)-mediated oxidized cellulose nanofibrils (TOCNF). The presence of functional
groups such as carboxylic and hydroxyls groups can be modified or grafted with
organic moieties offering extra functional groups customizing for specific applications.
These functional groups ensure the capability of cellulose biopolymers to be modified with
nanoparticles such as metal-organic frameworks (MOFs), graphene oxide (GO), silver (Ag)
nanoparticles, and zinc oxide (ZnO) nanoparticles. Thus, they can be applied for water
remediation via removing water pollutants including heavy metal ions, organic dyes, drugs,
and microbial species. Cellulose-based materials can be also used for removing
microorganisms being active as membranes or antibacterial agents. They can proceed
into various forms such as membranes, sheets, papers, foams, aerogels, and filters. This
review summarized the applications of cellulose-based materials for water remediation via
methods such as adsorption, catalysis, and antifouling. The high performance of cellulose-
based materials as well as their simple processing methods ensure the high potential for
water remediation.

Keywords: water treatment, adsorption, catalysis, (Nano)cellulose, cellulose hybrid

INTRODUCTION

Water pollution represents a big challenge nowadays (WHO, 2019). Clean drinking water is highly
required for safety and healthy life. WHO stated that half of the world’s population will face water-
stressed demand by 2025 (WHO, 2019). It is estimated that 785 million people lack a basic drinking-
water service (WHO, 2019). Clean drinking water decreases over time due to pollution. The air
pollutions with toxic gases such as sulfur oxides and nitrogen oxide render the rainwater acidic. Sea
and ocean water can be contaminated with several pollutants such as heavy metals, organic molecules
(e.g., dyes, drugs, and antibiotics), and microplastics. WHO reported that 90% of the global
population (6.8 billion people) require at least a basic service to obtain clean drinking water.
The basic service to remove or mitigate water pollutants is highly required for clean drinking water.

Water treatment aims to remove or mitigate the toxicity of pollutants that could be metal ions, organic
dyes, drugs, or microorganism species (Figure 1). The pollutants can be inorganic (e.g., metal ions), organic
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FIGURE 1 | Common pollutants present in water and the removal methods toward each contaminant.
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(dyes, drugs, proteins, and antibiotics), or microorganisms (e.g.,
fungus, bacteria, and algae). They can be classified as degradable
(e.g., dyes, proteins, and antibiotics), or non-degradable (e.g., metal
ions). The toxicity of the water contaminants is varied and depends
on several factors including the form of the pollutants, concentration,
administration method, and exposure time. However, there are
several highly toxic pollutants such as heavy metals of arsenic
(As), lead (Pb), cadmium (Cd), and Mercury (Hg). The water
pollutants were listed based on their toxicity by The Agency for
Toxic Substances and Disease Registry and the United States
Environmental Protection Agency (EPA), 2019 Priority List of
Hazardous Substances’ in Reference (ATSDR, 2017). Drugs such
as painkillers can be also toxic for humans (Khadir et al., 2020). It was
reported that approximately 15-23% of ingested drugs such as
Ibuprofen are excreted to water through urine (Tiwari et al,, 2017).

Nanotechnology has been advanced in several applications
including water treatment (Qu et al.,, 2013; Tan et al., 2015;
Santhosh et al., 2016; Westerhoff et al., 2016). Nanomaterials
can be applied for several methods such as chemical
precipitation, adsorption, ion exchange, membrane,
separation, filtration, coagulation/flocculation, flotation,
catalysis, and electrochemical-based methods. Among the
wide number of nanomaterials, cellulose-based materials are
promising. Cellulose exhibits several advantages being an
abundant and non-toxic chemical. The functional groups of
cellulose ensure rational chemical modification via several
methods and reagents (Wang, 2019). It can be fabricated
with other biopolymers such as chitosan (Olivera et al,
2016; Thakur and Voicu, 2016), and inorganic nanoparticles
(Qiu and Netravali, 2014; Oun et al., 2020; Yu et al., 2021) such
as metal oxides (Oun et al., 2020). It enables the processing of
the materials into commercial products such as membranes
(Thakur and Voicu, 2016) and can be advanced engineering
technologies (Wei et al., 2014).
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FIGURE 2 | Evolution of cellulose and their applications for water
treatment using searching words of “Cellulose”, “Cellulose + nano”, “Cellulose
+ nano + water”, “Cellulose + nano + water treatment”. Data extracted from
SCOPUS, Nov. 2021.

This review summarizes the applications of cellulose-based
nanomaterials and their hybrids for water treatments such as the
removal of pollutants (e.g., heavy metals and organic dyes) and
antifouling properties. The applications of cellulose-based
materials for catalytic degrdaration, microbial removing via
filtration and anti-microobial activity are also included. The
key parameters affecting the performance of cellulose are covered.

CELLULOSE IN NANOSCALE

Cellulose, an abundant biopolymer with a production capacity
of and approximately 700 billion tons annually (Pulidindi and
Prakash, 2020) has been used since the time of ancient
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TABLE 1 | Comparison of cellulose nanomaterials (CNF, CNC, and TOCNF).
CNF

Preparation method High-pressure homogenization

Diameters 10-2000 nm
Size distribution Polydispersed
Optical properties Iridescent
Functional groups O-H

Cost Low

Notes: a, depending on the acid used during the hydrolysis process.

Egyptians, The global market indicates that the cellulose
market’s size was estimated to be USD 211.68 billion in
2019 with an expected increase of compound annual growth
rate (CAGR) by 2.9% from 2020 to 2026 (Bacakova et al,
2019). Cellulose is used for several important industries such
as paper making, Cellophane, textiles (e.g., Viscose, and
Rayon) as well as additives for food and pharmaceuticals. It
can be used as raw material for the production of fuel sources
such as cellulosic ethanol. Cellulose can be functionalized with
carboxymethyl groups and form carboxymethyl cellulose
(CMC) via replacing the primary hydroxyl groups, C6,
using reagents such as chloroacetic acid via chemical
reaction. The cellulose research is growing tremendously
during since the 1990s for the advanced processing of
cellulose-based materials in the nanoscale (Figure 2)
(Carpenter et al., 2015; Rol et al., 2019). It can be prepared
with different functional groups in different sizes and

derivatives including cellulose nanocrystals (CNCs),
cellulose nanofibrils (CNFs), and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl = radical)-mediated oxidized

cellulose nanofibrils (TOCNF). These nanoscaled entries can
be prepared via several methods including mechanical,
chemical, and biological processes (Xie et al., 2018).

The chemical treatments using acids create negatively charged
groups on the surface of CNCs causing repulsion between CNCs
and assist the mechanical disintegration using methods such as an
ultrasonic homogenizer. TOCNF with a diameter of 3-4 nm and
length of a few microns can be prepared via TEMPO-mediated
oxidation of cellulose fibers in a mild aqueous environment (Saito
et al., 2007; Isogai et al., 2011). The oxidation process produces
fibrils with average carboxylate content of 1.0-1.8 mmol/g
depending on the oxidation conditions such as TEMPO/NaBr/
NaClO at pH 10 at room temperature (RT) or TEMPO/NaClO/
NaClO, at pH 6.8 at 60 °C. The oxidation process is selective at
the position of C6-hydroxyl groups due to the steric hindrance of
methyl groups of TEMPO molecules. TEMPO-mediated CNF
was disintegrated via moderate mechanical treatment. TOCNF
exhibits high crystallinity (65-95%), a high aspect ratio (>100),
and high negative zeta potential in an aqueous solution (-75 mV,
Table 1). It is worth mention that ecofriendly oxidation of
microcrystalline celluloses (MCCs) using Fe**/H,0, oxidant
offered CNCs with the highest carboxyl content of 2.2 mmol/g
with a zeta potential of —41 mV (Fan et al., 2019). Different
nanoscaled cellulose, have been employed for water purification
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FIGURE 3 | Examples for cellulose derivatives and materials used in
water treatment applications.

motivated by the high abundance, high specific surface area, high
surface-to-volume ratio, good mechanical properties in an
aqueous medium, surface functional groups, and surface
charge density of these nanomaterials (Table 1).

These cellulose nanomaterials can be used for the fabrication
of thin films, papers and membranes (microfiltration (MF),
ultrafiltration (UF), nanofiltration (NF), and reverse osmosis
(RO) (Klemm et al., 2011; Carpenter et al., 2015; Voisin et al.,
2017; Nasrollahzadeh et al., 2021) (Figure 3) or as (fibers), and
three-dimensional (3D) objects (foams, aerogels, beads, and 3D
printing, Figure 3).

Cellulose are inherently hydrophilic and can be modified
with hydrophobic or oleophilic moieties for the removal of
organic pollutants such as oils and cyclohexenes (Zhang X.
et al,, 2014; Zhang Z. et al., 2014; Wang et al., 2014). It can be
also modified with other biopolymers such as chitosan (Abdul
Khalil et al., 2016; Olivera et al., 2016), polymers (Kumar et al.,
2017; Patel et al., 2019; Aguilar-Sanchez et al., 2021),
dendrimers (Zhao et al., 2015) and nanomaterials such as
noble metallic nanoparticles (Johnson et al., 2011), carbon
(Dong et al., 2021), carbon nanotubes (CNT) (Miyashiro et al.,
2020), graphene oxide (GO) (Soliman et al., 2021), metal
oxides (Foresti et al, 2017; Farooq et al., 2020; Oyewo
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FIGURE 4 | Common methods for water treatment technologies.

et al,, 2020), zeolites (Baghdad and Hasnaoui, 2020), and
metal-organic frameworks (MOFs) (Abdelhamid and
Mathew, 2021; Abdelhamid, 2021b; Nasser Abdelhamid and
Mathew, 2021). The modifications via chemical and physical
methods improve the mechanical properties of cellulose and
enhance their performance towards water treatment.

WATER TREATMENT TECHNOLOGIES
USING CELLULOSE

The Agenda 2030 explicitly put forth clean water and
sanitation as one of the Global Sustainable Development
Goals (SDG #6), emphasizing that “more than 2 billion
people are living with the risk of reduced access to
freshwater resources and by 2050, at least one in four
people is likely to live in a country affected by chronic or
recurring shortages of fresh water.”

There are several methods to remove pollutants from water;
classified as chemical, physical, and biological methods
(Figure 4). Chemical methods can be such as precipitation
(via  chemical reaction, electrochemical), complexation,
degradation (via chemical reaction (oxidation, reduction). The
water treatment via physical methods includes adsorption,
sedimentation, filtration, extraction, floating, and degradation
via light (photocatalysis), or heat (pyrolysis). The biological
methods including enzymatic degradation, and flocculation
can be also used for the removal of pollutants such as organic
contaminants. The judicious selection of the methods depends on
several parameters including the type of the pollutants,
concentration, the present form, interferences, and efficiencies.
For instance, the water treatment methods that suit the removal
of organic dyes could be unsuitable for the removal of heavy
metals and vice versa. The selection of the removal method
depends also on the concentration of the pollutants. As a rule
of thumb, the high concentration of the pollutants such as heavy

Cellulose Materials for Water Remediation

metals decreases the removal efficiency of the method such as
adsorption. Thus, a simple method such as dilution improves the
adsorption efficiency.

The section below shows the possibility for using cellulose
based materials in the above mentioned water treatment
technologies. Cellulose-based materials may circumvent some
of the current challenges related to biological treatments and
chemical treatments (e.g., multiple steps, addition of chemicals,
secondary pollution, undesired side products or degradation
products) and open new avenues for advanced technologies.

Chemical precipitation is an old method for the removal of
metal ions and anionic species. This method involves the addition
of chemical reagents that react with contaminating and form a
solid that precipitates. Thus, the pollutants can be removed via
decantation or filtration through filter paper or membrane.
Several examples of precipitating agents including cellulose
were reported for the co-precipitation of metal ions such as
Cd** ions (Sharma et al, 2018), and Cu®* ions (Zhu et al,
2017). The precipitates are usually filtrated . through a
commercial cellulosic filter paper such as Whatman filter paper.

Coagulation or flocculation is an efficient method for water
treatment. This method relies on the addition of a chemical
coagulant that causes neutralization of the charged particles in
water causing the aggregation and precipitation of the particles. It
includes the addition of reagent such as cellulose, aluminum
chloride, ferric chloride that causes coagulation for pollutants.
This method can be used for the removal of metals, suspended
solids, and total dissolved solids (TDS). However, it is limited to
the formation of a large volume of alkaline sludge. The coagulant
could be a source of secondary pollutants. Thus, the application of
biopolymers such as cellulose as a coagulant is interesting (Liu H.
et al, 2019; Ray and Iroegbu, 2021). Cellulose is eco-friendly
biomaterials and requires a few steps (Nkalane et al, 2019).
Sawdust-derived CNC was reported as a coagulant for Ni**
and Cd** ions (Oyewo et al, 2019). It offered adsorption
capacities of 956.6 mg/g and 2,207 mg/g for Ni** and Cd**
ions, respectively (Oyewo et al, 2019). When modified with
hexadecyltrimethylammonium bromide (HDTMA-Br) showing
higher performance compared to a commercial coagulant such as
R2T2 (Nkalane et al., 2019).

The adsorption process is based on the interaction between the
pollutants (adsorbate) and the external surface of solid materials
(adsorbent). This technique is the common method for the
removal of pollutants such as metal ions and dyes. The
interactions can take place via 1) physical forces: such as
electrostatic, hydrogen bonds, van der Waals; and 2) chemical
forces: such as ion exchange and complexation. The adsorption
process offers several advantages such as high reversibility
offering the reuse of spent adsorbent via desorption. Thus, the
pollutants can be used and reconsidered as a source for chemicals.
The adsorption process depends on the good matching between
the adsorbent and adsorbate. Adsorbents with large surface area,
porosity, and small particle size offer usually high adsorption
efficiencies.

The adsorption of heavy metal ions via ion-exchange materials
such as cellulose and resins relies on the exchange between heavy
metal ions and innocuous ions such as sodium (Na*) or
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potassium (K"). This method is strictly used for metal ions. Thus,
it cannot remove other pollutants such as dyes or bacteria.
Furthermore, the high concentration of metal ions such as
Na’, and K" in drinking water may affect the ecological
system and causes a neurological disorder.

The separation of a mixture containing several liquids can be
performed via methods such as funnel separation (simple
separation of two immiscible liquids), distillation (depending
on evaporation of liquids to gas at a different temperature
depending on boiling points of each liquid), and
pervaporation (is a processing method for the separation of
mixtures of liquids via partial vaporization through a
membrane). Zeolite 13 X/regenerated cellulosic membrane was
reported for the separation of a mixture of water—glycerol via
pervaporation (Dogan and Hilmioglu, 2010). The membrane
displayed a flux and selectivity of 65gmh™' and 1,681,
respectively for 90 wt% glycerol aqueous solution. A cellulose
membrane with 20 wt% of zeolite 13X showed higher selectivity
compared to cellophane or the pristine cellulosic membrane
(Dogan and Hilmioglu, 2010).

Biological methods can be used for the removal of organic
pollutants. These methods are widely used on an industrial scale.
They depend on the use of a biological species such as bacteria, or
other organisms that can break down organic compounds. They
can be divided into aerobic (presence of oxygen) and anaerobic
(absent of oxygen) processes. The process is effective for the
removal of organic pollutants. However, they usually required a
secondary treatment process such as dissolved air flotation (DAF)
to remove material remaining after the primary treatment such as
sedimentation. The process requires high energy. Thus, advanced
technologies such as membrane aerated biofilm reactor (MABR)
save 90% of the required energy for the aeration process offering a
promising future.

Chemical reactions such as the advanced oxidation process
(AOPs) become a well-known technique for water treatment.
They are highly efficient for the removal of organic-based
pollutants. They depend on the degradation of the organic-
based contaminants into small fragments with less harmful
effects. They can be applied without producing secondary
waste. The degradation process can take place via a light
source in the presence of a catalyst (i.e, photocatalysis
reaction), heat (i.e., pyrolysis), ozone (O;, ozonation), or
electron (ionization).

Water treatment requires several steps involving different
methods. These stages may cause residual of the chemical
added during the treatment. For example, the chemical
disinfection step creates undesirable disinfection by-products
(DBPs) such as chloroform (CHCI;) and high mutagenic and/
or carcinogenic potential. Chemical reagents such as chloride or
ozone may cause the formation of chlorinated organics, or oxo-
anions species, respectively. Thus, the water quality may be
decreased. Cellulose-based materials may circumvent some of
the current challenges and open new avenues for advanced
technologies.

The review is focusing is on three aspects of 1) Adsoprtion 2)
Cataylsis and 3) Anti-microorganism including anti-fouling for
water treatment using cellulose-based materials. Cellulose with
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and without nanomaterials are reviewed. The water treatment of
pollutants such as metal ions, drug, dye, antibiotics, and
microorganism are reported. The separation of oils using
cellulose-based materials is also included.

ADSORPTION

Cellulose-Based Adsorbents for Metal lons
Heavy metals are toxic and non-biodegradable pollutant
prevalent in wastewater. Heavy metal ions can be removed
from wastewater via several approaches such as adsorption,
membrane filtration, precipitation, sedimentation,
coagulation, flocculation, and electrochemical treatment
(e.g., electro-precipitation). Among these methods, the
adsorption process is promising due to low cost, high
removal efficiency, and the adsorbed metals can be further
used when it is needed.

Cellulose-based materials were reported for the adsorption
of metal ions such as UO,?" (Sharma et al., 2020a), As>*
(Chen et al., 2019; Sharma S. K. et al., 2020), Cu?** (Qin et al.,
2019), Cd** (Movaghgharnezhad et al., 2020), Cr®* (Awang
etal., 2019.; Reshmy et al., 2022), Pb?* (Herndndez-Francisco
et al., 2020; Sharma P. R. et al., 2021), and Hg2+ (Chen et al.,
2021). The functional groups of cellulose materials play an
important role in the adsorption of metal ions. TOCNF
showed higher adsorption toward Cu®" ions and dye
molecules compared to CNC (Zhu et al., 2020). The same
observation was also reported for carboxylated CNCs that
exhibited higher metal adsorption than non-modified CNFs
(obtained through mechanical treatment) (Kardam et al.,
2014). Cellulose nanofibrils (CNF) were modified with
CMC (denoted as CNF-CMC) for the adsorption of Ag",
Cu®*, Pb*", and Hg** ions due to the abundant negatively
charged groups (e.g., hydroxyl and carboxyl groups) (Chen
et al,, 2016). Cellulose materials such as MFC can be grafted
with methyl and phosphate functional for metal ions
adsorption (Karim and Monti, 2021). CNC-containing
0-SO;" functional group (modified during the hydrolysis
using sulfuric acid) exhibited higher Ag" adsorption
capacity (34 mg/g) than CNF (obtained via mechanical
grinding, 14 mg/g) (Liu et al., 2014). The hydroxyl group
of CNC was modified with succinic anhydride (denoted as
SCNCs) for high adsorption uptake of Pb>* and Cd** ions (Yu
et al., 2013a). SCNCs can be further modified with NaHCO3;
to prepare sodium salt i.e. NaSCNCs. The sodium adsorbent
i.e., NaSCNCs showed higher adsorption capacities compared
to SCNCs (Table 2).

Cellulose can be functionalized by amination (Araki et al,,
2001; Singh et al., 2014), xanthation (Pillai et al., 2013),
sulfonation (Septevani et al., 2020), thiols (Choi et al,
2020), and phosphorylation (Sirvio et al., 2016) to ensure
high adsorption capacity and strengthens the binding
between the adsorbent and the metal ions species. Amino-
functionalized bacterial cellulose using diethylenetriamine
(EABC) was also reported (Shen et al., 2009). The presence
of amino-functional groups enhanced the metal ijon’s
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TABLE 2 | Adsorption of metal ions using Cellulose-based adsorbents.

Materials

PAMAM-g-CNF

CNC-PAH
TOCNF/Ca-alginate
TOCNF

CNC

CNC
CNC-g-PCysMA
TOCNF
CS-PEO/TOC
S-CNFgL/
TEMPO-CNCge

TOCNF-PEI
CNF-CMC

SCNCs
NaSCNCs

EABC

CCN-Alg
SA-CMC

TOCNF
NOCNF

TOCNF/GO
Bi,OsBro/BiOBr/CM

EFB-based NC

Thiol-functionalized
Cellulose (TC)

GO/CMCNF-Fe®*

Cellulose/ZrO,

Synthesis
conditions

1. Michael addition
2. Freeze-drying
ATRP

1. Micropipette tip

2. Stirring in CaCl, solution
for 24 h

Freeze-drying

1. Extraction

2. Chemical modification
Rapid Kéthen

Electrospinning
Vacuum filtration

Cross-linking chemistry
Stirring and Freeze-drying

Reflux, 120 °C for 12 h

saturated sodium
bicarbonate solution for 2 h
1. Mercerization for 1 h

at RT

2. Stirring at 50°C for 2 h
Dropped into a solution of
2% CaCl,

Dropped into a solution of
1% CaCl,
Vacuum-filtered
Nitro-oxidation

Vacuum-filtered
Hydrothermal treatment at
115°C for 20 h
Acid hydrolysis

1.Deaceytlation
2.Thiolation
3.Electrospinning
wet-spinning

Forms Cellulose
(Wt%)
Aerogel 91
Particles 92
Beads 99
Aerogels 100
Suspension 100
Membrane 100
Nanofiber 91
mat
Membrane 100
Powder 92
Aerogel 100
Powder 100
Powder 100
Beads 67
Beads 50
Membrane 100
Suspension 100
Membrane 50
89
Suspension 2
Membrane 19
Fiber 98.4
Powder

Metal
ions

Cro+

Cro+

Cu2+

NiZ*

Cd2+
Au3+
COQ+
Fe®*
Cu2+

Cu2+

CU2+
Ag*®

CU2+
Pb2+
H92+
Pb2+
Cd2+
Pb2+
Cd2+
Pb2+

CU2+
Pb2*

Pb2*

Cu2+
Cd2+

Cu2+
COZ+
Ni2+

Po?*

Cu2+
Cd2+
Pb2+
Pb2+

Ni2+

Conditions

24 h,atpH =2, RT

CNC adsorbent (200 ppm), Cré*
solution (50 ml), shaken at 300 rpm,
RT, pH 3

20 + 1°C, shaking at 25 rpm for 1 h

Coagulation

200 rpm shaking speed, room
temperature

200 rpm shaking speed, pH 6 and
room temperature

polluted water passes through the
membranes at a pressure of 0.45 MPa
Shaking at 140 rpm at 30°C

Stirring at room temperature

Shaker at 200 rpom at 25 + 2 °C

Stirred at RT (25°C)

CCN-Alg beads (0.1-1.5 g), Pb?*
(10-600 mg L"), agitation

5 mg/L initial Pb?*, 0.8 g beads, pH
5.0, 37°C

120 mg/L Cu(NOg)o, pH 5.7, 12 h

2 ml of 0.2 wt% NOCNF suspension

120 mg/L Cu(NOg),, pH 5.7, 12 h
Static condition, and 22 °C

Adding adsorbent (1° g), in 10 ml metal
solution

TC nanofiber mat (10 g), stirred in 50 m
of a metal ion, pH 4, RT

Fiber (2 mg), 15 ml of prepared Pb**
solution

Detection
methods

AAS

ICP-OES

ICP-AES

EDX

Titration with

EDTA

ICP-OES

ICP-AES
ICP-AES

ICP-OES

AAFS

AAS

AFS

ICP-OES
ICP-MS

ICP-OES
UV-Vis

GF-AAS

ICP-OES

ABS

ICP-OES

Capacity
(mgeg™)

377.36

457.6

259.0

300.6
956.6
2,207
18.1-77.5
20-60
25.9-78.6
36.76

374

52.3
106
74.8
1115
131.4
367.6
2569.7
465.1
344.8
31.41

26.11
338.98

1.7

1141
2,550

63.5

37.3(Co%")

30.2 (Ni?
24.94

49.0

45.9

22.0
99

79

Efficiency

(%)
84.4

87

60

94
99.9

91.5

98
20
98
70
92

98
76

99

84

94-100

86

Time

24 h

6h

50 min

12h

15 min

5h
3h

120
150 min
150 min

5 min
60 min
3h
18h

12h
5 min

12h
5-96 h

3 min

10h

24

1h
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Cellulose Materials for Water Remediation

adsorption. The presence of functional groups such as
carboxylic, amine, sulfonate, or phosphate ensures high
adsorption toward cationic metal ions. The metal
adsorption onto cellulose fibers is increased linearly with
the increase of the content of these functional groups.

The nitro-oxidation method for CNF, denoted as NOCNEF,
using raw Australian spinifex grass via nitric acid and sodium
nitrite was reported for metal adsorption (Sharma et al., 2018).
The extracted NOCNF exhibited medium crystallinity with a
crystallinity index (CI) of 53%. It showed surface charge,
carboxylated content, and static contact angle of —68mV,
0.86 mmol/g, and 38", respectively. The material displayed
exceptional high uptake of Cd*" ions with a maximum
adsorption capacity of 2,550 mg/g. The high adsorption
capacity was explained due to the interactions between
carboxylate groups of NOCNF and Cd*" ions leading to cross-
linking and precipitation as Cd(OH), nanocrystals (Sharma et al.,
2018).

Cellulose adsorbents in the form of membranes, beads,
foams etc are also reported. Cellulose-membranes were
prepared using CNCs, TOCNF, or zwitterionic polymer
grafted CNC (CNC-g-PCysMA) (Georgouvelas et al., 2021)
and used for the adsorption of Au’’, Co®*, and Fe’" ions
(Table 2). The synthesis procedure is simple and offers the
fabrication of a robust membrane with a diameter size of
200 mm using the sheet former method Rapid Kothen
(Georgouvelas et al., 2021). The membrane exhibited high
adsorption performance toward heavy metal ions with good
adsorption capacities (Table 2).

Park et al. reported particles of poly (acryloyl hydrazide)
(PAH)-grafted CNC (CNC-PAH) was synthesized via the
atom transfer radical polymerization (ATRP) method for the
adsorption of Cr®* jons (Park et al., 2020). It showed a rapid
adsorption rate with an adsorption capacity of 457.6 mg/g at
room temperature (RT). The high adsorption capacity wsa
attributed to the numerous amine groups in the grafted
polymers (Park et al, 2020). CNC-PAH showed 20% higher
adsorption capacity than that for poly (amidoamine)-grafted
CNF (PAMAM-g-CNF) aerogel (377.4mg/g) at similar
conditions (Table 2) (Zhao et al., 2015).

TOCNF/calcium alginate beads and aerogels were reported for
the adsorption of heavy metals such as Cu** ions (Fiol et al,
2019). TOCNF beads and aerogels exhibit removal efficiencies of
60%, and 94%, respectively. The adsorption of Cu®* ions for the
beads is mainly due to alginate. Thus, the adsorption capacity is
decreased with the increase of TOCNF contents in the beads (Fiol
et al, 2019). However, the highest adsorption Cu** capacity
(374 mg/g) was reported using TOCNEF-based membranes
(Sludge-CNFg /TEMPO-CNCgg) (Karim et al., 2017). The
adsorption of Cu®* ions can be improved via treatment with
NaOH solutions, adjusting the pH of the solution, or adding
polymers. TOCNF-polyethyleneimine (PEI) exhibited higher
Cu”* removal ability compared to the use of TOCNF alone
(Zhang et al, 2016). It can be regenerated and reused after
treatment with HCI for several cycles with an adsorption
performance of 33 mg/g which represents 63% of the initial
performance (Zhang et al.,, 2016).
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Cellulose mixed with other biopolymers such as sodium
alginate (SA) can be easily processed into beads. The biobased
additive of SA play important role in the material’s processing as
well as metal adsorption performance. Beads of carboxylated
cellulose nanocrystal and sodium alginate was reported for the
adsorption of toxic heavy metals such as Pb** ions (Hu et al,
2018). Alginate exhibits a significant contribution to the
adsorption performance. The beads exhibit high adsorption
efficiency with good recyclability (Hu et al., 2018). SA-CMC
beads were also synthesized via blending and cross-linking in
CaCl, and FeCl; solutions (Ren et al., 2016). The adsorption of
Pb** takes place via physical, chemical, and electrostatic
interactions (Ren et al., 2016).

The pH value of the solution plays important role in the
adsorption process. The wastewater is usually acidic. Thus,
cellulose can be used as an effective adsorbent compared to
other adsorption that shows instability under acidic
conditions. The metal adsorption onto cellulose nanofibers is
usually performed in the pH values range between 3 and 7. The
basic pH value (>7) is usually avoided to prevent the precipitation
of the metal ions as hydroxide or oxides.

Nanocellulose Hybrids Adsorbent for Metal

lons

Nanohybrids material of nanocellulose with a seconr
nanomaterial offer several advantages in water treatment
(Wang, 2019); for e.g., hybrid materials that show high
mechanical properties and offer high adsorption capacities
(Table 2). Nanocellulose-graphene oxide (GO) membranes
were reported for the adsorption of metal ions (Cu** and Ag")
from aqueous solutions (Zhu et al., 2017, 2018; Valencia et al.,
2019). The adsorption process was followed in real-time using in-
situ small-angle X-ray scattering (SAXS) and reactive molecular
dynamics (ReaxFF) computational simulations (Figure 5). The
analysis of SAXS data suggested that the GO layers prevent the
swelling and structural deformations of CNFs during the
filtration of aqueous metal solutions. The adsorbed metal ions
formed nanoparticles during the drying stage. The particle size of
the formed nanoparticles is increased with the time of the drying
process. The molecular dynamics simulations data confirm the
motion of the metal (Cu** and Ag") ions into the membrane for
the formation of metal clusters during adsorption (Figure 5)
(Zhu et al, 2018). The high adsorption performance of the
prepared membrane is mainly due to the synergistic effect of
GO and CNFs (Valencia et al, 2019). GO/carboxymethyl
cellulose nanofibril (CMCNE)-Fe** exhibited high adsorption
efficiency for Pb>" with good adsorbent recovery (Yu et al,
2020). GO and cellulose can be self-assembled into continuous
filament via interfacial nanoparticle complexation (Zhang et al.,
2020).

Cellulose-metal oxide nanocomposites have been reported for
the adsorption of metal ions. A hybrid membrane consisting of
cellulose membrane (CM) and BiyOsBr,/BiOBr nanosheets were
reported for metal ions adsorption of Ni** and Co®" ions
(Onwumere et al., 2020). The synthesized membrane contains
mixed materials of BiOBr (JCPDS-01-085-0862) and Bi,OsBr,

Cellulose Materials for Water Remediation

(JCPDS-37-0699) (Onwumere et al, 2020). The adsorption
capacities of Co®" and Ni** were 28.7 mg/g and 29.7 mg/g,
respectively using CM; 37.3 mg/g and 30.2 mg/g, respectively
for CM/Bi,O5Br,/BiOBr (Onwumere et al.,, 2020). Cellulose/
ZrO, composite showed selective adsorption toward Ni**
(Khan et al., 2013).

Rice husk and sugarcane bagasse derived nanocellulose iron oxide
nanocomposites (NIONs) showed adsorption of As** jons (Baruah
et al, 2020). Fe,O3/CNs were synthesized via the solvothermal
method for the adsorption maximal amount of As®* and As®*
ions (Dong et al, 2020). It showed adsorption capacities of
13.866 and 15.712mg/g at pH of 7 and 3, respectively (Dong
et al,, 2020). Magnetic attapulgite (ATP)/chitosan/BC nanofibrils
(BCNs) were reported for the adsorption of Pb**, Cu**, and Cr®
(Chen et al,, 2020). The material can be separated using an external
magnetic field. It can be recycled several times with only less than an
8% decrease after five cycles of the adsorption-desorption process
(Chen et al,, 2020). The use of nanomaterials such as magnetic
nanoparticles offered several advantages such as simple separation
via a simple external magnetic field (Haniffa et al., 2021). The hybrid
materials exhibit the advantages of both entities. They showed also
good mechanical properties and high adsorption performance
(Table 2).

Cellulose-MOFs (denoted as CelloMOF) composites are
widely reported for metal ions adsorption (Xiao et al., 2021).
A foam consisting of MIL-100(Fe) and BC nanofibers was
reported for As>* ions adsorption with a maximum adsorption
capacity of 4.81 mg/g (Ashour et al., 2020). The presence of MOF
materials such as zeolitic imidazolate frameworks (ZIF-8)
enhanced the adsorption efficiency for ZnO nanorods loaded a
cotton fabric (Schelling et al., 2020). ZIF-8@ZnO@cotton and
ZnO@cotton showed an uptake efficiency of 70 and 38%,
respectively (Schelling et al., 2020). The high adsorption
efficiency is mainly due to the large surface area of MOF
materials. Magnetic cellulose nanocrystals (MCNC) and a Zn-
based MOF were used for the adsorption of Pb>" ions (Wang
et al,, 2017). MCNC@Zn-MOF and MCNC showed adsorption
capacities of 558.66 mg/g and 92.24 mg/g, respectively (Wang
et al,, 2017). Cellulose improves also the adsorption performance
of MOF materials. A composite of ZIF-8 and BC offered 1.2 times
higher adsorption capacity toward Pb*" ions compared to pure
ZIF-8 (Ma X. et al., 2019). Cellulose offers also a MOF-based
material with a lightweight and porous structure (Bo et al., 2018;
Ma S. et al, 2019; Bahmani et al, 2020). Cellulose-MOFs
materials can be prepared as aerogels (Zhu et al,, 2016; Lei
et al, 2019; Li J. et al, 2020), filter paper (Hashem et al,
2019), substrate (Gu et al., 2020), membrane (Yang et al,
2018), and foams (Liu et al., 2021). Further information for
CelloMOF for water treatment can be found in the Review
(Abdelhamid and Mathew, 2022).

Removal of Anionic Pollutants

Water contamination with anionic species, such as fluoride (F7),
sulfate (SO4>), nitrate (NO;"), nitrite (NO,7), and phosphate
(PO,>), affect human’s health. Anionic species such as F~ are
highly risky due to the penetration of human skin and dissolving
the bone and teeth (convert hydroxyapatite (Ca;o(PO,4)s(OH),)
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FIGURE 5 | (A) Normalized radial distribution functions (RDFs) of the adsorption of Cu2+ and Ag + on CNF-GO, (B) the Average number of metal ions found around

each metal ion (within 7 A) during the simulation; The total number of metal ions is 32 in each case, (C) Ag + ions are represented with light grey spheres and NO3- ions
are rendered with ball and stick models (blue nitrogen atoms), (D) Adsorption of Cu2+ ions on CNF-GO (layer model). Cu2+ ions are represented with orange spheres
and NOS3- ions are rendered with ball and stick models (blue nitrogen atoms). CNFs are rendered through red (oxygen) and white (hydrogen) surface patches
(carbon—light grey), and GO is displayed through dark grey stick models with filled aromatic rings. Figure reprinted from Ref. (Valencia et al., 2019). This Open Access
Article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

to form fluorapatite (Cas(PO,);F)). WHO guidelines stated that
the daily drinking water containing F~ ions should be not more
than 1.5 ppm. Drinking of water-containing ions such as sulfate
(>600 ppm) results in laxative effects. Anionic pollutants such as
sulfate, nitrate, nitrite, and phosphate ion are very water-soluble
species render their removal a tedious task.

Anionic pollutants can be removed from water via several
methods including precipitation and adsorption. The use of
anionic adsorbents such as cellulose renders the adsorption of
anionic species inefficient (Table 3). Thus, cationic cellulose or

cellulose-based nanocomposites are widely used for the
adsorption of anionic pollutants (Table 3). Cationic cellulose
nanofibers can be an effective adsorbent for anions e.g., nitrate
and fluoride. (Table 3). A study reported that the adsorption
capacity of anionic dyes via quaternized cellulose nanofibrils
using trimethylammonium chloride (TMAC) was increased
with the increasing of TMAC’s content on cellulose nanofibrils
(Pei et al, 2013). Cationic cellulose nanofibers containing
positively charged quaternary ammonium groups (QCNF)
were synthesized from waste pulp residues (Sehaqui et al,
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TABLE 3 | Adsorption of anionic species using Cellulose-based adsorbents.

Materials Synthesis Forms Cellulose lons Conditions
conditions (wt%)
CNF- Reaction with Powder 100 VO3~  Shaking
(PO(OH)2.  sodium
alendronate
and
2-picoline
borane
for 72 h
BCCM Hydrothermal Membrane F BCCM
method (20 mg), pH
3, RT
Cellulose@  Stirring at 90°C  Powder 48.9 F- 200 rpm and
HAp for 14 h 25+ 1°C
using 150 ml
shaking
flasks, pH 8
GO/PNF/ Vacuum Membrane F~ Vacuum
CNF-ZrO, filtration filtration
CMC/CA 1. Stirred at Aerogel 27 NOs;~ CMC/CA
70°C for (0.19g), pH =
30 min 6, time 60
2. Frozen NOo™  min, [ions]
3. Freeze- PO, 100 ppm,
drying 30°C
QCNF 1. Suspension 0.3 P0O,>~ QCNF (33.3
Etherification g, 0.3 wt%,
2. mechanical S0.% 100 mg)
disintegration F
NO;37

2016). The synthesis procedure involved the etherification of the
pulp using glycidyl trimethylammonium chloride followed by
mechanical disintegration. The produced material has a cationic
charge content of 1.2 mmol/g. QCNF showed selective adsorption
for multivalent ions eg, PO, and SO~ compared to
monovalent ions e.g., F~ and NO;~ (Sehaqui et al,, 2016).

Cerium oxide (CeO,) nanoparticles were in-situ grown into
biomass recyclable cellulose membrane (BCCM) for the
adsorption of fluoride from industrial wastewater (Table 3)
(Yao et al.,, 2021). BCCM showed maximum adsorption of
48.0 mg/g for F~ ions (Yao et al, 2021). The membrane
exhibited high adsorption capacity compared to cellulose/
hydroxyapatite (HAp, Table 3) (Yu et al, 2013b). GO/
CNFs/ZrO, self-assembled peptide nanofibers (PNFs),
denoted as GO/PNF/CNF-ZrO,, were synthesized via a
biomineralization process for the adsorption of F~ ions
(Chen et al, 2022). The membrane offered selectivity of
95.39% with maximum adsorption of 11.63 mg/g. The
adsorption capacity increases with the increase of ZrO,
content in the biohybrid membrane (Chen et al, 2022).
Interestedly, the material exhibits high sustainability
according to the Overall Sustainability Footprint (OSF,
considering the performance, cost, and environmental
effects) method with an OSF value of 83% compared to
other materials (Chen et al., 2022).

CMC/citric acid aerogel was reported for removal of
anionic pollutants of nitrate, nitrite, phosphate (Darabitabar

Cellulose Materials for Water Remediation

Detection Capacity Efficiency Time Ref
methods (mgeg™) (%)
AFS 194 24 h Sirvio et al.
(2016)
Selective fluoride 48 6h Yao et al.
electrode (2021)
lon 4.20 360 min  Yu et al
chromatography (2013b)
lon 11.63 97.46 Chen et al.
chromatography (2022)
Photometer 254.67 ppm  79.65 73.04 98.18 60 min  Darabitabar
(NO2") et al. (2020)
83.33 ppm
(PO4*)
15.33 ppm
(NO3")
ion 54 67 Sehaqui
chromatography et al. (2016)
50.2
10.6
44

etal., 2020). The aerogels exhibited a high specific surface area
with high porosity (low density). They showed high adsorption
capacity for nitrite (NO,"), nitrate (NO3™), and phosphate
(PO4’") with a capacity of 79.65, 73.04, and 98.18 ppm,
respectively (Darabitabar et al., 2020).

Dye Removal Using Nanocellulose

Materials
Organic dyes are widely used for several industries including
paper, textile, and dying processes. The world production of
dyes exceeds hundreds of tonnes (ca. 7 x 10° metric tons/year)
annually (Carmen and Daniel, 2012). The water-soluble dyes
are usually leaked to water sources including groundwater.
Thus, it can be considered a critical pollutant for drinking
water. For instance, there is more than 20% of the used dyes
released into the water during the application process such as
dyeing. The organic dyes are toxic for humans, marine, and
microorganisms. The toxicity depends on the charge of the dye
(cationic dyes are higher toxicity than anionic dyes),
functional groups present the dye’s molecules,
concentration, and the uptake procedure. Organic dyes are
typically removed from water via several processes including
adsorption, filtration, encapsulation, and degradation
(Figure 6).

Cellulose enables high adsorption efficiencies for organic dyes
(Table 4). Anionic forms of CNCs (sulfated and carboxylated)

in
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FIGURE 6 | Methods used for removal of organic dyes.

were investigated for the adsorption of cationic dye called
Auramine O (AO) (Pinto et al., 2020). Thermodynamic values
indicated that the process of the adsorption is spontaneous due to
the electrostatic interactions. Amino-functional cellulose enables
the adsorption of anionic dyes under acidic conditions.
Nanocellulose modified polyvinylamine (PVAm) under acidic
conditions showed high adsorption of anionic dyes; congo red
4BS, acid red GR, and Reactive light yellow K-4G with maximum
adsorption capacities of 869.1, 1,469.7, and 1,250.9 mg/g,
respectively (Jin et al, 2015). The high adsorption capacity
could be due to the chemisorption of these species (Jin et al.,
2015). Cationic cellulose exhibits high adsorption performance
for anionic organic dyes such as dyes, and antibiotics (Table 4).
Cellulose from flax noil (CFN) was functionalized with
triethylamine to obtain quaternary ammonium salt CNF
(QCEN) for the adsorption of amoxicillin (AMX) (Hu and
Wang, 2016). QCNF showed an adsorption capacity of
183.3 mg/g of AMX (Hu and Wang, 2016).

Electrospun fibers consisting of cellulose acetate (CA) and
CNC with different wt% ratio of CA:CNC (Goetz et al., 2018)
exhibited rejection efficiency of 20-56% for particles of
0.5-2.0 pm. They showed a high rejection of 80-99% for
dyes (Goetz et al,, 2018). All-cellulose layered membranes
containing CNC, TOCNF, or CNC-g-PCysMA were
reported for the adsorption of organic dyes such as
rhodamine B (RhB) and methylene blue (MB)
(Georgouvelas et al., 2021). The membranes were fabricated
via a sheet former Rapid-Kothen (Figure 7). They exhibited
high flux ranging from 3,417 to 11,742 Lh™'em *ebar™'. They
can remove MB via adsorption with adsorption efficiencies of
26%, 21%, and 35% for CNC, CNC-g-PCysMA, and TOCNF,
respectively (Figure 7). They can be also used as a catalyst for
dye decolorization via hydrogenation wusing sodium
borohydride = (NaBH,;). The membrane shows a
decolorization efficiency of 100% toward RhB (Georgouvelas

Cellulose Materials for Water Remediation

et al., 2021). However, this process is reversible due to the
incomplete degradation of the dye (Figure 7).

Cellulose was modified with several polymers such as
polypiperazine (Yu et al, 2010), and hydrolyzed
polyacrylamide (HPAM) and was used successfully to remove
MB. (Zhou et al., 2014). Pore-forming agents or porogen as
CaCOj; nanoparticles can be also added during the formation
of cellulose/MFC composites (denoted as MCMFCs, Figure 8) (Li
et al., 2018) and removed in acidic conditions after the formation
of MCMFCs composite (Li et al., 2018) to tune the porosity.

Nanocellulose-based membrane with GO was synthesized via
vacuum filtration of CNF suspension and GO solution,
successively (Figure 9) (Liu et al, 2019c). The synthesized
membranes exhibited ultrahigh flux of 18,123 L m “eh™'ebar ™'
with excellent mechanical properties in both dry and wet forms.
They showed an efficient rejection rate of positively and
negatively charges organic dyes (92-99%) due to electrostatic
repulsion, hydrophobic nature, and size exclusion properties (Liu
et al,, 2019¢). The membrane showed removal efficiency of 98.8,
97.6, and 92.3% for Victoria blue B (VBB), Methyl Violet 2 B
(MV2), and Rhodamine 6 G (Rh6 G), respectively (Liu et al.,
2019c). TOCNF/GO was also used for the coating of a
polyvinylidene difluoride (PVDF) substrate in using the blade
coating technique (Liu et al., 2019b). The pristine free-standing
TOCNF film exhibits poor permeability. On the other side,
hybrid coating with a TOCNF:GO ratio of 100:1 offered water
permeability of 816 + 3.4L m > eh™" ebar '. The membranes
showed higher permeability compared to most of the common
polymer-based membranes. They offered high retention
efficiency of 82-99% for dyes (VBB, Rhodamine B (RhB),
Methyl Orange (MO), Rh6G, Methyl Blue (MeB), and
Methylene Blue (MB)) (Liu et al., 2019b).

Microbeads consisting of CMC/carboxylated graphene oxide
(GOCOOH) were fabricated via dropping at room temperature
into AlCI; solution (3%) for the adsorptive removal of a cationic
dye such as MB (Eltaweil et al., 2020). The adsorption process of
MB dye onto CMC/GOCOOH microbeads is an exothermic
process indicating the high affinity of the synthesized beads
toward MB molecules. The process exhibited maximum
capacity at pH 10. The cellulose beads can be recycled for
nine repetitive cycles (Eltaweil et al, 2020). Zwitterionic
cellulose-based aerobeads containing anionic (HKUST-1) and
cationic (ZIF-67) MOFs (denoted as HKUST-1&ZIF-67@CNF)
was reported for the adsorption of diclofenac (DIC) and methyl
orange (MO) (KarzarJeddi et al., 2020). The aerobeads exhibited
adsorption capacities of 121.20 mg/g and 49.21 mg/g toward DIC
and MO, respectively (KarzarJeddi et al., 2020).

Removal of Other Organic Pollutants

Water contamination with organic pollutants is widely spread
nowadays. The organic pollutants can be small molecules such as
oils, organic dyes, pharmaceuticals, antibiotics, nitro-
compounds, cosmetic products, and drugs. They can be
classified as miscible/soluble and immiscible water organic
pollutants. The immiscible organic pollutants such as oils can
be easily removed via the separation of organic layers from
aqueous layers. In contrast, removing water-miscible/soluble
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TABLE 4 | Pollutants removal using cellulose-based materials via adsorption.

Materials Synthesis Forms Cellulose Dyes
conditions (wt%)
CNC Rapid Kéthen Membrane 100 MB
CNC-g- RhB
PCysMA
TOCNF
NC/PVAmM 1. Oxidation Microgel 23.3 Congo red
2. Crosslinking 4BS, acid red
GR K-4G
MCMFCs 1. Generate the Powder 100 MB
beads via
precipitation
2. Acid treatment
HPAM/CNC Casting in a plastic ~ Film 20 MB
Petri dish and dried
for 24 h using a
forced air oven
at 80°C
GO/CNF Vacuum filtration Membrane 96 VBB, MVv2
and R6G
CMC/ Dropping into AICI;  Beads 75 MB
GOCOOH solution
NC—Jeffamine 1. Carboxylation Powder 100 ACMP
2. Covalent SMz
attachment DEET
Nanocellulose ~ Commercial Powder 100 chlorpyrifos
(NC)
QCNF Solvothermal Cationic 100 AMX
CNC-0SO3 Sulfuric acid- Powder 100 AO
mediated hydrolysis
of hardwood pulp
Fes04/ Co-precipitation Powder 34.09 MB
SiO,/CMC
Uio-66/ 1. Static Foam 56.7 Aspirin TC
PDA/BC fermentation
process
2. Polymerizaltion
3. Solvothermal
Mg-Al In-situ precipitation  Beads 95 AMX
LDH@CB
CA/ZnO/ DIPS Membrane 90 3Bp
zeolite

organic pollutants is a tedious task. The water-soluble organic
pollutants can be removed via adsorption, or degradation to small
fragments via advanced approaches such as photolysis via UV-
Visible photocatalysis, ozonation, and oxidation/reduction.
Nanocellulose-based materials were reported for the adsorption
of other pollutants such as pharmaceuticals, drugs, and antibiotics
(Table 4). Nanocellulose (NC) was grafted with a block copolymer
Jeffamine ED 600, denoted as NC-Jeffamine for the adsorption of
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Conditions Capacity Efficiency Time Ref
(mgeg™) (%)
Membranes 78 180 min  Georgouvelas
(100 mg), shaken 63 et al. (2021)
(200 rpm) at room
temperature 100
Stirred at 180 rpm 869.1 100 8h Jin et al. (2015)
1,469.7
1,250.9
Adsorbents 303 92 150 min  Lietal. (2018)
(10 mg), dye
solution (20 ppm)
2 mg of gel films, 326.08 90 240 min  Zhou et al. (2014)
dye (6 ppm)
Dye: 2 mg/L; 2.3-3 60-100 11 min  Liuetal (2019¢)
Volume: 30 ml; pH:
7.17; filtration
pressure: 0.9 bar
[MB] = 200 mg/L, 180.32 95 300 min  Eltawell et al.
dye volume = 50 ml, (2020)
adsorbent dose =
0.05 g, temperature
=25°C,andpH=10
NC (0.1 g), Drugs 24 h Herrera-Morales
(10-50 mg/L) et al. (2017)
NC (1.5 g/L) 12.325-7.247 99.3 20 min  Moradeeya et al.
(2017)
80 ppm of AMX 183.3 100 200 min  Hu and Wang,
solution, shaken at (2016)
120 rpm
CNC (75 mg) of 20 82 30min  Pinto et al. (2020)
CNC, continuous
stirring at 500 rpm
Fez04/Si0,/CMC 29 85 12h Zirak et al. (2018)
(50 mg), MB
(50 ppm), and
stirred
Adsorbent (10 mg), 149 90 15h Cui et al. (2020)
150 rpm and at
25°C
184
30 g wet LDH@CB, 138.3 24 h Yang et al.
shaken, 298 K, (2020a)
200 rpm, 24 h
Filtration unit, BP-3 90 Rajesha et al.
(1, 3 and 6 ppm) (2019)

paracetamol (acetaminophen, ACMP), sulfamethoxazole (SMZ),
and N, N-diethyl-meta-toluamide (DEET) (Herrera-Morales et al.,
2017). The adsorption takes place via electrostatic interactions. NC
was also reported for the adsorption of an insecticide called
chlorpyrifos (Moradeeya et al., 2017). The experimental data, as
well as computational results, indicated that NC exhibited effective
removal of chlorpyrifos via adsorption from aqueous solution
(Table 4) (Moradeeya et al., 2017).
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FIGURE 7 | (A) Schematic representation for the synthesis of all-cellulose membranes, and photographs of CNC membranes (51 mm diameter) that can be flipped
and (B) the membrane before and after adsorption of organic dyes, RhB and MB. Figure reprinted from Ref (Georgouvelas et al., 2021). This Open Access Article is
licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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FIGURE 8 | Schematic representation of MCMFCs. Figure reprinted with permission from Ref. (Li et al., 2018). Copyright belongs to the American Chemical Society (ACS, 2018).

Cellulose-inorganic nanoparticles hybrid materials were reported ~ double hydroxide (Mg-Al LDH) was synthesized via the in-situ co-
for the adsorption of dye, drug, and cosmetic products (Table 4). A precipitation method for the adsorption of Amoxicillin (AMX)
core-shell of CMC coated Fe;04@SiO, (Fe;04/Si0,/CMC) was (Yang C. et al, 2020). The material showed an adsorption
synthesized via chemical co-precipitation for the removal of MB  capacity of 138.3 mg/g (Yang C. et al, 2020). Cellulose acetate
(Zirak et al, 2018). A soft foam consisting of MOF (UiO-66), (CA)/zinc oxide (ZnO)-Zeolite membrane was synthesized using
polydopamine (PDA), and bacterial cellulose (BC), UiO-66/PDA/  diffusion induced phase separation (DIPS) method for the removal
BC, was reported for the adsorption active pharmaceuticals  of benzophenone-3 (Bp-3), a sunscreen agent, from water (Rajesha
compounds such as aspirin (AS) and tetracycline hydrochloride et al, 2019). The membrane offered 98% rejection of Bp-3 in
(TC) (Cui et al,, 2020). A cellulose bead (CB) with Mg-Al layered  neutral pH.
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FIGURE 9 | Dye filtration performance, (A) Photograph and micrograph of GO-CNF1 membrane after dye filtration. (B) Retention of dye molecules by the
membranes. (C) Retention performance of GO-CNF1 membrane, as a function of hydrated radius for the probe dye molecules with different charges; (D) permeation of
dye solution through the membranes. Figure reprinted with permission from Ref. (Liu et al., 2019c). Copyrights belong to Elsevier (2019).

Oil-Water Separation

Ships transport several billion gallons of petroleum oil every year.
In 2020 only, OPEC announced the refinery capacity of
12.2 million barrels per calendar day. Several million gallons of

petroleum oils are spilled in the sea and ocean during
transportation. The contamination of water with oils harms
the aquatic life of animals and other species. Oils are usually
immiscible with water and float on the top layer of water
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preventing the penetration of sunlight into the water and
decreasing the underwater photosynthesis process. Thus,
several materials including lignocellulose (Firtauer et al,
2021), polypropylene (Teas et al., 2001), silica, zeolites, and
natural sorbents (Adebajo et al., 2003) were reported for
cleaning up the oil spill. Cellulose-based materials were
reported as adsorbents, flocculants, and separation membranes
for oil/water (Peng et al., 2020).

Cellulose is a hydrophilic material. However, it can be
modified to be super-hydrophobic. It was modified with
hexadecyltrimethoxysilane (HTMS) wvia chemical vapor
deposition (CVD) for the separation of oils (Shang et al,
2021). The materials were fabricated into aerogel with a water
contact angle of 151°. It exhibited high adsorption performance
for various oil with a capacity of 77-226 g/g with excellent
recyclability over 30 cycles. It showed an adsorption capacity
of 226 g/g for chloroform with high selectivity over other tested
oils (such as olive oil, gasoline, and silicone oil), and solvents
(such as n-hexane, cyclohexane, toluene, 1,2-dichloromethane,
chloroform (CHCI;), dimethyl sulfoxide (DMSO), and DMF
(dimethylformamide)) (Shang et al., 2021).

Degradation of Organic Pollutants Using

Nanocellulose-Based Catalysis

Dye molecules can be degraded into small molecules via several
reactions including chemical reactions (reduction, and
oxidation), and photocatalysis (Table 5). The degradation
process can be achieved via chemical reactions such as redox
reaction ie. reduction, and oxidation process. The chemical
process requires reducing or oxidizing agents. The cellulose-
based materials are mainly working as catalysts to enhance the
redox reaction. They can be also conjugated with photocatalysts
such as TiO,, CuO, ZnO.etc for degradation under UV and visible
light i.e., photocatalysis (Table 5).

All cellulose-based membranes were reported for the
adsorption and decolorization of organic dyes such as MB
(Figure 7). They showed adsorption efficiencies of 26, 21, and
35% for CNC, CNC-g-PCysMA, and TOCNF, respectively
(Georgouvelas et al, 2021). However, they can effectively
decolorize the dyes with an efficiency of 100% for dye such as
RhB using NaBH, as a reducing agent. The high decolorization
efficiency in the presence of cellulose membranes was due to the
improvement in the self-hydrolysis of NaBH, (Abdelhamid,
2021a). Cellulose-based membranes showed 1.5-3 fold higher
hydrogenation efficiency compared to self-hydrolysis of NaBH,
(Georgouvelas et al., 2021).

Cellulose-MOFs (denoted as CelloMOF) were reported as an
effective catalyst for dye degradation via the chemical reduction
using NaBH, as reducing agents (Nasser Abdelhamid and
Mathew, 2021). CelloMOF materials showed high selectivity
toward anionic dye adsorption such as MeB with a removal
efficiency of 100% (Figure 10). They can be also used as a catalyst
for other dyes via hydrogenation. They exhibited complete
removal of dye via degradation that was confirmed using
analytical techniques such as mass spectrometry. The materials
can be implemented into a cellulosic filter paper (Figure 10).

Cellulose Materials for Water Remediation

They can selectively remove the dye from a mixture with good
recyclability and excellent efficiency (Figure 10). They are
promising for further exploration.

Dye degradation via photocatalysis using cellulose-based
materials was also reported (Table 5). Metal oxide
nanoparticles can be crystallized spontaneously into
carboxylated cellulose nanofibrilbased films such as TOCNF
during the adsorption of Cu®* metal ions from water
(Valencia et al., 2020). The adsorption process leads to the
growth process of Cu,O without the need for any further
chemicals or experimental conditions such as temperature.
The formation of nanoparticles on the TOCNF films is simple
and easy (Valencia et al., 2020). The formed Cu,O/TOCNEF thin
film was further used as a photocatalyst for the removal of organic
dyes such as MB via synergistic adsorption and photocatalytic
degradation (Table 5) (Valencia et al., 2020). The photocatalysis
showed effective removal of almost all organic dyes within a short
time (Table 5) (Valencia et al., 2020). Photocatalytic degradation
of a dye such as RhB was reported using Bi;OsBr,/BiOBr/CM as a
photocatalyst (Onwumere et al., 2020). The photocatalyst showed
almost complete removal of the dye after 100 min under 405 nm
illumination (20 W) with the addition of an oxidant such as
hydrogen peroxide (H,0,, Table 5) (Onwumere et al., 2020). In-
situ growth of TiO, nanorods (NRs) and Au nanocrystals (NCs)
was reported using CNCs (Figure 11) (Nair et al., 2020). CNC/
TiO, NRs/Au NCs were investigated as photocatalysts for the
degradation of RhB dye in the presence of H,O, (Figure 11). The
presence of plasmonic nanoparticles such as Au improved the
performance of the photocatalyst leading to high dye degradation
(Figure 11) (Nair et al,, 2020).

A membrane of CMC/GO/magnesium oxide (MgO)
nanoparticle (CMC/GO/MgO) was prepared for photocatalytic
antifouling (El-Shafai et al.,, 2021). It can be used as an antifouling
membrane due to the generation of electrons, and reactive oxygen
species (ROS). Thus, it can be used for the oxidation of organic
pollutants (El-Shafai et al., 2021). Photodegradation of phenol
was reported using TiO, NPs/regenerated cellulose (RC)
(Table 5) (Zeng et al., 2010). TiO, NPs/RC exhibited higher
efficiency compared to RC and TiO, NPs (Zeng et al., 2010).
MOF@viscose exhibited self-cleaning properties for organic dyes
(Emam et al.,, 2018).

WATER DECONTAMINATION FROM
MICROBIAL SPECIES: ANTI-FOULING AND
ANTI-BCTERIAL PROPERTIES OF
CELLULOSE-BASED MATERIALS

Microbial species such as bacteria, fungus, and algae cause a high
risk to human health, especially if the contaminants are pathogen
species. Pathogens microorganisms are usually removed via the
addition of an oxidant such as ferric chloride, chlorine
throughout the water treatment stages. The role of the
oxidants, such as chlorine (Cl,), chlorine dioxide (ClO,), and
ozone (0O3), is to inactivate the biological activity of the pathogens
preventing their replication.
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TABLE 5 | Cellulose-based materials for water treatment via catalysis.

Materials Synthesis Form Cellulose Pollutants Methods Conditions Efficiency Time Ref
(%) (%)
CNC Rapid Kéthen Membrane 100 RhB Hydrogenation ~ Membranes (100 mg), 100 180 min  Georgouvelas
CNC-g- shaking (200 rpm), RT, et al. (2021)
PCysMA NaBH,4, 19
TOCNF
BisOsBry/ Hydrothermal Membrane 89 RhB Photocatalysis 405 nm illumination 98 100 min - Onwumere et al.
BiOBr/CM treatment at 115°C (20 W) with the addition (2020)
for 20 h of HxO»
Cu 0/ 1. Drying in an oven at  Thin film MB Photocatalysis UV lamp with major 98 8 min Valencia et al.
TOCNF 35°C, 1 bar, 24 h emission at lambda (2020)
2. Soaking in Cu?* 365 nm (6 W)

solution for 60 min, and
drying overnight at RT

CNC/ 1. Solvothermal, 60°C~ Powder 13 RhB Photocatalytic 100 mW cm™ AM 65 100 min  Nair et al. (2020)
TiO, NRs for 3h 1.5G light (1 sun), with
2. Solvothermal, 200°C, the addition of H,O5
nitrogen, 2 h
CMC/ 1.Precipitation Membrane MB Photocatalysis  irradiation source at 82 80 min  El-Shafai et al.
GO/MgO 2.Ultrasonication 365 nm, MB (1 mM) (2021)
TiOo Acid hydrolysis at RT ~ Film Phenol Photocatalysis ~ TiOo/cellulose wet films 90 120h  Zeng et al.
NPs/RC (8 x 1cm x 8cm), (2010)
phenol (67.2 ppm),
dark for 6 h

per  CelloZIF Run

FIGURE 10 | a) Dye solution of (A) RhB, MeB, and the mixture (RhB and MeB) before and after separation via filtration using (B) conventional filter paper (FP) and
CelloZIF-8 loaded FP, (C) filter paper after separation and drying, and (D) recyclability. Figure reprinted from Ref. (Nasser Abdelhamid and Mathew, 2021). This Open
Access Article is licensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.
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FIGURE 11 | Schematic representation of seed-mediated TiO2 NR
synthesis, Au NCs deposition, and suggested photocatalytic process for dye
degradation (Nair et al., 2020). This Open Access Article is licensed under a
Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

Different grades of nanocellulose have shown favorable
performance with respect to antifouling and antibacterial
properties. Nanocellulose with residual lignin (Valencia et al.,
2019) as well as TOCNF (Aguillar-Sanchez et al., 2021) exhibit
inherently antibacterial, antioxidant, and antifouling properties.

TOCNEF and poly (vinyl alcohol) (PVA) were used for the
coating of polyethersulfone (PES) substrate (Aguilar-Sanchez
et al, 2021). The membrane was used for antifouling
application. TOCNF/PVA@PES membrane showed high
resistance to bacterial Escherichia coli (E. coli) colonization. It
prevents biofilm formation for 18 h offering high antifouling
performance  (Aguilar-Sanchez et al, 2021). Micro/
nanocellulose membrane grafted with zwitterionic poly
(cysteine methacrylate) (PCysMA) acts as an antibacterial
agent (Valencia et al, 2018). The synthesized membranes
exhibited excellent antifouling properties (Valencia et al,
2018). They showed a reduction efficiency of 85% in the
biofilm formation of Staphylococcus aureus (S. aureus)
(Valencia et al., 2018). The electrospun nanofibrous scaffolds
functionalized using nanocellulose can remove waterborne
bacteria at 2-3 times higher flux compared to that of
commercial microfiltration) -based membranes (e.g., Millipore
GS9035) (Ma et al, 2011).

Cellulose-inorganic hybrids exhibited high antibacterial
performance. Nanofiltration (NF) membrane consisting of
CNC/silver (CNC/Ag) into a polyamide layer was fabricated
using the interfacial polymerization (IP) method (Xu et al,
2020). The membrane with 0.01 wt% CNC/Ag showed a high
pure water permeability of 25.4 L m™>h™" bar™. It offered high
antifouling with flux recovery of 92.6% using humic acid and
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antibacterial activity of 99.4% against E. coli viability (Xu et al.,
2020). A composite nanofiber of cellulose acetate (CA) and
polysulfone (PSf) with 0.1wt% ZnO exhibited high
antibacterial activity against E. coli (Mousa et al., 2020).

Cellulose-MOFs  materials are promising for water
decontamination from microbial species including bacteria,
fungus, and algae. Superhydrophobic polydimethylsiloxane
(PDMS)/ZIE-8@cotton showed excellent antibacterial activity
against bacteria (Yang Y. et al., 2020). Different metal-based
MOFs e.g., ZIF(Ni), ZIF-8(Zn), and ZIF-67(Co) were used for the
modification of cotton (Emam et al., 2020). The materials were
investigated as antibacterial fabric against S. aureus, Bacillus
Cereus (B.cerus), E. Coli, and Candida albicans (C. Albicans)
(Emam et al, 2020). Almost all reported MOFs exhibited
antibacterial activity indicating their potential for water
decontamination. Cellulose paper (CP)/cellulose nanofibrils
(CNF)/ZIF-67 offered high antibacterial against E. coli (Qian
et al., 2018). The antibacterial activities against E. coli were
increased with the increase of the loading of ZIF-67 MOF
(Qian et al, 2018). Copper-based MOFs such as HKUST-1
loaded TEMPO-oxidized corncobs (OCBs) exhibited higher
antibacterial activity compared to Zn-based MOF such as ZIF-
8/OCBs (Duan et al., 2019). HKUST-1/OCBs and ZIF-8/OCBs
showed antibacterial efficiencies of 90.2%, and 44.8% against E.
Coli, respectively (Duan et al., 2019).

Cationic cellulose materials can be used as flocculants agents
to collect and harvest microalgae. Cationic CNC (QCNC) was
synthesized via modification with cationic groups such as
pyridinium (PYR) or methylimidazolium (MIM) (Blockx et al.,
2019). The degree of substitution (DS) values were 0.08-0.34 and
0.10-0.29 for PYR and MIM, respectively. The materials were
used as flocculants for harvesting the freshwater microalgae
Chlorella Vulgaris with an efficiency of higher than 95%
(Blockx et al., 2019). They exhibited several advantages such
as low-cost and low energy requirements (Blockx et al., 2019).
QCNC was also reported as flocculant for Nannochloropsis
oculata (Verfaillie et al., 2020). It required a low dose (11 mg/
L) compared to chitosan (35 mg/L). However, the maximum
flocculation efficiency for QCNC (90%) is lower than chitosan
(95%) (Verfaillie et al., 2020). The interactions are mainly due to
the interaction between the negative charge membrane of
bacterial and positive charge on QCNC and chitosan
(Abdelhamid and Wu, 2013a, 2013b; Gopal et al, 2013;
Abdelhamid et al., 2019).

CONCLUSION AND PERSPECTIVES

Cellulose in nanoscale, without and with chemical modifications
or in combination with other nanomaterials as graphene oxide,
metal-organic frameworks (MOFs), TiO, nanowires have
demonstrated high efficiency for water treatment. They can be
used as adsorbents, size exclusion membranes, and catalysts.
Nanocellulose can be fabricated into different forms such as
foams, paper, sheets, and filters to satisfy the customer’s
requirements. They can be used for removing water pollutants
such as metal ions, dyes, drugs, and microbial species.
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The advantages and disadvantages of cellulose based water

treatment are listed below:

- Cellulose has the advantage of being available bioresources
source which can be abundant and cheap (Bhattacharya et al.,
2008; Chen et al,, 2011). It can be reproduced from waste via
recycling (Mohamed et al, 2015). HOwever the current
methods for the production of nanocellulose are still in the
laboratory or pilot-scale production. Thus, further
investigations for industrial production scale for cellulose in
nanoscale and cationic cellulose are highly required for
industrial-scale water treatment.

- Cellulose based materials exhibits high adsorption efficiency
especially for the low concentration level of heavy metals
(Zhou et al,, 2020). Key parameters affecting adsorption
using cellulose-based materials include pollutants properties
such as charge, ionic radii, and compositions as well as
presence of interfering species, functional groups of
cellulose, adsorption conditions as well as adsorbent forms
and properties. The adsorption efficiency usually decreases
with concentration. Thus, extra steps such as dilution are
required to achieve high adsorption performance.

- The direct interaction between cellulose and metal ions
leads to the precipitation of metal ions into oxides. Several
studies reported the precipitation of the metal ions after
incubation with cellulose. For example, Cd*" ions (Sharma
et al., 2018), and Cu®*" ions (Valencia et al., 2019) were
precipitated as Cd(OH), nanocrystals onto NOCNF and
Cu,0 onto TOCNF, respectively. The mechanism of the
precipitation is still unclear and requires further
investigation. The functional groups of cellulose such as
hydroxyl groups enable direct synthesis of nanoparticles
without the need for external agents. Thus, they can be used
for the synthesis of nanoparticles such as Pt NPs (Johnson
etal, 2011; Lin et al., 2011), ZnO NPs (Chen et al., 2013),
Ag NPs (Wu et al.,, 2008; Ifuku et al., 2009; Elayaraja et al.,
2017), Pd and Au NPs (Zhang et al., 2018). The synthesis
requires the addition of the heavy metal ions to the
cellulose suspension without any additional reducing
agents. The reduction ability of cellulose is mainly
attributed to the electron-rich hydroxyl groups. The
adsorption of heavy metal ions into cellulose can be
further converted to advanced materials such as hybrid
nanocomposite of cellulose-nanoparticles.

- The integration of inorganic nanoparticles with cellulose
brings several advantages such as preventing
agglomeration and aggregation ensuring high colloidal
stability (Shang et al., 2021). The use of inorganic
nanoparticles such as magnetic nanoparticles offers
simple separation of the materials after water
purification via an external magnet. Inorganic
nanoparticles enable the applications of cellulose for
methods such as catalysis (Kaushik and Moores, 2016),
and photocatalysis (Mohamed et al., 2017). However, the
risk for nanoparticles on the human and ecological
environment is questionable. Several reports prove
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cytotoxicity and ecotoxicity for common inorganic
nanomaterials. For instance, Cu NPs (Manna et al,
2012), TiO, NPs (Trouiller et al., 2009), and ZnO NPs
(Ma et al.,, 2013) can induce hepatic dysfunction; DNA
damage and inflammation in mice; generation of reactive
oxygen species, respectively. The intrinsic toxicity of
nanoparticles can be mitigated via the formation of
strong interactions in the nanocomposite or via further
modification that prevents the dissolution of nanoparticles
into ions.

- Cellulose can be performed into several forms such as filters
(Li C. et al,, 2020), membranes (Sharma et al., 2020b) and is
facilitated by their capability to perform reactions such as
cross-linking (Liang et al., 2020). The processing technologies
of cellulose-based materials into commercial products become
san essential step for commercial use of this technology. The
current methods are still in the infancy and require further
exploration.

- Applications of cellulose for other water treatment methods
including desalination (conversion of seawater into drinking
water) should be further investigated. The electrochemical
methods used to a very limited extent because of the low
conductivity of cellulose. However, the creation of new
functional groups inside cellulose may enhance the electric
properties of cellulose enable high electrochemical
performance for water remediation.

- Cellulose-based materials offer recycling possibility. For eg.,
adsorbed metal ions can be easily removed after adsorption by
washing under acidic conditions (Sehaqui et al., 2014) which
opens up possibilities for recovery of valuable metals and reuse
of membranes. However, the regeneration of the materials
required in some cases harsh conditions such as the use of acid,
and environmentally unfriendly reagents. The regeneration
step is essential for saving resources of cellulose-based
materials. Further investigations for the regeneration
procedure with high efficiencies are highly required.
Celluose based water treatment products offer possibilities
for biodegradation (Barbosa et al, 2020), however the
biodegradation route depends on the nature and toxicity of
the pollutant.
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