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Nanocellulose has been reported to be a very useful biomaterial with applications
in biomedical, pharmaceutical, built industry, automobile, aerospace and many more.
Its advantages over synthetic fibers include renewability, energy efficiency, cost
effectiveness, biodegradability and good mechanical and thermal properties. However,
the production of cellulose nanoparticles (CNPs) has focused more on woody plant
sources. Non-woody biomass constitutes a large group of plant sources that are yet to
be given the proper attention for utilization as raw material for nanocellulose particle
production. This group of lignocellulosic biomasses is generally obtained as waste
from farming activities, home gardens or office wastes. They are majorly composed
of cellulose, hemicellulose, and lignin. However, their composition varies widely from
one plant source to another. The variation in their composition results in limitations in
the procedures employed in extraction of CNPs and of processing of the extracted
CNPs. This means that different biomasses may have different ways by which CNPs are
extracted from them. Therefore, this review intends to x-ray these variations, its effect
on the structural properties of extracted CNPs and possible ways such limitations can
be mitigated.

Keywords: TEMPO-mediated oxidation, alkalization, non-woody plants, acid hydrolysis, cellulose nanoparticles,
extraction procedures

INTRODUCTION

Concerns over environmental safety and sustainability have pushed mankind into search
for alternative materials to replace less environmentally friendly material. Synthetic polymers
constitute nuisance to the environment because of their long half-life and inability to biodegrade
in the environment. Additionally, landfills are rapidly being filled up with a forecasted problem
of limiting the available land for other useful purposes. The drive for advanced and eco-friendly
material for various applications in homes, offices and industries has propelled material scientists
to the discovery of cellulose nanoparticles (Abdul Khalil et al., 2016). These cellulose nanoparticles
(CNPs) have been found to possess superior physical, barrier, thermal and mechanical properties in
comparison to other fibers extracted from the same sources (Salehpour et al., 2018; Sheikhi, 2019).
CNPs are extracted majorly from plants by employing three major successive processes (Taha et al.,
2016; Mishra et al., 2018; Salehpour et al., 2018; Agwuncha et al., 2019). These processes include
alkalization or mercerization, bleaching and acid hydrolysis. Proper combination of these processes
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helps to remove all other components from the fiber, leaving
behind highly crystalline nanocellulose particles (Lorenz et al.,
2017; Salama et al., 2018; Agwuncha et al., 2020). The properties
of the extracted CNPs are affected by the conditions utilized
during each process, making it extremely important to select
treatment conditions that will give the desired properties. The
methods of extracting these nanocellulose are of great research
interest around the world today, with various laboratories’ scaled-
up investigations being reported in last decade (Sharma et al,
2019). Scale-up studies of industrial production of nanocellulose
has also been reported with plants in the United States of
America, Canada and Europe, although the first ever pilot plant
was set up by Inventia, Sweden in 2011 (Phanthong et al,
2018). CNPs applications are very diverse and so are their
properties. CNPs used for food packaging may possess extra
quality not required in automobile industry and vice visa. To
influence these properties, important modifications are made
to the surface chemistry. Also, the matrix used in preparing
biocomposites containing CNPs are important (Varanasi et al.,
2015; Lei et al., 2018; Dacrory et al., 2019; Hivechi et al., 2019;
Ramesh and Radhakrishnan, 2019).

The use of plant fibers predates the industrialization era. For
over 40,000 years, the ancient civilization by the early humans
utilized plant fibers to their advantage (Kvavadze et al., 2009).
However, industrial revolution, which led to the discovery of
steel and other alternative materials, including the production
of synthetic polymers, led to the abandonment of these natural
fibers. The industrial revolution made use of natural resources
that are finite and cannot be renewed. The effect of environmental
pollution has been felt more with increase in world population.
The demand for more materials and energy resources has
increased and so also is the generation of waste from homes,
offices, and industries. The problem of replenishing these finite
raw materials, managing these wastes generated and keeping
the environment sane has now become a serious global issue
(Rathore and Pradhan, 2017; Hamad et al., 2018). About three
decades ago, material scientists went back in time to the use
of plant fibers as a promising alternative. They identified that
when these plant fibers are treated with alkaline solution, the
mechanical and thermal properties were enhanced. In addition,
the plant fibers upgraded the bulk properties of the composites
when used in the preparation of composites (Balakrishnan et al.,
2019; Shesan et al., 2019). Furthermore, the attractive properties
of these plant fibers such as cost effectiveness, availability
and renewable sources, encouraged the production of these
biodegradable composites with little or no adverse effect on
the environment (Johar et al., 2012; Sheikhi, 2019; Torgbo and
Sukyai, 2019; Wang et al., 2019). Improvements in fiber treatment
procedures led to the extraction of neat cellulose and further
advancement has also encouraged the extraction of nanocellulose
(see Figure 1). This work seeks to review the use of non-woody
sources of lignocellulosic biomass especially those categorized as
agro-waste to produce cellulose nanoparticles (CNPs). We intend
to draw the attention of readers to their possible potentials and
utilization. Furthermore, this work will also dwells on various
factors that may limit or enhance the successful extraction of the
CNPs from these sources.

NON-WOODY LIGNOCELLULOSE
BIOMASS AND THEIR SOURCES

Non-woody plants are described as those plants with weak stems
which can die back to the ground every year (see Figure 2).
They are also known as herbaceous plants. In this review, non-
woody biomass sources will be described as all other sources of
lignocellulosic biomass with exception to the woody plants. That
is, lignocellulose biomass such as corn cob, corn husk, rice husk,
stems of cereal plants, nutshells of plant fruits, agricultural wastes,
garden wastes and grasses, and many more. According to Alila
et al. (2013), the output of plants from crops and agricultural
residues is huge and are receiving increasing attention. Thus, this
group of biomass sources may constitute an important alternative
for the extraction of cellulose in the nearest future. This is because
the non-woody plants have shorter growth period; require
moderate irrigation; have annual renewability, possess low lignin
content and high annual yield of cellulose (Marques et al., 2010).
The sources of this non-woody biomass are unending. Their
usage is of no threat to any human activity, rather they bring
about better and more sustainable environment. Agro-wastes or
garden wastes, if not utilized, are mostly discarded by landfilling
or by burning, which results in pollution. In recent times, non-
woody lignocellulose biomasses have been reportedly sourced
from apple pomace (Melikoglu et al, 2019), grape pomace
(Coelho et al.,, 2018), passion fruit peels (Wijaya et al., 2017),
sugarcane bagasse (Feng et al., 2018), kelp waste (Liu et al., 2017),
elephant glass (Nascimento and Rezende, 2018), tea leaf (Abdul
Rahman et al., 2017), banana fiber (Deepa et al., 2011), rice hull
(Nascimento et al., 2016), groundnut shell (Bano and Negi, 2017),
juncus plant stem (Kassab et al., 2020), and plum seed shell
(Frone et al., 2017).

For over 50 years or more, CNPs extraction has been
ongoing from biomass. However, it is only recently that the
processes involved are better understood; encompassing simply
harsh acid hydrolysis on plant material and then followed by
ultrasonication. The utilization of agricultural wastes as feedstock
by industries has been ongoing for a long time. It is a concept
recognized as zero-waste where every by-product is converted
to useful product(s). Agricultural waste had found many useful
applications, among them are the use of agro-waste as organic
manure; burnt to generate energy; used to fill gully for erosion
control; and used as feeds for animals. In more recent times,
lignocellulosic agro-wastes have been used to produce cellulose
nanoparticles for different industrial applications (Missoum et al.,
2014; Varanasi et al., 2015; Picheth et al., 2017; Abd El-Aziz
et al., 2018; Lei et al., 2018; Singh et al., 2018; Hivechi et al,,
2019; Indumathi et al., 2019; Ramesh and Radhakrishnan, 2019).
Pistachio shell (Marett et al., 2017), blue agave waste (Robles
et al,, 2018), North African glass (Luzi et al, 2019), banana
pseudo stem residue (Meng et al., 2019), groundnut shell (Bano
and Negi, 2017), grape pomace (Coelho et al., 2018), shea nut
shell (Agwuncha et al, 2020), rice husks (Nascimento et al,
2016; Ooi et al., 2016), corncob residue (Liu et al., 2016),
passion fruit peels (Wijaya et al., 2017), fique fiber waste (Ovalle-
Serrano et al.,, 2018), sugarcane bagasse (Oliveira et al., 2016),
sago seed shells (Naduparambath and Purushothaman, 2016;

Frontiers in Energy Research | www.frontiersin.org

April 2021 | Volume 9 | Article 608825


https://www.frontiersin.org/journals/energy-research
https://www.frontiersin.org/
https://www.frontiersin.org/journals/energy-research#articles

Owonubi et al.

Review — Extraction of Cellulose Nanoparticles

Cell wall

Macrofibril

o
\/oo

& °uo
&=

Microfibril &

Fibers

»«%www@w ]
Mw%www
fowﬂ Dy R A R T

FIGURE 1 | A schematic showing the transition of plant fibers to cellulose nanoparticles.
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FIGURE 2 | Selected samples of non-woody lignocellulose biomass in our immediate environment.
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Naduparambath et al., 2018), and many more. These wastes
are from different parts of different plants, so it is expected
that their chemical composition will vary widely. Plant fibers
composition and properties have been reportedly linked to their
type, origin and age (Bledzki, 1999). The vital constituents
of plants fibers are cellulose, hemicelluloses and lignin. The

eventual geometric dimensions and characteristic properties of
CNPs are dependent directly on the source of cellulose, soil
characteristics (water content), agronomic properties and cultivar
factors, e.g., plant maturity and content of used fertilizers,
(Luzi et al., 2014). Additionally, the process of preparation and
potential post-treatment after the extraction can also affect the
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eventual CNPs properties (Fortunati et al., 2014; Luzi et al., 2014;
Kargarzadeh et al., 2018).

CHEMISTRY OF CELLULOSE TO
NANOCELLULOSE

Lignocellulosic biomasses are plants or plant based materials
with various natural organic matters (Phanthong et al., 2018).
They account for the leading quantity of sustainable carbon
material and are also the most favorable source of raw material for
sustainable production of biochemicals, bioethanol and biofuels
(Lee et al, 2014). The structure of lignocellulose cell wall
consists of three central biopolymers viz.: cellulose, lignin and
hemicellulose (Modenbach and Nokes, 2014; Liu et al., 2016).
A summary of the properties of these fiber components are
presented in Table 1. According to literature, it is confirmed that
the fibers chemical composition and structural assembly from
lignocellulosic biomass dictates the extent of the modification
(George etal., 2015). Table 2 presents the percentage composition
of selected non-woody plant sources of lignocellulosic biomass
for CNP extraction. The knowledge of the composition of the
biomass can help to make informed decision about the conditions
and parameters for isolation.

Cellulose

Cellulose is the key constituent of plant fiber, confined to the cell
wall and comprises of linear homopolysaccharide of B-1,4- linked
anhydro-D-glucose unit of cellobiose repeating units (Demirbas,
2005; Burhenne et al., 2013; Li et al, 2015; Phanthong et al,
2018). Each repeating unit has three hydroxyl groups that form
strong inter- and intra-hydrogen bonds with end-to-end glucose
units, either on the same chain or a different chain. This leads
to the formation of strongly packed crystalline cellulose fiber.
These crystalline cellulose chains are tough with good strength,
resistant to organic solvents and are insoluble in water. Different
allomorphs of cellulose are formed because of the coordination
of the hydrogen bonding networks and the molecules of glucose.

TABLE 1 | Summary of the properties of cellulose, hemicellulose and lignin from
lignocellulose biomass.

Cellulose Hemicellulose Lignin
Homogeneous Heterogeneous Heterogeneous aromatic
polysaccharide polysaccharides compounds

Second most abundant in
nature

Most abundant in
nature

Insoluble in water and
most organic solvents

Hydrolyzed by dilute acid or insoluble in water but
base. Not soluble in water  soluble in acid/alkali
Semi crystalline with
high linearity

Randomly amorphous and
branched

Completely cross-linked
amorphous structure and
highly branched

Poor thermal and
mechanical properties

Good mechanical and
thermal properties

Poor thermal property and
weak mechanical property
Degree of Degree of polymerization
polymerization between between 200 and 3000
5,000 and 15,000

Highly linear

Degree of polymerization is
difficult to measure

Branched in nature Highly branched in nature

However, formation is dependent on the origin of fibers and
the method of treatment given (Moon et al., 2011). Cellulose
is the main structural component of plant cell responsible for
the mechanical strength and its walls (Lu and Hsieh, 2010;
Habibi, 2014).

Hemicellulose

Hemicellulose is another major component of lignocellulosic
biomass. It is an amorphous polymer that is randomly assembled
and structurally complex (Heredia et al., 1995; McKendry,
2002; Thielemans et al., 2009; Abdul Khalil et al., 2016).
Hemicellulose helps to bind cellulose and lignin in the fiber.
Therefore, it forms the link between the hydrophobic lignin
and hydrophilic cellulose, providing the rigidity in plants.
Chemically, hemicelluloses are heterogeneous and amorphous
polysaccharides of low molecular weight compromising of
glucomannans, mannans, xylans, and xyloglucaus. Hemicellulose
demonstrates an amorphous structure, defined by repeated
polymers of pentose and hexose units. Hemicellulose is
characterized by branched multiple polysaccharide polymer
(sugars: galactose, mannose, arabinose, glucose, and xylose)
(Sheltami et al., 2012).

Lignin

Lignin is described as a complex, phenolic polymer acting as a
protective barrier which encases the cellulose and hemicellulose
(Buranov and Mazza, 2008). Lignin is an extremely crosslinked
amorphous polymer that surrounds and protects celluloses and
hemicelluloses (Sheltami et al., 2012). Lignin helps to give the
plants its structural support.

EXTRACTION PROCESSES AND
PROCEDURES

In the last decade, the number of published articles in the subject
area of CNPs extraction, isolation, modification, characterization
and application has increased tremendously (Bacakova et al,
2019). Many have reported similar procedures for obtaining
CNP but ending up with different results (see Table 3), while
some have had to alter reported procedures to achieve close
to reported results. In all these, the challenges remain in
getting a reliable method to follow or deciding what conditions
are best for your new plant source or plant part for some
younger scientists. This section seeks to review published reports,
compare their common factors, and put together a scientific
reason as reference for selecting an appropriate method or
procedure for any CNP extraction.

According to reports, both hemicellulose and lignin are
susceptible to chemical attacks. However, considering that
cellulose is made up of regions that are amorphous and
crystalline, the crystalline region is conserved by the presence
of hydrogen bonds and Van der Waal forces. This prevents the
penetration of chemicals solution making it less susceptible to
chemical attacks. On the other hand, the amorphous regions
consist of twisted chains which permit the penetration of
the chemical solutions, hence their susceptibility to chemical
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TABLE 2 | Percentage composition of selected lignocellulose biomass and procedures use to obtain higher cellulose content.

Lignocellulose biomass Cellulose (%) Hemicellulose (%) Lignin (%) Pretreatment carried out References
B A Dewaxing Alkaline Bleaching

1 Passion fruit peel 29 80 23 36 No Yes yes Wijaya et al., 2017
2 Wood 46 80 27 25 yes yes yes Chen et al., 2011
3 Bamboo 42 84 27 23 Yes Yes Yes
4 Wheat straw 40 84 34 20 Yes Yes Yes
5 Flax 75 89 13 3 Yes Yes Yes
6 Grape pomace 19 80 7 16 Yes Yes Yes Coelho et al., 2018
7 Groundnut shell 38.31 83 28 21 Yes Yes Yes Bano and Negi, 2017
8 Sugarcane bagasse 45.0 87 30 21 Yes No yes Oliveira et al., 2016
9 Tea leaf 16.2 83 68.2 19 No Yes Yes Abdul Rahman et al., 2017
10 Hemp 70.6 - 15.6 Yes Yes Yes Mondragon et al., 2014
iR Sisal 62.6 - 125 8 Yes Yes Yes
12 Flax 66 - 18 2 yes yes yes
13 Bagasse 72 - 16 <1 No No Yes Zhang et al., 2016
14 Banana fiber 64 96 19 5 no yes yes Deepa et al., 2011
15 Coconut 35 65 25 36 Yes Yes yes Nascimento et al., 2014
16 Jackfruit peel 20 - 24 2 Yes Yes Yes Trilokesh and Uppuluri, 2019
17 Soy hull 48 - 24 6 No Yes Yes Flauzino Neto et al., 2013
18 Alfa fiber 46 87 26 - No Yes Yes El Achaby et al., 2018b
19 Sugar palm fiber 44 82 7 33 yes yes yes llyas et al., 2018
20 Pineapple leaf 81 99 12 3 no yes yes Cherian et al., 2010
21 Banana stem 24 93 26 - yes no yes Meng et al., 2019
22 Fique tow fiber 52 83 24 24 yes no yes Liuetal., 2017

attacks, leaving the crystalline regions unchanged. Thus, it is
the chopping off of the amorphous region (depolymerization),
either by chemical cleavage or mechanical rupturing that results
in cellulose nanoparticles formation (Lee et al., 2014; Abdul Khalil
etal., 2016). The mechanical and/or chemical treatments are able
to breakdown the amorphous cellulose and at the same time
destroy lignin and hemicellulose (Rampazzo et al., 2017). The
size, shape and applications of the CNPs obtained greatly depend
on the kind of treatments and the conditions given to the fibers
(Ng et al., 2015; Shesan et al., 2019,a,b).

Processes and Procedures

In the preparation of CNPs, researchers have reported different
procedures and processes. In a review (Abdul Khalil et al.,
2016), the authors classified the entire processes into two
major stages: (i) pretreatment, which includes cleaning of the
fibers, removal of extractives, pulping or alkaline treatment and
bleaching, and (ii) CNPs production involving depolymerization
and mechanical isolation of the prepared CNPs. The problem
with this classification is that it has muddled up important
procedures together and this may trivialize their importance
in the production processes. The actual production of CNP
usually occurs during the depolymerization process. However,
the efficiency of the depolymerization process is predicated on
good and efficient removal of all other non-cellulosic components
during the pre-treatment stages. Therefore, as a form of guide, the
extraction of CNPs may follow these under listed steps:

i Dewaxing of the fiber
ii Mercerization or alkalization
iii Bleaching
iv Acid hydrolysis or depolymerization
v Isolation

These steps greatly depend on the kind and source of
fibers used. This also underscores the importance of carrying
out compositional analysis of the fiber to be used prior to
extraction. For example, cotton may not require the cleaning
step considering that it contains very low content of extractives,
such as wax, oil and pectin. While protein-like plant shells such
as cashew nut, sago seed shell or shea nut shells will require all
the steps (Naduparambath et al., 2018; Agwuncha et al., 2020).
Figure 3 presents a pictorial overview of the steps involved.
However, the following sub-sections will focus on the chemistry
of each step listed.

Dewaxing of Fibers

This dewaxing step involves the removal of minor components
which are referred to as extractives. These extractives include
components such as wax, phenolics, pigments and oil (Coelho
etal,, 2018). The dewaxing process is achieved by using a mixture
of organic solvents with varying polarity. For example, benzene
and methanol (Bano and Negi, 2017), hexane and ethanol (Lee
etal., 2017), ethanol and toluene (Mondragon et al., 2014; Marett
et al., 2017; Luzi et al., 2019), benzene and ethanol (Chen et al.,
2011). The extractives are within the range of non-polar to polar,
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TABLE 3 | Processing conditions for the extraction of nanocellulose from selected literatures.

Plant used Conditions for Crystallinity Tmax(°C) References
or Nano-size
Alkaline treatment Bleaching treatment Isolation
1 Alfa fiers 4% NaOH, 80%, 2 h, NaClO, in NaOH/acetic buffer ~ H>SO4 60%, 50°C, 30 min. 81-87 nm* 340 El Achaby et al.,
LR =1:20 (1:3)1.7%, LR = 1:20 2018b
2 Grape 5% NaOH for 10 h at 5% HoOo, pH 11.5 for 8 h at 64.5% H2SO4, 30-60 min, 323 nmP 298 Coelho et al., 2018
pomace 90°C 50°C 45°C 7 nm@
3  Passion 2 M NaOH for 4 h at 4% NaOH/5% H20O2, 1 h at 52% 8 M HoSOy, 50°C, 1h  103-173 nm? 360 Wijaya et al., 2017
fruit peel 80°C 50°C
4 Sugarcane 0.1 M NaOH at 200°C 30% H»>05, 80°C, 1-3 h, pH Ultrasonication at 1 kW, 103-73 nm* 351 Feng et al., 2018
bagasse for 30 min. pH -7.0 12.0 40 min, LR =1:20
5  Kelp waste Not done In two stages 51% H2S0O4, 30°C, 70 min, 20-45 nm? 365 Liuetal., 2017
(i) 36% NaClO»/acetic acid LR=1:15 100-500 nmP
(1.2 g/ml), 75°C, 80 min
(i) 9% H202, pH 10.5, 80°C C,
70 min, LR =1:30
6  Elephant 2% (w/v) NaOH, 1:20 1:1 of 2% NaOH and 2.6% 60% HSO4 at 45°C 1 h NA NA Nascimento and
grass for 1 hat121°C HoOo 1:20, 2 h at 70°C 1:30 Rezende, 2018
7 Sugar palm 5% NaOH, 2 h, 25°C 4 ml acetic acid/8 g NaClOy, 60% HoSOy4, 45 min, 45°C 10 nm? 348 llyas et al., 2018
fibers 70°C, 7 h 130 nmP
8  Cashew 2% NaOH at 25°C for NaClO5 in NaOH/acetic buffer 4:1 (w/w) 0.49g of 98% NA NA Meng et al., 2019
nut shell 2h (1:3), pH 3.8, 75°C, 1 h 150°C
9  Tealeaf 4% NaOH 80°C 3 h 65% H»SO4 4°C for NA NA Abdul Rahman
waste 45 min. etal., 2017
10 Banana 2% NaOH, 1 h, NaClOs in NaOH/acetic buffer ~ 11% oxalic acid/autoclave, NA 373 Deepa et al., 2011
fiber 110-120°C, autoclave (1:3), LR =1:10 15 min, 20 Ib
at 20 Ib
11 Pineapple 2% NaOH, autoclave, NaClO» in NaOH/acetic buffer 11% oxalic acid/steam 10-15 pm? NA Cherian et al., 2010
201b, 1 h,LR=1:10 (1:3), LR =1:10 explosion, 15 min, 20 Ib 50-125 umb
12 White coir 93% AcOH/0.3 (w/w) NaClO, in NaOH/acetic buffer ~ 30% H2SO4, 60°C, 45 min, 8 nm?@ 343 Nascimento et al.,
HCI, hydrothermal (1:3), LR = 1:20, 90 min, 50°C LR=1:8 172 nmP 2014
reactor, 110°C, 3 h
13 Rice hulls 5% NaOH, 90°C, 5% acetic acid/38% 63% HoSOy4, 45°C, 1-2 h, <100 nm@ 389 Nascimento et al.,
60 min HoOo/water, 60°C, 24 h LR =1:20 2016
14 Groundnut 1M NaOH, 65°C, 2 h 1.5% NaClO»/5% acetic acid,  65% HoSOy4, 45°C, 75 min, 82 nm* 330 Bano and Negi,
shells 70°C, 2 h, LR =1:20 LR =1:20 2017
15 Sago seed 17.5% NaOH, 1 h, 0.7% NaClOs in water bath, 2.5 M HCI, boil for 16 min 340 Naduparambath
shells LR =1:20 80°C, pH 5.0, 5 h, LR 1:20 and allowed to stand and
overnight Purushothaman,
2016
16 Sago seed 17.5% NaOH, 1 h, 0.7% NaClO, in water bath, 64% HoSOy4, 45°C, 45 min, 9 nm* 442 Naduparambath
shells LR =1:20 80°C, pH 5.0, 5 h, LR 1:20 LR=1:9 etal, 2018
17 Sugarcane 5% NaOH, 55°C, 11% H202, 90 min 6M HySOy4, 45°C, 30 min, 4 nm2 338 Teixeira et al., 2011
bagasse LR =1:10 255 nmP
18 Wood 2% KOH, 90°C, 2 h, Acidified NaClO», 75°C, 1 h, Ultrasonic processor NA 333 Chen et al., 2011
fibers then repeated with 5% 20-25 kHz, 30 min
KOH, 90°C, 2 h
19 Bamboo NA 332
fibers
20 Wheat NA 332
straw
21  Flax fibers NA 347

a and ® for the width and length of the nanoparticles, respectively.
* data presented as average of the nanoparticle sizes.

therefore they can interact with at least one of the solvents in the
mixture. Also, elevating the dewaxing temperature can increase

the efficiency of the process.

Recently, many research groups have employed pre-treatment
for eliminating non-cellulosic materials from agriculture

biomasses in order to improve the effectiveness of the other steps
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FIGURE 3 | Schematic showing the chemical processes involved in the extraction of nanocellulose starting with untreated fibers.

(Phanthong et al., 2018). For instance, researchers investigated
the effect of pre-treatment of rice husks with alkaline solution
followed by a bleaching process (Johar et al, 2012). They
established that the content of cellulose in the untreated rice
husks increased from 35-96 wt% in the final products after
bleaching and alkaline pre-treatments. It is of importance to
mention that Johar and colleagues did not detect hemicellulose,
lignin and other non-cellulosic materials in these final products.
Other agricultural wastes such as sugarcane bagasse (Li et al.,
2012), oil palm empty fruit bunch (Haafiz et al., 2013, 2014),
pineapple leaf (Santos et al., 2013), apple stem (Phanthong
et al,, 2015), coir fiber (Abraham et al., 2013), mulberry bark (Li
et al., 2009), rice hulls, bean hulls (Adel et al., 2010) and cotton
linters (Morais et al., 2013) were also reportedly pretreated
before nanocellulose extraction and the results obtained showed
that the percentage cellulose and CNP obtained afterward were
greatly improved.

The dewaxing process can be followed by the treatment of
the fiber with very diluted alkaline solution (1 wt%) at elevated
temperature. This additional step is regarded as pre-alkalization;
it helps to swell the fiber for the eventual alkaline treatment
step. This can be done using potassium hydroxide (KOH) or
sodium hydroxide (NaOH) solution at a temperature of 40-50°C
for about 12 h, thereby improving the penetration rate during
alkalization. Many reported findings showed that quite a number
of researchers do not carry out dewaxing and pre-alkalization
processes. This may be attributed to mostly the additional cost
to the research. For non-woody fiber sources like leaves, husks,
shells, grasses to mention a few, the dewaxing may be very useful

(Table 1). For samples with very low cellulose content, dilute
acid can be used as substitute for the pre-alkalization step. For
example, some researchers have reportedly employed 2% sulfuric
acid (H,SO4) solution to pretreat samples of grape pomace with
initial cellulose content of 19.3% at 90°C for 5 h to allow for the
hydrolysis of all acid-soluble polyphenolics and polysaccharides
(Coelho et al., 2018).

Alkalization

This is the process of treating the fibers with concentrated
solution of alkali to remove hemicellulose and some percentage
of lignin. NaOH or KOH are commonly used for this process and
are done at high temperatures between 70 and 160°C, dependent
on the concentration of the alkali solution being used, which
can be within the range of 4-20 wt% (Mondragon et al., 2014;
Luzi et al., 2019). As indicated previously, the crystalline region
of the cellulose content is compact and restricts penetration
of the alkali solution. Hence, the reaction of cellulose with
the alkali is at the surface only (ie., a surface phenomenon)
and at the amorphous region too (Kargarzadeh et al., 2017).
The pre-alkalization step will help increase penetration of this
alkali solution by increasing access to more surfaces for greater
interaction. The more surfaces the alkali can access, the more
interaction there will be and this will result in more nano-
sized CNPs obtained (Ng et al., 2015). Hemicellulose is highly
susceptible to alkaline treatment (Modenbach and Nokes, 2014).
The reaction point of hemicellulose during alkaline treatment has
been reported to be the ferulic acid linkage that connects the
hemicellulose and lignin (Buranov and Mazza, 2008).
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Bruice reportedly indicated that, the extent of the reaction
greatly depends on the concentration of the alkaline solution
(Bruice, 2003). The ester bond between the carbohydrate and the
ferulic acid is vastly vulnerable to degradation by alkali. Bruice
established that as the hydroxyl ion from NaOH increases, the
rate at which the hydrolysis reaction occurs in comparison to
water also increases (Bruice, 2003). The mechanism of alkaline
pretreatment was described by researchers (Modenbach and
Nokes, 2014). They indicated that the hydroxyl ion attacks the
carbon of the ester bond, between the carbohydrate and lignin
or in some instances amongst two lignins or two carbohydrates.
This leads to the formation of a tetrahedral intermediate, which
rapidly falls apart when an oxygen atom that is negatively
charged substitutes an alkoxide (-OCH3) from the carboxylic
acid (Modenbach and Nokes, 2014). It is a rapid reaction and
the resultant alkoxide performs as a base, deprotonating the
carboxylic acid. The outcome is the permanent hydrolysis of the
ester bond, eroding the structural integrity of the lignocellulose.
Therefore, the timing must be right.

The choice of alkali treatment condition depends on (i) the
source of fibers and (ii) to a lesser degree, the morphology desired
of the cellulose prior to further treatments. It is noteworthy to
mention that suitable pretreatment of cellulose fibers encourages
accessibility to the cellulose, breaks hydrogen bonds, alters
crystallinity, increases the inner surface and boosts the reactivity
of the cellulose; thus, it reduces the need for energy and eases
the eventual nanocellulose (NC) production process (Sturcova
etal., 2005; Abdul Khalil et al., 2014). For instance, plant materials
pretreatment encourages the thorough or partial removal of
non-cellulose constituents (lignin, hemicellulose, etc.), and the
seclusion of singular fibers (Peng et al., 2011). At this stage, lignin
is partially solubilized, and some percentage will also be removed.
The concentration of the alkaline solution used (i.e., the eventual
ratio of fiber to alkali solution) is important. This is because
water aids the reaction, increases the lubricity of the particles,
and lessens the viscosity of the mixture, providing a mass transfer
medium, through diffusion of the alkaline solution into the fiber,
thereby enhancing the removal of hemicellulose at this stage.

Bleaching

At the bleaching stage, the lignin is completely removed. It
is sometimes referred to as delignification. The bleaching of
lignicellulose biomass has been carried out using different
combinations of chemicals at different conditions too. Common
amongst them are sodium chlorite with acetate buffer (Abdul
Rahman et al., 2017), hydrogen peroxide with NaOH maintained
at pH 11.5 (Ovalle-Serrano et al., 2018), hydrogen peroxide in
acetic acid and water in ratio (38:50:72, v/v) (Nascimento et al.,
2016). Plant fibers treatment to remove lignin can be done before
or after alkalization. This is because the removal of lignin does not
depend on the presence or absence of hemicellulose. However, if
done after alkalization, it is easier to tell a more complete removal
by the color of the cellulose obtained.

The bleaching and alkalization processes can be affected by
the amount of water molecules existing in the reaction vessel;
hence the ratio of biomass to reagent volume is very important.
Also, the concentration, duration and temperature of treatment

are equally vital and depend greatly on the kind of reagent used
for the bleaching process.

Depolymerization of Cellulose

As earlier mentioned, the depolymerization of cellulose chains
is the stage where the nanoparticles of cellulose are fashioned.
It involves the chemical cleavage of the cellulose chain at the
amorphous region to produce cellulose nanocrystals or the
mechanical splitting/separation of the cellulose chains at the
crystalline region to produce cellulose nanofibers. These are the
two major types of cellulose nanoparticles known and are well
defined and described by Agwuncha et al. (2019). However,
discussion here will focus more on the chemicals used to generate
CNPs; either using the chemical or mechanical methods.

The chemical treatment used in the isolation of CNPs involves
the use of strong acid to attack and break the chains in the
amorphous regions or the use of strong oxidizing agents to
attack the chains to achieve the same result. More universally
used reagents are hydrochloric acid, sulfuric acid, formic acid;
phosphoric acid and nitric acid (see Table 3). On the other
hand, a mixture of 2, 2, 6, 6-tetramethylpiperidin-1-oxyl or 2,
2, 6, 6-tetramethyl piperidin-1-oxidany and sodium bromide
(TEMPO/NaBr) in an acidic medium is used for oxidizing the
OH groups (Meng et al., 2019). Amongst the acids listed for
hydrolysis, sulfuric acid is the most preferred because it forms
a stable colloid in water. Reports have shown that different
researchers using sulfuric acid have done so with varying reaction
parameters and conditions as shown in Table 3, even when using
the same biomass samples (Liu et al., 2016; Oliveira et al., 2016;
Robles et al.,, 2018; Luzi et al., 2019). The concentration of the
acid used typically varies (30-65%), the time of treatment (35-
60 min) and the temperature of treatment varies (35-65°C).
These variations are as a result of property variations of the
cellulose samples used (Kargarzadeh et al., 2017).

Acid Hydrolysis

Acid hydrolysis under controlled conditions encourages the
elimination of the amorphous region of the cellulose fibers
while leaving the crystalline domains undamaged in the form
of crystalline nanoparticles. This elimination influences the
surface morphology, crystallinity, thermal stability, as well as the
structure of fibers (Ilyas et al., 2017, 2018). The control of the
duration of acid hydrolysis is quite delicate; reason being that the
crystallinity of CNC is proportional to the treatment time, whilst
the aspect ratio is reciprocal to the hydrolysis time due to the
reduction of non-crystalline amorphous regions.

Control and careful study of the hydrolysis conditions allow
for the synthesis of materials with the desired morphology
(Tee et al., 2013). CNCs have been obtained using concentrated
sulfuric acid, at varying reaction times and temperatures.
The process operating conditions have been established
experimentally on diverse cellulosic materials. In most cases, the
concentration of acid solution utilized in treating the cellulose
fibers is around 30-65 wt% in water, the ratio of fibers to acid
solution is 10-20 ml per gram of “purified” cellulose. The
hydrolysis time can vary from 20 min-4 h dependent on the
reaction temperature which ranges (30-105°C) (Rosa et al., 2010;
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Rebouillat and Pla, 2013). For instance, in conditions of lower
acid concentration and lower temperature, the time consumed
for the hydrolysis tends to be longer in order to make up for the
inadequate reaction during hydrolysis (Kargarzadeh et al., 2012).

Enzymatic Hydrolysis

Another form of hydrolysis employed by researchers is
enzymatic hydrolysis which takes advantage of biological
processes that utilizes enzymes for cellulose fibers modification
or digestion to acquire much purer cellulose. Commonly used
enzymes reported for this purpose are cellulases, endoglucanases,
cellobiohydrolases etc. Although it is a complex mechanism,
the enzymatic action is based on catalysis/breaking of hydrogen
bonds linking cellulose microfibers.

The enzymatic hydrolysis is sometimes combined with other
processes to address the issue of complex mechanism. For
instance, researchers have reported cellulose fibers treatment
using ionic liquid prior to enzymatic hydrolysis which made
use of laccase for isolation of nanocellulose from wood chips
(Moniruzzaman and Ono, 2013). They reportedly obtained
nanocellulose possessing improved surface area with higher
thermal stability and crystallinity in comparison to others
published for obtaining nanocellulose from native wood source.
However, due to time and cost involved, researchers may prefer
the use of acid hydrolysis.

Isolation
Cellulose fibers have been mechanically treated to sequester
nanocellulosic fibers using various mechanical methods such as
ultra-sonication, high pressure homogenization and ball milling
(Klemm et al,, 2011; Phanthong et al., 2018). However, the
foremost drawback of these processes is that they required
high energy input; hence the need for incorporation of initial
pretreatment procedures to reduce such energy requirement.
The use of TEMPO mediated oxidation for the delamination
of the cellulose fibers to produce cellulose nanofibers (CNF)
is receiving increased attention (Lee et al., 2018). Before now,
mechanical treatment methods have been employed to pulverize
the biomass samples into micrometer-scale particles. This
increases the efficiency of the swelling, improves purification and
separation into individual fibrils (Moon et al., 2011; Dufresne,
2013; Lee et al., 2018). The mechanical methods which are
energy consuming include high-intensity ultrasonication, high-
shear homogenization, grinding and cryocrushing. However, the
use of TEMPO mediated oxidation process helps to reduce and
in some cases, eliminate the high energy requirement (Alila et al.,
2013). In a reported method, TEMPO in the presence of sodium
bromide and sodium hypochlorite is combined with the cellulose
fibrils in slurry form to display the hydroxyl groups on the fibrils
and replace them with carboxylic groups (Li et al., 2015). Figure 4
gives a schematic diagram illustrating the use of TEMPO for
generating CNF. This could also lead to the formation of side
reactions. Therefore, to avoid the possibility of side reactions,
pretreatment by TEMPO must be carried out at temperatures
of 50-60°C and under slightly acidic conditions (pH 6.0-6.5).
As reported, under these conditions, the depolymerization of
the cellulose chains does not occur and aldehyde groups are not
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solution

Add Na Clo
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Wis
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FIGURE 4 | Schematic for TEMPO mediated oxidation process.

formed (Isogai et al., 2011). Additionally, it was reported that the
reaction occurs in the amorphous domains and on the surface
of the cellulose fibers. The cellulose begins to disperse in the
aqueous solution as the carboxyl content is increased to a certain
amount, but the crystalline domains remains undamaged and
consequently can be released (Dufresne, 2012).

According to Alila and coworkers, TEMPO-mediated
oxidation was achieved by dispersing 5 g of cellulose fibers in
0.05 M sodium phosphate buffer containing 25 mg of TEMPO,
250 mg of NaBr, 10 mmol of sodium chlorite and 2 M sodium
hypochlorite and the mixture left for 6 h at temperature of 60°C
under stirring (Alila et al., 2013). However, it is important to
mention that many researchers still employ ultrasonication after
the TEMPO-mediated oxidation but with a reduction in time.
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Challenges of Extraction Processes for

Non-woody Lignocellulosic Biomasses
Cellulose nanoparticles are new generation of nanomaterials
that has generated a lot of interest worldwide. It is one of
the most important nanomaterials from lignocellulosic biomass
with superior physical and chemical properties. It is non-
toxic, renewable, and biodegradable. However, the processes
of production of CNPs from plants vary. Considering that
all plants are composed of cellulose at varying percentages, a
good understanding of the factors influencing their extraction
could lead to increased production of cellulose from different
sources of non-woody plants with similar properties, thereby,
relieving some pressure from wood-based sources. Knowing that
the properties of the CNPs depend greatly on the extraction
and isolation processes, it is considered worthwhile to highlight
and expatiate on some of factors that affect or influence their
production process. These factors include:

The amount of hemicellulose and lignin present in the fiber.
The percentage (%) of cellulose after purification of the fiber.
Plant part to be used in the isolation of CNP.

Proposed application of the extracted CNP and expected
properties of the CNP.

Hemicellulose and lignin contents present.

The amount of hemicellulose and lignin present in the
biomass is of great importance. Hence, the need to carry
out compositional analysis of the biomass prior to deciding
on the procedures to adopt becomes necessary. An effective
removal of the lignin and hemicellulose will lead to isolation
of nanoparticle of averagely similar sizes which eventually gives
uniform properties (Kalia et al., 2011; Ng et al,, 2015). The
presence of lignin and hemicellulose can reduce the thermal
stability, mechanical performance, and crystallinity ratio of
the CNPs (Jonoobi et al., 2009; Acharya et al., 2011; Faruk
et al, 2012). The purpose of the pretreatment stages; pre-
alkalization, alkalization and bleaching is to obtain a cellulose-
rich fiber material (Phanthong et al., 2018). These pre-treatment
processes can be repeated many times to ensure maximum
removal of the lignin and hemicellulose (Agwuncha et al., 2020).
Additionally, the effective removal of these impurities will help
clean the fiber surface and modify it so that its hydrophilic
tendency is reduced whilst the surface roughness increases
drastically. It is important to mention that the sequence of
the processes carried out may not be too important, except
for the pre-alkalization step. It is inconsequential which comes
first between the alkalization and bleaching steps. While many
researchers have reported processes that start with alkalization,
some handful have also reported steps that star with the
bleaching process. The result remains similar either way. The
alkalization (mercerization) process is typically carried out using
NaOH or KOH. Although Das et al. (2016) used LiOH for
alkalization, the concentration, temperature and time employed
varied very widely.

Generally, researchers have reported ranges of concentrations
(4-20%); temperature (45-120°C) and time (45-120 min).
Equally, some authors have reported concentrations of 4-7%
as the most appropriate for the removal of hemicellulose in

lignocellulosic biomass at 70-80°C temperature for 30-60 min.
The use of low concentrations at elevated temperatures for the
removal of hemicellulose will lead to gradual decomposition of
the bond binding it to lignin, thus making it soluble in the alkaline
solution with minimal damage to the crystalline region. This can
also lead to the removal of more extractibles as mentioned earlier.
Low concentration helps to conserve the crystalline region, while
higher concentrations of alkaline solution results in the formation
of fibrils (Phanthong et al., 2018). An alkaline solution with
15-20% concentration is considered high and has been used
for pretreating the fibers for the preparation of CNF using
oxidation and/or mechanical methods (Alila et al., 2013). Most
high concentration cooking of fiber for CNF preparation are
carried out at high temperature of 120-160°C for 1-2 h (Meng
et al,, 2019). Thus, as indicated, the desired product will help
decide the conditions for any CNP processing.

Bleaching helps in the removal of the lignin from the fibers.
As mentioned earlier, the concentration, temperature, time, and
liquor ratio (fiber to reagent ratio, w/v) are very important in
the bleaching process, just as it is in the alkalization process.
Researchers that have reported the use of sodium chlorite in
sodium acetate buffer used concentrations ranging from 1.0-
6.0% sodium chlorite (NaClO,) in sodium acetate buffer (Abdul
Rahman et al., 2017; Bano and Negi, 2017; Lee et al., 2018; Luzi
et al., 2019; Meng et al., 2019). Similarly, some have used 5.0-
50.0% of hydrogen peroxide (H,O;) in NaOH solution (Oliveira
etal., 2016; Wijaya et al., 2017; Coelho et al., 2018; Ovalle-Serrano
et al., 2018) or in acetic acid (Marett et al., 2017). This clearly
shows that bleaching is usually carried out in mild acidic or
alkaline medium. Recently, a total chlorine free (TCF) bleaching
procedure was reported by Robles et al. (2018). The bleaching
procedure was carried out in three stages. First stage was the
alkali oxygen stage (which was repeated twice), in which water
(pH 11.0) was stabilized using NaOH and MgSOy (0.2 wt%) for
60 min at 98°C and performed under a pressure of six bar oxygen
atmosphere. The second stage, the peroxide stage involved a
secondary chelating reaction using 3 M H,O; at pH 11.0 with
1:5 (w/v) pentetic acid as chelant, was performed at 105°C for
120 min. Finally, the third stage known as alkaline peroxide
stage involved the use of a 3M H,0O; solution at pH 11.0 and
MgS04(0.2 wt%) for 150 min at 98°C under a pressure of six bar
O, atmosphere.

Most investigations reported revealed that the alkalization
and bleaching processes were repeated multiple times to achieve
better results. When high concentrations are used, the duration of
treatment are reduced to the lowest possible. Many encouraging
results have been reported for procedures carried out at
room temperature and allowed to stand overnight (i.e., 12-
16 h). However, the decision on experimental design remains
squarely on the percentages of lignin and hemicellulose of the
plant being used.

Percentage of Cellulose After

Purification

Comparable to the alkalization and bleaching processes, the
isolation process is dependent on the percentage of cellulose
in the treated fiber and the nanoparticles type expected (that
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is cellulose nanofibers, CNF or cellulose nanocrystals, CNC).
CNF are usually produced using mechanical processes, however,
to improve the efficiency of the process, chemically mediated
oxidation treatments are given to the fiber prior to the mechanical
treatment (Liu et al., 2016; Lee et al., 2018). These chemical
treatments have led to improvements in the characteristic
properties of the CNF. Thus, the CNF size (length and
width) are wholly determined by the chemical treatment of
the oxidation procedure. The challenge here is in determining
the most appropriate chemical reagent for CNF production.
However, treatment with already established chemicals and
optimizing treatment parameters provides good insights to the
best conditions for any extraction to be carried out.

Cellulose nanoparticles are mostly produced by acid mediated
cleavage of the cellulose chains at the amorphous region. As
mentioned earlier, strong acids such as H,SO4, HCI, formic
acid, and phosphoric acid are typically used for this process
(Ng et al., 2015). The concentration used varies from plant to
plant. The duration of the experiment varies from 30-60 min, at
temperature ranging from 45-60°C. It must be emphasized that
the higher the concentration of the acid, the lower the time and
temperature conditions. Researchers carried out an experiment
to investigate the effect of treatment time on acid hydrolysis
(Nascimento et al., 2016). Their findings revealed that after 1 h,
the process become a mere waste of energy and an additional
cost to the process, which is unnecessary. They reached this
conclusion when the FTIR, XRD, and TGA analysis showed
insignificant differences for samples treated for 1 h and those
treated for 2 h. Also, research findings from Rezende et al. (2011)
showed that 4% NaOH solution gave the highest cellulose content
after pretreatment for 40 min at 120°C.

The length of time, concentration of acid solution and
temperature employed for the treatment are strongly based on
the percentage of cellulose in the treated fibers. A treated fiber
with high percentage cellulose is an indication that the amount
of impurities (lignin and hemicellulose) is very low. Hence the
treated fibers will be high fibrillated. Therefore, reagent will
require less energy to penetrate such material and generate
the nanoparticles, which can be measured in terms of their
crystallinity or nanosize as indicated in Table 3.

Part of Plants Used for the Extraction of
CNPs

Researchers have reported the use of different types and different
parts of plant for the extraction of nanocellulose. Alila and
coworkers (Alila et al., 2013) used non-woody plants such as
basts of flax, hemp and jute and leaves of sisal and abaca; Harini
et al. (2018) and Bano and Negi (2017), Marett and collaborators
(Marett et al., 2017) and Naduparambath et al. (2018) used
shells of walnut, groundnut, pistachio and sago, respectively.
Cherian et al. (2010), Basta et al. (2014), Flauzino Neto et al.
(2013), and Manzato et al. (2017) used pineapple leaves, rice
straw, soy hull, and tucuma’s endocarp, respectively. Agricultural
wastes such as jackfruit peel, sugarcane bagasse, palm fruit bunch,
coconut coir, tea leaf and North African grass have also been
reportedly used for nanocellulose extraction (Zhang et al., 20165

Abdul Rahman et al., 2017; Feng et al., 2018; Luzi et al., 2019;
Trilokesh and Uppuluri, 2019). These different parts of plants
will vary widely in their composition and so requires a good
understanding and design of extraction procedure for each
specific part or plant.

According to Phanthong and coworkers, the different
extraction methods for the isolation of CNP will continue
to result in differences in properties of CNPs being obtained
(Phanthong et al., 2018). This is not limited to the composition
of these parts, but also the degree of polymerization (DP) of the
cellulose. The stem of plants is believed to have high content
of cellulose which must have had hemicellulose and lignin well
embedded into the cellulose. Therefore, extraction procedure
should consider this vital point and it should be noted that this
is closely associated to the age of the plant as well.

Under similar hydrolysis conditions, the dimensions and
crystallinity of the nanocrystalline particles is dependent on
the origin of the cellulose feedstock (Habibi et al., 2010; Li
and Ragauskas, 2011; Ioelovich, 2014). For example, tunicate
samples yielded extremely long and crystalline nanoparticles
with a high aspect ratio after acid hydrolysis, whilst wood
cellulose generated shorter and less crystalline nanoparticles
with a lower aspect ratio. Largely, isolation of nanocrystalline
particles from cellulose of several terrestrial plants have lengths
of 100-300 nm and lateral sizes reaching 4-20 nm, but those
sequestered from non-terrestrial sources, such as algae, tunicate
and bacteria cellulose are thicker and longer (Hubbe et al., 2008;
Habibi et al.,, 2010; Li and Ragauskas, 2011; Peng et al., 2011;
TIoelovich, 2014).

Expected Properties and Planned

Application of the Nanocellulose

The properties and application of CNPs are two factors that
must be considered together. The properties of CNPs determine
the application best suited therein. Hence, one can design
extraction procedures to give different properties of CNPs from
the same plant sources. CNC or CNF are remarkably different
from one another. According to Kargarzadeh et al. (2018),
CNF are usually 3-50 nm in diameter, few pm in length and
have crystallinity below 50%. This has encouraged increase in
tensile strength and modulus when used as fillers in hydrophilic
polymers. Application of CNF include support for antibacterial
coating, used as rheology modifier, as support for catalysts
and sensors, tissue engineering, scaffold and network structures.
Other applications include food coating, dental application and
use as biocompatible nanocomposites.

On the other hand, CNC are of 5-20 nm in diameter; 10-
500 nm in length; with crystallinity of 60-90%. CNC can affect
the tensile strength and modulus of compounded polymers
positively; its thermal stability and tensile strength are much
lower than those of CNF. But an important mention is that its
tensile modulus is much higher when compared to CNF. CNCs
have been successfully employed as a vehicle for drug delivery,
diaphragm in earphones and additives to drilling fluids. Other
applications include biomimetic foams, optical applications,
water pollution remediation, toughening of paper. Similar to
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CNE CNC can be used as rheology modifier, catalysts and sensors
support, for tissue engineering and scaffold.

With the above categorization, except for general research
purpose, isolation of nanocellulose should be based on definite
application requiring specific properties. Panaitescu et al.
(2013) prepared composite of polyamide by reinforcing the
polymer with CNCs and CNFs, respectively. The PA-CNC
nanocomposites exhibited 25% rise in Youngs modulus and
10% increase in yield strength with a 1% CNC loading. The
improvement was observed up to 5 wt% loading of CNCs. These
improvements in properties were attributed to good interaction
between the matrix and the nanoparticles which gave rise to high
stiffness. However, it was insufficient to inhibit the brittleness of
the composites. On the other hand, the PA-CNF nanocomposites
were reported to have improved thermal stability, bending
and izod impact strength and storage modulus. The authors
attributed these improvements to the exceptional dispersal and
unique high aspect ratio of the CNFs.

In another study by researchers, the effect of CNFs and CNCs
on the properties of films of polyethylene oxide (PEO) also
known as polyethylene glycol (PEG) was investigated (Xu et al.,
2013). Their findings revealed that PEO-CNF nanocomposites
demonstrated remarkable increase in the yield strength and
in the plastic flow stress, but the PEO-CNC nanocomposites
exhibited no change in the yield strength and in the plastic
flow when compared to that of the neat polymer. Furthermore,
the PEO-CNF films were translucent while the PEO-CNC films
were optically transparent, an indication of better dispersion
of the CNC due to its smaller sizes compared to that of CNF
which formed agglomeration. In addition, the melt temperature,
heat of fusion and crystallinity of both CNC and CNF films
were identified to be rather lower than that of the neat
polymer. This was reportedly attributed to confinement effect of
the nanoparticles. According to the authors, the nanoparticles
prevented the diffusion and folding of the chain at the crystal
growth front, thereby resulting in thinner PEO lamellae.

The nanocomposites of CNFs proved higher modulus and
strength than those prepared using CNCs. This is attributed to the
fiber entanglement and large aspect ratio of the CNFs. However,
because of the large fiber agglomeration in CNF nanocomposites,
the strain-at-failure is always observed to be lower compared to
CNCs nanocomposites. Therefore, the intended application must
be considered in preparation of either cellulose nanoparticles
CNPs. The extraction of CNPs from tea leaf by Abdul Rahman
and coworkers (Abdul Rahman et al, 2017) was done by
pretreating the dried leaves with 4% NaOH solution for 3 h
at 80°C. This process was repeated four times to achieve an
approximately 67.4% removal of hemicellulose and lignin and
after bleaching the percentage removed increase to 89.6 and
90.4%, respectively. In another study by Luzi et al. (2019)
to isolate CNP from North African glass, the authors used
a combination of two bleaching methods in order to ensure
maximum removal of non-cellulosic components.

Examples of extraction procedures for selected non-woody
biomasses and their applications.

In a study to investigate the possible application of CNCs
extracted from passion fruit peels, Wijaya used 52% sulfuric acid

solution for the extraction at 50°C for 60 min with a liquor
ratio of 1:10 fibers: reagent ratio, w/v (Wijaya et al., 2017). The
extracted CNCs had a particle size ranging from 103.0-173.5 nm
with reportedly good thermal properties. The maximum yield of
CNCs extracted was 58.1 & 1.7% and the CNCs demonstrated
good absorption capacity at pH 3.0 and release capacity of 82% at
pH 7.2. This showed that the CNCs from waste such as passion
fruit peels can be used in drug delivery. Also, the extraction
procedure used leaves room for improvement when compared
to similar studies by other researchers (El Achaby et al., 2018a).
El Achaby and colleagues chemically treated red algae waste
using alkali, bleach and acid hydrolysis treatments to obtain pure
cellulose microfibers and CNC. In their investigation, they used
64 wt% sulfuric acid at 50°C for 80 min with liquor ratio of 1:10 to
carry out the acid hydrolysis. Their results revealed the successful
isolation of needle-like shaped CNC with nanometric scale of
the particles observed to be between 5.2 + 2.9-9.1 £ 3.1 nm
and 285.4 + 36.5-315.7 £ 30.3 nm in diameter and length,
respectively. The CNC were utilized as nanofillers for polyvinyl
alcohol (PVA)-based nanocomposite films production which
displayed improvements in optical transparency, tensile and
thermal properties. With just 8 wt% CNC additions to the
PVA matrix, an increase of approximately 215% in the Young’s
modulus, 150% in the tensile strength and 45% in the toughness
was observed. Therefore, the increase of acid concentration from
52 wt to 64 wt% and treatment time from 60 to 80 min led to
reduction in nanosizes and the yield% of the CNCs produced.

Rampazzo et al. (2017) investigated the chances of obtaining
CNCs from lignocellulose raw materials such as cotton and kraft
pulp. They used ammonium persulfate (APS) to isolate CNCs.
From their results, the gas barrier properties of the coating
obtained by using CNCs from the wastes were remarkable. The
permeability values for oxygen and CO; obtained were hundreds
of times lower than those of equal thickness from the usual
polymer. The analysis of the properties of the extracted CNCs
showed that the particles sizes ranged from 130-170 nm, which
were considered too high. Therefore, if the processing conditions
are varied a little, there is the possibility of isolating particles with
smaller diameters.

Tissue engineering is one area of immense application
of cellulose nanocomposites. Costa et al. (2013) prepared
bionanocomposite of polyvinyl alcohol (PVA) with nanofibers
from pineapple and characterized them for possible applications
in the biomedical field. The pineapple leaf fibers were extracted
using autoclave and kept under 138 KPa pressure for 1 h. The
fibers were bleached using a mixture of NaOH and acetic acid
and a 1:3 NaClO; solution and repeated six times to achieve a
cellulose percentage content of 87%. The steam explosion process
was repeated eight times to obtain nanofibrils yield of 69%,
after treating the bleached cellulose with C;H,O4 (oxalic acid)
of 11% concentration. The obtained CNFs had better thermal
properties and higher crystallinity. However, literature has shown
that TEMPO mediated oxidation leads to reduction in nanosize
better than what was obtained.

Kusmono et al. (2020) carried out extraction of CNPs from
ramie fibers using sulfuric acid hydrolysis. The research team
varied the hydrolysis temperature and time, to evaluate their
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influences on the properties of the extracted CNCs. From the
characterization results, it was reported that the crystallinity,
dimensions and thermal stability of the CNC obtained were
highly affected. The optimal results were obtained when the
hydrolysis parameters were set at 45°C for 30 min using 58% acid
solution at 1:20 (w/v) liquor ratio. Using these parameters, a rod-
like morphology with good thermal property, 90.8% crystallinity,
6.7 nm diameters and 145.6 nm lengths was obtained.

Sherif and colleagues exploited the biowastes of palm tree for
the possible production of lignin-rich CNPs which can be applied
in water treatment processes and drug delivery (Mehanny et al,,
2020). In their work, three different biowastes from palm tree,
namely coir, leaves and fronds, were subjected to alkalization
and acid hydrolysis, omitting the bleaching step. Alkalization
was done using 10% NaOH at 160°C for 2 h and using 1:10
(w/v) liquor ratio, while acid hydrolysis was done using 20%
sulfuric acid at 120°C for 30 min with 1:20 (w/v) liquor ratio.
The obtained CNPs gave properties that varied widely. Also,
the crystallinity of the particles obtained decreased substantially
after the acid hydrolysis process, indicating a drastic destruction
of the crystalline region at the selected treatment condition.
The low acid concentration was compensated with the high
treatment temperature. Although, the researchers reported to
have succeeded in preparing lignin-rich CNPs as planned, the
variation in the properties of the CNPs obtained required a
further review of the treatment conditions. Lignin-rich CNPs
have been reported to be good adsorbent for heavy metals
removal and drug delivery (Rangan et al., 2017; Figueiredo et al,,
2018; Huang et al., 2019).

Pili pulp waste, which is a waste obtained from pili essential oil
production, was used for the preparation of CNPs by researchers
(Bongao et al., 2020). According to the report, the biowaste
was boiled in water for 20 min at 100°C and then treated
with 1.0 M NaOH alkaline solution for 2 h at 80°C before
bleaching with NaClO, at 100°C for 1 h using 1:20 (w/v)
liquor ratio. Acid hydrolysis was done using 64% sulfuric acid
at liquor ratio of 1:20 (w/v) and treating for 30-60 min at
50°C. The characterization results obtained, showed that the
procedure as applied generated microcellulose particles on the
average. The low concentration of the alkaline solution used
shows that the cellulosic material may not have been adequately
removed. The presence of hemicellulose and lignin observed in
the FTIR spectra as presented by the authors confirmed this.
It is important to emphasize that the production of CNPs of
averagely similar sizes and properties, requires adequate removal
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