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Abstract This review describes the recent advances
in the production and application of cellulose nano-
materials. Cellulose nanomaterials (CNMs), espe-
cially cellulose nanocrystals and cellulose
nanofibers, can be produced using different prepara-
tion processes resulting in materials with unique
structures and physicochemical properties that are
exploited in different fields such as, biomedical,
sensors, in wastewater treatment, paper and
board/packaging industry. These materials possess
attractive properties such as large surface area, high
tensile strength and stiffness, surface tailor-ability via
hydroxyl groups and are renewable. This has been a
driving force to produce these materials in industrial
scale with several companies producing CNMs at
tons-per-day scale. The recent developments in their
production rate and their applications in various fields
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such as medical sector, environmental protection,
energy harvesting/storage are comprehensively dis-
cussed in this review. We emphasize on the current
trends and future remarks based on the production and
applications of cellulose nanomaterials.
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Introduction

For the past decades, there has been unprecedented
interest in the utilization of sustainable natural
resources, as a result of their potential to manufacture
numerous high-value products with low environmen-
tal impact. In this context, cellulose nanomaterials
(CNMs) are considered as a potential candidate with
regard to its abundant availability from different
resources (Nechyporchuk et al. 2016; Reid et al.
2016). This is confirmed by the number of publications
based on this subject for the past decade, i.e. between
2008 to date (see Fig. 1). These results were obtained
by using descriptors like cellulose nanofibrils (CNF),
microfibrillated cellulose (MFC), micro crystalline
cellulose (MCC), cellulose nanocrystals (CNCs) and
nanowhiskers (CNWs), in the Web of Science search
engine (Fig. 1). The exponential research growth from
131 outputs in 2008 to more than 1400 in 2017 clearly
indicates that cellulose nanomaterials with their
unique valuable features has a potential to replace
most of the synthetic nanomaterials in various fields in
the near future. This is also justified by patent

Number of publications
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Publication year

Fig. 1 TIllustration of the annual number of scientific publica-
tions since 2008, using the search terms nanofibrils (CNF),
microfibrillated cellulose (MFC), micro crystalline cellulose
(MCC), cellulose nanocrystals (CNCs) and nanowhiskers
(CNW3s). Data analysis completed using Web of Science search
system on 22 August 2018
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applications in the field of CNMs which include:
composite materials (38%), non-woven absorbent
webs (18%), paper and boards (16%), food products
(13%), paper and boards coatings (8%), cosmetics and
toiletries (3%), and filter materials (4%) (Blanco et al.
2018; Charreau et al. 2013; Duran et al. 2012; Sharma
et al. 2018). CNMs possess attractive properties such
as renewability, biodegradability, non-toxicity, large
surface area, high aspect ratio, adaptable surface
chemistry, and excellent mechanical properties (De
France et al. 2017; Plackett et al. 2014). These
properties enabled their application in polymer com-
posites as reinforcing agent, and hybrid materials (e.g.
aerogels) to afford lightweight products towards,
packaging materials, sorbents materials, wound dress-
ing materials, and tissue engineering (De France et al.
2017; Dufresne 2017, 2018; Plackett et al. 2014).
Moreover, the biological inertness, surface tailor-
ability and high water binding of CNMs renders their
application as additives for fabrication of multifunc-
tional materials as in oil drilling muds, cosmetics,
rheology modifier and drug-delivery systems (De
France et al. 2017; Dimic-Misic et al. 2013b; Plackett
et al. 2014).

Depending on the source, different isolation pro-
cedures have been employed to produce cellulose
nanomaterials owing to its hierarchical structure and
semicrystalline nature (Blanco et al. 2018, Plackett
et al. 2014). CNMs can be isolated from various
sources which include algal cellulose, bacterial cellu-
lose, bast fibers, cotton linters, microcrystalline cellu-
lose, tunicates, wood pulp and agricultural wastes, as
discussed in the next sections. Cellulose nanomaterials
include all cellulose-based particles (i.e. at least one
dimension in tens of nanometers) having various
shapes, sizes, surface chemistries and properties
(Chinga-Carrasco 2013; Foster et al. 2018; Plackett
et al. 2014). CNMs are often classified based on the
surface chemistry, isolation processing technique and
cellulose source; i.e. cellulose nanocrystals (CNCs),
cellulose nanofibrils (CNFs), tunicates-CNCs (t-
CNCs), algal cellulose (AC) and bacterial cellulose
(BC). Since the cellulose resources have different
cellulose biosynthesis processes which influence cel-
lulose chain stacking, the resulting CNMs have
different degrees of crystallinity, polymorphs (cellu-
lose I-IV), particles aspect ratios, viz. lengths and
widths coupled with cross-section morphologies
(Dufresne 2017, 2018; Foster et al. 2018, Jin et al.
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2016; Oksman et al. 2016). These properties are
crucial since they dictate the overall properties of the
obtained CNMs, such as mechanical properties, opti-
cal clarity etc. CNCs also referred to as nanowhiskers,
whiskers, nanocrystalline cellulose (NCC) are elon-
gated crystalline rod- or needle shaped nanometric
particles having width of 5-20 nm, lengths of
50-350 nm and aspect ratio of 5-30. CNFs also
referred to as nanofibrillated cellulose (NFC), cellu-
lose microfibrils (CF) or microfibrillated cellulose
(MFC) are broadly flexible interconnected web-like
fibrils networks composed of crystalline and amor-
phous regions with length greater than 1 pm, width of
5-100 nm and aspect ratio of 10-100, are often
produced through mechanical treatment. In order to
avoid confusion for all cellulose nanomaterials, stan-
dard definitions according to the TAPPI (TAP-
PIWI3021) will be used throughout this article to
identify each material, and if the standard definition is
not available commonly used names will be used.
Since plants are major industrial sources of cellu-
lose nanomaterials, the primary focus of this review
will be based on the cellulose nanomaterials extracted
from plants, viz. lignocellulosic and non-lignocellu-
losic biomass. In case of lignocellulosic materials,
cellulose is found to be embedded within hemicellu-
loses (35-50%) and lignin (10-25% dry weight).
Therefore, the source is subjected to pulping, bleach-
ing and pretreatments in order to facilitate the
refinement steps with regard to intended CNMs
(Maloney 2015). The main goal of pretreatment
step(s) is to facilitate the reaction between the
cellulose-containing materials with subsequent refine-
ment treatments (George and Sabapathi 2015; Kumar
et al. 2018). In the case of CNC, the purified cellulose
through the dissolution of other constituents is
subjected to chemical hydrolysis in order to digest
the amorphous regions and produce highly intact
crystalline spindle- or rod-like particles. The surface
chemistry, charge and particle aspect ratio are directly
dependent on the hydrolysis conditions. On the other
hand, the pretreatment for CNFs are carried out to
reduce high energy usage during their production by
high pressure and/or shearing forces from mechanical
fibrillation. The surface chemistry, charge, and cross-
section and degree of branching of flexible intercon-
nected web-like fibrils networks are depended on the
pretreatments and mechanical shear process. For
instance, the use of 2,2,6,6-tetramethylpiperidine

1-oxyl radical (TEMPO) oxidation result in oxidation
of primary OH groups to carboxyl groups (Fraschini
et al. 2017; Maloney 2015). Despite much effort that
has been dedicated into the isolation of CNMs from
various resources, their promising potential usefulness
is inhibited by limited and below expectation scale-up
production. The economic, sustainable and/or eco-
friendly production of cellulose nanomaterials in order
to realize their full potential in various fields remains a
major challenge. Since the isolation processes differs
as well as their resources, the resulting CNMs have
different properties. This calls for innovative ideas to
enhance the current isolation processing techniques in
order to control the properties of the CNMs, and
enhance production rate with low environmental
impact. With that in mind, this review deals with
recent scientific and technological advances in the
CNMs production. The main aim is to highlight the
recent published works based on the production of
cellulose nanomaterials for the past decade, viz. 2008
to date, while comparing their strengths and limita-
tions especially with regard to their commercial
realization. We also highlighted on possible cellulose
sources that can be utilized in order to address the
anticipated future CNMs demands. Finally, this
review presented the applications of CNMs in
addressing the problems facing the current generation.

Cellulose and its sources

Cellulose was first isolated from wood using nitric
acid by Anselme Payen in 1838. Cellulose, the most
abundant available natural polymer on earth, consists
of f-1,4-linked anhydroglucopyranoside units (Fig. 2)
(Anwar et al. 2014; Naidu et al. 2017). Depending on
the source, f-1,4-linked anhydroglucopyranoside
units can reach values up to 1000. Cellulose chains
are packed together to form more complex structure of
highly crystalline microfibrils which are held together
by hydrogen bonds and van der Waals forces.
Individual cellulose chains are oriented in a parallel
alignment and tightly bound to form elementary fibres
that are further organized together to form larger
fibrillar structures, viz., microfibrils. The diameter of
each microfibril ranges from 2 to 20 nm depending on
the source. The microfibrils comprised of crystalline
domains which are linked along with disordered
amorphous domains e.g. twists and kinks.

@ Springer
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Fig. 2 Diagrammatic representation of the framework of cellulose-containing source; cellulose; hemicellulose and lignin. Reprinted

from Anwar et al. (2014) as distributed by creative common licences

Plant cellulose In lignocellulosic biomass, cellu-
lose is found to be embedded within hemicelluloses
and lignin as shown in Fig. 2. In this case, the
percentage of lignin, hemicellulose and cellulose may
vary depending on the growth conditions, source and
cultivation process as depicted in Table 1. Hemicel-
lulose as the second major component of plant sources
accounts for 15-30% of the cell wall (Naidu et al.
2017). Hemicellulose and cellulose binds tightly with
non-covalent attractions around microfibril bundles.
As heterogeneous polymers, hemicellulose is mainly
comprised of glucuronoxylan, glucomannan and other
small amounts of polysaccharides (Fig. 2). Account-
ing for 10-25%, lignin is the smallest fraction of the
biomass by weight (Naidu et al. 2017). It is considered
as by-product or as a residue in bioethanol production.
Lignin is a complex crosslinked polymer composed
mainly of phenyl-propane units mostly linked by ether
bonds (Fig. 2). It acts as glue filling gap between and
around the hemicellulose and cellulose complexion. It
is comprised of phenyl-propane, methoxy groups and
non-carbohydrate polyphenolic substance which binds
cell walls components together.

Microcrystalline cellulose (MCC) Commercialized
in 1962 under the name Avicel, MCC is isolated from
plants sources via hydrolysis process to reach level-off
degree of polymerization of 200-300, followed by
neutralization (Moon et al. 2011; Plackett et al. 2014,
Trache et al. 2016). The neutralized suspension is
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washed, filtered and then spray-dried. It is industrial
produced from wood and cotton but other sources such
as agricultural waste, and bacterial cellulose have been
investigated as potential sources (de Oliveira et al.
2011; Keshk and Haija 2011; Sainorudin et al. 2018).
The latter is to avoid the costs and the use of harsh
chemicals during pre-treatment since these sources
have less or no lignin. MCC is highly crystalline
(55-80%) and cheap material (~ 4 USD/kg) which
found its way in pharmaceutical and food as binder
and filler, as well as in cosmetic, and polymeric
reinforcement. For a detailed isolation techniques and
sources for MCC the readers are referred to review by
Trache et al. (2016).

Bacterial cellulose Bacterial cellulose is synthe-
sized by different bacteria such as Acetobacter,
Rhizobium, Agrobacterium, Achromobacter, Azoto-
bacter, Salmonella and Sarcina through aqueous
culture media (Castro et al. 2012; Keshk 2014; Mohite
and Patil 2014). BC appears as a nanoscale network-
like structure having diameters ranging between 20
and 100 nm. Itis recognized that properties of BC (e.g.
crystallinity, dimensions etc.) depend on the culturing
conditions and/or bacteria employed (Castro et al.
2012; Revin et al. 2018). The advantage of BC is the
fact that it does not contain lignin, pectin, hemicellu-
lose and organic residues associated with plant cell
wall. BC features attractive attributes, such as high
crystallinity (80-90%) with degree of polymerization
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Table 1 Chemical composition of selected cellulose sources

Fibre-type Cellulose (%) Lignin (%) Hemicellulose (%) Pectin (%) Wax (%) Ash (%) References

Abaca 53-63 7-9 20-25 - 3

Bamboo 2643 1-31 30 - 10 -

Banana 63-83 5 - - 11 - Khawas and Deka (2016),
Abraham et al. (2011)

Coconut

Coir 36-43 0.15-0.25 4145 34 - -

Cotton 83-91 - 3 0.6 8-9 -

Flax 64-72 2-2.2 64-72 1.8-2.3 - -

Hemp 70-74 3.7-5.7 0.9 0.8 1.2-62 0.8 Wang et al. (2007a)

Jute 61-72 12-13 18-22 0.2 0.5 0.5-2 Abraham et al. (2011)

Kenaf 45-57 22 8-13 0.6 0.8 2-5

Nettle 86 4.0 54 0.6 3.1 -

Rachis 43 26 - - - -

Ramie 69-91 0.4-0.7 5-15 1.9 - -

Rice husk 38-45 - - - - 20

Pine-apple leaf 75 10 13 - - - Abraham et al. (2011)

Soy hulls 56 18-20 12 - - - Alemdar and Sain (2008)

Wheat straw 43 35 22 - - - Alemdar and Sain (2008)

Maize stalk 44.6-54.1 16.9-23.8  26.9-30.3 - - 0.66 Ferreira et al. (2018)

Corncob residue  63.5 25.8 2.7 - - 2.1

Carrots 81 2.5 9 7.5 - - Siqueira et al. (2016)

Sisal 78 8 10 - 2 1

Hardwood 43-47 25-35 - - - - Spence et al. (2011)

Softwood 4044 25-29 - - - -

of 4000-10,000 anhydroglucose units, excellent
mechanical properties (strength of 100-160 GPa)
and water holding capacity (up to 100 times its
weight). It has been employed in different applications
such as biomedical, tissue engineering, and fuel cells,
batteries, and as a reinforcing agent in polymer
reinforced composites. However, the biosynthesis of
cellulose using bacteria is relatively expensive with
regards to low productivity of the current used strains
and the utilization of expensive culture medium as
well as prolonged production periods makes it unsuit-
able for industrialization (Revin et al. 2018). There are
interesting detailed reviews based on the production
(i.e. focusing on the cutting overall production cost),
characterization and applications of bacterial cellulose
(Azeredo et al. 2019; Hussain et al. 2019; Wang et al.
2019).

Tunicates and algal cellulose (AC) Cellulose can be
synthesized by different microorganisms such as algae

and fungi (Zhang et al. 2017a, b; Keshk 2014).
Cellulose microfibrils can be obtained in small quan-
tities within the cell wall of brown algae (Phaeophyta),
most green algae (Chlorophyta), red (Rhodophyta),
blue-green (Cynophyta) and golden algae (Ochro-
phyta) (El Achaby et al. 2018; Chen et al. 2016b).
Cellulose microfibrils structure vary depending on the
algae specie as a result of difference in biosynthesis
process (Moon et al. 2011). Interestingly, algae grow
faster than terrestrial counterparts and have low
content of physicochemical barriers (e.g. low lignin
content) making easy for cellulose accessibility with-
out the use of severe chemical treatments. Further-
more, algae is usually obtained in large quantities as
waste from agar production, hence it is considered as
alternative cellulose source for the production of
cellulose nanomaterials to meet future demands. On
the other hand, cellulose can be extracted from
mantles of sessile sea creatures, viz., tunicates. In this
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case, mantle consists of tunic cellulose which aggre-
gates to form microfibrils composed of a nearly pure
cellulose Ig allomorph which varies depending on the
species (Zhao et al. 2015; Zhang et al. 2017a, b).

History and evolution of CNMs

Ever since the first report on the isolation of cellulose
by Anselme Payen from wood in 1838, numerous
discoveries have been made on its structural features,
production and extraction (Rajinipriya et al. 2018;
Payen 1838). The first report based on cellulose
colloidal suspension obtained through controlled sul-
phuric acid (H,SO,4) was communicated by Ranby in
(1949). This work was a follow up on the study
conducted by Nickerson and Habrle who recognized
that hydrolysis of cellulosic fibers with aqueous
hydrochloric acid (HC/) and H,SO, at boiling

Table 2 A comprehensive account on the advancements in CNMs

temperature led to amorphous regions being attacked
first (Nickerson and Habrle 1947). For better under-
standing of the history behind cellulose nanomaterials,
we have listed a comprehensive, year-wise develop-
ment of CNMs in Table 2 (Rénby 1951; Ranby and
Ribi 1950; Mukherjee et al. 1952; Mukherjee and
Woods 1953; Battista 1950; Battista et al. 1956;
Marchessault et al. 1959; Turbak et al. 1983; Herrick
et al. 1983; Revol et al. 1992; Favier et al. 1995;
Kulpinski 2005; Crotogino 2012). After the first pilot
plant in 2011 for cellulose nanomaterials production,
research has dealt mainly on the aspects, such as
enhancing the production rate using methods having
low environmental impact, studying abundant avail-
able sources to reassure continuous supply of
resources for up-scaling production, functionalization
towards reinforcing application, and possible new
applications of CNMs (Rajinipriya et al. 2018).

Year Nature of advancements Referencess

1838 Cellulose was discovered and isolated by Anselme Payen Payen (1838)

1947 Nickerson and Habrle recognized that boiling acids induced Nickerson and Habrle (1947)
degradation of the cellulosic fibers and reached a limit after certain
period of treatment

1949-1950 Colloidal suspensions form acid-catalyzed degradation of cellulose Ranby (1949), Ranby (1951), Réanby and Ribi
fibers (1950)

1952-1956  First TEM images of CNMs which confirmed that acid-catalyzed = Mukherjee et al. (1952), Mukherjee and Woods
cellulose nanofiber result in rod-like crystalline particle and (1953), Battista (1950), Battista et al. (1956)
microcrystalline cellulose (MCC) which afforded its
commercialization

1959 Cellulose nanocrystals optimization was achieved and their nematic Marchessault et al. (1959)
liquid crystalline alignment was demonstrated

1983 First preparation of cellulose nanofibrils (CNFs) by homogenizer Turbak et al. (1983), Herrick et al. (1983)

1992 Cellulose nanocrystals above a critical concentration display chiral Revol et al. (1992)
nematic liquid crystalline phase

1995 First report demonstrating the reinforcing effect of cellulose Favier et al. (1995)
nanocrystals

2004 Electrospinning of pure cellulose Kulpinski (2005), Viswanathan et al. (2006)

2011 First pilot plant for CNM production by Innventia in Sweden Crotogino (2012)

2012 to During this period, research and commercialization were fuelled by Rajinipriya et al. (2018), Foster et al. (2018),

present CNDMs distinctive properties and their reinforcement in various Nechyporchuk et al. (2016)

materials to afford their utility across a broad spectrum of high
performance material applications. Also the extraction using green
methods with high yield as well as the characterization for
consistent, reliable and accurate materials which will facilitate
their journey to markets were researched

@ Springer
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Cellulose nanomaterials

Cellulose nanomaterials can generally be defined as
cellulose composed of crystalline and amorphous
regions having diameters below 100 nm and the
lengths reaching few microns. A wide variety of
cellulose resources including wood (soft or hard
wood), seed (cotton), bast (jute, flax, hemp), leaf
(sisal), straw (rice, wheat), fruit (coir), tunicates,
algae, fungi and bacteria have been utilized for the
production of cellulose nanomaterials (Anwar et al.
2014; Blanco et al. 2018). Most of the industries and/
or institutions which are involved in production of
CNMs for commercial purposes use wood pulp as
source of cellulose (Rajinipriya et al. 2018). The non-
woody resources are, however, gaining much attention
as alternative to wood because of their short growth
period and easy delignification when compared to
wood because wood has high content of lignin
(Rajinipriya et al. 2018). Moreover, for wood sources
the cellulose fibrils are located in the primary cells,
whereas in non-woody species it is located in
secondary cells which makes it necessary for different
pretreatments steps for cellulose nanomaterials extrac-
tion. Numerous cellulose-containing agricultural
wastes (e.g. cotton stalk, pineapple leaf, rice straw,
flax, hemp, soy pods, rice husk, garlic straw, potato
peel, tomato peel, grape skin, carrot pulp, corncobs
etc.) are also considered as a viable source owing to
their unique properties such as availability, low cost
and the fact that they are rich source of carbohydrates
(Rajinipriya et al. 2018). These materials are usually
left in the fields or burnt which add to the current
environmental crisis (Mtibe et al. 2015). The use of
such materials to produce value-added products is of
significance not only towards creating a positive
environmental impact but also to create a close loop
cycle economy benefiting farmers. On the other hand,
it can be argued that geopolitics affect their prices
which may influence their utilization for industrial
production of CNMs. Beside these limitations, CNMs
have been employed in different fields such as
biomedical, construction (cement/concrete), coating,
drilling fluids, filtration (barrier), drug delivery, poly-
mer composites, and personal care (Dufresne
2017, 2018; Foster et al. 2018; Jin et al. 2016; Oksman
et al. 2016).

Classification of CNMs

Cellulose nanomaterials are often broadly classified
according to the production process and/or sources, as
tabulated in Table 3. In this regard, the materials
having different sizes, aspect ratio, degree of crys-
tallinity, surface chemistry and polymorphs (cellulose
I-IV) are produced. These differences result from
biosynthesis processes of each source result in differ-
ent chain stacking hence the overall properties. Since
plants are the most used sources for the production the
main sections in this review are dedicated to the
preparation of different cellulose nanomaterials
mainly from plant sources, hence for other CNMs’
sources the readers will be directed to the relevant
reviews for more information.

Electrospun nanofibers (ENMs)

Besides being manmade, electrospun nanofibers qual-
ifies as one of the cellulose nanomaterials because of
the resulting fibres have diameters in the nanoscale. In
this case, electrospinning technique is employed to
afford the manufacturing of the nanofibrous material
featuring distinctive properties, such as large surface-
to-volume ratio, tuneable porosity and high perme-
ability (Mokhena et al. 2015). In this process, the pure
cellulose or derivative is dissolved in a suitable solvent
and subjected to high voltage to form electrified jet
which moves towards to an oppositely charged
collector. Reaching a collector, the jet solidifies to
form non-woven cellulose webs or in case of cellu-
lose’ derivatives post-treatment is conducted to pro-
duce pure cellulose (regenerated cellulose)
(Viswanathan et al. 2006; Ma and Ramakrishna
2008). For instance, Ma and Ramakrishna produced
electrospun pure cellulose nanofibers by electrospin-
ning cellulose acetate using acetone/DMF/trifluo-
roethanol (3:1:1) as solvent (Ma and Ramakrishna
2008). The obtained non-woven cellulose acetate
nanofibers were then thermally treated at 210 °C for
an hour followed by deacetylation using 0.1M NaOH
(in H,O/ethanol, 2:1) for 24 h in order to obtain pure
cellulose nanofibers. The morphology of electrospun
cellulose nanofibers is shown in Fig. 3a (Viswanathan
et al. 2006). The fibers exhibited highly branched
structure and the diameters were ranging from few
nanometers to several microns.
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Table 3 Classification of cellulose nanomaterials

Type Synonyms Source/production Lengths  Diameter Aspect X, (%) References
(nm) (nm) ratio
Electrospun - Man-made from >1000 5-100 - - Ma and
nanofibrous cellulose and Ramakrishna
membrane cellulose derivatives (2008)
(ENM) through
electrospinning
technique
Microfibrillated ~ Nanofibrillated cellulose Mechano-chemical >1000 10-100 - 51-69  Desmaisons
cellulose (NFC), cellulose process of wood, et al. (2017),
(MFC) microfibrils (CF) or non-woody, Kumar
cellulose nanofibrils tunicates, bacterial Mishra et al.
(CNFs) cellulose (2018)
Cellulose Nanofibrillated cellulose ~Mechano-chemical >1000 5-30 - 50-70  Desmaisons
nanofibrils (NFC), cellulose process of wood, et al. (2017),
(CNFs) microfibrils (CF) or non-woody, Kumar
microfibrillated tunicates, bacterial Mishra et al.
cellulose (MFC) cellulose (2018)
Cellulose Whiskers, nanowhiskers, Wood, non-woody, 50-350 5-20 5-30 50-80  Sharma et al.
nanocrystals nanocrystalline tunicates, bacterial (2018)
(CNCs) cellulose cellulose
Tunicate-CNCs  Whiskers, nanowhiskers, Tunicates 100-4000 5-20 70-100 85-100 Zhao et al.
(t-CNCs) nanocrystalline (2015),
cellulose Zhang et al.
(2017)
Algal cellulose - Algae 200- 5-25 25-70 Chen et al.
> 1000 (2016b)
El Achaby,
et al. (2018)
Bacterial - Low molecular weight >1000 20-100 >50 80-90  Sharma et al.
cellulose sugars and alcohols (2018),

Hussain et al.
(2019)

Cellulose nanocrystals (CNCs)

Cellulose nanocrystals (CNCs) are elongated crys-
talline rod- or needle shaped nanometric particles (see
Fig. 3b) having width of 5-20 nm, lengths of
50-350 nm and aspect ratio of 5-30, as well as
bending strength of about 10 GPa, coupled with tensile
strength of up to 7.5 GPa and Young’s modulus
of ~ 150 GPa (Dufresne 2017, 2018; Foster et al.
2018, Jinet al. 2016; Oksman et al. 2016; Sharma et al.
2018). The extraction of CNCs can be categorized into
two main steps: (1) pretreatment steps and (2)
refinement. The former is generally employed to
remove other constituents than cellulose fibers (as
discussed in detail in “Pretreatments step” section).

@ Springer

The refinement step involves the hydrolysis of purified
cellulose into nanocrystals components as shown in
Fig. 3b. Besides resources of pure cellulose sources
such as CNFs, bleached wood pulp and micro
crystalline cellulose (MCC), different cellulose-con-
taining sources (e.g. agricultural by-products, wood
and non-wood) are first subjected to different pre-
treatment processes which reduces time by allowing
chemical accessibility in the second/refinement step
(see Fig. 4). The obtained purified cellulose consists of
well-ordered crystalline and amorphous regions which
vary with regard to the source. The amorphous
domains are more susceptible to refinement treatments
(i.e. chemical acid hydrolysis, enzymatic hydrolysis,
mechanical refining, ionic liquids, subcritical water
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Fig. 3 Micrographs of CNMs: a electrospun nanofibers
(Reprinted from (Viswanathan et al. 2006). Copyright 2006
American Society); b CNCs from Maize stalk; c¢ bacterial
cellulose (BC) (Reprinted from Revin et al. (2018). Copyright

hydrolysis, oxidation or a combination of these
processes) promoting the isolation of well-ordered
crystalline domains (CNCs) (Fig. 3b) (Kumar et al.
2018; Wang et al. 2013a; Mtibe et al. 2015; Tang et al.
2015b).

Tunicates CNCs (t-CNC)

Mantle of sessile creatures (tunicates) have been used
for the isolation of ribbon-like shaped cellulose
particles with high crystallinity (85-100%). The
resulting particle are mainly composed of Ig allomorph
which vary depending on the specie under investiga-
tion (Zhao et al. 2015; Zhang et al. 2017a, b). The
morphology of the resulting t-CNCs are shown in
Fig. 3d. Similar to CNCs, t-CNC are extracted using
acid hydrolysis process.

1.87 x 1.87 um

2017 Elsevier); d tunicate cellulose (t-CNCs) (Reprinted from
Zhao et al. (2015). Copyright 2015 Elsevier); and e CNFs
extracted from wood (Reprinted from Wang and Drzal (2012).
Copyright 2012 American Society)

Algal and bacterial cellulose

Algal cellulose nanomaterials can be isolated from the
cell walls of the algae species to afford particles with
high aspect ratio (El Chaby et al. 2018; Chen et al.
2016b). Depending on the refining treatment i.e.
chemical hydrolysis or mechano-chemical process
and the specie various particles having different
dimensions can be produced. Besides plants being
the main source of cellulose, cellulose can be
produced as extracellular product by different bacteria
such as Acetobacter, Rhizobium, Agrobaterium etc. It
is extracted as high purity (> 99%) ribbon-like fibrils
having diameters of 20-100 nm and the lengths
reaching few microns (Fig. 3c). These dimensions
and crystallography (Io/IP) are directly dependent on
the culturing conditions i.e. stirring, temperature and
additives as well as bacteria under investigation
(Sharma et al. 2018).
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Fig. 4 Schematic presentation of recent processes to achieve cellulose nanomaterials. Reprinted from Kumar et al. (2018) distributed

under creative commons license

Cellulose nanofibrils (CNFs) and cellulose
microfibrillated cellulose (MFC)

Cellulose nanofibrils (CNFs) are generally defined as
cellulose nanomaterials consist of fibrils with dimen-
sion in the nanometric scale primarily obtained from
by means of mechano-chemical treatments. CNF
consists of aggregated nanofibrils with diameters of
5-30 nm and up to several microns long (Fig. 3e).
Although wood is the most used resource for CNF

@ Springer

production, other non-woody resources (e.g. algal,
agricultural crops, water plants, and their by-products)
are considered as alternatives because of their benefits
such as short growth periods and easy delignification.
This can be related to less or no lignin of these
resources when compared to wood. Pretreatments
alleviated the high energy consumption associated
with CNFs defibrillation processes from 30,000 to less
than 2000 kWh/ton, thus unlocking large-scale pro-
duction (Desmaisons et al. 2017; Kumar Mishra et al.
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2018). The combination of both enzymatic or chem-
ical pretreatments and mechanical treatments are
applied for both the pilot scale and industrial scale
production (Fig. 4). These treatments are applied
according to the fibre sources, production conditions
and specific quality requirements. Similarly, MFC are
generally obtained through mechanical means of
purified cellulose from different sources (see Table 1).
The resulting particles are composed of amorphous
and crystalline; and diameters of 10-100 nm and
lengths reaching values greater than micron. MFC
have quite similar properties as CNFs, hence they are
often used interchangeably in literature. It is recog-
nized, however, the difference is the extent of the
defibrillation process which result in their dimensions,
gelation and optical clarity. In this case of CNFs have
smaller diameters. In this review, to avoid confusion
CNFs will be used to represent both MFC and CNF in
the next sections.

Isolation of CNMs
Pretreatments step

Different cellulose-containing sources are first sub-
jected to different pretreatment processes which
reduce time by allowing chemical accessibility in the
second step (Fig. 4). It was observed that pretreatment
increases the surface area which makes the fibres to be
more susceptible to refinement step(s). The difference
in chemical composition depends on the environmen-
tal growth, maturity and cellulose resource-type.
Figure 4 shows different extraction processes of
cellulose nanomaterials and the most commonly
adopted pretreatment. Pretreatment is generally
employed to remove other constituents (e.g. lignin,
hemicellulose/extractives/contaminants for lignocel-
lulosic resources; proteins for tunicates) than cellulose
fibers. In the case bacterial cellulose, pretreatment
involves the culturing processes followed by cellulose
recovery through purification to remove medium
components other than pure cellulose fibers (Revin
et al. 2018).

In case of lignocellulosic biomass, as main focus of
this review, the content of each component viz. lignin,
hemicelluloses, extractives and contaminants of cel-
lulose-containing sources varies from one plant to the
next; hence, the adopted pretreatment has to be

carefully considered for isolation of pure cellulose.
Basically, the raw materials are washed with water and
then subjected to alkali pretreatment using sodium
hydroxide (NaOH) or potassium hydroxide (KOH) to
remove water-soluble constituents and other compo-
nents (hemicellulose, lignin, pectin and waxes) than
cellulose, i.e. pulping. The main concern from envi-
ronmental point is usage of water, toxic chemicals and
energy. Yet other processes employed to remove these
components (i.e. hemicellulose, lignin, pectin and
waxes) include organic solvents, soxhlet, or mineral
acids. These treatments are recognized as a step to
remove non-cellulosic components and induce defib-
rillation of the fibre bundles. The resulting material is
then introduced to bleaching step or delignification
using different bleaching agents such as sodium
chlorite (NaC{O,), chlorine dioxide (C/¢O,), hydrogen
peroxide (H,O,), peroxyacids, oxygen or ozone. The
bleaching step can be single or multiple stages with
regard to the intended cellulose material and its
application. In this step, it was observed the size of the
fibres reduced by a further defibrillation of the fibres
into individual fibres. The environmental regulations
are, however, very stringent towards the use of
chlorinated reagents which opened doors for the
utilization of chlorine oxide-based in Elemental
Chlorine-Free (ECF) and Total chlorine-free (TCF)
sequences (Robles et al. 2018b).

Additional processes such as Kraft or sulphite
process were reported in the literature in order to
produce pure cellulose. These pretreatments are
mostly used in industrial scale, with market domi-
nance of 96% belonging to Kraft. Kraft process
removes mostly lignin using a mixture of NaOH and
sodium sulphide in the digester. The digester operates
at about 175 °C for 2-5 h. Sodium sulphide addition
facilitates ether cleavage and controls undesirable
condensation reactions. This process is recognized by
high yield of strong fibres. Although sulphite is
recognized with low yields of weaker fibers, it
removes more lignin thus the resulting fibres are more
suitable for high-quality paper or cellulose. In this
regard, the fibres are treated with magnesium bisul-
phate and excess sulphur dioxide at 175 °C for 6-12 h.
The disadvantage of these processes is that the
generated sulphite derivatives may link to cellulose
and cause environmental problems with regard to their
disposal (Robles et al. 2018b; Ferreira et al. 2018).
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Due to strict environmental regulations, organosolv
has emerged as an alternative process owing to its
unique features (Ferreira et al. 2018; Robles et al.
2018b). This includes the extraction of lignin using
environmentally benign solvents which are recovered
after purification process by distillation. Organosolv
involves heating the raw material in the presence of
water, solvent and catalyst for about 2 h (Ferreira et al.
2018; Robles et al. 2018b). Besides various solvents
being employed for this process (e.g. mono- and
polyalcohols, aldehydes, ketones, thio compounds,
organic acids and bases, and dimethyl sulphoxide),
triethyl glycol is the most suitable solvent. Triethyl
glycol, however, is limited by high boiling point which
makes it difficult to recover. Ethanol is the most
preferred solvent due to its low cost and low toxicity.
Numerous catalysts such as HC/, H,SO,, ferric
chloride, ammonia, aluminium salts, and urea are
often employed. It is worth mentioning that these
processes cannot remove all lignin; and thus high
quality (pure) cellulose is obtained by subsequent
bleaching which has been already stated previously
(Ferreira et al. 2018).

Enzymatic hydrolysis, 2,2,6,6-tetramethylpiperidine-
1-oxyl (TEMPO)-mediated, and carboxymethylation are
often considered as secondary pretreatment usually
implemented after pulping and bleaching, since they
can afford to produce the CNMs as it will be discussed in
the next sections (see Fig. 4). Another secondary
pretreatment method which was first used by Wagberg
Decher et al. (2008) is carboxymethylation process
(Hubbe et al. 2017; Im et al. 2018, 2019; Lourenco et al.
2019; Wagberg Decher et al. 2008; Wei et al. 2019).
Carboxymethylation involves the etherification of the
cellulose hydroxyl group using monochloroacetic acid
(MCA) under alkaline conditions. In this case, the pulp is
solvent exchange to ethanol followed by carboxymethy-
lation process in alcohol mixture i.e. isopropanol/
methanol or isopropanol/ethanol under alkaline condi-
tions. The solvent exchange and the limitation to recycle
the employed chemicals makes this method expensive.
Similarly, acetylation involves esterification of the
cellulose hydroxyl group into an acetoxy group, hence
weakens hydrogen bonding between fibrils.

Refinement step

Beside cellulose nanocrystals being commonly pro-
duced by classic mineral acid hydrolysis, recent

@ Springer

developments indicate that the CNCs can be produced
through integrated production routes such that the
cellulose loss is minimized to nearly zero (Chen et al.
2016a; Lv et al. 2019; Wang et al. 2012a, b; Wang
et al. 2013c). In this regard, the hydrolysed materials
during isolation of CNCs leave behind solid cellulose
residue that can be recovered and used to produce
CNFs with sugars that can be used for other purposes
such as chemical production and energy production.
The integration of such techniques are of interest from
ecological and economic viewpoints especially for
industrial-scale application. For instance, Lv et al.
(2019) employed formic acid hydrolysis to produce
CNCs and CNFs by varying acid concentration,
reaction temperature and duration. It was reported
that the high concentration of acid result in shorter
time for reaction, while high temperatures adversely
affect the yield. It was demonstrated that all products
from acid hydrolysis can be recovered to be used for
other purposes since the formic acid is eco-friendlier
with cellulose solid residue being used to produce
CNF by subsequent mechanical treatment. In most
cases, the pretreatments have been employed prior to
the key refinement treatments, such as high-pressure
homogenization, microfluidization, micro-grinding,
high-intensity sonication, melt extrusion, and steam
explosion to facilitate production process and improve
the quality of the CNF (Nechyporchuk et al. 2016).
TEMPO is the most used pretreatment for CNFs
production. In general, it can be argued that there is no
single technique that can produce CNFs from the
source, however, a combination of the processing
techniques can improve the properties of the resulting
CNFs (Abe and Yano 2009; Moser et al. 2015;
Siqueira et al. 2016).

Acid hydrolysis treatment

Beside acid hydrolysis being the most commonly
employed technique to extract CNCs from different
sources, it has been used to improve the quality of the
purified cellulose (e.g. MCC). In this regard, the
pretreated cellulose-containing source is subjected to a
given concentration of desired acid for a certain period
at favourable temperatures to avoid degradation of
cellulose particles. The dimension and/or structure of
the CNMs depend on the cellulose source, as well as
on the conditions of the acid hydrolysis process such
as time, temperature, acid concentration, and the
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nature of acid (Csiszar and Nagy 2017; Li et al.
2018b). For instance, diluted acid i.e. 1-10 wt% are
commonly used for pretreatment since it hydrolysis
hemicellulose to its monomeric units, hence exposes
cellulose. In the case of concentrated acids solutions
(30-70 wt%), the cellulose-containing sources
requires less temperatures and shorter time to affords
the isolation of highly crystalline cellulose particles
(Bian et al. 2017a, b; Bian et al. 2018).

Sulphuric and hydrochloric acid are the commonly
used acids to afford the extraction of CNCs, but other
acids such as hydrobromic (Sucaldito and Camacho
2017; Sadeghifar et al. 2011), phosphoric (Tang et al.
2015b; Camarero Espinosa et al. 2013), and phospho-
tungstic acid (Lu et al. 2016; Liu et al. 2014; Budhi
et al. 2018), were also reported for such purposes as
summarized in Table 4. Recently, organic acids (e.g.
maleic (Filson and Dawson-Andoh 2009), formic (Du
et al. 2016a; Li et al. 2015) and oxalic), were also
reported as alternative acids to overcome some
shortcomings of mineral acids. This is as a result of
possibility of recycling and reusing these acids for
extraction purposes or/and to recover extracted sugars.
The amorphous regions in cellulose are susceptible to
acid attack which promotes hydrolytic cleavage of the
glycosidic bonds and releasing individual crystallites.
This is as a result of the difference in kinetics of
hydrolysis between amorphous and crystalline regions
which lead to selective cleavage in the amorphous
region along cellulose chains, thus leaving behind
elongated crystalline particles.

Despite the easy manipulation of the mineral acids
to obtain desired morphology and/or dimensions, there
are shortcomings that still need to be addressed. These
include equipment corrosion, large quantities of water
usage and generation of large amount of waste with
fairly low yields. Some reports proposed the substi-
tution of the strong liquid acid with solids acids in
order to overcome some of these shortcomings,
especially environmental impact and sustainability
(Tang et al. 2011). In this regard, cation exchange
resin-catalyzed hydrolysis was employed and similar
crystalline rod-like particles as for sulphuric acid were
obtained, however, with only 50% yield (Tang et al.
2011). This strategy has several advantages compared
to classic acid hydrolysis such as recovery/regenera-
tion of solid acid, easy handling, and less corrosive.
The low yield and long hydrolysis time are some of
key issues that require more research to afford the up-

scaling of this hydrolysis process. Some reports
demonstrated that the use of phosphotungstic acid
for CNMs isolation is one of the rational solutions to
solve the low yield (Liu et al. 2014; Budhi et al. 2018).
It was shown that a yield of more than 60% can be
achieved and the acid can be recovered and reused to
extract CNMs. The major concerns associated with
this procedure include long hydrolysis time, washings
using ethanol (which may be costly than water),
CNMs flocculation after standing for more than 12 h,
as well as the use of diethyl ether to recover both acid
and CNMs. The use of mechanochemical activation
during phosphotungstic acid hydrolysis was found to
increase yield to 88% which demonstrates the possi-
bility of industrial production (Lu et al. 2016).
Mechanochemical activation was carried out by ball
milling in the presence of phosphotungstic acid
followed by heating at 90 °C for 4.5-5.5h as
compared to 35 h in (Liu et al. 2014; Budhi et al.
2018). Thermal stability of the resulting CNCs was
also improved as compared to sulphuric acid hydrol-
ysis with a dramatic increase of maximum degradation
temperature from 338 (i.e. for raw material) to 348 °C.
Beside the abovementioned issues associated with
phosphotungstic acid hydrolysis, this procedure has
the capability to go beyond pilot scale with regard to
recovery and reuse of acid, as well as high yields
coupled with thermally stable CNCs.

Phosphoric acid is also known to produce highly
thermal stable CNCs with yield reaching values of
70-80% depending on the hydrolysis conditions
(Camarero Espinosa et al. 2013). However, economic
chemical recovery is yet to be demonstrated especially
considering up-scaling to industrial production.
Recent reports on utilization of alternatives to mineral
acids have been published (Jia et al. 2017b; Chen et al.
2016a; Wang et al. 2017). Organic acids (e.g. oxalic,
maleic and p-toulenesulphonic acids) received much
interest because they are readily available and are
produced from natural resources (biomass) (Jia et al.
2017b). It was observed that organic acid hydrolysis
produced thermally stable carboxylated CNCs with
reasonably high yields. In addition, organic acids can
be recovered and reused through classic and commer-
cially proven crystallization process at low tempera-
tures for sustainable and economic manufacturing. It
was demonstrated in these studies that this procedure
has a potential of achieving commercial success at low
cost and sustainable manufacturing. Jia et al. (2017a)
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Table 4 continued

Upscaling

Industrial viability

Surface charge

Pretreatment 2

Pretreatment 1

Raw material

++

High yield and recovery/reuse of

Ammonium

Sonication (10 min)

MCC (Yu et al. 2013)

chemicals need demonstration

ions (NH;™)

Hydrolysis (HC/ 40-80 mLg™"), 24 h

under hydrothermal (100-120 °C)
Neutrilization using ammonia solution

HC/ (6 M), 3 h under hydrothermal

Alkali hydrolysis (1 M NaOH)

Lyocell fiber (Yu et al.

treatment 110 °C
Neutralized with NH3-H,O

Heat treatment 100 °C

2014)

T+ Highly possible, T *possible with few limitations, Fpossible with more to be done, not possible

compared three acid hydrolysis preparation processes,
i.e. disk-milled oxalic acid hydrolysis (D-OCNCs),
oxalic acid hydrolysis (OCNCs) and sulphuric acid
hydrolysis (S-CNCs). It was demonstrated that using
oxalic acid hydrolysis, thermally stable carboxylated
CNC:s can be obtained with a high yield by including
disk milling as pretreatment. The yield reached a value
of 36.9% which was sevenfold higher than oxalic acid
alone (OCNCs, 4.4%) and for sulphuric acid hydrol-
ysis it was 30%. The maximum thermal degradation
temperature of the D-OCNCs was 298 °C, while for
OCNCs and S-CNCs were 307 °C and 218 °C
respectively.

The utilization of HC/ vapour in order to avoid high
water consumption was demonstrated by Kontturi
et al. (2016). They reported that the produced CNCs
had high crystallinity with degree of polymerisation
(DP) being reduced to the levelled off DP (LODP) of
about 170 (i.e. LODP corresponding to classic CNCs
extraction processes). The yield reached a value of
97.4% as compared to 20-50% with regard to
liquid/solid processes. The closest yield of about
94% using hydrochloric acid under hydrothermal was
demonstrated by Yu et al. (2013). It was reported this
isolation process afforded the production of highly
crystalline (88.6%), and thermally stable (maximum
degradation temperature of 363.9 °C) cellulose nano-
materials within acceptable reaction time (3 h), tem-
peratures 110 °C, and mild acid concentration
(60 mL g_l). The diameters were between 16 and
20 nm with lengths ranging between 255 and 290 nm,
i.e. aspect ratio of 13-16. The concern about this
process include prolong reaction time (3 h vs. 1 h of
less for H,SO,), the recovery of the by-products and
high temperature involved. Despite the fact that acid
hydrolysis result in nanocrystals which are elongated
rod-like particles, spherical particles were also pro-
duced by a mixture of acids followed by intense
sonication (Yu et al. 2017; Wang et al. 2007b; Zhang
et al. 2007; Azrina et al. 2017). Similarly, enzymatic
hydrolysis with ultrasonication was recently reported
as an alternative green method to produce spherical
particles with diameters less than 100 nm (Meyabadi
et al. 2014). While sulphuric acid hydrolysis process is
the most used method to extract CNCs, microbial and
catalytic ionic liquid hydrolysis were also reported for
such purpose (Trache et al. 2017; Xie et al. 2018).
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Enzymatic hydrolysis treatment

Enzymatic hydrolysis is recognized as either sec-
ondary pretreatment or refining step. In the former, the
pre-treated cellulose pulp is introduced into mono-
component or multicomponent of enzymes to promote
the fibrillation process (Teixeira et al. 2015). Despite
the fact that, enzymatic hydrolysis produces less
stable CNMs as compared to acid hydrolysis, this
process is eco-friendlier and results in isolation of
highly crystalline particles (Teixeira et al. 2015). The
principle of this process is similar to that of conven-
tional acid hydrolysis treatment, but herein enzymes
are responsible for breaking the glycosidic bonds of
the amorphous domains to produce CNMs (Lynd et al.
2002). Cellulases is a composite of active components,
viz.: (1) endoglucanases, (2) exoglucanases, and (3)
cellobiohydrolases (Filson et al. 2009). These
enzymes act synergistically in hydrolysis process.
Endoglucanase seldom attacks amorphous domains,
whereas exoglucanases attacks cellulose chains from
either the reducing or non-reducing ends. Cellobiohy-
drolases mainly acts from the C1 or the C4 ends using
a protein in each case, into cellubiose units (Filson
et al. 2009). Filson et al. (2009) prepared cylindrical
CNCs with widths between 30 and 80 nm and lengths
between 100 and 1.8 pm by hydrolysing recycled pulp
using endoglucase enzyme. Endoglucanase hydrolytic
treatment led to the maximum yield of 38.2% for
microwave heating and 29% for conventional heating
at 50 °C in water. Teixeira et al. (2015) isolated both
CNFs and CNCs from different cellulose resources
using enzymes from wet-disk milling-treatment. It
was found that highly crystalline CNFs and CNCs
were obtained with different dimesnions depending on
the cellulose source, hence the presence of other
components than cellulose. The CNMs had diameters
ranging between 500 and 3000 nm and diameter of
6—20 nm depending on the source. Even though this
method seems promising towards the industrial scale
production with regard to its eco-friendliness, low
yields and prolonged hydrolysis treatment still need
further demonstrations to improve its efficiency. In
addition, the enzyme activity depends on variables
such as the temperature, and incubation time, which
makes it difficult to control the extent of hydrolysis.
Nonetheless, recent study by Bauli et al. (2019)
demonstrated that enzymatic hydrolysis can be
employed for both pre-treated (i.e. bleached) and
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untreated wood waste to afford highly crystalline
CNMs. It was reported that although the yield was too
small (~ 3%) for untreated waste as compared to pre-
treated waste (~ 12%), the life cycle impact assess-
ment (LCIA) indicated that this route is favourable to
produce CNMs.

Oxidation treatment

The oxidation of cellulose-containing source with
strong oxidizing agent [(e.g. sodium periodate, ammo-
nium persulphate (APS), TEMPO)] has been also
reported to promote the isolation of homogeneous rod-
like CNMs (Zhang et al. 2016; Lam et al. 2012).
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)-me-
diated oxidation is also considered as a reliable and
efficient pretreatment method to facilitate the isolation
of CNMs (Padkkonen et al. 2015; Wu et al. 2017). It is
the most utilized pretreatment for isolation of CNFs
(Isogai et al. 2011; Moser et al. 2015). It relies on
selectively oxidizing primary alcohols (C6-primary
hydroxyls) to carboxylate groups such that adhesion
between cellulose fibrils via hydrogen bonding is
weakened. This results in the reduction of energy
required in the CNFs production since the fibrils can
be easily broken-down into nanofibrils. The obtained
nanofibrils have vast of carboxylate groups which can
be suitable for further functionalization and degree of
polymerization (DP) is often maintained depending on
the refining step. The disadvantage of this process is
the amount of water used, expensiveness, corrosive-
ness and toxicity of the chemical used. In addition, the
toxic chemicals such as C6-aldehydes and C2/C3-
ketones are produced during oxidation process (Fan
et al. 2019).

APS, however, has a promising potential owing to
its unique features: low toxicity, high water solubility
and low cost (Cheng et al. 2014; Jiang et al. 2017).
Cheng et al. (2014) showed that spherical shape
particles of 29-96 nm were obtained through APS as
oxidizing agent with the yield of 22 to 75% depending
on the experimental conditions. In comparison with
TEMPO ultrasonic assisted process (TO-CNC), APS
single step extraction process resulted in CNCs (AO-
CNC) with higher crystallinity, and better thermal
stability, however, at low yields (Zhang et al. 2016).
The increase in oxidant content in both cases led to a
great deal of carboxyl groups introduced on the
surface of the CNCs. It was indicated that one-pot
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APS oxidation is simpler and can easily be adopted in
large scale production, however, the yield is lower
when compared to TEMPO ultrasonic assisted pro-
cess. Overall, the oxidation using strong oxidant
agents display high yield as compared to classic
methods (mineral acid hydrolysis). On the other hand,
it consumes lot of oxidants, reaction time is longer,
and the oxidants are expensive which can affect the
price of resulting carboxylated CNMs. The compar-
ison between the mineral acids and this process is
required in terms of the cost from the beginning to final
product. Recent study by Fan, et al. (2019) demon-
strated that CNMs can be produced using eco-friendly
oxidant consisted of Fe>" hydrogen peroxide (H,0,).
In this regard, the mixture of the MCC and H,O,/fer-
rous sulphate tetrahydrate (FeSO4.4H,0) was soni-
cated for 10 min followed by thermal treatment
(60 °C) while stirring for 2—8 h. It was shown that at
this temperature Fe>" effectively catalyzes H,O, to
produce H*, OH. radical; and H,O, with the former
penetrating the cellulose amorphous domains and HY
protonate 3 1-4 glycosidic bond while OH. attacks
hydroxyl groups producing carboxylated CNMs. The
obtained highly crystalline (84-89%) carboxylated
CNMs (0.7-2.2 mol gfl) with widths of 19-23 nm
and lengths of 92-141 nm as well as high thermal
stability (maximum thermal decomposition tempera-
ture of 325-342) depending on the reaction time.

lonic liquids (Ils)

Ionic liquids (Ils) serve as a suitable solution for
extraction of CNC because they are recyclable and
addresses the environmental concerns of other extrac-
tion processes (Mao et al. 2013, 2015). Moreover, Ils
are chemically, and thermally stable, non-flammable,
and possess low vapour pressure. Ils are consists of
anion and cations which are of significant importance
to solubilize lignin during cellulose particles isolation.
The interruption of the Ils ion with intra- and
intermolecular hydrogen bonding promotes the cleav-
age of the crystalline particles from cellulose biomass.
Laborie and coworkers (Mao et al. 2015) managed to
produce highly crystalline CNCs (76 £ 2.0%) with a
yield of about 76% from MCC using two-step 1-butyl-
3-methylimidazolium hydrogen sulphate
([BMIM]HSO,) mediated hydrolysis (viz. 24 h swel-
ling at ordinary temperature and 12 h hydrolysis at
100 °C). Abushammala et al. (2015) were the first to

report on the use of 1-ethyl-3-methylimidazolium
acetate([EMIM][Oac]) to extract CNCs from wood. It
was shown that despite the method involving two-
steps 95% of ionic liquid could be recovered. The
authors found that highly crystalline (~ 74%) acety-
lated rodlike particles with width of 2-5 nm and
lengths of 75-125 nm could be obtained by treating
wood twice with [EMIM][Oac]. The yield reached a
value of 20% of the original wood mass (or 60% of the
produced pulp).

Homogenization

In 1983, Turbak et al. (1983) and Herrick et al. (1983)
were first to isolate CNFs with diameters less than
100 nm from wood pulp. Since then homogenizers
were used to extract CNFs from a wide variety of raw
materials. In this process, cellulose suspension is
passed through a small gap between two valve seats
and high pressure is applied. Subsequently, the high
shear forces generated between the gaps causes
fibrillation of cellulose. High energy consumption
and clogging are major issues associated with this
process. Nonetheless, different pretreatments were
adopted to mitigate energy consumption as discussed
in previous section (Wei et al. 2017). In the case of
clogging, reducing fibre size before homogenization
was found to be a suitable solution to avoid machinery
clogging. Overall, homogenization process is capable
for the large scale production of CNFs. Two acids, viz.
formic and hydrochloric acid were used for pretreat-
ment followed by high-pressure homogenization to
afford CNFs having widths of 5-20 nm and length of
300-1200 nm. In addition, the as-prepared CNFs from
formic acid and HC{ pretreatment exhibited good
thermal stability (maximum thermal decomposition
temperature of ~ 330 °C and 328 °C, respectively)
(Du et al. 2016b).

Microfluidization

In 2004, Zimmermann and coworkers were the first to
isolate CNFs from sulphite pulp using microfluidiza-
tion process to obtain CNFs having diameters of
20-100 nm and lengths of several tens of micrometers
(Zimmermann et al. 2004). Degree of depolymeriza-
tion (DP) decreased from 1381 to 643 after the
treatment. This process involves passing sample slurry
through a Z- or Y- shaped chamber having channel
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size of 200400 um as shown in Fig. 5 (Xie et al.
2018). CNFs are isolated by applying high pressure
through the intensifier pump to delaminate fibers as a
result of shear forces from their collision and the
channels (Spence et al. 2011; Ferrer et al. 2012;
Chiappone et al. 2011). There are two major issues
associated with this technique which limits its pro-
gress, viz. high energy consumption and clogging.
Pretreatment of the cellulose-containing source
reduces energy consumption; whereas clogging can
be resolved by reverse flow through the chamber since
this technique has no in-line moving parts.

Grinding

In grinding, CNFs are isolated by passing sample
slurry through supermasscolloider grinder (Fig. 5)
(Xie et al. 2018). In this case, the fibers are ground by
passing the slurry between a static and a rotating stone
which produces high shearing forces to cleave the cell
wall structure and cellulosic bonds (Mtibe et al. 2015;
2012a, b; Siqueira et al. 2016). The gap between the
discs can be adjusted to obtain the desired structure
based on the type raw material. This process renders
some advantages such as high efficiency, large
capacity, low energy consumption and less prone to

(a) (b)
T e

Impactring
Valve seat

Inlet ut

»Qutlet

clogging which demonstrate its applicability in indus-
trial production. However, fiber damage due to strong
mechanical forces results in CNFs having low crys-
tallinity, thermal stability and physical strength makes
this process undesirable for production of CNFs where
those properties are of significance. Elsewhere in
literature, it was demonstrated that the damage of the
CNFs can be avoided by performing one-time grinding
treatment (Abe and Yano 2009). In this case, CNFs
were isolated from different raw materials (i.e. wood,
rice straw and potato tuber) using supermasscolloider
(model MKCA®6-3; Masuko Sangyo Co., Ltd., Sai-
tama, Japan) grinder at 1500 rpm with clearance
gauge of -6 (corresponding to 0.6 mm shift) from zero
position. It is worth mentioning that, a series of
chemical pretreatments were performed prior mechan-
ical treatment as shown in Fig. 6. The resulting fibers
had diameters below 60 nm regardless of the raw
material. The diameter range distribution varied
among the raw materials viz. 12-20 nm for wood,
12-35 nm for rice straw and 12-55 nm for potato
tuber due to the difference in patterns of aggregation
among sources. Moreover, the tensile properties and
crystallinity were similar for all samples; however, the
crystallinity was higher than that of purified cellulose.

Static stone
N\

Outlet \//J

Va
—
Rotating stone ‘1=‘P

Fig. 5 Mechanical processes and their working principles for CNFs production: a homogenizer, b microfluidizer and ¢ grinding.
Adapted from Xie et al. (2018) distributed under creative common license)
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Fig. 6 Experimental procedure for the preparation of cellulose
nanofibers from each plant source. Adapted from Abe and Yano
(2009). Copyright © 2009, Springer Science Business Media
B.V

Ball milling

In this process, cellulose-containing source is placed
in hollow cylindrical container partly filled with balls
(e.g. ceramic, metal or zirconia) and the rotation of the
containers causes high energy collision between the
balls and fibers, which result in defibrillation (Zhang
et al. 2018; Baheti et al. 2012). Figure 7 represents
schematic presentation of ball milling process (Zhang
et al. 2015). The effect of milling conditions viz. ball-
to-cellulose mass ratio, milling time, ball size and
alkaline pretreatment on the resulting CNFs was
studied by Zhang, Tsuzuki, and Wang (Zhang et al.
2015). It was found that selection of ball size is
essential to facilitate defibrillation of nanofibers.
Using small balls does not have sufficient impact
energy, whereas large balls have high impact energy
causing damage to the fibres to form particles. It was
demonstrated that milling time and ball-to-pulp mass
ratio are responsible for number of collisions events,
thus careful consideration is needed to maximize

CNFs’ extraction. On the other hand, it was reported
that alkali pre-treatment weakened the hydrogen
bonding between the fibers thereby facilitating the
extraction of CNFs. It was demonstrated that careful
control of milling conditions can result in CNFs with
high dimensional homogeneity and average fiber
diameters less than 100 nm through ball milling. The
effects of nature of milling, i.e. dry or wet was studied
by Baheti et al. (Baheti et al. 2012). It was reported that
dry milling causes fibres to stick to milling media
which makes it difficult to produce CNFs with a
narrow size distribution, whereas wet milling afforded
the production of CNFs with diameters below 500 nm
with narrow size distribution after 3 h. Although this
method results in high production rate, the control on
the CNFs size is very limited which makes it more
difficult for industrial production where reliable and
consistent data is needed. Moreover, prolonged
milling time is required to obtain CNFs with narrow
distribution diameters which lead to their contamina-
tion. Besides being commonly being used for CNFs
production, ball milling has been employed for the
isolation of CNCs as reported by Mohd Amid, et al.
2015. MCC dispersed in deionized waster was first
introduced to sonication followed by ball milling to
yield elongated rod-like particles (57-76%) having
diameters of 15-18 nm and lengths of 317-320 nm
depending on the milling time. The authors further
introduced the mild acid (1 wt% phosphoric acid) in
order to improve the thermal stability and dispersion
of the particles in aqueous medium. This resulted in
highly crystalline (88—-90%) particles with high aspect
ratio of 33 (i.e. width of ~ 8 and length of about
230 nm, respectively). In addition, the yield reached
71%.

Cryocrushing

Another strategy to isolate CNFs common in literature
is cryocrushing. This strategy involves freezing of
swollen cellulosic fibres in liquid nitrogen and then
crushed by mechanical grinding (Dufresne et al.
1997). The impact of high shearing forces causes the
release of the exerted pressure of ice crystals on the
cell wall to break and release cell fragments, thereby
forming CNFs. Different cellulose-containing sources
(e.g. wheat straw (Alemdar and Sain 2008), soy hulls
(Alemdar and Sain 2008) and hemp fibers (Wang et al.
2007)) were reported in literature to produce CNFs
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Fig. 7 Schematic presentation of CNFs production by a ball milling (Adapted from Zhang et al. (2015). Copyright 2011 Springer) and
b ultrasonication. Adapted from Chen et al. (2011b). Copyright 2011 Elsevier

using this method. It was observed that extraction of
CNFs utilizing this method can produce CNFs at high
yields having diameters of 50—100 nm (Alemdar and
Sain 2008). The involvement of different pretreat-
ments and post treatments makes this process not
suitable for industrial upscaling. Wang et al. (2007a)
utilized NaOH pretreatment (12% w/w, 2 h), acid
hydrolysis (1M HC/, 80 °C, 1.5 h) and alkali treat-
ment (2% w/w NaOH, 80 °C, 2 h) before cryocrush-
ing in liquid nitrogen followed by high pressure
defibrillation to obtain cellulose nanofibers having a
width in the range of 30-100 nm. This clearly
demonstrates that this process is time consuming,
and lot of chemicals and energy are required to be able
to obtain such CNFs, thus undesirable for industrial
up-scaling. More passes (viz. 10-15) are required to
produce CNFs with narrower diameters and the overall
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yield is only above 20% with crystallinity reaching
values of 55% (Sain and Bhatnagar 2003, 2008).

Ultrasonication

Ultrasonication employs ultrasonic waves to facilitate
the isolation of CNFs. In this regard, the high
frequency ultrasound generated by a transducer results
in the formation, growth, and collision of gas bubbles
in aqueous solution. The hydrodynamic forces of the
ultrasound disrupts the relatively weak interfaces (e.g.
van der Waals forces) to liberate CNFs. Figure 7
shows the exact picture of isolation of cellulose
nanofibers using ultrasonication (Chen et al. 2011Db).
The morphology of the CNFs were found to be
dependent on the sonication time, power output and
cellulose source-type. Zhu and Yadama (2018) iso-
lated CNFs from Douglas Fir using ultrasonic
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processor, Brason 450 sonifierat 20 kHz at different
amplitudes viz. 40 and 60%. The residues from hot
water extraction (HWE) of Douglas Fir was used as
raw material. It was found that by increasing ultra-
sonication time and/or amplitude resulted in formation
of narrower fibril bundles, thus improving the defib-
rillation process. This was attributed to the mechanism
of acoustic cavitation. The longer ultrasonication time
and amplitude increases the possibility of fibers
reacting with the micro-bubbles generated by the
ultrasonication process. It was demonstrated that the
inclusion of HWE in pretreatment(s) can reduce costs
related to the removal of hemicellulose by alkali
treatment. Using different output power of the ultra-
sonication, Chen et al. (2011b) found that high output
of 1000 W or above is required to individualize
nanofibers (i.e. having widths of 5-20 nm) from
chemical purified wood. Despite prolonged time and
changes in amplitude to control the resulting mor-
phology of the CNFs, aggregated CNFs with wide
distribution are usually obtained through ultrasonica-
tion method. Numerous reports on the use of ultra-
sonication to isolate CNFs wusing different
pretreatments to facilitate the extraction process and
control the structure and/or morphology were con-
ducted (Chen et al. 2011b; Cheng et al. 2007). On the
other hand, different sources were also used as raw
material to produce CNFs through this method, i.e.
wood (Zhao et al. 2007), bamboo (Zhao et al. 2007,
Chen et al. 2011a), banana peel (Khawas and Deka
2016), regenerated cellulose fiber (Cheng et al.
2009, 2010), pure cellulose fiber (Cheng et al.
2009, 2010), microcrystalline cellulose (Cheng et al.
2007, 2009, 2010), cotton (Zhao et al. 2007), ramie
(Zhao et al. 2007) and hemp fibers (Zhao et al. 2007).
Despite being mostly used for CNFs isolation, there
are few studies that indicated the capability of this
technique for the production of CNCs (Mohd Amin
et al. 2015). CNCs were produced from MCC
dispersed in deionized water using sonication treat-
ment for about 50 min at an output of 500 W,
frequency of 20 kHz and amplitude of 20% by Mohd
Amain, et al. 2015. They obtained rice-like crystalline
particles with a width of ~ 11 nm and lengths of
165 + 23 nm i.e. average aspect ratio 15. In addition,
the yield was fairly low viz. 8-10% with the onset
degradation temperature reaching 250 °C and crys-
tallinity of 90%.

Extrusion

The extruder consists of feeding zone (where material
is introduced), the kneading and heating zones in
which high shears, temperatures and pressure are
achieved (Mokhena et al. 2018b). The processor
controls the morphology and structure of the end-
product by varying the parameters, such as screw
speed, screw configuration, screw length-to-diameter
ratio (L/D), temperature, feed rate and die shape/size
(Mokhena et al. 2018b). The study on the use of twin
screw extruder for defibrillation of needle-leaf
bleached Kraft pulp to produce CNFs was conducted
by Ho, et al. (Ho et al. 2015). They found that after 1 to
3 passes microsized fibers were still visible, however,
more homogeneous cellulose material was obtained
after reaching 10 passes. The higher number of passes
led to more defibrillation effect; however, at the
expense of degree of polymerization, thermal stability
and crystallinity. This was ascribed to the degradation
of the cellulose material at higher passes. Moreover,
the damage and/or degradation of the fibers resulted in
poor mechanical properties at higher passes. In this
treatment, the cellulosic fibers are fibrillated by two
co-rotating screws exerting high shearing forces on the
solid cellulose (Ho et al. 2015; Cobut et al. 2014). The
advantage of this treatment includes high solid fibre
contents which can be disintegrated to produce high
quality CNFs viz. 33-45 wt% solid content. The
damage and/or degradation of the fibers at high passes
limit the size of the CNFs that can be obtained from
this process. It can be argued that optimization of this
process can result in CNFs having different sizes
which can afford other applications, especially in
nanocomposites. The solid form of CNFs offers
advantages considering their transportation, and stor-
age when compared to aqueous suspensions. On the
other hand, re-dispersion in solvents for other indus-
trial applications where suspensions are required has
to be taken into account when using this technique.

Steam explosion

This process is known as thermomechanical treatment
which was first introduced by Mason in 1927 to
defibrillate wood into fiber for board production
(Deepa et al. 2011). In this method, the raw material
is subjected to pressurized steam followed by sudden
decompression resulting in substantial break down of
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the lignocellulosic structure, hydrolysis of hemicellu-
lose and depolymerization of the lignin and defibril-
lation. Steam penetrates the sample by diffusion, and
then high shear forces generated from pressure causes
cleavage of the glycosidic and hydrogen bonds
releasing cellulose nanofibers. CNFs produced using
this process were reported in literature (Deepa et al.
2011; Cherian et al. 2010; Abraham et al. 2011).
Steam explosion method is recognized by its attractive
properties such as low environmental impact, low
energy consumption, less equipment corrosion and the
use of less hazardous chemicals (Cherian et al. 2008;
Yang et al. 2018). However, the non-uniformity and
poor quality of the resulting CNFs still need to be
resolved (Yang et al. 2018). In addition, the high
temperatures (100-250 °C) used during the treatment
also need demonstration. Yang et al. (2018) combined
H,O, bleaching with steam explosion, high speed
blending, and ultrasonic treatment to overcome the
non-uniform size of the resulting CNFs. They reported
that the combination of these methods resulted in
CNFs having average diameter of 22 nm and maxi-
mum degradation temperature of 346.4 °C due to the
fact that each treatment played important role in the
defibrillation of cellulose which made the whole
extraction more energy efficient.

Other methods for CNMs isolation

As water is the cheapest reagent with low corrosion,
the method which involves this kind of liquid is of
essence from ecological and economical viewpoints.
Subcritical water hydrolysis was also reported as a
green method to extract CNCs (Novo et al.
2015, 2016). Curvelo and co-workers (Novo et al.
2015) data, showed that using supercritical water
hydrolysis at 120 °C and 20.3 MPa for 60 min
resulted in formation of highly crystalline rod-like
shaped CNCs (79%) with a yield of 21.9%. The
resulting CNC had length of 242 £ 98 nm and width
of 55 £ 20 nm; and showed thermal degradation
onset 15 °C higher than native cellulose. It was
demonstrated that the overall cost price is 0.02 USD/
kg as compared to 1.54 USD/kg through conventional
methods (i.e. sulphuric acid hydrolysis). The low yield
and the need for complex reactors, however, as
compared to conventional mineral acid hydrolysis
makes this method not feasible for up-scaling (Novo
et al. 2016). Transition metal catalytic hydrolysis
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process was also reported as feasible method to
increase the yield (Yahya et al. 2015). Chen et al.
(2017) reported that a maximum yield of 83.6 £+ 0.6%
of CNC was achieved using transition metal catalytic
hydrolysis process. The conditions of the process were
as follows: temperature, time, concentration and
solid-liquid ratio were — 80 °C, 1.5 h, and 0.8 M
Cr(NO3); and 1:30, respectively. In addition, the CNC
exhibited crystalline index and thermal degradation
onset of ~ 87% and 344 °C, respectively. The sed-
imentation of the suspension after few hours standing
and stability of the transition metals still need to be
resolved before up-scaling this method. Abd Hamid
et al. (2016) also demonstrated that it is possible to
reduce time by utilizing tungsphosphoric acid as a
catalyst for production of cellulose nanofibrils through
sonication treatment. It was reported that 225 W
sonication power over 10 min resulted in rod-like
particles having diameters ranging between 15 and
35 nm; and the bimodal distribution lengths
150-300 nm to 350—450 nm. This was attributed to
the synergistic effect between the protonation of
glycosidic bonds by the acid and sonication energy.
The high yield of 85% under the reported conditions
clearly indicate such method has a promising potential
for industrial upscaling.

Laboratory to industry

The extraction of CNCs using organic acid is of
interest with regard to the recyclability of the acids,
however, the prolonged extraction process is the
limiting barrier towards its industrialization realiza-
tion. It can be argued that despite the fact that
sulphuric acid hydrolysis have limitations (i.e. large
water usage, equipment corrosion, and generation of
large quantities of waste) this technique is still the
most effective, simple and requires shorter time than
other processes. Moreover, the current industrial
CNCs’ producers using sulphuric hydrolysis are
producing material with comparable dimensions and
properties as demonstrated by Reid, Villalobos and
Cranston (Reid et al. 2016). Up to now, several
companies and/or institutions have already started on
the production of large quantities of cellulose
nanocrystals; with four of them have production
capacities beyond pilot scale as depicted in Table 5.
CelluForce, the world’s largest CNCs producer, uses
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Table 5 Details of some CNMs commercial producers

Entity

Product/trade name

Capacity/day

Isolation method

CelluForce -Canada

American Process Inc.

MoRe Research-Sweden

USDA-Forest Service-Forest
Products Laboratory (FPL)-USA

Alberta Innovates (AITF)-Canada

Blue Goose Biorefineries Inc.-
Canada

Indian Council of Agricultural
Research-Central Institute for
Research on Cotton Technology
(ICAR-CIRCOT)-India

Sweetwater Energy

Kruger Bioproducts Inc.
FILOCELL-Canada

Borregaard-Norway

Innventia AB-Sweden
Imerys-UK
CTP/FCBA, InTechFibres,

partnership-France

Dai-ichi Kogyo Seiyaku Co., Ltd.-
Japn
Nippon Paper Indutries-Japan

NCCTM-CNCs 1 ton Sulphuric acid hydrolysis
Nanocellulose BioPlusTM CNCs lignin 500 kg/ Sulphur oxide and ethanol
coated hydrophobic CNCs/ 500 kg pretreatment (Patented AVAP
Nanocellulose BioPLUSTM, CNFs, technology); mechanical
lignin-coated hydrophobic CNFs treatment
CNCs 100 kg Sulphuric acid hydrolysis
CNCs/CNFs 50 kg (1 kg/  Sulphuric acid hydrolysissTEMPO
week) oxidation and mechanical
CNCs 20 kg Sulphuric acid hydrolysis
CNCs 10 kg Oxidative, non-catalytic process
CNCs 10 kg Microbial, Enzymatic and chemo-
mechanical processes
CNC 140 kg Enzymatic hydrolysis
Cellulose filaments 5 tons Mechanical treatment
CMFs 3 tons Mechanical treatment
CMFs 100 kg Chemical and/or enzyme
pretreatment, homogenization
FibreLean MFC, combination of kaolin 2 to 30 tons No pretreatment, Co-grinding
or calcium carbonate with MFCs mineral with fiber
CMFs/CNFs 100 kg TEMPO catalyzed oxidation;
meca-enzymatic pretreatment;
Panther Homogenizer 50L/h and
lab Microfluidizer
Cellulose single nanofiber: ~140 kg TEMPO oxidation
RheocrystaTM
CNFs, CellenpiaTM 100 kg TEMPO oxidation,

carboxymethylation; mechanical
treatment

conventional 64 wt% sulphuric acid hydrolysis on
bleached Kraft pulp. The process was scaled up at
FPInnovations, Pointe Claire, QC, Canada. Cel-
luForce owns 20% of all CNCs active patents.
CelluForce, however, claims that they do recycle the
chemicals used during extraction process and converts
sugars into energy. The extracted CNCs are then
separated, cleaned and spray-dried to produce powder
in order to reduce the costs associated with storage and
transportation.

Nevertheless, the one-pot functionalization (oxida-
tion) of the CNCs extraction process using different
treatments and/or combination of extraction methods

have potential for industrial scalability. For example,
carboxylated CNCs were extracted by one-pot prepa-
ration using mild reaction conditions (50 °C, 1 wt%
sulphuric acid medium) with potassium permanganate
(KMnQO,4) and oxalic acid (OA, H,C,0,) as the
oxidizing and reducing agent, respectively (Zhou
et al. 2018). A high yield of 68% with carboxylate
content of 1.58 mmol g~' was achieved. Rod-like
particles with an average diameter of 10-22 nm and
lengths of 150-300 nm and crystallinity of 89.2%
were obtained. Yet the prolonged reaction durations of
up to 8 h (as compared to sulphuric acid hydrolysis
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reaction) associated with this method and recyclability
of the used materials still need to be addressed.

In the case of CNFs, the production revolves around
chemical or enzymatic pretreatment of the cellulose-
containing source followed by intensive mechanical
disintegration, viz. homogenization, grinding or refin-
ing, microfluidization, ultrasonication, cryocrushing
in liquid nitrogen, ball milling and extrusion. Despite
most of these techniques being already adopted in
industrial scale production, different energy require-
ment, sources, shear mechanisms and intensities result
in CNFs having different morphologies and properties
which still need more research for quality and
consistency purposes (Qing et al. 2013) Besides
TEMPO being most commercial used pretreatment
to produce carboxylated cellulose nanomaterials, it
can be argued that enzymatic pretreatment is of
interest with regard to recovery of both sugars (for
fuels and chemicals production) during CNMs pro-
duction. Moreover, it is eco-friendly compared to
other reported chemical pretreatments, thus it is one of
the most promising pretreatments for industrial
CNMs’ scaling up production. Amongst all CNFs
extraction processes, extrusion approach seems to be
more practical with regard to industrialization and
availability of this technique in different industries;
however, the degradation of the fibers and variations
morphologies of obtained CNFs need to be resolved. It
can be concluded the combination of the pretreatments
and mechanical treatments such as multiple process-
ing approach results in different CNFs properties and
morphologies, and therefore the chosen approach has
to be carefully considered with regard to desired
properties and the cost involved as well as environ-
mental impact. There are about seventeen entities that
are producing CNFs on different scales, viz. commer-
cial, precommercial, and pilot scales (http://www.
mktintell.com/files/JCMiller_Pres.pdf (accessed
07-13-2018) as listed in Table 5. The largest produc-
ers of CNFs are Paperlogic (USA, 2000 kg day™"),
University of Maine (USA, 1000 kg day~') Borre-
gaard (Norway, 500 kg day™') and American Process
(USA, 500 kg day~'). The most common mechanical
extraction techniques used in commercial scale
include refining, grinding and homogenization in
combination with enzymatic or TEMPO-mediated
oxidation pretreatments. With that in mind, there is no
single technique/equipment developed for CNFs iso-
lation, up to date. Since a combination of various
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processes has been a major route to produce CNFs, the
energy efficiency and environmental impact of these
processes still remain an important issue. On the other
hand, the optimal conditions especially with regard to
desired application and cost of CNFs still need to be
addressed. Over the past decades, there has been more
research on the utilization of sustainable natural
resources to produce cellulose nanomaterials. Thus, in
future we foresee the emergence of new producers and
innovative commercial applications being realized.

Applications of CNMs

Cellulose nanomaterials are produced using different
preparation processes which results in materials with
unique structures and physicochemical properties that
are exploited in different fields, such as in the
biomedical sector, sensors, and wastewater treatment.
In the early stages, applications in CNMs as reinforc-
ing agent in polymer composites enlightened research
of CNMs. Over the years, applications were also
extended to many other fields (Fig. 8) based on the
distinctive structures and physicochemical properties
of CNM:s.

Composites

There are several challenges that need to be addressed
to achieve full reinforcement potential of cellulose
nanomaterials (John et al. 2013; Ng et al. 2017;
Oksman et al. 2016). These include irreversible
agglomeration upon drying and low compatibility
with hydrophobic polymeric matrices (John et al.
2013; Ng et al. 2017; Oksman et al. 2016). For the past
decade, a lot of attention has been dedicated in finding
suitable modifications to overcome those issues and to
add specific functions without losing the valuable
properties of cellulose nanomaterials (Dufresne
2017, 2018; Espino-Pérez et al. 2014; Lin et al.
2012; Oksman et al. 2016). The surface functional-
ization of CNMs prior to mechanical disintegration
serves as a more suitable route to modify CNMs. This
can be achieved by pretreatment which is usually used
to facilitate the isolation process of the CNFs such
TEMPO-mediated oxidation, carboxymethylation,
cationization, etc. the time consumption and use of
different organic solvents makes these processes
undesirable which opened door for systems which
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Fig. 8 Diagrammatic illustration to highlight the practical applications of CNMs (Viswanathan et al. (2006); Revin et al. 2018; Zhao

et al. 2015; Wang et al. 2012; Mokhena et al. 2015)

involves one-step hydrophobization of the CNMs
(Espino-Pérez et al. 2014). Nonetheless, the surface
modification of CNMs can be classified into: (1)
adsorption of molecules on the CNMs (cationic
interaction (Fortunati et al. 2012; Hasani et al. 2008;
Kim et al. 2009; Bondeson and Oksman 2007,
Salajkova et al. 2012)); (2) covalent grafting of single
molecules (silylation (Khanjanzadeh et al. 2018;
Robles et al. 2018a), acetylation (Berlioz et al. 2009;
De Menezes et al. 2009), etc.); and (3) covalent
grafting of polymeric chains (by radical (Kan et al.
2013; Tehrani and Neysi 2013; Morandi et al. 2009),
or ring opening polymerization (Carlmark et al. 2012;
Goffin et al. 2011; Labet and Thielemans 2011). The
use of surfactants (anionic and nonionic) coating were
also found to facilitate the dispersion of the CNMs in
the polymeric matrix (Kim et al. 2009; Bondeson and
Oksman 2007). The mechanical properties were also
improved due the enhanced dispersion and compati-
bility with the hydrophobic matrices. It was demon-
strated, however, that the concentration of the

surfactant and CNMs plays major role in the resulting
mechanical properties. It is worth mentioning that,
surface modification of CNMs, especially CNCs, has
to be carefully applied such that it does not act against
the interwhisker hydrogen network which is believed
to be responsible for their high reinforcing effect as
reported by Favier, et al. (Favier et al. 1995). For
instance, de Menezes, et al. reported that the surface
modification of the CNCs facilitated their dispersion,
however, there was no significant improvement to the
mechanical properties of the resulting nanocomposites
(De Menezes et al. 2009). This was attributed to the
chemical grafting decreasing the possibility of inter-
whiskers interaction which are believed to be the basis
of the reinforcing effect for CNCs reinforced
nanocomposites.

Despite the progress that has been made in cellulose
nanomaterials reinforced composites, the translation
of extraordinary mechanical (tensile strength and
Young’s modulus of the CNMs) from nanoscale
building blocks to the macroscale bulk is still a
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challenge. Nonetheless, recent reports by Soderberg,
et al. (Mittal et al. 2018) demonstrated that it is
possible to realize full reinforcement potential of
CNFs by using a combination of electrostatic and
hydrodynamic interactions to maximize the fibril
alignment. CNFs were obtained through TEMPO
oxidation followed by homogenization in order to
introduce carboxylic groups to facilitate electrical
repulsion between the fibers to afford their fixation in
the colloidal gel. The resulting fibrils exhibited a
modulus of 86 GPa and strength of 1.57 GPa which
exceeded natural and commercial bio-based materials.
The alignment of the fibrils was also demonstrated by
Kim et al. (2019) using magnetic and electric field in
order to fabricate microfibrils via wet spinning
process. The resulting microfibrils exhibited excellent
mechanical properties with Young modulus of ~ 19
GPa, tensile strength of 290 MPa and toughness of
12 mJ m > which were attributed to strong hydrogen
bonding between the aligned fibrils. Lu et al. also
demonstrated that the alignment of the CNFs in the
regenerated silk fibroin using dry-spinning through a
microfluidic chip led to breaking strength up to
686 MPa and tensile strength of 487 MPa as well as
elongation at break of 16% (Lu et al. 2019). These
studies demonstrated that the translation of the
mechanical properties of the cellulose nanomaterials
will be soon recognized, which will unlock their
implementation in load-bearing applications. Never-
theless, research is being carried out on incorporation
of CNMs in polymer for use in automotive compo-
nents such as seat foams, door panels, console
substrates, and wire harness (https://paper360.tappi.
org/2018/06/18/ford-goes-further-with-renewable-

nanomaterials/ (accessed on 22 May 2019)). Further
research is also being carried out on using the pro-
duced composite materials in exterior and under-the-
hood applications. The objective is to reduce weight,
thus fuel consumption in order to meet the new 2025
Corporate Average Fuel Economy (CAFE) standards
of 54.5 mile per gallon (mpg). However, the chal-
lenges that hurdles CNMs success in automotive are as
mentioned earlier, namely, high moisture absorption
and incompatibility with commonly used polymers in
automotive such as acrylonitrile butadiene styrene
(ABS), polystyrene, polyethylene, polypropylene
(PP), polyvinyl chloride (PVC), polyurethane (PU)
etc. Provided that the research has been dedicated on
finding a suitable surface modification of CNMs
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without compromising their valuable properties, the
application of CNMs-based composites in different
fields will be realized in the near future.

Medical applications

The recent developments in the extraction process for
cellulose nanomaterials indicated that nanomaterials
exhibiting different functional groups, dimensions,
and crystallinity can be produced and processed into
different shapes and/or structures. The ease of func-
tionalization shows the potential of CNMs in medical
applications such as organ repair or replacement, drug
delivery, medical implants, dental fills, medical diag-
nostics and instrumentation. Table 7 lists the applica-
tions of CNMs in different biomedical sectors.

Three dimensional (3D) printing of cellulose
nanomaterials and cellulose nanomaterial-based com-
posites has revealed that different functionalized
shapes towards tissue/organ repair or regeneration
can be fabricated as attested by a number of patents
and press releases published in the context of 3D-
printing (McAlpine 2016; Markstedt et al. 2015). 3D
printing also referred to as rapid prototyping, additive
layer manufacturing, additive fabrication, or solid-
free-form fabrication, begins from the design of the
three dimensional (3D) model which is then trans-
ferred to the 3D printer. The model is sliced into
several layers which are interpreted by the printer to
allow printing of the desired object starting from the
base. In the case of medical application, the image
obtained from computed tomography (CT) and mag-
netic resonance imaging (MRI) can be translated into a
design of a 3D model, which can be transferred to the
printer. It is recognized that cellulose materials plays a
major role in providing mechanical properties and
environment for cell growth, proliferation, differenti-
ation, and motility. 3D-printed composite materials
composed of alginate and CNFs (i.e. obtained from
TEMPO-mediated oxidation followed by homoge-
nization) crosslinked with CaC/, displayed mechan-
ical properties comparable to native tubular tissues,
such as porcine caroid arteries, rat abdominal aorta,
and spinal cord (Torres-Rendon et al. 2016). This
demonstrated the possibility of their replacement
(porcine caroid arteries, rat abdominal aorta, and
spinal cord) and regeneration with cellulose nanoma-
terials based composites. The study on alginate/CNFs
bio-ink using human nasoseptal chondrocytes (hNC)
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showed cell viability from 73 to 86% after 1 and
7 days of 3D culture (Markstedt et al. 2015). This
clearly justifies the suitability of cellulose nanomate-
rials-based bio-ink for 3D printing with living cells for
printing living tissues or organs. It is worth mentioning
that the concentration of CNMs and the matrix play a
major role in the cell attachment and proliferation.
Two bio-inks viz. CNF with alginate (CNF/A) and
hyaluronic acid (CNF/HA) for cartilage tissue engi-
neering were studied by Nguyen, et al. (Nguyen et al.
2017). CNF was obtained by mechanical treatment
followed by enzymatic hydrolysis. CaC/¢, was used for
crosslinking alginate based structures, whereas H,O,
was employed for CNF/HA. They observed that 3D
bioprinted CNF/A (60/40 wt%) performed best and
was capable of supporting the growth and differenti-
ation into chondrocytes of human-derived induced
pluriponent stem cells.

Another area of interest for cellulose nanomaterials
is wound dressing. Wound dressing is the most
important step to facilitate the healing of affected part
and it has to offer protection against secondary
infections due to microorganisms (Rees et al. 2015).
Also open pore structure is essential for wound
breathing (while maintaining sufficient moisture) and
to carry/release antibacterial drugs. Rees et al. (2015)
prepared 3D printable CNFs through homogenization
after pre-treatment with a combination of car-
boxymethylation and periodate oxidation using
TEMPO oxidized CNFs as substrate. During printing
CaC/l, was used as crosslinker to stabilize the
constructs followed by freeze-drying. The constructs
formed tracks with an open porosity which can be
exploited for carrying and releasing antimicrobial
drugs. It was found that the assessed cellulose
nanomaterials did not support bacterial growth which
is advantageous with regard to wound dressing.
Leppiniemi et al. (2017) reported that CNF/alginate/
glycerine composite was suitable for 3D-printing
towards wound dressing. It was demonstrated that
collapsing of printing paste can be avoided by adding
CNFs as additives which improves shape fidelity and
stability of printed patterns. The presence of voids
within the printed structure provided room for
swelling in moist and wet conditions which is
desirable in wound healing Table 6 (Li et al. 2018a;
Avila et al. 2016; Jiang et al. 2018; Markstedt et al.
2015; Miiller et al. 2017).

Provided attractive attributes such as reactive
surface with abundant surface hydroxyl groups for
desired surface modifications, large surface area for
large amount of drug loading, biocompatibility and
environmental biodegradability CNMs are promising
carriers for drug delivery systems (De France et al.
2017; Plackett et al. 2014). Ndong Ntoutoume et al.
(2016) exploited the surface negative charges of the
CNMs to attach cationic (B-cyclodextrin (CD)) via
electrostatic coupling to afford an ionic complex
network such that the anticancer drug, i.e. curcumin I,
can be inserted within CD hydrophobic cavities
towards anticancer drug delivery. It was found that
the presence of the CNMs improved the cell uptake
hence enhanced the anti-proliferate efficacy. Since the
production route affect the drug carrier/release prop-
erties, CNMs with gel-like nature and biological
inertness are found to be desirable for production of
various materials, such as nanofibers, films, hydrogels,
aerogels and spray dried particles having suitable me-
chanical properties and malleable porosity to afford
desired drug-carrier and releasing properties (De
France et al. 2017; Villanova et al. 2011; Lin et al.
2011; Kolakovic et al. 2012; Ooi et al. 2016). For
instance, Valo et al. fabricated CNFs aerogels via
freeze-drying for oral drug delivery systems (Valo
et al. 2013). The drug particles were well dispersed
and immobilized tightly within the microporous
structured aerogels resulting sustained drug release
over time. Kolavic et al. reported that the spray-dried
CNMs afforded microparticles that are capable of
sustained drug-release due to CNM fibril network for
over 2 months (Kolakovic et al. 2012).

Application in CNMs in chemistry
Catalyst

The welcomed paradigm shift towards the use of
renewable materials as stabilizing and reducing agents
in the synthesis of nanoparticles (NPs) opened doors
for exploration of CNMs for such purposes (Chen et al.
2015; Gupta et al. 2017; Tang et al. 2015a). Beside the
control over the structural properties (size, morphol-
ogy, and available facets) of the nanocatalysts, there
has been challenges associated with their recovery
after being utilized. In order to fine-tune the structural
properties of the resulting nanocatalysts, the use
colloidal stabilizers and supporting substrates for their
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Table 6 Selected studies based on environmental applications of CNMs in biomedical filed

Source Type Highlights References

Biomedical

Wood pulp CNCs crosslinked with polyamide epichlorohydrin 3D-printable for auricular Li et al. (2017)
cartilage regeneration

Wood pulp CNFs crosslinked with polyamide epichlorohydrin 3D-printable for auricular Li et al. (2018a)

Plant cellulose

Humulus japonicus CNCs/gelatin composite crosslinked with sodium

stems periodate

Wood cellulose
CaCl,

Plant cellulose

Pinus radiata
bleached pulp

Hardwood kraft
pulp crosslinked with CaCt,

CNF/alginate composite (CELLINK® bioink)

CNFs/sterile alginate composite crosslinked with
CNFs/sulphated alginate crosslinked with CaC/,
TEMPO oxidized CNFs crosslinked with CaC/,

TEMPO oxidized CNFs/alginate/glycerine composite ~ 3D-printable for wound dressing

cartilage regeneration

3D-printable for auricular Avila et al.
cartilage regeneration (2016)

Tissue engineering Jiang et al.
(2018)

3D-printable for cartilage tissue ~ Markstedt et al.
growth (2015)

3D-printable for cartilage Miiller et al.

applications (2017)
Wound dressing Rees et al.
(2015)
Leppiniemi et al.
(2017)

recovery based on polymers, carbon materials, silica,
metal frameworks and metal oxides have been the
most promising solutions to realize their full catalytic
activities.

Recently, CNMs with tailorable surface function-
ality and high surface area have been employed as a
novel platform to grow nanocatalysts as supporting
substrate as well as colloidal stabilizers. In this case
hybrid materials can be synthesized with CNMs not
only act as supporting substrate but enhancing the
colloidal stability of the nanocatalysts thereby avoid-
ing their irreversible aggregation. In addition, the
enhanced colloidal stability using these materials
avoid the “poisoning” and deactivation of the result-
ing nanoparticles, which is often associated with
commonly used capping agents (e.g. polymeric
ligands). NiFe,O,4 were introduced onto the surface
of CNFs using a hydrothermal method to afford the
catalytic efficiency of 98% dye degradation after
120 min (Gupta et al. 2017). Most recently, Au and Ag
nanoparticles were successfully deposited onto CNCs
using green solid-state synthetic processing route by
milling freeze dried CNC in the presence of their metal
salts and ascorbic acid as a reducing agent, and
enhancements on the catalytic reduction of 4-nitro-
phenol to aminophenol was achieved (Eisa et al.
2018). The success deposition of the metal
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nanoparticles (i.e. hexagonal Ag and spherical Au
particle) was ascribed to the availability of CNCs
hydroxyl groups promoting their interaction nanopar-
ticles via hydrogen bonding. Tang, et al. 2015 reported
that CNCs served as an ideal “green” carrier which
facilitated the dispersion stability of the nanoparticles
as justified by their stability for a week without
sedimentation when compared to neat particles (Tang
et al. 2015a). This demonstrated that CNC can be
employed as a facile and green carrier for fabricating
stable catalysts for industrial applications.

In an interesting study, the catalyst was immobi-
lized directly on the surface of the CNCs rather than
the nanoparticles to afford eco-friendlier product (Liu
et al. 2015a). In this regard, dirhodium-CNCs catalyst
was prepared by exploiting ligand exchange between
CNCs’ carboxyl groups and rhodium trifluoroacetate
dimer (Rhy(OOCCF;),) to induce covalent bonding.
The catalyst exhibited high yield of about 75-80% in
180 min for model cyclopropanation reaction of
styrene at ambient conditions without leaching after
3. Ellebracht and Jones followed the same protocol to
functionalize CNMs for acid-base organocatalysis
(Ellebracht and Jones 2018). In this case, it was
demonstrated that the functionalized CNMs can
achieved by mild dilution with HC/ followed by
TEMPO oxidation and functionalization via amide
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coupling to afford bifuntional organocatalyst with acid
(sulphate esters, carboxylic acids) and base (primary
amines) functionality for aldol condensation reaction.

Cells and batteries

Research has escalated in the exploitation of utilizing
renewable materials as a replacement of synthetic
materials for energy storage from economic and
ecological viewpoints. CNMs have been used as
separators or templates due to their attractive attributes
such low-cost, good optical properties, fairly low
coefficient of thermal expansion (CTE), abundant
availability and their mechanical robustness (Table 7).
Wang et al. (2018) reported on nanocellulose struc-
tured paper-based lithium metal batteries using CNFs
as separator, and as substrate for positive and negative
electrodes (Wang et al. (2018)). CNMs rendered
porous structure to accommodate the deposited
lithium and oxidation reactions to afford structural
stability (viz., no volume changes) during charging/
discharging cycles. This resulted in enhancements of
the lifespan and sustainability of the battery achieving
85% retention capacity after 100 cycles at a rate of
1.27 mA cm™ 2 PEC for high performance lithium-
sulphur batteries based on CNF composite was
conducted by Nair et al. (Nair et al. 2016). It was
reported that the presence of the CNFs improved the
armophicity of the crosslinked PEC network, thereby,
ensuring its shape retention during organic liquid
electrolyte (with only 42% volume change after 180%
electrolyte uptake) as well as enhancement of the pore
structure to avoid polysulphide shuttle through the
polymer matrix. It was also found that the PEC
retained its physical integrity upon bending test (viz.,
withstanding a bending radius up to 3 mm). It is a
prerequisite that the PEC must be able to withstand at
least less than 2% deformation under 1000 Psi
(6.89 MPa) as issued by US Advanced Battery
consortium, hence the reinforcing capabilities of the
CNMs in the preparation of the PEC enhanced their
resulting mechanical properties as demonstrated in
these studies (Pan et al. 2016; Pan et al. 2018). Pan
et al. (2016) reported that the presence of CNMs
improved the deformation stability, i.e. 0.11% at 1000
Psi hence qualified for battery separators application.
In addition, the as-prepared PEC exhibited good
thermal stability up to 150 °C and electrochemically
stable in the potential values 0-5.0 V with excellent

discharge capacity retention of 99.5% after 50 dis-
charge/charging cycles. The presence of the CNMs
does not only contribute to the structural stability of
the resulting PEC, but it also provides evenly
distributed pores facilitating in homogenous current
distribution, thereby enhancing the overall perfor-
mance of the battery (Pan et al. 2019). In addition, the
thermal stability of the resulting separator increases,
hence no shrinkage was observed for PEC at high
temperature greater than 200 °C with the hydrophilic-
nature of CNMs improving the electrolyte wettability
(Pan et al. 2018, 2019).

Supercapacitors, also known as electrochemical
capacitors or ultracapacitors are recognized as other
favourable form of energy storage with high power
density, low maintenance cost and long durability
(Dutta et al. 2017; Mochane et al. 2018). Over the past
years, carbon based materials have been used in
supercapacitors (e.g. electrode) because of their ben-
eficial properties such as high conductivity, relatively
low cost, and industrial production processes which
make them easily accessible. The use of natural
materials as precursors to synthesize carbon materials
serve as alternative route to produce cheaper pure
carbon materials (Silva et al. 2015; Zu et al. 2016).
Silvaet al. (Silvaetal. 2015) used CNCs as a precursor
for needle-shaped carbon which to be used as hard
template for supporting metal oxide nanoparticles
synthesis. TEM images revealed that needle-shaped
carbon nanostructures were successfully coated with
Co30,4 nanoparticles having diameters of 8-10 nm. A
specific capacitance of 90.8 Fg~' was achieved due to
the amount of carbon present which provided the
material with large electrochemical active surface
area. Despite being a carbon source via carbonization,
cellulose has been exploited to provide mechanical
stability, and high porosity for ion electrolyte reservoir
in order to avoid leakage (Dutta et al. 2017). It was
reported that it can act as a good electrolyte reservoir
which promotes electrolyte accessibility. Reaching a
specific capacitance of 51 Fg ™' (i.e. 318% higher than
pure polypyrrole (PPy)) confirmed that cellulose can
act as good electrolyte reservoir to enhance the ion
transfer (De Adhikari et al. 2015). Further improve-
ment can be attained by combining CNF/polypyrrole
(PPy)/graphene with specific capacitance reaching a
value of 243 Fg~' which is 273% higher compared to
PPy/graphene composite. The flexible electrodes can
also be manufactured using cellulose nanomaterials as
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Table 7 Selected studies based on CNMs for battery applications

Material Discharging Ionic Columbic efficiency/ Cycles Mechanical References
capacity conductivity (mS Retention capacity (%) properties
(mAhg™" em™")
CNF/Carbon 122 - > 99/91 800 - Wang et al.
nanofibers (2018)
Polyelectrolyte/ 1300 1.2 > 99/- 80 - Nair et al.
CNFs (2016)
141 0.4 -/99.5 50 TS = 61 MPa Pan et al.
YM = 5.9 GPa (2016)
Polyurethane/CNF 128.2 4.8 x 107 200 - Liu et al.
(2016)
PVDF/CNC - 2.5 x 1072 - TS = (n.a) Bolloli
YM = 1150 MPa 65511-6
E =22% ( )
PE/CNF ~ 145 0.22 ~ 99.9/97.5 65 TS = 54 MPa Pan et al.
E =42% (2018)
CNFs/glass 124 1.14 ~ 90/86 150 - Pan et al.
microfiber (GMF)/ (2019)
CNFs

substrate. Flexible electrodes render opportunity to
afford their application as flexible energy storage for
portable electronic devices, namely electronic papers,
stretchable integrated circuits and wearable for per-
sonal multimedia, computing, or medical devices
(Mochane et al. 2018). A flexible and stable electrode
based on a hybrid of graphene oxide/polypyrrole/cel-
lulose was recently reported by Wan and co-workers
(Wan et al. 2017). The hybrid exhibited high areal
capacitance of 2.20 F cm ™2 at discharge current of
2 mA cm™~? with good cyclic stability (i.e. retention of
89.5% after cycling for 5000 times) due to cellulose
acting as substrate for absorbing electrolyte and
electrolyte reservoir for efficient ion transport.

Over the past years, energy harvesting received
tremendous interest from research communities.
CNMs were incorporated as part of photovoltaics as
reported in a number of studies due to their mechanical
robustness and optical clarity (Luo et al. 2014; Nogi
et al. 2015; Fang et al. 2014; Zhou et al. 2014). Nogi,
et al. (2015) fabricated transparent and flexible
nanofiber paper containing silver nanowires with
excellent electrical conductivity by dipping in silver
nanowires. It was reported that the as-prepared
nanofiber/silver hybrid exhibited high optical trans-
parency (i.e. 91% at 600 nm) and excellent

@ Springer

mechanical strength of 1.6-3.0 GPa. In addition, the
hybrid exposure to a pressure of 2 MPa resulted in a
low sheet resistance (43 (Q/square) with optical
transparency of 92.8% (similar to commonly trans-
parent conductive substrates e.g. indium tin oxide
glass) because of the high thermal stability (for
preparation using heat) and mechanical robustness of
the CNMs. The hybrid displayed achieved a power
conversion efficiency of 3.2% and short current
density of 9.58 mA/cmz, which were maintained
under folding and after holding. CNCs as substrate
for freestanding solar cells was reported by Zhou et al.
(2013). In this case, a semi-transparent silver layer was
deposited on the CNCs film to eliminate roughness
associated with CNFs-based devices. It was shown in
this study that the cell was recyclable as it disinte-
grates within 30 min after being immersed in distilled
water and had energy conversion of 2.7%.

Cellulose nanomaterials have shown a huge poten-
tial as an important component in energy harvesting
devices, which exploits energy from different mechan-
ical motions, viz. vibration, rotation, liner sliding,
finger typing, wind, waves etc. Triboelectric nano-
generators (TENG) are new technology inventions for
harvesting ambient mechanical energy on the basis of
the triboelectric effect and for conversion to
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electricity. This technique has proven to be cost-
effective, simple and robust for self-powered devices
and systems (Peng et al. 2017). Peng et al. (2017)
fabricated triboelectric nanogenerator from poly-
dimethylsiloxane (PDMS)/CNC flakes (CNCFs) com-
posite (Peng et al. 2017). The presence of CNMs with
high dielectric surface (~ 5.2) improved flexibility
and the triboelectric performance of the prepared
composite generator. It was found that an extra electric
field was generated by positively charged CNMs
hence improved charge transfer and surface charge
density. The output power of 1.65mW
0.76 W cmfz) was a tenfold power increase when
compared to triboelectric generator made of pure
PDMS films and the energy conversion efficiency
under applied compression force of 40 N reached 17%
with an external resistance of 10 MQ; capable of
lighting up 100 light emitting diodes (LEDs).

Applications of CNMs for environmental
protection

Removal of toxic wastes

Water pollution is one of critical issues of the 21
century. Different pollutants (copper, cadmium,
nickel, lead, chromium, etc.), often, are discharged
by industries into river streams and marine water
leading to health hazards and water pollution. A
number of processes (e.g. chemical precipitation,
flocculation, and electrolysis) have been employed to
remove these pollutants from water bodies, however
they cannot eliminate all these contaminants (Mautner
et al. 2019). The use of renewable materials from
industrial waste for the removal of toxic wastes from
water bodies which does not generate harmful by-
products is of essence with regard to low cost and
abundant availability. CNMs have potential as adsor-
bents of different pollutants with regard to the large
surface area, availability of vast hydroxyl groups and
their easy functionalization as tabulated in Table 8
(Kardam et al. 2014; Liu et al. 2015b; Mautner et al.
2019). Kardam et al. (2014) exploited the large surface
area and available hydroxyl groups of CNMs for
removal of Cd(II), Pb(II) and Ni(Il) and recorded
adsorption capacity of 9.70, 9.42, and 8.85 mg/g,
respectively. The modification of the CNMs in order to
improve the adsorption capacity and efficiency was
also reported as summarized in Table 8.

In the case of dyes, surface modification can also be
applied to inprove adsorption capacity of the CNMs-
based adsorbents. For example, maleic anhydride
grafted CNCs (M-CNCs) were prepared by Qioa et al.
to determine the adsorption kinetics of M-CNCs on
four different cationic dyes, namely, crystal violet
(CV), methylene blue (MB), malachite green (MG)
and basic fuchsin (BF) (Qiao et al. 2015). The order of
adsorption capacity was found to be MG (150 mg/
g) < CV (224 mg/g) < MB (243 mg/g) < BF
(350 mg/g). It was also reported that pure CNCs
exhibited adsorption capacity of 185.19 for CV dye.
The M-CNC maintained high desorption rate (more
than 80%) after adsorption—desorption four cycles. Jin
and coworkers oxidized CNCs by sodium periodate to
produce dialdehyde functionalized CNC (D-CNC)
(Jin et al. 2015b). D-CNC was then used as a
crosslinker to react with amphoteric polyvinylamine
(PVAm) to produce microgels for anionic dyes
adsorption (i.e. congo red 4BS, acid red GR and
reactive light yellow K-4G) (Jin et al. 2015b). The
maximum adsorption values of 869.1, 1469.7, and
1250 mg/g were reported for congo red 4BS, acid red
GR and reactive light yellow K-4G respectively. The
adsorption mechanism fitted well with Sips model and
followed pseudo second order kinetics, indicating a
chemisorption nature. Despite the improvement of
dyes removal by CNMs because of their large surface-
to-area, their functionalization, generally enhanced
their adsorption capacity as depicted in Table 8 (Jin
et al. 2015a; Batmaz et al. 2014; Pei et al. 2013).

CNMs have been employed to prepare aerogels for
oil-in-water purification via vacuum-drying, freeze-
drying process or supercritical CO, drying of hydro-
gels. In this regard, the ultra-porous CNMs aerogels
(porosity > 98%) with low density, mechanically
robust, high sorption rate and capacity were produced
by varying the concentration of the CNMs as well as
the drying process conditions (Cervin et al. 2012;
Korhonen et al. 2011). It is, however, recognized that
the sorbent surface wettability plays a major role on
their sorption behaviour since it determines the
wetting/dewetting properties when it comes into
contact with the liquids (Cervin et al. 2012; Gao
et al. 2018; Gong et al. 2019; Korhonen et al. 2011).
Therefore, the hydrophilic-nature of CNMs is often
modified to afford highly hydrophobic product (water
contact angle > 150°) for oil/water separation. For
instance, Cervin et al. fabricated aerogels from NFC
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Table 8 Selected studies on the adsorption capacity of the CNMs

Source Type Adsorption capacity References
Metal adsorption
MCC Carboxylated CNC Fe?" adsoption capacity of Fan et al.
51.10 mg/g (2019)
Cellulose sludge Slugde CNCs(CNCgp) Ag + adsorption capacity of Liu et al.
56.00 mg/g (2015b)
Cellulose sludge Phosphorylated Slugde CNCs Ag + adsorption capacity of Liu et al.
136 mg/g (2015b)
Cellulose sludge Phosphorylated Slugde CNFs Ag + adsorption capacity of Liu et al.
120 mg/g (2015b)
Microfibrillated cellulose Succinic anhydride modified mercerized CNFs  Co adsorption capacity of Hokkanen
(MFC) 76.61 mg/g et al. (2013)

Dye adsorption

Freeze-dried CNC supplied
by FPInnovations

Bleached hardwood kraft
pulp

Freeze-dried CNC supplied
by FPInnovations

MCC

Wood pulp

Wood pulp

Coffee pulp waste
Bleached aspen kraft pulp
Bleached aspen kraft pulp

Bleached aspen kraft pulp

CNCs-SO’~

Amino functionalized CNCs
Carboxylated CNCs
Carboxylated CNCs

CNFs quaternized with
glycidyltrimethyammonium chloride (CNF-
NR*H)

CNFs quaternized with
glycidyltrimethyammonium chloride (CNF-
NR4+)

CNC oxidized by sodium periodate and grafted
with polyvinyl amine (PVAm)

CNC oxidized by sodium periodate and grafted
with polyvinyl amine (PVAm)

CNC oxidized by sodium periodate and grafted
with polyvinyl amine (PVAm)

Methylene blue (MB)-Adsorption

Batmaz et al.

Cellulose Maleic anhydride-grafted CNC

capacity of 118 mg/g (2014)
Acid red GR adsorption capacity  Jin et al.
of 555.6 mg/g (2015a))
MB-Adsorption capacity of Batmaz et al.
769 mg/g (2014)
MB- 110.21 mg/g Fan et al.
(2019)
Congo red-664 mg/g Pei et al.
(2013)
Acid green 25-683 mg/g Pei et al.
(2013)
MB-adsoption capacity of
182.5 mg/g
Acid red GR-869 Jin et al.
(2015b)
Congo red-1469 Jin et al.
(2015b)
Light yellow K-4G Jin et al.
(2015b)
Crystal violet-244 mg/g Qiao et al.
(2015)

obtained via carboxymethylation process followed by
homogenization to afford diameter ranging between 5
and 20 nm. The resulting suspension was freeze-dried,
then vacuum dried and finally modified with octyl-
trichlorosilane through vapour phase deposition to
produced highly hydrophobic aerogels (water contact
angle of 150°). The as-prepared aerogels were highly
buoyancy and exhibited high sorption capacity, i.e. 45
times its own weight. Elsewhere, a nanoscopic layer
(~ 7 nm) of titanium dioxide (TiO,) was coated onto

@ Springer

cellulose nanofibers to afford highly hydrophobic/
oleophilic aerogels (Korhonen et al. 2011). The
surface wettability properties were found to improve
the buoyancy of the aerogel and absorption rate, i.e.
1-3 s oil absorption depending on oil-viscosity. In
addition, the aerogel was capable absorbing 2040 g/g
depending on oil-type. Similarly, Gao et al. (2018)
used mussel adhesive chemistry to functionalize
CNMs by using polydopamine as bridge to coat with
hydrophobic octadecylamine molecules for oily
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wastewater purification. The resulting light weight
sorbent exhibited excellent buoyance and oil/water
separation selectivity reaching a maximum absorption
capacity ranging from 83 to 176 g/g. Recent study
based on hydrophobic aerogel composed of CNCs and
poly(vinyl alcohol) (PVA) chemically modified via
thermal vapour deposition of methyltrichlorosilane
(Gong et al. 2019). The as-prepared ultralight aerogel
exhibited three-dimensional interconnected structure
with high porosity of about 97.7%, low density (22.5
to 36.1 mg cm ™), excellent buoyancy and good
hydrophobicity (95.1-144.5°). The presence of the
CNCs improved the compressive modulus of the
aerogel up to 208 kPa and aerogel was able to
maintain the compressive strength and large strain
(20-60%) after 50 cyclic compressions. In addition,
the sorbent displayed oil absorption capacity from
21.2 to 32.7 times its own weight.

Several authors also reported on the utilization of
CNMs as barrier/selective layer in filtration mem-
branes (Ma et al. 2011a, b; Cao et al. 2013; Wang et al.
2014; Ma et al. 2014; Karim et al. 2016; Mokhena
et al. 2018a; Goetz et al. 2018). Among these studies,
Ma et al. (2011b) prepared filtration membrane by
casting CNCs on top of electrospun polyacrylonitrile
(PAN) scaffold giving rise to a smooth porous
selective layer membrane (see Fig. 9). In comparison
with commercially available ultrafiltration (UF) mem-
branes (viz. PAN10 and PAN400), pure water perme-
ability of prepared thin film nanofibrous composite
(TFNC) membrane was 18 times higher than that of
PAN10 and 1.7 times higher than that of PAN400. The
stable flux permeation in oil/water separation for
TFNC was observed, but higher than that of PAN10
(11 times) while retaining high rejection ratio
(>99.6%) after 48 h. PAN400 exhibited lower rejec-
tion ratio of 98.2% and permeation flux 2.5 times
lower than that of TFNC. This was attributed to the
hydrophilic nature of the CNCs. Further analysis using
MS2 bacteriophage as model virus, TFNC membrane
displayed log reduction value (LRV) greater than 3.7
when MS2 was slightly positively and 1.6 &= 0.2 when
negatively charged at pH 7.2 which were superior to
many commercial membrane (e.g. GS0.20 from
Millipore, ~ 1.0 LRV under the same conditions).
A study by Mokhena and Luyt (Mokhena et al. 2018a)
also showed that the oil removal of 98.4% from water
(i.e. ~ 6 mg/L of oil concentration) was obtained by
using CNCs as a barrier layer coated on top of

electrospun alginate nanofibers. Despite contributing
to the overall performance in filtration, CNMs plays a
major role in enhancing mechanical properties of the
filtration membrane such that it can withstand high
pressures associated with filtration processes. Cao
et al. (2013) reported increase in tensile strength of the
membrane by casting CNCs in both layers of the
membrane due to strong hydrogen bonding of CNC
network formed on both surfaces. The membrane
displayed oil/water retention of 99.5% and high
filtration efficiency of 7-40 nm particles. Microfiltra-
tion (MF) fabricated by infusing CNMs into PAN
nanofibrous resulted in a complete removal of
Escherichia coli (by size exclusion), LRV of 4 for
MS2 virus removal and adsorption capability of
100 mg Cr(IV) or 260 mg Pb(II) per gram of cellulose
nanofiber, while maintaining a high permeation rate of
1300 L/m>h/psi (Wang et al. 2013b). Multi-layered
CNMs membrane prepared using vacuum-filtration
resulted in a ~ 100% removal of Ag", Cu®" and
Fe’/Fe*™ (from mirror industry effluents) (Karim
et al. 2016). Elsewhere, MF prepared from CNCs as
functional entities in chitosan matrix via freeze-drying
process proved success in removing 98%, 84% and
70% of Victoria Blue 2B, Methyl Violet 2B and
Rhodamine 6G after 24 h in contact, respectively
(Karim et al. 2014). A very recent report based on the
antifouling effect of ultrafiltration membranes con-
sisted of CNCs (obtained from sulphuric acid) was
conducted by Zhang and coworkers (Lv et al. 2018).
They observed an increase in pure water flux and
bovine serum albumin (BSA) rejection respectively
from 9.8 to 206.9 L/m°h> and 83.3 to 88.2% with an
increase in CNCs’ content. The flux recovery ratio also
increased with an increase in CNCs’ content. This was
attributed to the presence of hydroxyl groups on CNC
protruding laterally along the molecules and to being
readily available for hydrogen bonds to form ordered
hydration layer on the membrane surface, thereby
effectively reducing contaminant clogging and
hydrophobic adsorption.

Other applications

For the past years, different independent research
institutes have been working on the development of
alternative packaging materials to replace conven-
tional packaging materials (petroleum-based materi-
als) (Johansson et al. 2012). Recent studies have
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Fig. 9 SEM images of a cross-sectioned view of TFNC
membrane with cellulose nanofiber barrier layer; b top view
of TENC membrane; ¢ magnified cellulose nanofiber barrier
layer of TFNC membrane; d Permeation flux and rejection ratio
of TENC membrane containing cellulose nanofiber barrier layer
(0.10 £ 0.02 pum thickness, prepared from 0.05 wt% aqueous

demonstrated that packaging from forest-based
resources have a potential to replace classic packaging
materials such as glass and plastics owing to their
lightweightness (favourable for transportation),
renewable nature and abundance. Recently, VTT,
produced cellulose-based materials for packaging
from enzymatic fibrilliated cellulose (HefCel) tech-
nology  (https://www.vttresearch.com/media/news/
innovation-and-competitiveness-from-nanocellulose

(accessed on 19 May 2019)). The product has valuable
properties such as efficient oxygen, grease and mineral
oil barrier making it suitable for packaging fatty dry
foods such as crisps, potato chips and muesli. The
product is expected to be ready for commercialization
by end of 2019. It is recognized that it is not only the
shelf-life of the food which is essential for consumers
and food industries, the appearance as well as the
weight of the packaging material are of significant
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suspensions) as a function of time; measurement carried out at a
constant pressure of 30 psi and temperature of 37 °C based on
ultrafiltration of oil/water emulsions. (The ultrafiltration per-
formance of commercial PAN10 and PAN400 membranes was
also included for comparison.). Reprinted from Ma et al.
(2011b) Copyright 2011 American Chemical Society

importance with regard to transportation costs (Jo-
hansson et al. 2012). Cellulose nanomaterials with
high transparency and low density shows a great
potential in packaging applications (Johansson et al.
2012). In comparison with classic packaging materials
(e.g. petroleum-based plastics), the use of CNMs in
packaging serve as a future for packaging industries
with regard to their biodegradability, renewability and
availability from limitless renewable resources. Dif-
ferent antimicrobial agents can also be added into the
CNMs to improve their antibacterial efficacy in order
to preserve the quality of food and shelf-life as
demonstrated by Saini et al. (Saini et al. 2016). The
authors demonstrated that grafting nisin onto CNFs
improved antibacterial activity towards Bacillus sub-
tilis and Staphylococcus aureus bacteria showing their
outstanding potential in antibacterial active food
packaging for products like cheese or canned
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vegetables. Researchers at VIT are also working on
the incorporation of CNMs as an additive in water-
based polyurethane (PU) varnishes and paints which
improves the durability and also offers protection
them from attrition caused by UV radiation (https://
www.vttresearch.com/media/news/innovation-and-
competitiveness-from-nanocellulose (accessed on 19
May 2019)). This was found to extend the life-span of
the varnishes and paints, thus reduces the environ-
mental burden and cost with regards to their frequent
replacement. Nippon Paper Crecia Co., Ltd. also
indicated that they are producing antibacterial and
deodorant sheets, adult diapers and mild incontinence
pad made from CNFs obtained from TEMPO-oxida-
tion pretreatment followed by mechanical treatment.
CNFs also shows a potential as partial replacement of
co-binders in paper coatings not only to improve the
overall appearance but to reduce the overall price of
the product (Dimic-Misic et al. 2013a).

Current scenario and future work

According to Google Patent database, there are more
than 550 granted patents up-to-date, which clearly
indicate a significant interest in CNMs. In 2019, the
global outlook for CNMs estimated a turnover of
about 700 million USD by the year 2024. This could
be associated with distinctive properties of CNMs
which gained much interest from academic and
industrial communities. The possibility of new appli-
cations rather than classic polymeric materials rein-
forcement indicates that there are plenty of
opportunities for development of new products in the
near future. The fact that CNMs are derived from
renewable and sustainable sources broadens the pos-
sibility of more potential applications to be estab-
lished, however, their price still need to be addressed
for their competiveness in the market. Recent report
by Chauve and Bras demonstrated that the estimation
of the end-price for CNFs ranges from 7 per kg to 12
USD per kg (Chauve and Bras 2014). The estimation
of energy cost in mega-watt per hour for CNF
production as indicated by Jonnobi, et al. (Jonoobi
et al. 2012) was 113 USD per ton which totalled to a
cost of 113 USD per ton with regard to the fact that the
source (i.e. sludge) was obtained at no cost. On the
other hand, the manufacturing costs for CNCs were
estimated to range from 3632 to 4420 USD per ton

which depends on the source (Yang and Wyman
2008). This clearly indicates that the price of these
materials can be affected by geopolitical issues.
Nonetheless, few companies are actively employing
CNMs in different applications such as packaging (as
in coatings), construction (e.g. drilling fluids, concrete
mixtures, insulators) and biomedical (e.g. adult diaper,
antibacterial sheets etc.). This result from exploration
of the presence of large number of hydroxyl groups
that can also be tailored according to the intended
application, low density, large surface area, gelation
and low thermal expansion. These applications can be
further extended to other applications as: filters,
sensors, energy harvesting/storage, wastewater treat-
ment, environmental protection and catalysis.
Currently, more research has been dedicated to
finding alternatives for isolation of CNMs which are
economically sustainable and environmentally
benign, with high yield. This is confirmed by numer-
ous comparative studies on the extraction strategies
continuously reported in the literature (Qing et al.
2013; Jonoobi et al. 2012; Mtibe et al. 2015;
Desmaisons et al. 2017; Reid et al. 2016). Few
companies have already announced their activity in
the large-scale production of cellulose nanomaterials;
however, there is a missing link between the produc-
tion and applications of these materials. Moreover, the
difference between the grades produced by various
commercial producers and quality still need to be
addressed. Numerous studies have been devoted to
elucidate on the advantages/disadvantages of com-
monly used CNMs characterization methods in order
to address the issues associated with quality control
during production (Reid et al. 2016; Chinga-Carrasco
2013; Moser et al. 2015; Foster et al. 2018; Des-
maisons et al. 2017). The properties of CNMs such as
morphology, degree of polymerization (DP), crys-
tallinity, chemical composition, and rheological prop-
erties are important for the advancement in
understanding process optimization, and utilization
in material development; hence, standard measure-
ment protocols are crucial for consistent, reliable and
accurate material characterization as extensively dis-
cussed by Foster, et al. (Foster et al. 2018). The authors
demonstrated that the measurements protocols that are
necessary for consistent, reliable and accurate CNMs
properties have been outpaced by exponential growth
in interest/activity from commercialization and
research in different fields. Furthermore, the current
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adopted characterization methods are still not feasible
for simultaneous application during CNMs production
process. Thus, in future new characterization methods
that can be used simultaneously during production is
of essence in order to control the quality and reliability
of the resulting products. In addition, the develop-
ments of standards method to characterize CNMs will
be of essence to further their competitiveness edge
against other nanomaterials.

Although many companies reported that they
recover and recycle all chemicals employed during
the extraction process, more research is still underway
in improving the extraction process towards less
laborious process without harsh chemicals. In future,
we foresee a single step process to extract cellulose
nanomaterials from different sources being developed
by researchers. Smart materials using modern tech-
niques such as 3D-printing that can respond to external
stimuli (e.g. pH, temperature, gas, UV (light) irradi-
ation, electric field etc.) will be explored to improve
our lives. It is envisaged that in future cellulose
materials will replace most of synthetic materials in
various instances such as biomedical applications
especially in disease detection and prevention before
its manifestation; in construction, textiles, sensors,
wearable intelligent devices and intelligent energy
systems. With discovery of new applications, more
industries/governments will start to invest in cellulose
nanomaterials which will then create a circular
economy, especially in agricultural industries.

Conclusions

In this review, we presented a comparison between the
CNMs isolation methods and their application in
solving global issues. It can be concluded that apart
from the conventional sulphuric acid hydrolysis other
greener methods with higher yields were reported with
the potential of being adopted in industrial scale;
however, their implementation in order to produce
CNMs with comparable properties still need to be
demonstrated. Despite TEMPO-mediated oxidation
and enzymatic hydrolysis being the most adopted
pretreatments in industrial landscape, the development
of industries that can produce CNMs at low cost while
being able to extract and recover other bio-refinery
products (i.e. lignin, sugars and hemicelluloses) is of
significance from economic and ecological
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viewpoints. In future we foresee exponential growth
of research and investments on the production of high
quality CNMs from different sources (i.e. agricultural
waste and algae) with new products being realized.
The use of such by-products will facilitate the
reduction of the price as well as environmental
protection, while opening doors for new industries
(viz., from energy, medical sectors to advanced smart
electronic devices) by exploiting attractive attributes
of the CNMs.
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