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In addition to renewability and abundance, nanocellulose materials have tremendous (and variable)
properties for different applications, ranging from bulk applications, such as paper and packaging
reinforcement, to emerging high added-value applications, such as substrates for optoelectronics.
Lignocellulosic biomass from agricultural and industrial waste sources is readily available and shows
great promise as an inexpensive and sustainable raw material for nanocellulose production. However,
the understanding of the potential of using non-wood based biowaste sources is not established and
systematic comparisons of versatile agricultural and industrial waste sources can elucidate this complex
topic. Here we present an overview of the most studied and most promising sources from agro-
industrial waste, the processes to convert them into nanocellulose, some of the established and
emerging applications, and discuss the advancements that are still needed for large-scale production.
Sugarcane bagasse and oil palm empty fruit bunch have been the most researched waste-based sources
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for nanocellulose production and demonstrate the most promise due to availability and access.
Industrial sources seem to have advantages over agricultural sources in collectability and ease of access.
DOI: 10.1039/d1sm00958¢ This work gives insight on the potential and the challenges of nanocellulose production from waste
sources and discusses how the criteria set for nanocellulose materials in different applications can be

rsc.li/soft-matter-journal met, thus opening new routes for circular economy.
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1 Introduction and definition of the
key terms

Recent developments towards use of renewable resources have
created a strong incentive to utilize cellulose as an alternative to
many oil-based polymers in the form of nanocellulose.'
The main hindrance in commercialization of nanocellulose
applications has been the lack of optimized industrial-scale
production of nanocellulose.> Other impediments include the
lack of industrial-scale quality control and safety standards.
Moreover, industrial production requires an abundant source
of cellulose and, currently, wood is the most used source of
cellulose production in the world.> Hence, nanocellulose
production is in inherent competition with current wood
industries, such as pulp and paper, furniture, and construction.
Moreover, using long high quality virgin fibre from wood just to
chop it to small pieces in nanocellulose production could be
considered an inefficient use of resources.
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One way to bypass the issues related to wood as a raw
material, is to use agricultural and industrial waste as a
cellulose source for nanocellulose production.”® This could
potentially gain both environmental and financial benefits as
currently large amounts of biomass is burnt or tossed away as
waste from agriculture and industry even in the developed
countries.® This would also pave the way for circular economy
and resource-wise society. Biowastes are readily available
independent of the climate zone, inexpensive, and renewable.
Furthermore, the value added to otherwise unusable biomass
could potentially be manifold and the bulk applications
would benefit from not having to use expensive high quality
virgin fibre from wood. Moreover, relatively recent progress
in chemical and enzymatic pre-treatment has plummeted
the price of nanocellulose. Consequently, previously extremely
high energy consumption of mechanical disintegration has
decreased and thus reduced the overall cost and increased
sustainability.”®

Cellulose, the main structural component in plants, is
mostly located in the secondary cell wall of plants, and is
composed of fibrils that are bundles a few microns thick.’
Each bundle is made of millions of microfibrils that are 10—
50 nm in diameter.” Microfibrils are made up of elementary
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Fig. 1 Figure shows structure of plants from cellular level down to structures of the chemical components. Figure is adapted and combined from two

different sources'ot

fibrils that are 5 nm thick and semicrystalline.® In addition to
cellulose, plant biomass consists mostly of hemicellulose,
lignin, and pectin, with some minor components like proteins
and lipids. Hemicellulose acts as a matrix in cell wall and it is
crosslinked by pectin in the outer primary cell wall and by
lignin in the inner secondary cell wall providing strength to the
structure.” However, it is important to note that lignin is
present only in vascular plants (tracheophytes).'” Fig. 1 shows
the structure of cellulose in plants. Depending on the plant, the
composition of biomass and methods of cellulose isolation
differ. Generally, wood has a higher overall cellulose content,
but also more lignin, which makes isolation of cellulose more
difficult, whereas softer industrial wastes, such as fruit pomace,
contain more pectin and less lignin and cellulose, making
isolation somewhat easier.”®

Nanocellulose literature is plagued by the nonunified
terminology, which significantly imparts the comparison of
different research articles. When talking in lay-terms nano-
cellulose is often defined as cellulose consisting of fibres or
fibrils with at least one dimension in the nanoscale. It is now
classified with ISO/TS 20477:2017 into three different categories

This journal is © The Royal Society of Chemistry 2021

with permission. Copyrights (2012) Elsevier and (2017) De Gruyte.

having different functionalities and fabrication routes: cellulose
nanofibers (CNF), cellulose nanocrystals (CNC), and bacterial
cellulose (BC).”> The difference between CNC and CNF is
illustrated in Fig. 2. Manufacturing of CNF traditionally consists
of possible pre-treatment and mechanical grinding, even though
it can be produced with only chemical treatment via TEMPO-
mediated oxidation. Cellulose nanocrystals, which are isolated
with acid treatment, are lower in aspect ratio and highly
crystalline.>®"

Cellulose nanofibrils often encompass a distribution
of different fibril sizes ranging up to pm size fibril bundles.

Fig. 2 AFM pictures showing the fibril shape of MFC (a) and rod-like shape
of CNC (b). Adapted with permission from ref. 15 Copyright (2018) Elsevier.
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Even though the term microfibrillated cellulose (MFC) has an
explicit reference to a pm-length scale, MFC has been used
interchangeably with cellulose nanofibrils (CNF) or nanofibrillar
cellulose (NFC)® For the sake of clarity, the terms used in this
article are MFC and CNC. With MFC, we mean an umbrella term
to describe nanocellulose with high aspect ratio, length often
being in microns and diameter on nanoscale. The exact length
and diameter will always depend on the cellulose source and the
manufacturing process.

This review maps the possibilities of nanocellulose production
from agricultural and industrial waste and identifies the most
promising material sources for large scale production of nano-
cellulose as well as the most potential applications with an
industrial relevancy. In this contribution, we review the recent
literature, which reports converting agricultural and industrial
waste sources either to MFC or to CNC. These different raw
materials are compared from the point of the view of prevalence
in the literature, raw material availability, and ease of processing.
As the most promising individual sources, sugarcane bagasse and
oil palm empty fruit bunch emerged. Both are industrial sources
that generate a lot of waste biomass concentrated at the
processing mills, which was found to be highly beneficial. Waste
biomass could also provide cheaper alternative to wood-based
cellulose with improvements in process efficiency. Moreover, we
will give an overview of the application prospects of these
functional materials that have a huge potential to redeem the
promise of circular economy in making these applications not
only more cost-effective, but also significantly more sustainable.

2 lIsolation of nanocellulose

Production of nanocellulose from lignocellulosic material is a
two-step process. First step is purification of cellulosic material by
removing lignin, hemicellulose, and other possible extractives,
such as wax or pectin.'® It can be done with various cooking and
bleaching methods that resemble the ones used in papermaking.®
Although MFC has been isolated directly from rice straw without
any pre-treatment, the approach with traditional purification
methods combined with separate nanocellulose isolation is more
common."’

Second step is the isolation of nanocellulose that can be
divided to two distinct categories, MFC isolation or CNC
isolation. CNC isolation is a one-step process done with acid
hydrolysis or with a strong oxidizer such as ammonium
persulfate.’”'® The most used acids are sulfuric and hydro-
chloric acids, but due to environmental harm, corrosion of the
equipment and difficulty of recovery of acid wastes, eco-
friendlier alternatives, such as citric acid, are demonstrated.®
Acid hydrolysis removes the amorphous part of elemental
fibrils, leaving the cellulosic material as rod-like highly crystal-
line nanoparticles with diameters around 3-35 nm and lengths
of 200-500 nm, as illustrated in Fig. 2b.® Fig. 3 and 4 show the
basic process steps of CNC and MFC isolation respectively.

MFC isolation is usually a multistep process, and it includes
possible mechanical and chemical/biochemical pre-treatments,
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Fig. 4 MFC isolation process steps. Adapted from ref. 8. Copyright (2016)
with permission from Elsevier.

principal mechanical treatment, and optional post-treatments.
The goal of the process is to fibrillate the fibril bundles to
elementary fibrils or microfibrils 5-50 nm in diameter without
reducing the length of the fibrils under micron range to achieve
high aspect ratio.® Due to the multitude of different preparation
methods combined to the differences in the available raw
material sources, the physical properties of the final MFC
produced depends highly on the employed process, thus also
rendering the comparison of publications reporting the same
application but different MFC highly complicated.

3 Unique properties of nanocellulose
and its applications
3.1 Established applications

Taken into account that a wide range of different physical
properties can be achieved by varying the preparation process
and the raw material source of nanocellulose, it is a promising
materials family for multitude of applications. The connection
between nanocellulose manufacturing processes and thus the
composition of nanocellulose and exact specifications and
requirements of proposed applications are not well established
yet and more research is needed on the topic. This is especially
pressing for emerging application areas, but also holds true for
the most established applications of nanocellulose materials.
Currently, the most voluminous applications are: 1. paper,
board, and packaging, 2. composites, and 3. filtration, with
proportions of 36%, 25% and 19% of the market share,
respectively.” According to a recent review on nanocellulose
from non-wood sources, the top research topics other than
fundamental characterization were plastic nanocomposites,
bionanocomposites, biomedical, electronic, adsorbent, and
papermaking.*® Proportions of these research topics are shown in
Fig. 5. Fig. 5b illustrates examples of nanocellulose and introduces
the most important fields of the emerging applications. In
following chapter, the potential and challenges of all these

This journal is © The Royal Society of Chemistry 2021
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(b-i) Depict the various nanocellulose applications introduced in chapter 3.
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(a) Shows proportions of the top research topics on nanocellulose. Reproduced with permission from ref. 20. Copyright (2019) Springer Nature.

(b)-(d), (f) and (h) Reproduced with permission from www.pixabay.com.

(e) Reproduced with permission from ref. 21. Copyright (2009) Elsevier. (g) Reproduced with permission from ref. 22. Copyright (2020) Royal Society of
Chemistry. (i) Reproduced with permission from ref. 23. Copyright (2007) American Chemical Society.

application areas will be briefly discussed to motivate further
research of how to develop nanocellulose fabrication process from
waste sources.

3.1.1 Paper, board, and packaging. Paper and board industry
faces continuous pressure to produce better quality products
with cost effective and more environmentally friendly processes.
Inclusion of nanocellulose is seen as one of the options of
improving the quality of the products in terms of strength and
barrier properties.”> Nanocellulose has unique properties, such as
high surface area, aspect ratio, mechanical strength, and stiffness.
These properties combined with availability, biodegradability, and
sustainability makes it desirable option compared to synthetic
polymers such as polyolefins.>*

The demand for cardboard has risen in recent years and it is
often made up of recycled fibre. This generates a problem as
the quality and the mechanical strength of the cardboard
diminishes each time the fibres are reused.”® Nanocellulose
has been proposed to be bio-based alternative to the synthetic
reinforcing materials. Current use of nanocellulose in packaging
is mostly as reinforcement in biodegradable packaging. The
aim is to reduce the amount and quality of fibres needed
while maintaining or improving the mechanical properties
and it can be achieved with addition of low concentration of
nanocellulose.*

Food packaging is an emerging application of nanocellulose
that is pursued to achieve environmental benefits by moving
away from oil-based polymers. Nanocellulose films have great
barrier properties for many molecules due to their nanoscale
dimensions, crystallinity, and their highly crosslinked network
with small pores, which obstructs the molecules from passing
through easily.”® Problems arise when films come to contact
with water vapour, as nanocellulose is extremely hydrophilic

This journal is © The Royal Society of Chemistry 2021

and tends to swell and lose its structure. This has been
combated by chemical modification and by high aspect ratio
fillers to make nanocomposites with better qualities, but they
affect the recyclability negatively.>”

Paper, board, and packaging is a high-volume application
with the largest market share and would thus benefit
enormously from low-cost material in MFC or CNC production.
In theory, in these applications the fibril size distribution could
be wider, thus making the nanocellulose production processes
easier. The role of non-wood based MFC could be as reinforce-
ment fibres in cardboard or paper especially in countries with-
out their own forest industry.*® High quality recycled paper and
board products could be produced locally via utilizing available
waste stream cellulosic feedstocks in the production.

3.1.2 Composites. Nanocellulose is used in composites as
reinforcement in the matrix. Its great mechanical properties,
such as strength, stiffness, and high modulus of elasticity
combined with low thermal coefficient, large specific surface
area and renewability and sustainability makes it suitable for
composites.”***> Nanocellulose can be used as a filler fibre in
relatively simple applications such as cement matrices, but also
in biodegradable composites, that are being developed to
reduce the consumption of oil-based plastics.*® The mechanical
properties together with great modifiability and affinity with
various materials makes nanocellulose suitable for more
advanced materials and composites, opening possibilities
for e.g., electronic, biomedical, and coating applications.*®
The exact parameters for optimal mechanical properties are
still unclear for nanocellulose composites, and more research
on the systemic effects of different properties, such as charge
density, aspect ratio, and fibre diameter is needed.>® Overall,
the ecological benefits of nanocellulose use in composites

Soft Matter, 2021,17, 9842-9858 | 9845
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could be substantial. The benefits of non-wood sources of
nanocellulose could be big in high volume applications such as
composites due to the lower energy consumption in production
compared to wood.™ A specification window might be wider for
nanocelluloses when used in composites meaning the production
processes can be less controlled than in more specific
applications.

3.1.3 Filtration. Water purification is an important topic to
research as there are still a lot of people in developing countries
without access to clean water.”® Wastewater treatment could
also benefit from advances in nanocellulose filtration technology,
as membrane filtration, such as reverse osmosis and nanofiltration,
provide a simple physical purification process even for the nano-
scale contaminants that could challenge the traditional water
treatment processes.>* Nanocellulose-based membranes have the
advantage of great mechanical properties as they increase the
durability and lifespan of the filters. Regarding filtration, the large
specific surface area, high aspect ratio and vast opportunities for
chemical modification are the most important strengths of nano-
cellulose. Nanocellulose membranes can be effective by themselves,
but currently nanocellulose membranes combined with organic or
inorganic components have been shown to perform the best.*®
The motivation to use nanocellulose in filtration is mostly
environmental and cost reduction, but it has been shown to have
competitive qualities which make it a viable option for current
market leaders such as synthetic polymers and coagulation/
flocculation technique. MFC is more commonly used in filtration
applications, but also CNC use has been experimented in
composite filters. The high cost and low availability of low and
uniform diameter nanocellulose still limits the commercial
efficiency of nanocellulose filtration on large-scale. The use of
agricultural and industrial wastes as nanocellulose source could
be especially beneficial in countries where clean water is an issue
and wood-based cellulose is not readily available.

3.2 Emerging applications

Some of the emerging applications will be introduced in this
chapter. The current use of nanocellulose in these applications is
not widespread, but they all show large potential and are inten-
sively studied. Different applications require nanocelluloses with
different physical qualities and especially some of the emerging
applications require specific properties. For example, nanocellu-
lose use in photovoltaic devices and textiles utilize completely
different properties of nanocellulose, but both could benefit from
its use. Instead of processing nanocellulose from conventional
wood sources to fit the different parameters, it could be possible
to utilize a waste source with properties already more fitting to the
requirements. Due the differences in composition, plant
morphology, and fibre morphology from different cellulose
sources, the biomass selection is important step to optimize
sustainability, material performance, and economic benefit.*
3.2.1 Electronics. Nanocellulose composites can be used in
electronic applications, especially in flexible electronics. The
development of nanocellulose based flexible electronics could
enable both lightweight and flexible basic electronic
components and more advanced innovations.*® Replacing glass
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with nanocellulose films could be especially beneficial in light-
weight and flexible electronics due to both ecology and
properties nanocellulose.’” Nanocellulose itself is not conductive
but it fits as a substrate for electronics as it has many desirable
qualities compared to the commonly used substrates, metal foils,
plastics, and glasses. In addition to the lightweight and renew-
ability of nanocellulose, the architecture of nanocellulose allows
modification and good affinity with various active materials such
as gold and silver nanoparticles or metal oxides, which the
commonly used alternatives lack.’® Different electronic
applications with nanocellulose include basic components, such
as electrodes, circuits, switches, and transistors, energy storage
devices, nanogenerators, POC diagnostics, different kinds of
sensors and photovoltaic devices.*****° QOverall electronics and
photonics are expected to benefit remarkably both from the
physical qualities that nanocellulose provides, and the ecological
aspects.

3.2.2 Photonic structures and light management. Emerging
field of nanocellulose applications, photonic structures and light
management includes applications such as light manipulation
(photonic structural colours, transparency control etc.), photonic
enabled chemical/physical sensing, and energy harvesting.***'
The research of photonic applications of nanocellulose is very
much in its beginning, and lots of development is needed to
achieve the next generation photonic devices.’” Most of the
photonic applications other than transparent films need a
crystal structure and thus CNC is the preferred. The crystal
structure must be precise to produce consistent colours
and with nanocellulose based photonic structures achieving
consistent results is a problem currently.*° In transparent films
CNFs have the advantage of better mechanical strength. The
transparency can be controlled with the diameter of the CNFs,
but with better transparency comes worse mechanical
strength.*’ The ideal solution could be the mixture of CNF and
CNC or different nanocomposites.*’ Like electronics, photonic
structures and light management could benefit both from
physical qualities and ecological aspects.

3.2.3 Biomedical applications. Nanocellulose is being
studied for various biomedical application, ranging from drug
delivery to biomimetic tissues and antibacterial materials.****
The potential in drug delivery applications is based on the high
surface area, biocompatibility, availability, and surface
modifiability of nanocellulose. These properties allow
controlled and sustained release of drugs and provide solubility
for poorly water-soluble drugs.*® Antibacterial applications rely
on the ability of nanocellulose matrix to host different nano-
particles, such as Ag, TiO,, and ZnO.** With its mechanical
qualities combined with low toxicity and good biocompatibility,
nanocellulose shows great potential for different biomedical
applications but more research is still needed.

3.2.4 Coating, paint, stabilizer, and rheological applications.
Nanocellulose has shown its potential in coating, paint, stabilizer,
and rheological applications.**™” The ability to increase viscosity
of solution even at relatively low solid contents due to the high
specific surface area and crosslinking of nanocellulose makes it
viable as a rheological modifier for different applications.*®

This journal is © The Royal Society of Chemistry 2021
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Surface modifiability and great mechanical strength of nano-
celluloses allow them to work as stabilizers in Pickering
emulsions, which combined with the biocompatibility, makes
them good for food additives and drug delivery, but also for
painting and coating applications.”” The use of nanocellulose in
Pickering emulsions could pave way towards novel biobased
materials with easily scalable manufacturing due to mild and
simple processing steps. Currently, the problem seems to be the
lack of proper understanding of how multicomponent solvent
systems affect the stability of Pickering emulsions.*” In rheology
modifiers the surface chemistry seemed to play bigger part than
the dimensions of the nanocellulose particles.*® Also, the role of
nanocellulose from an interface stabilizer (Pickering emulsions
etc.) to formation of continuous network is not simple, and its
precise role is often disregarded in literature.*

3.2.5 Textile fibres. As the world cotton production is
closing on its maximum capacity, and the demand for textiles
is not declining, man-made cellulosic fibres (MMCFs) are
destined to fill the gap.*® Current market leaders in MMCFs,
viscose and Lyocell, both require highly purified dissolved pulp
or paper-grade pulp for the optimal production process.
Additionally, both have environmental setbacks such as toxic
chemicals and hazardous byproducts (viscose); and need for
stabilizers to control the reaction (Lyocell).** The use of ionic
liquids with dry jet-wet spinning in a process termed Ioncell-F
bypasses these restraints to produce MMCFs with an environ-
ment friendly process that tolerates low purity raw materials.*’
The tolerance for waste cellulose sources, the absence of
additional chemicals, and the possibility to reuse the ionic
liquid in a continuous process could lead to a sustainable textile
industry. Ionic liquids have also been used to manufacture
nanocellulose from waste sources.”® Furthermore, in a similar
dry jet-wet spinning ionic liquid manufacturing process, core
shell filaments (CSF) with regenerated cellulose exterior and inner
core of CNF have been fabricated from dissolved cellulose and
TEMPO oxidized CNF hydrogel.>' These CSFs have been modified
to function in eg, wearable electronics, adsorbents, flame
retardant fibers, and smart textiles.”* Overall, ionic liquids
combined with waste cellulose sources could achieve more
sustainable textile and smart textile industries.

4 MFC and CNC from waste sources
4.1 Agricultural waste as MFC source

Agricultural waste is one of the largest available biomass
sources. Some of the waste is utilized actively as, for example,
food for livestock or biomass for biofuel. Yet massive sources of
biomass are still underutilized. Furthermore, they could be
utilized as a material in high value applications such as
production of nanocellulose. This chapter introduces different
agricultural waste sources of biomass for fibre production in
the order of hits in literature, and present ways of refining
biomass to nanocellulose. Raw materials introduced in this
chapter will be rice straw, wheat straw, corn stover, pineapple
leaves, oil palm frond, cotton stalks and tobacco. They were the

This journal is © The Royal Society of Chemistry 2021
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most researched agricultural waste sources for nanocellulose
in Scopus database (see associated content for detailed
description of the applied search method).

4.1.1 Rice straws. Rice is one of the largest crops in the
world. 90% of the production is in Asia, and China and India
alone account for approximately 50% of the total production.
More than 660 million tonnes of rice is produced annually and
over 800 million tonnes of dry agricultural residues, mainly rice
straw, is formed in the process.’> Most of these residues are
treated as waste which makes rice straws an appealing source to
use for fibre production. It is composed mainly of cellulose and
hemicellulose (around 33% and 28%) and of lignin (10%) and
silica (12%)."®°? Other uses of waste rice straw include burning
as fuel and feeding livestock, but no high-value large-scale
applications are currently reported to be in use. Methods of
nanocellulose isolation from rice straw and description of
products found in literature are compiled in Table 1.

4.1.2 Wheat straw. Wheat is one of the largest crops
globally and it generates 875 million tonnes of wheat straw as a
byproduct® Currently a fraction of the wheat straw is used as
animal feed and the rest is mostly left on the fields, or
burnt.>*>> Wheat straw is composed of approximately 40% of
cellulose, 30% of hemicellulose and 18% of lignin.”®”” Wheat is
produced in 115 countries®* and the most substantial producers
are EU, China, India, Russia, and USA with 19%, 18%, 12%,
10%, and 8% shares of the production respectively.*® Methods of
nanocellulose isolation from wheat straw and description of
products found in literature are compiled in Table 1.

4.1.3 Corn stover. Corn is one of the largest crops in the
world with global production of 1100 million tonnes per year of
which United States, China and Brazil produce most with 31%,
24% and 8% of the total respectively.’®>° Grain makes up half
of the dry weight of corn while corn stover makes up the rest
which leaves massive amount of lignocellulosic biomass available
for utilization.®® Currently stover is used as feedstuff, as bedding
for feedstock, in enriching soil, being burned as fuel and some of
it is being converted to ethanol.®* Corn stover consist of stalks,
leaves, husks, and cob, and the chemical composition is
approximately 46% cellulose, 28% hemicellulose and 9% lignin,
depending on the species.®> Methods of nanocellulose isolation
from corn stover and description of products found in literature
are compiled in Table 1.

4.1.4 Pineapple leaves. Pineapple is one of the most popular
tropical fruits with production of 19 million tonnes annually.®?
Pineapple leaves weigh about 7% of the weight of the fruit.**
Pineapple leaves are very high on cellulose content with
chemical composition of approximately 80% of cellulose, 12%
of hemicellulose and 3% of lignin.®**® Methods of nanocellulose
isolation and description of products found in literature are
compiled in Table 1.

4.1.5 Oil palm frond. Palm oil production has grown in the
recent years to become one of the most important commercial
oil crops. Indonesia and Malaysia are the biggest producers of
crude palm oil with 84% share of the global annual production
of 72 million tonnes.®® With the production of tonne of palm
oil, approximately 3.5 tonnes of waste oil palm frond (leaves of
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the palm, OPF) is formed.®”®*® OPF is harvested regularly year
around while pruning the palm trees, and while collecting the
fruit bunches. Currently 75% of the frond waste is left to rot on
the ground, while the rest is burnt.®® Dried OPF was found to
contain 40% cellulose, 27% hemicellulose, and 20% lignin.”®
Methods of nanocellulose isolation from OPF and description
of products found in literature are compiled in Table 1.

4.1.6 Cotton stalks. Cotton is an important crop worldwide
mostly due to its use in textile products. The annual production
of cotton is around 25 million tonnes and the largest producers
are India, China, USA, Brazil, and Pakistan with combined
share of 80% of the production.”* With the production of
cotton, approximately 110 million tonnes of cotton stalk is left
on the field after harvest.”> Currently most of the leftover stalk
is burnt on the field causing considerable air pollution and
leaving the stalks on the field leads to a pest problem.”® Dry
cotton stalk contains approximately 66% of cellulose, 18%
hemicellulose, and 15% lignin which combined with availability
should make for appealing cellulose source.'® Methods of nano-
cellulose isolation from cotton stalk and description of products
found in literature are compiled in Table 1.

4.1.7 Tobacco. Tobacco is economically important crop as
global production of cigarettes and it was worth 665 billion US
dollars in 2010.”* It generates approximately 8 million tonnes of
tobacco stalk waste, which is currently either burned on the
fields or used for indoor combustion.” In addition to stalk
waste, portion of the leaves processed become waste as the
stems are not used in cigarettes due to their higher cellulose
content of 20%. Tobacco stalk contains 45% cellulose, 30%
hemicellulose and 25% lignin.'® China, Brazil, and India are
the biggest producers of tobacco of which China leads the
production with portion of 40% of the global production.”
Methods of nanocellulose isolation from tobacco and description
of products found in literature are compiled in Table 1.

4.2 Industrial waste as MFC source

Industrial waste streams are an important source for biomass.
Less biomass is available from industrial sources than from
agricultural sources. However, no extra steps of gathering the
wastes are needed, as the biomass is concentrated in the
processing plants. Currently the waste biomass amassed in
processing plants are mostly used as fuel, feed for animals, or
fertilizer.”®’” This chapter introduces potential industrial waste
sources in the order of literature hits and present ways of
refining biomass to nanocellulose found in literature. Raw
materials introduced in this chapter are sugarcane bagasse,
empty fruit bunch and processed pineapple waste. They were
the most researched industrial waste sources regarding nano-
cellulose production in Scopus database (see associated
content for detailed description.)

4.2.1 Sugarcane bagasse. Sugarcane production amounts
to 22.4% of total agricultural production worldwide by weight
with 1683 million metric tonnes produced in 2009.”® Sugarcane
is crushed to extract its juice in sugar mills and one third of the
sugarcane’s mass is left as a residue, bagasse.”® Currently 9% of
the bagasse is used in ethanol production, 6% is discarded and
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85% is burnt as fuel in sugar mills even though bagasse has low
caloric power and burning it produces air pollution due to the
quality of smoke released in the atmosphere.®’ Furthermore,
dry bagasse is generally composed of around 45% of cellulose,
26% of hemicellulose and 24% of lignin, which combined with
availability makes it an appealing source for cellulose fibres."*®
Methods of nanocellulose isolation from sugarcane bagasse
and description of products found in literature are compiled in
Table 1.

4.2.2 Oil palm empty fruit bunch. Palm oil production has
grown in the recent years to become one of the most important
commercial oil crops. Indonesia and Malaysia are the biggest
producers of crude palm oil with 84% share of the global
annual production of 72 million tonnes.®® With every tonne
of crude palm oil produced, 1.1 tonnes of waste empty fruit
bunch (EFB) is left behind in the mills.®" Currently it is mostly
burnt which leads to bad air quality, or used as organic
fertilizer which through improper methods leads to negative
effect on environment.”® Palm oil EFB contains approximately
50% of cellulose, 30% of hemicellulose and 15% of lignin
which makes it suitable for fibre extraction.’””®’ Methods of
nanocellulose isolation from EBF and description of products
found in literature are compiled in Table 1.

4.2.3 Processed pineapple waste. Pineapple is one of the
most popular tropical fruits with production of 19 million
tonnes annually.®®> Third of the production is used to make
canned pineapple.®> where peel and core of the pineapple are
disposed. Peel and core make up 44% and 15% of the mass
respectively and after processing 34% of the raw material is
fibrous waste.®® Currently the fibrous waste is mostly used
as feed-stock or composted.®** Chemical compositions of pine-
apple peel and core are 23% and 17% of cellulose, 14% and
12% hemicellulose, and 5% and 2% lignin.** Methods of
nanocellulose isolation and description of products found in
literature are compiled in Table 1.

4.2.4 Citrus waste. Citruses are the largest fruit crop in the
world with production of 120 million tonnes annually.®> Almost
third of the production is industrially processed for juice
production where half of the fruit ends up as waste, mainly
the peel, pulp, and seeds.®® The three most grown categories of
citrus are orange, citrus and lemon, and tangerines, oranges
taking up about half of the global production. The biggest
producers are Brazil, China, USA, Mexico, India, and Spain.?”
Currently the solid waste of juice production is either disposed
in landfills causing considerable pollution while untreated,
burnt or sold as pellets for cattle without profit.*® Dry citrus
waste contains approximately 15 to 20% cellulose, 6 to 18%
hemicellulose, 18 to 24% pectin, depending on the source.®®°
Methods of nanocellulose isolation and description of products
found in literature are compiled in Table 1.

5 Discussion

In order to identify the most promising material sources for
large scale nanocellulose production, this chapter will discuss

This journal is © The Royal Society of Chemistry 2021
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and compare the potential of the raw materials introduced.
Comparisons will focus firstly on prevalence in literature,
secondly on availability of the biomass, thirdly on difficulty of
processing and environmental impact of the, and finally on the
potential applications. These factors were chosen as they give a
simple but comprehensive picture about the interest and the
potential of the raw materials regarding industrial production
of nanocellulose.

5.1 Prevalence in literature

The prevalence of the raw materials in literature links directly
to the trends in scientific research, which might give insight
about the potential of the raw material. The most studied
materials have some obvious advantages that make them more
attractive to researchers. According to the search method used
sugarcane bagasse, empty fruit bunch, and rice straw emerged as
the most researched agricultural and industrial raw materials for
nanocellulose production. The fibre sources and their frequency
in the Scopus database in the order of the frequency are
presented in Table 2. It should be noted that several review
articles regarding nanocellulose production from non-wood
sources were used to find the most studied fibre sources,>®%'¢
Thus the results for the most studied sources should be reason-
ably accurate.

5.2 Availability of biomass

An important factor while considering future nanocellulose
sources, is the amount of biomass from the source. Absolute
amounts of waste biomass per source are shown in Table 3.
Furthermore, the availability and ease of access to the biomass
should also be considered. For example, the two most
researched waste materials for nanocellulose production,
sugarcane bagasse and empty fruit bunch, are both collected
at processing mills as waste product thus being readily available
compared to agricultural waste that must be collected from the
fields in a separate process®>°® Moreover, agricultural wastes
have differences in collectability. According to Wang, Bi & Gao
(2010), the cultivation system used and the need for returning
the wastes to the field as fertilizer affect the collectability,
but the most important factor is method of harvesting. In the
same study, collectability coefficient ranging from 0 to 1 was

Table 2 Frequency of nanocellulose related studies of waste materials in
Scopus database using uniform search phrase

Raw material Hits overall Hits 2018-2020

Sugarcane bagasse 96 61
Empty fruit bunch 86 55
Rice straw 68 33
Wheat straw 44 18
Corn stover 37 18
Pineapple leaves 33 23
Processed pineapple waste 14 11
0il palm frond 14 8

Citrus waste 10 6

Cotton stalks 6 —
Tobacco stalks 3 2

Industrial sources on grey, agricultural sources on white.
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Table 3 Absolute amounts of waste biomass per source

Raw material Waste biomass (million tonnes)

Corn stover”’ 1100
Wheat straw™> 875
Rice straw’> 800
Sugarcane bagasse”® 600
0il palm frond®® 250
Cotton stalks” 110
Empty fruit bunch®®*! 80
Citrus waste®>®° 20
Tobacco stalks”

Processed pineapple waste®*5%83 4
Pineapple leaves® 1

Industrial sources on grey, agricultural on white.

determined with data from field surveys. Coefficient for cotton
stalks and tobacco was found to be 0.90, 0.83 for rice straws, and
0.60 for vegetable vine and residue.'’® Graham et al (2007)
found that only 28% of corn stover produced in US could be
sustainably collected at farm gate at the cost lower than $33 per
tonne with current practises.°® Wastes have different costs of
collecting and this should be considered while choosing the
cellulose source. Moreover, the harvesting method of the source
should be optimized for efficient production.

Another factor to consider, while choosing suitable cellulose
source, is seasonality of the waste biomass. Most of the waste is
produced upon harvest and the possible storage costs and other
problems like spoilage must be acknowledged. Some sources,
such as oil palm frond are available around year due to pruning.®’
Competition must be taken into consideration when comparing
the availabilities of materials. Bioethanol production is the biggest
competitor regarding waste lignocellulosic material but as it is a
low-value product compared to nanocellulose, it probably will not
be a problem if nanocellulose production takes off.

5.3 Processing

The structure of nanocellulose is dependent not only on the
production method, but also on the cellulose source.’*® The
source also dictates the difficulty of treating the biomass.
Treatability is mainly determined by lignin and hemicellulose
content, crystallinity, and degree of polymerization of cellulose,
and the fibre strength, porosity, and coarseness of the raw
material.'® Thus, the production process must not only take
desired product into consideration but also the source.
Chemical compositions of materials presented are shown in
Table 4. Lignin content is one of the easiest ways of approxi-
mating the treatability of the lignocellulosic mass, as the lignin
binds cellulose together and makes the source “woodier”."**
Lower lignin content facilitates easier access to other
components, allowing the use of lower processing times and
milder chemicals thus reducing the economic and environmental
costs of nanocellulose production.”® It should be noted that
components other than cellulose, such as lignin or pectin, can
be also extracted and utilized, if the processes are made suitable.

Since the industrial nanocellulose production is still in its
beginnings, no consensus has been found for the best CNC or
MFC production methods. Therefore, comparing the production

Soft Matter, 2021,17, 9842-9858 | 9851
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Table 4 Chemical compositions of source materials in the order of hits in
literature

Cellulose Hemicellulose
Raw material (%) (%) Lignin (%)
Sugarcane bagasse'*® 45 26 24
Empty fruit bunch®”#' 50 30 15
Rice straw'®°? 33 28 10
Wheat straw”*®’ 40 30 18
Corn stover®? 46 28 9
Pineapple leaves®*®? 80 12 3
Processed pinea&)ple waste® 20 13 4
0il palm frond” 40 27 20
Citrus waste®®%’ 15 18 <1
Cotton stalks'® 66 18 15
Tobacco stalks'® 45 30 25

Industrial sources on grey, agricultural on white.

processes of different cellulose sources on a deeper level is
difficult especially since most of the materials were treated with
variety of methods, and the characterisation methods of nano-
cellulose are still not able to describe behaviour and properties
very well.'?" Similar process steps were used on most of the
materials and when the most popular methods have not been
used once on a material, it is probably due to lack of trying.
Comparison of the effect of the same chemical and physical
treatments on different raw materials is not feasible based on
current literature, due to differences in the applied reaction
times (and other details), differences in reporting, and the lack
of standardized analytical methods.

Simple but efficient processing methods would be better for
large-scale applications. Generally, CNC production requires
less and simpler steps than MFC. On the other hand, especially
in CNC production the effluent waters should be taken into
consideration and currently CNC production requires also
higher capital investment for same production capacity.'** It
should be noted that new more environmentally safe and
sustainable methods of producing nanocellulose are being
developed. Ammonium persulfate has been shown to work as a
more environmentally safer option for CNC production, while in
MFC production the fibrillation process is still the most energy
consuming and thus the most non-eco-friendly step in the
process.’”''* Also, deep eutectic solvents were shown to be good
at delignification as an eco-friendlier option.>® During processing,
also the nanosafety aspect has to be considered while designing
nanocellulose manufacturing processes. The pulmonary exposure
to airborne nanocellulose during processing, especially when
working with dry materials, is the likeliest health risk for human
health that nanocellulose poses.'**?*> Another safety aspect to be
considered when working dry organic material is the possibility of
dust explosion, and proper measures should be carried out to
avoid these occupational hazards.

The main problems in commercial MFC production are
energy efficiency and the difficulty of producing a dry product
due to agglomeration, which leads to loss of dispersability and
rheological properties.®'** The inability to ship a dried product
means low solid content and thus high transportation costs.
Despite these challenges in industrial scale production, there
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are companies with commercial or pilot scale MFC production
(Borregaard, OJI Holdings, Nippon Paper Group, UPM, Stora
Enso, etc.). The current commercially available MFC products
include rheology modifiers in different applications (Exilva by
Borregaard, Aurovisco by OJI Holdings), paper and board
product additives (Stora Enso MFC, Nippon Paper Group
CNF), and higher value applications such as UPM’s 3D cell
culture GrowDex. The applications and future trends are
discussed more in 5.4.

The production seems to be divided to two categories: 1.
Manufacturing MFC in separate mills to sell to others as a
product. 2. Manufacturing it onsite for companies’ own products
(mostly as paper and board additives) which circumvents the
drying and transport problems but requires big investments.
There are currently 10 companies producing CNC at industrial
scale, with production rates of over 10 tonnes per year.'*> Unlike
MFC, CNC can be shipped as a dry powder as the most
prominent CNC producer CelluForce does, thus removing some
of the biggest problems that current MFC industry faces.'*?
Sulfuric acid hydrolysis has been the most successful production
method, but acid free oxidative routes are rising as sustainable
alternatives by pioneering companies like Anomera Inc. and
Blue Goose Biorefiniries."*>

Concerning methods of fibrillation, extrusion seems to be
promising for MFC production.® Extrusion has the advantages
of continuous production with high solid content and
lower energy demand."””®'*” According to Debiagi et al
(2020), extrusion can be modified into reactive extrusion, where
extruder is used as a continuous chemical reactor. '"®*Using
reactive extrusion lowers the energy demand even more, it
requires significantly lower quantity of reagents, and it
produces less effluents and it is quicker, when comparing to
conventional methods.'*®'*® Reactive extrusion can also be
done in a relatively simple process, with one-step extrusion
after bleaching. The use of reactive extrusion in nanocellulose
production seems to be very promising, but currently quite
few papers have been published about it and it needs to be
researched more thoroughly.

5.4 Applications

The three biggest current nanocellulose applications are: 1.
Paper, board, and packaging, 2. Composites, and 3. Filtration,
with respective percentages of 36%, 25% and 19% of the
market share.”> The two biggest application streams have
quite similar purposes for nanocellulose use. Paper, board,
and packaging, as well as composites are both potential
large-scale applications motivated by cost reduction, ecological
benefits, and by the mechanical properties that nanocellulose
provides. Cost reduction is a huge factor considering the
massive scale of the market size, as even small reduction in
cost would have considerable effect overall. Furthermore, pulp
was found to be taking up to 60% of the manufacturing cost,
while using market pulp.'?* The possibility of utilizing low quality
fibres to produce nanocellulose and using it in applications, such
as water filtration, cardboard recycling, or as paper additives
is promising.’* It could decrease the reliance of developing

This journal is © The Royal Society of Chemistry 2021
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countries on imports, reduce environmental load, and facilitate
economic growth.

For many others of the applications (lightweight electronics,
photovoltaic devices, etc.) introduced here, the interest relies
more on the technical opportunities that nanocellulose provides.
However, the sustainability aspect is still one of the key qualities
of nanocellulose. In addition to the sustainability and easier
processability provided by waste source nanocellulose discussed
earlier, the possibility of turning low value waste into high
quality products through nanocellulose use could be financially
favourable.

To assure the safety of commercial nanocellulose applications,
more research is needed.'”"'* The biggest safety concern is
related to nanoscale products. ECHA(European Chemical Agency)
defies nanomaterials as having over 50% of particles between
1-100 nm. Currently, inconsistent results and unrealistic doses
in mice tests have handicapped the studies and caused contra-
dictions about nanocellulose’s safety.'>* According to a review on
potential health hazards of nanocellulose by Stoudmann et al
(2020), more systematic information about nanocellulose’s
biopersistence, effects of dermal exposure, nanocellulose induced
inflammation, and the effects of surface modification to nano-
safety are called for, especially in realistic low dose, long exposure
scenarios. It is also noteworthy that a lot of safety data collected as
a part of commercialization of CNC and MFC products is not
publicly available.

As discussed earlier, the application determines the quality
requirements expected from the nanocellulose. Currently,
the use of MFC seems more common in the established
applications, as the properties of MFC match the requirements
of high-volume applications better. Some bulk applications,
such as composites, might be more lenient towards irregula-
rities in the nanocellulose morphology, compared to for exam-
ple photonic structural colours, where a precise organisation of
the building blocks is required to achieve the desired effect.
The difficulties in producing and characterising homogeneous
nanocellulose are still inhibiting the industrial potential of
nanocellulose applications. However, nanocellulose is already
in commercial use, and for some of the more established
applications, such as paper, board and packaging, the
hindrance seems to be mostly the current high price. Thus,
reduction of the price could lead to larger market adaptation.

6 Conclusions and outlook

This work sums up knowledge about the most researched
and promising agricultural and industrial waste sources for
nanocellulose production. The most promising individual
waste-based material sources were found to be sugarcane
bagasse and oil palm empty fruit bunch. Both are side streams
of industrial processes that generate a lot of waste biomass
concentrated at the processing mills with nearly continuous
supply.*'3! Although no distinctive advantages were found in
the processability of sugarcane bagasse and empty fruit bunch,
they were the most researched sources and showed great

This journal is © The Royal Society of Chemistry 2021
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potential in accessibility. Overall, the most important factor
in selection of waste biomass was found to be the accessibility
of the waste. When the waste biomass sources are vast, the
usability and ease of access of the biomass are likely to emerge
as bottlenecks. Seasonality has also a big effect in choice of
source, as it can make the continuous and homogenous
production of nanocellulose difficult. Biorefineries could be
built together with sugar mills etc. to take advantage of waste
biomass amassed in mills and produce nanocellulose possibly
together with lignin, pectin, and hemi-cellulose.

Regarding processes of nanocellulose production, the
waste source does not affect the core process steps markedly.
The principles stay the same for all waste sources, although the
process parameters should be optimized for each source
separately as the composition and structure of the raw material
influence the treatability. Processes could be made environ-
mentally safer for delignification and cellulose extraction by
using fewer organic solvents and strong alkalis or acids with the
help of deep eutectic solvents. CNC hydrolysis could be done
with ammonium persulfate, or some other alternative found
suitable in the future. For MFC production environmental
benefits are best accomplished with reduction of energy used
in fibrillation. Reactive extrusion seems promising for this
purpose, but more research is needed to reach a uniform
conclusion on this.

There are various different categories of nanocellulose
applications. Some high-volume applications, such as paper,
board and packaging, have already established commercial use of
nanocellulose. Employment of nanocellulose in these applications
is motivated by the cost reduction and sustainability aspects,
whereas many emerging applications, such as photovoltaic
devices, light weight electronics, etc., rely on the unique technical
possibilities that nanocellulose provides. Since a variety of
properties can be created via modifications of nanocellulose, very
diverse applications can benefit from this. Waste sources seem
to be most advantageous in large-scale applications, where
reducing pulp cost can significantly lower the overall costs.
Furthermore, waste-sourced nanocellulose could decrease the
reliance of imports for various specialty chemicals, synthetic
polymers, and forest products, as they could be replaced by
locally sourced nanocellulose alternatives, enhancing both
environmental and social sustainability by diversifying the local
economies.

Future research should be concentrated on optimizing
process parameters for promising sources. For CNC production,
finding best suited chemicals for hydrolysis step is important.
For MFC production, the fibrillation step is the most important
to finetune. Also, the potential of using wastes produced in the
forest industry should be studied further. Furthermore, nano-
cellulose production overall would benefit greatly from more
efficient and standardized characterisation methods that would
make the quality and comparisons of different studies and their
products easier and better. Even with these imperfections
commercial nanocellulose production exists already, and waste
biomass sources are waiting to be utilised better. The environ-
mental and economic benefits make great argument for taking
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advantage of these wastes, and the technology and knowledge
required is already mostly available.

Methodology section

Description of the applied methodology: scopus was the main
database used in this research. Several review articles regarding
nanocellulose production from non-wood sources were used to
find the most studied fibre sources,>®®'® Same structure for
search phrase was used for each raw material: ““name of raw
material” AND nanocellulose OR mfc OR cnc OR cnf OR nfc”.
Some additional search terms were added in cases, where more
accurate ruling out was needed due to identical abbreviations
used in other literature. The number of relevant documents
found with each search and the portion of recent studies are
showcased in the introduction of each potential raw material.
Google scholar was used to acquire supporting information.
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