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Abstract: Cellulose nanomaterials are one of the most relevant scientific-technological discoveries in
recent years. Cellulose nanocrystals (CNCs) stand out among them because their extraordinary
chemical, mechanical, thermal, and optical properties make them an interesting alternative to
manufacture advanced materials from the most abundant biopolymer on Earth. This work presents a
critical analysis of the literature published in the last years, emphasizing the various obtaining processes
that have emerged in the search for greener methods. A comparative table of the processes used in the
extraction of CNCs from various sources (non-edible biomass and agro-industrial wastes) is included,
indicating the process’s effectiveness and the characteristics and applications of this sustainable
advanced bionanomaterial.
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1. Introduction

Cellulose nanocrystals (CNCs) are spherical rodlike or needle-like highly crystalline
structural substances having diameters ranging between 2 to 50 nm in width and 50 to 500 nm
in length [1]. It is fascinating that this tiny discovery by Ranby continues to bring colossal
results in virtually all areas of science and technology seventy years later.

First, it is essential to point out that cellulose is the most abundant renewable
biopolymer on Earth, which implies a tremendous potential for exploitation in practically any
country or region worldwide. CNCs are the crystalline constituents of cellulose: the amorphous
parts are susceptible to acid attack, which results in having highly-crystalline constituents left
after acid hydrolysis [2]. The unique properties related to CNCs and their wide variety and
universal availability of sources have made this material have diverse and significantly notable
industrial applications [3, 4]. Over the years, these properties have been reported to be inherent
in CNCs: nano dimension in size with high specific surface area, a high aspect ratio, high
crystallinity, low density, high and exceptional mechanical strength, unique morphology, high
thermal stability, non-abrasive nature, non-toxic, renewability, biocompatibility, and
biodegradability, as well as its extraordinary bending strength and modulus, low thermal
expansion coefficient, high surface reactivity, and low density [5-7].
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This review pretends to be a concise update on obtaining cellulose nanocrystals,
focusing on sources and processes, emphasizing those different from the classical acid
hydrolysis. We analyzed the last ten years’ publications, summarizing the most significant
results on obtaining the CNCs from diverse sources and their characteristics and applications.

2. Cellulose Nanomaterials

The concept of cellulose nanomaterials (CNM) is used to frame all those cellulose
nanomaterials bearing different shapes, sizes, chemical surface, and properties [8, 9]. CNMs
have attracted significant interest from academia and industry due to their unique and
potentially useful properties. Generally, it can be stated that the properties of CNMs are based
on three factors: i. the cellulose source, ii. the extraction-production method, and iii. the
chemical surface. Thus, CNMs are classified into two broad categories: nano-objects: cellulose
nanocrystals, cellulose nanofibrils, and bacterial cellulose, and nanostructured cellulose
materials: cellulose microfibrils and cellulose nanocomposites [8, 10].

It should be noted that over the years, the CNM nomenclature has been inconsistent,
where, for example, CNCs have also been referred to as whiskers, needles, or nanocrystalline
cellulose. Likewise, cellulose nanofibrils (CNF) are also known as nano fibrillated, cellulose
microfibrils, etc. For this reason, in 2011, the Technical Association of the Cellulose and Paper
Industry (TAPPI) established a Nanotechnology Division dedicated to establishing
standardization of the definitions of cellulose nanomaterials, and in two abbreviations of
different main nano cellulose are declared: cellulose nanocrystals (CNC) and cellulose
nanofibrils (CNF) [7, 10, 11].

Cellulose nanocrystals (CNCs) have been through chemical and physical means. The
most common process for obtaining of CNCs is through acid hydrolysis [3, 12, 13]. However,
different alternatives have been studied: enzyme-assisted, ultrasonic-assisted, microwave-
assisted hydrolysis [14, 15], mechanochemical process [16], and using neoteric solvents [17,
18], among others.

Cellulose nanofibrils (CNF) are a nanomaterial obtained from cellulose fibers through
chemical or enzymatic treatments and high-shear mechanical treatment, or catalyzed oxidation
reactions. CNFs are long and flexible fibers with diameters in nanometers and lengths in
micrometers [19, 20].

On the other hand, bacterial cellulose (BC) is a nanocellulose produced through
bacterial synthesis (for example, Gluconacetobacter xylinus). BC is a biomaterial with great
potential for biological implants and cell immobilization/support for tissue regeneration [6, 19,
21].

The main differences between CNC, CNF, and BC are their dimensions and
crystallinity. CNFs have both amorphous and crystalline cellulose constituents, while CNCs
have mainly a crystalline form. CNFs are spaghetti-like, highly entangled nanofibers networks,
while CNCs are rodlike in shape (like rice grains). CNCs are nano-scale materials, while CNFs
and BC could be nano- or micro-scale. Among some companies, a common practice is
commercializing their nanocellulose products as “micro-celluloses” (even if they are
nanocelluloses) to avoid problems related to the technical characteristics of the nanocellulose
and the environmental and toxicity concerns. Table 1 summarizes the concepts used in this
work for the nanocellulose objects, other terms commonly used, their characteristics, and their
most-used process for obtaining.
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Table 1. Common terms for nanocellulose materials and abbreviations used in this review [3, 7, 10, 22].

Nanocellulose
type

Common terms

Average size & Crystallization
Index

Obtaining process

Cellulose
nanocrystals
CNC

Nanocellulose crystals (NCC),
crystallites, cellulose whiskers,
nanowhiskers, rodlike cellulose,
nanorods, cellulose

4-70 nm (W)!

50-500 nm (L)2

(until 6000 nm for CNC from
tunicates)

Acid  hydrolysis, or
combined chemical and
phisical methodologies.

microcrystals 5-70 nm (D)?
ystass. Ic*: 54-88%
Microfibrillated cellulose Chemical or enzvmatic
Cellulose (MFC), nanofibrils, | 29-100 nm (W) y
. A pretreatment, followed
nanofibers nanofibrillar cellulose, | >10,000 nm (L) -
__ by mechanical
CNF nanofibrillated cellulose, | Ic <50%
. treatment.
nanofibrous cellulose.
Bacterial . . .
cellulose Microbial cellulose, bacterial N_etworks. Bacterial synthesis
BC nanocellulose. Highest Ic

W: width; 2L: length; 3D:diameter (cross-section); *Ic: crystallinity index.

3. Properties and Applications in Research Context

Research on cellulose nanocrystals has experienced exponential growth for the last ten
years. A searching analysis in SciFinder using “nanocellulose crystals” and “extraction” as
keywords resulted in the graph shown in Figure 1: there were only 123 publications between
2000 and 2008, and by 2009 there were 63 papers related to nanocellulose crystals; meanwhile,
in 2019, were published 1016 articles.
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Figure 1. Evolution of the number of publications on CNCs since 2000 (data obtained from SciFinder on
October 16™ 2020).

Analyzing all the publications since 2000, research groups in four countries (China,
USA, Canada, and Finland) published almost 80% of all. The remaining 20% is from three
other countries (France, Sweden, and Switzerland), as shown in figure 2. Research groups from
the northern hemisphere are predominant. It is interesting since it signifies an unexploited
potential from countries where the vegetal variety and abundance are more prominent.
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Figure 2. Countries with major contributions on CNCs publications (data obtained from SciFinder on October
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The properties reported for the cellulose nanocrystals implies a remarkably wide range
of applications. CNCs have been materials of great industrial and economic worth as
pharmaceutical additives and drug delivery excipients [3, 12, 23], in the biomedical area for
bone replacement and tooth repair, and as reinforcement in polymer composites and aerogels
[24, 25]. In the alimentary industry, CNCs are used as a food additive [26] and in packaging as
antimicrobial [27-29], biodegradable [30], or barrier films [31] and special paper [32, 33]. In
optoelectronics, CNCs have been employed as templates for electronic components and
composites films with excellent visible light transmittance. They are easily modified and even
as flexible displays [34-36]. Nevertheless, without a doubt, the most popular application of
CNCs is as a reinforcement agent for composites for a wide variety of polymer materials [37—
39]. The extraordinary properties of the CNCs, make them have a wide range of applications:
some of these applications are shown in figure 2, where some properties are listed and related
to CNCs specific reported use.

Biocomposites for bone replacement
and tooth repair, hydrogels for tisular

engineering, protein
immobilisation,
wound dressings.

High-performance composites
for automotive, construction,
packaging, textile, paper,
adhesives, paints & coating
industries, additive
manufacturing.

¥ Antimicrobial

v Biobased

¥ Biocompatibility

¥’ Biodegradability

v Chirality

v Colloidal stabilfty

v Film-forming | F 0o B

¥ Hidrophilicity \ s s iy )

¥ High gel strength =

¥ High mechanical steenght

¥ High surface area \

¥ High thermal stability
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¥ Optical properties

¥ Transparency

v Viscosity modifier

High-efficiency filters and selective
membranes for purification and
filtration; nanofluids for enhanced
oil recovery, drilling fluids,
emulsifiers, catalysts, etc

Viscosity controllers, emulsifiers, gelification
agents, barrier, antimicrobial, flexible, and
degradable films for packaging.

Figure 2. Properties and applications of cellulose nanocrystals.
4. Different Approaches to Obtain CNCs and from Various Sources

This section discusses some critical aspects of the classical approach (acid hydrolysis)
and innovative methodologies in CNCs obtaining.

4.1. Acid hydrolysis.

Acid hydrolysis is the classical methodology for obtaining CNCs, using sulfuric acid
(64% H2S04, usually between 7 to 10 mL/g, and heating until 80°C for 40-60 minutes). It has
been widely exploited for the production of CNC from diverse sources of cellulose [40].

The most used source of nanocellulose is agricultural residues. For instance, the rice
straw has brought about the production of CNCs by acid hydrolysis. After freeze-drying, well-
aligned, ultra-fine CNCs were obtained with a high crystallinity ratio and extraordinary
structural stability [41]. Also, soy hulls were hydrolyzed with acid for 30 min has brought about
the formation of CNCs that are needle-like with high crystallinity and aspect ratio of 44. Those
CNCs obtained from soy hulls have great potential as reinforcement agents for nanocomposites
manufacture [42]. An unusual source, tomato peel, was treated with sulfuric acid and has
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brought to the isolation of CNCs with low yields. However, nanocrystals were reported to be
facilely assembled into a fibrous mass with controlled nano-scale diameters. Many applications
requiring biodegradable and biocompatible nanofibers can utilize [43].

Other non-alimentary crops have been used in obtaining CNCs. The case for the CNCs
isolation from the elephant grass leaves by acid hydrolysis with yields between 12-16%,
moderate crystallinity index, and aspect ratios of 30-44. The CNCs have been ascertained to
have applications in polymer nanocomposites preparations [44]. The sulfuric acid hydrolysis
of kelp cellulose yielded CNCs with verified cellulose | structure and a crystallinity index of
69% [45]. Another work involves extracting CNCs from delignifed and mercerized sugar palm
fibers through acid hydrolysis [46].

To decrease the amounts of sulfuric acid employed in the extraction of CNCs, some
research groups have focused on studying diverse methodologies. Among them is using
mixtures of different acids or combinations of acids with other solvents or even water but at
severe reaction conditions.

For example, under hydrothermal conditions, hydrochloric acid hydrolysis of cellulose
raw materials with subsequent neutralization with ammonia has yielded CNCs with a higher
yield (94%) and crystallinity (89%), compared with CNCs obtained with typical sulfuric
hydrolysis with a 30% yield and 84% crystallinity. In both cases, a higher degradation
temperature was observed for the CNCs from hydrochloric acid (Tmax, 363.9 °C) in comparison
with those obtained with sulfuric acid (253 °C). In this HCI hydrolysis, the existence of easily
removable ammonium groups through simple heat treatment has enhanced the formation of
highly chemically and thermally stable suspensions of the CNCs [47].

In another study, the CNCs obtained through acid hydrolysis of hot water and acetone
pretreated spruce bark has a high aspect ratio (>60), high crystallinity, and good thermal
stability. The high aspect ratio and good thermal stability have implications for the CNCs
obtained from spruce bark to have great potential for use as reinforcement agents in
nanocomposites manufacture [48].

Additionally, mixtures with different acids (sulfuric acid and citric/hydrochloric acid)
hydrolysis have resulted in sulfonated CNCs (S-CNCs) and carboxylated CNCs (C-CNCs)
nanocrystals, respectively. S-CNCs have an aspect ratio of 59 and 81% of crystallinity, while
the C-CNCs have an aspect ratio of 57 and 83% crystallinity. Both are needle-like, but S-CNC
has higher thermal stability than C-CNC. Thus, the CNCs extracted from the Juncus plant
possess the potential as reinforcing agents [49]. Acid hydrolysis and subsequent mechanical
disintegration process have been used to extract CNCs from alkaline and bleached hemp stalks.
CNCs with a high crystallinity index (83%) have been obtained. They have been applied as
nanofillers to produce highly- transparent PVA nanocomposite films [50].

The phosphoric acid hydrolysis has been employed to isolate modified CNCs
(phosphorylated CNCs, P-CNCs) from cotton, which is difficult to aggregate and easy to
disperse to form stable dispersions in polar solvents like water, dimethyl sulfoxide, and
dimethylformamide. The P-CNCs have been reported to have average dimensions and surface
charge density. Nanocomposites of an ethylene oxide—epichlorohydrin copolymer and regular
CNCs and P-CNCs were prepared. Composites with P-CNCs exhibit the highest thermal
stability, as indicated by thermogravimetric analysis [51].

Acid hydrolysis and subsequent mechanical dispersion have been adopted to isolate
CNCs from de-polymerized and bleached marine biomass of brown, red, and green algae
through highly thermally stable CNCs high crystalline index (until 99%) but low aspect ratio
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(15). In comparison with CNCs from other sources, CNCs from algae have shown easy access,
higher crystallinity, and better thermal stability. CNCs from algae can be used for increasing
the mechanical properties of polymer composites for food packaging [52].

Also, industrial wastes have been the source for obtaining CNCs via acid hydrolysis.
For example, CNCs were extracted through sulfuric acid hydrolysis and O-CNCs from
ammonium persulfate (APS) one-step oxidation from waste paper fibers. These CNCs showed
22% and 41% crystallinity, respectively. In this case, hydrogen peroxide (formed by the APS
decomposition) selectively oxidizes the hydroxyl group on the C6 of cellulose into a carboxyl.
Successful preparation of CNCs from the fibers obtained from waste paper has created higher
economic routes that benefit the transformation of waste papers [43].

The extraction of CNCs from pre-extracted and kraft delignifed loblolly pinewood
through sulfuric acid hydrolysis yielded about 70% (acid concentration and temperature have
been reported to be the strongest determinants for the CNC yield). Crystallinity index, surface
charge, particle size, and dispersity are relatively uniform, implying consistent quality of CNCs
obtained via acid hydrolysis [53].

Expensive economics and operational and environmental hazards associated with acid
hydrolysis call for more economical and environmentally friendly means for the production of
CNCs.

4.2. Weak acids methodologies.

The use of non-conventional technologies, in combination with weak organic acids,
have been studied as an alternative for the classic acid hydrolysis. The use of ultrasound
combined with organic acids (maleic, oxalic, and citric) has been used successfully to obtain
functionalized CNCs, with a yield between 20 and 40%. With a lower energy cost and all the
advantages of using mild acids. The carboxylated functionalities on the surface of CNCs make
them proper for dispersions in aqueous media [54].

Hydrolysis of bleached eucalyptus kraft pulp (BEKP) fibers through the use of highly
recoverable concentrated (50-70 wt%) oxalic acid have given rise to the production of highly
thermally stable and functional CNCs, which proved to be much better than the CNCs obtained
through classical acid hydrolysis. The resultant CNCs have high thermal stability (322 °C) and
a large aspect ratio with excellent inherent potential for bio-composite applications. High
recovery of the organic acids using a conventional crystallization method has made this method
uniquely suitable for the sustainable and green production of CNCs [55]. Another simple and
effective one-pot esterification and hydrolysis of cellulose from softwood pulp using molten
oxalic acid dihydrate have been reported to extract functionalized CNCs with high yield (81%),
surface functionalities, and high thermal stability [56].

Microcrystalline cellulose treatment with citric acid/hydrochloric acid (CeHsO7/HCI)
has led to the formation of rodlike CNCs subsequently used as cationic dye adsorbent
(methylene blue) and flocculant, with a turbidity removal of almost 100% [57]. Another
sustainable and economically feasible use of highly recoverable FeCls-catalyzed formic acid
(FA) to hydrolyze BEKP has resulted in CNCs with a yield higher than 75% and moderate
crystallinity index and thermal stability (around 70% and Tmax>260 °C). CNCs obtained can
be used as building blocks to produce new renewable and sustainable nanomaterials [58].

Relatively fast, highly effective, efficient, energy-intensive, and environmentally
friendly hydrolysis using the recyclable phosphotungstic acid (PTA) was used to extract CNCs
from cellulose raw materials. This process requires mechanochemical activation but produces
https://biointerfaceresearch.com/ 11802
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CNCs in good yields (88%), a crystallinity index of 80%, and high thermal stability. This
technique promises to be an efficient green approach for the preparation of CNCs [59].

An original green methodology employs a subcritical water treatment (at 120°C and
20.3 MPa pressure for 60 min) of commercial cellulose has given rise to the isolation of rodlike
shape CNCs with 22 % yield, having a high crystallinity index (79%), high thermal stability
(300 °C) and high aspect ratio [18]. Another acid-free methodology implies the temperature-
controlled high-pressure homogenization (HPH), adopted to produce CNCs having high
crystallinity and uniform size. The use of chemicals has been avoided through this technique,
representing an efficient and sustainable green approach to CNC production [60].

A combination of TEMPO oxidization pretreatment and mechanical homogenization
has produced high yield CNCs with a small width, superthin diameter (3—10 nm) having high
crystallinity, carboxylate functional groups, and high surface areas which have potential
applications in green nanocomposites ultrafiltration, medicine, and as catalyst supports. The
process is less energy-consuming [61]. Also, softwood bleached kraft pulp (SBKP) has been
oxidized using an acid-free and dialysis-free process, 2,2,6,6-tetramethylpiperidine-1-oxyl
(TEMPO)-mediated system coupled with the sonication process in water for 10 - 120 minutes
to produce needle-like TEMPO-CNCs, with a high aspect ratio (50-60). Additionally, TEMPO-
CNCs have been reported to show higher mass recovery ratios, significantly higher amounts of
anionic surface groups, and smaller and more homogeneous widths than the conventional
CNCs obtained from acid hydrolysis [62].

On the other hand, ionic liquids have been used as solvent-catalyst pairs for the
extraction of CNCs. For instance, 1-ethyl-3-methylimidazolium acetate ([JEMIM][OACc]) has
been directly used to treat wood directly to extract CNCs. Partially acetylated CNCs with
crystallinity index (75%) and aspect ratio (65) has been obtained [63]. A greener approach that
does not produce any hazardous waste employs the highly recoverable ionic liquid (>90%), 1-
butyl-3-methylimidazolium hydrogen sulfate (BmimHSOs), to extract uniform rodlike shape
CNCs having high crystallinity [64]. Another study to optimize the CNCs extraction uses acidic
natural deep eutectic solvents (NADES). These NADES were synthesized from choline
chloride and oxalic acid at different temperatures and times. A yield of 35% of CNCs (80%
crystallinity index) was obtained for a reaction time of 6 h at 95 °C, opening a novel green route
to CNCs [17].

4.3. Combined methodologies.

Although the acid-free methods are desirable from the ecological point of view, the
real-world results are not the most effective. Consequently, researchers have faced this problem
combining the advantages of the hydrolysis (acidic o basic) with the benefits of different
activation techniques. In this way, CNCs have been extracted from rice husks through an
effective three-step process: alkaline hydrolysis, subsequent bleaching, and final ball milling,
a grinding process. The obtained CNCs have confirmed rice husks as a valuable source to
extract valuable nanomaterials for industrial applications [65].

Fabrication of CNCs from the walnut shell through a combination of alkali/acidic
hydrolysis in couple with homogenization and ultrasound energy has been achieved. The CNCs
have reported having a high yield (92%), medium crystallinity degree (49%), and good thermal
stability. Walnut shell-derived CNCs can be employed as promising nanocarriers in the food,
packaging, delivery nanosystems, and drug delivery sectors [66]. Similarly, CNCs have been
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produced from alkali-treated and bleached apple pomace through acid hydrolysis and
ultrasonication treatments, having a 78% crystallinity [67].

Another method describes the isolation from alkaline treated and bleached Ferula
gummosa (Fg) by acid hydrolysis and ultrasonication. The CNCs present co-existence of
cellulose I and cellulose 11, with high thermal stability and high crystallinity (84%). The CNCs
are highly stable, non-toxic (no cyto-effect), highly biodistributable, and highly effective in
metabolic systems such as kidney and blood have been reported. CNCs have proved to have
the potential for bioimaging, diagnostic, and other nano-medical applications [68].

A novel methodology concerns the combination of ball milling defibrillation and
SO4>7/TiOz2 catalyst-assisted method to extract CNCs from natural Calotropis gigantea (CGF).
This technique is shown to be sustainable and environmentally friendly. The SO4>7/TiO2 nano-
solid acid exhibited excellent catalytic activity during the ball milling mechanical
defibrillation. CNCs with high yield (55%) and better thermal stability than those obtained
from common hydrolysis have been obtained through this technique. A long-anticipated, novel
route for the large-scale industrial production of CNCs from biomass and wastes through an
environmentally friendly, sustainable green method has been reported [69].

4.4, Enzymatic hydrolysis.

Enzymatic hydrolysis is a relatively easy method. It does not require the use of highly
corrosive reagents and an enormous quantity of water to obtain CNCs. Also, minimal energy
consumption is required, low volumes of water and various commercial enzyme systems allow
this procedure to be carried out by non-specialists. However, the yields obtained are generally
lower than the purely physical-chemical processes [70].

Enzymatic hydrolysis and mechanical treatment at high pressure have been used to
produce CNCs from rice and oat husk-based cellulose. Aerogels have been produced from
these CNCs. Rice and oat husks based CNCs and the respective aerogels made from them have
been characterized to ascertain their morphology, particle size, functional groups, crystallinity,
and thermal properties. The aerogels were reported to have a uniform structure, a high-water
absorption capacity, and a large pore size (even more significant than aerogels made from
commercial eucalyptus CNCs). CNCs from agricultural biomass and wastes have proven to
have promising industrial applications as aerogel absorbers of water in food packaging [71]. A
more straightforward and highly economical enzymatic hydrolysis, at a high solid loading (>
15% wi/w), has been incorporated into the biochemical platform process for the production of
sugars from sugarcane, has provided a new route to produce CNCs as a high value-added
coproduct. The sugarcane bagasse (SCB) based CNCs have been reported to exhibit better
properties than the bleached eucalyptus kraft pulp (BEKP) based CNCs obtained through acid
or enzymatic hydrolysis; higher thermal stability, higher crystallinity index, and higher particle
diameter uniformity have been attributed to the SCB based CNCs. Much more, this process has
a route in which costly sonication process steps necessary to obtain CNC by virtually all
methods are eliminated [72].

4.5. Summary based on the source type.

The sources for obtaining CNC are worldwide spreading, and practically, in all regions
of the planet, exists at least one source of cellulose. However, as previously described, the
characteristics of the CNCs depend on the intrinsic properties of the cellulosic raw matter and
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the extraction methodology. With this purpose, table 2 summarizes the most significant articles
published in the last years, centered on the extraction of CNC from different sources (based on
their nature and alphabetically-listed), specifying the extraction method employed, the yield,
the crystallinity index, and the size, as general comparative characteristics of the CNC.

Table 2. Comparative table of publications related to CNCs extraction and applications.
CNCs from biomass (as raw-matter and agro-wastes)

- T -
Sources Extraction method Z)I/g)ld EOC/O) E'zzev\(lgrg)‘l PSS Applications Ref.
323+ 113 (L) Reinforcement agent
Agave tequilana ns & 11+4 (D) for nanocomposites [73]
H2SO4 hydrolysis 590 (L) .
bagasse ns 89-94 | 100 (D) Reinforcement agent [74]
+20 (PS) for nanocomposites
H2SO4 hydrolysis 28+2(L) Packaging and
Apple pomace & ultrasonication 8 8 79+1(D) biomedical materials [67]
Asparagus S
(Asparagus H2S04 hydrolysis | ns 72-77 | 178-262 (PS) SFaE"'.Za“O” °|f.ONV [75]
officinalis L) Pickering emulsions
. . 100-130 (L) Reinforcement agent
Bamboo fibers H2S04 hydrolysis | 30 87 5-8 (D) for nanocomposites [76]
Enzyme
Bamboo shoot H2SO4hydrolysis | 51 82 ns immobilization, [77]
tissue engineering
Banana NaOH and H2SO4 19 ns 1.9-7.2 (D) Reinforcement agent [78]
pseudostem hydrolysis 12-135 (L) for nanocomposites
Barley straw H2S04 hydrolysis | 69 63 18?22%(\)/\5)" ) Reinforcing filler [79]
Barley straw and - 40-270 (L) Nanoreinforcing
husk H2SO4hydrolysis | 12 ns 5-15 (D) agents in PVA [80]
Reinforcing agent in
Cratjs:i?]w tree E' Zgroo? si: HCI 5.6 ns 5365)‘:_‘25(%)) composite films for | [81]
P 9 ydroly T food packaging
: 310 (L) Reinforcing agents in
Coffee husks H2SO4hydrolysis | ns 92 20 (W) biocomposites [82]
Reinforcement agent
41 84 ‘211+1 li (£|134)(L) in the manufacture of | [83]
. B nanocomposites
Corncob H2SO4 hydrolysis Reinforcement
ns 72 131.4 (PS) material in polymer | [84]
matrices.
450 L Aerogels absorber of
Cotton (raw) H2SO4 hydrolysis | 77 91 25 (W) water in food | [85]
packaging.
. . Drug delivery,
Cotton linter | H2SO4 hy(_JIroI_yS|s 59-72 | 82 133 (L) biomedical, and food | [86]
(raw) & ultrasonication 10 (W) L
applications.
Ball milling & .
Crown  flower - Production of
(Calotropis H2SO. hydrolysis 55 43 242.1 (L) advanced [69]
: . +  nanocatalyst- 8.8 (W) .
gigantean) fiber assisted nanomaterials.
Cucumber . .
(Cucumis H2S0a4 hydrolysis | 66 74 ns Elo?ané)comkpos_nes [87]
sativus) peels or food packaging
H2S04 + 1465 (L) Filler in many
Date palm fibre | CH3COzH ns 84 8.5 .(W) industrial [88]
hydrolysis ' applications.
Elephant grass
(Pennisetum H2SO4 hydrolysis | 12-16 | 72-77 | ns ns [44]
purpureum Sch.)
L . Reinforcing filler for
Garlic skin H2S04 hydrolysis | ns 63 58-96 (PS) bionanocomposites [89]
. . 480 (L) Reinforcement agent
Garlic straw H2SO4 hydrolysis | 20 69 6 (W) for nanocomposites [90]
. Bioimaging and
Galbanum H2SO04 hydrolysis | ns 84 22.1+5(D) diagnostics [68]
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(Ferula
gummosa)

Starch-based

Grape pomace H2S04 hydrolysis | 70 71 ns biocomposites [91]

Green algae

(Cladophora | HBr hydrolysis | ns 9% 200+ 4 (D) Sareh P ez

rupestris) P

Harakeke .

) . 100-200 (L) Reinforcement agent

t(ePnha(l)Xr)mlum H2S0O4 hydrolysis | 35 ns 5-10 (W) for nanocomposites [93]

. 20-120 (L) Bionanocomposite
Hemp H2SO4 hydrolysis | 38 84 1-4.5 (D) films [94]
- 367 + 101 (L) | Reinforcements in

Hemp stalk H2S04 hydrolysis | ns 83 74422 (D) PVA polymers [50]

Japanese  hop Nanocomposites,

(Humulus H2SO4hydrolysis | 30 70 6.48 (D) biomedical, and food | [95]

japonicus) stem applications.

. 431+94 (L)

Juncus stems H_ZSF)4 hydr.onS|s ns 81 7.3+2(D) Nanoreinforcing [49]
Citric _aC|d/HCI ns 83 6.1+ 238 (D) agents in polymers
hydrolysis

Additives in tissue
Jute fibre -Il\-lilg/lr Zos/té\lrsCIO/ 80 68 %9262(33)@) eng., pharmaceutical | [61]
Y and optical industries

Kapok (Ceiba . 79.4+13 (L) Self-assembled

pentandra) fiber | 12504 hydrolysis | 32 89 4.2 +3 (W) membranes [96]

King grass 20-30 (D) Reinforcement agent

(Pennisetum H2SO4 hydrolysis | 45 77 200-300 (L) in composite | [97]

sinese) manufacturing

Kudzu

(Pueraria Phosphoric  acid ns 48 100-330 (L) Nanoreinforcing [98]

lobate) root | hydrolysis 2-6 (W) agents in polymers

residue

Mengkuang .

(Pandanus NaOH and H2SO04 5-80 (L) Remforcement agent

L - 28 66.7 in the manufacture of | [99]
odoratissinus) hydrolysis 5-25 (D) PVC nanocomoosites

leaves P

Misacanthus . .

- . 8.5 (W) Nanocomposite  in
(Mlscanthus H2S0O4 hydrolysis | 33 90 2.8 (T)° PVA polymers [100]
giganteus)

Enzymatic
hydrolysis & .

Oats husks mechanical ns 90 28.8 (D) ﬁ)e(:)ré)gzlcébsigrber in [71]
treatment at high P gihg
pressure

82.8 (L) Polymer
Oil palm trunk H2SO4hydrolysis | ns 74.81 3 6 D) nanocomposite, food | [101]
' packaging

Okra Microbial

(Abelmoschus degradation, Production of

esculentus) H2S04, and NaOH | 30 ns ns PVA/CNC [102]

fi hydrolysis, nanocomposites

ibers 2
bleaching

Onion skin H2SO4hydrolysis | 49 26 2.49 (PS) Biocomposite films [103]

Passion fruit . Drug carrier

peels H2SO4 hydrolysis | 58 78 145.4 (PS) excipients [104]

. . 250 +51 (L) Reinforcement agent

Pineapple leafs H2S04 hydrolysis | 68 73 4+1(D) for nanocomposites [105]

Pistachio S

(Pistacia vera) | HCl hydrolysis | 77 79 68.8 + 21 (D) §fiﬁ'e'r'lzrft'22“f’|;81/é’v [106]

shells g )

. 81-286 (L) Food packaging
Pea hull H2SO04 hydrolysis | ns 77 8-21 (D) applications [107]
Reinforcement agent

Peanut (Arachis . 67-172 (L) for  nanocomposite,

hypogaea) shell HzSO4 hydrolysis | 12 4 5-8 (W) packaging, drug [108]

delivery.

Potato peel H2SO4hydrolysis | ns ns 100-200 (PS) Reinforcing agent for [109]
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hydrogel
nanocomposites
Ramie 145.61 (L) 6.67 | Reinforcing fillers for
(Boehmeria H2SO4hydrolysis | ns 91 ' ' - [110]
- . (D) nanocomposites
nivea) fiber
+
Effsgste) algae H2SO04 hydrolysis | ns 84 ggj 2‘ (?Dﬁ)(L) Z}:nAs nanocomposite [111]
Enzymatic
hydrolysis  and Aerogels absorber of
Rice husks mechanical ns 60 16.4 (D) water in food | [71]
treatment at high packaging
pressure
Rice husks ns 77 153-779 (L) 20-
(large grain) 48 (D)
Rice husks | H2SO4 hydrolysis ns 62 111-477 (L) 16- | Polymer [112]
(medium grain) | and sonication 38 (D) nanocomposites
Rice husks ns 53 56-179 (L) 12-
(small grain) 29 (D)
el 76 515 (D) Reinforcing agent for 18]
Rice straws HzS04 hydrolysis | ., 66 1302(6)5;(\)/\5)'-) biocomposites [79]
Reinforcement
Sago seed shell H2SO4 hydrolysis | ns 69-72 | 10-50 (PS) material in polymer | [113]
matrices
Sedge  (Carex | TEMPO oxidation . .
meyeriana and mechanical | ns 51.01 :1,);5 (L) Biosorbent n [114]
. (D) wastewater treatment
Kunth) homogenization
Nanomaterials in
Sisal fiber H2SO4hydrolysis | ns 73 121535 20 (L) 9.4 electronics,  optics, | [115]
+1.8 (D) bi .
iomedicals
Small
crownflower . 250 (L) Renewable
(Calotropis HzS0shydrolysis | ns 68.7 12 (W) nanocomposites [116]
procera)
Soy hulls H2S04 hydrolysis | 59 74 %Zj’li(?[’f)('-) CR;'T?;g;ft'gf agent for | 1147)
Reinforcing agent for
rlfy?jlr_z)lsgii H2S04 | 64 73 égo(\f\'go (L) 20- composites for | [118]
biomedical products
14-18 (D) 193- | Reinforcing agent for
54 80 246 (L) composites [119]
Sugarcane H2S04 hydrolysis Composite either for
bagasse ns 77 38 (D) blomedl_cal [120]
applications or for
wastewater treatment
Enzymatic Reinforcement agent
hydrolysis  (high | 50 97 20 (D) for polymer | [72]
solid loading) composites
. Reinforcement
ﬁunflower seed | 11504 hydrolysis | 30 High | 150-300 (L) 10- | oerial in polymer | [121]
ull (ns) 30 (D) ;
matrices
148£42 (L) Reinforcing agent for
Switchgrass H2SO04 hydrolysis | ns 72 21+ 4 (W) cing ag [122]
3+1(T) composites
135 (L) Biodegradable /
Tomato peels H2SO4 hydrolysis | 16 81 7.2 (W) biocompatible [123]
3.3(T) nanofibers
H2S04 hydrolysis | 30 91 234;21(%/\/()" ) Edible, biodegradable
Enzymatic = polymeric films in the
Tunicate hvdrolvsis  with food and | [124]
ydroly 73 83 17+£2.7 (W) pharmaceutical
subsequent : .
S industries
ultrasonication
Vine shoot H2SO04 hydrolysis | ns 82 11‘516(83) S:r:gi%rﬁqlggsﬁggm for [125]
Nanocarrier in the
Walnut shell H2S04 hydrolysis | 88 60 130 + 16 (D) food and drug | [66]
delivery
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. 120-600 (L) Reinforcing agent for

Wheat straws H2S0O4 hydrolysis | 75 71 15-20 (W) composites [79]

CNCs from wastes (different from agro-industries)
. Yield Ic Size (nm) L

Sources Extraction method (%) (%) W.L DT Applications Ref.

180+ 6 (L) Biosensors, food

Cotton r’?‘ aé)r(I)—: as?g H2504 | 45 ns 10 1 (W) packaging, and drug | [126]

ydroly 6.5 (T) delivery applications.
Ultrasonic

Cotton  (from assisted HCI and | 47 56 28-470 (L) E.nhancer _ for [127]

cloth waste) H2S04 hydrolysis 3-35 (W) bionanocomposites
Ultrasonic .

Cotton  (from |, cicted  H2SOs | ns 81 10-50 (D) Biosensors ~and | 1),

hospitals waste) hydrolysis nanocomposites

Disposable cup | Citric acid . 480 (L)

waste hydrolysis % 70-94 14 (W) ns [129]

Domestic . .

wastewater H2SO4hydrolysis | 22 62-80 igO\S\I/_ ) EII onanocomposite [130]

sludge (W) 1ims

. 100-500 (L)
Grass waste H2SO4 hydrolysis | ns 58 5-15 (D) ns [131]
. 218-317 (L)

Old newspaper H2SO4 hydrolysis | 93-96 | 34-75 2.9-3.2 (W) ns [132]
H2S04 hydrolysis | 22 77 2 ;5233()'-)

Paper Ammonium — Reinforcing agent for [43]
persulfate (APS) | 41 72 130 £ 15 (L) polymer composites
oxidation 4+25(D)

. . Reinforcing fillers for
Papermill sludge | H2SO4hydrolysis | 27 93.2 130.8 (PS) composites [133]
Rejected  fiber Reinforcing filler for
from kraft | H2SO4 hydrolysis | 37 83 10-35 (D) | g THel [134]
pulping polymer composites

. 239 + 81 (L) 35 | Reinforcing filler for

Sawdust H2S04 hydrolysis | 15 90 +7(D) polymer composites [135]

. 175.3 (L) | Reinforcement agent

Spruce bark H2SO4 hydrolysis | 11 84 28 (D) in nanocomposites. [48]

Tetra pak fibers . : ) 207 £ 78 (L) [136]

waste H2SO04 hydrolysis | 7-15 64-83 23+ 8 (W) ns [137]
Ethanol and .

Wood fireboard | peroxide + |24 71 (13674'73(” fRelnforcem_ent agent [138]
ultrasonication 7(D) or composites

CNCs from technical cellulose
. Yield Crl Size (nm) L

Sources Extraction method %) %) W.L DT Applications Ref.
H2S04 /

CHsCO:H 64-79 | 77-80 3_725?:5(58)@) ns [139]
hydrolysis

Bleached E;é?/orr)z:g and

Eucalyptus Kraft . Aerogel absorber in

oulp mechanical _ ns 95 16.0 (D) food packaging. [71]
treatment at high
pressure

L 273-377 (L) Biocomposite
Organic acids 2-25 76-82 15 (D) applications [55]
lonic liquid Reinforcement  and
catalysis and | ns 95.5 Iggg EIIZ_))) fillers in | [64]
. . solvolysis nanocomposites
Microcrystalline 1,504 hvdrolvei
cellulose anzd 4 E]/ gcr)oyse'rs] Emulsifiers for
. nydrog ns 77.3 460.5 (D) medical and cosmetic | [140]
peroxide
oxidation uses
Ultrasonic 41.4 (L) . .

ssfmifgu.p assisted  H2SO. | 71 81 5.9 (D) glgae”n‘;;ei'r?‘;’gl‘;”mgers [14]

hydrolysis 4.1(T)

Yc: crystallinity index; 2L: length; 3W: width; “D:diameter; 5PS: particle size; 6T: thickness.
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5. Conclusions

Numerous non-edible plant biomass and agro-industrial wastes in any part of the world
represent viable and sustainable cellulose sources from which CNCs can be obtained. As
demonstrated in this work, very diverse processes have been explored to define methodologies
more effective, less expensive, environmentally friendly, and precise for each source studied.
Recent research in CNCs has unraveled excellent properties, which have made them an
essential resource for the manufacture of advanced materials. Properties such as large surface
area, reactive and tunable functional-groups, mechanical strength, and thermal stability make
CNCs an attractive option for manufacturing biocompatible, biodegradable, and renewable
nanostructured materials.

Another reason to continue focusing efforts to establish better processes for obtaining
CNCs, is its impact on society. The sustainable exploitation of renewable resources and agro-
industrial wastes to achieve an added value product contributes to scientific and technological
progress. Indeed, it could promote an economic and social benefit for many communities all
around the world.
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