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Abstract: The outstanding properties of nanocellulose have led to a wide range of applica-
tions in packaging, construction, medicine, electronics, cosmetics, environmental solutions,
and the food industry. Specifically, cellulose nanocrystals (CNC) have demonstrated ex-
cellent biocompatibility, adaptable surface chemistry, low density, optical capabilities,
biodegradability, renewability, and good mechanical properties. However, these unique
characteristics depend on the raw material, processing, and post-treatment. New opportu-
nities in CNC production are being explored based on unconventional resources and new,
environmentally friendly production processes to replace highly polluting and inefficient
conventional methods. This review evaluated the current methods for obtaining CNC
from green processes, focusing on organic acids, enzymes, mechanical, oxidative, and
radiation-based methods.

Keywords: nanocellulose; cellulose nanocrystals; oxidative methods; enzymes; organic
acids; deep eutectic solvents; ionic liquids; mechanical treatments; radiation-based

1. Introduction

The negative environmental impact of plastic materials from fossil sources has demon-
strated the need for a paradigm shift and the search for more sustainable solutions. This
scenario has led to numerous challenges, e.g., the replacement of these products on the
market. A promising option, from renewable resources and biodegradable, is nanocellulose.
This novel product presents high potential in packaging, construction, medicine, electronics,
cosmetics, environmental solutions, and the food industry. Some key characteristics involve
biocompatibility, biodegradability, renewability, optical behavior, high crystallinity, high
surface area, and good mechanical properties [1].

The nanocellulose classification involves three main groups according to their morphol-
ogy, particle size, and insolation method: cellulose nanocrystals (CNC) or nanocrystalline
cellulose (NCC), cellulose nanofibers (CNF) or nanofibrillar cellulose (NFC), and bacte-
rial nanocellulose (BNC) [2]. CNC, sometimes called cellulose nanowhiskers, are defined
as nano-objects with short and rigid rod-like shapes (3-10 nm diameter), with a pure
crystalline structure and aspect ratio between 5 and 50 [3]. Even if CNC characteristics
are highly influenced by raw materials and production methods [4], most exhibit high
crystallinity, unique optical properties, high mechanical strength (high impact and stiffness,
good elongation), biocompatibility, biodegradability, elevated surface area, low density,
simple bioconjugation, low thermal expansion, etc. [5].
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CNC is obtained via top—down processes from lignocellulosic resources such as
bleached cellulose pulps [6-9], dissolving pulp [10], microcrystalline cellulose [11,12], and
agricultural or industrial wastes [13]. Acid hydrolysis is the prevalent and conventional
method of producing CNC (Figure 1). It implies the utilization of hydrolysis with strong
mineral acids (sulfuric, hydrochloric, phosphoric, nitric, and their combinations) to reach
a high crystalline nanostructure and mechanical treatments for CNC separation and homog-
enization [14]. Nickerson and Habrle [15] pioneered this technique in 1947, successfully
synthesizing CNC from cellulose materials by applying sulfuric acid. Then, subsequent
research has expanded the range of inorganic acids employed for cellulose hydrolysis.
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Figure 1. Conventional methodology to produce cellulose nanocrystals.

Acid hydrolysis to produce CNC involves the cleavage of (3-1,4 glycosidic bonds
within cellulose chains. Hydronium ions infiltrate the cellulosic structure, preferentially
targeting the amorphous regions surrounding and between microfibrils. These disordered
amorphous areas are more readily hydrolyzed than the densely packed crystalline regions.
The hydrolysis process in amorphous domains exhibits faster kinetics, rapidly reducing
the number of glucopyranose units, and the depolymerization of the remaining crystalline
regions proceeds at a slower rate due to the hindered accessibility of hydronium ions [16].

Sulfuric acid remains the preferred choice because of its superior hydrolysis effi-
ciency and exceptional CNC dispersibility [17]. During sulfuric acid hydrolysis, negatively
charged sulfate groups are introduced by esterification of surface hydroxyl groups [18].

The sulfuric acid hydrolysis conditions reported by different authors are dissimilar.
Nevertheless, analogous to using any strong acid, high concentrations of sulfuric acid are
always required, along with thorough purification stages [19-21]. Consequently, CNC
production using this methodology implies material degradation, high operational costs,
equipment corrosion, and environmental impacts from the generated effluents [22]. Current
research focuses on identifying environmentally friendly CNC production processes to
replace conventional methods that are highly polluting and inefficient, contributing to the
circular economy.

This review analyzes alternative greener methodologies to produce CNC from ligno-
cellulosic biomass. It presents a general description of the methods and evaluates their
advantages and disadvantages, possible limitations, and future perspectives.

2. Materials and Methods

The study was based on the methodological framework of 5 steps suggested by Arkeys
& O’Malley [23] and Levac et al. [24]. Figure 2 shows the sequence, which includes the
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initial question and the main objectives of the review article, as well as its population,
concept, and context.

Identification of the

Research Question and Analysis of Relevant

Definition of Goals Studies Identification Studies Selection Document Registration Studies
Step 1 Step 2 Step 3 Step 4 Step 5
What green methods Use the questions and Develop a protocol Screen documents, Screen titles and
have emerged in the objectives to help outlining the study remove duplicates, abstracts, then
last years to produce identify relevant selection process and and exclude those analyze full texts of
cellulose existing studies criteria to address the that don't meet the eligible articles.
nanocrystals? research question criteria.

Population: Cellulose nanocrystals Included: Green methods, peer-reviewed articles, last 5 years
Concept: Green methods Excluded: Conventional methods, other nanocellulose types,
Context: Production, properties, patents, grey literature

applications Database: Scopus.

Search: Define keywords and Booleans

Figure 2. Applied methodology for the elaboration of this review.

These initial parameters defined the keywords. “AND” was used as a boolean ele-
ment (cellulose nanocrystals AND oxidative methods, organic solvents, enzymes, organic
acids, deep eutectic solvents (DES), ionic liquids (ILs), mechanical treatments, radiation).
Publications were restricted to the last 5 years (2019-2024), only in English, and only those
included in scientific journals with a final or preprint version. As a result, 350 publica-
tions were found in Scopus, selecting 70 for this review. The 70 selected articles consist
of original studies that mention nanocrystals, excluding duplicates and grey literature,
and focusing exclusively on peer-reviewed scientific journals. Additional articles were
incorporated based on suggestions from reviewers. In total, 78 articles were included in the
final development.

3. Results

Due to the great interest in obtaining cellulose nano derivatives, researchers con-
tinuously seek the most efficient, sustainable, economically viable, and environmentally
friendly production technologies to meet their growing demand [22]. Figure 3 summarizes
the main green methods investigated in the last years.

Green solvents

Cellulose
Nanocrystals

(CNC)

Figure 3. A general classification of alternative green methods.

Green alternatives for obtaining CNC include organic acids, enzymes, green sol-
vents such as DES or ILs, oxidative reagent-based and radiation-based alternatives, some
strategies based on solid or vapor phases, and mechanical processes, as described in the
following sections.
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3.1. Organic Acids

The production of CNC using organic acids is a promising alternative due to their
reduced corrosivity, the possibility of recovery and reuse, and the simultaneous ability to
incorporate functional groups during the reaction. Figure 4 exposes a schematic route for
fabricating CNC via chemical methods.
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Figure 4. A schematic route for fabricating CNC via chemical methods.

Mono- and poly-carboxylic organic acids such as citric (CA), acetic (AA), maleic (MA),

formic (FA), and oxalic acids (AC) have shown potential for use in obtaining CNC with the
mentioned advantages (Table 1). For instance, using FA generates CNC of high thermal
stability and crystallinity [8], while OA and CA maximize carboxylation, an advantage for
easy dispersion [6,25].

Table 1. A summary of organic acid treatments for obtaining nanocrystals.

Organic Acid Raw Material Treatment CNC Characteristics Ref.
FA 80-98 wt% (1:30, w/v), s .
0100 C0 2 s Tl by i
Bleached eucalyptus 8 wt% of FeCl3 180 rpm. o & peraty
kraft pul Then, washed, centrifugated 375 °C) and crystallinity index of 18]
puip § - BAEL 79%; lengths from 345 to 124 nm
and high-pressure .
: and diameter of 5-21 nm.
homogenized.
CNC with 66.40% crystallinity
. . index; formate content:
Pzgggegﬁgkm?ﬁgo Optln;ér.rll Eﬁjo_‘psu}llp ratio: 0.92 mmol/g; particle size: [26]
FA puip ’ & o 24.13 nm; spherical shape;
polydispersity index: 0.488.
Rod-like shape CNC; maximum
crystallinity index of 82.08%;
H,SO4/FA/H,0, 80 °C, maximum sulfate group content
Bleached eucalyptus  paddle stirring for 3 h. Then, of 0.288 mmol/g; maximum [9]
kraft pulp diluted, centrifuged, washed, formyl group content of
dialyzed, and sonicated. 1.087 mmol/g; good dis
persibility in aqueous medium;
thermal stability around 350 °C.
A 65 wt%, 120 °C, 450 rpm, CNC with 73-83% crystallinity
. index, length 270-215 nm,
CA Bleached eucalyptus 1.5-6 h. Then, diluted, diameter 119 nm. deoree of [6]
kraft pulp centrifuged, dialyzed, and 1 48

ultrasonicated.

substitution 0.15-0.27, maximum
degradation temperature 368 °C.
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Table 1. Cont.
Organic Acid Raw Material Treatment CNC Characteristics Ref.
The highest carboxylic group
CA 80-85 wt% plus FeCls content reached up to
(0.01-0.03 mmol/g CA) 1.04 mmol/g, lengths from
) A &~ 214-144 nm and diameter of
Bleached eucalyptus 80-100 °C, 6 h with . .
. . 14-8 nm, the highest crystalline [7]
kraft pulp mechanical stirring at .
: index of 79.72%, excellent
400 rpm. Then, centrifuged, : T
dialyzed, and sonicated dispersibility in an aqueous
! ’ solution, thermal stability
around 350 °C.
Well-dispersed and possessed
CA/HCl ratio of 9:1 (v/v), a rod-like morphology, length of
CA . . 80 °C, 350 rpm, 4 h. After 231.8-248.3 nm and diameter of
Microcrystalline li hibited simil 12
cellulose (MCC) cooling to room temperature, = 15.8-18.4 nm, exhibited similar [12]
the mixture was filtered, characteristic cellulose I pattern,
washed, and dialyzed. crystallinity index around 83%,
thermal stability 337.2-245.3 °C.
Maximum carboxylate
concentration of
Blanched H,S0,4/CA/H50 9:1 wt% 0.75 £ 0.08 mmol/g; stable
Oxytenanthera CA/H,S0y4, 80 °C, 5 h. Then, dispersibility, mostly [21]
abyssinica (Ethiopian diluted, centrifuged, spherical-like shapes, particle
lowland bamboo) dialyzed, and ultrasonicated. size of 68.06 nm, cellulose
crystallinity 60.37 to 81.3%,
thermal stability 245 and 400 °C.
Particles with similar shape and
OA dihydrate in a rotary length (50-500 nm) comparable
. evaporator, 110 °C, to CNC shapes, with
Softwood sulfite . A
dissolving pulp and 35-60 min. Then, washed,  a considerable number of longer [10]
Softwood kraft pul adjusted pH to pH 9-10, and particles (up to 1.1 pm) and
pup mechanically disintegrated shaped like flexible CNF.
by a microfluidizer. Crystallinity index of
OA . o
approximately 75%.
O.A 5'75_11'75 g oxalate Rod-shaped CNC morphology,
dihydrate/g filter paper)
e o N ; a length of 151-250 nm and
Qualitative filter 10 °C, 300 rpm, 15-120 min. ; . L
. . particle size distribution of [27]
paper Then diluted, filtrated, 590 nm. crvstallinit
washed, neutralized, and ol o y
. 79.62-88.73%.
ultrasonicated.
Rod-like CNC, 150-500 nm
H,S0,/AA/H50, 80 °C, length, 5-20 nm diameter,
Bleached eucalvptus with a paddle stirring for crystallinity index around 80%,
loaft o] yp 1-10 h. The sample was then  thermal stability 270.3-367.0 °C,  [20]
pup washed, centrifuged, and and excellent dispersion stability
dialyzed. in both aqueous and
organic phases.
Alkali-treated AA/H,S04/ acetic anhyodrlde Rod-like CNC, 60-130 nm length
AA microcrystalline and sulfuric acid, 85 °C, and 12-20 nm width, [25]
cellulose 10 min. Then, diluted, crystallinity index around 70%,

centrifugated, and dialyzed.

thermal degradation ~264 °C.
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Table 1. Cont.
Organic Acid Raw Material Treatment CNC Characteristics Ref.
Optimum: 75 wt%,
1:10 (g/mL, W/ W) MA,
Cellulose from ultrasonic-assisted Rod-like structure CNC,
urple sweet hydrolysis, 60 °C, 1 h, plus 10-30 nm width and 60-220 nm [29]
po tgto cels 120 °C for 2.5 hin an oil bath. length, 58.3% crystallinity index,
P peets. The suspension was then thermal degradation 346 °C.
diluted, centrifuged,
MA dialyzed, and sonicated.

Blanched bamboo 75 wt% concentration at
pulp board 110 °C for 3 h. Mechanical

Ball-mill pretreated.
Liquor-to-pulp weight ratio

of 100:1 in an MA solution of Rod-shape CNC particles,

105.6-223.8 nm length,
200—365 °C decomposition [30]
temperature range, higher

stirring. Then, diluted, crystallinity index of 91.4%

centrifuged, dialyzed,
and ultrasonicated.

FA (HCOOH, methanoic acid) is the simplest carboxylic acid used to hydrolyze cellu-
losic materials to produce CNC. It has a relatively strong acidity (pKa: 3.74), low boiling
point (100.8 °C), and easy recovery via distillation. Lv et al. [8] conducted an integrated
and sustainable production of CNC and CNF via hydrolysis with FA. Characterization
indicated that the prepared CNC exhibited high thermal stability (375 °C) and a high
crystallinity index (79%). Another study optimized the non-catalyzed FA-based process
for preparing thermally stable spherical CNC from mango seed husk. The yield was
approximately 55% more than sulfuric acid-based CNC (Table 1) [26]. Wang et al. [9]
developed a mixed system of sulfuric acid and FA, finding that low-concentration sulfuric
acid (5-10% w/w) can significantly improve the hydrolysis efficiency of FA (65-80% w/w),
reaching a maximum CNC yield of 70.6%. The obtained CNC exhibited a rod-like shape
with high crystallinity and good dispersibility in water and some organic phases and
high thermal stability, much higher than those traditionally hydrolyzed with sulfuric acid
(Table 1) [9]. The post-treatment after obtaining CNC by FA includes different strategies,
such as centrifugation (8000 rpm for 4 min), washing with deionized water until neutrality,
dispersion in DMAc, and subsequent centrifugation (5000 rpm for 4 min) [8], or suspension
centrifugation (8000 rpm for 5 min), sediment washing with deionized water five times
by centrifugation, and dialysis with deionized water until the neutral pH. Then, contin-
uous dialyzed suspension sonication using a probe sonicator at 300 W for 10 min and
centrifugation at 3000 rpm for 3 min are used to separate the CNC [9].

AA (CH3COOH, ethanoic acid, pKa: 4.75) is another monocarboxylic acid used for
CNC production. It is a weak and volatile organic acid. In addition, when AA reacts
with cellulose, an acetoxy group can be introduced on the cellulose surface, reducing
the cellulose hydrophilicity [20]. An acid hydrolysis system composed of small doses
of HpSOy4 (5-10%) and large amounts of easily recoverable AA (70-90%) was used to
hydrolyze cellulose pulp at 80 °C for several hours with a yield of 81% (Table 1). The
obtained suspension was dialyzed, centrifuged, and lyophilized. The resulting CNC
showed high thermal and dispersion stability in both aqueous and organic phases [20]. Xu
et al. prepared CNC with a one-step reaction via the traditional cellulose acetylation. The
isolation and functionalization of CNC simultaneously occurred from acetic anhydride
cellulose acetylation, sulfuric acid as the catalyst, and AA as the dispersal agent. Table 1
shows the characteristics of obtained CNC [28].
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OA (HOOC-COOQOH, ethanodioic acid, pKa: 1.25) is a dicarboxylic acid that can be
recovered by recrystallization, taking advantage of its low solubility in water at room
temperature. Henschen et al. demonstrated that the reaction involves simultaneous es-
terification and acid hydrolysis, resulting in a highly charged (0.6-1.1 mmol/g) cellulose
derivative with an acceptable crystallinity index (Table 1). The authors prepared nanocel-
lulose by a bulk reaction between pulp and OA dihydrate to obtain cellulose oxalate
followed by homogenization. Moreover, the HSO4/OA mixture can effectively improve
the shortcomings of single sulfuric acid hydrolysis or single OA hydrolysis [10].

MA (cis-butenedioic acid, HO,CCH = CHCO,H, pKa: 1.90) is another dicarboxylic
acid successfully employed for the hydrolysis of cellulose. Optimized ultrasonic-assisted
MA hydrolysis of purple sweet potato peels resulted in an 8.17% yield based on the original
raw material. The obtained CNC exhibited desirable colloidal and thermal stability and
a high degree of crystallinity (Table 1) [29]. Seta et al. [30] introduced a straightforward
and environmentally friendly method for producing CNC with high yield and colloidal
stability from bamboo fibers. Ball mill pretreatment was utilized to disintegrate and open
the structure of bamboo fibers, thereby exposing a higher number of hydroxyl groups on the
surface of pulp fibers and facilitating the penetration of acid molecules. This enhanced the
accessibility of MA molecules to the cellulose structure, enabling more efficient hydrolysis
and the release of crystalline regions. Besides, MA anhydride reacted with hydroxyl groups
to introduce additional —COOH groups onto the CNC surface. After the reaction, the
obtained suspension was washed, centrifuged at 10,000 rpm for 20 min, and dialyzed.
The dialyzed sample was ultrasonicated at 60% power for 4 min and finally centrifuged
at different rpm to separate the CNC from the not-completely-hydrolyzed fibers. The
obtained CNC presented good characteristics (Table 1) [30].

CA (3-carboxy-3-hydroxypentanodioic acid), a tricarboxylic organic acid commonly
found in citrus fruits, has emerged as a promising reagent to produce CNC. Its acidic
properties (pKa: 3.13) and ability to form ester linkages with cellulose make it an effective
agent for hydrolyzing cellulose fibers, leading to CNC and CNF formation. Previous
studies have demonstrated that CA can produce CNC with comparable or superior yields
to traditional sulfuric acid methods. The use of CA offers several advantages, including its
potential for recovery through simple crystallization processes and its ability to overcome
the limitations of weak acidity. With little ultra-sonication at the appropriate preparation
stage, CA overcame the difficulties of hydrolyzing cellulose caused by its weak acidity.

The CNC and CNF showed highly stable dispersibility due to their carboxylic acid
group content (up to 0.65 mmol/g for CNC and 0.30 mmol/g for CNF) [31]. This property
is particularly valuable for various applications, such as composite materials, drug delivery,
and filtration. Some studies utilize inorganic acids as catalysts to enhance the weak acidity
of organic acids. Worku et al. [21] used CA catalyzed with sulfuric acid (0-15 wt%) to
prepare carboxylate CNC, yielding 89.7%. The conductometric titration showed a great
carboxylate concentration (Table 1), giving stable dispersibility to the CNC. Since the
carboxylic groups are simultaneously introduced to the cellulose surface during hydrolysis,
its advantage is the amount and costs of chemical reduction for series and long-step
surface functionalizing reactions [21]. In other work, citric/hydrochloric acid mixtures
produced carboxylate CNC from commercial microcrystalline cellulose, up to 87.8% yield.
The mild acid mixtures demonstrated the potential for facile recovery and recycling for
three cycles, exhibiting a negligible impact on the size of CNC, carboxyl content of the
citrate CNC surface, zeta potential value, and thermal stability. Similarly, carboxylate
CNC with a needle-like shape and good crystallinity was obtained by subjecting CMF to
acid hydrolysis with a citric/hydrochloric mixture (Table 1) [12]. The thermal stability
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was higher than that reported for CNC from other sources extracted by the sulfuric acid
hydrolysis process [19].

Technoeconomic analysis revealed that the environmental impact of CA hydrolysis
and recovery was substantial, representing approximately 58% of the global warming
potential (GWP) for both CA CNC and the combined CA /sulfuric acid CNC. Notably, this
GWP was more than double that observed for sulfuric acid CNC. Nonetheless, minimum
product selling prices for CA CNC and CA/sulfuric acid CNC were 34.0% and 37.2%
higher, respectively, than those for sulfuric acid CNC, primarily due to the elevated cost of
CA recovery [32].

3.2. Oxidative Methods

Oxidative methods are treatments based on oxidizing reagents that create carbonyl
or carboxylic groups on the surface of hydroxyl groups. These methods introduce surface
groups into the CNC that improve dispersion and generate a more chemically reactive sur-
face for functionalization [33]. Green methods of obtaining CNC using oxidizing agents are
mainly those based on hydrogen peroxide, ozone, potassium ferrate, and electrochemistry.

Hydrogen peroxide is an environmentally friendly oxidizing agent extensively used
in the paper industry for pulp fiber bleaching [34] and dissolving pulps [35]. In addition,
metal ions maximize the formation of hydroxyl ions and free radicals, leading to the partial
hydrolysis of amorphous cellulose [36]. In general, H,O, converts the hydroxyl groups
on the polymer chains into carbonyl and carboxyl functional groups, often accompanied
by macromolecular degradation. The decomposition of H,O, in the presence of transition
metal catalysts, such as copper, iron, or tungstate, can result in the generation of intermedi-
ate radical species such as HOe (hydroxyl) and HOOe (hydroperoxyl radical) [37]. These
emergent free radicals can ultimately oxidize the alcohol groups and cause the cleavage of
glycoside bonds within the polysaccharide chains.

A one-pot method utilizing copper (II) catalyzed oxidation of softwood pulp with
H,0, was employed as a green and efficient way to isolate carboxylate CNC from native
cellulose materials, conducting the reaction in an acidic medium under mild conditions. The
carboxylate CNC charge content was about 1.0 mmol g-1 with a rod-shaped morphology
(diameter 23 nm) and an average length of 263 nm [36]. Later, Koshani, and Van de Ven [38]
demonstrated that negatively charged carboxyl groups of carboxylate CNC played a key
role in lysozyme immobilization via electrostatic interactions and covalent linkages [38].

In the same direction, the use of ozone to create surface groups to facilitate CNC
production was evaluated, considering the impact of lignocellulosic components such as
cellulose and lignin [39] and the conditions during ozonation [35].

As a green oxidation reagent, potassium ferrate has demonstrated a strong capacity to
produce CNC in a one-pot method, granting the potential to produce CNC at an industrial
scale [40].

3.3. Enzymes

Enzymatic treatment is a promising green method for isolating CNC from biomass
due to its high efficiency, selectivity, and lower energy consumption than other tech-
niques [41,42]. The enzyme processes are neutral and, consequently, have no emissions of
harmful chemicals that affect ecology and equipment. Previous studies have demonstrated
that various factors influence the effectiveness of cellulose modification, including reaction
temperature, pH, substrate type and concentration, cellulose polymerization degree, crys-
tallinity, porosity, and dispersion—-morphological properties [41]. While this approach is
still under development, further advancements are necessary to scale the process economi-
cally [43].



Processes 2025, 13, 790

9o0f23

The efficiency of enzymatic processes on an industrial scale can be improved by im-
mobilizing enzymes (deposited on a carefully selected solid support) [44]. The possibility
of reusability, working in a continuous process, and the stability gained by the enzymes
make them a potential strategy [45]. Cellulase immobilization involves several interac-
tions between support and the enzyme: non-covalent or physical interactions, a more
stable covalent system, and binding of the enzyme to affinity tags or ligands (affinity-
based system) [46]. Two key factors during cellulase immobilization protocol are the
substrate (surface area and chemistry, porosity, chemical composition, shape, and size)
and the characteristics of the enzyme characteristics (isoelectric point, surface charge, and
structure) [46,47].

Additionally, the lignin content in the lignocellulosic biomass influences the efficiency
loss during enzymatic treatment. Lignin not only creates a physical barrier that blocks
the access of enzymes to the carbohydrates but also can inhibit their action [48,49]. Lignin
can be removed from the cellulose fraction through biomass pretreatments using acidic
or alkaline treatments such as organosolv treatments, steam explosion, supercritical CO,,
etc. [50]. The influence of pretreatment on the production of CNC by enzymatic methods
was observed in sugarcane bagasse biomass [51]. The authors observed that the increase in
the alkali load during the pretreatment produced not only dissolved components (lignin,
hemicellulose, and extractives) but also favored the enzymatic reaction to produce CNC.
As a result, the CNC obtained from pretreated samples presented a more homogeneous
distribution and a lower average size [51]

The enzymatic treatment uses a variety of enzyme sources. The cellulase enzyme
includes multiple constituents: the endoglucanases, the cellobiohydrolases, and the (3-
glucosidase. These enzymes work synergistically to hydrolyze cellulose chains: endoglu-
canases randomly cleave internal (3-1,4-glycosidic bonds, cellobiohydrolases progressively
cleave chain ends to release cellobiose or glucose, and [3-glucosidases hydrolyze cellobiose
into glucose. This three-step process initiates with soluble sugars releasing (DP < 6) into
the liquid phase. Enzymatic depolymerization by endoglucanases and cellobiohydrolases
is the rate-limiting step. Secondary hydrolysis in the liquid phase primarily involves 3-
glucosidase-mediated conversion of cellobiose to glucose [42]. Controlling this final step
is crucial for producing CNC while minimizing glucose formation. Waghmare et al. [52]
indicated that endoglucanase is a key enzyme during the enzymatic preparation of CNC.

One of the few studies carried out in recent years is the synthesis of CNC via enzymatic
hydrolysis from the lignocellulosic waste of lemongrass after oil extraction. The enzyme did
not modify the cellulose structure as it could not penetrate it. Due to the dominance of the
1P structure in the cellulose, hydrolysis takes longer, so the combination of pretreatment,
enzymatic hydrolysis, and sonication eliminates the amorphous part of cellulose [42].

Meanwhile, CNC was successfully obtained via enzymatic hydrolysis with the cellu-
lase from engineered strain Penicillium oxalicum using commercial eucalyptus dissolving
pulp as the substrate. The total yields of CNC reached 15.7% through three-step enzymatic
hydrolysis. The process efficiency decreased in the later stage of enzymatic hydrolysis
because of the cellulosic substrate’s high crystallinity, and a simple homogenization treat-
ment can promote enzymatic hydrolysis [53]. Waghmare et al. demonstrated the efficacy of
endoglucanases from Myceliophthora thermophila in hydrolyzing eucalyptus dissolving pulp,
achieving a maximum yield of 8.8% [52]. Enzymatic hydrolysis also proved promising for
producing CNC from pretreated palm oil empty fruit bunch fibers, with a reported yield of
22.53% [54].

Ball miller mechanical pretreatment combined with endoglucanase hydrolysis further
enhanced CNC production, achieving a yield of 76% and a crystallinity index of 75% from
cellulose Avicel [55]. Yupanqui-Mendoza et al. [43], integrating hydrodynamic cavitation
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pretreatment with enzymatic hydrolysis, obtained a 60% CNC yield and 81-85% crys-
tallinity index. This approach also significantly reduced energy consumption by 56%,
making it more economically feasible [43]. Using a sonication process to eliminate the amor-
phous part of cellulose produced a similar effect [42], and a combination of defibrillation
pretreatment, enzymatic hydrolysis, and sonication substantially improved nanocellulose
production yield, reaching up to 83% [56].

3.4. Green Solvents

ILs and DES are solvent methods considered efficient approaches for lignocellulosic
component separations, aligning with green chemistry principles.

3.4.1. Deep Eutectic Solvents

DESs emerge as a new generation of green solvents. A DES involves two or three
components, primarily a hydrogen bond acceptor (HBA) and hydrogen bond donor (HBD)
(Figure 5). Choline chloride (ChCl) is the most widespread HBA used, whilst some HBDs
are OA, FA, and alkaline glycerol [57].
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Figure 5. Types of DES and some commonly applied molecules.

DESs can selectively break ester and hydrogen bonds between lignin and carbohy-
drates. The strong hydrogen bonding within DESs facilitates their application to a wide
range of hydroxyl-rich polymers [58] and can be applied to modify the cellulose surface
groups [59]. At the same time, the DESs could enhance the CNC dispersion [59]. For
instance, ultrasonicated DES (ChCl + glycerol) produced a stable CNC dispersion before
the addition as reinforcement of carrageenan biocomposite [59]. In another study, modified
CNCs and films were prepared with two reactive DESs (guanidine sulfamate glycerol and
guanidine sulfamate ChCl), resulting in diameters ranging from 3 to 5 nm and lengths up
to 204 nm [60]. The CNC presented thermal stability relative to pristine cellulose, and the
films showed potential for food packaging applications due to their excellent transparency,
high mechanical strength, and good water and gas barriers [60].

DESs offer numerous advantages, including biodegradability, environmental friendli-
ness, and efficient recyclability. Notably, these solvents can be successfully recycled and
reused for at least three pretreatment cycles without significant loss of efficacy. However,
there are challenges to address, such as high viscosity and production costs [61]. DESs
have emerged as promising agents for CNC production. For instance, DESs composed of
lactate and ChCl have been employed to obtain CNC from commercial eucalyptus pulp
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via ultrasonic treatment at a temperature above 120 °C and variable molar ratios. The
treatment led to high-yield CNC production. Crystallinity decreased compared to the raw
pulp and without changes in thermal stability [61].

In a comparative study, Marifio et al. [62] evaluated three solvent systems for
CNC production:

1. Recyclable IL dilution ([Hmim] [(HSOy) (H,SO4)]/H,0O, 64 wt% IL);
2. Recyclable dilution ([Hmim] [(HSOy) (H>SO4)]/H,0O, 80 wt% IL);
3. Non-recyclable ternary DES (60 wt%/ChCl: OA /30 wt%: PA /10 wt% water).

The first scenario, involving recyclable IL dilution, is the most economically viable
and environmentally friendly option. It has a lower raw material cost per gram of CNC
produced (US$0.81/g) and reduced environmental impacts, contributing to a more sustain-
able materials production process. After multiple reuse cycles, the recovered IL maintained
its acidity and high CNC production performance. The physicochemical properties of the
obtained CNC displayed promising properties [62].

3.4.2. Ionic Liquids

ILs are liquid electrolytes of ions, typically an organic cation and an inorganic or
organic anion (Figure 6). These ions form strong, non-covalent interactions, resulting
in a melting point below 100 °C. ILs can separate or dissolve the chief components of
lignocellulosic biomass, with some capability of extracting all three primary components:
cellulose, hemicellulose, and lignin, while others selectively dissolve one or two [63]. Addi-
tionally, ILs can facilitate the further degradation of these components into value-added
products. Imidazolium-based ILs with chloride or acetate anions are commonly used for
the hydrolytic cleavage of glycosidic bonds in cellulose [61]. However, ILs present certain
drawbacks, including difficulties in purification, high viscosity, and potential cellulose
chain degradation [63].

Imidazolium-based
Sulfonium-based

/
N
[) Trimethylsulfonium
N bromide

1-Methyl-3-octyl-
imidazolium—tetrafluoroborate

Pyridinium-based
Ammonium-based =
Phosphonium-based x ‘

1-Allylpyridinium

@ bromide
Tetra(4—thiaalkyl) Tetrabutylphosphonium

ammonium chloride

Figure 6. Some common ILs.

ILs, such as 1-butyl-3-methylimidazolium chloride ([BMIm]CI), have been employed
to prepare CNC from various sources, including cotton gin motes. A promising ap-
proach involves minimal cellulose swelling in the IL followed by acid-catalyzed hydrolysis
using phosphoric (H3POy), hydrochloric (HCl), or sulfuric (HSO4) acid. This method
yields CNC with comparable physical properties to sulfate-based CNC, including crys-
tallinity, but with superior thermal stability and reduced surface functionalization, ex-
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hibiting excellent colloidal stability for over 90 days [64]. In another study, 1-hexyl-3-
methylimidazolium hydrogen sulfate ((Hmim][HSO,]) was used to prepare CNC from
commercial microcrystalline cellulose. Optimal conditions identified to produce CNC with
desirable characteristics include a temperature of 71 °C and ultrasonication of 69% ampli-
tude for 23 minutes [65]. Ma et al. combined IL pretreatment and solid acid hydrolysis to
extract high-purity CNC with excellent thermal stability from microcrystalline cellulose.
The resulting CNC exhibited a rod-like shape with an average length of 300 & 100 nm and
a width of 20 &= 10 nm [66]. Likewise, a binary mixture of 1-butyl-3-methylimidazoluim
hydrogen sulfate ([Bmim][HSO,]) and dimethyl sulfoxide (DMSO) was compared with
pure IL. CNC obtained with IL-cosolvent and pure IL (P-CNC) exhibited an average di-
ameter of 50 nm and 0.77 pm and lengths of 757 nm and 2.11 pm, respectively [67]. Da
Silva et al. [68] synthesized CNC through the hydrolysis of microcrystalline cellulose
using protic ILs (PILs): 3-diethylamino-propylammonium hexanoate ((DEAPA][Hex]),
3-dimethylamino-1-propylammonium hexanoate ((DMAPA][Hex]), and propylammonium
hexanoate ([PA][Hex]) at varying reaction times. All PILs effectively produced CNC, irre-
spective of the cation size and reaction duration, with a maximum yield of 34%. Crystalline
indices consistently decreased, regardless of cation size or reaction time. Thermal stability
shifted to higher temperatures, reaching 92 °C, likely due to the influence of PIL cation
sizes [67].

3.4.3. Subcritical Water

Subcritical water (SW) is a hydrothermal process in which water is above its vapor
pressure, maintaining its liquid form when heated above the boiling point (100 °C) and
below the critical point (374 °C). Under these thermodynamic conditions, water exhibits
two unique properties: a higher ion product, i.e., higher concentrations of H3O™" species
making water slightly acidic, capable of catalyzing chemical reactions, and a relatively low
dielectric constant, increasing water’s solubility to dissolve organic materials [69].

SW is an emerging green and efficient hydrothermal technology that reduces harsh
process chemicals and could present good extraction performance and easy scalability.
Although there is not much new research regarding SW, Osei-Bonsu et al. [70] demonstrated
acid-catalyzed digestion of woody-biomass-originated CNC with desirable physical and
chemical features dependent on the process parameters (temperature, pressure, and time).
Electron microscopy revealed rod-like structures with varying particle size distributions
(100-500 nm) dominated by process time. However, colloidal stability was low (versus
acid-hydrolyzed CNC) due to the low charges on the surface of CNC [70].

CNC obtained via the SW process offers a high crystallinity index of approximately
79%, having a similar rod-like morphology and aspect ratio to conventionally extracted
CNC [71].

3.5. Mechanical Treatments

Purely mechanical treatments allow CNC production without the application of chem-
ical reagents. The ball mill is the most applied equipment. It reduces the size at the expense
of reducing the degree of polymerization and crystallinity [72]. The ball mill consists of
a rotating hollow cylindrical shell partially filled with steel, ceramic, or rubber-based balls
(Figure 7), achieving, in some cases, analogous CNC dimensions to those obtained by acid
hydrolysis. As an example, Herndndez-Varela et al. [73] treated agave wastes and garlic
peels bleached pulps using 72 agate balls (5 mm) per gram of cellulose at a rotation speed
of 850 rpm, reaching dimensions less than 100 nm [73].



Processes 2025, 13, 790

13 of 23

High CNC agglomeration
around the balls

» Low efficiency, high residual fiber
. Balls (variable diameters) content, some microfibrils that lead

. X o to heterogeneity in suspensions
Cellulose fibers, microfibrils

» Presence of contaminants. Pure balls
/7 CNC increase the process cost

« Contaminants from balls

Figure 7. Ball milling system.

The ball milling process generally leads to a high-size heterogeneity [74], occasionally
solved by extra steps such as ultrasound. Another used option is alumina/silica balls
(60 balls) instead of agate in different dilution media [75], as well as combined stages of
ball milling with alumina/silica balls (balls with variable diameters of 12 and 21 mm) and
ultrasound [76]. Ultrasound allows for reducing heterogeneity in sizes and agglomera-
tion of CNC. However, the contamination of CNC appeared in all cases due to the ball
milling process.

The studies found that increasing the processing time leads to contamination of the
CNC obtained with silica from the balls. Silica or silicon dioxide is a contaminating
component of alumina balls (92% purity). Using systems with high-purity alumina or
zirconium balls could increase the cost [76]. Studies about using zirconium dioxide (ZrO,)
balls for reducing the microcrystalline cellulose size, where 3 g of material was ground
with 10 ZrO; balls (diameter 1 cm) at 500 rpm, for different times (0.5 h up to 24 h), led to
a size reduction with amorphization of the material [72].

The effect of ball milling on the fiber was evaluated with cotton powder and stainless-
steel balls (6 mm), finding fiber opening, breaking into pieces, reduction in molecular
weight, small-scale oxidation, increase in pores, a higher surface area leading to increased
water adsorption, decrease in thermal stability, and loss of crystallinity [74]. The treatment
with small zirconia balls (0.5 mm) of bamboo-bleached fibers also produced fiber opening.
The authors found that a higher ball milling duration and speed led to lower particle size
and crystallinity and a re-aggregation phenomenon of tiny fibers, which could also benefit
the penetration of chemical components into the fiber structure [30].

As mentioned, ultrasound can assist in ball milling treatment, but high-intensity
ultrasonic treatment can also facilitate the isolation of the CNC. High-intensity ultrasound
generates the rupture of cellulose fibers through the cavitation generated in the suspension,
leading to particle diameter and polydispersity reduction and increased swelling [77].

3.6. Solid/Vapor Strategies

The solid strategy using organic and inorganic solid acids has emerged as a promising
alternative to liquid acids, offering benefits such as ease of separation and recyclability [78].
A study evaluated Amberlyst-45 ion-exchange resin as solid acid hydrolysis of previously
MCC swollen in [AMIm][CI]. The authors used 45 wt% of solid acid (relative to cellulose)
to extract CNC at 45 °C for 5 h. The obtained CNC had high thermal stability and a rod-like
morphology, with an average length and width of 300 and 20 nm, respectively. Furthermore,
the solid acid was reusable up to three times without surface purification [66]. Gao et al. [79]
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extracted CNC from Calotropis gigantea fiber utilizing a nano-solid superacid catalyst of
5042~ /TiO, combined with ball-milling defibrillation. The yield was 55.37% of CNC with
a rod-like shape and an average length of 242 nm and width of 8.80 nm. The aspect ratio
(length-to-width) of the CNC was 27.5 [79]. The superacid catalyst allows the degradation
of the cellulose fibers by Lewis and Bronsted acid sites [78].

Phosphotungstic acid (PTA) is a heteropolyacid with abundant Bronsted acid sites. It
is a green and environmentally friendly catalyst [80]. Additionally, PTA has mild reaction
conditions and good solubility [80,81]. For example, CNC was obtained under the syner-
gistic effect of ultrasound and PTA, using a concentration of PTA 13.7%, ultrasonication
time of 61 min, and reaction time of 6 h. As a result, a short rod-like CNC with a yield of
77.1% was obtained, with excellent stability, and the crystallinity reached 86.9% [80].

The strategy involving vapor/gas phase acid hydrolysis for CNC production involves
wet cellulose fibers hydrolysis in the presence of HCI vapor. The hydrolysis mechanism
is as follows: HCI gas is first adsorbed onto the surface water layer of the cellulose fibers,
followed by HCl dissociation to generate a high local acid concentration, and finally, the
acid hydrolyzes the cellulose to obtain CNC. This gaseous acid hydrolysis strategy offers
advantages over traditional liquid acid hydrolysis since it eliminates the need for repeated
centrifugation and dialysis, producing significant time and water consumption savings.
However, it presents certain drawbacks, such as the relatively high vapor pressure of the
reaction, which poses some safety risks, and the need to address vapor recycling [78,82,83].

The moisture content in cellulose resources before HCI gas treatment plays a key
role in hydrolysis, rather than the studied range of exposure time to acidic gas and the
well-preserved cellular structure of wood [84]. Through XRD analysis, Leboucher et al. [83]
demonstrated that vapor-phase HCI hydrolysis opens the cellulose structure without
affecting crystallinity and with minimal monomer production compared to the popular
sulfuric acid hydrolysis. XRD showed no significant crystallinity changes, while lateral
size variations were substantial, on the order of 22% on hydrophilic surfaces. Moreover,
based on their results, they assume that HCl hydrolysis does not proceed through complete
hydrolysis of the less-ordered regions, unlike H,SO4 hydrolysis, which explains the high
yield of the method (>90%) [83].

Furthermore, combinations of HCI acid hydrolysis and other methods have been
explored to prepare charged CNC, e.g., a methodology integrating TEMPO-mediated
electrochemical oxidation and HCl gas pre-hydrolysis. HCl hydrolyzes the amorphous
regions of cellulose, yielding microfibrils, while TEMPO oxidation introduces carboxyl
groups onto the crystallite surface, enhancing the dispersion of CNC in aqueous media [85].
Li et al. [86] developed an optimized methodology combining dilute acid steam hydrolysis
and enzymatic hydrolysis to produce a novel cellulose mesh with properties distinct from
conventional nanocellulose. This material demonstrated a significantly enhanced specific
surface area, high yield and crystallinity, and excellent thermal stability [86].

3.7. Radiation-Based Treatments

More recent studies have evaluated the application of radiation to avoid large amounts
of acid or high reaction times [87]. For example, accelerated electron irradiation (electron
beam irradiation, EBI) promoted higher efficiency during CNC production through size
reduction, less reagent consumption, and lower reaction times [87,88]. Wu et al. [89]
evaluated the application of EBI before a high-pressure homogenizer. The authors reached
a rod-shaped structural nanocellulose with diameters between 12 and 20 nm and lengths
up to 300 nm [89].

Gamma radiation (y-radiation) is another option to reduce the sizes while maintaining
uniformity [90]. Previous studies have shown that gamma radiation of cellulosic compo-
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nents in the presence of humidity increases carboxyl groups due to radical species that
occur because of water radiolysis [91].

Microwave irradiation has been applied to assist a chemical-mechanical (alkaline
treatment and high-speed blender) treatment to obtain an average particle size (DLS) of
75 nm [92].

4. Discussion

The previous section reviewed various sustainable methods to replace traditional CNC
production processes, examining the key studies and their characteristics. The following
section assesses their advantages and disadvantages, the potential limitations associated
with these new strategies, and the future challenges they may pose. Table 2 presents the
advantages and disadvantages of each method analyzed in the preceding paragraphs.
Additionally, it includes numerical values for yields, reaction times, and temperatures,
expressed as ranges based on the data extracted from each cited reference throughout

this document.

Table 2. Comparison between conventional and green methods.

Methods Reaction Conditions CNC Characteristics Advantages Disadvantages
Damage in
equipment,

corrosivity, low and
Low temperature Functionalized CNC. 'Effec'twe; modgrate y1e1d.s, and
. . . functionalized CNC; high material
Conventional and time (64 wt% Lower degradation short time and low deeradation
Strong acid, HySO4 H,S0y, 45-50 °C, temperature and 5 . )
60 min) crystallinity temperatures Expensive product
' ' of reaction. purification. Higher
cost and difficulty in
recovering
the reagents.
Reduced corrosivity,
High temperature =~ Functionalized CNC. ¢ (.envnl‘onmen’Fal.lly Low a.c1d1t-y. Longer
and time Higher degradation riendly (possibility reaction time and
Organic acids (60-80% /v temperature and of recovery and temperature. It is
- _° 5 . reuse by evaporation = necessary to recover
0-5-6h, 70-1207C). crystallinity. or crystallization), the reagents.
good yields.
Low temperature Moderate reaction
and high time, Functionalized CNC. en‘fﬁgiiﬁggj@iu
Oxidative methods moderate Lower degradation . y .
. friendly (no harmful Low yields.
(Hp0,, O3, KyFeOy) concentrations temperature and chemical uses);
(60°C,72h,30% v/v crystallinity. iy R
H,0,, 05 30 mg/L) minimal equipment
’ ’ corrosion.
Moderate reaction . Longe? reaction
. times. It is necessary
conditions;
. to recover the
Low temperature environmentally reagents
. . . . Possibility to obtain friendly (easy to 4
Solid acids and high time functionalized CNC.  recover by filtration non-homogeneous
(14-45%, 45 °C, 5 h). ’ y particle size

or centrifugation);
good yields; minimal
equipment corrosion.

distribution, and
high cost for solid
acids production.
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Table 2. Cont.
Methods Reaction Conditions CNC Characteristics Advantages Disadvantages
Environmentally
Non-functionalized  friendly (possibility

Low temperature

High vapor pressure

. and variable time CNC. H1gher of recycling and of the reaction, safety
Vapor strategies (30 min-several days degradation lower water risks. and need
room tem erature}; ! temperature and consumption post for éec clin
P ' crystallinity. treatments), ycme:
good yields.
Efficiency; selectivity;
Non-functionalized lcr)lw erﬂe];igyn. Loneer reaction
Low temperature CNC. Higher CONSUmpHon, | onger reactio
. . . 5 4 neutral conditions; times, high enzymes
Enzymatic and high time (45 °C, degradation . h
43-72 h) temperature and no corrosion; cost, and relatively
' crp stallinit environmentally low yields.
y Y friendly (possible
recovery and reuse).
Environmentally
High temperatures Fupchonahzed CNC. friendly (possible Longer reaction
ILs and . . Higher degradation  recovery and reuse) . .
and variable times . times and high
DESs (70-100 °C, 1.5-20 h) temperature and and moderate yields. solvent costs
T ) crystallinity. Most reagents are )
biodegradable.
Efficient,
environmentally
High temperatures  Functionalized CNC. friendly (reduces
Subcritical water and low times Higher degradation harsh process High reaction
(120-170 °C, temperature and chemicals and easy temperatures.
60-120 min). crystallinity. to recover and reuse),
good yields, and
easy scalability.
. Room temperature Non-functionalized The use of C.h emical High cnersy
Mechanical and variable fime CNC reagents is not consumption and
' ' necessary. low yields.

Radiation-based

Room temperature
and lower times.

Non-functionalized
CNC.

Less reagent
consumption, lower
reaction times,
higher efficiency, and
carboxylic groups
increase.

Economic aspects
and safety aspects
during the process.

Three key characteristics of the CNC were selected for analysis: functionalization due

to its importance in industrial applications, improved thermal degradation compared to

the raw material, and the crystallinity index indicative of crystal purity (Table 2).

Table 2 shows that chemical methods (such as acids, ILs, and DES) can produce

cellulose nanocrystals (CNC) and functionalize them in a single step, which is crucial for

reducing production costs. Functionalization can affect thermal degradation. For example,

in the case of carboxylation or the addition of sulfate groups, it could decrease the maximum

degradation temperature. On the other hand, esterification with organic acids, such as OA

or MA, improves thermal stability. In the case of methods that do not functionalize the

CNC by themselves (mechanical, enzymatic, hydrothermal treatments), the improvement

in thermal stability is due to the selectivity of the hydrolysis without generating other

degradation products or the presence of chemical contaminants. On the other hand, the
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increase or improvement in the crystallinity index indicates the elimination or reduction of
the amorphous regions of the cellulose and the release of the crystalline regions, whose
value depends on the starting material and the efficiency of the CNC production treatment.

In brief, although most processes present environmental, economic, or process-related
drawbacks, green processes are susceptible to optimization and could be a valid option for
obtaining CNC.

4.1. Advantages of the Green Methods

CNCs have garnered significant attention due to their diverse applications across
various fields. Consequently, researchers actively seek the most efficient, sustainable,
economically viable, and environmentally friendly production technologies to meet the
growing demand for these materials. Conventional production methods often exhibit
limitations such as environmental damage, corrosivity, and low yields. To overcome these
shortcomings, scientists have explored the potential of emerging processing technologies,
as discussed in this review.

The utilization of mild organic acids presents a promising alternative due to their
reduced corrosivity, potential for recovery and reuse, and the simultaneous ability to
incorporate functional groups during the reaction. For instance, CA, a non-toxic and
relatively weak acid, exhibits minimal environmental impact and can be readily recycled.
Furthermore, the resulting CNC demonstrates excellent thermal stability, and the organic
acid can be introduced as a functional group onto the CNC surface via ester bonds, enabling
further functionalization of the material.

Solid acid hydrolysis offers the advantages of milder reaction conditions and easier
recovery from the reaction mixture, facilitating acid recycling.

Enzymatic treatments emerge as a promising approach for isolating CNC from
biomass. They present high efficiency, selectivity, and lower energy consumption than
other techniques. Enzymatic processes operate under neutral conditions, thereby elimi-
nating the emission of harmful chemicals that can adversely affect both the environment
and equipment.

ILs and DESs have emerged as efficient solvent systems for lignocellulosic component
separations, aligning with green chemistry principles. DESs have excellent recovery perfor-
mance and high yields, making them a promising green solvent. Because DESs have low
vapor pressure, they are less volatile, reducing the risk of evaporation and air pollution.
Moreover, in many cases, they are biodegradable, can be reused, and exhibit lower toxicity
compared to conventional solvents.

Mechanical methods do not need chemical reagents, eliminating the solvent or catalyst
recovery requirement. They also function as auxiliary techniques for other methods.

Radiation-based techniques are efficient in reducing time and chemical reagents,
leading to CNC with larger sizes and increasing the generation of hydroxyl groups in the
presence of water.

4.2. Current Limitations

Green methods for CNC production exhibit some limitations that require further
overcoming but are straightforward to improve.

Table 2 outlines the drawbacks associated with each method. While some can be
readily addressed, others present more significant obstacles to production scale-up. For
instance, some organic acids can be noxious or unsafe, requiring careful recovery and
reuse procedures. Moreover, acid hydrolysis often requires prolonged reaction times and
elevated temperatures due to the inherent weakness of these acids. Solid acid hydrolysis
exhibits limitations such as reduced contact between the solid acid and cellulose, prolonged
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reaction times, and a broader particle size distribution. Also, the high cost of solid acids
can hinder large-scale CNC production despite the minimal equipment corrosion. Enzy-
matic hydrolysis also suffers from extended reaction times. Additionally, the high cost of
enzymes can significantly limit their application in large-scale CNC production. While both
mechanical and enzymatic methods are environmentally friendly and can be employed to
produce CNC, the associated high production costs hinder their large-scale implementation.
Mechanical methods for producing nanometric cellulose require the application of high
shear forces, which results in increased energy consumption.

Moreover, these processes can adversely affect the morphology of cellulose fibers,
potentially reducing crystallinity and resulting in materials with low particle uniformity.
The use of ILs presents some drawbacks, including purification challenges, high viscosity,
and the potential for cellulose chain degradation. Similarly, DESs exhibit high viscosity
and production costs. Furthermore, the recovery of DESs can be complex and expensive,
limiting their widespread application. Finally, radiation-based methods’ limitations involve
high equipment investments, high energy consumption, and higher risks associated with
exposure during the process.

5. Conclusions and Future Perspectives

The green techniques evaluated in the analyzed literature for CNC production have
demonstrated efficiency in achieving similar properties to traditional acid processes but
with lower environmental impacts, in some cases even with less degradation of materials.

Future perspectives regarding green methods to produce CNC involve process opti-
mization, technology improvement, energy cost reduction, solvent reduction or recovery,
and advances in innovative systems. For example, methods based on green solvents still
require research to achieve efficient reagent recovery systems, avoiding waste of reagents
and increasing their use cycles. In the case of energy consumption, one of the alternatives
is the use of hybrid treatments, such as combining chemical treatments with mechanical
ones. Pretreatment of the raw material improves enzymatic systems.
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Abbreviations

The following abbreviations are used in this manuscript:

AA Acetic Acid

CA Citric Acid

CNC  Cellulose nanocrystals
CNF  Cellulose nanofibers
ChCl Choline Chloride

DES Deep eutectic solvent
EBI Electron beam irradiation
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FA Formic Acid

GWP  Global warming potential
HBA  Hydrogen bond acceptor
HBD  Hydrogen bond donor
ILs Ionic liquids

MA Maleic Acid

OA Oxalic Acid

SW Subcritical water
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