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A B S T R A C T   

With rising consumer demand for natural products, a greener and cleaner technology, i.e., ultrasound-assisted 
extraction, has received immense attention given its effective and rapid isolation for nanocellulose compared 
to conventional methods. Nevertheless, the application of ultrasound on a commercial scale is limited due to the 
challenges associated with process optimization, high energy requirement, difficulty in equipment design and 
process scale-up, safety and regulatory issues. This review aims to narrow the research gap by placing the current 
research activities into perspectives and highlighting the diversified applications, significant roles, and potentials 
of ultrasound to ease future developments. In recent years, enhancements have been reported with ultrasound 
assistance, including a reduction in extraction duration, minimization of the reliance on harmful chemicals, and, 
most importantly, improved yield and properties of nanocellulose. An extensive review of the strengths and 
weaknesses of ultrasound-assisted treatments has also been considered. Essentially, the cavitation phenomena 
enhance the extraction efficiency through an increased mass transfer rate between the substrate and solvent due 
to the implosion of microbubbles. Optimization of process parameters such as ultrasonic intensity, duration, and 
frequency have indicated their significance for improved efficiency.   

1. Introduction 

Massive industrialisation and natural resource exploitation have 
underpinned the human flourishing of today, yet at the expense of 
environmental quality on the ground of the overuse of non-sustainable 
materials such as plastics. A shift towards utilizing renewable starting 
materials and adopting a more environmentally benign processing 
approach is crucial for sustainable development. Among the green ma
terials, cellulose is the most abundant natural biopolymer on earth, with 
a global annual production of approximately 7.5 million tons [1,2]. It 
constitutes nearly 35–50 % of the plant cell wall, posing great biode
gradability, renewability, and inherent biocompatibility. Fascinatingly, 
cellulose materials in the nanoscale dimensions offer exceptional, pro
pitious functionalities like high strength, large aspect ratio, high rein
forcing potential, and tailorable surface functionalization. Termed 
‘nanocellulose’, this bionanomaterial is a revolutionary green substrate 
for diversified advanced applications, mainly to replace non-sustainable 

materials. The two main categories of plant-derived nanocellulose are 
cellulose nanocrystal (CNC) and cellulose nanofiber (CNF). CNCs are 
characterized by a short, rod-like structure with maximum crystallinity 
that engenders rigidity and stiffness. In contrast, CNFs have a longer, 
thread-like structure and exhibit greater flexibility due to more amor
phous regions within these nanofibers. Although both can be drafted 
from plant sources, they exhibit distinguished physicochemical prop
erties due to their structural disparity, making them useful in various 
applications [3–9]. For instance, CNCs are good building materials and 
reinforcement in polymer matrices due to their high mechanical 
strength [10]. At the same time, CNFs can serve as an additive in 
papermaking, tissue scaffold, and substrate for flexible electronics 
[3–9]. 

The ubiquitous and obsolete lignocellulosic biomass waste is an 
excellent source of nanocellulose, which helps dwindle production costs 
and ameliorate the environmental burden arising from waste genera
tion. The effective extraction of nanocellulose from lignocellulosic 
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biomass can be achieved via a top-down approach by overcoming the 
interfibrillar hydrogen bonding energy of lignocellulose to separate the 
convoluted structure into individual entities of nanocellulose [11]. Over 
the past few decades, various techniques have been extensively 
employed to pretreat different lignocellulosic sources and extract 
nanocellulose from them (Fig. 1). Sulfuric acid hydrolysis and 2,2,6,6- 
tetramethylpiperidin-1-yl)oxyl (TEMPO)-mediated oxidation have 
been the mainstays for CNC and CNF production, respectively, owing to 
their effectiveness in tackling the recalcitrant biomass structure. Sulfuric 
acid catalyzes the degradation of amorphous regions in fibers with its 
active protons, thereby allowing depolymerization of fibers into CNCs 
[12]. On the other hand, TEMPO-mediated oxidation deconstructs fibers 
to give CNFs through regioselective oxidation of C6 primary hydroxyl 
groups of cellulose [13]. The chief principle for these conventional 
techniques lies in the harsh reaction environment to disrupt the bonding 
in cellulose for the final liberation of nanocellulose. They involve haz
ardous chemicals (i.e., concentrated sulfuric acid and strong oxidizing 
agents) that are difficult to recover or treat and results in high mainte
nance and operational costs [14–16]. Besides, mechanical treatment 
such as high-pressure homogenization can produce CNFs directly by 
comminuting the fibers under high pressure (50–2000 MPa) with 
repeated treatments [17]. Nevertheless, the downside is the intensive 
energy required and a low production yield due to the non-selective 
nature of mechanical shredding. Because of these challenges, the con
ventional techniques for nanocellulose extraction are impeded for their 
commercial-scale applicability to economic and environmental con
cerns, which otherwise would overthrow the purpose of utilizing 
nanocellulose by creating more harm than good. As depicted in Fig. 2, 
less than one-third of nanocellulose production strategies are green and 
up-scalable, suggesting that development of a more sustainable alter
native is indispensably needed. 

Among the novel methods developed, ultrasound has recently 
emerged as a technology for extracting nanocellulose under milder re
action conditions. The intense physical forces such as shear forces, shock 
waves, turbulence, and microjets induced by acoustic cavitation 
contribute to the cleavage of the lignocellulose structure and the effec
tive release of the deep-seated nanocellulose. Coupling ultrasound with 
other chemical strategies manifested enhanced extraction yield, accel
erated chemical reaction, and better colloidal dispersion that are bene
ficial for fully expressing the nanocellulose properties (e.g., specific 
surface area). Compared to conventional mechanical disintegration, 
ultrasonic effects are less vigorous and thus, resulting in less degradation 
of the crystalline parts of nanocellulose. By carefully adjusting the ul
trasonic parameters such as intensity, duration, and frequency, the 
cavitation effects reflect on process rates and efficacy in the extraction of 
nanocellulose, which are not easily attainable under conventional 
treatments. In addition, this technique is duly recognized as non- 

hazardous since ultrasound radiation does not interact with molecular 
species directly but through the cavitation collapse, producing local 
extremity of temperature and pressure conditions [19]. Ultrasound 
technology also has a simple setup and low-cost capital investment. 
Despite its potential for sustainable nanocellulose extraction, there 
remain further avenues for research to put ultrasound at the industrial 
level, given the limited understanding of the optimization strategies to 
revamp the intrinsic features of sonochemistry to maximize benefits of 
ultrasound in nanocellulose. Several drawbacks, such as deterioration of 
nanocellulose properties and production efficiency, inability for stand
alone implementation, high energy consumption, difficulty in equip
ment design and process scale-up, and safety and regulatory concerns 
remain major challenges in implementing the technology. While the 
research concerning sonochemistry in nanocellulose extraction has been 
proliferating over the years, there is absence of a comprehensive sum
mary to elucidate the current state of knowledge. Intrigued by this, the 
present review provides a well-informed panorama of types of genera
tors and fundamental mechanisms of sonochemistry. Besides, the 
various applications of ultrasound in the extraction and modification of 
nanocellulose are recounted, emphasizing the influences of ultrasonic 
parameters on the nanocellulose properties, such as size and 
morphology, degree of crystallinity, physicochemical properties, and 
thermal stability. Lastly, it is concluded with an overview of the chal
lenges based on the available studies, along with suggestions to proffer 
exemplary guidance towards the commercialization of this potential 
technique. 

2. Ultrasound 

Ultrasound is, by definition, the sound waves with frequencies 
beyond 20 kHz, higher than the human auditory threshold [20,21]. It is 
employed in many fields, including detection, ranging, non-destructive 
testing, cleaning, mixing, and chemical processing. Generally, two ul
trasound categories, namely low-intensity and high-intensity ultra
sound, are classified corresponding to their frequency and intensity 

Fig. 1. Conventional strategies for the extraction of nanocellulose.  

Fig. 2. The distribution of hazardous, non-up-scalable, and green up-scalable 
methods for nanocellulose production [18]. 
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[22–27]. The low-intensity ultrasound, also known as diagnostic ultra
sound, is characterized by high frequency (5–10 MHz) and low power 
intensity (<1 W/cm2). It is non-destructive and has a weak to zero 
cavitation impact in the propagation medium, making it suitable for 
detecting and characterizing materials [24,26]. Contrarily, the high- 
intensity ultrasound, also described as power ultrasound, features low 
frequency (20–100 kHz) and high power intensity (10–1000 W/cm2). It 
is disruptive and, thus, instigates physical and chemical interactions by 
generating microbubble streams and the implosion of bubbles [27]. 
With the capability to change the physicochemical properties of the 
medium and material subjected to the treatment, high-intensity ultra
sound takes an imperative place in extraction, cell disruption, emulsi
fication, and crystal modification [28]. Based on this, it is the focal point 
in nanocellulose extraction. 

2.1. Mechanism of action 

High-intensity ultrasound propagates through a medium via induc
tion of a series of waves comprising compression (high pressure) and 
rarefaction (low pressure) cycles (Fig. 3(a)) [20,22,23]. The high crests 
and low troughs represent wave amplitudes corresponding to peak 
compressional and rarefactional values [29]. Acoustic cavitation from 
ultrasound influences chemical reactivity, otherwise termed ‘sono
chemistry’ [30]. Sonochemistry assists physical and chemical processes 
and effectively leads to controlled shapes and sizes of nanomaterials 
[31]. The flow of the ultrasonic mechanism that leads to sono-physical 
effects is depicted in Fig. 3(c). Two basic stages are involved in the ul
trasonic mechanism: nucleation and bubble dynamics involving 
expansion, oscillation, and collapse [32]. Nucleation begins with the 
formation of cavitation bubbles, also known as microbubbles. They are 
formed when the negative pressure exerted during rarefaction exceeds 
the intermolecular van der Waals forces that keep the liquid intact. 

Typically, acoustic cavitation leads to two situations, which are 
transient cavitation and stable cavitation (Fig. 3(b)) [33]. Transient 
cavitation occurs when bubbles collapse upon exceeding the equilibrium 
size [34]. In contrast, stable cavitation occurs when bubbles do not reach 
the critical size for collapse and continually oscillate in the medium 
[34]. In transient cavitation, the implosion of bubbles forms shear forces 
and shock waves carrying a large quantity of energy. For instance, the 
collapse of a cavitation bubble at an ultrasound frequency of 20 kHz 
release extreme temperatures and pressures of 5000 K and 1000 atm at 
the molecular level [23]. This huge sonolytic energy leads to the for
mation of high-velocity microjets (Fig. 3(d)) capable of disrupting the 
surface of solids and exposing new solid surfaces. With an enlarged 
surface area of solids being exposed, ultrasound then promotes the 
penetration of reagents into solids through sonophoresis and sonopo
ration. Furthermore, the sonolytic energy generated is sufficient to break 
hydrogen–oxygen bonds in water molecules and release hydrogen and 
hydroxyl radicals that could initiate secondary chemical reactions 
without any external reagents [35]. 

On the other hand, in stable cavitation, acoustic microstreaming 
occurs, wherein the microbubble volume pulsates around their equi
librium size (Fig. 3(d)). The generated velocities stemming from the 
microbubble pulsation engender shear stresses on the neighbouring 
particles, promoting physical and chemical interactions in the medium 
[25,36]. Bubble oscillation also occurs during stable cavitation, in which 
microbubbles increase and decrease in size repeatedly in the absence of 
the collapse phenomenon (Fig. 3(d)). They are stable and isolated, 
allowing neighbouring air to diffuse into or out of them relentlessly, 
aiding the mixing effects of air bubbles in the medium [37–39]. As a 
result, continuous turbulence is generated amidst the propagation of 
acoustic oscillations, contributing to the improvement of heat and mass 
transfer [40]. Enhanced mass transfer further engenders more efficient 
reaction kinetics by increasing the number of collisions at microscopic 

Fig. 3. (a) Propagation of ultrasound waves [27]. (b) Illustration of stable and transient cavitation. (c) The mechanism of acoustic cavitation induced by ultrasonic 
waves [22,27]. (d) Phenomena resulting from the acoustic oscillation of ultrasound waves and their effects on nanocellulose extraction. 
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levels [20,41]. To summarize the sonochemical effects of acoustic 
cavitation, the oscillations of ultrasound waves prompt the occurrence 
of shock waves, microjets, acoustic microstreaming, and bubble 
oscillation. 

2.2. Ultrasound generators 

In nanocellulose extraction and surface modification, ultrasound is 
mostly applied to supplement the chemical treatment using two equip
ment types: ultrasonic bath and ultrasonic probe. The heart of ultrasonic 
equipment is its transducer [12], which converts electronic signals to 
ultrasonic waves. An ultrasonic bath is an inexpensive system normally 
used to sonicate liquid samples in vessels immersed in the bath (Fig. 4 
(a)). The sound waves are indirectly transmitted via the medium in an 
ultrasonic bath (Fig. 4(b)) [42]. It usually operates at a lower energy 
level with a lesser concentration of ultrasound irradiation emitting from 
a comparably large irradiation surface [43]. Hence, it is widely accepted 
for deagglomerating and homogenizing nanocellulose suspension and 
degassing nanocellulose-based hydrogel. 

In contrast, the ultrasonic probe irradiates highly concentrated ul
trasound waves from the tip of a small area [28]. This device is 
immersed directly into the vessel sample (Fig. 4(c)). The ultrasonic horn 
is bonded to the transducer to amplify the irradiation intensity, 
permitting the direct transfer of ultrasonic waves into the medium 
(Fig. 4(d)) [44]. The huge localized energy diminishes exponentially 
due to the excessive bubble cloud formation adjacent to the tip [43]. 
Consequently, the cavitation activity of the probe sonicator is usually 
restricted in the irradiation area around the tip [45,46]. Realistically, 
the ultrasonic probe is more commonly used in industrial applications 
due to the greater acoustic power generated, which can be 100 times 
greater than that of an ultrasonic bath. It is ideal for particle size 
reduction in nanocellulose extraction, where small particle sizes can be 
attained within a short processing time. Nevertheless, the corresponding 
energy is only available close to the probe tip. 

3. Roles of ultrasound assistance in nanocellulose extraction 
and surface modification 

Defibrillation, mass and heat transfer, homogenization, and deag
glomeration are the main roles ultrasound plays in nanocellulose 
extraction and surface modification (Fig. 5). Under the mechanical im
pacts of acoustic cavitation, ultrasonication can improve the efficiency 
of the defibrillation process [47–49]. The implosion of bubbles gener
ates ultrasonic energy (10–100 kJ/mol) within the hydrogen bond’s 
energy, accelerating the disruption of hydrogen bonding within the 
cellulose network [50]. The hydrodynamic forces also break down the 
weak boundaries between micron-sized cellulose fibers. As a result, the 
microfibrils split gradually across the axial direction, facilitating the 
disintegration into nanofibers. 

In chemical treatments, ultrasonication plays a “process booster” 
role [26,27,51–54]. It intensifies the mass and heat transfer rate in the 
chemical extraction process. The implosion of microbubbles generates 
localized shear forces, turbulence, and mixing that enhance mass and 
heat transfer. The shear forces disrupt the surface of nanocellulose, 
exposing new solid surfaces. Consequently, diffusion boundary layers 
decrease, facilitating solvent penetration into the unreachable internal 
solid matrix by chemical treatments. This increases the productivity of 
the extraction process, which is desired in large-scale production. 

Additionally, ultrasonication portrays the effect of homogenization 
in chemical treatments [47,55–58]. The microstreaming derived from 
microbubble implosion and nonlinear bubbles oscillations suggests a 
uniform mixing in the liquid that allows very efficient agitation. This 
allows cellulosic materials to disperse uniformly in the reaction medium 
for effective contact with reactants, which facilitates the reaction ki
netics and production of nanocellulose with desirable particle size dis
tribution [59]. 

After the completion of chemical treatments, nanocellulose is dried 
through freeze-drying, oven-drying, or spray-drying for convenient 
storage and transportation. Nevertheless, nanocellulose particles tend to 
agglomerate upon drying due to the attractive hydrogen bonding forces 
towards the neighbouring particles. This phenomenon is known as 
hornification, and the redispersion of hornified nanocellulose requires 
substantial energy. The clusters of nanocellulose particles affect the 

Fig. 4. (a, b) Lab-based ultrasonic bath and (c, d) ultrasonic probe [27].  
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stability of a suspension, which cripples its final application. In 
addressing the hornification of nanocellulose, ultrasonication is the 
most widely employed method for nanocellulose redispersion. The for
mation of high-speed microjets due to acoustic cavitation could press 
high-pressure liquid between the aggregates and separate nanoparticles 
effectively. This is particularly important to slow Ostwald ripening effect 
or agglomeration among the nanoparticles during storage [60–63]. 

4. Application of ultrasound in nanocellulose extraction 

Ultrasound is frequently brought up alongside nanocellulose 
extraction methods, particularly chemical treatments. This is due to the 
phenomena caused by ultrasonic waves that are beneficial for intensi
fying chemical reactions, including shock waves, bubble oscillation, 
high-speed microjets, and microstreaming [50,64–67]. The increasing 
number of publications concerning the application of ultrasound in 
nanocellulose extraction is envisioned given its reported favorable ef
fects in enhancing the efficiency, expediting the process, and producing 
nanocellulose with desirable properties (Fig. 6). Another motivation 
behind combining ultrasound with chemical treatments is to resolve the 
high energy consumption of ultrasound-alone treatment [68]. Due to 
their effectiveness and controllability, acid hydrolysis, TEMPO- 
mediated oxidation, and enzymatic hydrolysis are the most widely 
employed chemical treatments for nanocellulose extraction. The 
fundamental mechanisms of these extraction methods are explicated in 
the following sections to elucidate the possible improvement with 

ultrasound assistance. Multifaceted ultrasound parametric effects, and 
connection between sonochemical mechanisms and nanocellulose 
properties are also deciphered based on the latest research works. 

4.1. Ultrasound-assisted acid hydrolysis 

Traditionally, the acid hydrolysis process dominates CNC isolation 
and has been well employed in the industry, such as CelluForce, the 
leading CNC manufacturer [69–73]. Sulfuric acid is commonly 
employed as the hydrolyzing agent; other acids such as hydrochloric 
acid, hydrobromic acid, and phosphoric acid were occasionally consid
ered. Unlike sulfuric acid, which induces negative charges upon hy
drolysis, providing substantial repulsion among the extracted particles, 
CNC extracted using hydrochloric acid, and hydrobromic acid usually 
poses a high tendency to agglomerate. Apart from inorganic acids, 
organic acids such as formic acid, oxalic acid, citric acid, and maleic acid 
were also successfully applied as hydrolyzing agents [74–79]. In gen
eral, hydrogen ions generated through the ionization of acid mediums 
during hydrolysis destroy the glycosidic bonds of cellulose molecular 
chains. This leads to fibrillation with the loss of non-crystalline or 
amorphous regions. The mechanism of acid hydrolysis is shown in Fig. 7 
(a). With ultrasonication, the formation, growth, and collapse of 
microbubbles followed by liquid microjets on the fibre surface signifi
cantly impact the cellulose particles suspended in an acid medium. This 
leads to breaking the interfibrillar hydrogen networks, exposing more 
hydroxyl groups on the surface of cellulose molecules [80]. The 

Fig. 5. Role of ultrasound assistance in nanocellulose extraction and surface modification.  

Fig. 6. The number of publications on ultrasonic-assisted nanocellulose extraction. Data analysis was completed using the Web of Science search system on 1st June 
2022, using the keywords of “ultrasound”, “nanocellulose”, “cellulose nanocrystal”, “cellulose nanofiber”, “nanocrystalline cellulose”, “nanofibrillated cellulose”, 
“acid hydrolysis”, “TEMPO”, “enzymatic”, “deep eutectic solvent”, and “ionic liquid”. 
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microjets formed also assist in reducing the particle size distribution 
from the large micron-sized aggregates [81]. Fig. 7(b-i) shows the 
scanning electron microscopy (SEM) images of CNC with and without 
ultrasound assistance in various sources. Moreover, the additional me
chanical treatment of ultrasonication reduced agglomeration among the 
nanocellulose [14]. 

The process duration could be significantly reduced due to the 
remarkable enhancement in mass and heat transfer by ultrasonication 
[96,97]. Conventional acid hydrolysis commonly takes between 60 and 
120 min [98,99]. Guo et al. concluded that ultrasonication could ach
ieve CNC production at a short hydrolysis time (45 min) with signifi
cantly increased yield [97]. No significant yield variations were noted 
when hydrolysis was extended to 90 min and 120 min [97]. On some 
occasions, fast hydrolysis promotes the extraction of smaller particles, 
whereas slow hydrolysis leads to the degradation of the crystalline re
gion and the formation of larger nanoparticles [100]. As previously 
stated, the mechanical impact of acoustic cavitation led to a higher 
grinding degree of the cellulose fibers that enhanced the rapid trans
portation of acid molecules into the inner amorphous surface, indirectly 
increasing the contact area for the acid catalyst. Due to ultrasonication, 
acid diffuses faster compared to the conventional process. This is 
particularly important for commercial production as it significantly re
duces production costs. 

Despite the successful extraction of CNC, acid hydrolysis is limited 
due to its low production yield [97,101]. Under typical hydrolysis 
conditions, CNC yield always lies within 10–30 %. On the other hand, 
with ultrasound assistance, Guo et al. increased the yield from 18.3 % to 
52.8 % for a hydrolysis period of 45 min [97]. Previous works using 
various sources demonstrated that the nanocellulose yield doubled for 
ultrasound-assisted acid hydrolysis (Fig. 7(j)). Mazela et al. observed a 
reduction in dimension of approximately 49 % when ultrasonication was 
performed after acid hydrolysis [82]. Ultrasonication also breaks down 
the microfibrils into uniformly dispersed nano-sized fibrils. For instance, 
CNC’s polydispersity (PDI) decreased after ultrasonication, indicating 
greater uniformity of nano-sized cellulose crystals [102]. This is 
important to promote monomodal particle distribution from the initial 
bimodal particle size distribution [103,104]. Besides, ultrasonication 
also increased the suspension stability against agglomeration. The zeta 
potential of CNC decreased from − 24 mV to –33 mV, suggesting better 
stability [105–107]. 

The largest challenge in acid hydrolysis is the high sulfuric acid 
concentration [56,108–110]. Generally, the optimal acid concentration 
of greater than 60 wt% is required to break down the amorphous regions 
of fibers for a reasonable yield of CNC [111,112]. For instance, Cellu
Force produces CNC from bleached Kraft pulp using 64 wt% sulfuric acid 
[113–115]. Nevertheless, the capital cost is high, accounting for solvent 
corrosiveness. Also, a high operational cost is inevitable for intensive 
effluent treatment. As a countermeasure, mild hydrolysis was proposed 
with a lower acid concentration. The advantages include simpler waste 
processing, lower environmental impact, and cheaper raw material cost. 
Nevertheless, the mild process requires high pressure and temperature 
[116]. This is possible through ultrasonication. Ismail et al. extracted 
CNC with an average diameter between 38 and 70 nm through hydro
lysis using 40 wt% sulfuric acid combined with 120 min ultrasonication. 
Following this, Maimunah et al. further reduced the concentration of 
sulfuric acid to 6 wt% at an elevated temperature of 80 ̊C, with the 
assistance of ultrasonication for 2 h [117]. This treatment produced 
nanocellulose with a lower crystallinity, i.e., 42 %, as many amorphous 
regions remained intact within the fibrils network. 

Despite the enhancement, ultrasound-assisted acid hydrolysis was 
found to limit practical utilization. The concern lies in the washing 
process, where tenfold dilution (with water) was required to cease the 
hydrolysis reaction or neutralization with sodium hydroxide that 
complicated salt removal [118,119]. Besides, chilled water was often 
needed to quench the reaction as conventional hydrolysis occurs at 
40–70 ̊C [101]. More efforts are required to achieve sustainable eco
nomic manufacturing while obtaining a viable nanocellulose yield. 
Weak acid hydrolysis coupled with ultrasonication was proposed 
[120,121]. The benefits of weak acid are easy recovery, reusability, less 
corrosivity, and significantly reduced capital and operation costs 
[122,123]. Wang et al. observed a 97 % improvement in efficiency due 
to the removal of time-consuming downstream processes such as dialysis 
in strong organic acid hydrolysis [16]. Nonetheless, weak acid coupled 
with ultrasonication could only produce CNF. As for CNC, the yield from 
weak acid hydrolysis with ultrasound was relatively low, as shown in 
Fig. 7(k). 

Before extraction, the pretreatment of cellulose is also crucial as it 
affects acid accessibility, particularly the lignin content [124–126]. A 
strong bleaching agent (e.g., sodium hydroxide) is conventionally 
employed to disintegrate lignin’s ester linkages and solubilization 

Fig. 7. (a) Mechanism of acid hydrolysis [82]. 
SEM images of (b, c) rice straw after chemical 
pretreatment and nanocellulose after high-speed 
homogenization and ultrasonication [47] (d, e) 
non-sonicated and sonicated CNC from cotton 
[83] (f, g) organosolv straw pulp after hydrolysis 
and after ultrasonic-assisted hydrolysis [84] (h, i) 
CNC after hydrolysis and after ultrasound- 
assisted hydrolysis [85]. Enhancement in nano
cellulose yield from various cellulose sources 
after ultrasound assistance using (j) conventional 
acid hydrolysis [86–92] and (k) weak acid hy
drolysis [93–95].   
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[125,127–129]. According to Ismail et al., the increase in ultrasonic 
treatment time suggests complete lignin removal, as observed from the 
FTIR spectrum at 1280 cm− 1. The peak corresponding to the aryl group’s 
C–O stretching in lignin disappeared [130,131]. Luo et al. conducted 
the extraction of lignin-containing nanofibrils with oxalic acid hydro
lysis assisted by ultrasonication led to the lowest lignin content [120]. 
The sono-assisted treatment accelerated lignin dissolution due to ultra
sonic cavitation’s hydrodynamic shear force. However, extending the 
ultrasonic irradiation beyond the optimal conditions gave no benefit in 
lignin removal. 

Additionally, ultrasound assistance was found to enhance the water- 
holding capacity of nanocellulose, which is crucial for utilizing nano
cellulose as a drug delivery carrier [132,133]. Balquinta et al. concluded 
that the combination of acid hydrolysis and ultrasonication resulted in a 
highly entangled network with increased water holding capacity [98]. 
The shearing and cavitation effect increased the entanglement network 
where water molecules were entrapped within the fibers. It permitted a 
higher drug loading onto the carrier, although the diffusion coefficient 
of the drug molecules must also be considered. This enhancement could 
make nanocellulose a promising candidate for applications as a drug 
delivery carrier and requires a further in-depth investigation. 

In contrast, ultrasonication could also negatively impact the 
extraction of nanocellulose in terms of its properties, particularly the 
degree of crystallinity [87,134,135]. The degree of crystallinity is 
essential as it contributes to the mechanical strength of nanocellulose. It 
was found that ultrasonication did not alter the main crystal structure of 
CNC from X-ray diffraction spectra (XRD) [136–139]. However, the 
crystallinity of nanocellulose depends strongly on the ultrasonic period. 
In the work of Li et al., a declining curve of crystallinity was reported 
with increasing duration of sonication treatments [134]. Maisa et al. 
observed a similar result of reducing the crystallite size and crystallinity 
utilizing 64 wt% sulfuric acid hydrolysis combined with 60 min ultra
sonication [87]. This decline might be attributed to the prolonged ul
trasonic treatment, which slightly degraded the CNC. Hence, it is 
important to utilize optimum conditions as ultrasonication has shown 
potential to enhance the selective degradation of amorphous regions and 
the negative effects of over- degradation and agglomeration of nano
cellulose. Thus, ultrasound is a highly upcoming technology that can be 

applied in acid hydrolysis to subdue the practical limitations of con
ventional hydrolysis. Table 1 summarizes the process conditions and the 
nanocellulose sizes obtained using ultrasound-assisted acid hydrolysis. 

4.2. Ultrasound-assisted TEMPO-mediated oxidation 

TEMPO-mediated oxidation causes depolymerization of cellulose 
polymer chains in three steps [145]. Firstly, it involves the initiation of 
β-elimination of glycosidic bonds in the presence of intermediate alde
hyde groups (C6) in the cellulose molecules under alkaline conditions. 
This occurs when NaOCl converts one mole of C6 primary hydroxyl 
groups of cellulose into carboxylate groups via the C6 aldehyde group 
[146]. The TEMPO reagent structure and the general steps during the 
oxidation process in alkaline and acidic mediums are depicted in Fig. 8 
(a-c). When TEMPO-mediated oxidation is performed under an alkaline 
environment (pH 10), the reaction occurs readily at room temperature 
and forms aldehyde groups, resulting in reduced thermal stability, dis
coloured product after drying, and hindered microflibrillation [82]. On 
the contrary, improvement in thermal stability and controlled cellulose 
depolymerization originating from the absence of aldehyde group for
mation, which can be achieved by conducting the reaction in an acidic 
medium (pH 6–6.5) at a slightly higher temperature (50–60 ◦C) 
[147,148]. 

Ultrasonication is enforced in TEMPO-mediated oxidation, where the 
cavitational bubbles collapse in the medium with oxidants that could 
assist the substitution of reactants onto C6 hydroxyl groups. TEMPO- 
mediated oxidation is a mild reaction, providing a shorter nano
cellulose production duration [149]. However, it usually yields a low 
degree of oxidation [48]. TEMPO oxidation is ineffective in removing or 
breaking down the amorphous regions as it solely focuses on oxidizing 
the hydroxyl groups within the cellulose structure [150,151]. Hence, 
ultrasonication could be of significant assistance [152,153]. One 
important feature is mechanically disintegrating the oxidized cellulose 
fibers [154–156]. 

Combining an effective mechanical treatment with TEMPO- 
mediated oxidation can facilitate cellulose fiber disintegration into 
smaller fragments. Liu et al. observed that corncob-derived oxidized 
cellulose fibers have lengths and widths in micrometers [157]. A similar 

Table 1 
Representative summary of previous works on ultrasound-assisted acid hydrolysis for nanocellulose extraction.  

Raw material Acid Ultrasound system Sonication conditions Nanocellulose size (nm) Ref. 

Strong acid 
Cotton Sulfuric acid 

(40 wt%) 
Probe 24 kHz, 320 W, 120 min 

(Post-treatment) 
W = 18–29 
L = 200–800 

[116] 

Oil palm empty fruit bunch Sulfuric acid 
(64 wt%) 

Bath 37 kHz, 320 W, 120 min 
(Simultaneous) 
37 kHz, 320 W, 30 min 
(Post-treatment) 

W = 30–40 [140] 

Banana pseudo-stems Sulfuric acid 
(64 wt%) 

Bath 25 kHz, 750 W W = 2.24 ± 0.57 
L = 125 ± 28 

[141] 

Sawdust Sulfuric acid 
(65 wt%) 

Bath 45 kHz, 300 W, 60 min 
(Post-treatment) 

W = 35 ± 7.40 
L = 238.7 ± 81.2 

[86] 

Microcrystalline cellulose (MCC) Sulfuric acid 
(65 wt%) 

Bath 45 kHz, 300 W, 6 h 
(Post-treatment) 

W = 8–120 [82] 

Cotton Sulfuric acid 
(50 wt%) 

Probe 20 kHz, 120 W, 60 min 
(Post-treatment) 

W = 20–100 [142] 

Ginkgo seed shells Sulfuric acid 
(62 wt%) 

Probe 20 kHz, 600 W, 60 min 
(Post-treatment) 

W = 24 ± 1.7 
L = 310 ± 15.9 

[143]  

Hemp Sulfuric acid (60 wt%) Probe 22 kHz, 1 h 
(Post-treatment) 

W = 8–36 [144] 

Weak acid 
Hardwood kraft pulp Maleic acid 

(60 wt%) 
NA 400 W, 45 min 

(Post-treatment) 
W = <1 µm [121] 

Celery Oxalic acid 
(30 wt%) 

Probe 15 kHz, 500 W, 18 min 
(Post-treatment) 

W = 5.50–39.30 [120] 

Eucalyptus pulp Citric acid 
(65 wt%) 

Probe 50 kHz, 45 W, 3 min 
(Post-treatment) 

W = 9 ± 3 
L = 215 ± 89 

[93] 

W, width; L, length.  
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observation is reported for cellulose extracted from jute, hemp, and flax 
via TEMPO-mediated oxidation, in which the particle size was observed 
in the micron size [158]. Concerning the role of ultrasound, the cavi
tation effect creates a localized region of high temperature and pressure, 
promoting the isolation of nano-sized fibers. The microfibrils are dis
integrated into submicron fibrils and completely broken down into 
nanofibrils. Zhou’s group demonstrated that ultrasound reduced the 
average length of CNC prepared via TEMPO-mediated oxidation from 
292 nm to 190 nm [159]. Similarly, Rohaizu and Wanrosli concluded 
that mechanical defibrillation using an ultrasonic probe is necessary as 
the particles’ length and width were reduced from 140 nm and 15 nm to 
122 nm and 4 nm, respectively [160]. Ultrasound-assisted TEMPO- 
mediated oxidation also increases the nanocellulose yield, as depicted in 
Fig. 8(d). Moreover, the cavitation effect produces a more homogenous 
size distribution of nanofibers [161–164]. This renders its feasibility in 
the industrial application as it can control product quality and consis
tency within the desired range, e.g., fiber morphology. 

The essence of TEMPO-mediated oxidation lies in the key catalysts: 
TEMPO and NaBr/NaOCl. However, the main drawbacks of TEMPO- 
mediated oxidation are always associated with its high operational 
cost, recovery, and negative environmental impact. Therefore, it is of 
utmost importance to minimize the consumption of chemicals in the 
oxidation process. Loranger et al. observed no changes in the end 
product of nanocellulose with reduced dosages of TEMPO and NaBr 
through TEMPO oxidation in a sonoreactor [168]. It was observed that 
the reduction in NaBr could be up to 60 % with a good influence on the 
carboxylate content compared to the reduction using TEMPO. Typically, 
the TEMPO-mediated oxidation reaction produces a comparatively low 
carboxylate content due to the intact structure of cellulose fibres. The 
highly ordered cellulose structure with a high degree of crystallinity that 
keeps the core intact could instigate oxidation on the fibre surface but 
impedes the TEMPO accessibility to the inner cellulose crystals. 

On the other hand, ultrasound-assisted TEMPO-mediated oxidation 
impacts remarkably on the carboxylate content 
[146,159,160,169–172]. Ultrasonication significantly enhances oxida
tion efficiency, with approximately a 15 to 30 % increase in the 

carboxylate functional groups. The shear forces and microjets strike at 
the fiber surface result in enhanced chemical reactions due to better 
TEMPO penetration into the inner fiber regions. Besides, the increase in 
nanocellulose yield from enhanced fibrillation renders greater exposure 
of hydroxyl groups to be substituted by the carboxylate groups, thereby 
increasing carboxylate content. Rohaizu and Wanrosli observed a more 
than 100 % increase in the carboxylate content from 0.58 mmol/g to 
1.31 mmol/g in CNC extraction via ultrasound-assisted TEMPO-medi
ated oxidation [160]. Compared to non-assisted oxidation, Qin et al. 
emphasized that CNC with high carboxylate content was directly pro
duced from ultrasound-assisted TEMPO-mediated oxidation [170]. 
Correspondingly, Serrano et al. observed an increase in the oxidation 
degree from 0.17 to 0.27 in ultrasonic irradiation coupled with TEMPO- 
mediated oxidation [141]. 

Considering the high carboxylate content, introducing carboxylic 
groups results in electrostatic repulsion that decouples the interfibrillar 
hydrogen bonds [157,169,173]. Simultaneously, it increases the 
colloidal stability of the suspension where the fibers do not aggregate. 
For example, Serrano et al. observed changes in the zeta potential (ζ) 
from − 45 mV to − 53 mV when ultrasonic waves were applied under the 
same oxidation conditions [141]. Wicaksono et al. suggested that sus
pensions with zeta potential greater than ±40 mV are stable over time 
[174]. The change in zeta potential indicates an increase in the 
carboxylate groups in the suspension during ultrasound-assisted 
TEMPO-mediated oxidation. Additionally, Wu et al. prepared CNF 
from coconut coir fibres and noticed that the suspension remained stable 
without sedimentation after exposing it to ultrasonic irradiation [175]. 
An increase in the carboxylate content could subject the fibres to a 
stronger cavitation effect [176], which is beneficial for cellulose defi
brillation at lower energy requirements. 

Despite the enhancement in ultrasound-assisted TEMPO oxidation, 
the difficulties in extracting CNC remain challenging. As opposed to 
hydrolysis processes, the combination of TEMPO-mediated oxidation 
and ultrasonication does not selectively break down the amorphous 
region only. Thus, ultrasound-assisted TEMPO oxidation was often a 
pretreatment for the hydrolysis reaction [165]. The degree of 

Fig. 8. (a) Structure of TEMPO catalyst [147]. Mechanism of TEMPO-mediated oxidation in (b) alkaline and (c) acidic medium [147]. (d) Enhancement of nano
cellulose yield observed from various cellulose sources after ultrasound assistance in enzymatic hydrolysis [160,165–167]. 
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crystallinity reduced remarkably during ultrasonication 
[160,164,167,169]. The crystallinity decrease is due to the partial 
destruction of hydrogen bonds and the ordered cellulose structure under 
ultrasonic irradiation, resulting in crystalline structure changes and 
subsequent crystallinity loss. Regarding fibres separation, the formation 
of completely individualized nanocelluloses from ultrasound-assisted 
oxidation cannot recover in high yields as solids. Thus, similar to acid 
hydrolysis, the nanocelluloses dispersed in the oxidation mixture must 
be purified and isolated using dialysis to separate them from the catalyst 
and other water-soluble compounds. 

Overall, ultrasound-mediated TEMPO oxidation is one of the most 
effective chemical treatments that appear to be a potential alternative to 
traditional extraction methods. The mild reaction with high yield and 
high carboxylate content is appealing. Further research on reducing 
oxidation time and reusing the reaction medium is needed to improve 
the effectiveness. A greener route of TEMPO-mediated oxidation with 
ultrasound assistance provides a more viable option than conventional 
TEMPO-mediated oxidation and the potential to upscale a sustainable 
process. Table 2 summarizes the process conditions and the nano
cellulose sizes obtained using ultrasound-assisted TEMPO-mediated 
oxidation. 

4.3. Ultrasound-assisted enzymatic hydrolysis 

Enzymatic hydrolysis is gaining much interest as it employs mild 
extraction conditions and requires no chemical reagents or peculiar 
solvents. It also requires lower energy and capital cost. This method 
utilises an exclusive enzyme called endoglucanase, which can destroy 
the intramolecular hydrogen bond of cellulose fibres. Endoglucanase is 
extracted from one of the fungi-secreted modular enzymes – cellulase, 
that is mostly separated from other cellulase components and applied 
alone as the monocomponent enzyme. This is because other cellulase 
components, including cellobiohydrolase (CBH) and β-glucosidase are 
not in favor of nanocellulose extraction as they are more prone to con
verting cellulose into soluble sugars, ascribing to their ability to 
hydrolyse β-1,4-glycosidic linkage of the celluboise (Fig. 9(a)) [178]. 
Satyamurthy et al. employed commercial cellulase from Aspergillus niger 
to obtain CNC, which led to a relatively low yield of 22 %, owing to a 
higher conversion of glucose [179]. 

On the other hand, endoglucanase is characterized by its selective 
catalytic action on amorphous regions, which can preserve the crystal
line regions. Enzymatic hydrolysis employing monocomponent endo
glucanase performs well under mild reactions (pH 4–7; 45–50 ◦C) [180]; 
this is particularly important to reduce energy consumption and avoid 
over-depolymerization [181]. Nonetheless, the high cost of enzymes 
hinders its application [182–185]. In addition, enzymatic hydrolysis 
often suggests a lower yield for nanocellulose due to the limitation in 

enzyme reactivity. Lignin forms a barrier against hydrolysis of amor
phous regions making the enzymes unable to penetrate through the 
lignin ‘shield’ easily. It requires mechanical treatment to increase the 
fibres accessibility for better enzyme action [186–191]. Ultrasonication 
could significantly enhance the enzymatic hydrolysis of cellulose, in 
which the cavitation effect disrupts more disordered or amorphous re
gions leading to an increase in the crystalline regions. Squinca’s group 
increased the crystallinity index from 57.5 % to 78.3 % with 1 min 
ultrasonication for every 10 min of hydrolysis [192]. However, the 
extension of ultrasonic treatment time would also negatively impact the 
crystallinity due to the non-selective removal of both amorphous and 
crystalline regions by ultrasonication. Cui et al. achieved a crystallinity 
of 87.5 % at 30 min ultrasonication but decreased to 82.3 % at 60 min 
ultrasonication [137]. Fourier transform infrared (FTIR) spectra shows 
that the band with the stretching vibration of OH groups (3400 cm− 1) 
became narrower after ultrasonic-assisted enzymatic hydrolysis [137] 
(Fig. 9(b)), confirming the damage to the intramolecular hydrogen bond 
of cellulose that suggests the fibrillation effect. Therefore, ultra
sonication facilitates the disintegration of nanocellulose agglomerates, 
resulting in decreased width and length and a shifted particle size dis
tribution to smaller distribution [137]. 

Another drawback in enzymatic hydrolysis is the slow diffusion of 
enzyme macromolecules in the liquid phase across the boundary layer of 
the solid cellulose surface, which leads to a longer hydrolysis period that 
ranges from 24 h to 120 h, depending on the cellulose source and 
enzyme loading [181,199,200]. Conventionally, agitation is used to 
heighten the hydrolysis process. In recent years, ultrasonication is 
proven to be an efficient method to increase the mass transfer rate of 
enzymes to solid surfaces. The implosion of cavitation bubbles generates 
an intense micro-convection that contributes to the subsequent occur
rences – greater reaction velocity and better enzyme-substrate affinity, 
which remarkably improves the kinetics of the hydrolysis process. Be
sides, ultrasound can break weak hydrogen bonds and Van der Waals 
forces in enzymes, altering the spatial conformation of enzymes to 
become more flexible to link with the substrate [201]. This supports the 
enzyme binding towards the insoluble cellulose, facilitating the forma
tion of the enzyme-substrate complex and driving greater hydrolytic 
activity [201]. Nguyen and Le demonstrated a significant improvement 
of up to 39.4 % in cellulase activity under optimum ultrasonic condi
tions. Likewise, Borah and colleagues concluded that ultrasonication 
increases hydrolysis kinetics by nearly 10-fold, ascribing to enhanced 
enzyme diffusion and desirably modified enzyme structure [186]. With 
a promising increment of enzymatic kinetics in the sonicated environ
ment, Cui et al. reported an improvement in nanocellulose yield by 30 % 
[137]. This enhancement in enzymatic hydrolysis rate can also signifi
cantly reduce the requirement of high enzyme dosage, thereby 
decreasing the production cost. The yield improvement achieved by 

Table 2 
Representative summary of previous works on TEMPO-mediated oxidation with ultrasound assistance.  

Raw material Oxidant concentrations (per g fiber) Sonication conditions Nanocellulose size (nm) Ref.  

TEMPO NaBr NaClO2 NaClO    

Sugarcane bagasse pulp 16 mg 100 mg – 2.0–11.0 mmol 25 kHz, 450 W, 30 min 
(Post-treatment) 

W = 15 ± 8 
L = 264 ± 69 

[167] 

Microcrystalline cellulose 16 mg 100 mg – 20 mmol 20 kHz, 270 W, 120 min 
(Post-treatment) 

W = 5.1–6.4 
L = 190 

[159] 

Softwood kraft pulp 16 mg 100 mg – 20 mmol 20 kHz, 270 W, 120 min 
(Post-treatment) 

W = 3.5–3.6 
L = 185 

[159] 

Banana pseudo-stem 16 mg – 100 mg 10 mg 20 kHz, 1000 W, 60 min 
(Post-treatment) 

W = 2.24 ± 0.57 
L = 125 ± 28 

[141] 

Fique fibers 16 mg 100 mg – 37 mmol 40 kHz, 130 W, 120 min 
(Simultaneous) 
20 kHz, 750 W, 10 min 
(Post-treatment) 

W = 2 
L = 200–438 

[169] 

Coconut waste husk 0.50 mmol – 15 mmol 11 mmol 25 kHz, 1000 W, 60 min 
(Post-treatment) 

W = 5.6 ± 1.5 
L = 150–300 

[177] 

W, width; L, length.  
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ultrasound-assisted enzyme hydrolysis is illustrated in Fig. 9(c). 
Interestingly, it could be noted that ultrasonic-assisted enzyme hy

drolysis resulted in nanocellulose with high aspect ratios (Fig. 9(d)). 
This is because the cavitation effect of ultrasound exhibits a weaker 
shear force along the axial direction, which tends to give rise to longer 
fibrils [202,203]. A high aspect ratio is desirable when the extracted 
nanocellulose is geared towards developing reinforcement materials due 
to the high interfacial area of longer fibrils for more efficient load 
transfer into the reinforcing crystal phase. Despite these advantages of 
ultrasound assistance, the nanocellulose yields are still much lower than 
the traditional extraction with sulfuric acid. In addition, ultrasonication 
at higher amplitudes and extended treatment time can adversely affect 
enzyme activity. Vigorous shock waves and high shear generated under 
extreme ultrasonic conditions disrupt polypeptide chains in enzymes, 
leading to far-reaching modification of the protein’s three-dimensional 
structure that can ultimately result in loss of biological activity 
[201,204]. The formation of free radicals induced by cavitation may also 
suppress enzyme activity when they react with amino acids that essen
tially participate in enzyme stability, substrate binding, and/or catalytic 
activity [204]. These disadvantageous effects of ultrasound on enzymes 

incur a higher production cost to reactivate or replace the deactivated 
enzymes. Due to these challenges, ultrasound-assisted enzyme hydro
lysis has yet to mature as an industrial-scale production technology. 
More efforts to overcome low hydrolysis yield and enzyme sensitivity 
towards ultrasound are needed. Table 3 summarizes the process condi
tions and the nanocellulose sizes obtained using ultrasound-assisted 
enzymatic hydrolysis. 

4.4. Effects of ultrasonic parameters 

Nanocellulose production efficiency and efficacy through ultrasonic- 
mediated chemical treatments are greatly influenced by the intensity of 
acoustic cavitation, which can be fine-tuned by the ultrasonic conditions 
applied. The key ultrasonic parameters include frequency, power, the 
medium used, temperature, time, and solid loading. Low frequency of 
below 50 kHz and high power ratings of 3 to 10 W/mL [210] are the 
prerequisites to break the interfibrillar bonding and confer nano
fibrillation of biomass. Excessive sonication conditions are detrimental 
to product properties and production efficiency. Dilute suspension with 
a low solid loading of <1 % to ultrasound treatment is often the 

Fig. 9. (a) Cellulose hydrolysis using T. reesei cellulase, 
depicting cellobiohydrolase (CBH), β-glucosidases (β G), 
and endoglucase (EG) [193]. (b) FTIR spectra of CNC were 
obtained from wheat straw under various ultrasonic du
rations (0, 30, 60 min) [137]. (c) Enhancement of nano
cellulose yield from utilising various cellulose sources 
after ultrasound assistance in enzymatic hydrolysis 
[137,192,194,195]. (d) Comparison of eucalyptus kraft 
pulp aspect ratio from ultrasound-assisted enzyme hydro
lysis and acid hydrolysis [192,196–198].   

Table 3 
Representative summary of previous works on enzymatic hydrolysis with ultrasound assistance.  

Raw material Enzyme Enzyme dosage Sonication conditions Nanocellulose size (nm) Ref. 

Cotton Celluclast 1.5 L 44 
U/g fiber 

20 kHz, 300 W, 90 min 
(Simultaneous) 

NA [205] 

Cotton linter Cellulase 
(Cerena sp.) 

20 
U/g fiber 

30 kHz, 100 W, 20 min 
(Post-treatment) 

Z-avg = 204.6 ± 8.0 [206] 

Eucalyptus kraft pulp Monocomponent endoglucanase 400 
U/g pulp 

20 kHz, 315 W, 10 min 
(Post-treatment) 

W = 6–10 
L = 400.0 – 600.0 

[196] 

Cotton Cellulase  

(Aspergillus Niger) 

<100 µg/mL NA 
(Post-treatment) 

W = 30–45 
L = 250–900  

[207] 

Microcrystalline cellulose Endoglucanase 
(Penicillium oxalicum M12) 

15 
mg/g 

40 kHz, 100 W, 30 min 
(Post-treatment) 

W = 17.9–33.8 
Z-avg = 357–863  

[208] 

Poplar wood Celulase 
(Novozyme) 

10 
U/g wood 

25 kHz, 200 W, 20 min 
(Post-treatment) 

Z-avg = 310.0 ± 5.0 [209] 

W, width; L, length; Z-avg, Z-average.  
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requirement due to the tendency of cellulosic materials to agglomerate 
and form a viscous suspension that is difficult to process. Table 4 illus
trates their effects on nanocellulose extraction. 

5. Application of ultrasound in nanocellulose surface 
modification 

A large number of hydroxyl groups on the nanocellulose surface of
fers a unique platform for incorporating functional moieties such as 
sulfate groups, carboxyl groups, and macromolecules using various 
modification techniques. Engineering the surface chemistry of nano
cellulose is an imperative approach to attain enhanced targeted prop
erties that, in turn, increase its usability towards a broader application 
spectrum. The surface modification of nanocellulose can be conducted 
simultaneously or following the extraction step, depending on the 
strategies employed. The surface modification route is generally 
considered via physical, chemical and biological approaches [214]. 
However, ultrasound applications are more prominent in chemical 
modification through non-covalent interactions such as those featured 

in Fig. 10(a). The roles of ultrasound and the effects of ultrasonic pa
rameters for the two categories of modification, specifically synchro
nous modification and post-modification, are discussed in the following 
sections. Table 5 summarises the ultrasonic conditions for some of the 
representative nanocellulose surface modification techniques. 

5.1. Ultrasound-assisted synchronous modification 

The synchronous modification technique for nanocellulose includes 
sulphonation and TEMPO-mediated oxidation, to which ultrasound can 
be applied to enhance both the yield and the degree of modification. 
Sulfonation is a process of esterifying the hydroxyl groups of nano
cellulose; it can occur during nanocellulose extraction via acid hydro
lysis using sulfuric acid [216]. The anchored sulfate moieties on the 
nanocellulose surface carry anionic charges, which are vital to impart 
electrostatic repulsion for stabilizing the colloids and reducing the 
interfibrillar hydrogen bonding that can help prevent hornification of 
nanocellulose upon drying [217]. To ensure particle size homogeneity, 
ultrasound assistance is usually employed at the post-reaction stage to 
disintegrate the incompletely hydrolysed fibres as well as disperse some 
agglomerated nanocellulose particles [83,119,218,219]. The improved 
particle size uniformity and colloidal stability conferred by ultrasound 
assistance are critical for permitting reproducible properties in the end 
applications. Notably, as the acid hydrolysis process needs precise 
control over the reaction conditions to avoid over-depolymerization, 
there are more crucial concerns with monitoring the extraction effi
cacy, particularly the particle size, yield, and crystallinity, over con
trolling the extent of sulphonation [220]. Accordingly, sulphonation has 
limited flexibility for charge density manipulation, and the as-produced 
sulfated nanocellulose is most often re-modified in a separate process 
after the extraction step for attaining the desirable functionalities 
[221–224]. 

TEMPO-mediated oxidation also allows the simultaneous extraction 
of nanocellulose and regioselective conversion of the hydroxyl groups at 
C6 of cellulose to carboxylate groups. As reported by Rattaz et al., ul
trasound improves the degree of functionalization remarkably, evi
denced by the increased carboxylate content of the ensuing 
nanocellulose with increasing ultrasonic intensity. A 30 % significant 
rise in the carboxylate content was also found for ultrasound-assisted 
modification compared to without ultrasound [146]. This higher de
gree of functionalization is attributed to ultrasound-induced shock 
waves and micro-jets that destroy the particles’ structure, exposing more 
functionalizable surfaces on which the carboxyl groups can be deco
rated. When investigating the effects of varying ultrasonic temperatures, 
Mishra et al. concluded an optimum temperature of 25 ̊C for maximizing 
the extent of carboxylation via TEMPO-mediated oxidation [145]. 
However, the highest possible yield was attained at a relatively lower 
ultrasonic temperature (15 ̊C) (Fig. 10(b)) [145]. This suggests a trade- 
off between the yield and degree of carboxylation. Rattaz et al. further 
confirmed that the nanocellulose yield and the carboxylate content are 
interdependent for such a synchronous modification process, suggesting 
that neither of them can be tailored separately regardless of the ultra
sonic intensity applied (Fig. 10(c)) [146]. Therefore, ultrasound appli
cation in synchronous modification of nanocellulose focuses on 
dispersion and disintegration; adjustment of ultrasonic parameters to 
optimize either the extraction or modification performance is 
challenging. 

5.2. Ultrasound-assisted post-modification 

Post-modification of nanocellulose can be achieved through various 
chemistries, but those generally involve ultrasound assistance are 
TEMPO-mediated oxidation, etherification, transesterification, silyla
tion, and grafting. Except for TEMPO-mediated oxidation primarily used 
for CNF extraction, these modification techniques accentuate solely by 
inducing hydrophobicity. Considering the intrinsic hydrophilic nature of 

Table 4 
Ultrasonic parameters and their effects on nanocellulose production.  

Parameters Effects Ref. 

Frequency Implementation of lower frequency:-  
Induces higher acoustic intensity, resulting 
in higher yield at a shorter duration 

[211] 

Power Implementation of a higher power:-  
Increases degree of surface modification, as 
evidenced by increased carboxylate content, 
benefitting the product functionalities and 
improving the dispersion-  
Improves yield and reduces operating time-  
Increases degree of fibrillation with 
insignificant effect on DP-  
Increases medium temperature at a faster 
rate, promoting fibrillation-  
Results in nanocellulose with higher WRV 
due to greater exposed surface area where 
hydroxyl groups rest on 

[14,53,212] 

Solvent Utilization of reactive medium (e.g., acid vs 
water) and/or higher concentration of the 
reactive medium:-  
Results in uniform shape and smaller size-  
Improves yield-  
Imparts functional groups on the surface 

[14] 

Temperature Implementation of higher sonication 
temperature:-  
Improves reaction kinetics, resulting in 
smaller fiber and larger exposed surface 
area-  
Increases yield and carboxylate content until 
achieving the optimum point, and then they 
decrease throughout-  
DP remains unaffected 

[64,211] 

Time Prolongation of sonication time:-  
Improves yield and crystallinity with 
increased cavitation effect, but only to an 
optimum point, and then they decrease 
throughout-  
Reduces fiber size-  
Increases WRV due to larger exposed 
surface-  
Excessively long operating duration is 
harmful to the ultrasonic probe tip 

[14,53,64,212,213]  

Solid loading Utilization of higher solid loading:-  
Causes irregular distribution of cavitation 
effect-  
Increases the number and size of 
microbubbles, which can coalesce into vapor 
clusters, perturbing the ultrasonic wave’s 
flow in the medium-  
Decreases degree of fibrillation and WRV of 
nanocellulose 

[64] 

DP, degree of polymerization; WRV, water retention value  
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nanocellulose, tuning the charge density via post-modification strategies 
to strike a desirable balance between hydrophilicity and hydrophobicity 
is critical to improving the interfacial compatibility between nano
cellulose and hydrophobic or nonpolar matrices in nanocomposites 
[223,225]. Ultrasound is an exceptional mechanical treatment that can 
facilitate post-functionalization of nanocellulose surfaces while mini
mizing alteration of structural dimensions and crystallinity owing to the 
mild mechanistic effects of cavitation. 

The post-TEMPO-mediated oxidation offers a higher degree of 
oxidation than the synchronous approach due to the absence of impu
rities in the starting material that can compete for reaction, which thus 
consumes the oxidants [226]. Unlike TEMPO-mediated oxidation that 
decorates nanocellulose with anionic moieties, etherification is a cat
ionization process entailing nucleophilic substitution of the alkali- 
activated hydroxyl groups of nanocellulose with epoxidated mole
cules. This modification agent is susceptible to degradation via hydro
lysis, which can deteriorate its cationizing capacity; therefore, strict 
control of water content in the reaction medium is essential [227]. Be
sides, nanocellulose can be modified through transesterification with 
esters to substantially increase hydrophobicity for use as coatings or 
reinforcing agents [228]. Adding acids or bases is necessary to catalyse 
this reaction [228,229]. Silylation is another promising technique for 
synthesizing superhydrophobic nanocellulose due to the high level of 
substitution it can achieve, which is attributed to the strong affinity of 

the silane coupling agents towards hydroxyl groups of cellulose even at 
room temperature [230]. Nevertheless, concentrated silane coupling 
agents can solubilize cellulose. Thus, a trade-off exists between the 
extent of silylation and the preservation of morphology that needs to be 
carefully addressed [230]. Grafting of nanocellulose can be performed 
by “grafting onto”, which covalently links polymers with nanocellulose 
and “grafting from”, which functionalizes nanocellulose with an initi
ator, after which monomers can be polymerized directly from the 
surface. 

The implementation of ultrasonic treatment can be seen at stages 
before, during, and after the surface modification step (Table 5). Unless 
modification is performed using the suspension form of nanocellulose, 
applying ultrasound before and/or during the modification process is a 
requisite for uniformly dispersing nanocellulose in the reaction mixture. 
This maximizes the accessibility of chemically active sites and facilitates 
an equally modified surface chemistry without causing degradation in 
the nanocellulose [220,222]. Besides, ultrasound can also expose more 
hydroxyl groups on the cellulose surface by cavitation disintegration, 
making them readily available for modification [220]. On the other 
hand, post-ultrasonication merely disintegrates the surface modified- 
nanocellulose to desirable particle sizes and aspect ratios, of which 
tailoring to meet specific requirements. 

In summary, ultrasonication enhances the surface modification of 
nanocellulose by exposing more hydroxyl groups for reaction through 

Fig. 10. (a) General chemical approach for the surface modification of nanocellulose [215]. (b) Carboxyl content, degree of depolymerization (DP), and yield against 
the ultrasonication temperature [145]. (c) Correlation between the yield of nanocellulose and carboxylate content [146]. 

Table 5 
Ultrasonic conditions in the surface modification of nanocellulose.  

Modification Nanocellulose type Ultrasonic Equipment Ultrasonic Conditions Ref.    

Purpose Power (W) Time (min) Freq (kHz) Temp (̊C)  

Sulphonation CNC Probe Pre-treatment 750 15 25 – [141] 
CNC Probe Post-treatment 800 5 – 45 [218] 
CNC Probe Post-treatment 400 120 24 10 [83] 
CNC Probe Post-treatment – 60 22 – [119] 
CNC Bath Post-treatment 350 15 53 – [219] 

TEMPO-mediated oxidation CNF Bath Synchronous 1000 60 170 14 [146] 
CNF Probe Post-treatment 300 20 – – [175] 
CNC Probe Post-treatment 400 30 20 – [160] 

Etherification CNF Bath Pre-treatment – 240 – – [232]   
Bath Pre-treatment 

Post-treatment 
600 
600 

240 
30 

40 
20 

65 
– 

[233] 

Transesterification CNC Probe Pre-treatment – 1 20 – [229] 
Silylation CNC Bath Pre-treatment – 20 – – [231] 
Grafting CNC Probe Pre-treatment 400 2 20 – [234]  
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dispersion and disintegration by cavitation without compromising the 
crystalline structure of nanocellulose. Eloquent evidence demonstrated 
that the degree of modification is closely associated with the concen
tration of the modification agents [146,229,231]. At the same time, the 
effects of various sonication conditions are rarely investigated, and more 
relevant studies are needed to exploit the advantageous effects of cavi
tation maximally. 

6. Challenges and recommendations 

Ultrasound irradiation has been acknowledged as a process intensi
fier for nanocellulose extraction via chemical or enzymatic treatments 
[235–237]. Owing to the intensive cavitation effects, ultrasound profi
ciently promotes defibrillation of fibers, penetration of reagents into 
fibers, homogenization of suspension, and agglomerate break-up; thus, 
resulting in overall better product properties (i.e., higher colloidal sta
bility, higher water holding capacity, higher degree of crystallinity and 
higher aspect ratio), yield enhancement, process time reduction, and 
reduction of reliance on harmful solvents. Despite holding substantial 
promises, several major hurdles need further developments to surmount 
before ultrasound technology can progress to conducive industrial-scale 
implementation. These challenges of ultrasound application, along with 
the corresponding future recommendations, are discussed in the 
following sections. 

6.1. Deterioration in nanocellulose properties and production efficiency 

Ultrasound can adversely impinge on the final nanocellulose prop
erties, such as reducing the degree of crystallinity [82,238–241]. Due to 
the non-selective mechanistic nature of the ultrasonic wave, the ordered 
cellulose structure could be deconstructed by excessive cavitation upon 
prolonged treatment and/or under high sonic intensity. The deteriora
tion in crystallinity is crucial in nanocellulose production as it is strongly 
associated with the mechanical strength and thermal stability of nano
cellulose, affecting its applicability, such as reinforcement in polymer 
matrix composites, electronics, etc. Mapping operating conditions be
tween chemical treatment and ultrasonication are thus indispensable to 
minimize physical damage to the product. 

Aside from the possible deterioration of product properties, nano
cellulose production efficiency can be negatively affected by ultrasound 
as well. The tendency of ultrasound-induced active free radicals towards 
interfering with and/or initiating secondary reactions is speculated, 
given the knowledge of their capability of oxidizing chemicals [210] and 
homolytically cleaving lignin-carbohydrate bonds in biomass [242]. 
Nonetheless, the exact mechanisms and magnitude of the influences on 
nanocellulose extraction and surface modification in chemical systems 
remain insufficiently understood compared to enzymatic systems. 
Future related studies may begin with quantifying the amount of free 
radicals generated [243] under different sonication conditions and 
monitoring the molecular and compositional changes of the used solvent 
and the ensuing nanocellulose throughout the reaction. 

On the contrary, sono-effects on the enzymatic system are well 
elucidated in many previous studies. Localized high temperatures and 
mechanical stresses generated by ultrasound potentially disrupt the 
secondary and tertiary structures of enzymes, leading to enzyme dena
turation and inactivation [244]. Beyond that, ultrasound-induced free 
radicals, which possess unpaired electrons and high reactivity, can alter 
the charge distribution on the enzyme surface, consequently damaging 
the active site geometries and causing loss of enzyme-substrate affinity 
[245]. Thus, enzyme stability under ultrasound fields becomes a limiting 
factor in their combined application for nanocellulose production. To 
improve the enzyme stability against ultrasound-induced high temper
atures and shear stresses, Martins et al. reported packing enzymes onto 
the interface of oil/water micro-emulsions. They realised that the en
zyme’s half-life was doubled when used to pretreat cotton, rendering 
substantially viable industrial implementation [246]. 

On the other hand, adding free radical scavengers like polyethylene 
glycol and polyvinyl alcohol is a direct strategy to capture free radicals 
from the medium and eliminate their pernicious effects on enzymes 
[247]. As each enzyme exhibits different tolerance levels to ultrasound 
fields [248–250], it is also possible to discern the most promising en
zymes with high tolerance to harsh environments and high productivity. 
Moreover, researchers can also engineer enzyme stability through stra
tegies such as entropic stabilization by introducing disulfide bridges into 
native enzyme structures and others, which were thoroughly reviewed 
by Eijsink et al. [251]. In summary, optimal sonochemical or enzymatic 
conditions and configurations are vital to prevent undesirable product 
degradation and efficiency reduction, ultimately leveraging the ultra
sound’s advantageous cavitation effects. 

6.2. Inability for standalone implementation 

Beyond the negative effects on nanocellulose properties and pro
duction efficiency, ultrasound application is limited to merely serving a 
supplementary role in nanocellulose extraction and surface modifica
tion. Previous works employed ultrasound simultaneously or as a post- 
treatment succeeding chemical or enzymatic treatments 
[82,239,252–258]. Despite the promise of improving production effi
ciency as well as curtailing chemical and energy consumption, the 
implementation of ultrasound-only treatment is rarely reported. It was 
advocated for the inability to stand alone in nanocellulose extraction 
from raw lignocellulosic materials. This is attributed to the recalcitrance 
of the lignin matrix, wherein at least 80 % of its removal is required to 
enable the liberation of cellulose fiber for subsequent nanofibrillation. 
This can only be effectively attained by chemical pretreatment [259]. 

On the other hand, in several attempts to use purer cellulosic sources, 
ultrasound-only treatment was reported with successful isolation of 
CNF. Nonetheless, energy-intensive application of long sonication time 
(1 h) and high temperature (60 ◦C) were needed, in addition to the need 
for frequent replacement of the horn due to its proneness to damage 
towards heavy usage [260]. In terms of performance, Wu et al. found 
that the implementation of ultrasonication at 600 W for 30 min was 
slightly more robust than both high-pressure homogenization (HPH) at 
100 MPa for three passes and 140 MPa for one pass [261]. The former 
resulted in smaller mean particle size, a lower polydispersity index, and 
a higher swelling ratio [261]. Hu et al. scrutinized the particle di
mensions and found that CNF obtained from ultrasonication-only 
treatment generally manifested longer lengths than HPH [202]. 
Longer CNFs are favourable for their reinforcing properties, but this 
result also suggests the limitation of ultrasound-only treatment for CNC 
production. The reason is that the ultrasonic transducer generates a 
relatively weaker axial shear force that can barely fragmentize cellulose 
fibers [202,203]. 

The initial concentration subjected to the ultrasound process signif
icantly affects the efficacy when using ultrasound as the standalone 
treatment. Particle size reduction of CNF was improved by increasing 
the initial suspension concentration to 1 %, and a further increase of the 
initial concentration indicated an opposite effect [202]. As an inference, 
cellulose suspension becomes more viscous at higher initial concentra
tions, tending to exert greater resistance to the flow and leading to 
poorer defibrillation efficiency [202,262]. Higher output power is thus 
required for such high loads to maintain the desired conditions of 
amplitude and intensity [263]. On the other hand, ultrasound applica
tions generally generate more heat than other mechanical treatments, 
requiring an ice bath for thermolabile samples like lignin-containing 
nanocellulose, which is susceptible to condensation at high tempera
tures. Overall, ultrasonication presents inherent inadequacy for stand
alone implementation, considering the recalcitrance of biomass, 
increased power requirement, and the consistency range effective for 
ultrasonic treatment. Thus, it is more suitable to assist with other 
treatments to achieve nanocellulose production. 
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6.3. High energy consumption 

Another major impediment to the commercial success of ultrasound 
applications is the higher energy requirements than the existing me
chanical treatments to achieve effective nanofibrillation. The average 
energy required to produce each tonne of nanocellulose through ultra
sound was reported as the highest among the existing mechanical 
treatments employed (Fig. 11). Although comparable to homogeniza
tion, several multiples of the energy of microfluidization and grinding 
render ultrasound unattractive for industrialization. This high energy 
demand is aroused by the low energy conversion efficiency from elec
trical to acoustic cavitation, which is capped below 30 % for conven
tional generators [264]. Substantial energy is dissipated as heat, 
pressure, and noise that go into waste without contributing to cavitation 
and microstreaming [264]. Gratifyingly, recent advances in piezoelec
tric transducers reduce energy loss and achieve a remarkably higher 
energy conversion efficiency of approximately 80 % [264]. This makes 
the commercial application of ultrasound more energy-efficient and, 
thus, cost-effective. High- and low-intensity ultrasonication have thus 
been commonly exercised in the food industry for emulsification, crys
tallization, cleaning, etc. [265]. Nonetheless, for nanocellulose extrac
tion, large-scale ultrasonication (20,000–20,000 kWh/tonne) consumes 
much greater energy than the laboratory scale (1760–1943 kWh/tonne) 
[252,266,267], unlike other mechanical treatments that normally show 
improved energy efficiency at large-scale [268]. This opposing phe
nomenon of ultrasound technology is possibly arising from poor scale-up 
design. The small active zone of ultrasonic equipment concentrating at 
the transducer tips requires thoughtful equipment design with adequate 
reactor geometry and transducer orientation to maximize effective 
sonication. More relevant discussions are included in the following 
section. 

Besides, current research on sonochemistry accentuates the imple
mentation of pulsing irradiation rather than classical continuous irra
diation to improve energy efficiency further. Several researchers 
reported a remarkable energy saving of more than 50 % using pulsed 
ultrasound-assisted extraction without significant difference in the 
product quality in food applications [270–272]. While pulsation dem
onstrates potential as a viable industrial option, considerable studies on 
its application in nanocellulose extraction are still needed to chalk its 
effects on product properties and production efficiency. Besides, pulsed 
ultrasonication’s disintegration and mixing effects, especially in a 
continuous system, are still in question [273]. Innovative ultra
sonication equipment design with sufficiently lesser energy loss con
tinues to be the pursuit of researchers to debottleneck ultrasound- 
assisted nanocellulose production and make the production economi
cally feasible. 

6.4. Difficulty in equipment design and process scale-up 

Nanocellulose is produced industrially by less than 20 companies 
around the globe, most of which either implement harsh chemical or 
mechanochemical treatments using the standard disintegration 

equipment (e.g., refiner) (Table 6). Strikingly, Blue Goose Biorefineries 
and America Process are distinctive. They reported adopting ultra
sonication in the post-treatment step recently to supplement their 
respective chemical processes for the production of CNC and CNF. Their 
initiatives ascertain the viability of implementing large-scale ultra
sonication for nanocellulose extraction. Nevertheless, further, develop
ment is still needed as many market analyses highlighted the high 
capital investment for current technology and lack of technical expertise 
for process optimization and scale-up as the major challenges to nano
cellulose production industry [274–277]. Concern that higher costly 
capital will become apparent for ultrasound technology since large-scale 
ultrasonic equipment is unavailable. This is because it remains difficult 
to find clear protocols and design formulas to achieve consistent and 
anticipated results due to the hard-to-predict geometric and volume 
effects that bring about unevenly distributed acoustic fields and complex 
flow patterns within ultrasonication reactors [273,278]. Notwith
standing that several ground-level research on cavitation behaviours, 
theoretical links between geometric and operating conditions, and field 
distribution have contributed to well-followed ultrasonication reactor 
design approaches, a high level of uncertainty still exists when trans
ferring the laboratory-scale results to an industrial scale, requiring 
painstaking studies using numerical modelling to minimize the design 
errors [279–281]. Therefore, customizing ultrasonic equipment for 
specific applications remains the common practice of implementing this 
technology in industries. 

Commercial sonication bath and probe are only suitable for labora
tories and pilot operations due to the inherently inhomogeneous 
acoustic field distribution and the low energy efficiency. Both effects are 

Fig. 11. Energy demand for the production of nanocellulose from various 
mechanical treatments [252,266,269]. 

Table 6 
Summary of companies involved in nanocellulose industrial production.  

Type Company Production 
capacity 
(tonne per 
year) 

Process involved Ref.a, b 

CNC CelluForce, 
Canada 

260 H2SO4 hydrolysis, 
membrane filtration, 
spray dryer 

[286]  

Alberta 
Innovates, 
Canada 

5 H2SO4 hydrolysis, 
centrifuge, membrane 
filtration, spray drying 

[286]  

U.S. Forest 
Products Lab, 
US 

3 H2SO4 hydrolysis, 
dilution, neutralization, 
ultrafiltration, reverse 
osmosis filtration, 
diafiltration 

[287]  

Anomera, 
Canada 

1 Dilute H2O2 oxidation, 
heating or UV radiation, 
centrifugation or 
diafiltration, spray 
drying 

[288]  

Blue Goose 
Biorefineries, 
Canada 

2 Transition metal- 
catalysed oxidation, 
ultrasonication 

[289] 

CNF University of 
Maine, US 

260 Mechanical disc refiner [287]  

American 
Process, US 

130 Fractionation with SO2 

and ethanol, 
mechanical treatment 
(refining, sonication, or 
microfluidization) 

[290]   

US Forest 
Products Lab, 
US 

<1 TEMPO oxidation, 
neutralization, disc 
refining, centrifugation, 
ultrafiltration, 
diafiltration, freeze- 
drying 

[286,287]  

H2SO4, sulfuric acid; H2O2, hydrogen peroxide; SO2, sulfur dioxide. aReferences 
are included for patents and journals describing the production process, where 
available. bReferences for production capacity were obtained from the TAPPI 
organization [291] and McGill University [292]. 
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more controllable when using small working volumes (Fig. 12(b, c)). A 
small active zone of ultrasonic equipment is a long-known challenge for 
its equipment design. Ultrasonic intensity vanishes exponentially as the 
waves move away from the sources [245], creating distinguished active 
and passive zones. Such uneven acoustic intensities distributed across 
the medium dwindle effective cavitation, leading to inconsistent prod
uct quality and energy wastage. In light of this, large-scale ultrasonic 
reactor designs must consider reactor geometry and transducer config
uration to ensure a well-distributed acoustic field with a broader range 
of active zone, in addition to accommodating high acoustic intensities 
and handling large throughput [210,282]. Whistle, flow cell, and tube 
reactors are more pragmatic configurations that have easier and greater 
scalability [210] (Fig. 12(a, d, e)), while flow cell and tube reactors 
offer greater effective acoustic field coverage with their multiple, 
arrayed transducers. The difference between flow cell and tube reactor is 
the installation site of transducers [283], where the former has slot-in 
transducers that confer high sono-energy output that can effectively 
intensify chemical reactions in nanocellulose production, but with 
compromise on probe tip erosion. The latter with a wall-mounted 
transducer works on the contrary and may be more suitable for pro
ducing nanocellulose in an enzymatic system, considering the enzyme 
stability, as well as for dispersing and homogenizing nanocellulose 
suspension at the post-manufacturing stage. 

Besides, problems regarding temperature control, energy transfer 
efficiency, and probe tip erosion shall be thoroughly addressed during 
process design. A better understanding of the complex relationship 
among the operating conditions, i.e., ultrasonic time, intensity, fre
quency, solids loading, etc., is also essential to fuel development towards 
optimal isolation of nanocellulose with the desired properties. Besides, 
to tackle the lack of technical expertise in sonochemistry, a close alliance 
between academic researchers and industries may benefit the industries 
by nurturing a more industry-specific skilled workforce and catalysing 
technological innovation and growth, which guarantee enhanced 
competitiveness. 

6.5. Safety and regulatory concerns 

Safety is one important aspect concerning the commercial develop
ment of nanocellulose. Safety concerns can be divided into occupational 
safety, product safety, and international safety standards. Firstly, occu
pational safety is crucial in ultrasonication due to acoustic cavitation’s 
large heat and noise generation [293,294]. Cavitation threshold should 
exist to ensure safety during irradiation; however, only limited studies 
are available on this aspect. For product safety, a report on CNC in
dicates that it could induce inflammatory effects and cytotoxicity on 
human lungs, particularly upon inhalation [295]. Nevertheless, an 
exposure limit to nanocellulose is not established yet due to insufficient 
experimental data on nanocellulose exposure simulated in environ
mental conditions that closely mimic realistic industrial practice. Lastly, 
the international safety standards for nanocellulose are still under 
development. A few bodies are involved in developing standards for 
nanocellulose, such as Working Party on Manufactured Nanomaterials 
(WPMN) established by the Organisation for Economic Co-operation 
and Development (OECD), ISO TC 229 Nanotechnologies, etc. The 

standards are coordinated under four main areas: terminology and 
nomenclature, measurement and characterization, environment, health 
and safety, and material specification [296]. 

7. Conclusion and future outlook 

Sustainable exploitation of nanocellulose has always been vilified, 
given that most established extraction methods are based on heavy use 
of corrosive and toxic chemicals. Ultrasound is an emerging technology 
that can act as a process booster for effective environmentally-friendlier 
extraction and surface modification of nanocellulose at reduced chem
ical usage, shortened process time, and improved yield, owing to the 
accelerated reaction and enzyme kinetics driven by acoustic streaming 
and cavitation. Beyond that, microjetting provides sufficient energy to 
cause nanofibrillation, indicating the capability of ultrasound to sub
stitute mechanical treatments commonly employed in the post- 
nanocellulose isolation step. Moreover, acoustic effects disintegrate, 
homogenize, and deagglomerate nanocellulose suspension less vigor
ously, lowering the chances of degrading the crystalline domains. The 
ensuing nanocellulose thus demonstrated enhanced properties, 
including higher water holding capacity, higher surface group content, a 
higher degree of crystallinity, and higher aspect ratio. The overall 
enhancement of ultrasound is far-reaching by the classical technologies 
employing chemical, enzymatic, mechanical, or any combination 
thereof. 

Nevertheless, most current research centred on using ultrasound for 
dispersion, deagglomeration, and only minimal disintegration. To un
leash the full potential of ultrasound and leverage its benefits, future 
research should focus more on extending ultrasound usage towards 
greater roles, for instance, mediating chemical extraction. Furthermore, 
ultrasound would take a primary position in facilitating the various 
greener nanocellulose production methods developed lately, which 
focus on utilizing less hazardous reactants such as dilute mineral acid, 
weak organic acid, deep eutectic solvent, etc. These greener methods 
share the common drawback of lacking robustness, by which ultrasound 
intensification can invigorate the process and contribute to a greater 
impact on sustainability. Combining ultrasound with other mechanical 
(i.e., high-pressure homogenization) or heat treatments (i.e., microwave 
irradiation) presents an upcoming trend to improve production effi
ciency further and reduce chemical reliance. 

Apart from that, the successful implementation of ultrasound for 
nanocellulose production at the industrial level still requires consider
able effort in tackling its multifaceted challenges. The way forward is to 
first delve into the mechanism of ultrasonic intensification, free radicals’ 
effects, and pulsed sonication’s effects in different chemical and enzy
matic systems to hone better fundamental understandings to buttress 
effective process design and optimization. On top of that, the parametric 
window and cause-effect relation between operating conditions and 
production efficiency need to be elucidated to allow the systematic 
development of well-rounded equipment and process scale-up guide
lines that enable energy efficiency improvement, ultrasound efficacy 
maximization, and cost-effectiveness enhancement. Besides, benefitting 
from the meteoric evolution of digital technologies, nanocellulose pro
duction with ultrasound assistance can be fused with the Internet of 

Fig. 12. (a) Whistle reactor, (b) bath reactor, (c) probe reactor, (d) flow cell reactor, and (e) tube reactor [284,285].  
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Things and artificial intelligence to alleviate real-time process moni
toring and control, thereby streamlining the production, alleviating ef
ficiency and safety, as well as reducing off-spec production. Considering 
that energy constitutes the backbone of ultrasound implementation, 
opportunities also arise with integrating heat and utilizing bioenergy (i. 
e., biogas and heat) obtained from incinerating the unreacted cellulosic 
materials to help reduce the carbon footprint of the inevitable energy 
requirement. By and large, ultrasound is a promising technology. With 
meticulous research and development, addressing the shortcomings 
highlighted can pave the way toward meeting the challenge of extract
ing bionanomaterial efficiently with innocuous mechanisms. 
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[225] M. Salajková, Nanocelluloses – surface modification and use in functional 
materials, Department of Fibre and Polymer Technology, Royal Institute of 
Technology, KTH, Stockholm, Sweden, 2012. 

[226] A. Balea, N. Merayo, E. De La Fuente, C. Negro, Á. Blanco, Assessing the influence 
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