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Nowadays, the application of ultrasound (US) energy for assisting the lignocellulosic biomass and waste mate-
rials conversion into value-added products has dramatically increased. In this sense, this review covers theo-
retical aspects, promising applications, challenges and perspectives about US and its use for biomass treatment.
The combination of US energy with a suitable reaction time, temperature and solvent contributes to the
destruction of recalcitrant lignin structure, allowing the products to be used in thermochemical and biological
process. The main mechanisms related to US propagation and impact on the fragmentation of lignocellulosic
materials, selectivity, and yield of conversion treatments are discussed. Moreover, the synergistic effects between
US and alternative green solvents with the perspective of industrial applications are investigated. The present
survey analysed the last ten years of literature, studying challenges and perspectives of US application in bio-

refinery. We were aiming to highlight value-added products and some new areas of research.

1. Introduction

Biomass is considered an alternative source for the production of
fuels, solvents, chemical building-blocks, and biopolymers. The biomass
processing enables a reduction of petroleum dependence, which may
supply the inputs necessities for the industry activities with a decrease of
environmental impacts [1]. Biomass is a common industrial residue
from food processing, wasted husks, leaves, and seeds, which have been
reported as low-cost carbon sources for biorefinery. Moreover, the use of
these residues as feedstock does not represent a competition with human
food, being an attractive alternative considering the population growth
[2,3].

The biomass processing can be performed by thermochemical,
biochemical, chemical, and physical-chemical processes [4]. Several
alternatives have been proposed to ensure efficient protocols aiming
biomass conversion, as well as to ensure the economic viability of the
biorefinery process when compared to conventional routes using non-
renewable raw materials. In thermochemical routes, the production of
biochar, or the so-called bio-crude, is considered as a potential alter-
native to most of crude oil derivatives [5]. For biochemical process, food
residues and lignocellulosic wastes have been described as viable feed-
stocks for the production of fermentable sugars and ethanol. The use of
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chemical agents that generates a selective degradation of biomass
fractions for value-added products has also been described as an
important advance for biorefinery activities [6]. The use of lignocellu-
losic wastes (e.g., discarded husks, leaves, and seeds) as feedstocks has
been widely studied to the extraction of value-added products, which
came together with the growing demand for circular economy-friendly
processes [7,8].

Despite the advances in biomass processing, several drawbacks are
still an open issue affecting the competitiveness of biomass conversion.
The heterogeneity of biomass composition, the inefficient pretreatment
steps, the lack of adequate reactors, the dependence on high tempera-
tures and elevated pressures, the need of toxic reagents in high amount,
and the loss of calorific power owing to inorganic contaminants, are
considered critical issues for the development of alternative technolo-
gies for biomass processing [9].

Ultrasound (US) energy is considered a valuable technology for in-
dustrial process intensification. The application of US in biomass pre-
treatments, lignin degradation, cellulose conversion, and increase of
sugar production by biochemical routes are some successful examples of
the use of this technology for biomass valorization [9]. When US energy
is used for assisting the biomass treatment, the main observed effects are
associated with the increase of convective forces, acoustic cavitation,
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and the production of highly reactive radicals [9,10]. In the following
sections an overview on theoretical aspects, promising applications,
challenges and perspectives about US and its use for biomass treatment
is discussed.

2. Theoretical aspects of ultrasound energy

US is classified as an acoustic wave with mechanical nature that
oscillates at frequencies above 16 kHz [11]. When US propagates in
liquid medium, cycles of compression and rarefaction can be observed
[12]. During the compression cycle the molecules of the solvent are
pushed together, whereas rarefaction cycles pull them apart [11,12]. If
the rarefaction cycle has enough energy to overcome the solvent inter-
molecular bound, a cavity is formed, which tends to be filled by the
solvent vapor and the dissolved gas present in the medium [13,14].

The application of the US wave in a liquid medium can induce
physical (heating, acoustic streaming, acoustic cavitation, and nebuli-
zation), and chemical phenomena (radicals formation). A schematic
representation about these mentioned phenomena is presented in Fig. 1.
Among them that might happen while US propagates in a liquid me-
dium, acoustic cavitation deserves a special attention.

Acoustic cavitation is observed when the US waves propagates at
specific energy and frequency in a liquid medium, where the compres-
sion and rarefaction cycles generate microbubbles containing gas and
liquid vapor [15]. When the bubbles collapse, dramatic chemical and
physical effects occur in the medium [10]. The bubble collapse can be
classified as an adiabatic compression process, which increases the
temperature in a rate of 10'° °C/s with local pressures up to 2000 atm
[16]. Depending on the conditions when bubble is created and
collapsed, the acoustic cavitation can occur in different ways, generating
stable or transient cavitation. In stable cavitation, the bubbles lifetime is
longer. In general, the bubbles are filled with gas, and them oscillate
around an equilibrium size during their growth at higher frequency
[10,15,16]. With regard to transient cavitation, the bubbles lifetime is
shorter. The bubbles are formed faster than one cycle of high intensity
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US, and the bubble collapse releases a high amount of energy (localized
high temperature and pressure) which contributes to chemical and
mechanical effects [10,15,16].

Taking into account the effects of acoustic cavitation, the main
physical effects observed due to the bubble collapse can be summarized
as micro jets, shockwaves, and micro flow that intensified the fluids
transport and further the dissolution of solid particles [17]. Chemical
effects, for instance, are attributed to the radical species generated
during bubble collapse, as a consequence of the hotspots generated by
cavitation phenomena [18]. The bubble collapse, under specific fre-
quency and energy conditions, can generate reactive radicals (eH and
oOH) that enable the use of US energy to reagents [19]. In general, when
chemical reactions are sonicated, a local increase of the reaction tem-
perature and an improved reaction rate are observed.

Taking into account biomass treatments assisted by US, bubble
collapse have been related to the reduction of the crystallinity degree of
lignocellulosic material and, consequently, making easier the lignocel-
lulosic separation, as presented throughout this review.

3. Ultrasound-assisted biomass pretreatments

Lignocellulosic materials comprise the major source of carbon pre-
sent in the surface of the earth [20]. This is the main reason that biomass
has been considered a promise alternative source for producing liquid
fuels, building blocks, and fine chemical products, in an enough amount
for complying with the actual demand of energy with moderate envi-
ronmental impact. Most of biomass valorization processes are associated
with catalytic and biological conversions, pyrolysis, and hydrothermal
treatments [21]. Although different conversion process are available, all
the processes used for the biomass valorization need a pretreatment step
to ensure the selectivity conversion with good yields [22].

The biomass pretreatments are physical, chemical, or biological steps
that aim to the separation of lignin, hemicellulose, cellulose, and inor-
ganic compounds for further processing and valorization [23].
Conventionally, cellulose and hemicellulose fractions are used as
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Fig. 1. Schematic representation about the main physico-chemical phenomena observed when a liquid medium is directly or indirectly sonicated. All the phenomena

are graphically separated for making their comprehension easier.
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feedstocks to biorefinary activities (e.g., fermentation) [24]. Lignin, for
instance, is considered a sub-product that has been used as low energy
fuel in industrial process. Some drawbacks affected the full exploitation
of lignin, among them the inhomogeneous composition and the high
energy consumption for selectively conversion/hydrolysis [24,25].

The current pretreatments are generally based on alkaline/acid hy-
drolysis, biomass extrusion, and biological treatments [26]. In alkaline
hydrolysis, the increase of the pH, contribute to the saponification of
intermolecular ester bonds between lignin, hemicellulose and cellulose
[27,28]. Acid hydrolysis, in turn, tends to solubilize the hemicellulose
fraction as xylose. In acidic medium lignin can be degraded to organic
acids, increasing the availability of the cellulose fraction for any further
process [27,28]. The biomass extrusion combines a mechanical effect
with an increase of temperature, which improves the cellulose and
hemicellulose fragmentation and increases the sugar recovery [27,28].
The biological protocols are considered the most specific among the
other pretreatments [27,28]. They can be used simultaneously or
sequentially with other pretreatments to increase the xylose and glucose
recovery from hemicellulose and cellulose fractions, respectively
[27,28].

Although the majority of the pretreatments described can present a
satisfactory efficiency, the use of large amount of reagents, long pre-
treatment times and hard conditions (e.g, high pressure and/or tem-
perature) is still a current challenge from the environmental and
economic point-of-view. On this aspect, US energy has been widely
investigated as an alternative technology to increase the efficiency of
pretreatment steps. The efficiency of US-assisted pretreatments can be
attributed to physical effects such as turbulence, micro jets, micro level
mixing, and shock waves that makes the biomass more suitable for the
subsequent process steps [29].

The major part of the studies available in the literature are dealing
with the use of US for biomass pre-treatments with horn-based systems
(direct application) operating at frequencies lower than 50 kHz. In these
works, the US effects are mainly attributed to the existence of physical
phenomena, such as shock waves, increase the mass transfer and tur-
bulence [29-31]. When the lignocellulosic material is sonicated the
accessibility and/or solubility of biomass increase in comparison to the
processes in silent conditions [29,30]. The size diameter of lignocellu-
losic materials tends to be reduced in sonochemical processes,
increasing the contact with the solvent and speeding up the conversion
[31].

Despite the physical effects, sonochemical treatments are associated
with radicals formation (eH and/or eOH) as the consequence of the
implosion of the cavitation bubbles. At low frequency (20 kHz), the
cavitation bubbles are less numerous, but larger in diameter, which
means a more intense collapse with higher mechanical energy delivered,
whereas at around 300 kHz radical formation is more intense [32]. In
biomass pretreatments, these effects are not deeply investigated owing
to the reduced penetration potential of the cavitation bubbles formed at
low frequencies [33]. In other words, the energy released from the
bubbles collapse is retained on the surface of the lignocellulosic material
making it difficult to separate the lignocellulosic fractions.

Among the pretreatments assisted with US, it is possible to observe
that the lignin removal has been the focus of several studies [29,31]. The
lignin structure is responsible for the stabilization and self-sustaining the
lignocellulosic material. It is present in a more external part of ligno-
cellulosic material (behaves as a natural protection of hemicellulose and
cellulose), being generally the fraction that comes in direct contact with
the solvent [29-31]. Since the physical effects of US are predominant in
the biomass pretreatment, the lignin removal becomes the first step in
any separation process of lignocellulosic materials [29-31]. It is
important to emphasize that lignin removal assisted with US tends to be
highly efficient with reduced time and temperature when compared to
conventional processes [29-31].

Few studies proposed the simultaneous separation of lignin, cellulose
and hemicellulose fractions. Some alternatives such as the use of ozone,
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permanganate, and sono-Fenton methods have been reported but with
long processing times or high operational costs, being not feasible for
industrial applications [34-36]. Alternatively, hybrid systems assisted
by US-energy (e.g., sonication at elevated pressure, and US-autoclaving)
are reported to increase the efficiency of pretreatment step. Considering
the literature, hybrid processes can be interesting alternatives to
biomass pretreatments [37]. A synergic effect might be observed when
US was used to acid hydrolysis process, which increased the diffusion of
sugar molecules from biomass matrix when compared to conventional
procedures for acid hydrolysis, without application of US [37].

As a consequence of sonication of the lignocellulosic biomass, the
crystallinity of cellulose fraction can be also reduced. When US waves
interact with cellulose fraction a weakening (or even delinking) of
intermolecular hydrogen bonds was observed. This reduces the organi-
zation of cellulose sheets and makes the hydrolytic process easier by
improving the accessibility, hydrophilicity, and reactivity of this frac-
tion [38,39]. However, if the delivered US is further increased, despite
the reduction in the crystallinity of the cellulose, its amorphous regions
starts to improve the polymerization degree thus leading to a more
stable structure [40]. Although controversial, it shows that US might be
used as a tool for the fragmentation and reorganization of the cellulose
fraction. Although it can be considered a clear evidence of the versatility
and potential applicability of this US, it also represents a situation that
the use of US must be carefully evaluated. Otherwise the expected effects
associated with US should not be observed.

Although the pretreatment step assisted with US has been strongly
related with separation of lignocellulosic fractions, the concept of
biomass pretreatment tends to cover a wide range, not only associated
with this aspect [29-31,38-40]. In recent years, potential alternative
feedstocks from food raw-materials have been extensively studied. The
so called “second generation feedstocks” are wastes or sub-products of
conventional routes, such as food industry waste, agricultural waste,
peels, and straws (all of them with very low acquisition costs) [41]. Up
to few years ago, these residues were not of industrial interest, and
equipment for harvest were not satisfactorily development. As a
consequence, lignocellulosic materials contaminated with metals, soil,
and ash emerged and became problems owing pipe clogging, incrusta-
tion and corrosion of industrial reactors [42,43]. Considering thermo-
chemical processes, the biomass contaminated with inorganic materials
can reduce the available calorific energy, resulting in a less energetic
process with lower efficiency [42,43].

For minimizing such problems, a step of inorganic materials removal
can be applied prior to biomass conversion. This type of process nor-
mally is associated with the use of inorganic or organic acids, and long
extraction times at relatively high temperatures [44,45]. If the step
related to the removal of soil residues, silica, ash, and metals is not
carefully performed, the demineralization process can degrade the
biomass, making unfeasible any further conversion [44,45]. The po-
tential of US energy for inorganic compounds removal is widely known,
mainly when it is used at lower frequencies (e.g., lower than 50 kHz) and
higher delivered power (e.g., 692 W L) [46]. This approach has been
already used for metals extraction from fuels, tanned waste, and car-
bonatite rocks [46-48]. In spite of this valuable application, the biomass
demineralization was poorly investigated so far, and it is expected as
valid alternative for industrial applications.

The main features of US-assisted biomass pretreatments can be
summarized as time reduction, lower process temperatures (even at
room temperature), and the possibility of working using reactor oper-
ating at atmospheric pressure (Fig. 2). The use of hybrid systems (US
combined with conventional treatments) may be a feasible alternative
for increasing the efficiency of pretreatment steps. It is worth
mentioning that a few studies reported the use of hybrid systems for
scaling the process up. It makes evident that many developments are still
necessary for allowing US-assisted pretreatment as routine in industrial
applications. Table 1 summarizes the main operational conditions and
reagents used for the US-assisted biomass pretreatment of several
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Fig. 2. Schematic representation about biomass conversion and the main features of US energy.

Table 1
Selected works using US-assisted pretreatments from biomass feedstocks.
Biomass US details (frequency, Experimental conditions Main features Ref.
nominal power and type)
Bacterial cellulose and plant 37 kHz, 150 W, bath 60 min, 25 °C, alkaline solution reduction of molecular weight and crystallinity [49]
cellulose
Bombogori 30 kHz, 100 W, horn 100 min, 35 °C, CaOH at 65% of lignin removal [50]
Arecanuthusk 2% (vv'h)
Cellulose from cotton linters 37 kHz, [a], bath 120 min, 60 °C, 10% of cellulose after US treatment possess greater cross-linker [51]
NaOH (v v'!) content judging by the loss of the cellulose fibril
structure
Cellulose from sugarcane 20 kHz, 50 W, horn 20 min, 110 °C, using 1-butyl-3-methylimida- decrease in cellulose dissolution time [52]
bagasse zolium chloride as solvent
Chili post-harvest residue 80 kHz, [a], bath 30 min, 25 °C, 2% NaOH (wt%) 44.3% of sugars [53]
Corn stover 20 kHz, 50 W, horn 180 min, 50 °C, 0.8 mol L' Na,CO5 + 1.2 mol glucose yield of 3 mg mL~?! of hydrolysate [54]
L1 Hy0,
Crotalaria juncea 50 kHz, [a], bath 300 min, 2% H,0, (wt%) 85% of lignin removal [55]
Crotalaria juncea 20 kHz, 500 W, horn 10 min, 121 °C, 1% 67% of lignin removal [56]
NaOH (wt%)
Grass 25 kHz, 260 W, horn 30 min, 35 °C, 1% HCI (wt%) increase of sugar production [57]
Kenaf core fiber 24 kHz, 35 W, horn 180 min, 25°C,2g L1 TiO5 + 0.1 mol L™ Hy0, 60% of lignin removal [58]
+ 0.1 mol L FeSO4
Microcrystalline cellulose 21-23 kHz, 800 W, horn 150 min (cycles of 2 s on/4 s off), 25°C, 0.6 mL  84.8% of lowest crystallinity of cellulose [59]
of HyO3 + 0.01 g of FeSO4-7H,0
Newspaper waste 20 kHz, 100 W, horn 70 min, 80 °C, 1 mol L'NaOH 80% of lignin removal [60]
Partheniumhysterophorus 20 kHz, 500 W, horn 15 min, 30 °C, 1.5% 64% of lignin removal [61]
NaOH (w v'l)
Rice hull 20 kHz, 500 W, horn 30 min, 90 °C, 2 mol L''NaOH 84.7% of lignin removal [62]
Rice straw 22 kHz, 200 W, horn 180 min (cycles of 2 s on/4 s off), 25 °C, 0.88 sugars yield of 7 g L'! of hydrolysate [35]
mol L'! H,0, +
0.2 mol L FeSO,4
Spent coffee waste 47 kHz, 310 W, bath 20 min, 25 °C, 4% KMnO4 (wt%) 46% of lignin removal [34]
98% of cellulose removal
Sugar cane bagasse 24 kHz, 400 W, horn 47 min, 70 °C, 3% NaOH (wt%) 82% of lignin removal [63]
Sugar cane bagasse 24 kHz, 200 W, horn 45 min, 50 °C, 2% H,S04 (wWt%) 70% of theoretical glucose yield [64]
81% of theoretical pentose yield
Sugar cane bagasse 22 kHz, 50 W, horn 5 min, ozone + 0.1 mol L NaOH 39.1% of glucose yield [65]
Sugar cane bagasse 24 kHz, 400 W, horn 60 min, 75 °C, 1% Hy0, (Wt%) 79% of lignin removal [66]
Sugar cane bagasse 24 kHz, 400 W, horn 75 min, 60 °C, 1.5% Hy0, (v v'!) + FeClj (solid: cellulose recovery of 79% [36]
liquidratioof 1:100) 94% of lignin removal
Sugar cane tops 23-45 kHz, [a], horn 30 min (60 s cycles on/off), 35 °C, 2% 66.1% of sugars [67]1
surfactant (wt%)
Wheat straw 20 kHz, 650 W, horn 30 min, 50 °C, 15% NH,OH 92% of theoretical sugar yield [68]
(wt%)
Wood waste 40 kHz, 200 W, bath [al, 30 °C, filamentous fungi 68% of lignin removal [69]

[a] data no available in the selected publication.
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feedstocks.

4. Ultrasound-assisted biomass conversion into value-added
products

The use of US has been considered an emerging field for the biomass
conversion to high value-added products, such as chemical platforms,
building blocks, fuels, etc [6]. This scenario is reinforced by the previ-
sion about crude oil and coal reservoirs decrease, which comes associ-
ated with the need for reducing the emissions related with greenhouse
gases [70]. In this way, renewable biomass has emerged as a promising
alternative for fossil-based fuels, as well for polymers, and solvents
production. Recently, the focus in biomass conversion has been reported
for producing chemical platforms that can generate several products of
industrial interest, such as ethanol, lactic acid, and levulinic acid [24].

Among the technologies used to biomass conversion, the thermo-
chemical processes have being widely employed owing the reduction of
conversion time, and the “one-pot” production of several interesting
industrial products [25,71]. Some examples of thermochemical pro-
cesses are pyrolysis, liquefaction, torrefaction, and gasification [25,71].

Biomass pyrolysis is based on biomass cracking in the absence of
oxygen at high temperatures (from 300 up to 1000 °C) [72]. Lignin,
cellulose, and hemicellulose are converted into gases and volatile
compounds [73]. Depending on the reactor residence time, they can be
also converted into condensable hydrocarbons. The liquefaction pro-
cesses produce high-quality bio-oil at high Hj pressures, and controlled
temperatures (from 250 up to 450 °C) [74]. The low oxygen content of
bio-oil contributes to their higher heating value, improving several fuel
properties [74]. Torrefaction is considered a milder pyrolysis to produce
a more energy-dense product with properties similar to coal [75].
Biomass gasification consists of a combination of pyrolysis, steam gasi-
fication, and partial oxidation [76]. The gasification generates several
products of industrial interest, such as fuels, solvents, and polymers
derivatives, leading to extremely versatile biomass conversion [76].

Another technology used to biomass conversion is the trans-
esterification reaction, widely used for biodiesel production from
vegetable oils [77]. In this process, triglycerides from vegetable oil react
with short chain alcohol (up to 4 carbons, being methanol and ethanol
the most used) for producing fatty acid alkyl esters (biodiesel) [78]. The
feasibility for producing biodiesel depends on the availability of a wide
range of feedstocks, low production costs, and viability of large-scale
production [77,78]. It is important to emphasize that the protocols
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used for oil extraction tend to use large amounts of toxic solvents,
requiring its separation prior to use, or replacement, to reduce the
environmental impact.

In spite of the several applications described in this section, the
thermochemical processes and biodiesel production demand a high
consumption of energy. High temperature, and pressure, requirements
and also the heterogeneity or seasonality of biomass are some challenges
that need to be overcome. In this sense, the US energy can be a viable
alternative for the intensification of biomass conversion. Table 2 pre-
sents some examples of biomass conversion into high value-added
chemical products, or biofuels, assisted with US energy.

As shown in Table 2, the conversion yields are strongly affected when
the medium is sonicated. The increase in the degradation rate promotes
high yield of bio-oil for some conventional pretreatments steps, such as
those based on acid or alkaline treatments. On this aspect, the use of US
might help for degrading lignin structure, promoting a partial breaking
of the glycosides bonds, even using lower reagents amount and reduced
sonication time [80-83]. When US wave pass through reaction medium
it generates shock waves, turbulence, and increase in the mass transfer,
which can explain the high efficiency observed when US energy was
applied to prior to pyrolysis [79,88].

4.1. Building blocks and chemical platforms

It has been reported the synergic effects between US energy and acid
hydrolysis for producing compounds from furanic platforms [81,83]. US
energy has shown its potential for the process intensification of biomass
conversion, contributing for environmental friendly synthetic routes
[90]. The use of a cup horn system as US-applicator, in an acid hydro-
lysis reaction with diluted acid, lead to promising yields for the synthesis
of these compounds [81,83]. In the same way, the use of ionic liquids
shown a potential alternative to toxic mineral acids in the furanic
platform synthesis [80]. These studies reported some advances in the
furanic platforms synthesis assisted by US energy [80]. The reuse of
ionic liquids and the use of even more diluted mineral acids are chal-
lenges in each research field, even without US. Although some studies
describe the beneficial effects of US for the intensification of conven-
tional processes, the use of US energy aiming biomass conversion to high
added value products has been not yet completely elucidated, with
enough space additional research.

Table 2
Selected works using US-assisted conversion from biomass feedstocks to high-value-added chemical products or biofuels.
Biomass US details (frequency, Experimental conditions Main features Ref.
nominal power and type)
Cedar wood 40 kHz, 150 W, bath 120 min, 80 °C, distilled water hydrocarbon yield of 80% (wt%) [79]

*pyrolysis pre-treatment

Glucose, cellulose and local bamboo 20 kHz, 500 W, horn

3 min, 140 °C, 2% of ionic liquid (Wt%)

Hydroxymethylfurfural yield of 43% (wt%) [80]
of glucose initial

Microcrystalline cellulose
Non-edible oils

Rice husk, sugar cane straw, yerba-

mate, grass and wood waste
Sawdust

Soybean oil
Soybean oil
Waste cooking oil

Wood chips

Zahidi seeds

20 kHz, 750 W, cup horn
35 kHz, 35 W, bath

20 kHz, 750 W, cup horn

40 kHz, 50 W, liquefaction
reactor

21.5 kHz, 600 W, pilot flow
reactor

20 and 28 kHz, 200 W, dual
horn

20 kHz, 100 W, horn

170 kHz, 1000 W, bath, step 1
40 kHz, 1000 W, bath, step 2
* pyrolysis pretreatment

24 kHz, 300 W, horn

60 min, 30 °C, 4 mol L'! HNO3 furfural yield of 22% (wt%) [81]
60 min, 59 °C, alcohol:oil molar ratio of biodiesel yield of 92% (wt%) [82]
11.68:1

60 min, 30 °C, 4 mol Lt HNO; furfural yield of 7.2% (wt%) of grass initial [83]
20 min, 98% (wt%) + PEG 400 + glycerol liquefaction yield of 91% (wt%) [84]
80:20 M ratio of alcohol/oil a flow rate of 55 mL min ! brought the [85]
Step 1: 30 min at 45 °C (mechanical stirring) reaction to completion

Step 2: 35 min at 45 °C (US)

initial temperature of 25 °C, alcohol: oil molar ~ biodiesel yield of 96% (wt%) [86]
ratio of 8:1, catalyst content 1.8%

5 min, methanol:oil molar ratio of 6:1 biodiesel yield of 90% (wt%) [871
30 min, distilled water (step 1) increase of 12% in bio-oil yield compared [88]
90 min, distilled water (step 2) to untreated wood

5 min, 60 °C, 1% (wt%) of NaOH with biodiesel yield of 96.4% (wt%) [89]

methanol:oil molar ratio of 6:1
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4.2. Extraction of vegetable oils and biofuels production

US energy has been also used to assist the production of biofuels
[91]. Concerning biodiesel production, several studies have reported
that the US irradiation contributes for increasing the interaction be-
tween alcohol and fatty acids, since it improves the mass transfer in a
such biphasic reaction [92]. Among the evaluated frequencies, the range
from 25 to 45 kHz has been reported as the most promising for the
biofuels production, mainly when US is directly delivered in the reaction
medium by means of a horn-applicator. The positive effect of US for
biofuels production has been understood as a matter of interaction of
sound wave and reaction medium. When reaction medium is sonicated,
the observed phenomena of shock-waves, micro-convection, and
acoustic cavitation can contributed for improve the homogenization,
dispersion and/or emulsification of catalysts and feedstocks [91].
Another effect related to the use of US, is the activation of chemical,
physical or biological catalysts, once the erosion and leaching of biofuels
catalysts leads to a reduction of activation energy and reaction time
improving biofuels production [91].

The extraction of vegetable oil is considered another critical step for
industrial processes. The use of large amounts of toxic organic solvents,
such as hexane or methanol, associated with protocols that tends to be
performed at high pressure and elevated temperatures, are considered
industrial challenges [91,92]. On this aspect, US energy has been also
applied in vegetable oils extraction for further biofuels production
[91,92]. Several studies reported that US energy lead to an increase in
oil yield based on faster approaches, operating at relatively milder
operational conditions of temperature, pressure, and solvents amount
when compared with processes without assistance of US energy [91,92].
The main mechanisms related to the use of US, which might contribute
for increasing the extraction procedure, are related to making easier the
migration of vegetable oil from vegetable tissue to extraction solvent,
such as sonoporation, sonocapillarity, and vegetal surface erosion [93].

The production of biofuels with the assistance of US has been re-
ported for the production at pilot scale [90-93]. Some works have
pointed that the US reactor design is the main aspect for allowing an
efficient scale up with assistance of US [91,94]. Industrial reactors
require the quantitative prediction of acoustic power dissipation, mass
transfer, and acoustic cavitation prediction [95]. The use of a single
transducer, even able to deliver high amount of localized energy, is not
considered a suitable arrangement [96]. Sound waves tend to present a
divergent behaviour while propagating, becoming less energetic when
moving away from the transducer. It represents a non-appropriate
condition for scaling up due to the formation of non-uniform cavita-
tion fields, which increase the dead ends of acoustic streaming [91,96].
Moreover, since high delivered energy is required to sonicate a pilot-
scale, the use of a single transducer represents a condition of high
transducer erosion, being a challenge for designing pilot-scale reactor
[97]. As an alternative, the use of several transducers of low-output
energy has demonstrated the efficiency of US propagation, and conse-
quently high acoustic density [96]. These beneficial effects can be
associated with the superposition of US field (constructive interference
phenomenon), resulting in an uniform cavitation field due to consecu-
tive reflections and reverberation of sound wave inside reactor, thus
resulting in the required energy efficiency [91,96,97].

Although several works have reported the use of US for biomass
conversion, its contribution for improving selectivity or yields was not
deeply elucidated. The use of alternative solvents (with emphasis on
those considered greener solvents) or milder operational conditions
already represent advances in the biomass conversion [90-95]. Despite
this, more studies are required for proving the mechanisms with enough
evidence about the US effects, as well as the scaling up feasibility. On the
other hand, the US-assisted biofuels production can be considered a
successful example of scaling up attempt. The challenges in this research
area are associated to process intensification and costs reduction
[90-95].
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5. Extraction of value-added products from biomass

The use of lignocellulosic wastes as feedstocks to the extraction of
value-added products has been widely studied, which came together
with the growing demand for circular economy-friendly processes [98].
Essential oils, polyphenols, flavonoids, and anthocyanins are examples
of value-added products for industrial activities [99-101]. The ligno-
cellulosic waste can be further valorized, thus reducing the process cost,
and generating “renewable products”. Among the process applied to
high added-values extraction from biomass it is possible to highlight the
use of conventional solid-liquid extraction, accelerated solvent, super-
critical CO, and subcritical water [102]. The main features of the
extraction protocols are presented in Fig. 3.

The conventional solid-liquid extraction consists of using organic
solvents for increasing the extraction temperature in order to enable the
extraction of high-value-added products [103-105]. Usually, this pro-
cedure is applied using methanol or ethanol as organic solvent, which
normally demands a high amount of solvents for efficient extraction
[103-105]. In industrial activities solid-liquid extraction is applied to
the extraction of several products, but the costs associated with solvents,
and the process ecotoxicity are considered a crucial drawback for
extraction method [103-105].

In view of the need for changes to the conventional solid-liquid
extraction, the accelerated solvent extraction method emerged as a
suitable alternative to the extraction protocols. When using accelerated
solvent extraction systems the organic solvent is pressurized (10 to 15
mPa), which allows a temperature increase up to the range of 200 °C,
without significant losses of high value-added products [105-107].
Additionally, the amount of organic solvent is reduced, and a conven-
tional extraction in “one-step” is substituted for several-steps with sol-
vents recycle [105-107]. With the increase in the extraction pressure
and temperature the solvent viscosity is reduced and the diffusivity
between solvent and lignocellulosic material increase, which results in
higher extraction yields [105-107].

Despite the advances in accelerated solvent extraction, the use of
organic solvents is still a challenge for extraction processes. The use of
supercritical CO5 for extraction process has been reported as an alter-
native for the extraction of high added-value products [105,108,109].
The lower thermal degradation, associated with the absence of organic
solvents, results in an eco-friendly extraction method [105,108,109].
Although supercritical CO; enables selective and efficient extraction of
apolar compounds, the high investment required and the elevated
pressure limit to few specific industrial applications [104,107,108].

Similarly, the use of subcritical water has been pointed out as a
viable alternative to the extraction of high value-added products from
biomass. In subcritical conditions, the hydrogen bonds and the dielectric
constant of water are reduced, and consequently, the water properties
become similar to those of organic solvents [105,110,111]. The main
advantage of using subcritical water for extraction protocols is the
production of water as extraction waste. So far the lack of suitable in-
dustrial reactors hamper the diffusion[104,109,110].

In all extraction methods presented in Fig. 3, the US energy could
increase the extraction yield. Among the US assisted applications for
adding value to lignocellulosic biomass, the US assisted extraction is
considered one of the most easily applicable. Table 3 presents some
examples for US application in several extraction procedures from
different biomass feedstocks.

US-assisted extraction showed reduced process time, even when
performed at low temperature [93,126]. The use of low US frequencies
(from 20 to 100 kHz) have been associated with the increase in the
extraction yield [93,103]. In this range of US frequencies, the physical
effects are more evident, and the reduction of diameter size make easier
the extraction process [93,103].

The mechanisms US-assisted extraction process, are associated with
erosion, shear forces, sonoporation, fragmentation, capillary effect and
detexturation [93]. The implosion of cavitation bubbles on the vegetable
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EXTRACTION OF VALUE-ADDED PRODUCTS FROM BIOMASS

Solid-liquid extraction

v" Extraction of high value-added products
X Solvents cost
X Process toxicity

Accelerated solvent

v" Extraction of high value-added products
v Low amount of organic solventes
v" Reduction of solvente viscosity

v' High diffusion in the lignocellulosic material

x Use of organic solvents

CO, supercritical

v" Extraction of high value-added products
v Without use of organic solvents

X High cost

X High pressure

Subcritical water

v" Extraction of high value-added products
v Production of water as extraction waste
X High cost

x High pressure

Fig. 3. Main features related to the extraction protocols without assistance of US.

surface induces the erosion of structures which increases the accessi-
bility of solvent with the vegetable materials, leading to an efficient
solubilization and consequently an increase in the extraction efficiency
[93,127]. Shear forces generates deformations and microfractures in the
vegetable structures, which increase the contact between the solvent
and the solid material [93,127].

The sonoporation is the US effect associated with the increase in the
permeability of cellular membranes [128]. At lower US frequencies, the
diffusion of solvent into cellular membrane of lignocellulosic materials
is more effective leading to higher extraction yields [128]. Some studies
reported that near to the bubble collapse the micro jets and micro flow
might modify the diffusion in cellular membranes [128].

Capillarity is an effect generated when the depth and speed of solvent
penetration in the lignocellulosic material increases during the US
application [129]. The diffusion of extracting product from cellular
membranes of lignocellulosic materials tends to be more effective due to
the higher solvent penetration rate [129]. Another important effect is
the detexturation that consists in the destruction of vegetable cells
during the US propagation which promotes the solvation and extraction
efficiency [93,127].

It is important to highlight that erosion, shear forces, sonoporation,
fragmentation, capillary effect and detexturation associated with soni-
cation, do not cover all extraction mechanisms associated with US [93].
A full understanding of mechanisms that contribute to increase the
extraction efficiency depends on the operational and physicochemical
conditions employed [93,127]. In most studies, the main limitation for
increasing the extraction efficiency are the properties of lignocellulosic
materials, and how the value-added products are linked to it.

For scaling up extraction systems, the use of continuous process, or
serial reactors, are good alternatives for industrial applications. Ultra-
sonic baths, for instance, are applied to a large amount of feedstock, but
these systems normally require mechanical agitation [93,130]. Taking
into account the use of US in extraction procedures, it is considered the
most promising research area looking for industrial applications in
relatively short time. US-assisted protocols are associated with the
reduced extraction times, as well as the possibility of working at rela-
tively milder condition of temperature when compared to protocols in
the absence of US [92,125].

Regarding to green food processing, the use of US energy in
degassing, demoulding, and cutting are described as valid alternatives
for industrial applications [131]. The use of US for degassing enables the
removal of dissolved oxygen, nitrogen or carbon dioxide at atmospheric
pressure, and without increment in the temperature, which is desirable
for the production of carbonated beverages and beers [131]. Some

authors have reported that the US vibration in demoulding procedures
ensure a complete removal of residual materials from the industrial
moulds, thus reducing the necessity of cleaning steps [131]. In cutting
procedures, the US leads to the minimization of maintenance costs and
reduction of food wastes. The main applications of US-cutting are
associated to overcome problems related to handle of fragile and het-
erogeneous food [131].

Although the feasibility of using US-assisted extraction for biomass
valorization, the overall process is strongly dependent on the avail-
ability of lignocellulosic materials. Several studies have also discussed
the effects of US energy for biomasses not considered as a waste of any
industrial process. However, the extraction protocols for biomass valo-
rization are only feasible for lignocellulosic material already considered
as waste from industrial process. Additionally, the amount of generated
waste must be enough for allowing its reuse towards circular economy
strategies [131,132]. The so-called “coproduction”, or “coextraction”
processes are going to be increasingly common for the biomass valori-
zation [132,133]. Additionally, the proposal of using a single lignocel-
lulosic material to produce several products has become the main
challenge in biomass valorization.

6. Developments based on the use of alternative ‘“green”
solvents

Recently, the use of ionic liquids (IL), deep eutectic solvents (DES),
and natural deep eutectic solvents (NADES) have been widely studied as
an alternative to the use of organic solvents to biomass valorization
[134,135]. Ionic liquids are salt, composed of a small anion and a large
organic cation that are liquids at environmental conditions [134,135].
The interest in these alternative solvents is increasing due to negligible
vapor pressure, allowing exploring several biomass valorization pro-
cesses [134,135]. Another class of solvent is the DES, which have similar
physical properties of ionic liquids, but are mixtures of compounds that
present a lower melting point when compared to the individual com-
ponents (due to the presence of hydrogen bonds) [134,135]. The most
used reagents for producing IL and DES are amides, carboxylic acids,
alcohols, choline chloride, and quaternary ammonium salts. The main
advantage of DES in comparison with IL are associated with solvent
production [134,135]. For DES the production comprises a reduced
number of process steps, absence of solvents, and low associated cost.
These aspects, associated with the high purity of the obtained product,
make this solvent a potential reagent for industrial applications
[134,135].

Despite advantages of these alternative “green” solvents, the use of
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Table 3
Some examples of US-assisted extraction of high-value-added chemical products
from biomass feedstocks.

Biomass US details Experimental Main observations Ref.
conditions
Olive leaves 24 kHz, 15 min, ~70 °C, 30.7 g of gallic acid [112]
400 W, 50% ethanol (v equivalent per g of
horn v'1) with a solid: biomass
liquid ratio of
1:20
Fresh purple 45 kHz, 40 min, 80 °C, 3.877 mg of [113]
sweet 178 W, 58% ethanol (v polyphenols per g of
potato bath v'1) with a solid: feedstock
liquid ratio of 0.293 mg of
1:20 anthocyanins per g of
feedstock
Pomegranate 23.1-30.8 25 min, 70 °C, 61.72 mg of [114]
peel kHz, 10 MPa, water polyphenols per g of
480-640 as solvent feedstock
W, horn
Fresh olives 100 kHz, 30 min, 50 °C, 7.01 mg of [115]
240 W, 80% methanol polyphenols per g of
bath (vv1)of feedstock
methanol as
solvent with a
solid:liquid
ratio of 1:22
Spent coffee 20 kHz, 34 min, 40 °C, 34 mg of polyphenols  [116]
grounds 244 W, 100% ethanol per g of feedstock
horn (vvl)as
solvent with a
solid:liquid
ratio of 1:17
Flax 30 kHz, 60 min, 25 °C, 24.01 mg of [117]
400 W, 0.2 N NaOH secoisolariciresinol
bath with a solid: diglucoside per g of
liquid ratio of feedstock
1:20
Eggplant peel 33.88 kHz, 45 min, 55 °C, 240 mg of [118]
[al, bath 55% of anthocyanins per g of
methanol (v v') feedstock
with a solid:
liquid ratio of
1:10
Jabuticaba 25 kHz, 10 min, 30 °C, 92.8 mg of [119]
peel 150 W, 46% of ethanol anthocyanins per g of
bath (v v with a feedstock
solid:liquid
ratio of 1:20
Mango peel 20 kHz, 20 min, 30 °C, The US increased [120]
750 W, 50% of ethanol than 50% of pectin
horn v v witha extraction yield
solid:liquid
ratio of 1:25
Grape pomace 24 kHz, 6 min, 10 °C, US energy load to [121]
200 W, 50% of ethanol shorter extraction
horn (v vl witha time (conventional
solid:liquid extraction 60 min)
ratio of 1:10
Grape skin 20 kHz, 9 min, 30 °C, Reduction of 51 min [122]
1000 W, 50% of ethanol in extraction time
horn (v v'l) with a
solid:liquid
ratio of 1:10
Citrus peel 60 kHz, 60 min, 15 °C, Efficiently extraction [123]
360 W, 80% of of 7 phenolic
bath methanol (vv!)  compounds of
with a solid: industrial interest
liquid ratio of
1:20
Coconut shell 25 kHz, 50 min, 30 °C, 406 mg of [124]
powder 150 W, 50% of ethanol polyphenols per
bath (v v with a extract liter
solid:liquid
ratio of 1:35
43 min, 40 °C, [125]

acid water as
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Table 3 (continued)

Biomass US details Experimental Main observations Ref.
conditions
Maritime pine 25 kHz, solvent with a 342 mg of catechin
sawdust 150 W, solid:liquid equivalent per 100 g
waste horn ratio of 1:10 of dry basis

synthetic compounds is considered a crucial issue for the development of
the eco-friendly process [134-136]. On this aspect, NADES have been
studied as an alternative to the use of synthetic compounds [137]. As
reported, the use of organic acids, amino acids, sugars, and urea ensure
the solvent efficiency with reduced toxicity and lower waste generation.

For biomass valorization, the use of alternative “green” solvents can
lead to biomass solubilization and high extraction efficiency of bioactive
compounds [138]. The synergic effects of alternative solvents and US
energy have shown a promising eco-friendly process for biomass valo-
rization [137]. Some successful examples can be highlighted, as the
production of furanic platforms in ionic liquids/US horn [80], the
extraction of bioactive compounds from grape pomace in natural deep
eutectic solvents/US horn [99], and the lignin removal from wheat
straw in deep eutectic solvents/US bath [139,140].

Several green solvents and experimental conditions have been used
for biomass treatments. The use of lower amounts of organic solvents
associated with high efficiency in biomass solubilization generates
favourable conditions for in the potential scaling up to industrial ap-
plications. Nevertheless the development of suitable purification pro-
cedures and solvents recycling remain a priority [99]. Solvents recovery,
can be achieved by liquid-liquid extraction (using organic solvents), and
solid-liquid extraction (using resins and adsorbents) [134,135,141]. A
big effort is running in this direction for biomass valorization at indus-
trial scale.

7. Challenges and perspectives

The modern lifestyle has demanded a growing amount of energy and
chemical products as feedstocks for several industrial processes. Despite
this growing trend being associated with industrialization patterns, it is
dependent on non-renewable fossil fuels, which are gradually depleting
the reservoirs. Residual biomass has been considered for gradually
replacing the current industrial and energetic dependency on fossil fuels.
However, this goal could be achieved only by means of highly efficient
and economically sustainable conversion processes. In this way, residual
biomass has become a very attractive alternative because the low cost,
and the lack of ethical conflict with food availability. Unfortunately, the
technology for biomass conversion is not ready to replace conventional
protocols, based on finite feedstock. It happens because the conversion
process of biomass is strongly dependent on its composition, physical
characteristic, being normally able to convert only one defined kind of
biomass.

Currently, US technology deserves a special attention due to the
efficient and selective conversions observed. The advances in the US-
assisted processing of several lignocellulosic materials improve their
conversion to biofuels, fine chemicals, chemical building blocks, and
solvents. The main responsible for increasing the efficiency in biomass
valorization processes assisted by US are those effects related with
acoustic cavitation (as microbubble implosion, local hotspots, high-
speed microjets, and strong shockwaves). Additionally, sonoporation,
sonocapillarity, and sonoerosion are also observed when lignocellulosic
biomass is sonicated, which contributes for reducing cellulose crystal-
linity, solubilization of lignin, and the extraction protocols. Moreover,
operational conditions (solvent concentration, solid/liquid ratio etc.)
and reaction rates, can be dramatically improved by US-assisted
processes.

Despite US has been mainly used in the pretreatment step, its
application in the conversion process, alone or combined with other
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technologies, has arouse interest the scientific community.
Sonochemical-assisted hydrolysis, pyrolysis, biochemical/hydrothermal
conversion, among others, showed a higher efficiency. Although the
industrial application of US is not yet fully exploited the new advances in
R&D developments represents a glimpse on the amazing potential.
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