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Abstract: Currently, in a context of biorefinery and bioeconomy, lignocellulosic biomass is increasingly used
to produce biofuels, biochemicals and value-added products. Microwaves and ultrasounds are emerging
techniques that enable efficient and environmentally more sustainable routes in the transformation of
lignocellulosic biomass. This review is divided into four parts. In Part I, the theoretical foundations of
microwaves and ultrasounds are revisited. Dielectric constants for biomass, factors that influence pre-
treatment, are some of the subjects addressed. In Part II, the effects that these technologies have on
lignocellulosic biomass (on the size and surface area of the particle; on the content of lignin, hemicellulose and
cellulose; on the crystallinity index of cellulose; on the effect of solubilization of organic matter; on hydrolysis
and reduction of sugars) are analyzed. In Part III, emphasis is given on how microwaves and ultrasounds can
contribute to the achievement of value-added products. In this context, several examples of liquefactions and
extractions are presented. Part IV describes examples of sonocatalysis of lignocellulosic biomass to obtain
value-added products such as for instancethe production of furfural, which is significantly reduced by
ultrasound.

Keywords: microwaves; ultrasounds; lignocellulosic biomass; pretreatments; sonochemistry

1. Introduction

Lignocellulosic biomass is the most abundant resource in the world. The availability of non-food
biomass is estimated to be 170 — 200 x 109 tons per day [1]. In the current context of biorefinery and
bioeconomy, lignocellulosic biomass is increasingly used to obtain various alternative products to
those of petroleum origin, namely biofuels, biochemicals and value-added products. Lignocellulosic
biomass has a compact and robust structure that has been developed to acquire natural resistance in
cell walls and protect itself from external attacks, microbes, and enzymes. This resistance is called
biomass recalcitrance [2-5]. Due to recalcitrance, lignocellulosic biomass must be pre-treated before
being used for the synthesis of new bio-based products or biofuels. The goal of these pretreatments
is to deconstruct the compact and recalcitrant structure of lignocellulosic biomass [3,5-7].

Pre-treatments can be subdivided into four categories, depending on the approach: 1-physical:
mechanical extrusion, grinding, microwave, ultrasound, pyrolysis and pulsed electric field, 2-
chemical: acid, alkaline, ozonolysis, organosolv, ionic liquids, deep eutectic solvents, 3-physical
chemicals: steam explosion, liquid hot water, wet oxidation, pretreatment with sulfite to recover
lignocellulosic recalcitrance (SPORL), carbon dioxide explosion, and ammonia fiber explosion
(AFEX) or 4- biological: enzymatic, microbial and fungal [3,6,8-13]. Depending on the type of

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.



https://doi.org/10.20944/preprints202310.1316.v1
http://creativecommons.org/licenses/by/4.0/

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 21 October 2023 doi:10.20944/preprints202310.1316.v1

biomass, the most appropriate pretreatment is selected. Often, it is necessary to do a hybrid
pretreatment, that is, a pretreatment that results from the combination between different types of
pretreatments [8]. Each pre-treatment has its drawbacks. Numerous studies have been published that
describe, in detail, the specific drawbacks of each of the pretreatments (physical, chemical, physical-
chemical, or biological)[2,13-16]. It should be noted that despite the large number of publications on
the advantages and disadvantages of different types of pre-treatments, when applied to
lignocellulosic biomass no pre-treatment was identified as being the best of all [15,16]. Nor would
this be possible, because as it will be discuss, the results of a pretreatment vary from biomass to
biomass.

Currently, with the development of the biorefinery and the circular bioeconomy, new pre-
treatment routes for lignocellulosic biomass are being obtained that are in accordance with the
principles of Green Chemistry[14,15]. In this context, processes and routes are researched that
simultaneously obey four requirements: do not consume too much energy; do not use toxic or
dangerous solvents; minimize waste and are economically profitable [14,15]. In the search for
approaches that comply with these requirements, many studies on pretreatments for lignocellulosic
biomass have been published. Recent publications mention as emerging technologies for the
pretreatment of lignocellulosic biomass the following: ultrasound, microwaves, electron beams,
gamma rays, high pressure homogenization, high hydrostatic pressure treatment and also the pulsed
electric field [15,17,18].

This work focuses on the application of microwaves and ultrasounds as emerging techniques
for lignocellulosic materials. Still, there are many challenges to the use of these technologies to
lignocellulosic biomass on an industrial scale. However, it should be noted that ultrasounds have
already been used in the food industry for several years [19].

This work is structured in four parts. In Part I, the basic principles of microwave radiation and
ultrasound are presented. With regard to microwave technology, an approach is made to its basic
principles; the distinction between conventional and microwave heating; the description of the
heating mechanisms, by microwave; exploiting the advantages and disadvantages of this type of
heating; the exploration of the behavior of lignocellulosic biomass when subjected to microwave
radiation; the factors that influence the dielectric parameters of biomass; as well as the discussion of
issues to consider in a microwave pretreatment for lignocellulosic biomass are some of the subjects
exposed. Regarding ultrasound, the phenomenon of cavitation is described, the physical and
chemical effects of cavitation on lignocellulosic biomass are discussed, and the parameters to be
considered in an ultrasonic treatment are discussed. Part II presents the main effects of microwave
radiation and ultrasound on lignocellulosic biomass, and there are also some examples of stand-alone
or combined pre-treatments in which these effects have been evaluated. In the selection of these
examples, the criterion was to present, in addition to autonomous pre-treatments, the combined ones,
which use microwaves or ultrasounds, also to select pre-treatments of various categories (which use
acids, alkaline solutions, ionic liquids, ammonia, without vapor explosion, among others), to give an
overview of the applicability of these two emerging technologies to various routes. In this part, the
effects that microwaves and ultrasounds have on lignocellulosic biomass are discussed, namely: on
the size and surface area of the particle; lignin, hemicellulose, and cellulose content; in the cellulose
crystallinity index; the effect of solubilization of organic matter and the hydrolysis and reduction of
sugars. In Part III, emphasis was placed on how microwaves and ultrasounds can contribute to the
production of value-added products from lignocellulosic biomass. In this part, several examples of
liquefactions (under moderate conditions, pressure, and temperature) and solvent extractions in
which microwaves and ultrasounds were used are presented. Only examples of extractions that have
the common objective of obtaining phenolic compounds from lignocellulosic biomass are presented.
Finally, in Part IV, the main sonocatalysis involved in obtaining value-added products from
lignocellulosic biomass are presented. The examples presented are laboratory bench studies that are
being developed, to then be implemented on a pilot scale and then on an industrial scale. The
objective of this work was to gather a set of studies and conclusions on the application of microwaves
and/or ultrasounds in lignocellulosic materials. This review presents: 1) dielectric constants, dielectric
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losses, tangents of electrical losses and depths of penetration, of microwaves, for various
lignocellulosic biomasses, for example: for seeds of Karanja [20]; 2) microwave-assisted liquefactions,
by ultrasonic or hybrid (assisted simultaneously by microwaves and ultrasounds) carried out with
lignocellulosic biomass for the preparation of value-added products, for example: liquefaction,
assisted by microwave, made to bamboo sawdust, to obtain a polyol, for subsequent preparation of
polyurethane foams, which was carried out in 8 minutes and with a yield of 78% [21]; 3) microwave-
assisted, ultrasonic or hybrid extractions, performed with lignocellulosic biomass, for the extraction
of phenolic compounds for example, microwave-assisted extraction of phenolic compounds from
coriander leaves is carried out in 4 minutes [22]; 4) sonocatalysis reactions performed on
lignocellulosic biomass for the preparation of value-added products. A several examples of the
synthesis of 5-hydroxymethylfurfural (5-HMF) are cited for this purpose, one of which starts from
banana peels [23].

2. Basic principles of microwaves and ultrasounds (Part I)

2.1. Microwaves radiation

Microwave radiations are non-ionizing radiations that in the electromagnetic spectrum lie
between radio waves and infrared. Microwaves, like all electromagnetic waves, are composed of two
fields perpendicular to each other, the electric and magnetic fields, which oscillate in the frequency
range from 300 GHz to 300 MHz, which corresponds to the wavelength of 1 mm and 1m, respectively
[25,26]. These radiations are classified as non-ionizing, because they do not have enough energy to
remove electrons, from the molecules or atoms, on which they fall, and can only increase their kinetic
energy, which translates into an increase in temperature [24].

The microwave radiations used at the industrial level have the frequency 915 MHz, which allows
a more uniform heating and a transformation efficiency into heat of 85% [24,25]. For the common
microwave kitchen ovens, the frequency normally used is 2.45 GHz and its efficiency is 50% [24,25].
Most microwave reactors used for chemical synthesis, too, are 2.45 GHz [25]. Microwave photons are
non-ionizing because they are low in energy, unlike gamma-ray or X-ray photons that are ionizing.
In the literature, the value 0.09 cal/mol and 0.23 cal/mol are mentioned for the energy of microwave
photons of frequencies 915 MHz and 2.45 Hz, respectively [26]. In the literature is indicated the value
0.03 Kcal / mol, for the energy of photons of microwave radiations, it is also pointed out that the
energy of chemical bonds varies between 20 to 50 Kcal / mol [8]. The comparison of these values
shows why microwaves are non-ionizing.

From a historical point of view, it is important to note that microwaves began to be used in
industrial applications around the year 1980 [8,27]. And it was 1949 that Engineer Percy L. Spencer
discovered that microwave radiation can heat materials [8,14]. But the first theory about the
interaction of microwaves with matter was elaborated, around the year 1954, by Von Hippel [8,14].

2.1.1. Conventional heating and microwave heating

There are several differences between conventional heating and microwave heating. In
conventional heating, the wall of the container is heated first, and only then is the material inside it
heated (according to profile A, from Figure 1). In microwave heating, the process is reversed, first
heating the interior of the material (according to profile B, Figure 1).
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Figure 1. Representation of: A - Conventional heating profile; B - Microwave heating profile.

There are several studies that mention the advantages of heating, of lignocellulosic biomass, by
microwave, compared to conventional heating [8,15,26,28-30]. Table 1 summarizes some of these

advantages.

Table 1. Advantages of microwave heating compared to conventional heating.

Advantage of microwave heating

In microwave heating there is no physical
contact between the material to be heated and
Non-contact heating the heat source. This prevents overheating of
the material surfaces.

In conventional heating, the energy
consumption is higher since part of the

Lower power consumption . .
P P energy is used to heat the container.

In conventional heating, heating is slower.

Fast heating
The microwave heating container is non-
Lower heat losses conductive.
In conventional heating, reaction times are
Shorter reaction times longer.
In conventional heating, the heating is
Volumetric heating superficial.
Microwave heating can be turned off
Better level of control immediately.

In microwave heating, there is low formation
Better product yield of collateral products.
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In microwave heating, the maximum
temperature reached is not limited by the

Allows overheating of the material boiling point of the substance to be heated.

In microwave heating, moisture loss from the
Improved moisture reduction surface of the material first occurs.

However, the heating of lignocellulosic biomass by microwave incidence also has
disadvantages. The existence of materials that have low absorption, the presence of materials whose
dielectric properties change with temperature, and the occurrence of heterogeneous materials (in
composition, shape and/or size range), are some of these disadvantages. The existence of
heterogenous materials has as a consequence the differentiated absorption of heat, and then a local
overheating and the formation of the so-called "hot spots" can occur [8,14,24,26]. This phenomenon
of the formation of "hot spots" can be minimized by increasing the size of the cavity, working at a
higher frequency or by coupling an agitator/turntable [24].

2.1.2. Microwave heating mechanisms

Microwave heating is a non-contact energy transfer process that can be accomplished by two
distinct mechanisms: dipole rotation and ion conduction (Figure 2)[8,14,25].

Figure 2. Illustration of microwave heating mechanisms: A- Dipolar rotation mechanism - Polar
molecules; B- Ionic driving mechanism - Ions.

In the case of polar molecules, these molecules have a tendency to orient according to the
alternating electric field of the microwave radiation, and this generates heat due to rotation, as it
causes friction and collision between the molecules [8,14,25]. This mechanism is called dipole rotation
(Figure 2-A). This mechanism occurs in polar molecules that have permanent dipoles, but also in
molecules with induced dipoles [25]. In the case of ions, the interaction with the alternating electric
field causes these charged particles to move, constantly changing direction, that is, they move back
and forth, which has as a consequence a local increase in temperature, due to friction and collision
between the ions [8,14,25]. This mechanism is called ion conduction heating (Figure 2-B). This ion
conduction mechanism has more influence on heat generation than the dipole rotation mechanism
[25]. It should be pointed out that the electric field is called alternating, because its direction is
constantly changing. For a frequency of 2.45 GHz, the direction of the electric field oscillates about
4.9 billion times, every second [28].

2.1.3. Behaviour of materials in relation to microwave radiation

To evaluate the behavior of materials in the face of microwave radiation, there are three
parameters: the dielectric constant (¢), the dielectric loss (&), and the dielectric loss tangent (tan § =

)
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The dielectric constant (&’), relates to the ability of molecules to be polarized by an electric field.
In other words, it is about the ability to store electromagnetic energy [2,25,29]. This quantity depends
on the molecular mass and geometry of the molecule [8].

Dielectric loss (), measures the ability of a material to convert energy into heat [2,25,29]. The
lower the dielectric loss for a material, the lower its ability to absorb microwaves [26,27]. The &~
decreases with increasing temperature [8,26].The fact that the electrical loss decreases with
temperature makes this parameter possible to be modified by changing the temperature [8].

The dielectric loss tangent (tan &) results from the mathematical relationship between these
properties so is a dimensionless parameter. Reveals the ability of a material to be heated by
microwave [8,25]. If this parameter is null it means that this material does not heat up with the
incidence of microwave radiation [8,26,30].

According to the behavior of the materials in the face of microwave incidence, the materials can
be classified into three categories: dielectric, conductive and non-conductive [8,26,30]. Table 2
presents the characteristics, the dielectric loss tangent and examples, for conductive, non-conductive
and dielectric materials.

Table 2. Classification of materials: in conductors, non-conductors, and dielectrics.

Materials Characteristics tan 6 Examples

They cannot be penetrated by
Conductive microwaves. tan 6§ < 0.1 Metals
They reflect the microwaves.

They are microwave transparent and Glass
have low or zero dielectric loss. Teflon
Non-conductive They are the materials for the 0.1 <tan § < 0.5 | Ceramics
construction of containers for microwave Quartz
heating. Air
. . . Water
Dielectric (or They absorb microwaves. tan 5> 05 Methanol

absorbers)  [They are ideal to be heated by microwave

Carbon

According to the literature, lignocellulosic biomass can be classified as a low-loss dielectric
material, which in other words, means that biomass absorbs microwave radiation, but with some
difficulties [25,29].

Another important parameter, which reveals the behavior of a material affected by microwave
radiation, is the depth of penetration, Dy This parameter estimates how deep microwave radiation
reaches a given material and can be predicted by the following expression [29].

4o
2m(2 )05

Dp= {[1 + (tan §)?]°5-1 }705

(Ao- is microwave wavelength in free space)

For water the depth of penetration is 1.4 cm, at temperature 25 <C, but increasing the temperature
to 90 <, increases it to 5.7 cm (maintaining frequency of 2.45 GHz and temperature of 25 <C [25].

2.1.4. Behavior of lignocellulosic biomass in relation to microwave radiation

The behavior of lignocellulosic biomass in the face of microwave radiation depends, as
mentioned earlier, on the parameters: &,¢”, tan 6 and Dp.

It is therefore essential to know the values of these parameters for lignocellulosic biomass when
applying a microwave treatment. In the literature, there are examples of evaluation of these
parameters for the various biomass, for examples: palm bark and fibers [28]; empty fruit bunches
[31]; tropical wood [32]; banana fibers with polyurethane [33]; pinewood blocks [30]; and pinewood
and arabica coffee [34]; hay [35] and karanja seeds [20]. Table 3 shows the dielectric constants,
dielectric losses, dielectric loss tangents and depths of microwave penetration for various biomasses.
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Table 3. Dielectric constants, dielectric losses, dielectric loss tangents and depths of microwave
penetration, for various biomasses.

D Frequencies
Biomass e & tan & (cni) and Reference
temperature
Tropical wood 2.08 0.1849 | 0.0954 - |82t012.4 GHz [32]
Banana fibers with | 137 26 1kHz
0 [33]
polyurethane 30%
Empty fruit bunch | 6.4 1.9 0.3 3.5 2.45 GHz, 27 [31]
(18 wt% moisture) °C
Empty fruit bunch | 3.5 0.47 0.13 2.45 GHz, 500
char °C [31]
2.7 . 245 GHZzZ, 17
Pinewood 0.53 59 > (2 C ! [30]
Oil palm fiber 1.99 0.16 0.08 248 |2.45GHZ, 500 (28]
°C
Oil palm 2.76 0.35 0.12 13.4 | 2.45 GHz, 500
oC (28]
Oil palm char 2.83 0.23 0.08 206 |245 Cilélz, 500 [28]
Hay 0,02 |245 GOHZ, 700 [35]
C
Pinewood 13.4 0.08 0.006 0.2 2.45 GHZ, 25
oC [34]
Arabica coffee 26.8 3.14 0.117 0.5 2.45 GHZ, 25
o [34]
C
Wood 0.11 [20]
Fir plywood 0.01-0.05 [20]
1.3 1,26 | 0.1t03.0GHz
Karanja seeds at room [20]
temperature

As shown by the examples in Table 3, the dielectric properties vary according to the type of
biomass.

These dielectric parameters are not constants, depend on temperature [27]. Regarding the loss
tangents, for the various biomass presented in Table 3, it is necessary to highlight that of Karanja
seeds [20]. These seeds exhibit the value of 1.3 for the dielectric loss tangent (tand) (at 2.45 GHz). This
value is the highest known loss tangent value for lignocellulosic biomass. This makes this biomass
ideal to be used in microwave pyrolysis for biodiesel production and alsobecause these seeds are not
edible.

The values of the dielectric constants of biomass depend on its humidity. The values of the
dielectric parameters relative to the empty fruit bunch, in Table 3, are for 18% of humidity [31]. But
if the moisture of the empty fruit cluster, instead of 18 % is 64%, the dielectric constant and the
dielectric loss tangent change from 6.4 to 57.4 and from 1.9 to 18.6, respectively.

There are several studies on the dielectric parameters of biomass. In one study, researchers
Salema et al. measured the dielectric properties of five different agricultural and forest residues (palm
bark, empty fruit cluster, coconut husk, rice husk and wood sawdust) from room temperature to
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approximately 700 °C [29]. This study mentions that the dielectric constants decrease slightly during
the drying phase (from 24 to 200 °C); during pyrolysis the dielectric constants continue to decrease
(from 200 to 450 °C), but after 450 °C, the dielectric constants increase significantly. These researchers
concluded that the dielectric constants depend on the type of biomass and vary during drying and
pyrolysis, as theys vary non-linearly with temperature.

In another study, the parameters & and tan d were measured for different lignocellulosic fibers
(residual lemon, medlar, palm and olive leaves), for a frequency range from 10 Hz to 8 MHz, and the
following conclusions were reached: with the increase frequency of the microwaves, the dielectric
constant decreases, but the loss tangent only decreases, until it reaches a minimum and then remains
constant [36]. It was verified that all fibers exhibited the same behavior. This work was quite
innovative, as it was the first time that these dielectric parameters were measured for lignocellulosic
fibers, at room temperature with a frequency of 10 Hz to 8 MHz, for peak voltage 1 V, and from 10
Hz to 100 KHz for peak voltage 5 V. It was concluded that these dielectric parameters depend, in a
marked way, on the frequency. These researchers subdivided dielectric materials into four categories,
namely: homogeneous (when the electrical properties are independent of position); dispersives
(when the electrical properties depend on the frequency variations of the electric field); isotropic
(when they are not affected by the direction of the applied electric field) and linear (when they are
independent of the strength of the applied electric field [36]. They classify lignocellulosic biomass as
a dispersive material, with a good degree of homogeneity and linearity.

In the treatment of lignocellulosic biomass solvents are usually used. A group of researchers
studied the incidence of microwaves in water, acidic water, alkaline water and an ethanol-water
mixture and concluded that the best solvent for the absorption of microwave radiation is water [37].
In fact, it is known that the presence of water inside the materials facilitates their heating and that
humidity influences the dielectric properties, as it influences the Dp [8].

It is also important to know the parameters: ¢, e”,tan d, of the solvents used in the treatments,
assisted by microwaves. Therefore, the values of the dielectric parameters are indicated in Table 4.

Table 4. Dielectric constants (€’), dielectric losses (€”), dielectric loss tangent (tan ), for some
solvents usually used in the treatments of lignocellulosic biomass (2.45 GHz and at room temperature)
[27].

Solvent & g tan
Water 80.4 0.123 9.889
Ethylene glycol | 37.0 6.079 0.161
Methanol 32.6 | 21.483 0.856
Ethanol 24.3 | 22.866 0.941

The higher the tan 0, the more polar is the solvent and the more easily it heats up, by the action
of microwaves. The analysis of Table 4 shows that water is the best microwave absorber (as
previously mentioned). In microwave-assisted pretreatments, usually applied to lignocellulosic
biomass, the most commonly used solvents are: water; acid solutions; base solutions; deep eutectic
solvents and ionic liquids (as it will be seen later)[38]. For these solvents, before being used, it is
advisable to know the dielectric parameters.

2.1.5. Microwave absorbing materials to add to lignocellulosic biomass

Since lignocellulosic biomass does not absorb microwave radiation well [29], microwave-
absorbing materials, that is, materials with high tan 9, should be added to the biomass, such as, for
example, before pyrolysis is carried out [25]. Microwave-absorbing materials are carbon-based solid
materials and metal oxides. In the category of metal oxides, the most used are: CuO, MgO, Fe20s, Al
Os and SiOz2and in the category of carbon-based solid materials the most common are coal, activated
carbon, coke, graphite and silica carbide (5iC) [25,31,39,40].
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Microwave-assisted pyrolysis is not the subject of this review. However, for a better
understanding of the behavior of lignocellulosic biomass when subjected to microwaves, the
advantages and disadvantages of these two types of microwave-absorbing materials are presented
below.

With regard to carbon-based solid materials, the researchers point to three advantages, namely:
1) the increased absorption capacity of microwaves of bulk materials; 2) increased heat transmission
to surrounding materials; 3) Increased heating rate, to low microwave powers [25]. Carbon-based
solids are good microwave absorbers, so they have high Dp values when compared to metals.
Activated carbon, for example, has Dp of 0.7 to 3.43 cm and for silver has Dp is 1.3 um (values for
frequency 2.45 GHz and room temperature [25]. As for the disadvantages of adding carbon-based
solid materials they can influence yields and alter the products you want to obtain [25].

Adding metal oxides to lignocellulosic biomass to make it more microwave-absorbing also has
advantages. Three advantages are mentioned in the literature, namely: 1) the increase in the
absorption capacity of microwaves; 2) increasing the rate of warming and 3) "improving the
devolatilization" of biomass [25].

Comparing carbon-based solids to metal oxides with materials, researchers report that metal
oxides can affect the quality of the product obtained by pyrolysis [25] and carbon-based solids are
preferable because they mix better and more evenly with biomass [39].

2.1.6. Factors to consider in a microwave pretreatment for lignocellulosic biomass

As was evident in the previous sections of this review, there are several factors that affect the
heating of lignocellulosic biomass when subjected to microwaves, so these factors should be studied
in detail beforehand. Prior knowledge of dielectric properties (&,e”,tan 6 and Dp ) of the
lignocellulosic biomass is important not only for a better understanding of the microwave heating
process, but also for a proper sizing for the necessary equipment [29]. A recent review summarizes
seven factors that affect the heating of lignocellulosic biomass by microwaves, namely: 1) the
dynamics of dipole biomass molecules; 2) the composition and size of the biomass; 3) the induction
current of magnetic materials present in the biomass and the ionic conduction of electrolytes; 4)
reaction time (residence time) and heating rate; (5) the moisture content of the biomass; 6) the power
of the microwave and 7) the depth of penetration [3]. Therefore, in the selection of a microwave
pretreatment, or in the sizing of a microwave equipment, these are the variables to be considered.

Being several factors that influence the behavior of lignocellulosic biomass, when subjected to
microwave radiation, and these factors being interconnected with each other, it becomes difficult to
find the best conditions, for a given pre-treatment, by microwave. In order to overcome this barrier,
a a computer simulation, on the Comsol Multiphysics platform, with Maxwell's mathematical
equations and the heat transfer equation was recently developed, to simulate microwave heating for
three types of lignocellulosic biomass: sugarcane bagasse, palm oil and green algae [26]. The goal was
to find the best conditions for microwave pretreatment for the three types of biomass, and they
concluded that these conditions depend on temperature, humidity (from 20 to 80 %), volume (from
105 to 100x10° m?) and the shape of these samples (cylindrical or spherical). This work allowed to
reach several conclusions, namely: 1- the selection of the microwave power is fundamental to find
the best conditions (temperature, humidity, volume and shape of the sample) 2- so that there is a
homogeneous temperature distribution profile inside the sample, the sample size and the penetration
depth (Dp) have to have dimensions of the same order of magnitude; 3- materials with high values
of dielectric constants (&) and dielectric losses (e-) will have low penetration depth values (Dp); 4-
The distribution of the electric field depends on the geometry of the sample, the humidity and also
the type of biomass and 5- the power absorbed by the sample increases with its volume, but decreases
with the quotient its surface/volume.

2.1.7. The reasons justifying microwave absorption and lignocellulosic biomass recalcitrance

As already discussed, lignocellulosic biomass is a dielectric material, that is, it absorbs
microwaves. The main reasons that justify the absorption of microwaves by lignocellulosic biomass
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are the presence of water and the polarity of the macromolecules that make up the biomass (cellulose,
hemicellulose and lignin). With regard to polarity, it is the polarity of the macromolecules from the
biomass that leads to their heating, when microwave radiation falls on these macromolecules (dipole
rotation mechanism, already discussed earlier).

It is important to emphasize that the polarity of the constituent macromolecules of biomass is
due, in part, to hydroxyl groups (OH-) [8,14]. These hydroxyl groups establish hydrogen bonds,
within the polymers of the biomass, but also between these polymers (intrapolymer and interpolymer
bonds, respectively) [5]. It is the set of all these cross-links, intrapolymers and interpolymers, that
gives robustness to the lignocellulosic biomass and makes it recalcitrant, that is, difficult to

deconstruct (Table 5).

Table 5. Hydrogen bonds, intrapolymer and interpolymer, in lignocellulosic biomass (taken from Roy

et al., 2020).
Cross linkages ng;:]:f Polymers involved
Ether Lignin, cellulose, hemicellulose
Intrapolymer Esther Hemicellulose
Hydrogen Cellulose
C-C Lignin
Ether Lignin-cellulose
Ether Lignin-hemicellulose
Interpolymer Esther Lignin-hemicellulose
Hydrogen Cellulose-hemicellulose
Lignin- cellulose
Lignin- hemicellulose

The lignocellulosic biomass has a cross-linked and complex structure that gives it recalcitrance,
in a review, the researchers listed the factors responsible for the recalcitrance of biomass, namely: the
crystallinity of cellulose, the degree of polymerization, the size of the particle, the size and volume of
the pores, the accessible surface area and the complexity of the components of the biomass [5]. Before
lignocellulosic biomass is used in the synthesis of bio-based products or biofuels, it has to be
deconstructed, and this is the main function of any pre-treatment (Part II). The deconstruction of
lignocellulosic biomass by incidence of microwave radiation is possible because microwaves force
the dipole macromolecules of biomass to align with the oscillating electric field, which results in the
rupture of hydrogen bonds and the breakdown of cell walls [40].

2.2. Ultrasounds and two categories of ultrasounds

The sounds of the sound spectrum can be classified, according to frequency (f), into three groups:
infrasounds (f < 20 HZ), audible sounds (20 Hz < f < 20 kHz) and ultrassouns (f > 20 kHz). In turn,
ultrasounds can be subdivided into two categories: 1) low to medium frequency waves (20 - 100 kHz)
also, called "power ultrasounds" and 2) High frequency waves (3 - 10 MHz), also, called "diagnostic
ultrasounds". Table 6 summarizes some of the main differences between the two categories of
ultrasonics [27,41,42].

Table 6. Some properties of the two categories of ultrasounds.

Low and medium frequency waves High frequency waves
20 kHz < f <100 kHz 3MHz< f <10 MHz
Have high power Have low power
Suffer cavitation Do not suffer cavitation
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They influence the environment in | They do not influence the environment
which they propagate in which they propagate

Applications: Sonochemistry (Part IV- | Applications: Medical diagnostics and
of this review) and Industry non-destructive control of materials (eg)

When a treatment with ultrasound, to the lignocellulosic biomass, the ultrasounds that are used
are those of low and medium frequency.

2.2.1. Basic principles of cavitation

An ultrasound is a cyclic pressure wave, consisting of compression zones and rarefaction zones,
alternating, in space and time. When an ultrasound (of low or medium frequency) propagates inside
a liquid, the phenomenon of acoustic cavitation occurs. This phenomenon originates in a zone of
rarefaction (or zone of negative pressure) that when propagating inside a liquid, forces its particles
to separate, thus generating cavities or bubbles. As the wave travels through the liquid, the bubbles
grow for successive cycles until they reach an unstable size and then suffer a violent collapse [43-46].

Briefly, the phenomenon of acoustic cavitation has three phases: 1) the formation of the bubble;
2) the rapid growth of the bubble, during the successive alternating compression-rarefaction cycles,
until it reaches an unstable size and 3) the violent collapse of the bubble inside the liquid (Figure 3).

Bubbles The bubble reaches
> > ——> Violent Collapse

bubbles growth an unstable size.

Formation of

Figure 3. [llustration of cavitation phases: from blister formation to violent collapse.

In most situations, after the collapse of the bubble new smaller bubbles result and the cavitation
cycle repeats.

In the collapse of the bubble, the temperature and pressure inside it can reach very high values.
The literature suggests temperature values between 500K to 15 000K and pressure values from 100
atm to 5000 atm) [3]. Researchers say the life cycle of a bubble can last only a few microseconds [2]
and that the rate of warming can reach 10" kelvins per second! [45]. Bubble collapse is a violent
phenomenon that causes points of high temperature and pressure, called "hot spots". It is the "hot
spots” that are the theoretical foundation of any pre-treatment, by ultrasound [43].

From the historical point of view, the phenomenon of cavitation was discovered in the year 1895
by Thomycroft and Bamby, but it was not until the year 1917 that the first mathematical model of the
phenomenon was realized and disseminated by Lord Rayleigh [45].

2.2.2. Factors that influence the cavitation of lignocellulosic biomass

The phenomenon of cavitation when applied to lignocellulosic biomass is a complex
phenomenon that depends on numerous factors, such as the physical properties of the solvent used
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in the pretreatment, viscosity, surface tension and volatility [4,47]. The literature states that the
phenomenon of cavitation occurs preferably in liquids with low volatility, medium viscosity and high
surface tension [47]. But in addition to these factors, in a pre-treatment by ultrasound, it is necessary
to consider the frequency of the ultrasounds, the sonication time and the acoustic power of the
ultrasounds, but also, the geometry of the reactor (it is different to be ultrasonic bath or to be in probe)
[11,42,44,47]. Temperature is also a factor that has an influence when applying an ultrasonic treatment
to lignocellulosic biomass [42]. In aqueous solvents cavitation is maximum for low temperatures, but
for high temperatures solvents are not aqueous [44].

In addition to these factors, the effectiveness of an ultrasonic pretreatment also depends on the
type of lignocellulosic biomass. Studies show that the same treatments, when different biomasses are
applied, lead to different experimental results [44]. For this reason, when optimizing a treatment
route for a given biomass, this route is only suitable for that biomass [44]. The same route applied to
other biomass may prove to be ineffective.

Thus, briefly, it can be stated that the effectiveness of ultrasonic pretreatment depends on the
following factors: the properties of the solvent (viscosity, surface tension and volatility); the
characteristics of ultrasounds (frequency, sonication time and power); the operating temperature,
and also the biomass.

2.2.3. Physical effects and chemical effects of ultrasound on lignocellulosic biomass

The effects that ultrasounds have on lignocellulosic biomass are very complex, but can be
subdivided into two groups: the physical (or mechanoacoustic) effects and the chemical (or
sonochemical) effects [2,44,45,47,48]. The physical effects, during cavitation, are the formation of
strong shear forces and the creation of microjets [47,49]. Shear forces and microjets are the
consequence, respectively, of symmetrical cavitation (usually spherical) or asymmetric cavitation
[47]. Microjets form when cavitation occurs on the surface of a solid particle larger than the bubble
[44]. It is important to mention that microjets can reach projection speeds of hundreds of kilometers
per hour [44].

As for the chemical effects of ultrasound, the formation of several radicals stands out [2,43—45].
The most important free radicals to consider are those that result from the ultrasonic decomposition
of water, the OH- hydroxyl radical. and the hydrogen radical H- [49]. Note that these radicals can
form, again, water, or else, the two hydroxyl radicals can react with each other and form hydrogen
peroxide [44,45]. But the dominant species is the hydroxyl radical, as its reduction potential (+ 2.06V)
is higher than that of hydrogen peroxide (+ 1.78V) [41]. In addition to these radicals, others can form
depending on the solvent applied in the ultrasonic treatment. In the literature are listed as eight, the
techniques to measure the concentration of the various radicals resulting from cavitation [41].

Although the formation of radicals is the most relevant chemical effect, inside the bubbles
generated in cavitation, the temperature and pressure are high and can cause luminescence
phenomena [44].

The shear forces and the formation of microjets at high speeds lead to the detachment and
destruction of the chemical bonds between the macromolecules of the lignocellulosic biomass [4].
While the oxidizing radicals, resulting from cavitation, trigger numerous chemical reactions, which
promote the decomposition of the macromolecules that make up the lignocellulosic biomass and
which are catalyzed by ultrasound (Part IV exposes the main reactions triggered by ultrasound, in
the lignocellulosic biomass).

Still, regarding the effects of acoustic cavitation, it is noteworthy that the main general
physicochemical effect is the promotion of mass and energy transfers and as a consequence the
increase in the speed of the chemical reactions involved [4,50]. This is due to the fact that acoustic
cavitation promotes the localized increase of temperature and pressure, in very short time intervals,
which in addition to the turbulence and intensity of the shear forces and microjets, can cause
morphological changes in the lignocellulosic biomass, as well as an increase in the speed of the
chemical reactions involved [3]. As for changes in the lignocellulosic structure due to ultrasonic
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pretreatment, as examples, the breakdown of the -O-4 and (-O-4 bonds of the lignin is mentioned
[14,49] and the rupture of ether bonds between hemicellulose and lignin [14].

3. Pre-treatments with microwave and/or ultrasound (Part II)

3.1. The types of microwave and/or ultrasound pretreatments

The main microwave-assisted pre-treatments for lignocellulosic biomass arethose that use:
water; acidic solutions; alkaline solutions; deep eutectic solvents or ionic liquids [38]. Regarding
ultrasound-assisted pre-treatments, there are the autonomous and those who use: water; acidic
solutions; alkaline solutions; ionic liquids; organic solvents; salts; enzymes or TiO: [38].

The function of pretreatments is to deconstruct lignocellulosic biomass and obtain its functional
chemical groups to produce biofuels, and bio-based products, as an alternative to petroleum
products.

3.2. Physical effects and chemical effects of ultrasound on lignocellulosic biomass

As already mentioned, when microwave radiation is applied to lignocellulosic biomass, the
existence of water in the biomass makes it more absorbing [8,39] Another factor that contributes to
the absorption of microwaves is the existence of ions [8,39]. Microwave absorption can also be
increased by adding absorbing materials (as seen in section 2.1.5). The objective is that the biomass
macromolecules (lignin, hemicellulose and cellulose) when subjected to microwaves, undergo dipole
rotation, so that there is rupture of the bonds and the lignocellulosic structure.

Similarly, when subjected to ultrasound, there is the phenomenon of cavitation that also leads
to the same consequence, the rupture of the lignocellulosic structure.

Thus, the effects that ultrasounds or microwaves cause on lignocellulosic biomass are similar.
There are five main effects, namely: 1- effect on particle size and surface area; 2- effect on lignin,
hemicellulose and cellulose content; 3-effect on cellulose crystallinity index; 4- effect on the
solubilization of organic matter; 5- Effect on hydrolysis and reduction of sugars [40,43,51,52].

Next, examples that show each of these effects are presented and discussed.

3.2.1. Effect on particle size and surface area

A group of researchers looked at the effects of an alkaline, microwave-assisted pretreatment
when applied to residues from the herbal extraction process [53]. For this, they measured the particle
size and the specific surface area, under four different conditions: without pre-treatment; with
alkaline pretreatment; with pre-treatment with water, assisted by microwave, and also, with alkaline
pre-treatment, assisted by microwave. In this study, the alkaline pretreatment, assisted by
microwaves, was the most effective in reducing particle size (from 197.0 to 163.5 um) and increasing
specific surface area (from 0.38 to 0.63 m?g?) (Table 7). Thus, alkaline pretreatment, assisted by
microwave, was the best route to increase the surface area. The objective of this study was to find a
route leading to the largest surface area, and then with microorganisms, if biogas is produced [53].

Another group of researchers studied the conversion of microcrystalline cellulose, with various
sizes, treating it with NaOH, with and without microwaves. They concluded that using only the
alkaline pretreatment, the surface area of the particles increased by 56%, but if this pretreatment was
assisted by microwave (P = 800 W) and for 20 minutes, the increase was 75% [54].

In the study by Khanal et al. [55] The ground corn paste was subjected to ultrasounds to increase
liquefaction in ethanol production. In this work the corn paste samples were submitted to pre-
treatment with ultrasounds and there was a 20-fold increase in particle size in relation to the control

Gonzaélez-Fernandes et al. did a study in which they applied ultrasound, frequency 20 Hz, of
five different energy levels, for 15 min, to Scenedesmus microalgae and analyzed the particle size
distribution [56]. For untreated biomass, the first peak in the size distribution profile was 7.4 um
while with pre-treatment with ultrasound this peak changed to 5.1 um (Table 7).
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Recently, microwave expansion pretreatment was used to extract hemicellulose from hemp stalk
[57]. This work had two parts: in the first part, the microwave expansion (MEP) was done and in the
second, the microwave-assisted alkaline extraction process (MAAE) was performed. To perform the
MEP, the hemp stalks were peeled and placed with an alkaline solution of ammonium bicarbonate
(NH4sHCO:s) in a microwave and only then, the MAAE was made. The results showed that the specific
surface area increased from 1.30 to 1.85 m? g, respectively, without MEP and with MEP (Table 7). In
this work the average pore size increased from 10.66 x 10 to 13.08 x 10-* nm. The success of this work
is due to the MEP method, in which the ammonium bicarbonate blowing agent decomposed, by
microwave heating, into a mixture of gases (NHs, CO2 and H:0). This mixture of gases caused an
instantaneous increase in pressure, which contributed to the rupture of the cell wall [57]. These results
were achieved with only 3 minutes of microwave incidence (P =1100 W).

Another groundbreaking work was that in which a group of scientists tested an innovative route
of fractional precipitation of cavitation, by means of a negative pressure generated ultrasounds [58].
This method was developed with the aim of purifying (+)-dihydromyricetin. This compound is an
important bioactive flavonoid that can be obtained from the medicinal plants Hovenia dulcis and
Ampelopsis grossedentata. According to these scientists, fractional precipitation is a simple process
based on the difference in solubility. This process has been used for this purpose since 2008, but
traditionally it takes 32 hours. In this work the researchers were able to achieve a yield of 97.56% in
one minute, using ultrasound. The particle size without treatment and with treatment, went from
14.802 pum (at zero pressure) to 3.719 um at negative pressure of 200 mm Hg (Table 7). With this work
it was demonstrated that the addition of ultrasounds to the fractional precipitation increased the
production yield of that flavonoid, to practically 100%, and in addition, it decreased, extraordinarily,
the time required.

Table 7. Effect of microwave radiation and ultrasounds on the size and surface area of the particle.

. Particle size il Reference
Biomass Pretreatment surface area
(pm) 2¢-1 $
(m2g1)
No treatment 197.0 0.38
Alkaline (NaOH) 187.5 0.44
Residues from the herb [53]
. Water and MW 179.8 0.51
extraction process
Alkaline (NaOH) 163.5 0.63
+ MW
No treatment | - 1.30
Hemp stalk [57]
With MEPT [ ....... 1.85
No treatment 74 N. d.
Microalgae Scenedesmus
Us 5.1 N.d. [56]
Hovenia dulcis and No treat.ment 14.802 N.d. 55
Ampelopsis grossedentata Negative 3.719 N.d.
pressure and US?

! MEP-Microwave Expansion Pretreatment. 2 Pretreatment with ultrasound- and negative pressure-fractional
precipitation method. N.d.- Not determined.

The application of a pre-treatment, assisted by microwave or ultrasound, in the lignocellulosic
biomass, has as a consequence its fragmentation, which translates into a decrease in the size of the
particle and an increase in its surface area [40,43,51].

3.2.2. Effect on lignin, hemicellulose and cellulose content

Several studies have shown that the use of microwaves or ultrasounds significantly alters the
content of the three main constituents of lignocellulosic biomass (cellulose, hemicellulose and lignin).
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Researchers used sugarcane bagasse and made an acidic treatment, assisted by microwave [59].
This acid pretreatment was performed for three different temperatures (130 °C, 160 °C and 190 °C)
and for two heating times (5 min and 10 min). Scanning electron microscopy (SEM) was analyzed,
where it was observed that with 10 minutes of incidence and 190 °C the lignocellulosic structure was
destroyed, so it was concluded that 5 min, at 190 °C, is sufficient. For these ideal conditions, the
cellulose, hemicellulose and lignin contents were evaluated, and it was verified, with the application
of microwave radiation, almost all the hemicellulose was removed (from 25.97 % to 0.8 %), and that
consequently, cellulose content increased (from 52.45 % to 67.31 %) [59] (Table 8).

In another study, three types of pre-treatments were made: alkaline, acidic, and alkaline acid, to
Miscanthus Sinensis [60]. All these pre-treatments were assisted microwave. Several temperatures
(in the range of 60 °C to 160 °C) and various times of incidence of microwave radiation (from 5 to 60
min) were also tested. In the end, the cellulose, hemicellulose and lignin contents were determined,
with and without the application of microwave radiation (Table 8). With the application of
microwaves, the amount of cellulose increased, and lignin decreased, in all pre-treatments. However,
in terms of hemicellulose content, it decreased in acid pretreatment (from 31.3 to 20.7 %) and in acid
pretreatment followed by alkaline (from 31.3 to 18.4 %) but increased slightly in alkaline pretreatment
(from 31.3 to 32.9%). It was also verified that it was in the pre-treatment, acid followed by alkaline,
and assisted with microwave, that there was a greater removal of hemicellulose (from 31.3 to 18.4%).

In another study, three types of pre-treatments were applied to sugarcane bagasse: ultrasound,
ammonia and ammonia combined ultrasounds [61].The results allowed to conclude that the removal
of hemicellulose was more effective in the pre-treatment, of combined ammonia ultrasounds (from
32.0 to 19.6 %) (Table 8).

Recently, a study was carried out in which it was applied to the hog plum (Spondias mombin
L.) Three types of pretreatments: ultrasounds, nitric acid and nitric acid combined with ultrasounds
[62]. The synergistic effect of the acid together with ultrasound, significantly decreased hemicellulose
and lignin, from 11.35 to 3.19 % and from 35.28 % to 10.18 %, respectively, and led to an increase in
cellulose from 53.74 to 63.15 % (Table 8). FTIR analysis was performed, and it was observed that the
characteristic peak of OH elongation was no longer so attenuated, which may indicate
depolymerization.

Table 8. Effect of microwave radiation and ultrasounds on lignin, hemicellulose and cellulose

content.
Initial |Composition
. Pretreatmen| Operating |compositi after Reference
Biomass ..
t conditions on treatment S
(%) (%)

Acid ff;.z(;%ﬁz C:5245 | C:67.31

Sugarcane bagasse (H250s) At= 5 min H: 25.97 H: 0.8 [59]
+ MW T=190 °C L:12.72 L: 15.67
Alkaline | P=300W | C:42.7 C:53.1
(NH4OH) | At=15min | H:31.3 H: 329
+ MW T=120 °C L:17.4 L:12.2
Acid P=300W | C:42.7 C:61.5

Miscanthus sinensis (H2S04) | At=30 min | H:31.3 H:20.7 [60]
or + MW T=140 °C L:17.4 L:15.8

Winter Wheat Acid + At=15 min
Alkaline (120 °C) C: 427 C:69.7
(H2SOs+ | +At=30 min | H:31.3 H: 184
NH:OH) + [ (140 °C) L:17.4 L:10.4
MW
Sugarcane bagasse US P=400W | C:38.0 C:46.9 [61]
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f=24kHz | H:32.0 H:29.3
At=45min, [ L:27.0 L:20.7
T=50 °C
P=400 W
Ammonia | =24 kHz
(10% v/v) | At=30min,

C:38.0 C:50.4
H: 32.0 H: 26.8
L:27.0 L:19.8

T=80 °C
Ammonia If)TZiOISI—‘IN C:38.0 C:56.1
+US 2 H 30 H:19.6
(10% vy | 2PNy or0 | 1182
o V/V T= 80 OC N . N .
P=400 W
a0 ki | C:5374 | Ci60.19

Us H:11.35 H: 6.27

At= 60 min,
T=80 °C L:35.28 L:13.17
P=400 W
; C:53.74 C:55.27
T=80 °C L:35.28 L:24.14
P=400 W

C:53.74 C:63.15
H:11.35 H: 3.19
L:35.28 L:10.18

Nitric acid | f=40 kHz
+US At= 60 min,
T=80°C

The application of a pre-treatment, assisted by microwave or ultrasound, decreases the lignin
and hemicellulose content and increase cellulose content [43,51].This is because hemicellulose, due
to its amorphous character, is more easily removed, while cellulose, due to its crystalline character,
is more difficult to remove, due to the hydrogen bonds between its microfibers [43]. Once the
hemicellulose is removed, in percentage, the cellulose content increases.

3.2.3. Effect on on cellulose crystallinity index

One of the objectives of any pre-treatment is the deconstruction of lignocellulosic biomass, that
is, to decrease the degree of polymerization, so that the crystallinity index can be expected to decrease.
However, there are studies of pre-treatments, assisted by microwaves and ultrasounds, in which the
crystallinity index increases. Several examples are set out below.

In an investigation, microwaves were applied on the following pre-treatments: acid, alkaline,
and alkaline followed by acid, to sugarcane bagasse. In all pre-treatments, there was an increase in
the crystallinity index from 53.4 to 58.79 %, to 65.29 %, to 53.44 % and to 65.55 %, respectively, for the
acid, alkaline, alkaline followed by acid) pre-treatment (Table 9) [63]. While, in another investigation
in which only the alkaline pre-treatment, assisted by microwave, to the water hyacinth was carried
out, it was verified, the crystallinity index decreased, from 16 to 13 % [64] (Table 9). Thus, the effect
of these technologies has on the crystallinity index, is not simple to predict.

An investigation in which a microwave expansion pretreatment (MEP) was used to extract
hemicellulose from hemp stalk [57] had two parts, microwave expansion (MEP) and microwave-
assisted alkaline extraction (MAAE). The results showed that the crystallinity indices in the stem of
the peeled stalk and in the stem with bark decreased, respectively, from 44.96 to 42.83 % and from
54.13 to 50.49 %, with the MEP. (Table 9 only has the values related to the peeled hemp stalk, with
and without MEP).

In terms of pre-treatments and treatments it is worth highlighting a promising route developed
in black tea residues to obtain microcrystalline cellulose [65]. Researchers have developed a
microwave-assisted alkaline peroxide bleaching protocol, briefly the main steps involved are: drying
of black tea residues; delenhification for 2 minutes, in the microwave; and then, bleaching with
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alkaline peroxide performed, also, in the microwave, only 30 seconds. When the bleaching is done
with alkaline peroxide, in an oven at 55.°C during cycles of 90 minutes, the crystallinity index
increases from 56.68 to 76.86 %, with microwaves, it can reach 89.77 % (Table 9). This work was
pioneering because it discovered a simple microcrystalline cellulose production pathway, and this
route can be implemented on an industrial scale [65].

Table 9. Effect of microwave radiation on the crystallinity index.

Biomass Pretreatment Oper.afing crystallinity index after References
conditions (%)
Sugarcane bagasse No treatment 53.44 [63]
P=450 W 58.79
Acid (H250s) + f=2450
MW MHZ
At=5 min
P=450 W 65.29
Sugarcane bagasse [Alkaline (NaOH) H{ f=2450 [63]
MW MHZ
At=5 min
Alkaline (NaOH) +f - 0 W 6555
Acid (H:S09 + | 2490
W MHZ
M At=10 min
No treatment 16.0
Water hyacinth Alkaline (NaOH) + P= N.d.? 13.0 [64]
MW At =10 min
T=190 °C
No treatment 44.96
Hemp stalk P=1100 W (571
With MEP! At =3 min 42.83
T=90 °C
No treatment 56.86
, Alkaline bleaching P=1000 W 7686
Black tea residues . . At =90 min
(Camellia sinensis) with peroxide T=55°C [6]
Alka.hne blethlng P=1000 W 88.77
with peroxide At = 0.5 min
+MW?

1 MEP-Microwave Expansion Pretreatment. 2 Microwave-assisted delignification and bleaching. 3N.d- Not
determined.

In another study, in which the biomass was water hyacinth, the following ultrasonic
pretreatments were performed: only with ionic liquid and with ionic liquid, combined with
surfactant (sodium dodecyl sulfate-SDS) [66]. Pre-treatment with ionic liquid was also performed,
without ultrasound. It was found that in all pre-treatments the crystallinity index increased (from
19.50 to 32.44 %, to 30.74 % and to 28.50 %, respectively, only with ionic liquid, with ionic liquid
assisted by ultrasound and with ionic liquid, with SDS and assisted by ultrasound) (Table 10).

In another work, enzymatic hydrolysis was performed after ultrasonic pretreatment of kenaf
powder [67]. Two routes were evaluated: that of the ionic liquid and that of the ultrasound-assisted
ionic liquid, and it was found that the crystallinity index decreased, from 49.4 to 38.8 % and to 31.5
%, respectively (Table 10).
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In another study, samples of eucalyptus wood were ground and dissolved in different media,
namely: soda solution, distilled water, and acetic acid solution, and then subjected to ultrasonic
pretreatment for half an hour [68]. It was found that the crystallinity index increased from 31.8 to 34.7
%, to 32.6 % and to 33.4 %, respectively, in soda, water and acetic acid (Table 10). It was also found
that the incidence of ultrasounds in wood resulted in a decrease in the content of alkali metals
(potassium) and a decrease in the content of alkali (calcium and magnesium).

For biomass the residues of cupuagu husk was recently studied three ultrasonic routes: aqueous,
acidic, alkaline and with ionic liquid [69]. It was found that the crystallinity index, with 30 minutes
of ultrasound, increased from 54.3, to 60.0 %, to 63.3 %, to 57.0 % and to 58.2 %, respectively, with
pre-treatment: aqueous, acidic, alkaline and with ionic liquid (Table 10).

Table 10. Effect of ultrasounds on the crystallinity index.

Biomass Pretreatment Oper.afing c1:ysta11inity Reference
conditions index (%) s
No treatment 494
Ionic liquid 38.8
kenaf powder P=35W 31.5 [67]
L f=24 kHz
Ionic liquid +US At = 15 min
T=25°C
No treatment 19.50
Ionic liquid 32.44
P=100 W 30.74
e f=20 kHz
water hyacinth Tonic liquid +US At =45 min [66]
water hyacinth T=120 °C
P=100 W 28.73
Ionic liquid +US + f=20 kHz
SDS! At =45 min
T=120 °C
No treatment 31.8
P=300 W
. f=28 kHz 34.7
Soda solution + US At =30 min
T=50°C
Eucalyptus powdgr P=300 W [68]
(Eucalyptus grandis) Water + US f= 28kH% 32.6
At =30 min
T=50°C
P=300 W
. f=28kHz
Acetic acid + US At =30 min 334
T=50 °C
No treatment 54.3
P=100 W 60.0
Cupuagu husk Water + US =40 kH.Z
(Theobroma grandiflorum At=30 min (6]
T=35°C
) P=100 W 63.3
Acid (HCI) + US f=40 kHz

At= 30 min
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T=35°C
P=100 W 57.0
Alkaline (NaOH) + =40 kHz
Us At= 30 min
T=35°C
P=100 W 58.2
f=40 kHz
At= 30 min
T=35°C

Ionic liquid +US

1 SDS- Sodium dodecyl sulfate.

There are pre-treatments in which the crystallinity index increases [63,66,68,69] and others in
which it decreases [57,64,67]. With a pre-treatment, it is expected that the hydrogen bonds will break
and that the cellulose will be more exposed and more susceptible to pre-treatment, and consequently,
its crystallinity index will decrease [43,51]. However, there weresome examples where the
crystallinity index has increased. Researchers put several hypotheses to what happened, some, think
that the microwaves acted better in the amorphous zone of cellulose and not so much in crystalline,
which is why the crystallinity index increased [63] others report that the crystallinity index increased
because ultrasounds removed lignin and hemicellulose, and then the cellulose became more exposed
[68]. In a recent review on ultrasonic processing applied to food waste for value-added products, in
most of the examples presented the crystallinity index increases, and the idea is defended that it was
because it increased its content [52].

3.2.3. Effect on the solubilization of organic matter

In order to improve the anaerobic digestion of microalgae, researchers compare various types of
physical pretreatments, including the incidence of microwaves (P=900 W, At= 3 min) and ultrasound
(P=70 W, At= 30 min) in this microalgal biomass [70]. These researchers concluded that soluble
organic matter, soluble proteins, soluble carbohydrates, and soluble lipids, with pretreatment, with
microwave radiation, increased, respectively, 8, 18, 12 and 2 times. With ultrasonic pretreatment,
soluble organic matter, soluble proteins, soluble carbohydrates, and soluble lipids increased 7, 12, 9,
and 3-fold, respectively (Table 11). This work had as purpose the production of methane, after
anaerobic digestion it is important to say that the pre-treatment with microwave incidence had an
increase in methane yield by 21 %, however with ultrasound there was no significant increase.

Table 11. Effect of microwave radiation and ultrasound on the solubilization of organic matter, of
biomass microalgal [70].

Increase

Overatin in soluble Increase in Increase in Increase
Pretreatment P L. 8 . soluble soluble in soluble
conditions organic roteins carbohydrates lipids
matter P y P

P=900 W

MW f=2450 MHZ 8x 18x 19x o
At=3 min

P=70 W
Us =20 kHz 7
At=30 min 9x 3x
12x

The effect of ultrasound on anaerobic digestion in two types of microalgae was tested in orderto
produce methane [71]. The best increase in soluble chemical oxygen demand (sCOD) for the
microalgae Tetraselmis suecica was achieved with only 5 s of sonication time and reached 5.13 %. For
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the microalgae Nannochloropsis oceanic, the best sCOD was 18 %, achieved with 54 s (Table 12). It is
concluded that the best algae for methane production is Tetraselmis suecica.

Table 12. Effect of ultrasounds on the increase of sCOD efficiency (%) in two species of microalgae

[71].
Biomass Pretreatment Oper.a?ing Incre.ea.sed scoD!
conditions efficiency (%)
P=500 W
) ) f=20kHz
Tetraselmis suecica us At=5s 513
T=19.1 °C
P=500 W
Nannochloropsis Us f=20 kHz
oceanica At=54s 18
T=21.6 °C

1 sCOD- soluble chemical oxygen demand.

From the analysis, Table 11 and Table 12, it can be concluded that microwave radiation and
ultrasound contribute to the breakdown of the cell walls of lignocellulosic materials and consequently
to the transfer of organic matter to the soluble phase [40,43,51] which is crucial when the goal is the
production of biofuels, such as methane, from lignocellulosic biomass. A review on ultrasonic
processing of food waste, with twenty-six studies on the influence of ultrasound on chemical oxygen
demand (sCOD) was reported[52].

3.2.4. Effect on the solubilization of organic matter

The main obstacle to the production of biofuels from lignocellulosic biomass is difficulty in
hydrolyzing their structural polysaccharides into simple sugars, a step that is necessary for effective
further fermentation. In the work of Khamtib et al. [72] an acid pretreatment combined with
microwave radiation was used on oil palm trunk in order to produce hydrogen In this work through
the Response Surface Methodology (RSM), the optimal conditions for the pre-treatment, assisted by
microwaves, were found. With only 7.5 minutes of microwave incidence (P= 450 W), a high yield
was achieved in the various sugars: glucose, xylose and arabinose, with a glucose yield of 8.95 g/L
(Table 13).

In the work of Zhu et al. [73], the Miscanthus grass was tested at various temperatures, several
pre-treatments, assisted by microwaves, namely: aqueous, acidic and alkaline. It was found that for
all pre-treatments, regardless of the solvent used, the sugars increased with the increase in
temperature, up to 180 °C, but then decreased with the increase in temperature. Another conclusion
was that the maximum sugar yield (73 %) was achieved at 180 °C, with acid pretreatment (H2504),
assisted by microwave. Comparing this result, obtained with microwave incidence (incidence time
20 minutes, but do not refer to the power) with that of the pre-treatment with conventional heating,
the researchers claimed to be 17 times higher, and achieved, in half the time.

In another investigation, alkaline pretreatment, combined with ultrasound, was performed to
sugarcane bagasse, before the hydrolysis process, for the production of bioethanol [74]. It was found
that ultrasonic alkaline pretreatment of only 5 minutes (P= 35 kHz and temperature of 65 °C)
increased the production of sugars from 3.62 g/L to 5.78 g/L.

In another study, the residues of cupuagu (Theobroma grandiflorum) bark were used as biomass
for glucose production, with three types of ultrasonic pretreatment: aqueous, acidic and alkaline [69].
The glucose production with the different pre-treatments was: 8.44 g/L, 9.90 g/L and 6.08 g/L,
respectively, with the ultrasonic pre-treatments: aqueous, acid and alkaline, and 3.14 g/L without pre-
treatment (Table 13). Thus, it was concluded that the best yield, in terms of glucose yield, was the
acid pre-treatment. It should be noted that the sugars obtained were subsequently used to prepare 5-
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hydroxymethylfurfural (5_HMF) and furfural (and the results are discussed in Part III-of this review,
Table 16).

Another group of researchers optimized, by central composite methodology, the alkaline
pretreatment, assisted by microwave, made from rice straw [1]. After obtaining the sugars, they made
the preparation of 5-hydroxymethylfurfural (5_HMF). The optimal conditions found for
saccharification were ultrasound power 681 W, temperature 120 °C, sodium hydroxide concentration
0.54 M, and pre-treatment time only 3 minutes (Table 13). Under these conditions they were able to
obtain a maximum yield of 350 g of sugars per gram of treated rice straw and a glucose yield of 255
g per gram of treated rice straw. After obtaining the sugars, enzymatic hydrolysis was performed
with a microwave 30 min, 120 °C, using as catalyst a compound of titanium magnetic silica
nanoparticles. Under these conditions the researchers were able to produce 5_HMF, with 41.1 % yield
in half an hour.

An innovative route was hydrotropic pretreatment, assisted by microwave radiation for: pine
chips, beech chips and wheat straw [75]. It should be noted that this hydrotropic pretreatment,
assisted by microwaves, was carried out for one hour and at a pressure of 117 Psi, and that the
hydrotrope used was the sodium cumene sulfonate (NaCs). One of the objectives of this study was
to investigate the influence of this hydrotropic pretreatment on the enzymatic hydrolysis of cellulose.
Table 13 shows the results obtained after 72 hours of enzymatic hydrolysis, without pre-treatment,
with pre-treatment with water, assisted by microwave and with pre-treatment, with NaCs, assisted
by microwave, for the three types of biomass. The conclusions were as follows: pine chips are more
vulnerable to hydrolysis because they exhibited the highest yield (77 mg of glucose/g of biomass);
wheat straw was totally resistant because it had zero yield and beech chips and wheat straw, with
hydrotropic pretreatment, assisted by microwave, which reached yields higher than 500 mg of
glucose/g of biomass, respectively, 515.5 mg glucose/g biomass and 557.3 mg glucose/g biomass
(Table 13).

Combining several types of pre-treatments is also a good strategy for deconstructing biomass.
Recent work has combined chemical pretreatment (using a deep eutectic solvent), physical
pretreatment (using microwave incidence) and enzymatic pretreatment in a single treatment to
produce bioethanol from rice straw [76]. In this work, after optimization by RSM, the efficiency of
sugar production increased 1.67 times.

Table 13. Effect of ultrasound and microwaves on glucose content.

Operating Glucose

Biomass Pretreatment . . Reference
conditions production
Oil palm trunk Acid (H2S504) +MW AI; ;1'550;\; 8.95 mg/L [72]
, Alkaline (NaOH) + P=681W
Rice straw M(W ) At=3 min 255 g/g! [1]
No treatment 77.3 mg/g!
P=600 W
water + MW At= 60 min 81.5 mg/g’
Pine chips Pressure= 117 Psi (75]
P=600 W
NaCs2 + MW At= 60 min 107.8mg/g!
Pressure=117 Psi
No treatment 35.0 mg/g!
P=600 W
) water + MW At= 60 min 278.0 mg/gl
Beech chips Pressure=117 Psi i
[75]

NaCs? + MW P=600 W 515.5 mg/g!
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At= 60 min
Pressure=117 Psi
No treatment 0.0 mg/g!
P=600 W
water + MW At= 60 min 435.8 mg/g!
Wheat straw Pressure=117 Psi
P=600 W [75]
NaCs? + MW At= 60 min 557.3 mg/g!
Pressure=117 Psi
No treatment 3.14 g/L.
Residues of P=100 W
(;Zg)‘;jj;ia water + US f=24 kHz 844 g/L
) At= 30 min
grandiflorum)
P=100 W
Acid (HCI) + US f=24 kHz 9.90 g/L [69]
At= 30 min
. P=100 W
Alkah“e[}SNaOH) * f=24 kHz 6.08 g/L
At= 30 min
! mg/g of treated biomass. 2 Hydrotropic pretreatment with sodium cumene sulfanate (NaCs) at a pressure of
117 Psi.

Through the examples discussed it can be concluded that a pre-treatment, assisted by
microwaves, or by ultrasound, is decisive for obtaining sugars for subsequent hydrolysis (a theme
that will be discussed in Part III of this review), with a view to obtaining biofuels or bio-based
products.

4. Microwaves and ultrasounds on the route of value-added products (Part III)

Currently, there is a high number of publications on the application of microwave radiation and
ultrasound, as techniques for pretreatment of lignocellulosic biomass, especially directed to the
production of biofuels. However, and in the current context, of bioeconomy and biorefinery, these
techniques are gaining more and more importance, and conventional operations, with a view to the
preparation of biochemicals and value-added products, are now assisted by these two technologies
(autonomously or combined). In this context, the following are two conventional operations, often
used, when it is intended to transform residual biomass into value-added products: liquefaction and
solvent extractions.

4.1. Liquefactions

The thermochemical conversion of lignocellulosic biomass can be carried out by gasification,
pyrolysis, or liquefaction. Gasification is carried out at very high temperatures (up to 1000 <) and
as a product a gaseous mixture composed mainly of CO and Hzis obtained [77]. Pyrolysis, like
gasification, is also a method of thermal decomposition, but the main difference is that pyrolysis is
carried out in an oxygen-free environment. As for the liquefaction of lignocellulosic biomass, there
are two types, the one performed at high pressures (5-10 MPa) and the one performed at low
pressures and moderate temperatures (100-250 <C) [77]. This liquefaction under conditions of
moderate temperature and pressure, has attracted much research, and is called solvolysis.

Conventional liquefactions (or solvolysis) are carried out in a reactor in which the heating is
done by an oil bath, at moderate pressures, using polyhydric alcohols as solvents and catalysts (acid
or basic). The interest of liquefactions is, as the terminology suggests, to transform lignocellulosic
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biomass into liquid mixtures for further preparation of value-added products, for example,
polyurethane foams and phenolic resins.

The following are examples of how ultrasounds and microwaves are promising techniques in
performing liquefactions.

4.1.1. Ultrasound-assisted liquefactions

A group of researchers studied the liquefaction of various types of municipal wood waste,
among which, medium density fiber (MDF) boards and veneered particleboard, using ultrasound
[78]. In addition to these residues, wheat straw was also liquefied. The time for conventional
liquefaction of MDF was 90 min, with ultrasound application it took only 10 min. Therefore, with the
introduction of ultrasounds, reaction times were reduced 9 times (Table 14). Another important
conclusion was that the use of ultrasounds had no influence on the number of hydroxyl groups of
the polyol obtained, so the polyol remained suitable to produce polyurethane foams. In this work an
ultrasound probe of P=400 W and f=24 kHz was used, the solvent used in liquefaction was a mixture
of diethylene glycol and glycerol, and the catalyst was sulfuric acid.

Ultrasounds were also used in the liquefaction of cork powder to produce polyurethane foams
[79]. In this work, the researchers considered the kinetics of the liquefaction reaction as being of the
first order and concluded that liquefaction with ultrasound, increased the speed of the reaction, about
up to 4.5 times, in relation to the liquefaction performed with the conventional method. They also
verified that without ultrasounds, 135 min are needed to achieve the best yield of 95 %, and that with
the application of ultrasounds, the liquefaction time was only 75 min, with this time reaching a yield
higher than 98 % (Table 14). Another important conclusion of this work was that the increase in the
amplitude of the ultrasounds, have consequently the decrease in the number of hydroxyl groups of
the polyol, but the polyols continue to be indicated to produce polyurethane foams. In this work an
ultrasound probe of P= 400W and f= 24 kHz was used, the solvent was the mixture ethylene glycol
and 2-ethylhexanol, and the catalyst was p-toluene sulfonic acid (PTSA).

4.1.2. Microwave-assisted liquefactions

One example of one of the liquefaction, assisted by microwave is the liquefaction of poplar
sawdust, in only 7 min (Table 14) [80]. In this work the microwave heating was done for 2 min at 500
W and then, followed by another 5 min of microwave incidence with power of 300 W, the catalyst
was the PTSA and as solvent was used a mixture of glycerol with glycols.

To study the influence of biomass on the results of its liquefaction, assisted by microwaves was
the objective of a study. For this, the liquefaction of five different residual biomass was evaluated,
namely: corn stover, rice straw, wheat straw, cotton stalk and corncob [81]. The solvent used for these
liquefactions was ethylene glycol and the catalyst was sulfuric acid. The results showed that: all
biomass was liquefied, with a good yield of 71 to 82%, in the first five minutes of liquefaction; corn
stover and corncob were liquefied in 95% in only 20 minutes of liquefaction (Table 14).

For microwave-assisted liquefaction of bamboo, five solvents were evaluated, namely: glycerol,
polyethylene glycol, methanol, alcohol and water [82]. Using sulfuric acid as a catalyst, it was
achieved with glycerol to achieve a yield of 96.7 % in 7 minutes of liquefaction, assisted by 550 W
microwave power (Table 14).

Recently, microwave-assisted liquefaction of bamboo sawdust was carried out in order to use
the polyol obtained in the production of polyurethane foams [83]. In this work, the optimal conditions
were achieved with a time and a liquefaction yield, of 8 min and 78%, respectively (Table 14). In this
work sulfuric acid was the catalyst and diethylene glycol were the solvent. In this work all the
reagents were placed, for 15 minutes, in a bath with ultrasounds of power 253 W, and the liquefaction
occurred, in 8 minutes, in the microwave oven. It should be noted that the polyols obtained in
liquefaction have been successfully used in the preparation of polyurethane foams with flame
resistance.

4.1.3. Liquefactions assisted simultaneously by microwave and ultrasound
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In 2016, a liquefaction assisted by microwaves and ultrasounds was carried out for the first time
[84]. In this liquefaction spruce sawdust was used and the yield in the optimal conditions reached 91
%. It should be noted that the solvent used was a mixture of polyethylene glycol (PEG 400) and
glycerol and the catalyst was sulfuric acid. Compared to traditional liquefaction, this liquefaction
allowed to reduce the solvent consumption by half and reduce the liquefaction time from 60 to 20
min (Table 14). The parameters related to microwaves and ultrasounds were adjusted as follows: first,
heating with microwave with 250 W, for 2 minutes, then the microwave was set to 60 W, for 18
minutes. The ultrasounds were observed during the entire time of liquefaction.

Another liquefaction of fir sawdust assisted simultaneously by microwave and ultrasound, used
as solvent n-octanol and sulfuric acid as catalyst [85]. With this strategy, the researchers claim to have
achieved a liquefaction time of less than 20 minutes and an increase in the percentage of liquefaction
of 5.24% compared to conventional liquefaction (Table 14).

Table 14. Examples of ultrasound- and/or microwave-assisted liquefactions compared to the
respective conventional liquefactions.

Biomass ' Type o-f quuefac’flon time L1q}1efact10n Reference
liquefaction (min) yield (%)
Medium density Conventional 20 93.8
fiberboard (MDF) US 10 94.9
Conventional 90 94 .4
Wheat straw [78]
Us 15 95.4
C tional 120 95.0
Veneered particleboard onventond
Us 20 96.0
C tional 135 95.0
Cork powder onventiond [79]
UsS 75 98.0
Poplar sawdust Conventional (80]
MW 7 100
C ‘ d b Conventional e e (81]
m r an m
orn stove €ornco MW 20 95
C tional
Bamboo wastes onventiona [82]
MW 7 96.7
Conventional e e
Bamboo sawdust [83]
MW 8 78
Conventional 60 e
[84]
. MW+US 20 91
Fir sawdust -
Conventional 60 (5]
MW+US <20

Several studies point out the main disadvantages of conventional liquefaction compared to
microwave-assisted (or ultrasound) liquefaction. These disadvantages are fundamentally three,
namely: the longer reaction time, the low rate of liquefaction and the use of large amounts of solvents,
which is environmentally inadvisable (Shao et al., 2019). It should also be noted that in conventional
liquefactions, the heating system (usually oil bath) heats up very slowly, which results in a high
energy consumption.

A review describes some work with liquefactions, agricultural and forestry residues, using
microwave-assisted liquefactions, with a view to producing value-added products, namely
polyurethane foams, and phenolic resins [86]. These researchers concluded that microwave
liquefaction of lignocellulosic biomass at the laboratory bench scale is an efficient and ecologically
recommended route and suggest moving towards pilot scale studies. But they recommend that in the
future more studies be done on the ability of biomass to absorb microwave radiation [86]. In this
sense, it is of crucial importance to carry out a previous study of the dielectric constant of biomass.
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4.2. Microwave-assisted and/or ultrasound-assisted extractions

Extractions are unit operations that aim to separate the bioactive compounds from the solid
matrix. The conventional extraction, usually performed by Soxhlet, has several disadvantages such
as: high time of realization, use of large amounts of solvents and possibility of degradation of the
compounds [19,87-89]. Faced with these disadvantages, it became necessary to find a more ecological
way for extraction, and thus, the techniques of solvent, ultrasound-assisted and/or microwave-
assisted extraction emerge. As explored in Part I, ultrasound, by means of cavitation, and
microwaves, by means of dipole rotation and ion conduction, lead to the rupture of cell walls, thereby
increasing the mass transfer between the solid phase and the liquid phase. For these reasons the
extractions that use these technologies, microwaves, and ultrasounds, prove to be quite effective. It
should be noted that ultrasonic extractions have been used successfully in the food industry for many
years [15].

Since there is a high number of publications in extraction by microwave and/or ultrasound, it
was decided to present only examples that aim to obtain phenolic compounds from lignocellulosic
biomass. Phenolic compounds include phenolic acids, flavonoids, and tannins [52]. These
compounds extracted from lignocellulosic biomass are currently valued in several areas, mainly in
food and pharmaceuticals [89].

Examples of ultrasonic and microwave extraction are then discussed as techniques, autonomous
or combined with each other.

In 2015, researchers studied the microwave extraction of phenolic compounds from Eucalyptus
robusta [87]. In this work, they pointed out that the main advantages of microwave extraction,
compared to conventional extraction, are the reduction of the extraction time, and consequently, the
lower energy consumption and, the lower probability of degradation of the compounds. However,
they state that the difficulty of applying this technique is due to the lack of knowledge of the optimal
conditions (the irradiation time, the power of the microwave apparatus and the sample/solvent ratio).
The lack of knowledge of the parameters that optimize the extraction is because these parameters are
scarce in the literature, and because these same parameters vary, depending on the biomass in
question. In this study, phenolic compounds, flavonoids, proanthocyanidins and antioxidants were
extracted from Eucalyptus robusta [87]. For this extraction with wateronly 3 minutes of microwave
incidence time at 600 W were necessary (Table 15). The ideal extraction conditions (irradiation time,
microwave power and sample/solvent ratio) were found using the Response Surface Methodology
(RSM). In conclusion, it was demonstrated that the factor with the greatest effect on the extraction
yield is the sample/solvent ratio and the one that has the least influence is the irradiation time. This
microwave-assisted extraction of phenolic compounds from Eucalyptus robusta was ultrasound-
assisted a few years later. There are two studies carried out on the same biomass, with the same
objective, and by the same group of researchers [87,88].

In 2017, Bhuyan et al., [88] with the same objective of extracting phenolic compounds from
Eucalyptus robusta did a new work, this time using ultrasonic extraction. In this work, the researchers
point out as the main advantage of ultrasonic extraction, the fact that it is a fast, simple, effective
technique and in which the decomposition of the compounds is minimized. In this study, the
operating conditions were 90 min of incidence time and 250 W of power (Table 15). It should also be
noted that in this work several solvents were evaluated, namely: water, ethanol, acetonitrile and ethyl
acetate and water proved to be the best solvent. Due to these advantages, these researchers point to
the route developed as a green technique for the extraction of phenolics from that eucalyptus species.
In this work, the researchers also used the RSM as a computational tool to find the optimal operating
conditions.

Another work on the extraction of active compounds, also, from a species of eucalyptus
(Eucalyptus globulus) was carried out by the researchers Gullén et al. [90] , who made five types of
extraction, namely: enzyme-assisted, microwave-assisted, ultrasound-assisted, eutectic liquid and
even conventional extraction. Table 15 shows only microwave-assisted, ultrasound-assisted, and
conventional extraction. In this work, the extraction time in conventional extraction was 225 minutes,
which was reduced to 90 minutes and to 7 minutes, respectively, using ultrasound and microwave.
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Given these extraction times, the researchers concluded that the energy consumption of ultrasound-
assisted extraction was twice as low as that of conventional extraction, and that the energy
consumption of microwave-assisted extraction was thirteen times lower than that of conventional
extraction. It should be noted that of the extracts, these researchers were able to identify 26 phenolic
compounds. For all these reasons these researchers considered microwave extraction a green method
[90].

To compare the two techniques, microwave-assisted extraction and ultrasound-assisted
extraction, these technologies were applied to lemon peel residues [91]. After application of the RSM,
the ultrasound-assisted extraction (amplitude 38%) took 4 minutes, and the microwave-assisted
extraction (P=140 W) took only 45 seconds (Table 15).

Another extraction of phenolic compounds is the extraction of thirty-six flavonoids from
Spatholobus suberectus (an herb used for various medicinal purposes) [92]. In this work the traditional
extraction (with Soxhlet) took six hours, but with ultrasounds and microwaves, the extraction took
respectively, one hour and half an hour, already with the simultaneous use of microwave and
ultrasound, it was found that the extraction took only 7.5 minutes (Table 15).

Recently, a paper was published on the extraction of phenolic compounds from the leaves of
coriander (Coriandrum sativum L.) [22]. In this work several solvents were evaluated, namely: ethanol,
acetone, and water. Ethanol (at 50%) proved to be the most suitable solvent. In this work, microwave
and conventional extraction were applied, and the operating parameters were optimized by RSM.
The optimized parameters were ethanol concentration, irradiation time, microwave power and
liquid/solid ratio. Regarding the irradiation time and microwave power, values from one to five
minutes and from 100 to 900W were tested, and it was concluded that the ideal is four minutes and
500 W (Table 15).

Table 15. Comparison between various types of solvent extraction to obtain phenolic compounds
from different biomasses.

Type of G Referenc
Biomass yp . Power Solvent time
Extraction . e
(min)
Eucalyptus robusta * MW 600 W water 3 [87]
Eucalyptus robusta * Us 250 W water 920 [88]
conventional Ethanol 225
Eucalyptus globulus US Medium 569 zzr\lzc:)v) 90 [90]
MW 7
Amplitude 38
Lem.on peel us mp 10 ¢ Ethanol: water 4
residues* Yo [91]
55:45
MW 140 W 0.75
Spatholob conventional 100 % Methanol 360
patitolovus Us 30250 W |70 % Methanol 60
suberectus
MS 100-500 W | 70 % Methanol 30
Methanol [92]
100-500 W 30-100 %
MSUS | 5050w v 75
Pure ethanol
(Coriandrum sativum
L)* MW 500 W 50 % ethanol 4 [22]

* RSM- Response Surface Methodology.

4.3. Factors influencing microwave- and ultrasound-assisted extraction

It can be concluded through the examples discussed that the main factors that influence
microwave-assisted extraction are the irradiation time, the power of the microwaves, the frequency
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of the microwaves, but also the temperature [93]. It should be taken into account, that when the
irradiation time is increased, consequently, it can increase the extraction yield, but this can lead to
unwanted degradation of the analytes [93]. As for the irradiation time and the power of the
microwaves are factors that determine the consumption of energy, and it is advisable to keep
microwave power, low or medium [93]. Relatively, to the factors that influence ultrasound-assisted
extraction, there is, analogously, to consider: the sonication time, the power of the ultrasounds, the
frequency of the ultrasounds and the temperature [93].

4.4. Emerging routes in extraction

In a recent review, researcher Osorio-Tobon compares four emerging techniques for the
extraction of phenolic compounds, namely: 1) microwave-assisted extraction, 2) pressurized liquid
extraction, 3) supercritical fluid extraction, and 4) ultrasound-assisted extraction. In this review, a list
of different biomasses used is also presented for each of these extraction techniques [89].

In this review, the following conclusions are also presented: 1) the processes of extraction
assisted by microwave, pressurized liquid, supercritical fluid and ultrasound, are effective processes
for obtaining phenolic compounds; 2) for microwave-assisted, pressurized liquid and ultrasonic
extraction, the appropriate solvent is ethanol-water; 3) in the case of supercritical fluid-assisted
extraction, the best co-solvent is ethanol; 4) microwave-assisted extraction and pressurized liquid
extraction require higher temperatures than other methods (but care is recommended to avoid
degradation of the compounds); 5) the most promising extraction technique is microwave extraction,
followed by ultrasound-assisted extraction, and extraction by pressurized liquid and supercritical
fluid (this sequential ordering was done based on total flavonoids) [89]. These researchers suggest,
as examples to be applied in the future, two routes, namely: 1) extraction with ultrasound, combined,
with extraction, by pressurized liquid, or else, extraction with ultrasound, combined, with extraction
by supercritical fluid; 2) supercritical fluid extraction, followed by microwave extraction or ultrasonic
extraction, followed by extraction by pressurized liquid [89].

In the context of promising routes, other researchers propose the development of the following
combinations between techniques, namely: ultrasound-assisted enzymatic extraction; microwave-
assisted enzymatic extraction; and ultrasonic microwave-assisted extraction; as techniques that can
exhibit good results [94]. These researchers, in addition to suggesting these combinations, also
present successful cases in which these combinations have already been tried.

5. Sonocatalysis of lignocellulosic biomass (Part IV)

The area of chemistry that studies the use of ultrasound in chemical reactions is sonochemistry.
From a historical point of view the first time that ultrasounds were used to increase the speed of a
chemical reaction was in the year 1927, by Richards and Loomis [45]. But it was only later, in the year
1970, that sonochemistry was born as an emerging area of chemistry [27,41]. Sound is rarely
associated with chemical reactions [27]. Nevertheless, it can be found statements of the principles of
sonochemistry, in the synthesis of chemical compounds: use of less dangerous chemicals and
ecological solvents; increase the yield of chemical reactions; minimize energy consumption in
chemical reactions and use renewable raw materials [95]. There is a strong parallel between these
four principles of sonochemistry and the 12 principles of Green Chemistry [95,96].

The interception of sonochemistry with catalysis results in sonocatalysis [47]. These two areas,
sonochemistry and sonocatalysis, are emerging areas in the current context of bioeconomy and
biorefinery. Sonocatalysis aims to find catalysts whose activity is triggered by ultrasound, and which
have access to complex compounds, which is relevant when the goal is to deconstruct lignocellulosic
biomass, given its recalcitrant nature [50].

The following are presented and discussed, only the main reactions that are catalyzed by
ultrasound: hydrolysis, hydrogenation, and oxidation [47,50]. These contribute to the deconstruction
of lignocellulosic biomass, to obtain biochemicals and biofuels.

5.1. Examples of hydrolysis
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An example of the application of hydrolysis in lignocellulosic biomass consisted of applying an
ionic liquid and ultrasounds to three types of biomasses, glucose, cellulose, and local bamboo, to
produce 5-hydroxymethylfurfural (HMF) [97]. In this work, furfural yields of 43%, 31% and 13%,
respectively, were obtained in glucose, cellulose, and local bamboo, in less than 10 min. It should be
noted that the traditional process (without ultrasound) takes 3 hours (Table 16). The importance of
reducing the production time of 5_HMF, is because this compound is on the list of the top ten
biobased products [1].

Another study mentions that several ionic liquids were tested to produce, using ultrasound,
reducing sugars from two agricultural residues, corn straw and soybean straw [98] (Table 16).
According to the researchers of this work, the conclusions were as follows: the best ionic liquid was
1-H-3-methylimidazolium chloride ((HMIM]CI); the presence of ultrasounds greatly improved the
yield of sugars; The protocol for obtaining the ionic liquid is simple and economical, and the ionic
liquid, in addition to being a good solvent, also has good catalytic activity. This route of preparation
of reducing sugars can be a promising step in the production of biofuels [98].

Another work of acid hydrolysis, assisted by ultrasound, was the synthesis of furfural (FF) from
cellulose, under mild temperature conditions [99]. In this work several acids (nitric, sulfuric,
hydrochloric, and oxalic) were tested, different temperatures were tested (from 30 to 70 °C) and
different ultrasonic amplitudes (from 30 to 70 %) were experienced. And it was possible to obtain a
yield of 78 % in the production of furfural, with dilute nitric acid, at 60 °C and in 60 min, with 50 %
of ultrasound amplitude (Table 16). This route of production of furfural from cellulose, with the
addition, only, of dilute nitric acid and ultrasounds can be applied industrially. It should be noted
that furfural has multiple applications, namely pharmaceutical.

Another work involving acid hydrolysis was the production of reducing sugars, using
microwaves and ultrasounds, from various industrial residues of potato peel [100]. The industrial
residues of potato peel used for the synthesis of sugars were “potato flour’, “wet potato sludge” and
‘dry potato sludge’. This waste was supplied by a company that generates about 20 tons per day. The
results in the yield of sugar synthesis were 61 % with microwaves, and 70 % and 84 % with
ultrasound, low and high frequency, respectively (Table 16). From the reducing sugars obtained from
the industrial residues of the potato peel it is thought to produce biofuels.

A recent work of acid hydrolysis, with ultrasound, was the synthesis of 5-
hydroxymethylfurfural (5_HMF) from banana peels [23] (Table 16). This work has two parts. In the
first part, the delignification was performed with alkaline pretreatment, and in the second, acid
hydrolysis was performed. Both experimental parts were assisted by ultrasound. In this
investigation, several operational parameters were studied and optimized, and the results of both
experimental parts, with and without recourse to ultrasound, were also compared. In conclusion,
ultrasounds reinforced the delignification and acid hydrolysis.

Another recent work was the preparation of 5_HMTF and FF, using ultrasound, from the sugars
previously obtained from cupuacu husk [69]. This pre-treatment has been described previously (in
section 3.2.5). In this study, the best results were 12.94 % and 48.84 %, respectively, in the synthesis
of 5_HMF and FF, in one hour with ultrasound (T= 140 °C) and ionic liquid (Table 16).

In the hydrolysis examples presented three are different routes for 5_HMF production [1,23,69]
but it is not obviouswhich is the best route, as it would require a more detailed analysis of factors
other than yield, such as energy consumption.

5.2. Examples of hydrogenations

An example of application of hydrogenation in lignocellulosic biomass was the work of
hydrogenation of D-fructose, with ultrasound, to produce D-mannitol [101]. To achieve this goal,
three catalysts were studied, namely: Cu/SiO2; Raney-Ni and CuO/ZnO/Al20Os (Table 16). It was found
that not all catalysts increased the hydrogenation rate, and it was concluded that the catalyst with the
best performance in the production of D-mannitol, in the presence of ultrasound, was Cu/SiO2. It
should be noted that D-mannitol is a sugar that exists in nature, but whose extraction is not profitable
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and this route of obtaining from D-fructose, through ultrasound, may be a more economical way of
obtaining it.

Then, from isolated lignin (from Miscanthus giganteus) by acid hydrolysis and by basic
hydrolysis, the lignin obtained was subjected to catalytic depolymerization, by two routes, with
thermal conditions and with ultrasonic [102]. In this work, the researchers also tested three different
classes of nickel-containing catalysts (Table 16). And they had several conclusions: depolymerization
was more efficient in lignin obtained via basic hydrolysis than by acid, and the catalysts exhibited
lower catalytic performance under ultrasonic conditions than with conventional heating. This work
shows that finding efficient and more ecological catalysts for the treatment of lignocellulosic biomass
under ultrasonic conditions is a challenge.

Traditionally, fatty acid methyl esters (FAMEs) are used to produce biodiesel, through the
application of hydrogenation, by conventional catalytic transfer, under conditions of high
temperatures and pressures, recently, a group of researchers has developed an innovative route [103].
In this route, the ultrasounds intensify the hydrogenation, which occurs at 35 °C, for 120 min, with a
yield of 78.66 % in hydrogenated FAMEs. In this work La-doped nickel-boride amorphous alloy (Ni-
La-B) as catalyst, sodium borohydride as hydrogen donor and water as solvent.

5.3. Examples of oxidations

Regarding oxidations applied to lignocellulosic biomass in the field of sonochemistry, two
studies were prepared in which cellulose nanocrystals with high carboxylate content were prepared,
one from cotton pulp, and the other, from hard wood kraft cellulose [104,105] (Table 16). In these two
works, the catalyst used was TEMPO (2,2,6,6-tetramethyl-piperidine-N-oxyl) which is a stable
nitroxide radical that oxidizes catalytically with high yield [105]

Recently, Ayoub et al. [106] managed to find a route, to produce maleic acid from FF, using high-
frequency ultrasound (525 to 565 kHz), which does not require the use of a catalyst. It should be
noted the search for the best route to produce maleic acid from furfural has motivated many studies,
as this compound is a very important intermediate in the chemical industry. In this innovative route,
the yield of 92% in maleic acid was achieved, under mild oxidizing conditions with hydrogen
peroxide and at a temperature of 42°C. and without the use of a catalyst. This is a promising route,
as conventional ones require complex catalysts, and sometimes also require high temperatures (Table
16).

Still and as for oxidations and acid hydrolysis, assisted by ultrasound, it is worth mentioning
that our previous review, to produce nanocrystals, from the lignocellulosic biomass, in this review
the reader can find several examples of these reactions [107].

Table 16. Some examples of sonocatalysis: hydrolysis, of hydrogenations, applied to lignocellulosic

biomass.
Reaction Biomass Oper.ajang Product Mam. Reference
conditions conclusion
Ultrasounds
20 kHz, 300 W From 3 hours
Bamboo 10 min. 140 ° C from the
(Gigantochloa T 5_HMF conventional [97]
o Catalyst: ionic
scortechinii) o route to 10
liquid minutes
Hvdrolvsi CrCls )
rolysis
Y y Ultrasounds
Bath, 120 min, 70 ° Simple and
Soybean straw and corn C Reducing pes
.. economical [98]
straw Catalyst: ionic sugars
Ay approach.
liquid
([HMIM] CI)
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Ultrasounds Simple
20 kHz, 60 min, s nthesii in 60
, 1
Cellulose 30°C FF y. . . [99]
. min, with yield
Catalyst: Diluted 78
HNO: ”
Ultrasounds 70% yield with
20 kHz and 500 Reduci 20kHz
ucin
Potato starch waste kHz, su arsg ultrasounds and| [100]
120 min, 60 ° C & 84% yield with
Catalyst: H2SO4 500kHz.
Ultrasounds Production of 50
Banana peels 20 kHz, 240 watts 5_ HMF (g/L 5_HMEF after| [23]
Catalyst: H2SOs 1h
Ultrasound
. . Synthesis with
Pre-treated sugars It doesn't mention : o
. yield of 12.94%,
obtained from cupuagu power. FF in 5 HMF and [69]
husk 60 min, 140°C 5 _HMF . .
. .. 48.84% in FF, in
(Theobroma grandiflorum)|Catalyst: ionid] one hour
liquid [BMIM][Br]
Ultrasounds
20 kHz, 50 W Cu/SiO2 was the
D- Fruct 20 min, 110 °C D ol catalyst with [101]
- Fructose -mann
o8 Catalysts: Cu / SiOz 1o better
Raney-Ni, CuO / ZnO performance.
/A2O3
Ultrasounds The performances
of the catalysts,
35kHz, 6 h, 25 °C .
Low under ultrasonic
Lienin £ Catalysts: lecul conditions
ignin from molecular onditions, were
_ Hsnm A FesO4(NiAlO)s, i o [102]
Miscanthus giganteus ) weight inferior to those
. FesO4(NiMgAIO)x, y .
Hydrogenation| IR compounds | exhibited with
ionic liquid )
conventional
[BMIM]OACc ,
heating.
Intensification of
Ultrasounds hydrogenation by
40 kHz, 120 W, catalytic transfer,
35°C hvd ted due to the
rogenate
Gross FAMEs Catalyst: Amorphous 4 FAEI;\/IE incidence of [103]
alloy of doped nickel s ultrasound.
boride with La The same catalyst
Li-La-B. can be used at
least 5 times.
Ultrasounds
1lul
40 KHz, 300 watts Nanf:;eh,u 1? 1 Cellulose
with hi
Cotton pulp Catalyst: TEMPO COOI§ nanocrystals [105]
(2,2,6,6-tetramethyl- stable in water
. L. content
Oxidation piperidine-N-oxyl)
Ultrasounds [Nanocellulose] Oxidation
Hardwood Kraft 68 and 170 kHz, with high selective, in [104]
Pulp 1000 W COOH primary hydroxyl
Catalyst: content groups (C6).
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TEMPO (2,2,6,6-
tetramethyl-
piperidine-N-oxyl)
High-frequency Promising route
ultrasound that dispenses
525 to 565 kHz with catalyst, uses
FF T=42°C Maleic acid |mild temperatures| [106]
It uses. and high-
H20 frequency
No catalyst ultrasound

5.3. Sonophotocatalysis, the emerging area

A new emerging area for obtaining value-added products from lignocellulosic biomass is
sonophotocatalysis [108,109]. Sonophotocatalysis uses the synergistic effect of ultrasound and light
to be more effective in deconstructing lignocellulosic biomass. Sonophotocatalysis uses the
synergistic effect of ultrasound and light to be more effective in deconstructing lignocellulosic
biomass. As an example of a sonophotocatalysis, it is only mentioned the first study of the
sonophotocatalytic degradation of lignin with TiO: (photocatalyst) that reached 93 % degradation in
180 min, using ultraviolet radiation and ultrasounds [110].

6. Conclusion

Microwaves and ultrasounds are now two emerging techniques in the use of lignocellulosic
biomass. This work led to the conclusion that these techniques make it possible to develop new routes
for obtaining biofuels and bio-based products, those with added value from lignocellulosic biomass.

These new routes, using microwaves and/or ultrasounds, can reduce reaction times, reduce
energy consumption, and reduce the use of toxic and dangerous solvents, so they are routes that
comply with some of the basic principles of Green Chemistry.

Given this evidence, it can be said that, today, for the development of the biorefinery and the
bioeconomy, any process of conversion of lignocellulosic biomass must necessarily include (or
consider the inclusion) of microwaves and/or ultrasounds, as promising and ecologically greener
techniques.

7. Challenges and opportunities

There are immense challenges in the development of new routes that use microwaves and
ultrasounds as emerging techniques in the treatment of lignocellulosic materials. Some challenges
are listed below:

1. Study the dielectric parameters (dielectric constant, dielectric loss, dielectric loss tangent) of the
lignocellulosic biomass concerned before subjecting it to pre-treatment with microwave
radiation [28,29,111];

2. Tounderstand how the dielectric parameters of lignocellulosic biomass vary with frequency of
incident microwaves, and with operating temperature. There are studies that prove that
dielectric parameters vary with frequency and temperature [29,36] But so far, it seems to be quite
difficult to predict the behavior of biomass in the face of these two factors;

3. Develop computational tools to find the best conditions for a given microwave pretreatment
[26,111];

4. To investigate why there are studies in which the crystallinity index increases [63,66,68,69] and
others in which it decreases [57,64,67], with incidence of microwave or ultrasound;

5. Advance to the study of liquefactions, with microwaves, on a pilot scale. It is the
recommendation of some researchers who argue that at the laboratory scale, they have already
been properly tested [86];

6. Develop new catalysts for reactions with ultrasound, and also for reactions that use,
simultaneously, ultrasounds and ultraviolet light [108,109].
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