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Abstract: This article provides an overview of the pretreatments that can be applied to lignocellulosic biomass
and their different benefits. It focuses and compiles information on the main physical pretreatments applied
to lignocellulose biomass. Concept, advantages, disadvantages and parameters of the pretreatments (milling,
ultrasound and microwave). As well as a review of research carried out on different types of biomasses and
what was obtained from them. Milling provides an essential mechanical change to optimize the surface, while
microwave and ultrasonic methods provide sophisticated techniques that greatly increase the efficiency of
transforming biomass through selective structural modification.
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1. Introduction

Biomass is a renewable energy source derived from organic materials that offers different
benefits that can be processed to obtain different alternatives. This energy source is a sustainable
option and is also considered carbon neutral since the carbon released during processing is the same
as that absorbed by the plants during their growth reducing greenhouse gas emissions. Also, the
volume of waste is reduced because it can be converted into biomass, which is reflected in the costs
associated with waste disposal. Biomass production is reflected in the stimulation and growth of local
economies, such as new income for farmers and biomass producers and obtaining fuels and/or energy
at lower cost [1] .In production, the most abundant raw material is lignocellulose biomass.
Lignocellulose biomass is composed of biopolymers such as cellulose, hemicellulose and lignin and
its composition will depend on the type of biomass [2]. It also contains proteins, lipids and other
inorganic compounds. Generally, polymers contain 35 to 55% cellulose, 20 to 40% hemicellulose, and
10 to 25% lignin [3] (Figure 1). For the conversion of lignocellulose biomass, it is essential to
implement pre-treatments that aim to alter its structure so that the cellulose and hemicellulose
components are more accessible for subsequent transformation treatments such as obtaining fuels
and value-added products. Pretreatments can be chemical, physical, or biological, and in some cases,
they are mixed together to obtain better results [4],[5],[6].
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Figure 1. Lignocellulose biomass structure.

Figure 2 shows a summary of the most commonly used pretreatments for lignocellulose
biomass. Physical pretreatments are environmentally friendly because they do not use chemicals, but
energy consumption is high. Chemical pretreatments help with the removal of lignin, achieving good
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sugar yields but require high process control, and also the environmental risks are higher. Finally,
biological processes are environmentally friendly and have low energy consumption, although they
are slow processes and require long treatment times [7] ,[8], [9],[10]
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Figure 2. Review of pretreatments for lignocellulose biomass.

Itis important to emphasize that physical pretreatments are the basis for the other pretreatments
and essential for the processing of lignocellulose biomass. The main advantages are the improvement
of enzymatic accessibility, improvement of mass transfer, and reduction of lignin interference
commonly used in industrial processes.

2. Main physical pretreatments for lignocellulose biomass

The most commonly used physical pretreatments are milling, ultrasound, and microwaves. Each
is described below.

2.1. Milling pretreatment

The milling pretreatment is a base for the subsequent processes in biomass valorization since it
is a process that improves the physical and even chemical properties that allow the biomass to be
suitable for subsequent processes such as hydrolysis [8]. The benefits of implementing pretreatment
are that particle size reduction can be achieved by achieving different particle sizes around 0.02 mm
or less, depending on the type of mill selected and the lignocellulose biomass to be processed.
Consequently, it increases the surface area for further processing and improves digestibility. Smaller
particle sizes have a higher bulk density, making it easier to transport and handle the biomass in the
tests [11], [5] In addition, the process alters the crystalline structure of the cellulose which can be
used in hydrolysis processes and facilitating them. Therefore, by reducing the crystallinity, the
efficiency of the reactions increases [12], [13]. Table 1 shows the advantages and disadvantages of
milling pretreatment [5], [14], [15], [16].

Table 1. Some advantages and disadvantages of milling.

Advantages Disadvantages

Increased Surface Area High Energy Consumption
Reduced Crystallinity Capital Costs
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3
Improved Processing Efficiency Potential for Over-Milling
Cost-Effectiveness Variability in Results
Eco-Friendly Limited Effect on Some Biomass Types

The milling process operates under two regimes: continuous or discontinuous. The continuous
regime is a processing that is done constantly and is used in large-scale processing. The milling
process operates under two regimes: continuous or discontinuous. The continuous regime is a
processing that is done constantly and is used in large-scale processing. It has great performance in
industrial processing as it can grind large quantities of biomass without interruptions in processing;
however, it can be very energy-consuming compared to batch processes [11],[17]. However, the
discontinuous regime corresponds to defined or fixed biomass processing on a laboratory scale. It
can achieve the same particle sizes as a continuous regime; however, the consumption of energy and
time is higher, which makes it inefficient. When processing the same amount of lignocellulose
biomass as in a continuous process, the energy consumption in a batch process will be higher because
it must be turned on and off to achieve milling the entire biomass. Also, it achieves particle size
variations per batch [14] ,[13].

Of the physical pretreatments, the most commonly used is milling (65%). Milling is classified
into 6 types: Ball milling, centrifugal milling, hammer milling, hammer milling, knife milling, rod
milling and roll milling. The most common type of milling is ball mill (65%), followed by knife mill
(13%), hammer mill (9%) and finally, rod milling, centrifugal milling and roll milling (13%). The types
of mills that have a continuous system are knife mill, screw extruder, hammer mill, roll mill and
centrifugal, and, the mills that have a batch regimen are ball mill and rod mill. Each mill has its own
characteristics for the milling process as shown in Table 2 [11].

Table 2. Types of mills and its descriptions.

Type of mill Descriptions

It is a specialized mill for dry biomass milling where the size of the biomass is
reduced with the contact of the static and rotating blades that passes through a

Knife mill ~ sieve to finally be stored in a tank. The efficiency of the mill depends on the
moisture content of the biomass, the drier the biomass, the more efficient the
cutting and shearing.

It works with a tangential feeding of the biomass to the hammers of the rotor that
are in charge of driving the biomass, sending it rotating towards a breaker plate
where it is crushed and has an exit towards a sieve. In this process, it is
recommended that the biomass has low humidity because it reduces its efficiency.

Hammer mill

The system works with rollers that rotate in different directions in opposite
directions, where they grind by means of compression and tearing mechanisms.

Roll mill The system ensures continuous and constant shredding by introducing biomass
between the cylinders. For this type of mill, it is suggested to use brittle and fibrous
biomass because when using wet biomass, it can stick to the rollers.

This mill works with cutting and breaking mechanisms using a motor with blades
that rotate at high speed in a milling chamber. The biomass enters through the
Centrifugal  upper part of the mill, and when it comes into contact with the blades, it is reduced
mill in size. When cut, the particles are thrown towards the walls of the chamber, which
is made of mesh and does not allow the biomass to come out until it is at a very
small size.

It consists of a cylinder with a central shaft, which rotates at high revolutions,
producing size reduction by tearing through friction forces created between the
Ball mill balls inside the cylinder and the cylinder itself. When the speed is low and
gradually increases, the biomass reaches the highest centrifugal force and falls
thanks to gravity, reducing the particle size through breakage as an additional
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process. However, ideally the speed should be high enough for the biomass to be
distributed throughout the milling chamber to ensure that the process is efficient.

This mill has the same characteristics as the previous one, however, the steel balls
are replaced by steel rods which reduce the size with abrasion and impact. It is
most commonly used for further processing such as pyrolysis and char
production.

Rod mill

It is important to know models of mills. Figure 3 shows the knife mill designed by the research
team from the following biomasses: peapods and coffee cherry. The D87.1.2011 catalog from MOTOX
Geared Motors supports the milling design for motor selection based on a torque of 59.4 Nm.
Similarly, a four-point blade —which is typical for cutting irregular shapes and dense materials —was
chosen. Depending on how long it takes to obtain the particle size and which morning is best for
separating the particle sizes and removing the biomass by hand, the design features a manual and
vertical feeding system in which the biomass enters directly into contact with the blades, which rotate
at 572 revolutions per minute. This causes a heat transfer through free conduction of ambient air. By
using a knife mill in the coffee cherry waste biomass with a composition of 27.6 cellulose, 12.5
hemicellulose and 13.7 lignin, particle sizes of 0.5 mm, 1 mm, 2 mm and 5 mm were obtained, which
when applying a hydrothermal treatment with yields greater than 17%. With peapod waste biomass
with a composition of 20.2 cellulose, 17.4 hemicellulose and 5 lignin, particle sizes of 0.5 mm, 1 mm,
2 mm and 5 mm were obtained, with yields greater than 20% when hydrothermal treatment was
applied.

Figure 3. Knife mill design. (Article in the process of being published).

2.2. Ultrasonic pretreatment

Ultrasonic pretreatment is a process that uses high-frequency sound waves to improve the
physical and chemical properties of materials, especially for food processing and waste management.
When applied to lignocellulose biomass, it has been shown to be effective in converting it into
valuable products, such as biofuels or platform products. It also makes the biomass suitable for
processing, such as hydrolysis and fermentation. Ultrasound generates abruptly collapsing cavitation
bubbles that produce high temperatures and pressures. This leads to the breakdown of lignin
structures, increased surface area, and improved mass transfer [18],[19] . Benefits are obtained in the
biomass, such as a higher sugar yield; likewise, by improving digestibility, costs are reduced in
subsequent processing, and finally, it provides a plus in the process of obtaining biogas since it
decomposes the organic structures, and this increases the yield of the same [18],[20],[21] .

This process is influenced by different parameters such as frequency, power, temperature,
solvent type and reactor configuration. In the case of lignocellulose biomass, it has been shown that
low frequencies tend to be more effective for this material; the power level should be optimized to
balance efficiency and damage to the material. The selection of the solvent will depend on the type
of material, and the temperature will have to be high as it improves the reaction rates, but care must
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be taken to achieve a balance because it can degrade the cellulose. Finally, the reactor can affect
cavitation and treatment efficiency [20][21],[22],[23].

However, this process has some disadvantages, such as high energy consumption resulting in
increased operating costs. Also, exceeding the pretreatment causes structural damage to the
materials; also, when the materials have low oxygen content, they have limited efficiency. Ultrasonic
equipment costs are usually high and require constant maintenance to ensure good performance. The
results are variable because they depend on the operating parameters mentioned above [24],[25],[26].

The pretreatment has two regimes in which it can operate: continuous and discontinuous. In a
continuous regime, it implies that the biomass flow is continuous through the ultrasonic reactor. The
treatment conditions should be constant and are used in large-scale operations that run efficiently.
An advantage is that it manages to maintain energy input and optimal cavitation, which
consequently leads to uniform solubilization of the biomass. In a batch mode, it works by processing
the biomass in batches in a controlled manner, but the efficiency can be variable in each batch. As
well as the energy input can be considered as a function of the mass processed [22],[27]. Another type
is the combined pretreatment, which consists of mixing a chemical treatment with ultrasound. This
improves delignification and improves cellulose accessibility to a greater extent. The chemical agent
leads to effective removal because cavitation increases the penetration of the chemicals into the
biomass. This combination is a more efficient strategy compared to single treatments and is useful
when processing time and temperatures are to be reduced [28][26].

Figure 4 shows the continuous ultrasound design designed by the research group for
lignocellulose biomass processing. This continuous system is an ultrasonic bath that has been
modified to work with a pump system that has a pipe line and valves so that the liquid flow and
process sampling may be controlled. The bath ultrasonic system can operate in various situations for
ultrasound pretreatment and contains a controller to set the frequency. Although this apparatus has
a 5-liter capacity, it is advised to use up to 75-80% of the total volume for best results and to avoid
experimental mishaps. It is crucial to keep in mind that the total volume is composed of a mixture of
liquid and biomass, and it can be altered based on the results of the experimental test. It's also crucial
to emphasize that this equipment is made of structural steel, which has greater resistance, and
stainless-steel variants of ANSI 304.

Figure 4. Design of continuous ultrasound [29.]

2.3. Microwave pretreatment

Pretreatment aims to improve the efficiency of biomass conversion in subsequent treatments. It
consists of a technique that combines microwave irradiation and physicochemical processes that
allow altering the structure of lignocellulosic materials to improve cellulose accessibility for
subsequent treatments. The energy efficiency of the treatment is more efficient compared to other
heating treatments. It is a method that directly heats the biomass and allows for reduced energy losses
in heat transfer [30] . Processing the biomass by microwave reduces the time compared to other
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pretreatments, thus achieving higher yields and productivity [31]. Also, microwave irradiation of the
biomass effectively alters the recalcitrant structure and results in improved accessibility of the
cellulose for further treatment such as enzymatic hydrolysis. However, the process allows the
temperature and heating rate to be controlled, thus optimizing the treatment conditions. Finally, this
process reduces the formation of toxic by-products [32],[33] . Pretreatment requires a high initial
investment and can also generate inconsistent results if operating conditions are not properly
optimized. In addition, if there is excessive use of microwaves, excessive heating can degrade the
cellulose and negatively affect the quality of the sugar. It is an efficient process at laboratory scale but
there are doubts about the feasibility of the process on a larger scale and results may vary according
to the type and composition of the biomass [33] . The parameters influencing pretreatment are
temperature, pressure, irradiation time and finally, the composition of the raw material [30] [34] .
There are different types of microwaves such as microwave-assisted extraction (MAE),
microwave-assisted pyrolysis (MAP), microwave-assisted hydrothermal treatment (MAHT),
microwave-assisted acid hydrolysis (MAAH), high-pressure microwave-assisted pretreatment and
microwave-assisted organosolv and their characteristics are shown in Table 3 [33],[35],[30][36].

Table 3. Types of microwave and its descriptions.

Types of

. Descriptions
microwave

It is a technique that combines conventional extraction processes with the energy
emitted by microwaves. It is used to improve the extraction of compounds from
MAE biomass. It increases the efficiency of solvent extraction by rapidly heating the
biomass. It is ideal for polysaccharides and phenolic compounds extraction
processes. Also, it requires less reaction time, less solvent and lower costs.
It is a technique of thermal degradation at controlled temperatures and pressures
using microwave energy. The efficiency of this process is higher than a
MAP conventional pyrolysis process because the heating is done in a uniform way thanks
to the microwaves, reducing the reaction time and improving the quality of the
product. Also, the heating speeds are faster.
In this process the biomass is treated with water under high temperature and
pressure conditions coming from the microwave. It is a process that has significant
lignin reductions and improves biomass availability and yield. Microwave
MAHT technology helps with uniform and rapid heating to improve mixing and efficiency.
It also allows control of parameters such as temperature, time, type of catalyst,
amount of biomass, and microwave power. There are different processes ranging
from 180°C to 1400°C.
This technique combines microwave energy with acid catalysts to hydrolyze
cellulose into fermentable sugars. Using microwave pretreatment allows the
MAAH o . o . .
kinetics of the reaction to be accelerated, resulting in higher sugar yields in shorter
periods of time compared to traditional methods.

This method employs high pressure coupled with microwave energy to enhance
High-pressure the delignification process of various types of biomass. Studies indicate that the use
microwave-  of high-pressure solvents can significantly increase cellulose content and reduce
assisted lignin. The effectiveness of this pretreatment is influenced by factors such as

pressure, temperature and duration of treatment.
Microwave- This process uses organic solvents together with microwave energy to extract lignin
assisted from biomass efficiently. The organosolv method can selectively dissolve lignin
organosolv while cellulose and hemicellulose remain unchanged.

Figure 5 shows the microwave design designed by the research group for the processing of
lignocellulose biomass. For the microwave process aided by pyrolysis, a continuous system was
created. This concept was based on the adaption and selection of 800 W conventional microwaves,
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which were chosen based on existing literature. The first modification, which involves inserting the
glass container into the upper section of the furnace and giving it a capacity of roughly 40 liters, is
based on the furnace's measurements and capacity. There are two inlets on the glass vessel: a gas inlet
on the side and a manual inlet for liquids and solids. The regulating valve regulates this input, and
the filling process is meant to be quick roughly five minutes with a flow rate of 0.13 I/s. On top of the
glass vessel was a thermometer for temperature control. The liquid and gas's exit for condensation
and separation is the second adaption. It includes a pumping system that runs from the water tank
beneath the condensation tubes and from the glass vessel to the tubes, which are controlled by two-
way ball valves and held up by a tee.

Figure 5. Design of pyrolysis assisted microwave (Article in the process of being published).

3. Physical pretreatment applications

Table 4 shows the applications of the main physical pretreatments used for different
lignocellulosic biomasses.

Table 4. Types of microwave and its descriptions.

S
Type of pretreatment Feedstock Conditions Results ouree

Hidrolisis yield
:53.9% levulinic  [37]
acid
Crystanility

Sugar cane index: 28/21 %
: 20 cycles and hydprolisis
yield: 44.7/59.5 %
Rod-milling
pretreatment
reduces the
thermal stability
Times: 30 — of hemicellulose,
Rod milling Wheat straw 240 minutes cellulose, and  [39]
lignin in
pyrolysis. The
most efficient

Oil palm empty fruit  Time: 12

Ball milling bunch hours

Wet disk milling [38]

bagasse/straw

process takes 30
min
. Ball milling
Time: 12
Ball milling Rice straw ime: 120 pretreatment  [40]

minutes
allowed to
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yield of 116.65
mg/g (2.5%
digested
residues) and
147.42 mg/g
(10% digested
residues)
Product
0.50-2.15 recovered:
N . KWh/kg for Glucose and
Milling Wood fiber 7-30 min at xylose [41]
270 rpm 24.45-59.67 %
and 11.92-23.82
%
Domestic The yields of
microwave, reduc.mg sugars
obtained were
power higher with
. output: 1600 ;
Microwave pretreatment Sugarcane bagasse microwave- [42]
W and .
. assisted
times
between 3- pretreatmegt
) and the duration
10 minutes
time was shorter.
Sugar recovery:
73-89%
Increases sugar
recovery by 17
Temperatur times higher
Microwave pretreatment Raw Miscanthus e: 200°C than [43]
with H2SO4 conventional
heating process.
Hemicelullosa
reduction: 16 a
25 %
o .
Microwave pretreatment Maize distillery stillage PBS%? I/;[/n??n 755'3;;:?::1?% [44]
250 mM
. . FeCl3,3%  98.9% glucan
Microwave pretreatment Rice straw H3PO4 155  conversion [45]
°C, 20 min
Removal of
69.49% lignin
and 38.34% of
1.5% hemicellulose,
Microwave pretreatment Wheat straw NaOH, 160 74.15% of [46]
°C, 15 min cellulose
recovery,
reducing sugars
yield of 718 mg/g
Ultrasound Sugarcane bagasse 59% ,78',7 ,2% ) [47]
amplitude, delignification
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70% duty and 94%
cycleat75  holocellulose
°C, 60 min recovery

HC-sodium Re?atlvely higher
; yield of xylose

percarbona )
Ultrasound Corn stover e 30 «C, 60 followmg [48]
min enzymatic
hydrolysis
Residence
181. f
time (20060 01> M8/8 0
. .., reducing sugars
min) with
. . . . and was
Ultrasound assisted dilute acid . sonicator .
. Sweet lime peel produced with  [49]
hydrolysis power and .
frequency maximum
of 750 W, ethanzz(};leld of
and 20 kHz ?
(400 W, 24
kHz)assiste
d alkali
2% i
Ultrasound Sugarcane bagasse  treatment(2. 9511 :idlilsll;lg [50]
89% NaOH, ° &Y
70.158C,
47.42min)
(250 W,
30min)
followed by o .
Ultrasound Rice hull Pleurotusos 32% redt'lcmg [51]
sugar yield
treatus
treatment
for 18days

4. Discussion

Effective pretreatment methods are essential to improve cellulose accessibility for enzymatic
hydrolysis and other subsequent chemical treatments. This review focuses on three important
pretreatment techniques: milling, microwave and ultrasound.

Milling is a mechanical method that reduces the size of biomass particles, increasing their surface
area. Milling efficiency depends on several factors: particle size and energy consumption. Smaller
particles generally provide a larger surface area for enzymatic action and while milling can improve
biomass digestibility, it requires significant energy input, which can affect the economic viability of
the main process. Research indicates that optimal milling can significantly increase the yield of
fermentable sugars from lignocellulosic materials by altering the crystalline structure of cellulose and
exposing more surface area to enzymatic action. For the milling process to be effective, an adequate
selection of the type of mill must be made according to the lignocellulose biomass to be processed.

Microwave-assisted pretreatment uses electromagnetic radiation to heat the biomass quickly
and uniformly. Microwave treatment is faster and often requires less energy compared to
conventional heating methods. It induces both thermal and non-thermal effects, leading to effective
alteration of lignocellulosic structures. The combination of microwaves with chemical agents
enhances the removal of lignin and hemicellulose. Studies have shown that microwave-assisted
hydrotropic pretreatment can achieve significant delignification while preserving cellulose content.
The efficiency of microwave pretreatment is influenced by factors such as temperature, irradiation
time and reagent concentration. When conditions are optimal, high yields of glucose can be generated
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from various types of biomass. Rapid heating provided by microwaves allows better control of
reaction conditions, minimizing cellulose degradation and maximizing lignin removal.

Ultrasonic pretreatment uses high-frequency sound waves to agitate biomass in a liquid
medium. The formation and collapse of microbubbles during ultrasound treatment creates shock
waves that disrupt cell walls and enhance the release of sugars. It can achieve significant biomass
disruption in a shorter period of time compared to traditional methods. This efficiency can result in
lower operating costs. In addition, it can effectively combine with other pretreatment techniques to
further improve biomass digestibility. Studies indicate that it can improve enzymatic hydrolysis
yields by increasing cellulose accessibility and reducing the need for harsh chemicals.

All three methods (ultrasound, microwave and milling) are effective by themselves, they differ
significantly in terms of efficiency. Ultrasound is very efficient for cell disruption with low energy
requirements and short processing times, particularly when combined with other methods.
Microwave pretreatment stands out for its fast processing capabilities and its ability to integrate
chemical treatments for improved biomass decomposition. Finally, milling serves as a fundamental
mechanical method that increases surface area but may require a higher energy input compared to
the other two techniques. The choice between these pretreatment methods must consider the specific
characteristics of the biomass, the desired results and economic factors in order to effectively optimize
downstream processes. Ultrasonic and microwave pretreatments are generally more energy efficient
compared to milling. For this reason, both ultrasonic and microwave pretreatments are advantageous
from an environmental point of view compared to milling, as well as lower greenhouse gas emissions
and less dependence on chemicals. Milling, while effective for size reduction, poses greater
challenges in terms of energy use and environmental sustainability. Therefore, ultrasonic and
microwave methods are increasingly favored in sustainable biomass processing practices.

5. Conclusions

Milling, microwave and ultrasonic pretreatments represent valuable approaches in
lignocellulosic biomass processing. While milling provides fundamental mechanical alteration to
improve surface area, microwave and ultrasonic techniques offer advanced methods that
significantly improve biomass conversion efficiency through selective structural disruption. Future
research should focus on optimizing these methods individually and in combination to maximize
yield and minimize costs in biofuel production and other processes. The integration of these
pretreatment strategies could play a key role in advancing sustainable energy solutions from
lignocellulosic sources.
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