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Abstract: This review article focuses on the application of microwave-assisted techniques in vari-
ous processes, including microwave-assisted extraction, microwave-assisted pyrolysis, microwave-
assisted acid hydrolysis, microwave-assisted organosolv, and microwave-assisted hydrothermal
pretreatment. This article discusses the mechanisms behind these techniques and their potential
for increasing yield, producing more selectivity, and lowering reaction times while reducing energy
usage. It also highlights the advantages and disadvantages of each process and emphasizes the need
for further research to scale the processes and optimize conditions for industrial applications. A
specific case study is presented on the pretreatment of coffee waste, demonstrating how the choice of
microwave-assisted processes can lead to different by-products depending on the initial composition
of the biomass.
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1. Introduction

Biomass residues, comprising organic materials from agricultural, forestry, and in-
dustrial processes, are essential resources for bioenergy production and sustainable waste
management [1]. However, the lack of proper management of biomass residues can lead
to contamination of the environment [2]. When biomass residues are left unmanaged or
disposed of improperly, they can release pollutants such as heavy metals, pesticides, and
organic compounds into the soil, water, and air, posing risks to ecosystems and human
health [3]. Biomass residues not only contribute to environmental pollution but also hinder
the potential for energy generation and bio-based products, emphasizing the critical need
for effective waste management practices [4,5].

The valorization of biomass residues plays a crucial role in mitigating environmental
contamination and promoting resource efficiency. By converting biomass residues into
valuable products through innovative technologies such as pyrolysis [6], gasification [7],
hydrothermal valorization [8,9], bioconversion [10,11] and extraction [12], the environ-
mental impact of unmanaged biomass residues can be minimized. Valorization processes
can transform contaminated biomass into biofuels, biochar, and other high-value materi-
als, reducing pollution and enhancing resource recovery. Proper valorization of biomass
residues not only helps in addressing environmental contamination but also contributes to
sustainable waste management practices, highlighting the importance of utilizing biomass
residues efficiently to mitigate pollution and promote environmental sustainability [13].

Microwave-assisted extraction (MAE) has emerged as a promising technology for
extracting bioactive compounds from biomass residues efficiently and sustainably. This
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innovative method utilizes microwaves to generate high-frequency waves that cause dielec-
tric heating in wet biomass, leading to the disruption of cell walls and the release of valuable
biochemical components such as lipids, pigments, proteins, and carbohydrates. Compared
to conventional extraction methods, MAE offers several advantages, including quicker
heating, selective energy dissipation, and enhanced heat and mass transfer, resulting in
reduced working times, increased yield, and improved purity of the extracted compounds.
The environmentally friendly nature of MAE, with reduced solvent requirements and
effective cell disruption, positions it as a viable option for extracting bioactive compounds
from biomass residues, contributing to sustainable waste management practices and the
efficient utilization of biomass resources [14].

Microwave technology in biomass extraction not only offers a green and efficient
method for obtaining bioactive compounds but also presents opportunities for industrial-
scale applications. By utilizing microwaves for extraction processes, researchers have
observed effective cell wall disruption with low energy input, rapid treatment times,
and the avoidance of hazardous substances [15]. This technology enables the extraction
of a wide range of compounds from biomass residues, including lipids, pigments, and
proteins, with high selectivity and efficiency. The benefits of microwave-assisted extraction
extend to the production of biofuels, high-value biochemicals, and other bioproducts,
showcasing its potential to revolutionize the extraction of valuable compounds from
biomass residues while promoting sustainability and environmental stewardship in the
bioenergy and bioproduct industries [16].

The scope of this article aims to provide a comprehensive understanding of microwave-
assisted processes in the context of biomass valorization. It will delve into the working
principles, elucidating how microwaves facilitate the extraction of bioactive compounds
from biomass efficiently and sustainably. This article will focus on optimizing pretreatment
by exploring various parameters and conditions that influence the extraction/reaction
process, such as power levels, irradiation time, and choice of solvents. Additionally, it will
highlight the specific application of microwaves for biomass valorization, emphasizing its
role in extracting valuable components like lipids, pigments, proteins, and carbohydrates
from biomass residues for various industrial purposes.

Furthermore, this article will introduce an innovative design of a microwave system
tailored specifically for biomass valorization. This design will showcase advancements
in microwave technology that enhance the efficiency and effectiveness of biomass extrac-
tion processes. The innovative design will address the unique requirements of biomass
valorization, considering factors like heating uniformity, energy efficiency, and scalability
for industrial applications. By presenting this novel microwave system, this article aims to
contribute to the advancement of sustainable practices in biomass valorization and promote
the utilization of biomass resources for the production of biofuels, biochemicals, and other
high-value products.

2. Microwave-Assisted Processes

Microwaves are a form of electromagnetic radiation with wavelengths shorter than
radio waves but longer than infrared waves, typically ranging from 1 mm to 1 m, with
frequencies between 300 MHz and 300 GHz [17]. These waves travel in a straight line,
known as the line of sight, and are readily reflected by obstructions (metals) but can be
absorbed [18]. In chemical processes, microwaves are utilized in microwave chemistry,
where they act as high-frequency electric fields capable of heating materials containing
mobile electric charges, such as polar molecules in solvents or conducting ions in solids [19].
When microwaves interact with these materials, they induce molecular rotations and
collisions, leading to energy loss and heating. This somewhat selective heating effect allows
for rapid and uniform heating of specific components within a reaction mixture, resulting
in accelerated reaction rates [20,21], milder reaction conditions, higher chemical yields,
and different reaction selectivities compared to conventional heating methods [22-25]. It
is worth highlighting that said uniform heating is only true for small samples, and in
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single-mode devices; the turntable and the convection in liquid media play major roles
in averaging the heating. Microwave chemistry has gained popularity in various fields,
including organic and inorganic chemistry, due to its ability to intensify processes, improve
efficiency, and enable unique reaction pathways not easily achievable through traditional
heating methods [26]. Figure 1 presents some of the microwave-assisted processes that will
be presented in the current review.
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Figure 1. Microwave-assisted processes.

2.1. Microwave-Assisted Extraction (MAE)

Microwave-assisted extraction (MAE) is an innovative extraction technique that com-
bines microwave energy with traditional solvent extraction methods. In MAE, microwaves
are used to heat solvents and plant tissues, increasing the kinetic of extraction [27]. This
method offers several advantages over traditional extraction methods, including shorter
extraction times, reduced solvent usage, higher extraction rates, and lower costs [28]. MAE
has become popular in extracting compounds from various matrices, especially natural
products, due to its efficiency and effectiveness [29]. Advanced MAE techniques like pres-
surized microwave-assisted extraction (PMAE) [27] and solvent-free microwave-assisted
extraction (SFMAE) [30]. have further enhanced the extraction process, making MAE a
valuable tool in the extraction of bioactive compounds from plants.

The mechanism of microwave-assisted extraction (MAE), and most of the microwave-
assisted processes, involve several sequential steps:

Separation of Solute: The process begins with the separation of solutes from the sample
matrix under increased pressure and temperature. The application of microwave energy
initiates the heating process, leading to the disruption of the sample matrix and the release
of solutes.

Solvent Penetration: As the sample is heated, the solvent penetrates into the plant
material through diffusion. This penetration causes the dissolution of solutes into the
solvent until saturation is reached.

Effective Diffusion: The solution containing the dissolved solutes diffuses to the plant
surface through effective diffusion mechanisms. This movement allows the solutes to
transfer to the bulk solution, where they can be collected for further processing.

Overall, the mechanism of microwave-assisted extraction involves the application
of microwave energy to heat the sample, facilitate the dissolution of solutes into the
solvent, and promote the transfer of solutes to the bulk solution through effective diffusion
processes [31,32].

The main difference between conventional extraction methods and microwave-assisted
extraction (MAE) lies in the heating process used to extract compounds from the samples.
In conventional extraction methods like maceration or soxhletation, the extraction relies
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on the slow diffusion of solutes into the solvent over an extended period, requiring more
time for the extraction process to complete. On the other hand, MAE utilizes microwave
radiation to rapidly and efficiently heat the solvent and sample, creating high vapor and
pressure and the disruption of the cell wall of matrices (Figure 2), significantly reducing
the extraction time. This quick and targeted heating in MAE enhances the kinetic of
extraction, leading to shorter extraction times, higher extraction rates, and lower solvent
usage compared to conventional methods.

Microwave-assisted
extraction

Conventional
extraction

D: Desorption
1D: Internal Diffusion
ED: External Diffusion

- ——p

Figure 2. Explanation of microwave radiation.

To provide a comprehensive overview of the diverse applications and outcomes of
microwave-assisted extraction, a comparative Table 1 has been curated. This table presents
a detailed analysis of different initial plant materials, the specific microwave extraction
conditions employed, the extracted products, and the corresponding yields. By examining
these key parameters across a range of studies, valuable insights into the effectiveness
and versatility of microwave-assisted extraction in obtaining bioactive compounds from
different botanical sources can be gleaned.

Table 1. Microwave-assisted extraction reported in the literature.

Vegetal Matter (VM) MAE Conditions Solvent Used and Valorized Product Yield Ref.
Volumes Added
204.84 s, 400 W, Ethanol 10 g fruit, Flavonoids o
Rhodomyrtus tomentosa AT =26.8°C-115°C 150 mL ethanol Anthocyanin 1.68% (v/w) [32]
1 g algae, 100 mL
Chlorella vulgaris 300 W, 50 °C, 30 min chloroform:methanol DW lipid 31.9% [33]
(1:1)
5 g algae, KFCaO
Mixed microalgal culture 245 GOHZ’ 10_80 w catalyst, 40 mL Biodiesel 58.12% [34]
60 °C, 45 min
methanol
. . 915 mg/L soluble
Stigeoclonium sp.; Wet bi bohvd .
Monoraphidium sp.; et biomass, no Carbohydrates carbohydrates;
. . v 2.45 GHz, 900 W, 3 min solvent added. . ’ 127.7 mL /g volatile [35]
Nitzchia sp.; and . proteins .
. 150 mL algal biomass solids and 193 mg/L
Navicula sp. X
protein
2.45 GHz, 60% of o .
Haematococcus pluvialis 1200 W output, 75 °C, 0.1 galgae, 10mL Pigments 74% astaxanthin [36]
5 min acetone recovery
. . 1200 W, 10 min, 1 g pumpkin, 50 mL . o
Cucurbita pepo var. styriaca 1022 °C water Pectin 7.3% [37]
Rhizopus oryzae NRRL1526 300 W, 22 min 1 g fungus, 50 mL Chitosan 13.43% [38]
! NaOH 1N ’ :
2.6 g of biomass to g 127 & 5 mg of
Spirulina (Arthrospira) platensis 434 W, 20 min 80 L. of ethanol Polysacarides carbohydrate/g of [39]

biomass
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Numerous factors, such as the solvent-to-feed ratio, solvent composition, water con-
tent, plant sample characteristics, irradiation period, stirring impact, microwave energy
density, and extraction temperature, all affect the efficiency of MAE.

Solvent-to-feed ratio and solvent composition: In microwave-assisted extraction
(MAE), the solvent-to-feed ratio is a critical component that greatly affects the extrac-
tion performance. The most important component influencing MAE is solvent selection,
and a well-chosen solvent will result in a productive extraction procedure. The solvent-to-
feed ratio has an impact on the solubility of the target molecule, the mass transfer kinetics of
the procedure, and the solvent penetration that results from the interaction of the dielectric
effect and sample matrix [40].

The solvent will be able to absorb microwave energy if it has a high dielectric constant
and dielectric loss [41]. Ethanol, methanol, and water are good examples of solvents that
absorb microwaves well and have enough polarity to be cooked in a microwave. A tiny
amount of water added to a polar solvent causes more water to diffuse into the plant sample,
which effectively heats the plant and speeds up the mass transfer rates of chemicals into the
solvent [42]. The solvent-to-feed ratio significantly influences MAE extraction efficiency, as
demonstrated by Alara et al. (2019), where the authors optimized the extraction conditions
for phenolic compound-rich extracts from Chromolaena odorata [29]. The composition of
the solvent used in MAE plays a vital role in the extraction process. The polarity of the
solvent affects its ability to absorb microwave energy effectively, thereby influencing the
extraction efficiency. Research has demonstrated that an increase in solvent polarity can
enhance the extraction rate and yield of bioactive compounds [40].

Microwave power: The heating rate and extraction kinetics are affected by the in-
tensity of the microwave radiation used during extraction, which is determined by the
microwave power. Because heat-sensitive chemicals are degraded by strong microwave
power, extraction yield may be reduced [43]. Higher microwave power often results in
an extraction yield that increases proportionately until it reaches a point where it either
becomes negligible or begins to decrease. Because microwave power causes localized
heating inside the sample and drives MAE, it is essential for the analyte to diffuse and
dissolve in the solvent [44]. However, because compounds are more susceptible to heat
degradation, it is crucial to remember that excessive power might also result in a loss in
yield. To yield compounds, a longer irradiation period will be required while using low
power [45]. The relationship between extraction temperature and microwave power is
crucial, with higher microwave power resulting in increased extraction temperature. This
enhances solubility and solvent potency, but a more effective approach is to use low and
medium power with longer exposure [46,47]. Microwave power significantly impacts the
extraction yield and extraction time. Higher power generally leads to better extraction
yields and faster extraction times. However, excessively high microwave power can lead to
degradation of thermally sensitive chemicals in the plant matrix. Therefore, selecting the
right microwave power is crucial to shorten extraction time and achieve desired yields [47];

Extraction time: The extraction time in microwave-assisted extraction (MAE) is a
critical parameter that significantly influences the efficiency and outcomes of the extraction
process. Research has indicated that the extraction time directly affects the extraction yield
and quality of bioactive compounds. Optimal extraction times need to be determined to
prevent under-extraction or degradation of compounds.

In MAE, the extraction time is often significantly shorter compared to traditional
extraction methods. For instance, a study comparing MAE with conventional methods
found that MAE only required 2 min for extraction, while traditional methods like heat
reflux extraction, ultrasonic extraction, and Soxhlet extraction needed significantly longer
extraction times ranging from 24 h to 90 min [42]. This highlights the rapid and efficient
nature of MAE in extracting bioactive compounds from plant materials.

Moreover, the influence of extraction time on the extraction yield in MAE has been
demonstrated in various studies. For example, in the optimization of MAE conditions,
researchers found that an extraction time of 5-6 min resulted in optimal extraction efficiency
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for phenolic compounds, with ethanol 80% as the solvent and a liquid/solid ratio of
12.7:1 [47]. This indicates that the duration of extraction plays a crucial role in determining
the yield and quality of the extracted compounds in MAE.

Temperature: Temperature increases solvent power due to decreased surface tension
and viscosity, enhancing solubilization and matrix wetting. MAE efficiency increases until
an optimum temperature is reached. Extraction temperature and microwave power are
interrelated, with higher microwave power leading to an increase in extraction temperature.
The recommended temperature range should be from 30 to 60-140 °C, considering the
stability of the compound of interest [48]. The extraction period of the MAE needs to be
regulated, often lasting between minutes and seconds, to reduce the possibility of heat
deterioration and oxidation. Reduced water content helps prevent the thermal and chemical
breakdown of compounds. Cyclic extraction is used to prevent thermal degradation of
compounds. Polar chemicals are heated fast with microwaves [49].

There are other forms of MAE that involve minor adjustments to the fundamental
configuration, such as the addition of gases, pressure, distillation, and other additional
methods that enable the extraction of certain compounds from the vegetal sample. These
are discussed in brief next [50].

Nitrogen-protected microwave-assisted extraction (NMAE) is a type of microwave-
assisted extraction that uses nitrogen gas to protect the sample and solvent from oxidation
during the extraction process [51]. This technique is particularly useful for extracting
heat-sensitive and oxygen-sensitive compounds, as it minimizes the risk of degradation
and oxidation. It works by placing the sample and solvent mixture in an extraction
vessel that is pressurized with nitrogen gas, creating an inert atmosphere to minimize
oxidation of extracted compounds. The sealed vessel is then subjected to microwave
energy inside a microwave cavity, heating the solvent and sample to facilitate extraction.
The nitrogen atmosphere helps reduce or prevent oxidation of heat-sensitive and oxygen-
sensitive compounds, resulting in higher extraction yields compared to conventional
methods. Nitrogen-protected microwave-assisted extraction (NPMAE) has been applied
for the extraction of ascorbic acid (AA) from various fruit and vegetable samples, such
as guava, yellow pepper, green pepper, and cayenne pepper [51]. Vacuum microwave-
assisted extraction (VMAE) is a type of microwave-assisted extraction that is performed
under vacuum conditions. This technique allows for the extraction of thermally labile
compounds at lower temperatures, reducing the risk of degradation [52]. The vacuum also
helps to increase the solvent’s penetration into the sample matrix, improving the extraction
efficiency [53]. This method has been applied for the extraction of antioxidants from plant
samples, including the extraction of polyphenolic compounds and pigments from Chinese
herbs. VMAE has also been used for the extraction of functional compounds from plants,
leveraging the reduced boiling point of the extraction solvent under vacuum conditions to
prevent the degradation of heat-sensitive compounds [52].

Focused microwave-assisted Soxhlet extraction (FMASE) is a type of microwave-
assisted extraction that combines the principles of Soxhlet extraction and microwave-
assisted extraction [54]. This technique uses focused microwave energy to heat the solvent
and sample matrix, promoting the transfer of solutes from the sample into the solvent. The
FMASE system typically consists of a microwave cavity with a rotating sample holder,
allowing for continuous solvent flow and efficient extraction [55]. FMASE has been suc-
cessfully used for the extraction of natural products, pharmaceuticals, and environmental
contaminants from complex samples, demonstrating its versatility and potential for au-
tomation and simultaneous extraction of multiple samples [54].

Ultrasonic microwave-assisted extraction (UMAE) is a type of microwave-assisted
extraction that combines the principles of ultrasonic extraction and microwave-assisted
extraction [56]. This technique uses ultrasonic waves to create cavitation in the solvent,
promoting the transfer of solutes from the sample into the solvent. Microwave energy is
used to heat the solvent and sample matrix, further enhancing the extraction efficiency [57].
Ultrasonic microwave-assisted extraction (UMAE) has been applied for the extraction of
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lycopene from tomato paste, with optimized conditions of 98 W microwave power, 40 KHz
ultrasonic processing, a solvent-to-tomato paste ratio of 10.6:1 (v/w), and an extraction
time of 367 s, resulting in a lycopene yield of 97.4%. This technique offers advantages in
terms of efficiency and yield compared to ultrasonic-assisted extraction (UAE), showcasing
its potential as a highly efficient extraction method for lycopene and potentially other
compounds from complex matrices like tomato paste [58]. Microwave hydro-distillation
(MWHD or MAHD) is a type of microwave-assisted extraction that uses microwave energy
to heat the sample matrix and water, promoting the release of volatile compounds [59]
The vapor is then condensed and collected, allowing for the isolation of essential oils
and other volatile compounds [60]. MWHD has shown advantages in terms of energy
efficiency, extraction speed, and improved quality of essential oils, making it a promising
alternative to conventional hydrodistillation for the extraction of aromatic compounds from
botanical sources.

Microwave steam distillation (MSD) is a type of microwave-assisted extraction that
uses microwave energy to heat the sample matrix and water, promoting the release of
volatile compounds [61]. The steam is then condensed and collected, allowing for the
isolation of essential oils and other volatile compounds [62]. Solvent-free microwave
extraction (SFME) is a type of microwave-assisted extraction that does not use any solvent.
This technique uses microwave energy to heat the sample matrix, promoting the release
of volatile compounds [63]. The vapor is then condensed and collected, allowing for the
isolation of essential oils and other volatile compounds [63].

Vacuum microwave hydro-distillation (VMHD) is a type of microwave-assisted extrac-
tion that combines the principles of vacuum distillation and microwave-assisted extraction.
This technique uses microwave energy to heat the sample matrix and water, promoting
the release of volatile compounds [50]. The vacuum helps to reduce the boiling point of
the water, allowing for the extraction of thermally labile compounds at lower tempera-
tures. Microwave hydro-diffusion and gravity (MHG) is a type of microwave-assisted
extraction that uses microwave energy to heat the sample matrix, promoting the release of
volatile compounds [64]. The vapor is then allowed to diffuse through a porous membrane,
separating the volatile compounds from the sample matrix. The volatile compounds are
then collected via gravity, allowing for the isolation of essential oils and other volatile
compounds [65].

Microwave-assisted extraction is a versatile technique that can be used to extract a
wide range of compounds from various sample matrices. The different types of microwave-
assisted extraction, such as NMAE, VMAE, FMASE, UMAE, MWHD, MSD, SEME, VMHD,
and MHG, offer unique advantages and applications, depending on the specific needs of
the extraction process.

Plant sample characteristics and water content:

Water content and other variables of the plant sample have a major impact on
microwave-assisted extraction (MAE). The effectiveness of extraction rises with the plant
sample’s contact surface area; finer samples enable a deeper penetration of microwave
irradiation. On the other hand, excessive fineness might cause technical issues and necessi-
tate centrifugation or filtering while preparing the plant samples [66]. In order to enhance
interaction between the solvent and the plant matrix, the ground sample is homogenized
during sample preparation; the average size of the plant particles is between 2 and 100 mm.
Pre-leaching is the practice of soaking the plant matrix before extraction to increase yield.
Because of the moisture in the plant matrix, which functions as a solvent and increases cell
pressure and solute dispensation by breaking down the cell wall, the recovery of bioactive
chemicals from the matrix tends to rise [29]. Water is positively impacted by an increase
in solvent polarity, which promotes the heating process. Additionally, additional water
produces hydrolyzation and lessens the oxidation of bioactive substances. A plant sample’s
water content has a major impact on how well it extracts, with higher moisture content
producing more effective extraction [67].
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Stirring: Stirring plays a crucial role in enhancing the mass transfer kinetics during
extraction by promoting the contact between the solvent and the plant matrix. Effective
stirring ensures uniform distribution of heat and solvent within the sample, leading to
improved extraction rates and yields. Studies have shown that stirring can help in achieving
better extraction efficiency by facilitating the penetration of the solvent into the plant
material, thereby enhancing the extraction of bioactive compounds. Proper stirring can
also prevent localized heating and ensure consistent extraction throughout the sample,
contributing to the overall effectiveness of the MAE process [68].

2.2. Microwave-Assisted Pyrolysis (MAP)

Microwave-assisted pyrolysis is a novel method for the in situ processing of biomass
waste using microwave heating. It is a thermal degradation process that converts biomass
into solid, liquid, and gaseous products under controlled temperature and pressure con-
ditions. The microwave-assisted pyrolysis of biomass waste has several advantages over
conventional pyrolysis methods, such as faster heating rates, higher reaction rates, and
improved product selectivity [69].

The process of microwave-assisted pyrolysis involves the application of microwave
radiation to heat the biomass material, which leads to the breakdown of complex organic
molecules into simpler compounds. The microwave radiation causes the polar molecules
in the biomass to rotate and vibrate, generating heat within the material. This heat leads to
the breakdown of the biomass into volatile gases, liquids, and solid residues [70].

The mechanism of microwave-assisted pyrolysis involves several steps. First, the
material is placed in a microwave reactor, and microwave energy is applied. The microwave
energy causes the material to heat up, leading to thermal degradation and the formation
of volatile gases [71]. The temperature variation of the material can be explained in four
stages: the initial step is the dielectric relaxation of the water molecules, which leads to
heating of the material; the second step involves the heating of the material up to 200 °C,
where the main products are water and volatile gases; the third step is the formation of
bio-o0il and biochar, which occurs between 200 °C and 600 °C; and the final step is the
decomposition of the biochar, which occurs at temperatures above 600 °C [72].

Numerous variables, such as the material’s characteristics, the parameters of the
microwave treatment, the microwave absorber, co-pyrolysis, catalysts, and reactor design,
influence the distribution of pyrolysis products. By modifying the catalysts’ composition,
morphology, structure, and proportion through thoughtful design, the selectivity of the
resulting products may be regulated. The primary determinant of catalyst activity is acidity.
Higher acidity facilitates the pyrolysis of macromolecules into smaller gaseous molecules,
but it also increases the risk of thermally sensitive chemicals in the plant matrix breaking
down [73].

Microwave-assisted pyrolysis of plastic waste and biomass involves breaking down
the plastic polymers and complex structure of biomass materials into smaller molecules
using microwave radiation [74]. The resulting products include high-value-added liquid
oil, gas, and solid carbon. The distribution of pyrolysis products is affected by several
factors, including the properties of the plastics, biomass, microwave treatment parameters,
microwave absorber, co-pyrolysis, catalysts, and reactor design [75].

Table 2 presents different conditions and value-added products that were obtained by
previous researchers using different conditions of microwave-assisted pyrolysis.

Table 2. Microwave-assisted pyrolysis conditions reported in the literature.

Feedstock MAP Conditions Valorized Product Yield Ref.
Solid char
Oil palm biomass 300 W, 2.45 GHz, quartz Liquid 27.6% [73]

reactor, 17 min, Nj system

Gas
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Table 2. Cont.
Feedstock MAP Conditions Valorized Product Yield Ref.
800 W at a frequency of Alkenes, cycloalkenes,
Soapstock 2450 MHz, N, system, alkadienes, alkynes, 65% [74]
550 °C and 6 g/min aromatics
Hj, (50.67 vol%), CO,
Rice straw 245 Sggf&ggggv’?}(\;zniy; tem, Gas fraction (22.56 vol%), CO (16.09 vol%), [76]
! and CHy (7.42 vol%)
400 W, 6 min, 500 °C, L o
Sewage sludge 2450 MHz Bio-oil 49.8 wt.% [77]
Mixture of plastics 5 kW, quartz vessel Bio-oil and biochar - [78]
. 1 kW, m 400 to 450 °C, Combustible fuels and o
Plastic Waste 2450 MHz carbon nanotubes 80% [79]
Moringa seed 800 W, 13 min, 450 °C Karanja bio-oil 10.6% [80]

Microwave-assisted pyrolysis is influenced by various parameters that play a crucial
role in determining the efficiency and outcomes of the process. Some key parameters
include microwave power, pyrolysis temperature, residence time, microwave exposure
time, and the addition of microwave absorbers.

Microwave Power: The level of microwave power applied during pyrolysis affects the
heating rate, temperature, and overall efficiency of the process. Higher microwave power
can lead to faster heating rates and improved conversion of the feedstock into desired
products [73]. In Table 2, and in other researchers’ work, the microwave power levels range
from 300 W to 800 W [81]. These power levels are crucial in determining the heating rates,
efficiency, and outcomes of the pyrolysis process.

Pyrolysis Temperature: The temperature at which the pyrolysis reaction occurs is a
critical parameter that influences the product composition and yield. Optimal temperature
conditions are essential for achieving the desired outcomes in terms of product quality
and quantity [82]. The pyrolysis temperature range for microwave-assisted pyrolysis
varies depending on the material being processed and the desired products. In general,
the pyrolysis temperature range for microwave-assisted pyrolysis is between 400 and
500 °C for biomass (Table 2). This temperature range is lower than that of conventional
pyrolysis, which typically occurs between 400 and 900 °C. The lower temperature range
for microwave-assisted pyrolysis is due to the unique heating mechanism of microwaves,
which allows for rapid and uniform heating of the material, reducing the need for high
temperatures to achieve complete pyrolysis [83].

Residence Time: The duration for which the material is exposed to the pyrolysis
conditions, known as residence time, is another important factor. It affects the extent of
conversion and the distribution of products obtained from the process [69]. According to
the search results, the residence time for microwave-assisted pyrolysis can vary depending
on the specific conditions and the desired products. For example, a study using microwave-
assisted pyrolysis of biomass found that a residence time of 10 min at a temperature
of 400 °C and a microwave power of 350 W resulted in a maximum biochar yield of
86.0 wt% [84]. Another study on microwave pyrolysis of sludge found that the residence
time can be optimized to promote the formation or fracture of certain compounds. For
example, a residence time of 20 s at a temperature of 550 °C resulted in the highest yield of
light alkanes and aromatic hydrocarbons [85].

Microwave Exposure Time: The duration of exposure to microwave energy during
pyrolysis is of significant importance. Insufficient exposure time may lead to incomplete
conversion, while excessive exposure can alter the product distribution [86].

Microwave Absorbers: The addition of microwave absorbers can enhance the efficiency
of microwave-assisted pyrolysis by improving the absorption of electromagnetic waves and
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facilitating heat transfer to the material being processed. This can lead to better conversion
rates and product quality [69]. The types of microwave absorbers used in microwave-
assisted pyrolysis include carbon-based materials, such as activated carbon, graphite, SiC,
metals and their derivatives, aluminosilicate molecular sieves, and other materials. These
absorbers are added to the pyrolysis process to enhance the microwave absorption and
improve the heating efficiency.

For example, in the microwave pyrolysis of sludge, microwave absorbers are used to
promote the heat transfer and mass transfer of volatile products. The use of microwave
absorbers in sludge pyrolysis can effectively promote the heat transfer and mass transfer
of volatile products, leading to higher pyrolysis efficiency compared to conventional
pyrolysis [85].

In the microwave-assisted pyrolysis of waste plastics, the distribution of pyrolysis
products is affected by several factors, including the properties of the plastics, the mi-
crowave treatment parameters, the microwave absorber, co-pyrolysis, the catalysts, and
the reactor design. The microwave absorber is a crucial factor that affects the efficiency
of microwave-assisted pyrolysis of plastics. The absorber can enhance the microwave
absorption and improve the heating efficiency, leading to higher yields of high-value-added
liquid oil, gas, and solid carbon [87].

In the microwave-assisted pyrolysis of biomass, the use of microwave absorbers can
improve the selectivity of the process. If the residence time of the primary product inside
the biomass is short, then the selectivity of the process could be improved almost 100 times.
This is due to the selective activation of various components of the biomass at different
temperatures, making it possible to increase the selectivity of the bio-oil and collect different
fractions at different temperatures [84].

2.3. Microwave-Assisted Hydrothermal Treatments (MAHT)

Microwave-assisted hydrothermal treatment refers to a method that combines the
benefits of microwave heating with the sustainable features of hydrothermal processes
for the conversion of biomass into biofuels, chemicals, and biomaterials. This technology
utilizes microwave energy to rapidly and uniformly heat the reaction mixture, enhancing
the efficiency and selectivity of the conversion process. By applying microwave-assisted hy-
drothermal treatments, various reaction products such as hydrochar, bio-crude (bio-oil), and
valuable chemicals can be obtained from biomass. The method involves controlling reaction
conditions like temperature, time, catalyst type, biomass loading, and microwave power to
influence the yields and properties of the final products. Microwave-assisted hydrothermal
treatments have emerged as a cutting-edge technology with the potential to revolutionize
biomass valorization for energy, pharmaceutical, and chemistry applications [88]. The
ranges of hydrothermal treatments are classified into carbonization (180-250 °C, 2-10 Mpa),
liquefaction (200-450 °C, 5-25 Mpa), and gasification (500-1400 °C, up to 3.3 MPa) [89].

This method combines the advantages of microwave heating, such as rapid and uni-
form heating, with the benefits of hydrothermal synthesis, which include the ability to
produce high-quality nanoparticles with a narrow particle size distribution and uniform
morphology [90]. The microwave-assisted hydrothermal method is different from tradi-
tional hydrothermal synthesis methods in that it uses microwave energy for heating, rather
than conventional conduction methods [88].

The microwave-assisted hydrothermal method can be divided into low-temperature
hydrothermal and supercritical hydrothermal methods, depending on the equipment used
and the reaction conditions. The low-temperature hydrothermal method is typically carried
out at temperatures below 200 °C, while the supercritical hydrothermal method is carried
out at temperatures and pressures above the critical point of water [88,91]. The method
can also be combined with other action fields, such as direct current electric and magnetic
and microwave fields, to enhance the reaction. The use of microwaves in hydrothermal
treatments has several advantages, including faster reaction rates, higher yields, and
more uniform heating compared to traditional hydrothermal methods [89]. The high
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dielectric constant and ionic product of water under hydrothermal conditions make it
an excellent reaction medium for the conversion of biomass, while the high density and
elevated dissociation constant of water under hydrothermal conditions also accelerate
ionic reactions.

Table 3 shows different conditions of MAHT,; in order to transform biomass waste into
value-added products, different microwave conditions are needed in order to transform
different types of biomasses.

Table 3. Microwave-assisted hydrothermal treatment reported in the literature.

Feedstock

Microwave Conditions Valorized Product Yield Ref.

Grass silage

2.45 GHz, 1600 W, 0.7 g of
dried feedstock/14 mL water, Hydrochar, biogas

Hydrochar: £0.79 g/g

Biogas: 68.7 mL/g 1

30 min, 180 °C

Chicken carcasses

Temperature 240 °C, time (2 h),

power (400 W), biomass Biocrude 59.41% [92,93]
loading (20/45 g/mL)

Pineapple peal

Time (9 m), power (900 W),
biomass loading (100 g/L)

Sugars

80.2%

[94]

Bagasse

Temperature (105 °C), time
(30 min), biomass loading

Lignin

78.69%

(1:15), catalysts HySOy,
CH3COOH

Bamboo

Temperature (180 °C), time

(3 min), power (550 W), Nanofibrillated 56.41% [96]

biomass loading (1:4) celtulosic fiber

Pine nut shells

Temperature (190 °C), time
(60 min), biomass loading (1:3), Oligosaccharides 1.59% [97]

2450 MHz

The amount of hydrochar obtained from biomass through microwave-assisted hy-
drothermal carbonization (MA-HTC) is influenced by several factors, including reaction
temperature, time, catalyst type and quantity, and solid-to-liquid ratio. Other factors, such
as biomass type, microwave power, and particle size, also have an impact, albeit to a lesser
extent. Here is a summary of the effects of these variables:

Reaction temperature: Higher temperatures lead to higher yields and better fuel
properties, as they promote the conversion of biomass into hydrochar. Higher temperatures
within the range of 200—400 °C, as highlighted in the sources, play a crucial role in the
conversion of biomass into hydrochar. Increasing the temperature has been shown to be
the most significant factor in increasing carbon content and decreasing oxygen content
in the hydrochar, ultimately affecting the higher heating value (HHV) of the material.
This demonstrates that the reaction temperature in MAHT processes directly impacts the
composition and properties of the hydrochar, influencing its potential as a solid biofuel or
other applications [75];

Time: The influence of reaction time in microwave-assisted hydrothermal processes is
significant in determining the yield and properties of the resulting products. In the case
of microwave-assisted hydrothermal carbonization (MA-HTC), the reaction time is a key
factor in the conversion of biomass into hydrochar.

For instance, in the microwave-assisted hydrothermal carbonization of banana peels,
the effect of process conditions on the physico—chemical properties of the hydrochar was
investigated [98]. In another study, the potential of low-temperature MA-HTC for the re-
duction in emission precursors in short-rotation coppice willow wood was investigated [99].
In the case of microwave-assisted hydrothermal synthesis, the reaction time plays a crucial
role in the formation and growth of the desired products. For example, in the synthesis
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of perovskites using microwave-assisted hydrothermal synthesis, the reaction time was
found to have a pronounced effect on the physico-chemical and catalytic properties of the
resulting catalysts [100];

Catalyst (type and amount): The use of catalysts in these processes can result in
synergetic chemical activation to the hydrochar adsorbents, enhancing the overall efficiency
of the process [101]. The type of catalyst used can greatly affect the adsorption properties
of the hydrochar, as demonstrated in a study on the microwave-assisted hydrothermal
carbonization of furfural residue [102]. The study found that the use of an alkali-enhanced
(0.05 N KOH) hydrochar resulted in improved adsorption properties compared to the
acid-enhanced hydrochar (0.05 N HCI) and the commercially activated carbon (CAC). It is
worth noting (as presented in Table 3) that catalysts act differently for each biomass and
each desired value-added product.

The amount of catalyst used can also have a significant impact on the process. For
example, in the synthesis of perovskites using microwave-assisted hydrothermal synthesis,
the amount of catalyst used was found to have a pronounced effect on the physico-chemical
and catalytic properties of the resulting catalysts [100]. The study found that the microwave-
synthesized MWhyd-La 0.8 Ag 0.2 MnO 3 pd catalyst demonstrated excellent conversion
of methane, while conventionally prepared catalysts deactivated quickly in the presence of
hydrogen sulfide [95];

Biomass type: Different biomass types have different compositions and properties,
which can influence the yield and fuel properties of the hydrochar. The type of biomass used
in microwave-assisted hydrothermal processes can significantly influence the process’s
efficiency and the properties of the resulting products. Biomass is a complex material made
up of various components, including cellulose, hemicellulose, lignin, and extractives, each
with different chemical and physical properties.

Microwave-assisted hydrothermal carbonization (MA-HTC) of different biomass types
has been studied, and the process characteristics of MA-HTC of cellulose have been inves-
tigated [103]. The study found that a first-order kinetics model based on carbon content
could be used to describe the MA-HTC of cellulose;

Microwave power: The microwave power can affect the heating rate and the uni-
formity of the heat distribution, which in turn can affect the yield and fuel properties of
the hydrochar. The influence of microwave power in microwave-assisted hydrothermal
processes is crucial for optimizing the efficiency and selectivity of reactions. The range
of microwave power used in these processes typically varies depending on the specific
application and desired outcomes. The range of microwave power used in these processes
can vary depending on the specific application and the materials being processed. For
example, in the synthesis of functional nanomaterials, the microwave power may range
from 100 to 1000 W [90], while in the production of solid biofuels, the range may be between
500 and 1500 W [104]. The choice of microwave power is critical as it directly influences the
heating rate, reaction kinetics, and overall efficiency of the process;

Particle size: The particle size of the biomass can affect the heat transfer and the
reaction kinetics, which can influence the yield and fuel properties of the hydrochar. The
particle size of the biomass can affect the heat transfer and the reaction kinetics, which
can influence the yield and fuel properties of the hydrochar in microwave-assisted hy-
drothermal processes. This is because the heat transfer in microwave-assisted hydrothermal
processes occurs from the inside to the outside, via direct coupling of electromagnetic waves
with the dipoles present in the reaction mixture. Correspondingly, the core of the sample
generally remains at a higher temperature than the surface during the heating process [105].
A smaller particle size can lead to a higher surface area-to-volume ratio, which can improve
heat transfer and increase the reaction rate. This can lead to a higher yield of hydrochar
with better fuel properties [106].
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2.4. Microwave-Assisted Acid Hydrolysis (MAAH)

Microwave-assisted hydrolysis (acid) is a technique that uses microwave radiation
to heat and catalyze the hydrolysis of biomass, such as cellulose, in the presence of an
acid catalyst. This technique has been shown to be more efficient than conventional
hydrothermal processing, which typically yields platy, needles, or irregular agglomerated
particles. In contrast, microwave-hydrothermal processing yields solids with agglomerate-
free narrow particle size distribution, which is expected to have better sintering properties.

One example of microwave-assisted acid hydrolysis is the use of a biomass char
sulfonic acid (BC-SO3H) catalyst to hydrolyze cellulose in water under microwave irradia-
tion. The BC-SO3H catalysts prepared from biomass char have been found to be effective
in catalyzing the hydrolysis of cellulose, resulting in high yields of glucose and other
sugars [107].

Another example of microwave-assisted acid hydrolysis is the hydrolysis of saponins,
which are natural compounds found in plants. The hydrolysis of saponins can be per-
formed chemically using acid hydrolysis, and microwave-assisted acid hydrolysis has been
shown to be an efficient and green method for the hydrolysis of saponins. The optimal
conditions for microwave-assisted acid hydrolysis of saponins, such as temperature, time,
concentration of solvent, and ratio of solvent to solid, have been studied and optimized for
the production of specific compounds, such as diosgenin from yam [108].

The MAAH process is typically carried out in a suitable solvent, such as water, under
controlled temperature and pressure conditions. The microwave irradiation provides
efficient and uniform heating, promoting the breakdown of chemical bonds within the
protein. The acid catalyst used in MAAH can be sulfuric acid or hydrochloric acid, and the
concentration of the acid can vary depending on the specific application [109].

Table 4 presents different processes that have been performed using MAAH in order
to valorize and transform different types of feedstocks.

Table 4. Microwave-assisted acid hydrolysis reported in the literature.

Feedstock Microwave Conditions Product Yield Ref.
Myoglobin 800 W, 60 Hz, 1 h, 30-100 °C, 2% formic acid Sr?a“ peptide - [110]
ragments
Whole moosebone 140 °C, formic acid and acetic acid, 30 min Peptides 70.16% [111]
H,S0;4 (0.01-0.4 M), temperature . 127 mg/g
Brown seaweed (120-180 °C), biomass loading (solid /liquid Mon(;stizfcindes, monosaccharides, [89]
ratio: 0.6-6%, w/v), time (0-30 min) 20.8 mg/g ethanol
. Diluted sulfuric acid, 135 °C, 600 W, 45 min, 5
Konjac flour 0.25 M H,80, Glucomannan 80% [112]
Sago pith 0.5 M H2504 Ethanol 0.361% [113]

Similar to other types of microwave-assisted processes, the parameters that influence
microwave-assisted acid hydrolysis (MAAH) include the type and amount of acid, temper-
ature, reaction time, and microwave power. These factors can affect the yield and quality of
the hydrolyzed products.

The type and amount of acid used in MAAH can significantly affect the hydrolysis
process. For instance, phosphoric acid has been found to have the highest ability to
hydrolyze proteins compared to other acids such as hydrochloric acid, sulfuric acid, and
citric acid [110]. The concentration of the acid also plays a crucial role in the hydrolysis
process. For example, a 4 M phosphoric acid concentration with a ratio of 1:6 (enzyme and
substrate) has been found to provide the highest degree of hydrolysis (DH) of 9.5% [110].

The temperature and reaction time are also critical factors in MAAH. Higher tempera-
tures and longer reaction times can lead to more extensive hydrolysis, but they can also
cause degradation of the products. For instance, microwave-assisted acidic hydrolysis of
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phytate from rye bran is conducted at temperatures up to 200 °C and heating times of up
to 15 min [114].

The microwave power used in MAAH can also affect the hydrolysis process. For
example, a high microwave power level and 10 min irradiation time have been found to
result in the highest glucose concentration in the hydrolysis of peanut shells using dilute
sulfuric acid [115]. This can be seen in results in previous research such as the study
conducted by Tong et al. (2021), where the galactose yield increased from 0 to over 40% at
110 °C and with H,SO;4 (0.1-0.3 M), leading to its production at 15 min (40% yield), when,
without MAAH, it was not produced until after 50 min (35% yield) of reaction time [115].

2.5. Microwave-Assisted Organosolv (MAO)

Microwave-assisted organosolv is a method of biomass pretreatment that combines
microwave irradiation with organosolv solvents to enhance the breakdown of lignocellu-
losic biomass into its constituent parts, such as cellulose, hemicellulose, and lignin. The
use of microwave irradiation allows for faster and more energy-efficient heating com-
pared to conventional methods, which can result in higher yields and better quality of the
resulting products.

Microwave-assisted organosolv is a process that leverages microwave irradiation
and organic solvents to pretreat lignocellulosic biomass efficiently. The process involves
several key steps that are crucial for its successful implementation, as supported by the
provided sources.

Preparation of Reaction Mixture: The first step in microwave-assisted organosolv
involves preparing a reaction mixture containing the lignocellulosic biomass, an organic
solvent (e.g., ethanol), and, optionally, a catalyst such as sulfuric acid [116].

Lignocellulosic biomass is a type of biomass that is mainly composed of cellulose,
hemicellulose, and lignin. Examples of lignocellulosic biomass include agricultural residues
such as corn stover, wheat straw, and sugarcane bagasse, as well as forestry residues such
as wood chips and sawdust [117]. Organic solvents are commonly used in the solvol-
ysis of lignocellulosic biomass to enhance the breakdown of the biomass. Examples of
organic solvents used in organosolv pretreatment include ethanol, methanol, and ace-
tone [118]. Catalysts such as sulfuric acid, hydrochloric acid, and acetic acid are often used
in microwave-assisted organosolv pretreatment to enhance the breakdown of lignocellu-
losic biomass. These catalysts can help to lower the reaction temperature and time required
for the pretreatment process, leading to higher yields of cellulose and hemicellulose [119].
This can be observed in valorization processes of pistachio shells (PS) and cherry tree
pruning (CTP), where the use of MAO allowed for a selective increase in cellulose with
lower times (20 min) and less energy (165 °C), going from 31% to 91% cellulose for PS and
from 38% to 81% cellulose content for CTP [120].

In the microwave-assisted organosolv pretreatment process, the lignocellulosic biomass
is first mixed with the organic solvent and catalyst in a reaction vessel. The mixture is
then subjected to microwave irradiation, which causes the temperature of the solvent to
increase rapidly, leading to the breakdown of the biomass. The microwave irradiation
also causes the dipoles in the solvent molecules to rotate and collide, generating heat and
further enhancing the breakdown of the biomass [121].

The choice of an organic solvent and catalyst can significantly affect the efficiency of
the microwave-assisted organosolv pretreatment process. For example, a study found that
the use of ethanol as a solvent in microwave-assisted organosolv pretreatment resulted
in higher yields of lignin. Another study found that the use of sulfuric acid as a catalyst
in microwave-assisted organosolv pretreatment resulted in higher yields of cellulose and
hemicellulose compared to the use of hydrochloric acid or acetic acid.

Microwave Heating: The prepared reaction mixture is then subjected to microwave
irradiation in a specialized reactor. This microwave energy rapidly and uniformly heats
the mixture, facilitating the breakdown of lignin and hemicellulose components in the
biomass [116].
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Microwave heating in organosolv-assisted processes plays a crucial role in the efficient
breakdown of lignin and hemicellulose components in biomass. The ranges of microwave
power used in these processes can vary depending on the specific application and equip-
ment [122]. Laboratory microwave ovens typically operate in the range of 300 to 1200 watts,
while industrial microwave systems can have power levels ranging from a few kilowatts to
tens of kilowatts. The efficient energy transfer enabled via microwave irradiation facilitates
the rapid extraction of lignin in a relatively short time, ensuring a low level of process
severity [123]. Studies have shown that microwave-assisted organosolv processes can
achieve high cellulose recovery rates (around 80%) and lignin purity (approximately 70%),
highlighting the effectiveness of this method for biomass fractionation [116].

Temperature and Pressure Control: Throughout the microwave-assisted heating pro-
cess, precise control of temperature and pressure is essential to optimize the organosolv
reaction. Adjusting the microwave power based on temperature feedback ensures the
desired reaction conditions are maintained. Temperature and pressure control are crucial
factors in microwave-assisted organosolv processes, as they can significantly impact the
efficiency and quality of the resulting lignin and cellulose fractions.

The temperature range used in microwave-assisted organosolv processes typically
varies from 100 to 200 °C, depending on the specific biomass being processed and the
desired product yields. For example, a study conducting microwave-assisted organosolv
extraction of lignin from spruce wood used a temperature range of 140-180 °C for 5-20 min,
achieving high cellulose recovery rates (around 80%) and lignin purity (approximately
70%) [123].

Pressure control is also important in microwave-assisted organosolv processes, as
high pressures can facilitate the breakdown of lignin and hemicellulose components in
the biomass. A study using microwave-assisted organosolv pretreatment of a sawmill
mixed feedstock for bioethanol production in a wood biorefinery used a pressure range of
1.5-2.0 MPa [116].

The use of microwave irradiation in organosolv processes can significantly reduce
processing time and energy consumption compared to traditional heating methods. For
example, a study using microwave-assisted organosolv extraction of coconut shell lignin
via microwave-assisted organosolv extraction achieved high lignin yields and purities
under milder conditions and lower pressure (atmospheric) compared to traditional heating
methods [124].

Fractionation and Filtration: Following the reaction, the solid residue (crude cellulose)
is separated from the liquid phase. The solid residue undergoes washing and drying to
obtain purified cellulose, while the liquid phase is processed to collect organosolv lignin
through filtration and subsequent drying [116].

An example of the application of microwave-assisted organosolv is demonstrated in
a study optimizing the pretreatment of cherry tree pruning and pistachio for enzymatic
hydrolysis, a crucial step in bioethanol production. This research work successfully applied
microwave-assisted organosolv pretreatment to enhance the efficiency of cellulose hydrol-
ysis and delignification, showcasing the potential of this method for sustainable biofuel
production [125].

Table 5 shows different organosolv processes reported in the literature and the different
conditions used.

Table 5. Microwave-assisted organosolv reports in the literature.

Feedstock

Microwave conditions Product Yield Ref.

Coconut shell

2.45 GHz, 500 W, 100 mL of acetic acid /water

solution (9/1, v/v), 110 °C, 20 min Lignin 3.82% [124]

Sawmill 60:40 ethanol-water, 175 °C, 0.25% H,SO4 Cellulose 82% [116]

Triticale straw

800 W, 83-167 °C, 30 min Lignin 91% [126]
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Table 5. Cont.
Feedstock Microwave conditions Product Yield Ref.
Rubberwood 2450 MHz, 200 W, 30 min, ethanol or isopropanol Ethanol/Lignin 6.26% [127]
Pine wood 480 W, 150 °C, 10 min Levoglucosan 55.87% [122]

The parameters of microwave-assisted organosolv include temperature and pressure
control. The temperature range typically used in microwave-assisted organosolv processes
is from 100 to 200 °C, while the pressure range can vary depending on the specific appli-
cation and equipment used. For example, a study using microwave-assisted organosolv
extraction of coconut shell lignin used a temperature range of 140-180 °C and a pressure
range of 1.5-2.0 MPa [124]. Another study using microwave-assisted organosolv delignifi-
cation of sugar cane bagasse used a temperature range of 180-200 °C and a pressure range
of 1.2-1.5 MPa [124].

The microwave power used in microwave-assisted organosolv processes can also vary
depending on the specific application and equipment used. For example, a study using
microwave-assisted organosolv extraction of coconut shell lignin used a microwave power
of 700 W [124], while another study using microwave-assisted organosolv delignification
of sugar cane bagasse used a microwave power of 900 W [128].

The duration of microwave-assisted organosolv processes can also vary depending
on the specific application and equipment used. For example, a study using microwave-
assisted organosolv extraction of coconut shell lignin used a duration of 15-30 min, while
another study using microwave-assisted organosolv delignification of sugar cane bagasse
used a duration of 60-90 min [128].

3. Previous Designs for Microwave-Assisted Processes

Microwave design plays a pivotal role in the application of microwave-assisted pro-
cesses, revolutionizing various industries by harnessing the power of electromagnetic
waves for efficient and precise heating applications. The intricate design of microwaves
not only influences the uniformity and speed of heating but also impacts the overall
effectiveness and control of these processes. By optimizing the design of microwave sys-
tems, engineers and researchers can enhance the performance, reliability, and versatility of
microwave-assisted technologies across diverse fields such as chemistry, materials science,
food processing, and pharmaceuticals.

The significance of microwave design lies in its ability to tailor electromagnetic fields
to interact with specific materials, enabling targeted and rapid heating that can lead to
improved reaction kinetics, reduced energy consumption, and enhanced product quality.
Through careful consideration of factors like cavity geometry, waveguide configuration,
power distribution, and frequency modulation, designers can fine-tune microwave systems
to meet the unique requirements of different applications. This precision in design not
only maximizes the efficiency of heating processes but also opens doors to innovative
advancements in areas like synthesis, extraction, drying, and sterilization, showcasing the
indispensable role of microwave design in driving progress and innovation in microwave-
assisted technologies.

Different microwave-assisted processes need modifications in the microwave design
in order to have an optimal yield, extraction, and reaction. Figure 3 shows different designs
reported in the literature for microwave-assisted processes. This, added to the microwave
conditions previously reported, allows for reactions with biomass, plastics, and other
feedstocks to take place efficiently.
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Figure 3. Different designs reported for microwave-assisted processes. (a) [129], (b) [130], (c) [131],
(d) [132], and (e) [127].

When designing a microwave system for microwave-assisted processes, it is crucial
to consider the characteristics of the sample being processed and the desired products to
ensure optimal performance and efficiency. The properties of the sample, such as its size,
shape, composition, and dielectric properties, directly influence how it interacts with the
microwave energy. Understanding these characteristics is essential for designing a system
that can deliver uniform heating, precise control over temperature profiles, and efficient
energy transfer to the sample. For instance, a sample with high dielectric loss will absorb
microwave energy more readily, requiring careful power control to prevent overheating
and ensure even heating throughout the sample.

Furthermore, the desired products play a significant role in determining the specific
requirements for the microwave system. Different products may have unique heating
requirements, such as specific temperature ranges, heating times, or energy levels, that must
be met to achieve the desired outcomes. For example, in the synthesis of nanomaterials,
precise temperature control is crucial to ensure the formation of uniform particles with
the desired size and shape. By considering the desired products, engineers can tailor the
microwave system to meet the unique needs of the process, ensuring consistent results,
high product quality, and overall process optimization.
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In addition to optimizing performance and efficiency, considering the sample’s charac-
teristics and desired products also contributes to the safety and reliability of the microwave-
assisted process. By understanding the sample’s properties, engineers can design a system
that minimizes the risk of overheating, thermal runaway, or other hazards that could com-
promise the safety of the process or the quality of the products. Moreover, by considering
the desired products, engineers can ensure that the microwave system is capable of consis-
tently meeting the process requirements, reducing the risk of variability or inconsistency in
the final product. In summary, keeping the sample’s characteristics and desired products
in mind during the design phase of a microwave system for microwave-assisted processes
is essential for achieving optimal performance, efficiency, safety, and reliability.

4. Added-Value Products from Biomass via Microwave-Assisted Processes

Biomass is usable in microwave-assisted processes due to its unique properties and the
interaction between the microwave energy and the biomass components. Biomass materials,
such as lignocellulosic biomass, contain polar molecules and ions that can interact with
microwave radiation, resulting in rapid and uniform heating. This interaction is based on
dielectric heating, which involves the rotation of polar molecules and the oscillation of ions
in the presence of an alternating electromagnetic field. This process generates heat, which
facilitates the conversion of biomass into value-added products.

For instance, in microwave-assisted biodiesel production, biomass-derived catalysts,
such as lignin-rich biomass, can be used to enhance the esterification process and achieve
high yields of biodiesel [133]. Additionally, microwave-assisted pyrolysis offers several
advantages over conventional pyrolysis, including fast heating rates, high pyrolysis tem-
peratures, uniform heating, and the ability to achieve more selective pyrolysis, resulting
in higher yields of bio-oil (a complex mixture of organic compounds including aliphatic
and aromatic hydrocarbons, oxygen-containing compounds, and nitrogen-containing com-
pounds), bio-gas (consists mainly of methane, hydrogen, and carbon dioxide), fuels (bioal-
cohol, biofuels, and value-added chemicals, offering sustainable alternatives to traditional
fossil fuels) and biochar from waste materials [134].

Furthermore, microwave pretreatment of biomass is a promising technology for the
conversion of lignocellulosic materials into renewable biofuels. This method enhances the
efficiency of biomass conversion processes, making it a valuable approach for producing
added-value products from biomass [135]. Overall, the unique properties of biomass and
the interaction between biomass and microwave radiation make it a suitable feedstock for
microwave-assisted processes, enabling the production of a range of value-added products.

Coffee waste, comprising various components like silverskin, parchment, husk, mu-
cilage, and spent coffee grounds (SCG), presents a valuable resource for valorization. With
SCG alone constituting 65% of the waste, the diverse composition of coffee residues offers a
rich source of organic material for sustainable processes. For instance, the lignin, cellulose,
and hemicellulose content in different coffee residues, as detailed in Table 6 below, show-
cases the potential for extracting valuable compounds and bio-based products through
biorefinery approaches. Coffee cherry, pulp, husk, and SCG (spent coffee grounds) each
contain varying proportions of these components, highlighting the versatility of coffee
waste for bioconversion processes.

Table 6. Structural components of coffee waste [8,136].

Coffee Residue Hemicellulose (%) Cellulose (%) Lignin (%)

Coffee Cherry 12.5 27.6 13.7
Pulp 3.6 25.88 20.07
Husk 7 43 9
SCG 12.1 23.6 17.8

The significant presence of cellulose, hemicellulose, and lignin in coffee residues
underscores their potential for biorefinery applications. These components can be har-
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nessed for the production of biofuels, chemicals, and biomaterials through processes like
microwave-assisted extraction and pyrolysis. By utilizing the diverse composition of coffee
waste in biorefineries, it is possible to extract valuable compounds such as antioxidants,
polyphenols, and caffeine, contributing to the circular economy and sustainable resource
management. The rich organic content of coffee waste, coupled with its lignocellulosic
structure, offers a promising avenue for transforming this waste stream into high-value
products, aligning with the principles of green chemistry and bioeconomy initiatives.

Table 7 showcases various valorization processes applied to coffee waste using microwave-
assisted techniques. By carefully adjusting temperature, pressure, energy, time, solvent, catalyst,
and other conditions, a comprehensive valorization of the waste can be achieved. The table
highlights the potential of microwave-assisted methods in extracting valuable compounds and
producing high-value products from coffee waste, thereby contributing to the development of
a circular bioeconomy and sustainable resource management.

Table 7. Microwave-assisted processes applied to coffee waste.

Microwave-Assisted

Feedstock Conditions Product and Yield Source
Process
60-120 W, 75 °C, 1 g SGC/15 mL Ethanol Total polyphenols

SCG MAE (60%), 3—6 min content: 175.08 mg/g [157]

Single-mode microwave oven at 500, 800, Hydrogen rich fuel gas:
Parchment MAP and 1000 °C, 15 min, quartz reactor, Ny 68.72%, Oil: 8.58%, [138]

60 mL/min, 130, 270, and 420 W Char: 22.70%
2.5 g in 50 mL Citric acid solution,
Husk MAAH 100-800 W, 5-26 min, 50-100 °C, Pectin: 40.2% [139]
quartz reactor

50ty choline chloride gycerol ot 048 mg
SCG MAO min/ (ethaﬁol?]vffa;ter 25:75 v,/ v), 60 °C GAE/SCG (TPC) [140]

o ! ! 81 kg butanol t ' SCG

15 min
Biocrude: 30.1 wt.%
Quartz vessels, N, atmosphere, 270 °C, Solid: 28.6 wt.%
SCG MA-HTL 200 rpm, 3 g SCG, Multi-wave PRO MW, Aqueous Phase: [141]
20 min 28.0 wt.%,
Gas: 13.3 wt.%
Carbohydrate (18-43%
1-10 min, 120-180 °C, 2-6 g/mL, 1 kW, w/w)
Toasted coffee MAE 2.45 GHz, MicroSYNTH Labstation Caffeine (4—7 /z? w/ ?U) [142]
5-caffeoylquinic acid
(12% w/w)

Defective coffee MAHT 800 W (Panasonic NN6460A), 3 min, 15 g, Absorbent: 54% [143]

beans

quartz reactor

As seen in Table 7, coffee wastes offer significant potential for valorization, with
the appropriate conditions in microwave-assisted processes enabling the extraction and
production of a wide array of value-added products. Initially, polyphenols, colorants,
caffeine, and other organics can be extracted under specific conditions. Subsequently, a
microwave-assisted hydrolysis process can be employed to obtain carbohydrates, which
can be further transformed into organic solvents. Additionally, microwave-assisted organo-
solv techniques can be applied to remove lignin and cellulose, which can be utilized in
various other processes. Finally, microwave-assisted hydrothermal treatment or microwave-
assisted pyrolysis can be used to produce biochar, bio-oils, and biogas, further maximizing
the value derived from coffee waste.

Designing a versatile microwave system capable of accommodating a range of microwave-
assisted processes for valorizing different components of coffee waste is highly beneficial and
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worthwhile. Such a system would enable the extraction of maximum value from coffee waste
by offering flexibility in temperature control, reactor configurations, pressure conditions, gas
atmospheres, flow rates, stirring mechanisms, energy input, and the ability to handle various
phases (liquid, gas, and solid). This versatility allows for tailored processing conditions to target
specific compounds or products within the diverse composition of coffee waste, optimizing
the extraction of valuable bioactive compounds, antioxidants, biofuels, and other high-value
products. By incorporating a range of parameters and capabilities, the designed microwave
system can facilitate efficient and sustainable valorization processes, contributing to resource
efficiency, waste reduction, and the development of innovative solutions for coffee waste
management within a circular bioeconomy framework.

5. Strengths and Weaknesses of Microwave-Assisted Processes

Microwave-assisted processes offer several advantages, including high efficiency and
productivity, uniform distribution, rapid volumetric heating, high reaction rates, and
product and process quality. These benefits can lead to significant reductions in synthesis
times, often saving over 90% compared to conventional methods, improved product
quality due to uniform size distribution, and the possibility of scaling into pilot type and
commercial installations [144]. Microwave-assisted extraction, in particular, has several
advantages over other extraction processes, such as a low cost of production, a shorter time
period of processing, and less solvent usage [145].

However, there are also some limitations to consider with microwave-assisted pro-
cesses. The choice of materials used in the process can impact the efficiency of microwave
heating, and careful control of synthesis parameters is necessary to optimize the final
properties of the products. Additionally, microwave irradiation has disadvantages such as
not being feasible for reaction monitoring [146]. Microwave-assisted extraction, ultrasound-
assisted extraction, and the supercritical CO, method have the disadvantages of high cost,
complex operating procedures, and limited applications [147].

Table 8 presents a comparison of advantages and disadvantages of microwave-assisted
processes, where, in most cases, the biggest disadvantage to overcome is the lack of scaling
technologies and applicability in the industry. As for advantages, an overall increase in the
efficiency and selectivity and a decrease in reaction times can be achieved.

Table 8. Advantages and disadvantages of microwave-assisted processes.

Microwave- .
Assisted Process Advantages Disadvantages Sources
Higher yield, selectivity, extraction efficiency, Not ro bust to outhe.r s, bigger error terms are not
X . punished, not feasible for reaction monitoring,
reduced time and solvent consumption, less . . . -
MAE . . . expensive equipment, non-differentiable nature of [148-151]
environmental pollution, and reduced degradation X X
. . graphs, penalizes underestimates more than
of thermolabile constituents. ! .. .
overestimates, and limited choice of solvents.
Uniform heating of large particulate sizes of feed, = Complexity of the microwave heating phenomena,
no requirement of fluidization, fast switching on need for proper heating control devices, limited
MAP . . 3 . . [151-154]
and off controls, time and energy savings, and feedstock options, limited scale-up potential, and
fewer ashes in the liquid product. high capital cost.
High efficiency and productivity in the Low penetration of radiation in bulk products
hydrothermal process, uniform distribution of heat during microwave heating, complexity of the
during the pretreatment process, rapid heat microwave heating phenomena leading to
MHT generation leading to shorter treatment times, challenges in control, agitation problems with high [155,156]
energy efficiency and rapid heat generation in the loading substrate in the microwave reactor, and
pretreatment process, and potential for higher not suitable for all types of feedstock, limiting its
yields of products with lower operating costs. versatility.
High uniformity and selectivity, short process time, Degradation of glucose into toxic compounds,
MAAH and lower energy requirements compared to need of neutralization of hydrolysates, and no [110,155,157]
traditional heating methods. notable enhancement in protein hydrolysis.
High efficiency and productivity, uniform . 1 . .
MAO distribution, easy recovery and reuse of organic High capital investment equipment, unsuitable for [123,128,158]

solvents, fast heating rates, and high temperatures.

scaling up, and not feasible for monitoring.
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6. Future Directions

The future of microwave-assisted processes, including microwave-assisted extrac-
tion (MAE), microwave-assisted pyrolysis, microwave-assisted hydrothermal treatment,
microwave-assisted acid hydrolysis, and microwave-assisted organosolv, is expected to
focus on enhancing scalability, sustainability, and industrial applicability. One key direction
is the development of large-scale microwave-assisted systems that can efficiently handle
high-volume extraction and treatment processes [159]. Researchers are working on de-
signing and building industrial-scale microwave reactors that can maintain consistent and
controlled conditions, ensuring high-quality products and reducing energy consumption.

Another future direction is the integration of microwave-assisted processes with
other emerging technologies, such as supercritical fluid extraction (SFE), ultrasonic ex-
traction, and enzyme-assisted extraction. By combining these techniques, researchers can
create hybrid processes that offer enhanced efficiency, selectivity, and sustainability. This
integration has the potential to significantly improve the scalability and industrial appli-
cability of microwave-assisted processes, enabling their widespread adoption in various
industries [160].

Furthermore, the future of microwave-assisted processes will likely involve the explo-
ration of new solvent systems and advanced materials that can further enhance extraction
efficiency and sustainability. Researchers are investigating the use of green solvents, ionic
liquids, and deep eutectic solvents, which can offer improved solvent properties, reduced
environmental impact, and better extraction yields [161] Additionally, the development of
novel materials, such as microwave-absorbing materials and catalysts, can help optimize
microwave conditions, enhance reaction rates, and improve overall process efficiency [137].

Lastly, future research in microwave-assisted processes will focus on the optimization
of process parameters for specific applications, ensuring the scalability and industrial
applicability of these techniques. By fine-tuning microwave power levels, irradiation times,
and temperature control, researchers can create tailored processes that meet the unique
requirements of various industries [89]. This focus on application-specific optimization
will drive the widespread adoption of microwave-assisted processes, enabling sustainable
and efficient extraction, treatment, and processing of various materials.

7. Conclusions

This review article delved into the realm of microwave-assisted processes, partic-
ularly focusing on microwave-assisted extraction (MAE), microwave-assisted pyrolysis,
microwave-assisted hydrothermal treatment, microwave-assisted acid hydrolysis, and
microwave-assisted organosolv. Through a comprehensive analysis of these techniques,
this review underscores the versatility and efficiency of microwave-assisted methods in
biomass valorization and product generation. It highlights the potential of these processes
to revolutionize the conversion of biomass into valuable end-products, offering sustainable
and environmentally friendly alternatives to traditional extraction and treatment methods.

Moreover, this review shed light on how different microwave-assisted processes can
influence the products obtained from the same biomass, using coffee as an illustrative
example. By employing either MAE, MAP, MAHT, MAAH, or MAO on coffee biomass,
researchers can tailor the processing steps to yield a diverse range of products. For instance,
MAE may focus on extracting bioactive compounds, MAP on bio-oil production, MAHT
on bio-crude generation, MAAH on sugar production, and MAO on compound extrac-
tion using organic solvents. This example showcases the versatility and adaptability of
microwave-assisted processes in extracting a spectrum of valuable products from the same
biomass source, emphasizing the potential for customized and efficient biomass utilization
strategies.
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