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Abstract: The global increase in energy consumption, driven by population growth and improved
living standards, has led to a heavy reliance on fossil fuels, causing significant environmental
concerns. This has prompted a shift toward sustainable energy sources, with biomass, especially
lignocellulosic forest biomass, emerging as a key alternative due to its abundance and carbon-neutral
potential. Microwave-assisted pyrolysis (MAP) is an efficient method for converting forest biomass
into valuable bioproducts and bioenergy with reduced energy use. This review introduces biomass
types, focusing on forest biomass and its role in global energy production. It compares MAP to
conventional pyrolysis, highlighting the benefits of rapid, uniform heating and improved product
yields. Key operational conditions, such as temperature, microwave power, biomass size, and catalyst
ratios, are discussed in relation to their impact on product quality and yield. Despite its advantages,
MAP faces challenges, particularly in temperature control, which can affect bio-oil yield and quality.
High temperatures may cause unwanted secondary reactions, while low temperatures can lead to
incomplete decomposition. Research into biomass dielectric properties and process modeling is
essential in order to optimize MAP and scale it up for industrial use. Addressing bio-oil quality issues
through catalytic upgrading is also critical for broader adoption.

Keywords: microwave-assisted pyrolysis; forest biomass; feedstocks; absorbers; temperature; power;
catalyst

1. Introduction

The substantial population increase and improved quality of life have significantly
increased energy consumption [1]. Historically, fossil fuels have met around 80% of the
world’s energy demand [2,3], generating their intensive usage, which has raised carbon
emissions [4] and amplified global warming [5]. Consequently, the reliance on fossil fuels
not only depletes natural resources [6], but also possesses severe environmental concerns.
Major economies have pledged to achieve net-zero emissions by 2050 or 2060, facing the
challenge of supporting advanced technologies like microwave-assisted pyrolysis, at mini-
mal costs to produce economic biofuels and high value products. Although challenging,
achieving net-zero emissions will bring economic and social benefits [7]. Additionally, the
energy crisis has accelerated the shift towards a clean energy economy and increased invest-
ments in transforming the energy system [3]. For these reasons, ensuring energy security
with a sustainable approach and reducing the dependency on fossil fuels is essential [8].

Interest in discovering new, affordable energy sources includes alternatives such as
solar, wind, hydro, geothermal and biomass. One of the renewable resources which has
the highest potential is biomass due to its energy recovery possibilities, and its valuable
components [9]. Integrating biotechnological processes and biorefinery methods for its
valorization are considered key aspects in the production of bioproducts (chemicals and
biofuels) and bioenergy (electrical energy and heat) [10,11]. Lignocellulosic biomass, com-
posed of cellulose, hemicellulose, and lignin [12], is the most sustainable, abundant, and
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cost-effective form of biomass [13] which has emerged as one of the most promising feed-
stocks. This biomass that refers to plant biomass [14] has an enormous potential to generate
sustainable products with zero net carbon emissions. This kind of biomass derives from
a wide range of sources such as municipal solid wastes, industrial wastes, agricultural
residues, and forest biomass [15]. In recent years, interest in the use of lignocellulosic agri-
cultural crops and forest residues as feedstocks for biofuels and bioproducts due to their
abundant availability and non-food nature has grown [16,17]. Forest biomass (branches,
trees, bark, needles, roots, trunks, leaves, etc.) is the primary biomass source in Europe
that does not compete with the food supply, and its high demand as both a material and
energy source has generated a competition between industries and the need of circularity
improvement and resource efficiency to enhance sustainable development [18,19].

A clean and efficient use of lignocellulosic biomass to produce value-added products or
energy requires the development of suitable conversion techniques [20]. These techniques
have being investigated for years, with pyrolysis as one of them [21]. Pyrolysis is a
thermochemical process that takes place in an inert atmosphere or with a low oxygen
concentration, particularly appealing due to its low pollutant emissions and the variety
of products it can produce [8,22]. Pyrolysis products include non-condensable gases,
bio-oil, and biochar [23,24]. Biomass pyrolysis can be divided into different categories
(flash, fast, and slow) depending on the heating rate and residence time; each category
primarily aims to maximize either non-condensable gases, bio-oil, or biochar yields [25].
Slow heating rates (slow pyrolysis) generates bio-oil with a high water content. In contrast,
high heating rates lead to a higher bio-oil yield and better biochar quality [26]. It has
been detected that products’ specificity requires more efficient or targeted heating methods
and improvements [27]. For instance, microwave-assisted pyrolysis has appeared as
a different method of heating which is easily operated through instant on/off control,
improving product quality and yield [5,28]. This technique seems to be interesting due
to its lower energy use and process time [29]. Although biomass is generally a poor
microwave absorber, its microwave absorption capacity can be improved through inorganic
substances or high humidity. The use of microwave absorbers (MWAs) enhances the
pyrolysis temperature using low microwave power. MWAs can heat the surrounding
biomass which modifies the quality and product yield. The simultaneous use of catalysts
and MWAs can adapt the product distribution, increasing the concentration of specific
components in non-condensable gases, bio-oil, and biochar, as well as the energy efficiency
of MAP [30].

This paper reviews microwave-assisted pyrolysis (MAP), examining its characteristics
and the forest biomass capacity to produce value-added products. This article also compares
the products derived from different feedstocks and MAP operation conditions (microwave
power, absorbers and catalysts use, temperature, residence time, and biomass size), as well
as future directions in MAP use.

2. Biomass

Energy security, energy prices, health (emergence of diseases sensitive to global warm-
ing, and famine), and environmental concerns (climate change, global biodiversity loss, and
soil degradation) [31-35] have turned towards bioenergy in a crucial part of different coun-
tries’ strategy to reduce the dependence on fossil fuels and their products. Additionally,
the low prices of forest products have favored the production of a wide range of high-value
bioproducts such as bioenergy, biochemicals, biomaterials, and other marketable prod-
ucts [36] that can substitute similar products from fossil fuels which can help diminish GHG
emissions and the dependency on energy imports, bring about efficient waste management,
and contribute to bioeconomy development, while reducing the risk of fires [37—-41]. On
the other hand, biofuels emerge as the most economically viable alternative for replacing
fossil fuels [42], especially in the shipping and aviation sectors [39,43,44], as well as a
flexible option to electrify areas of the heat sector [31,39]. Biomass-based systems enhance
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energy accessibility in rural regions, which provides new opportunities for socio-economic
development [45].

2.1. Biomass Types

Biomass, often referred to as organic waste, can be categorized into different groups:
forest-woody residues, agri-food residues, animal residues, industrial biomass, and mu-
nicipal solid residues. The management of biomass possesses a significant challenge in
numerous countries. Inadequate collection and disposal practices contribute to social,
economic, and environmental issues. Therefore, a suitable utilization of biomass is cru-
cial. Since biomass comes from a diverse range of sources, their valorization strategy
should be based on the composition, chemical characteristics, source, and quantity of these
residues [46,47].

Within this framework, lignocellulosic biomass emerges as a leading resource, being
the most common and renewable biomass on Earth [48]. Within this framework, lignocel-
lulosic biomass, whose worldwide yield is around 200 billion tons, of which 8.2 billion
tons/year are being used to fulfill society’s needs (heat, energy, food, etc.) [49], emerges
as a leading resource, being the most common and renewable biomass on Earth [48]. In
2017, approximately 1 billion tons of biomass were obtained in the EU; almost 95% of this
biomass supply was lignocellulosic biomass (forestry, grazed biomass, agricultural crops,
and their collected wastes) [50]. Moreover, lignocellulosic biomass is attracting increasing
attention as a renewable feedstock for various applications (in the energy, food, and chemi-
cal industry). It can be converted into bioenergy through thermochemical and biochemical
processes and is a key resource for biofuel production in transport. Additionally, it has
the potential to replace petroleum-based plastics and petrochemicals, with applications in
additive manufacturing, environmental remediation, and medical fields [51]. Softwood,
hardwood, and grasses are the main kinds of lignocellulosic biomass. Although all these
types of lignocellulosic biomass contain the same materials (cellulose, hemicellulose, and
lignin) [52], as well as a variety of minor components (lipids, water, simple sugars, ash,
proteins, starches, hydrocarbons, and extractives), depending on the plant species, growth
stage, storage circumstances, cultivation conditions, soil minerals, fertilizers, biological
type, or origin, the quantities may vary [15,25]. Subtle variations in the composition of soft-
wood, hardwood, and grasses possess noticeable effects on the properties of their resulting
high-value products when they are pyrolyzed. Cellulose comprises both high-ordered (crys-
talline) and low-ordered (amorphous) regions [53], with the ratio between these regions
dependent on various factors, as previously explained. It undergoes decomposition within
the range of 240-350 °C, yielding levoglucosan and anhydrocellulose. Hemicellulose, a
shorter and amorphous polymer composed of various sugars, decomposes at 200-260 °C,
resulting in a higher production of volatiles, less tar, and less char than cellulose. Lignin,
an aromatic polymer, decomposes at 280-500 °C, yielding phenols. Lignin decomposition
produces more char in comparison with cellulose [54].

Lignocellulosic biomass originates from a variety of sources such as paper, wood,
and pulp industries, organic solid waste from recycling stations, or agricultural and forest
residues [51].

2.2. Forest Biomass

Forests encompass approximately 30% of the Earth’s land area, offering economic,
social, ecological, and health benefits. They provide resources such as wood, energy, food,
and medicine, while also acting as central pillars within their communities. Moreover,
forests make possible climate change mitigation and adaptation, erosion prevention, air
and water purification, and biodiversity conservation. Globally, around 1.6 billion people
need forests for their sustenance. Thus, the sustainable management of forests is imperative.
In view of the forest role, they must be considered comprehensively and integratively. They
have to be protected, restored, and used in a sustainable way, promoting their governance
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and enhancing forest-based value chains, encouraging a sustainable trade of forest products
which contribute to fulfillment of international commitments [55].

Forest residues and secondary forest products include portions obtained during wood
processing activities, industrial manufacturing processes, and logging or sawmilling pro-
cesses (sawdust, chips, planer shavings, black liquor, tops, trunk, bark, branches, leaves,
roots, low-value trees, plywood, and particleboard) [18,40,56].

Forest residue use would provide environmental, economic, and health benefits in
many countries because they are generated in huge quantities worldwide [18,34,39,41,56-58].
Wood, wood residues, and forest residues collectively contribute to 73% of biomass sources
utilized in bioenergy, with wood representing 67% of the biomass, wood residues 5%, and
forest residues 1% [45]; consequently, the forestry sector holds the predominant stake in
biomass energy [34]. The forest bioeconomy from wastes allows the conversion of forestry
residues, which would otherwise be disposed of [45,59], into higher value bioproducts.
The transformation of forest residues into a circular economy is an appealing aim towards
reaching long-term sustainability [45].

2.3. Conversion Technologies

The biomass valorization to produce different fuels for energy production and other
commodities is crucial for mitigating the disposal of biowastes into the environment and
replacing petroleum-derived chemicals within the framework of the circular economy [47].
There are different conversion technologies to convert biomass into useful secondary energy
carriers and high-value-added bioproducts (chemicals, biopolymers, enzymes, etc.) with
a low carbon footprint [41]. These technologies can be divided into different categories
(Figure 1) [15,22,45,60-63]. In thermochemical conversions, either external or internal en-
ergy triggers the biomass transformation effectively into fuels and chemicals in short
periods in comparison with biochemical technologies [64]. During carbonization, which
is similar to a slow pyrolysis, biomass is heated usually in an oxygen-limited rather than
an oxygen-free environment to produce a highly carbonaceous material. The controlled
presence of oxygen facilitates the partial combustion of the biomass, hence providing the
necessary heat for the pyrolysis reactions. Moreover, some carbonization procedures oper-
ate at elevated pressures, reaching up to 1 MPa [65]. Combustion is a complete oxidation
process in which biomass undergoes decomposition in the presence of oxygen to obtain heat
that can be used for industrial and domestic heating and power generation. During this pro-
cess, the carbon and hydrogen constituents of the biomass are converted into carbon dioxide
(CO,) and water vapor (H,O), while inorganic ash remains as a solid byproduct [64,66].
Gasification involves the oxidation of biomass at high temperatures (800-1600 °C) using a
gasifying agent such as air, steam, limited oxygen, or carbon dioxide. This process generates
syngas, primarily composed of hydrogen (Hy) and carbon monoxide (CO), along with small
proportions of carbon dioxide and methane. Additionally, gasification produces a liquid
fraction containing oil and tar, as well as a solid fraction known as biochar. Gasification can
be classified as either direct or indirect, depending on the utilization of a limited amount or
no oxidant at all, respectively [15,22,60]. Hydrothermal liquefaction, also known as hydrous
pyrolysis, is a thermochemical depolymerization process conducted within a sealed reactor
in the presence of a suitable solvent (commonly water). Wet biomass converts into biocrude
oil and facilitates the extraction of water-soluble organics from the biomass at moderate
temperatures (200-400 °C) and high pressures (5-25 MPa) [64,67]. Pyrolysis, executed in
the absence of oxygen within the temperature range of 250-600 °C, yields three distinct
products: solid coal (biochar), condensable heavy-molecular-weight compounds (bio-oil),
and non-condensable light-molecular-weight gaseous products containing syngas based
on operational parameters and biomass characteristics [15,60,64]. Biomass torrefaction is
commonly conducted in a non-oxidative environment at mild temperatures (200-300 °C)
and moderate residence times (30-60 min), resulting in torrefied biomass (which typically
exhibits an enhanced energy value) as the primary product [22].
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Figure 1. Biomass conversion technologies.

Biochemical conversions entail the use of microorganisms, enzymes, and bacteria to
decompose biomass into gaseous (biogas) or liquid fuels (bioethanol). Fermentation, an
anaerobic process, commences with sucrose undergoing hydrolysis by enzymes, leading
to its conversion into fructose and glucose. Subsequently, fermentation, distillation, and
dehydration are carried out to yield bioethanol. The remaining solid residue from the
fermentation process can serve as cattle-feed [41,68]. Anaerobic digestion is a series of
biological processes in which biomass undergoes degradation by microorganisms in the
absence of oxygen to produce biogas, containing methane and carbon dioxide, which can
be used to generate both electricity and heat [41]. Enzymatic saccharification involves
converting liberated polymeric sugars into soluble monosugars. Bridging the gap between
these stages requires comprehensive pretreatment processes (physical, chemical, or bio-
logical) to disrupt the lignin matrix, facilitating improved enzyme interaction with the
bound polymeric sugars [69]. Enzymatic hydrolysis stands as the pivotal technology in
a typical biochemical conversion process. Preceded by pretreatment and succeeded by
microbial or inorganic catalyst conversion, enzymatic hydrolysis is the key process that
releases monomeric sugars from the structural carbohydrates, cellulose, and hemicellulose
in lignocellulosic biomass [70]. Transesterification is the process in which triacylglycerides
are transformed into fatty acid methyl esters (biodiesel) with a catalyst in the presence
of alcohol, typically methanol or ethanol [71]. In chemical conversion technologies, the
biomass structure is altered using a suitable reactant to obtain valuable products [15,64].
Concentrated acid hydrolysis involves the hydrolysis of hemicelluloses and celluloses
within lignocellulosic biomass using strong mineral acids like sulfuric, hydrochloric, ni-
tric, or phosphoric acids in aqueous solutions at moderate temperatures. Diluted acid
hydrolysis is conducted at elevated temperatures with a low concentration of acid [72].
Sub- and supercritical water hydrolysis emerge as clean and fast hydrolysis methods
that uses water, either supercritical or subcritical, as the reaction medium to transform
biomass into fermentable sugars. This technique does not produce solid residues [73].
Physical treatments focus on cleaning and reducing the size to increase the porosity of the
biomass which serves as a preliminary step toward improving the efficiency of subsequent
conversion processes. Densification is the typical mechanical processing method which
involves compressing biomass using compaction forces with or without the use of binders
to enhance the properties of solid fuels [45].

Thermochemical and biochemical conversion technologies are the two main ap-
proaches for biomass valorization into useful products such as bioenergy, biofuels, and
bioproducts. Thermochemical processes can handle a wider variety of biomass, while bio-
chemical methods offer a higher product selectivity and flexibility under mild conditions,
making them suitable for producing diverse biofuels and biogas. Biochemical methods
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are frequently used in agricultural waste management, transportation fuel production,
and bio-based chemical manufacturing [74]. Nevertheless, thermochemical processes are
appropriated for large-scale energy production, converting biomass into heat, electricity,
and biofuels, being commonly applied in industrial and power generation.

In most biochemical processes, the raw material must undergo various pretreatment
stages to produce suitable intermediate products for microorganisms. As a result, different
fractions of the feedstock are often discarded as waste or unutilized, leading to increased
losses in the process and reducing the overall productivity per kilogram of raw mate-
rial [75]. Thermochemical processes typically have a much faster response time compared
to biochemical processes. Moreover, they are more efficient at breaking down organic
compounds and generally involve lower purification and catalyst costs than biochemical
methods, which supports their consideration as commercially viable. Although thermo-
chemical processes offer faster conversion, they require complex operational parameters
and cope with issues such as water content and energy costs. Conversely, biochemical
processes are slower but more sustainable, producing fewer emissions and volatile com-
pounds. However, they often deal with challenges like high costs in hydrogen production
and algae growth. The integration of both methods could overcome individual limitations,
although optimizing parameters (temperature and pressure) and reducing costs remain
critical challenges for large-scale biomass valorization [76].

Pyrolysis is a thermal depolymerization of any organic material (carbon-based) in
the absence of oxygen, which can be carried out on both pure and a mixture of materials
(co-pyrolysis) [77]. In this thermochemical process, a multitude of reactions occur simulta-
neously and sequentially. It is widely recognized that biomass pyrolysis comprises three
primary stages: (i) the evaporation of water or moisture from biomass, and (ii) the primary
decomposition of lignocellulosic components through complex mechanisms, followed
by (iii) secondary reactions involving cracking and recondensation/repolymerization to
produce a stable solid [22]. The decomposition of biomass primarily occurs during the
primary decomposition phase, leading to solid char formation (200400 °C). Subsequently,
secondary reactions continue within the solid matrix as the temperature increases. Hemi-
cellulose decomposition, mainly represented by xylan, occurs between 250 and 350 °C,
followed by cellulose decomposition (325-400 °C), yielding levoglucosan as the main py-
rolysis product. Lignin, being the most stable component, undergoes decomposition at
300-550 °C [24]. Pyrolysis often yields products of distinct and frequently superior quality
compared to the original residue. These products generally include solid residues like char-
coal or bio-char, a condensable heavy-molecular-weight compound referred to as bio-oil,
and a non-condensable, light-molecular-weight gaseous product containing gases such as
hydrogen (H;), carbon monoxide (CO), and carbon dioxide (CO;) [60]. Pyrolysis conditions
can be tailored according to the desired product (biochar, bio-o0il, or non-condensable
fraction). It has been found that high temperatures and short residence times tend to
promote the formation of condensable products, whereas high temperatures and longer
residence times favor the production of non-condensable gaseous products, largely due
to the occurrence of secondary reactions. Solid products, on the other hand, are typically
enhanced at lower temperatures. Thus, by adjusting parameters such as temperature and
residence time, the composition of pyrolysis products can be modified towards desirable
products [23]. For all these reasons, pyrolysis offers a unique opportunity to transform low-
energy-density compounds into high-energy-density fuels, thereby enabling the efficient
utilization of resources. Additionally, pyrolysis facilitates the recovery of valuable products
from a wide range of waste, a task that is often challenging. This ability to extract value
from waste materials underscores the versatility and potential of pyrolysis as a sustainable
solution for resource recovery and energy production [78].

There are different technologies of biomass pyrolysis, and distinct methods, based on
the process conditions for the desired product, can be implemented (Figure 2).
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Conventional pyrolysis
Product yield (%) . vaced :
Temperature Microwave-assisted pyrolysis
range (°C) Residence Heating rate Bio-oil Bt 5 Plasma pyrolysis
time (°C/s) X
; Hydropyrolysis
Slow pyrolysis 300-900 | >™MfW | 50890 | 2040 | 25-50 | 10-35 -
hours : Autothermal pyrolysis
Intermediate pyrolysis 350-650 | 2's-16 min 1-70 35-50 | 25-40 | 20-30 | Solar pyrolysis
Fast pyrolysis 400-850 | 0.5 s-2 min 5-200 60-75 | 10-25 | 10-30 Vacuumpyrolysis
. Catalytic pyrolysis
Ultra-fast/flash pyrolysis| s00-1300 <05s 1000-10,000 | 25-75 | 5-15 13-60 .
Co-pyrolysis

Figure 2. Pyrolysis methods and technologies [22,60,78-81].

Pyrolysis methods can be categorized as slow, intermediate, fast, and flash pyrolysis.
Slow pyrolysis yields biochar as its principal product, facilitated by moderate temperatures,
low heating rates, and prolonged residence time. The carbonization of feedstock occurs
during slow pyrolysis at a temperature of between 300 and 900 °C and a heating rate
of 0.08-10 °C/s. Fast pyrolysis operates at temperatures of 400-850 °C, aiming for the
comprehensive transfer of thermal energy to the carbonaceous feedstock. The rapid removal
of pyrolytic vapors characterizes this method due to its high heating rate (5-200 °C/s)
within the initial few seconds. The predominant product of fast pyrolysis is oil, comprising
up to 75% of the output, typically of superior quality and quantity compared to slow
pyrolysis. Flash pyrolysis, executed at temperatures of 400-850 °C, features an exceptionally
high heating rate exceeding 1000 °C/s, making it suitable for the production of liquid
products while minimizing gas and biochar generation. Intermediate pyrolysis operates
within a temperature range of 350650 °C, with a heating rate of 1-70 °C/s. The residence
time of pyrolytic vapor in this method spans from 2 s to 16 min, resulting in product yields
similar to slow pyrolysis [22,60,78-81].

Distinct pyrolysis technologies exist, including conventional pyrolysis, microwave-
assisted pyrolysis, plasma pyrolysis, hydropyrolysis, autothermal pyrolysis, solar pyrolysis,
vacuum pyrolysis, catalytic pyrolysis, and co-pyrolysis. In conventional pyrolysis, heat is
transferred from the surface to the core of the material. This heat transfer process occurs
through conduction and convection, which are relatively slow and energy-inefficient meth-
ods. Due to the non-selective heating nature of conventional pyrolysis, it often requires
longer periods and more energy to complete. Additionally, achieving the desired pyroly-
sis temperature necessitates a higher temperature gradient within the sample. Common
feedstocks used in conventional pyrolysis plants include agricultural and forestry residues,
scrap tires, and waste plastics. Through pyrolysis, these waste materials undergo thermal
decomposition to produce non-condensable gases, bio-oil, and biochar [82]. The challenge
with conventional pyrolysis lies in its endothermic nature, requiring a high heat flux from
an external source. Autothermal pyrolysis addresses this by utilizing part of the heat from
feedstock or pyrolysis products to meet the heat demand, allowing for process scale-up.
By introducing limited oxygen into the reaction zone, chemical reactions, rather than the
available heat, control the process. This method alters pyrolysis products, with vapor
products often combusting to meet heat requirements. Autothermal pyrolysis, using air
as the fluidizing gas, achieves a several-fold process intensification by providing energy
through the partial oxidation of pyrolysis products, simplifying the reactor design and
reducing capital costs [80]. A distinct pyrolysis approach is represented by microwave
pyrolysis in which microwaves serve as the primary heat source, enabling uniform heating
throughout the material. By inducing molecular rotation, microwaves efficiently heat polar
compounds like water molecules, reducing the activation energy required for thermal
decomposition. This method offers advantages over conventional pyrolysis, facilitating the
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quick and consistent heating of irregular waste fragments from within, without the need
for agitation or controllability. Microwave heating is energy-effective and allows for rapid
startup and shutdown, making it increasingly favored for waste decomposition. However,
its applicability depends on the microwave absorption capacity of the materials, with some
requiring additives known as susceptors (Al, Fe, CaCO3, SiC, MgO, Fe304, KOH, CaO,
NayCOg, etc.) to enhance absorption [78,82]. Plasma pyrolysis, an emerging technique,
offers a unique approach to pollutant degradation by generating ionized materials. This
method has garnered significant attention for its potential in reducing pollution from waste
decomposition and minimizing the emission of hazardous and toxic substances. Plasma
technology is broadly categorized into two main groups, low-temperature (gas discharge
plasma) and high-temperature (fusion plasma), with the latter being predominantly em-
ployed in waste treatment applications. Despite its numerous advantages, including the
reduced emissions of hazardous compounds, rapid heating rates, and robust installation,
plasma pyrolysis faces certain limitations such as high-power consumption, limited eco-
nomic efficiency, and reduced endurance, which hinder its widespread adoption in the
industry [78]. Hydropyrolysis, a distinct method from conventional pyrolysis, employs
pressurized hydrogen (>10 MPa) to convert biomass into pyrolytic oil of higher quality. It
inhibits char formation, resulting in bio-oil with a low oxygen content and infused hydro-
gen. The hydrocarbons produced exhibit enhanced stability, free from unwanted olefins
and polynuclear aromatics. The presence of hydrogen facilitates effective bond cleavage
within biomass components, enabling the production of fungible hydrocarbons. Unlike
conventional pyrolysis, hydropyrolysis does not require a separation into organic and
aqueous phases, allowing for the generation of a variety of specialty chemicals. Recently,
the focus has shifted to fast hydropyrolysis, performed at high heating rates in a hydrogen
atmosphere, yielding two liquid phases: an organic phase containing hydrocarbons, and
an aqueous phase with char and permanent gases. The process, catalytic or non-catalytic,
can be enhanced with a hydrotreating unit for deoxygenation, resulting in upgraded
volatiles [23,81,83]. Solar pyrolysis utilizes concentrated solar energy (high-powered dish
receivers or concentrators that enables the rapid attainment of the initial pyrolysis tempera-
ture) as the heat source, resulting in shorter heating times compared to fossil fuel heating
methods. Moreover, the heating rate can be controlled effectively. Solar pyrolysis exhibits
high reactivity due to the presence of functional sites, which reduces the residence time
and shortens condensation reactions. Consequently, the biochar contains higher levels of
oxygen and hydrogen and a lower carbon content. This method is conducted over a wide
range of temperatures (150-2000 °C), heating rates (5-450 °C/s), and heat flux intensities
(0.01-12 MW /m?). The primary products of the solar pyrolysis of biomass include bio-oil
(25-78 wt.%) and syngas (1.4-63 wt.%), with biochar (8-29 wt.%) being a minor product.
Vacuum pyrolysis is conducted under reduced below atmospheric pressure to replicate
an inert environment, eliminating the need for sparging inert gases like nitrogen or argon.
Typically, vacuum pyrolysis operates at pressures of 0.5-50 kPa and moderate temperatures
(400-600 °C). Prior to pyrolysis, a vacuum pump evacuates air from the reactor. During
pyrolysis, the released volatiles rapidly diffuse towards the pump due to the pressure
gradient between the reactor and the pump. Compared to conventional pyrolysis, vacuum
pyrolysis consumes less energy as there is no need to heat inert gas. Vacuum pyrolysis
converts biomass waste into bio-oil and biochar with a considerably high heating value
(22.4-40 MJ /kg). The bio-oil obtained from the vacuum pyrolysis of biomass primarily
consists of polycyclic macromolecular compounds [22]. Catalytic pyrolysis involves the
use of catalysts to facilitate the process. These catalysts improve product quality, reduce
process temperatures, and minimize energy requirements. By increasing the speed of
cracking reactions, catalysts promote the production of lighter compounds and enhance gas
generation. Catalytic pyrolysis may lead to a reduction in bio-oil production; nevertheless,
its quality is typically higher [26]. The effectiveness of each catalyst depends on its specific
catalytic properties (acidity, surface area, pore volume, and pore size). A diverse range
of catalysts has been employed including metal oxides (CaO, NiO, Ni,O3, MgO, y-Al,O3,
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Fe, O3, etc.), zeolites (ZSM-5, HZSM-5, EDTA-HZSM-5, FeZSM-5, zeolite-3, natural zeolite,
etc.), carbon materials (activated carbon), transition metals, and other catalysts like red
mud, CO-Mo/Z, Ca(OH),, and Al(OH)3 [78,84]. Co-pyrolysis is a variation of the pyrolysis
process which involves organic compounds introduced to enhance the products quality [85].
Waste pyrolysis often produces components with low hydrogen-to-carbon ratios, making
them unsuitable as fuel. Adding substances with higher hydrogen-to-carbon ratios, like
biomass, which is rich in hydrogen, improves the hydrogen content of products [60]. This
leads to a lower activation energy, better yield, and higher product quality, and reduces
environmental pollutants” emissions during pyrolysis [78,86].

Biomass pyrolysis is a complex process in which three distinct fractions can be yielded:
solid, liquid, and gas, as explained above. The solid fraction is a carbonaceous residue with
a fine structure and a large specific surface area (biochar) [84] generated during primary
and secondary pyrolysis reactions. However, the resulting biochar often possesses low
quality due to the presence of ash and other impurities within its micropores [87]. En-
hancing the structure of biochar to refine it makes possible that this can be used in several
applications such as solid fuels to produce electricity and heat, raw materials for gasifica-
tion, activated carbon or carbon nanofilaments fabrication, the removal of contaminants
(heavy metals, dyes, pharmaceuticals, detergents, polyaromatic hydrocarbons, herbicides,
and pesticides), catalysis, energy storage, gas adsorption, soil conditioner and enrichment,
potential electrode material in biosensors, and food processing [8,22,23,30,61,62,88-90].
Biochar’s composition includes ash with minerals like Al, Ca, Cl, K, Mg, P, and Si, while
its formation involves the decomposition of tar into methane, hydrogen, water, and other
hydrocarbons [1]. A low temperature, prolonged residence time, and slow heating rate
enhance the biochar generation. These operational conditions facilitate the breakdown of
weaker bonds while preserving stronger ones. Consequently, the rearrangement reaction is
encouraged, leading to the creation of a solid biochar with structural stability. This process
inhibits the formation of volatile compounds and enables the retention of a significant
amount of energy within the biochar [88]. Char properties (physical, chemical, and mechan-
ical characteristics) are influenced by both the type of feedstock used and the conditions
under which pyrolysis occurs [24]. Bio-oil, derived from biomass pyrolysis, because of the
inherent moisture in the raw material and the water generated from secondary reactions
during bio-oil storage, results in two separate phases: an aqueous phase and an organic
phase. This liquid fraction also contains remnants of cellulose, hemicellulose, and lignin,
which either vaporized in the pyrolysis environment or were carried as small droplets
entrained from the reactor [23]. Bio-oil is a dark brown fluid, in which the moisture content
is typically 15-35 wt.% [24], alongside a really complex mixture of more than 230 organic
chemicals [91] characterized by highly oxygenated organic compounds including C1-C4
light oxygenates, furans, pyrans, anhydrosugars, phenols, benzenes, PAHs, aldehydes,
ketones, organic acids, esters, ethers, alcohols, alkenes, nitrogen compounds, miscellaneous
oxygenates, aliphatic hydrocarbons, and solid particles [1,5,52,92]. This fluid finds exten-
sive application as a transportation fuel, for power generation, and in various industries
such as the production of bio-plastics, phenolic resins, polyurethane materials [93,94], food
(flavoring), pharmaceutical, paint industries, wood preservation [84], and flavoring [23].
The complex composition of bio-oil, as well as its physical properties, including low pH,
high oxygen content, and low viscosity, contribute to their instability, creating challenges
for direct utilization and necessitating upgrading before commercial use [95]. Achieving
a high oil yield is insufficient; understanding and optimizing the bio-oil composition are
crucial [12]. Efforts in the catalytic upgrading of bio-oils aim to enhance their quality.
Upgrading bio-oils to reduce the oxygen content and enhance the similarity to crude oil
is crucial for broader industrial adoption, highlighting their potential as a renewable and
versatile resource. Finally, the non-condensable gases’ fraction in pyrolysis primarily orig-
inates from the cracking and decomposition of large molecules formed during the early
stages of pyrolysis. It includes carbon dioxide, carbon monoxide, hydrogen, low-carbon
hydrocarbons, nitrogen oxides, sulfur oxides, and other compounds [66]. The pyrolytic
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gases’ composition of lignocellulosic biomass depends on feedstock components (cellulose,
hemicellulose, and lignin, with approximate weight percentages of 35-50%, 25-30%, and
15-30%, respectively). Hemicellulose, due to its higher carboxyl content, yields more CO,
during pyrolysis. Cellulose, on the other hand, yields higher amounts of CO, primarily due
to the thermal cracking of carbonyl and carboxyl groups. Lignin, with its higher presence of
aromatic rings and methoxyl functional groups, releases more H, and CHy during pyrolysis.
Additionally, non-condensable gases can be recycled into the reactor to aid fluidization or
utilized for process heat in large-scale operations (autothermal pyrolysis) [23,96].

3. Microwave-Assisted Pyrolysis (MAP)

Microwave-assisted pyrolysis utilizes microwaves to heat biomass wastes, offering
rapid, targeted, and energy-efficient heating compared to conventional methods like fur-
nace heating, which has drawn significant interest, supported by a series of reviews outlined
in Zhang et al.’s study [97]. In conventional pyrolysis, heat is generated externally and
transferred to the material through convection, conduction, and radiation, limiting effi-
ciency due to surface temperature constraints and material properties. Heat moves from
the surface to the core, creating an inward-flow temperature gradient [88]. In contrast,
microwave pyrolysis combines microwave radiation with conventional pyrolysis to convert
electromagnetic energy into kinetic energy. Unlike conventional pyrolysis, microwave
pyrolysis generates heat from the interior outward, ensuring a uniform heat distribution
within the sample particles. Additionally, microwave pyrolysis leads to the formation of
micro-plasma, containing hot spots with significantly higher temperatures than the average,
which stimulates catalytic reactions and increases hydrogen production. Moreover, mi-
crowave power induces non-thermal effects that reduce the activation energy of reactions,
promoting chemical cracking processes and enhancing operational efficiency compared to
conventional pyrolysis [98]. Because microwave pyrolysis” ability to reach high tempera-
tures and heating rates, it is considered a fast, energy-efficient, and time-saving process
compared to conventional methods [28], reducing production costs and increasing the
product’s yield [22,99] and quality [77].

Microwaves (MWs) are non-ionizing electromagnetic waves with frequencies between
300 MHz to 300 GHz and wavelengths ranging from 0.001 to 1 m. The potential of mi-
crowave (MW) heating is constrained by the inability to adjust the frequency over a broad
range in standard microwave generators, such as magnetrons. The generation frequency of
magnetrons is strictly determined by the strength of their magnetic field and their geomet-
ric dimensions [100]. Additionally, the Federal Communications Commission (FCC) has
reserved the frequencies of 915 MHz and 2450 MHz for scientific, industrial, and medical
aims, preventing interference with cellular phone and telecommunications frequencies [61].
Nevertheless, most researchers rely on commercial 2.45 GHz magnetrons [100]. Microwave
heating occurs through the dissipation of electromagnetic waves within the irradiated ma-
terial. The amount of power dissipated depends on the dielectric properties of the material
and the local time-averaged strength of the electric field. Although microwaves generate
volumetric heating, the energy distribution within the irradiated material is uneven due
to the non-uniform electric field distribution. This unevenness depends on the geometry
of the object and its dielectric properties [101]. MW-assisted heating involves three main
mechanisms: dipolar reorientation, ionic conduction, and interfacial polarization. Dipolar
molecules like water and some organic compounds in biomass attempt to realign with the
rapidly alternating electrical field generated by microwaves. As the applied field oscillates,
the dipolar molecules continuously rotate to follow these oscillations, causing the conver-
sion of electromagnetic energy into heat within the material through dielectric loss and
molecular friction [102]. In ionic conduction, ions contained in a material (such as salts or
minerals in biomass) move back and forth due to the changing electric field, leading to an
electric current which encounters internal resistance due to collisions between the charged
species and neighboring molecules or atoms. This ionic conduction has a significantly
higher impact on heat production compared to dipolar polarization [103]. Interfacial polar-
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ization, combining dipolar reorientation and ionic conduction, creates positive and negative
charges at material interfaces, altering the field distribution and facilitating heating [60].
Different materials interact uniquely with MWs: insulators (glass, ceramics, and plastics)
that transmit MWs, conductors or reflective materials (bulk metals) that reflect MWs, and
dielectric or absorbers (carbonaceous materials, metal powders, SiC, and water) that absorb
MWs to generate heat [28]. The critical electrical parameter governing the interaction
between a material and electromagnetic field is its complex permittivity. This permittivity
consists of two components: the dielectric constant, which reflects the material’s ability to
store electric field energy, and the relative loss factor, which indicates how much energy
is dissipated as heat. Power converted from microwave energy to heat depends on the
relative loss factor, the frequency, and the local electric field intensity. As microwaves travel
through a material, their intensity decreases due to energy dissipation as heat [102]. This
decay is characterized by the penetration depth (dp) which is a crucial property used to
categorize materials exposed to MWs. It refers to the depth at which the incident radiation
inside the material decreases to 37% of its surface value. The penetration depth magnitude
(dp) indicates whether the material reflects (dp ~ 1-7 pum), transmits (d, ~ 3-300 m), or
absorbs (dp ~ 0.1-10 cm) microwaves [64]. Furthermore, the penetration depth depends on
both the loss factor and the dielectric constant. Different materials interact uniquely with
MWs: insulators (glass, ceramics, and plastics) that transmit MWs, conductors or reflec-
tive materials (bulk metals) that reflect MWSs, and dielectric or absorbers (carbonaceous
materials, metal powders, SiC, and water) that absorb MWs to generate heat [28]. The
dielectric properties of a material, including dielectric loss (tan ) and dielectric constant,
are crucial in determining its ability to convert electromagnetic energy into heat (insulators
(tan 4 < 0.1), reflectors (tan 6 0.1-0.5), and absorbers (tan 4 > 0.5)) [2]. The complexity of
microwave heating arises from the fact that these dielectric properties change with temper-
ature and moisture [30] and these variables change significantly during MAP. In contrast
to conventional heating, MW heating operates in a volumetric mode; heating uniformly
warms entire volumes of solids, suspensions, or liquids on an industrial scale, ensuring a
consistent distribution of electromagnetic energy [62]. Consequently, MW radiation offers
notable advantages, including the following: (a) rapid heat transfer and shorter reaction
times, (b) selective and uniformly distributed volumetric heating, (c) straightforward oper-
ation and energy efficiency, (d) reduced degradation or formation of side products, and
(e) increased safety and automation levels [14,66].

Because of the distinctive heating mechanism of microwaves, various limitations and
advantages have been reported in comparison with conventional pyrolysis (Table 1).

Table 1. Microwave-assisted pyrolysis vs. conventional pyrolysis [22,28,30,97,104].

Microwave-Assisted Pyrolysis

Conventional Pyrolysis

Dependent on material properties

Energy conversion

Generation of hot spots

Selective heating

Rapid

Accurate and controlled heating

Uniform and volumetric heating within the core at the
molecular level

Moisture in biomass feedstocks may increase heating rate
Improved efficiency in electricity conversion

Reduced thermal inertia and quicker response
Relatively difficult temperature measurement
Microwave absorbers and catalysts needed

Less feedstock pre-treatment needed

Less reliant on material properties

Energy transfer

Absence of hot spots

Non-selective heating

Slower

Less controllable

Surface-level heating through conduction, convection, and
radiation

Moisture in biomass feedstocks may decrease heating rate
Decreased efficiency in electricity conversion

Higher thermal inertia and slower response

Easier temperature measurement

Absorbers are not required and catalysts sometimes needed
Feedstock pre-treatment is required and its cost is high
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Table 1. Cont.

Microwave-Assisted Pyrolysis Conventional Pyrolysis

Not well-established

Well-established (easy scale-up)

More complicated reactor design Simple reactor design

High-quality products
Cost-saving

Poor-quality products
Less cost-saving

Formation of arcs and plasma resulting from thermal runaway  Absence of arcs and plasma

Huge capital investment

Lower capital investment

Increase the pre-exponential factor, and decrease

the activation energy

Table 1 shows that temperature measurement during MAP is relatively difficult.
Contact methods like thermocouples are commonly used for temperature measurement;
however, their use is limited by several factors. To avoid interference from the MW electric
field, thermocouples must be positioned perpendicular to the field vector and shielded
with a grounded covering. This shielding prevents current flow along the conductors
and reduces the risk of discharges [105-107]. Nevertheless, this requirement makes ther-
mocouples suitable primarily for single-mode systems where the electric field direction
is predictable. The presence of conductive thermocouple elements distorts the electric
field and, due to their high thermal conductivity, can affect the heating of the sample by
dissipating heat. Thermocouples are best suited for measuring large sample temperatures,
but accurate contact with the material being measured is required, which is challenging for
low-density materials. Additionally, metal wires can interfere with the MW field, poten-
tially causing sparks or discharges and affecting temperature measurements by reflecting
MW radiation and altering the thermal field. These factors can result in measurement
errors and unreliable data [100]. There are authors [108] who demonstrated that posi-
tioning thermocouples at the bottom of the cavity to avoid direct exposure to microwave
(MW) irradiation significantly reduced interference. This setup provided more reliable
and accurate temperature readings with minimal noise, as well as improved the biomass
material’s absorbance due to a uniform electric field distribution. Their study emphasized
the need to shield metallic thermocouples and avoid direct exposure to the MW electric
field. Optical methods for measuring temperature rely on fiber-optic lines and various
physical principles, including amplitude and phase-based techniques [109]. Common meth-
ods include optical pyrometry, light absorption, and interferometry. However, fiber-optic
sensors suffer from a time lag of 8-10 s, which complicates real-time monitoring and control.
In addition, these methods require calibration to ensure accuracy, as external factors like
the surrounding atmosphere and the low thermal conductivity of quartz tubes can affect
temperature readings. Calibration methods involve comparing optical sensor readings with
conventional thermocouples or using reference materials to improve accuracy. Fiber-optic
sensors are immune to electromagnetic interference but typically measure temperatures
only up to 300 °C. Therefore, calibration compares fiber-optic measurements to infrared
pyrometer data. Additionally, gases present during MW heating can affect the apparent
emissivity of the sample, influencing infrared-based temperature readings. Overall, the
proper calibration and consideration of environmental factors are essential for accurate tem-
perature measurement in MW systems [100]. Other methods used to obtain the temperature
during MAP include non-contact pyrometry which is a common method for measuring
temperature by detecting thermal radiation from an object, typically in the near-infrared
and visible ranges. Its advantage is that it does not require direct contact with the sample,
avoiding interference with the electric field and temperature. Pyrometry is based on the
thermal radiation of a blackbody, and real objects deviate from this due to their emissivity,
which often must be measured experimentally. Two main types of pyrometry exist: radi-
ation pyrometry, which measures infrared radiation intensity using devices like infrared
thermometers, and optical pyrometry, which relies on the color of radiation, typically used
in brightness and color pyrometry methods. Brightness pyrometry measures radiation
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intensity at a specific wavelength, while color pyrometry uses the ratio of intensities at two
wavelengths to estimate the temperature [100]. Pyrometry measurements only provide
surface temperatures, limiting their effectiveness to detect hot and cold spots within a
material’s core. A single-spot measurement may be misleading if significant inhomogeneity
is suspected, making pyrometer data less suitable for automated temperature-controlled
microwave processes. Pyrometers are best for controlling homogeneous temperatures or
at predefined critical points. Adding more pyrometers and combining their data through
interpolation can offer a cost-effective alternative to thermal imaging. For systems with
inhomogeneous heating like MAP, single-spot measurements provide limited information
and require calibration based on factors like material and surface conditions. Despite
these limitations, pyrometers allow fast, non-invasive temperature measurement, making
them useful in automated microwave applications [110,111]. Spectral pyrometry, a more
advanced technique, measures the full radiation spectrum over many wavelengths, improv-
ing accuracy even when the object’s emissivity is unknown. This method is beneficial in
MW systems where optical fibers transmit radiation data to small spectrometers. However,
the low signal level in spectral pyrometers, caused by the distribution of radiation across
thousands of elements, results in longer exposure times or larger observation areas com-
pared to brightness pyrometers. This makes it complicated to establish what temperature
is measured when there are significant temperature variations or non-uniform distribution
within the observation area, which is what happens during MAP [112]. It is observed
that new approaches, which combine the best qualities of known methods or innovative
solutions, are required in order to improve temperature measurement during MAP.

One of the advantages of microwave pyrolysis as gathered from Table 1 is this type of
pyrolysis can lead to increased product yields or improved product quality. For instance,
bio-oils produced via microwave pyrolysis contain light hydrocarbons, lack polycyclic aro-
matic hydrocarbons (PAHs), and are rich in phenols, unlike the hydrophilic and corrosive
oxygen-rich liquid produced in traditional pyrolysis. The gas products of microwave pyrol-
ysis mainly consist of hydrogen (Hp;) and carbon dioxide (CO,), serving as a foundation for
chemical product synthesis such as ammonia, alcohol, and acetic acid [98]. Furthermore,
biochar obtained from microwave pyrolysis exhibits higher fixed carbon content compared
to that from conventional pyrolysis. Additionally, microwave-produced biochar typically
possesses a greater surface area, enhancing its suitability for adsorbing contaminants, retain-
ing water, and other environmental applications [8,15]. There are studies that have shown
that incorporating microwave heating into the pyrolysis process has a more negative envi-
ronmental impact compared to conventional pyrolysis [113], whereas other authors have
obtained a reduction in energy consumption when MAP was implemented in comparison
with conventional processes [114]. Increased yields or improved product quality obtained
during MAP can deal with the reduced attractiveness of MAP compared to conventional
pyrolysis. Co-pyrolysis, catalyst use, and the integration of renewable energy sources like
solar energy in MAP have further shown decreased potential emissions [115,116]. Despite
the higher capital costs of MAP compared to conventional pyrolysis, techno-economic
analyses have suggested that MAP processes have promising economic potential, partic-
ularly in bio-oil production. Studies have reported reduced bio-oil production costs. As
microwave technologies mature, the economic viability of MAP is expected to improve,
especially with the potential for higher biochar prices due to the enhanced quality. On
the other hand, it should be highlighted that most techno-economic analyses for MAP
rely on data from process simulations and lab-scale experiments, leading to uncertainty;,
particularly regarding the cost of MAP reactor systems, as there are few commercial systems
for benchmarking. Product yields and conversion efficiency may change as the process is
scaled up. Additionally, electricity plays a critical role in MAP economics, making cheap
electricity essential for its viability [117].

Most biomass resources have a low microwave absorption capacity; consequently,
enhancing heating rates is required during the microwave pyrolysis of biomass, adding
microwave absorbers [118]. Microwave absorbers, also referred to as susceptors or recep-
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tors, are materials with a high loss tangent value (>0.5), enabling the efficient conversion
of radiant energy into heat [64]. Different compounds such as Fe3O4, CuO, V;0s5, and
carbon can undergo significant heating under microwave radiation, reaching tempera-
tures exceeding 700 °C in less than a minute [54]. One approach to utilizing microwaves
for biomass pyrolysis involves mixing the biomass with an efficient microwave recep-
tor such as water, SiC, K3PO4, NaOH, KOH, zeolites, clays, fly ash, metal powder (Fe,
Co, Ni, Cu, Al steel slag), powdered metal oxides (MgO, NiO, CaO, CuO, Fe,O3, and
Al;O3), SiOy, bauxite residue, metal salts (MgCl,, ZnCl,, FeCl;, CaCO3, NayCO3, K,CO3,
Na,HPO,, and NaH,PO3), or carbon-based materials (biochar, activated carbon, coke, and
graphite) [52,53,84,104,119-122]. In addition to serving as an energy transfer medium, the
presence of microwave absorbers in microwave-assisted pyrolysis can play, in some cases, a
catalytic role, enhancing the selectivity towards desired products in the reaction [84,92,123].
The catalyst introduction can be carried out either in an in situ or ex situ configuration.
In the in situ catalytic microwave pyrolysis, biomass and catalyst samples are mixed di-
rectly beforehand in the reactor before the experiment, enabling simultaneous biomass
decomposition and vapor upgrading. In the ex situ setup, a catalytic reactor, independently
controlled, is positioned downstream of the microwave pyrolysis reactor for pre-upgrading
vapors [7,60]. Different catalysts have been investigated to be incorporated into microwave-
assisted pyrolysis systems, giving rise to microwave-assisted catalytic pyrolysis [7]. These
catalysts can be categorized into four groups: zeolites (clinoptilolite, Zeolite Socony Mobil-
5 (ZSM-5) that can be synthesized with different Si/ Al ratios, HZSM-5, EDTA-HZSM-5,
SI0,-HZSM-5, and FeZSM-5), metal oxides/salts/alckaline (y-Al,O3, CaO, MgO, CuO,
Fezog, N10, N1203, ZIIO, ZI‘Oz, TiOz, MgClz, AIC13, COClz, Zl’lClz, NaZHPO4, K2P04,
Fe,(S04)3, NaOH, KOH, K,Cr,07, and H3BO3), carbonaceous materials (activated carbon,
graphite, and char), and clays (their interlamellar cations (Na*, K*, and CaZt.. .) can be
readily substituted by other cations or molecules) [64,84,118].

The microwave-assisted pyrolysis of biomass is a complex process influenced by differ-
ent factors such as reactor design (type of reactor, type of microwave, and catalyst position),
reaction material (feedstock type, susceptor, catalyst, feedstock composition, susceptor-to-
feedstock ratio, catalyst-to-feedstock ratio, feedstock particle size, pre-treatment conditions,
and type of co-processing feedstocks), and reaction conditions (microwave power, heating
rate, temperature, residence time, carrier gas, flow rate of purging gas, microwave power
switching frequency, mixing intensity, and pressure) [6,77,98,104,124,125]. It has been found
that not all of these factors influencing the microwave-assisted pyrolysis possess the same
importance [125]. The reactor design should be tailored to the desired products (fixed-bed
configurations enhance gas yield and fluidized bed reactors facilitate liquid products) and
catalyst location requires us to consider the cost and desired products. Furthermore, the
temperature has a critical role and its best value depends on the type of feedstock; generally,
a temperature increase produces a significant gain in gas yield, whereas an opposite trend
occurs for the bio-liquid yield [60]. A raised microwave power and residence time increase
gas yield, which is also favored by strong polar materials like NaOH. Additionally, the
catalyst ratio adjustment improves the catalytic effects [98]. It has been demonstrated that
the most effective strategy to optimize the MAP process is implementing strategies that
consider the interaction between several independent factors. A well-optimized MAP
reduces the energy, catalysts, and absorbent needs, and improves the quality and quantity
of the desired product (biochar, bio-liquid, or non-condensable gases) [6].

MWs are not only used in pyrolysis, but also in pretreatments of biomass (microwave
drying, and microwave-assisted Organosolv pretreatment) for enhancing pyrolytic
yields [126-129], because it produces autohydrolysis, causing the separation of hemi-
cellulose and lignin from cellulose [130,131]. Moreover, MWs have gained attention as a
potential alternative to conventional activation methods due to its advantages, including
the reduced activation time, uniform interior heating, high heating rate, selective heating,
precise control over the process, absence of direct contact between the heating source and
materials, and decreased equipment size and waste [89,132].
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4. MAP of Forest Biomass

Forest biomass (FB) consists of lignocellulosic biomass containing three main compo-
nents, hemicellulose (10.5-44.4 wt.%), cellulose (17.0-62.9 wt.%), and lignin (11.2-48.40 wt.%),
along with minor amounts of ash and extractives [2,64,133-142]. Different types of FB have
been used in microwave-assisted pyrolysis as Figure 3 shows. Considering the works that
were evaluated in this review, approximately 20% have studied the microwave pyrolysis
efficiency of biomass from pine. Secondly, the biomass most analyzed (14% of articles)
was named wood pellets/wastes/sawdust without specifying the FB species. Douglas fir
(12%) and spruce (9%) were the other two forest biomass species whose microwave-assisted
pyrolysis has been most studied.

Maple wood
Willow chips
Hemp stalk
Alkali lignin
Eucalyptus
Sapelli wood
Apple wood
Prosopis juliflora
Baobab
Banyan tree
Rosewood
Gumwood

Lalix leptolepiss
Populus

Beech

Aspen

Wood pellets/wastes/sawdust; sawdust
Spruce

Hybrid poplar
Tulip poplar
Leucaena

R h

Cistus ladanifer
Douglas fir
Quercus ilex
Pine

0% 5% 10% 15% 20%

Figure 3. Forestry biomass that has been studied in bibliography.

Product yields from the microwave-assisted pyrolysis of FB are influenced by vari-
ous operation conditions, including microwave power, biomass/absorber—catalyst ratio,
temperature, biomass size, and residence time.

Using regression analysis, a linear relationship between the heating rate and mi-
crowave power level was identified by Huang et al. [143], concluding that a higher mi-
crowave power results in a faster heating rate. Heating rates significantly impact biomass
pyrolysis, as demonstrated by Dong and Xiong [144], who analyzed the pyrolysis kinetics
of bamboo using both conventional and microwave heating methods. Their experiments
showed that heating rates significantly impact biomass pyrolysis, with microwave pyroly-
sis requiring a much lower activation energy compared to conventional methods, which
suggests that microwave heating, due to its volumetric heating style, is more efficient
and could be a more promising technology for biomass pyrolysis. Huang et al. [143] also
established a logarithmic relationship between the maximum temperature and the mi-
crowave power used during pyrolysis. The implementation of distinct power levels during
microwave-assisted pyrolysis not only impacts the maximum temperature, but also product
yields. Martin et al. [145] concluded that microwave power influences product yields in
MAP. These authors utilized six distinct power levels (1000, 500, 400, 300, 200, and 100 W)
to pyrolyze a mix of biomass (Pinus pinaster) and 5% of absorber (activated carbon), finding
that, at 200 and 100 W, the microwave-assisted pyrolysis did not take place. Furthermore,
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biochar production diminished as microwave power increased being lower than 20% at
1000 W. On the other hand, the gas yield rose when microwave power grows, reaching a
yield superior to 40% at 1000 W. Finally, liquid production achieved its maximum value
(58%) at 400 W, and, from that, the power suffered a decrease as microwave power rose.
Parvez et al. [146] also implemented different microwave powers (2700, 2400, and 2100 W)
to carry out MAP of pine wood at different temperatures (600, 500, and 400 °C), obtaining
an increasing gas yield (from 47.3% to 71.4%) with rising pyrolytic powers (from 2100 W to
2700 W). Conversely, char (33.1% to 19.3%) and bio-0il (19.6% to 9.3%) yields went down
with power growth (2100 W to 2700W). Nhuchhen et al. [147] conducted experiments
at three different powers (3000, 2500, and 2000 W), as well. However, they studied the
behavior of wood pellets from spruce sawdust, proving that the product yield distribution
was affected by microwave power. The biochar yield decreased as the microwave power
increased, with the reduction being more significant at a higher power. That behavior
can be attributed to the high heating rates observed when higher microwave powers are
implemented. The microwave power levels of 500, 400, and 300 W were applied during
microwave pyrolysis experiments carried out by Huang et al. [139]. In that work, the three-
phase product distribution was also affected by the power level. For instance, it was seen
that, during the microwave pyrolysis at 300 W of bamboo leaves, around 33 wt.% of the
products were solid-phase, 47 wt.% were liquid-phase, and 20 wt.% were non-condensable
gases. Nonetheless, when the microwave power was 500 W, the solid, liquid, and gas
yields were 22 wt.%, 42 wt.%, and 36 wt.% respectively. As those authors concluded [139],
this change of product distribution indicates that higher microwave powers enhance the
non-condensable gas yield, possibly due to the self-gasification of the solid phase pro-
duced during pyrolysis. Sellamuthu et al. [148] evaluated the effect of microwave power
(550, 650, and 750 W) on the bio-char yield percentage when Adansonia kilima wood chips
were pyrolyzed. They showed that the power augmentation of microwave-assisted pyroly-
sis resulted in a considerable decrease in the biochar yield. Du et al. [135], who pyrolyzed
sawdust and rice straw with ionic liquids at five different power levels (160-800 W) under
microwave irradiation, found that, when the microwave power was lower than 480 W, a
small yield of bio-0il was produced. Nevertheless, when the microwave power was in-
creased, the bio-oil production rose from less than 10% to more than 30%. The bio-oil yield,
obtained in the microwave-assisted pyrolysis of wood from Banyan tree trunks, also grew
significantly when heating power rose from 600 to 1200 W [149]. The bio-oil production
increased from 26.3 to 36.4 wt.%, as well as the non-condensable gas yield, which was aug-
mented from 31.2 to 34 wt.%, whereas the biochar one diminished from 42.5 t0 29.6 wt.%. A
comparable effect of increasing microwave power (from 100 to 800 W) on non-condensable
gas and bio-oil yields was observed by Khelfa et al. [150]. The highest oil and gas yields
during the microwave-assisted pyrolysis of pine wood sawdust were achieved at the maxi-
mum studied power (800 W), whereas the char production systematically diminished with
increasing power. Those results were in agreement with the ones obtained by Wu et al. [151]
who saw an increase in bio-oil and non-condensable gas yields from 43.23 to 47.10 wt.%
and from 8.39 to 9.68 wt.%, respectively, with increasing microwave power (600 t01200 W)
during wood biomass pyrolysis. Lin et al. [152] focused their study on the influence of
plasma power (1000, 900, and 800 W) on the obtained gases from banyan leaves which were
pyrolyzed into a microwave plasma system. The gaseous products which were produced
consisted of Hy, Ny, CO,, and CO, with smaller amounts of CH4 and formaldehyde. As
the microwave power increased, the volume fraction of H; increased and CO diminished.
Specifically, the H, production rates were 18.48, 20.05, and 20.44 mg-H;/g-biomass for
power levels of 800, 900, and 1000 W, respectively, reflecting a roughly 10% increase in
hydrogen production as the microwave power rises by 25%. The assessment of all these
works shows that the three phases (biochar, bio-oil, and non-condensable gases) obtained
during microwave-assisted pyrolysis are significantly influenced by microwave power
which can be simply managed, allowing us to easily optimize the reaction requisites of
microwave-assisted pyrolysis.
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There are authors who have studied the impact of pyrolysis temperatures on product
yields instead of microwave power levels, which influence heating rates and maximum
temperatures, altering primary and secondary reactions. For instance, Zhang et al. [153] ex-
amined the effect of temperature (400, 500, 600, 700, and 800 °C) on the product distribution
during the microwave-assisted pyrolysis of Aspen wood. They concluded that a pyrolysis
temperature of 500 °C allowed them to maximize bio-oil production. They also deduced
that high pyrolysis temperatures promoted pore formation in biochar. Furthermore, they
saw that the compositions of bio-oil and non-condensable gases were influenced by the
operation temperature. The phenol concentration diminished as the temperature rose,
while the hydrocarbon and ketone concentration increased. In the case of the composition
of non-condensable gases, it was noticed that, as the pyrolysis temperature rose, the hydro-
gen concentration increased as well, while the CO; concentration decreases. Additionally,
the CO concentration reached a minimum at 600 °C and the methane concentration was
the maximum at 700 °C. Similar results of the temperature effect on non-condensable
gases were gathered by Wang et al. [154]. These authors studied the behavior of Douglas
fir when it was pyrolyzed, considering different operation temperatures (721, 700, 650,
600, and 579 °C) and biochar catalyst/Douglas fir mass ratios (4.4, 4, 3, 2, and 1.6). They
noted that higher temperatures promoted an increase in gas yield and a drop in bio-oil
production. Additionally, these authors found that the hydrogen concentration increased
significantly with temperature, although it was constrained by thermodynamic factors.
Huo et al. [155] also studied the behavior of Douglas fir during microwave-assisted py-
rolysis. However, these authors investigated MgO and activated carbon (from corncob
using phosphoric acid for its thermochemical activation) catalysts. They considered the
impact of the experimental temperature (600, 550, 500, 450, and 400 °C), activated car-
bon/Douglas fir ratio, and MgO/activated carbon ratio on product yields. In this study,
it was observed that the bio-oil yield reached a maximum yield of 53.0% at 500 °C, while
char and coke yields decreased at temperatures between 500 °C and 600 °C, whereas gas
yield increased. These behaviors were seen when the MgO/activated carbon ratio was
0.8 and the activated carbon/biomass ratio was 1:1. Moreover, it was detected that the
bio-o0il composition varied with temperature. Phenols increased from 38.7% to 42.2% as the
temperature increased. The selectivity of cellulose-derived furans peaked at 450 °C and
then declined. The main target gas (CO) of gaseous products increased from 5.8% to 10.4%
at the highest temperature. Wallace et al. [156] evaluated the consequences of temperature
(348.4 £ 33.9,398.8 + 38.7,427.5 + 31.2,528.7 £ 13.2,604.2 + 10.8 and 659.8 + 60.0)
on biochar characteristics when hemp-stalk and a mix of spruce and fir softwood chip
were pyrolyzed, applying microwave radiation. The experiments demonstrated that, as
the pyrolysis temperature increased, the biochar carbon content also grew, whereas the
char yield was reduced due to the accelerated volatile release. Higher temperatures also
lower the surface pore size in biochar. Moreover, it was found that the temperature and
heating rate were key factors influencing the mechanical properties of biochar. Dutta
et al. [157], who also assessed the impact of pyrolysis temperature (250, 290, and 330 °C)
on biochar properties and production, pyrolyzed maple wood using microwave-assisted
pyrolysis. They used as the absorber char from willow wood, studying the dopant ratio
effect on biochar yield and its properties. Furthermore, the influence of the operation
time on the pyrolysis process was tested. These authors found that biochar production
was also reduced with increasing temperature. Moreover, it was demonstrated that only
the temperature significantly affected the biochar yield in comparison with the doping
ratio and time, whose impact was minimal. On the other hand, it was concluded that
the quadratic term of the doping ratio and temperature are critical factors affecting both
the exothermic energy and volatile matter content in biochar. Zhou et al. [158] conducted
microwave-assisted pyrolysis on wood sawdust and characterized the obtained char. They
evaluated the influence of the processing temperature (750, 650, 550, and 450 °C) on biochar
production. Char yield decreased from 36 to 26 wt.% as temperature rose, while bio-oil
yield dropped sharply from 36.13% to 14.85 wt.% and the non-condensable gas production
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rose from 9.10% to 28.07 wt.%. Moreover, it was concluded that higher temperatures led
to an increased carbon content in biochars. Additionally, it was inferred that the process
temperature during pyrolysis affected the adsorption capacities of chars, with the optimal
performance observed at specific temperatures for methylene blue (MB), crystal violet (CV),
and iodine. Shi and Wang [159] assessed the pyrolysis process of cellulose, xylan, a mixture
of cellulose and lignin from pine wood, and pine wood, considering the effect of pyrolysis
temperature (300, 500, and 700 °C) on the three phase products’ distribution. At 700 °C,
char yields were 16.7% for xylan, 16.1% for cellulose, 18.6% for the mixture, and 20.3% for
pine wood, whereas, at 350 °C, these char yields were higher, particularly for the mixture
and pine wood with minimal gas production from cellulose. Wang et al. [160] pyrolyzed
pine sawdust at different temperatures (400, 500, 600, 700, and 800 °C) using conventional
pyrolysis and microwave-assisted pyrolysis. The results showed that, during MAD, less
biochar and more hydrogen and carbon monoxide in a non-condensable fraction were
produced. As it has been observed in other works, higher temperatures during MAP led
to a reduced biochar yield. These authors also found that MAP chars had smaller pores
and smoother surfaces at higher temperatures, resulting in a lower reactivity compared
to conventional pyrolysis chars. Additionally, the study observed that MAP could pro-
duce high-quality liquid products at lower temperatures by inhibiting secondary reactions,
containing unique volatile compounds not found in conventional pyrolysis. Nzediegwu
et al. [161] also compared the impact of conventional pyrolysis and microwave-assisted
pyrolysis; however, they studied the differences in biochar properties from sawdust of
white spruce that had been pyrolyzed at three distinct temperatures (500, 400, and 300 °C).
At 500 °C, the biochar yields from both methods became similar because conventional
pyrolysis required more time for heat transfer through conduction. MAP biochars generally
had a higher pH than those from conventional pyrolysis. Nevertheless, the higher heating
effects of MAP did not significantly alter the Gross Calorific Value (GCV) of the biochars. It
was also detected that the thermal stability of biochar increased with pyrolysis temperature,
leading to a higher carbon content. Biochar produced at 500 °C possessed a higher carbon
stability and energy content, whereas those at 300 °C had higher energy yields. The biochar
yield using MAP varied significantly with pyrolysis temperature, ranging from 45.3% at
300 °C to 24.7% at 500 °C.

Reaction time has been also selected as independent variable, which can impact
product distribution in microwave-assisted pyrolysis, by several authors [95,148,162-170].
For instance, Bu et al. studied the impact of reaction time and temperature on the behavior
of Douglas fir during MAP [162,166]. The microwave power was established at 700 W
and a commercial activated carbon (GAC 830 PLUS) was used. These authors obtained
the maximum gas and liquid yields when the reaction time was 12 min. Although it
was found that the retention time impacts products, its influence was not as critical as
the catalyst/biomass ratio and reaction temperature. Yang et al. pyrolyzed Douglas fir
sawdust, taking into account four retention times (41, 34, 27, and 20 min), as well as
different microwave powers and preparation conditions of activated carbon from corn
stover with phosphoric acid [167]. These authors noted that the reaction time, as well as
phosphoric-acid-to-corn-stover ratio, significantly impacted the final temperature. On the
other hand, the irradiation time enhanced biomass devolatilization, which influenced the
activated carbon yield negatively. Finally, these authors obtained the optimal conditions
to maximize the phenolic compound production, which required that they control the
reaction time, microwave power, and activated carbon preparation. Ren et al. evaluated
five different reaction times during the MAP of Douglas fir pellets. They conclude that
syngas and bio-oil yields increased with higher temperatures and longer retention times,
achieving maximum yields of syngas and bio-oil at 471 °C and 15 min. Moreover, the
control of the reaction time and temperature allowed them to achieve the maximum yield
of specific phenolic chemicals [165]. Some years later, these authors pyrolyzed Douglas fir
pellets again but employing as catalyst a commercial activated carbon (GAC 830 PLUS)
impregnated with iron powder [95]. The pyrolysis in that work was carried out at 700 W,
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and the reaction time as well as temperature were chosen as independent variables. They
studied different retention times (13.66, 12, 8, 4, and 2.34 min), obtaining the maximum
bio-oil yield (37.1 wt.%) at 450 °C and 8 min as the reaction time. The syngas yield
(from 31-44 wt.%) increased with longer retention times and higher temperatures, peaking
at 550 °C and 12 min, whereas the biochar yield (16.33 wt.%) was the lowest at those
conditions. Furthermore, coking on the catalyst decreased with higher temperatures and
longer reaction times, likely due to coke decomposition. Sellamuthu et al. pyrolyzed
Adansonia kilima wood chips using microwave heating to synthesize the high-quality
activated carbon used for lead (II) cation removal from wastewater [148]. They evaluated
the influence of three process variables: reaction time (10, 12.5, and 15 min), concentration of
an activating agent of K,COs3, and microwave power. In that work [148], it was concluded
that all the process variables that had been considered impacted the removal percentages
of Pb (II) cations obtained by the activated carbon produced. Miura et al. [164] pyrolyzed
wood blocks using microwave technology. They used two different ovens and evaluated
yields considering diverse irradiation times (3, 6, 7, 9, 10, 11, 12, 12.5, 15, and 18 min). They
found that the microwave irradiation time influences char and volatile (tar) productions as
well as char properties (pore radius and specific surface area). They found that there was a
specific irradiation time in which the tar yield was maximized; however, it was diminished
when different times to that one were applied. Additionally, it was concluded that the
pore radius decreased, and the specific surface area grew with rising radiation time until
reaching a stabilization time, after which char properties were not altered.

Even though microwave-assisted pyrolysis can deal with larger feedstocks than con-
ventional pyrolysis, not having strict particle size constraints, size particle control can
effectively modify the final product distribution of microwave-assisted pyrolysis, as well
as its energy efficiency. For instance, Miura et al. [164] studied cylindrical wood blocks
of Lalix leptolepiss of different sizes (diameters and heights of 300, 100, 80, and 60 mm)
to evaluate the impact of wood size on microwave-assisted pyrolysis. It was concluded
that the char yield was correlated with an equation where the electric power consumption
per weight was inversely proportional to the diameter square, which means that a smaller
wood block possesses a higher electric power consumption per unit weight than a higher
one during microwave-assisted pyrolysis [164]. Higher specific power consumptions when
biomass with smaller sizes is pyrolyzed were also reported by Vorhauer-Huget et al. [171].
The influence of feedstock size on MAP was also examined by Fricler et al. [85]. These
authors tested different particle sizes (2000, 1000, 800, 250, and 140 pm) of pine sawdust
mixed with straw, rice husk, or wheat bran, which were pyrolyzed in a microwave reactor
at 700 W. It was concluded that there was a relationship between the particle size and
pyrolyzed gas composition that increased the concentration of CO, and combustible gases
as the biomass size increased from 140 to 800 um. Smaller particles (140 um) had a lower
porosity and higher bulk density, obstructing the volatiles’ liberation and limiting thermal
decomposition, which produced the highest char yield and the lowest bio-oil and gas
yields. The highest gas yield was achieved by pyrolyzing 250 um particles, while 800 pm
particles produced the highest bio-oil yield and a better gas quality (higher CO and lower
CO; concentrations). Increasing the particle size to 1000-2000 pm slowed the oil and gas
liberation, increased the char yield, and ended up in an incomplete pyrolysis, obtaining
more residual coke. Consequently, Fricler et al. [85] verified that the biomass size allows
us to define the pyrolysis product distribution. Nonetheless, there were authors such as
Klinger et al. [172] who pyrolyzed large pellets (with a thickness of 5-6 mm) of thirty
different biomass materials (residue, herbaceous, woody, waste, and blended materials)
and smaller pellets (with thicknesses of 2-3 mm), concluding that the sample size studied
in their work had a minimal influence on the liquid yields.

Forestry biomass has poor microwave absorption due to its low dielectric proper-
ties. To improve heat generation and transfer (by conduction) during the microwave
pyrolysis of biomass, materials with higher dielectric properties named absorbers are
added. Most of the articles analyzed in this review that use absorbents choose acti-
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vated carbon [95,140,145,150,162,166,167,172-178], SiC [135,140,174,176,177,179-183], or
biochar [145-147,154,156,157,160,174,181,184], with the biochar being from different
biomass depending on the authors. For instance, Martin et al. [145] utilized as absorbent
the biochar that had been produced in their continuous pilot plant from Pinus pinaster
at 960 W. Furthermore, these authors also evaluated the impact of a different absorbent
(DARCO G-60) which is a commercial activated carbon. Their results showed that the
biochar generates lower liquid and gas yields in comparison with those obtained using
activated carbon. Consequently, more biochar had to be added to induce pyrolysis reactions
as effectively as activated carbon. Dong et al. [181] also employed biochar as a microwave
absorber. They produced two different biochar that were obtained from rice husk and
rice husk combined with Fe(NOs)3-9H,O. Additionally, these authors selected SiC as the
absorber for the control group. In that work, it was found that both biochar selected
were able to achieve 400 °C (pyrolysis temperature used in the study) in a time that was
approximately six times less than the one needed by SiC. Shang et al. [174] demonstrated
that strong absorbers such as K,CO3, SiC, activated carbon, NaOH, and the produced
coke from the microwave process influence the fractional yields, acting as catalysts. It
was found that K;CO3; and NaOH generated the products primarily consisting of gases,
whereas SiC resulted in a higher solid product yield and lower liquid and gas yields. In
the work carried out by Dutta et al. [157], biochar from willow wood was used as the
absorber. These authors concluded that the ratio of biochar (16-32%) did not significantly
affect the biochar yield obtained during microwave-assisted pyrolysis. However, they had
concluded previously that biochar use increased biochar yield compared to microwave-
assisted pyrolysis without biochar as an absorbent. The impact of biochar on biomass MAP
was also analyzed by Ellison et al. [184], who pyrolyzed biomass with a specified amount of
biochar from tallow tree and cane bagasse obtained in induction pyrolysis. They observed
that pyrolysis temperatures were not achieved without a microwave absorber. Biochar
use significantly affected the absorbed power and, consequently, pyrolysis temperatures,
which increased four times when the biochar content grew from 0% to 10%. Nevertheless,
a rise in biochar from 10% to 20% did not show a significant difference in temperatures. In
their work, Wang et al. [154] concluded that, at the same temperature, the biochar (from
the microwave-assisted pyrolysis of nanocellulose powder) ratio had effects on product
yields in comparison with the MAP without absorber, increasing bio-oils and reducing
gas yields. Nonetheless, as in the work carried out by Ellison et al. [184], it was found
that the biochar/biomass ratio variable does not have a significant effect on production
yields. Some authors such as Undri et al. [185] have assessed the impact of the blending
procedure between biomass and microwave absorbers on the final products’ properties.
They compared three different mixing methods between two absorbers (Fe and carbon) and
wood pellets, resulting in different heat distributions and thus affecting the final product
characteristics only when Fe was used.

Not only has the effect of absorbers on microwave-assisted pyrolysis been studied,
but also the impact of catalysts on the distribution and composition of products (biochar,
liquid phase, and non-condensable gases). Different catalysts have been tested in MAP. For
instance, Lestinsky et al. [186] pyrolyzed spruce sawdust using microwave radiation and
catalysts (char from sawdust, and sawdust char doped with metal ions of nickel, cobalt,
and iron). The pyrolysis was carried out in a microwave reactor at 400 W for 20 min. These
authors found that the use of metallic catalysts, particularly cobalt and nickel, reduced the
liquid yield, while the non-condensable fraction rose from 31.21 wt.% to more than 50 wt.%.
Additionally, the pyrolysis gas composition was influenced by the type of catalyst, doubling
the hydrogen content in comparison with the char alone when cobalt and nickel catalysts
were used. These catalysts also reduced the concentrations of CO,, CxHy, and CHy. On the
other hand, catalysts significantly reduced the amount of oil-phase in the liquid product
compared to pyrolysis without using catalysts while the liquid composition remained
largely unchanged. Li et al. [187] tested the influence of iron additives as well; nonetheless,
they investigated the catalytic effect of Fe(OH)3, Fe(SO4)3, and Fe,O3. The biomass utilized
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for microwave pyrolysis was pine sawdust. The pyrolysis was carried out at 480 W for
60 min and the biochar was obtained from microwave-assisted pyrolysis without additives
and with iron additives. The results evidenced that Fey(SO4); and Fe,O3 promoted py-
rolysis at lower temperatures, indicating less catalytic activity and a higher required heat
for pyrolysis. Additionally, it was found that the Fe,O3 encouraged non-condensable gas
production by 6.37% due to its catalytic properties, while Fe;(SO4)3 enhanced bio-oil yield
by 80%. The Fe(OH)3 increased biochar yield by 23.05%. An iron additive (Fe(NO3)s) was
also implemented during the microwave pyrolysis of wood wastes by Guo et al. [188], who
also studied the influence of ZnCl, at distinct pyrolysis temperatures (800, 700, 600, 500,
and 400 °C). These authors concluded that the pyrolysis temperature significantly affects
the product distribution as has been verified by other authors. Guo et al. [188] observed that
the bio-oil yield peaked at 600 °C but decreased at higher temperatures, while the biochar
yield declined with increasing temperature and the content of gas phase increases up to
800 °C. On the other hand, the Fe(NO3); and ZnCl, additives enhanced biochar produc-
tion. ZnCl, also favored the condensation of aromatic hydrocarbons into macromolecules,
while Fe(NOs); increased biochar yield and decreased bio-oil yield. ZnCl, was noted for
enhancing furfural production at low temperatures. Furthermore, the presence of Fe(NO3)s
and ZnCl, affected the production of other compounds like ethylbenzene, p-xylene, and
m-xylene, which are important for chemical applications. Finally, it was found that the use
of Fe(NOs3); and ZnCl, generated the existence of Fe3sO4 and ZnO in the biochar, indicating
potential applications in photocatalysis and adsorption. Different additives were used
by Li et al. [189] who investigated the microwave-assisted pyrolysis of Eucalyptus wood
combined with different ratios of MoOs (3:1, 2:1, and 1:1) and distinct nitrogen sources
(ammonium chloride, soybean straw, and food waste digestate) to produce nitrogen-rich
biochar and bio-o0il. The addition of MoQOj increased gas yields and decreased solid yields,
with the highest liquid yield achieved at a 2:1 Eucalyptus-wood-to-MoOs ratio. Soybean
straw at 20% increased liquid yield, while excessive food waste digestate led to more
solid products. The effect of the catalysts on microwave-assisted pyrolysis has also been
analyzed through the activation energy because it can define the variation of the reaction
rate parameters during the pyrolysis process, as found by Liu et al. [190]. Recent research
has increasingly focused on the interaction between microwaves and metals, confirming
that microwave—metal interactions can reduce energy consumption and intensify chemical
processes. In studies like the one carried out by Li et al. [191], the interaction between
microwave radiation and iron-based needle metals, during microwave-assisted pyrolysis
of forestry wastes, has been evaluated. The presence of iron-based needle metals reduced
the initial temperature for pyrolysis by 141 °C and increased reaction rates. The addition of
more than one iron-based needle metal had a diminishing return on the heating efficiency
and pyrolysis rate. An increased microwave power also elevated bed temperatures and
heating rates, further accelerating the pyrolysis process. Finally, it is necessary to note that
it has been tested that, under particular conditions, like the presence of metal catalysts and
chlorine and low pyrolysis temperatures during microwave-assisted pyrolysis, dibenzofu-
rans, polychlorinated dibenzo-p-dioxins, and naphthalenes are generated [192]. That study
verified that feedstock composition as well as MAP conditions altered the production of
these chemicals; consequently, it is possible to more safely conduct microwave pyrolysis if
variables impacting product yields are studied in detail.

Different feedstocks combined with a varied range of additives and operation condi-
tions cause distinct effects on the product yields, as can be gathered from Figure 4.

It can be observed that the biochar production generated in the articles that have
been considered in this review varies from 3.37% to 98%. The forest species whose yields
are over 90% combining different operation conditions have been pine, beech, baobab,
and willow, with the highest obtained production (98.1%) being the one using biomass
from willow. On the other hand, the MAP of biomass from Douglas fir has generated the
lowest biochar yield (3.37%) under specific conditions. Additionally, it has been seen that
the MAP of biomass from pine has generated a biochar production of 7% [184], whereas
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different conditions in the MAP of biomass from pine have increased biochar productions
to 98% [150]. This variability in production underlines the need for more detailed studies
of the influence of operation conditions, which have been demonstrated to have a decisive
impact on the biochar yields from the same forest species. Similar behaviors have been
detected for the bioliquid fraction. The productions found range from 0% (beech and
bamboo) to 70% (pine). The MAP of biomass from pine has generated bio-oil yields from
2% [150] to 70% [172]. Significant production variations in the bioliquid phase have also
been obtained with biomass from beech, obtaining values as low as 0% [185] and as high as
58% [129]. By comparison with the biochar productions, it can be concluded that, up to
now, the maximum bio-oil productions are lower under the analyzed conditions. Finally,
non-condensable gas productions have also experienced huge variations from 0% (biomass
from pine) to 82.1% (gumwood), depending on the operation conditions and feedstocks.
Non-condensable gas yields during the MAP of biomass from pine have fluctuated from
0% [150] to 78.5% [140]; similar tendencies have been seen on the feedstock denominated
as wood pellets/wastes/sawdust without specifying the species, where the gas fraction
changes from 3% [183] to 70% [179].
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Figure 4. Impact of feedstock and operation conditions on biochar, bio-o0il, and non-condensable
gas yields.

MAP operation conditions not only impact yields, but also the biochar, bio-liquid,
and non-condensable gas composition. Figure 5 displays the composition of biochars from
different feedstocks. It is noticed that biochars possess carbon contents ranging from 29.98%
(eucalyptus) to 93.96% (pine). It has been also detected that the biochars that have shown
the highest variation of carbon content are those from eucalyptus in which the carbon
concentration fluctuates from 29.98% to 80.24% [189].

Oxygen has turned out to be the component present in biochar with the second
highest concentrations, with its contents ranging from 1.59% (biomass from pine) to 65.97%
(biomass from eucalyptus). Nitrogen and hydrogen contents in biochars are low, being less
than 4.05% and 7.17% respectively.

Although the bio-0il composition is complex, the different chemicals that can been
detected are usually classified in different groups such as phenol and derivatives, kethone/
aldehydes and derivatives, furan and derivatives, acids, esters, alcohols, naphthalene and
derivatives, alkene, benzene and derivatives, nitrogenated compounds, and others. Figure 6
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shows that phenols, kethone/aldehydes, and furans are the main types of chemicals in
bio-oil from MAP. However, the content of these chemicals can vary enormously depending
on operation conditions and feedstocks. For instance, the content of phenol and derivatives
has fluctuated from 4% [159] to 78% [93] during the MAP of pine, while, in the MAP
of Douglas fir, it varied from 2% [175] to 96% [154]. Variations in kethone/aldehydes
(0.5-37%) [95,165] and furans (1-33%) [155,175], when operation conditions are modified,
have also been found; however, these variations are lower.
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Figure 5. Impact of feedstock and operation conditions on biochar composition.
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Figure 6. Impact of feedstock and operation conditions on bio-liquid composition.
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The non-condensable gases’ fraction of MAP mainly consists of hydrogen (Hy), car-
bon monoxide (CO), and carbon dioxide (CO,). As it can be seen in Figure 7 the high-
est hydrogen content has been produced in the MAP of Douglas fir, in which a con-
centration of 85% was measured [154]. Nevertheless, when changing operation condi-
tions, the hydrogen content during the MAP of Douglas fir was only 1% [155]. Sig-
nificant variations in the CO concentration (0.07-51%) were also obtained during the
MAP of pine [85,159] and feedstock denominated as wood pellets/wastes/sawdust, in
which they were 7.85-41.79% [151,174]. Similar differences were measured in CO, con-
tent when biomass from pine (0.1-47.6%) [159,172] and feedstock denominated as wood
pellets/wastes /sawdust (10.3-49%) [151,188] were pyrolyzed.
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Figure 7. Impact of feedstock and operation conditions on non-condensable gas composition.

Studying the variations of biochar, bioliquid, and non-condensable gas yields, as well
as in their composition, the highest differences have usually been found in those biomasses
from forest species that have been the most studied. Consequently, more detailed studies
about the combination of different additives, feedstocks, and specific operation conditions
are required to reach desired yields and compositions using different feedstocks.

5. Future Directions

Despite the fact that MAP has emerged as an effective solution for biomass waste
conversion, offering rapid, uniform heating and improved product quality by minimizing
secondary reactions, it faces challenges such as temperature control and measurement,
which are critical for optimizing pyrolysis performance. High temperatures can cause
secondary reactions, breaking down condensable gases into non-condensable ones, while
low temperatures may result in incomplete biomass decomposition, reducing the bio-oil
yield. Accurate temperature measurement and control are difficult due to environmental
interference, nonlinearity, and parameter uncertainty. Intelligent optimization algorithms
have shown better performance than traditional controllers in managing these challenges.
Additionally, as biomass materials lose moisture at high temperatures, they become less
effective at absorbing microwave energy, so further research is needed on the dielectric
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properties of materials at elevated temperatures to enhance heating efficiency [22]. Fur-
thermore, bio-oils have several drawbacks that obstruct their use as fuel, including a high
moisture content, low heating value, thermal instability, and corrosiveness due to low
pH and oxygenated compounds. The moisture and suspended char in bio-oil can lead
to separation, filtration issues, and increased viscosity, which, in turn, cause operational
challenges like equipment erosion, combustion inefficiencies, and pipeline blockages. The
study and implementation of techniques such as hot vapor filtration and catalytic upgrad-
ing are needed to address these issues, improve combustion properties, and reduce the
viscosity and other problematic challenges that have been found during bio-oil use [23].
The comprehensive process modeling of various conversion pathways is essential in order
to scale up MAP for industrial use. This requires extensive research on parameters and
kinetics, especially since existing studies on the dielectric properties of different forestry
biomass feedstocks are limited. For instance, Vorhauer-Huget et al. analyzed the dielec-
tric properties of several wood samples before and after pyrolysis. Measurements were
conducted at room temperature in the 2-3 GHz range. Their results emphasized the im-
portance of understanding secondary reactions and the reduced microwave penetration
depth in samples with high loss factors [171]. McKeown et al. [193] measured the dielectric
properties of pine and hardwood pellets at microwave frequencies across a temperature
range of 10 °C to 50 °C and moisture contents varying from 4.9% to 16.0%. Wang et al. [194]
presented a method for accurately determining the dielectric properties of different biomass
(bamboo, poplar wood, rice straw, and corn straw) using paraffin wax and a dielectric
mixing rule. Ellison et al. [195] characterized the dielectric properties of the pulverized
biomass of pine sawdust, Chinese tallow tree wood, live oak, and energy cane bagasse,
and biochar mixtures in the range from 0.5 GHz to 20 GHz at room temperature. These
authors concluded that dielectric loss and constant suffer a quadratic rise with increasing
biochar content. Although important, these results are not precise enough to establish
the dielectric behavior of those feedstocks during microwave-assisted pyrolysis, in which
higher temperatures are implemented. This was shown by Luo et al. [93], who highlighted
how the dielectric properties of wood sawdust changed with temperature, affecting the
microwave heating behavior and altering reaction pathways. Consequently, studies such
as those carried out in agriculture biomass on dielectric properties [196,197] has to be
carried out by studying forestry biomass. Expanding the research to include a variety of
feedstocks will provide valuable data for accurate modeling. Optimizing key factors such
as microwave power, reaction duration, temperature, pressure, and catalyst loading can
enhance heating efficiency and reduce energy consumption. Understanding the dielectric
properties of biomass and fine-tuning these parameters will promote more sustainable
MAP by minimizing the release of undesirable substances and maximizing resource and
energy utilization without compromising overall efficiency. Additionally, identifying the
catalytic mechanisms is crucial for determining the suitability of different microwave ab-
sorbers/ catalysts for various conversion processes on a larger scale [60]. Conducting more
techno-economic assessments of MAP for FB is needed in order to assess the economic
viability of the process. The primary products intended for sale are bio-oil and biochar,
while syngas is utilized for power generation, contributing to the self-sustainability of the
operation. Additionally, the search for new applications for the products from the MAP
of forestry biomass as the purification of residual streams might promote the full-scale
implementation of this technology, contributing to the bio economy:.

6. Conclusions

The microwave-assisted pyrolysis (MAP) bioconversion route of forestry biomass is
reviewed in this paper, as an attempt to discover the main species that have been studied
and variables influencing this method. It was concluded that around 20% of the reviewed
articles focused on evaluating the efficiency of MAP using biomass derived from pine, 14%
concentrated on biomass categorized as wood pellets/wastes/sawdust without specifying
the species, 12% studied biomass from Douglas fir, and 8% of the works evaluated biomass
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from spruce, with those being the most studied forestry biomass. Additionally, it was found
that MAP is significantly influenced by various operation conditions such as microwave
power, temperature, biomass size, and the use of absorbers/catalysts. Research has shown
that increasing microwave power leads to higher heating rates, faster pyrolysis, and varied
product yields. Higher microwave power typically results in increased gas yields and
decreased biochar production, with optimal bio-oil yields observed at moderate power
levels. Similarly, the pyrolysis temperature plays a crucial role, with higher temperatures
generally promoting an increase in gas yield and reducing biochar yield. The composition of
bio-o0il and non-condensable gases is also temperature-dependent, with specific compounds
being favored at different temperatures. Reaction time is another critical factor, with longer
times enhancing gas and bio-oil yields while reducing biochar yield. Additionally, biomass
particle size affects energy efficiency and product distribution, with smaller particles
leading to higher char yields due to a limited volatile release. The use of absorbers, such as
activated carbon, SiC, and biochar, improves microwave absorption and heat generation,
further influencing the efficiency and outcomes of the pyrolysis process. Overall, the choice
of operating conditions in MAP can be tailored to optimize the yields of desired products,
making it a versatile and efficient method for biomass conversion. MAP feasibility, although
promising due to its faster heating rate, shorter reaction time, lower energy consumption,
higher product quality, and lower production cost compared to conventional pyrolysis,
still presents some challenges such as precise temperature measurement and control; more
detailed studies of the dielectric properties of forestry biomass at high temperatures are
needed in order to improve efficiency during microwave heating.
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