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Abstract: The aim of this review is to understand the progress in waste material management through
pyrolysis to produce eco-energy. The growing demand for energy, combined with the depletion of
traditional fossil fuels and their contribution to environmental problems, has led to the search for
waste-to-energy technologies in pursuit of carbon neutrality. While municipal residues are only part
of the waste management problem, the impact of discarded plastics on the environment and landfills
is significant. Plastics not only take centuries to decompose, but also seriously pollute the oceans.
Pyrolysis is a thermochemical process that allows for the thermal decomposition of waste in the
absence of oxygen. There are several types of pyrolytic reactors, including batch and continuous ones.
Batch reactors are preferred to process polymeric waste, with studies highlighting the importance of
optimizing parameters, i.e., type of feedstock, heating rate, and pyrolysis temperature. Moreover,
the choice of reactor type can influence the yield and structure of the final compounds. Furthermore,
various studies have highlighted the gas heating value obtained through waste pyrolysis and how the
composition of the liquid fraction is influenced by the type of polyethylene used. Though scientific
interest in pyrolysis is remarkable, as publications have increased in recent years, kinetics studies
are scarce. Overall, pyrolysis is a promising technique for managing waste materials to produce
energy. Ongoing research and development in this area offer significant potential for improving the
sustainability of waste management systems.

Keywords: reactor type; kinetics study; catalytic pyrolysis; circular economy; greenhouse gases;
plastic recycling

1. Introduction

Global energy demand is steadily increasing due to economic and population growth.
At the same time, traditional fossil fuels, such as oil and coal, are being depleted and
significantly contributing to environmental problems, such as climate change. It is therefore
necessary to look for new renewable fuels. In this context, waste-to-energy technologies
may help in meeting energy demand while reducing dependence on fossil fuels. Gov-
ernments around the world are taking steps to encourage research and development of
these technologies, i.e., establishing policies and investment programs. In addition, to
reduce greenhouse gas emissions while achieving higher energy efficiency, long-term goals
and targets are also being set. The United Nations Framework Convention on Climate
Change (UNFCCC) is an international treaty, signed in 1992, to address the problem of
climate change. The treaty, which has been ratified by nearly all countries, establishes a
framework for reducing greenhouse gas emissions and mitigating their effects. The goal
of the UNFCCC is to stabilize greenhouse gas concentrations in the atmosphere at a level
that will prevent dangerous human interference with the climate system. To oversee the
implementation of the convention, it also established the Conference of the Parties (COP) as
its supreme body [1]. In recent years, to address climate change while reducing greenhouse
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gas emissions, several international agreements have been reached. Some of the most
prominent include the following:

e  The Paris Agreement: Adopted in 2015 during the UN Conference of the Parties on
Climate Change (COP21), it aims to limit global temperature rise to less than 2 °C
above pre-industrial levels. Moreover, it works towards a more ambitious target of
1.5°C[2].

o  Glasgow Accord: This agreement was reached at the UN COP26 on climate change,
in 2021, and aims to increase efforts to achieve carbon neutrality by 2050, reducing
greenhouse gas emissions in all sectors [3].

e  Environment and Economy Partnership Agreement: Reached at COP26, this is a
partnership between governments, businesses, and non-governmental organizations.
It promotes collaboration and commitment to address climate change and accelerate
the transition to a low-carbon economy [4].

Approximately 1.9 billion tonnes of municipal solid waste (MSW) is produced annually
worldwide, and almost 30% is not collected by municipal waste management systems [5].
In addition, MSW generation in 2050 is projected to increase to 3.4 billion tonnes. In this
context, the EU has included sustainable resource use as a priority area in the European
Green Pact. Moreover, the EU has reiterated its commitment to implement the 2030 Agenda
for Sustainable Development, with the aim of protecting the environment, reducing land
degradation, and preventing biodiversity loss. This includes reducing the EU’s depen-
dence on the use of natural resources from fossil origin [6]. Excessive and uncontrolled
consumption leads to large generation of waste, and consumption extends to fuels. The
transport sector is a major consumer of fossil fuels. The road transport sector accounts for
72% of total greenhouse gas emissions in transport [7]. Through the correct treatment of
waste, it is possible to obtain eco-fuels, contributing to mitigating the problem. In the field
of thermochemical processes, pyrolysis occupies a unique position for the conversion of
coal and biomass into both energy and non-energy applications [8]. In this sense, pyrolysis
plays an important role in potential resource and waste management pathways.

Municipal waste is only part of the problem in waste management. Discarded plastics
have a major environmental and landfill impact. Accelerated consumption has led to an
increase in single-use products, which, coupled with slow growth in recycling, results in a
high rate of accumulation of plastic waste [9,10]. A recent study by Zhao et al. [11] analyzed
plastic imports and exports from 1990 to 2019. The plastic trade has been growing steadily
since 1990 (84,500 t of imports), but it is between 2000 and 2016 that the highest growth was
experienced. The highest point of consumption was achieved in 2012, with 11,386,200 t
of imported plastic waste. It is from 2016 onwards that trade has slowed down sharply.
China has been the largest importer and exporter of plastic waste in the world for decades.
However, in 2017 it announced a zero plastic waste import policy, significantly reducing
the volume of the plastic trade, although the export volume has not changed [12]. The
massive use of plastics has a negative impact on the environment. Despite its versatility and
durability, non-biodegradable plastic takes centuries to decompose and ends up polluting
the oceans. The full extent of plastics in the oceans and seas is not yet known, but the impact
on marine wildlife is notorious, as they ingest the waste, which can then be consumed by
humans [13].

Biomass refers to any organic matter that is derived from living organisms, including
plants and animals. Biomass can be used as a source of energy and is considered to be a
renewable energy source, because it can be replenished relatively quickly. Examples of
biomass include wood, crops, and agricultural waste, such as straw, as well as organic
waste from the food and paper industries. Biomass can be converted into a variety of energy
sources, e.g., heat, electricity, and biofuels. Biofuels mainly include ethanol, methanol,
and biodiesel, which can be used as a replacement or supplement to traditional fossil
fuels. Hydrocarbons are compounds that consist of hydrogen and carbon atoms. Some
hydrocarbons, such as those found in fossil fuels like coal, 0il, and natural gas, are non-
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renewable resources. However, biomass is mainly composed of carbohydrates; some
examples include the following:

o  Cellulose: A complex carbohydrate that is the main structural component of plants’
cell walls.

e  Hemicellulose: A complex carbohydrate found in plants” cell walls, often found
alongside cellulose.

e Lignin: An amorphous phenol-based organic polymer, which provides strength and
rigidity to wood [14].

e Lipids: Compounds present in plants and animals, insoluble in water but soluble in
organic solvents. They include gums, oils, and waxes, and their structures may consist
of long, straight hydrocarbon chains or isoprene units [1].

e  Sugars: A class of simple carbohydrates that include glucose, fructose, and sucrose,
which can be found in many plants [15].

Pyrolysis is a thermochemical cracking process that breaks down long-chain hydrocar-
bons into molecules with lower molecular weight [16]. The process is carried out under
oxygen-free conditions and in temperature ranges between 300 and 700 °C. The final prod-
ucts depend on various factors, i.e., thermal decomposition rate, feedstock, particle size,
and temperature [17]. The word “pyrolysis” is derived from the Greek words “pyro”,
meaning fire, and “lysis”, meaning decomposition. It has been used for centuries for
charcoal production and, in ancient Egypt, for making tar and embalming agents [18].

Early work on biomass pyrolysis is known from the 18th century. During the 1980s,
scientists discovered that the yield of pyrolysis liquid could be increased by fast pyrol-
ysis, where the feedstock is heated rapidly and the resulting vapors are also rapidly
condensed [19]. Since then, and to date, the discoveries and advances in the use of pyroly-
sis have been significant. The commercial applications offered by pyrolysis promote the
creation of systems to exploit this technology. One of the most recent patents, made in
2022 in Japan, proposes a process and a system for converting biomass into high-carbon
bioreagents, suitable for various commercial applications [20].

The purpose of this review is to understand the possibilities of using pyrolysis for
waste treatment and to create a workflow for pyrolysis experimentation. It is therefore
essential to know which feedstocks can be pyrolyzed and what results can be obtained
from them. Moreover, it is essential to have a comprehensive understanding of the various
types of pyrolytic reactors, as well as the operating conditions and the effects of catalysis.

2. Raw Materials

The selection of the pre-treatment method and its feasibility are highly influenced by
the type and humidity of the raw material. For this reason, it is crucial to classify the raw
material for the desired production. Some of the most common feedstocks for pyrolysis
include the following:

1.  Agricultural and forestry industry residues: Pyrolysis can be used to convert them
into biofuels [21,22]. These feedstocks include pine pruning waste, rice straw, corn
stover, sunflower waste, and olive waste, among others. Chen et al. [23] carried
out pyrolysis at different temperatures with pine needles. The pine needles were
pre-treated by cleaning, air-drying, and baking for subsequent grinding. In this
case, the authors sought to avoid burning and charring. Garcia-Perez et al. [24]
used two types of pine chips, of different origins and sizes, in different pyrolysis
reactors. This allowed for a comparative analysis, finding similar results, with slightly
better liquid fraction yields in the auger-type reactor compared to the batch one.
Another work, by Yildiz et al. [25], analyzed the product composition of catalytic
and non-catalytic fast pyrolysis of pine wood, itself a low-ash feedstock. The ash
that accumulates can affect the catalyst efficiency by influencing the composition of
the resulting pyrolysis vapors. The authors concluded that ash accumulation has an
impact comparable to that of other catalyst problems that can affect the pyrolysis
process, e.g., catalyst deactivation. Nam et al. [17] experimented with the possibilities
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of rice residue pyrolysis with different reactors. The rice residue was subjected to
pre-treatment by air drying, and then it was chopped into smaller particles. The
authors emphasized the importance of the moisture content, and they observed better
yields in slow processes (auger and batch) for biochar, in addition to higher bio-oil
quantity in fluidized bed reactors. Huang et al. [26] discussed the recovery of rice
straw into resources and energy, using microwave-induced pyrolysis. They sought
constant moisture by tanning the rice residue for 10 days, before it was crushed and
sieved. The efficiency of this process depended on the microwave power and the size
of the rice straw particles. They concluded that, for a satisfactory result using very
small particles, a lower microwave power would be necessary. Zabaniotou et al. [27]
compared the results of pyrolysis of different agricultural-based materials, i.e., maize,
sunflower, and olive residues. Using fixed-bed reactors with and without catalysis,
cellulose- and hemicellulose-based wastes produced higher amounts of hydrogen-
rich gas than those based on lignin. Ren et al. [28] investigated the integration of
microwave torrefaction and pyrolysis of corn stover. Torrefaction oils are noted for
their high-value-added chemicals (furans and phenols), making them potentially
interesting as a fuel source. The authors highlighted the use of torrefaction as a pre-
treatment, combined with pyrolysis, to improve bio-oil quality. Colantoni et al. [29]
based their study on the pyrolysis of grape and sunflower residues in the search for
sustainable alternative fuels. The results demonstrated that torrefaction and pyrolysis
of pelletized agricultural residues was an effective method to produce high-calorific-
value biochar. Lajili et al. [30] studied olive residue pyrolysis, implementing biomass
gasification, although the results were inconclusive. Kabakci et al. [31], in addition
to studying the characteristics of olive residue pyrolysis, also investigated pyrolysis
kinematics. The results were compared with those from refuse-derived fuel (RDF)
pyrolysis, finding that olive residue decomposition started at lower temperatures
but showed a higher maximum temperature; the temperature range of olive residue
devolatilization was larger than that for RDFE.

Old and discarded furniture can also be processed by pyrolysis to produce biofuels
and other chemicals. Uzun and Kanmaz [32] found that pine sawdust was a promising
feedstock for bio-oil production, with maximum production rates of 42% (w/w). The
importance of particle size is highlighted in both the above study and the one carried
out by Heo et al. [33]. In the latter study, with respect to furniture sawdust pyrolysis,
it was found that a higher gas flow, together with a higher feed rate, was favorable for
bio-oil production, as vapor residence times were reduced.

Plastic waste is an important source of feedstock for pyrolysis, as it contains carbons
and can be converted into fuels, e.g., diesel fuel and natural gas [10]. In fact, liquids
with a high calorific value can be obtained from the pyrolysis of plastics. In other
words, they can be useful as fuels. Some plastics commonly used for pyrolysis include
polyethylene (PE), low-density polyethylene (LDPE), linear low-density polyethylene
(LLDPE), high-density polyethylene (HDPE), polystyrene (PS), and polypropylene
(PP) [34]. Gaurch and Pramanik [35] studied the aromatization of PE plastic waste
with fly ash (FA) as a catalyst. From this work, potential interest in and applica-
tion of the catalytic pyrolysis process as an option to produce aromatics (benzene,
toluene, ethylbenzene, and xylene (BTEX)) can be extracted. LDPE has been used as
a raw material in numerous works, from which various conclusions can be drawn.
Aguado et al. [36] highlighted the increase in the conversion rate by integrating cata-
lysts in LDPE pyrolysis in a continuous screw reactor. Marcilla et al. [37] also analyzed
the impact of catalysts. In their study, the authors investigated the polymer structure
of products obtained from thermal and catalytic pyrolysis of LDPE and HDPE, in the
presence of HZSM5 and HUSY zeolites. They focused on analyzing the composition
of the gaseous and liquid fractions and found that the liquid fraction contained higher
amounts of 1-olefins and n-paraffins. Investigations by Alonso-Morales et al. [38], on
LDPE pyrolysis in batch feed reactors with slow and fast heating, did not provide
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optimal results in terms of solid char production, despite the use of activation addi-
tives and pyrolysis materials. However, the use of a semi-continuous feed reactor
with fast heating achieved a high yield (15-52%, w/w) of solid coals due to the longer
residence times of the pyrolysis products. In addition, pyrolysis in a metal-free quartz
reactor produced very high solid carbon yields (15-43%, w/w). Fan et al. [39] focused
their investigation on LLDPE conversion using both continuous-stirred microwave
pyrolysis (CSMP) and batch microwave pyrolysis (BMP) systems. Reactions took
place in the presence and absence of an ex situ catalytic bed with HZSM-5. The au-
thors observed significant differences in product yields for the non-catalytic processes,
where CSMP produced a higher condensate yield and a lower gas yield compared
to BMP. Pyrolysis of HDPE was studied by Sogancioglu et al. [40], together with
pyrolysis of LDPE, characterizing the resulting fractions. The char obtained was
analyzed for its use as an additive in epoxy composites. Epoxy composites with
HDPE carbon additives at 300 °C showed improved elongation at break and tensile
strength performance. Kim et al. [41] performed kinetics tests on the pyrolysis of a
mixture of waste automobile lubricating oil (WALO) and PS using thermogravimetric
analysis (TGA). From this study, the analysis of the carbon number distribution of the
oil produced at different heating rates is noteworthy. Decreasing the heating rates
resulted in a slight shift in the carbon number of the produced oil towards light hydro-
carbons. Park et al. [42] studied PP pyrolysis with a novel activator-assisted process.
Increasing the activator temperature and the bubbling zone significantly increased
the gas and oil yields, respectively. The use of nitrogen and a short residence time
were found to increase the olefin yield. Degradation of activated PP molecules took
place through different mechanisms. In this context, Kasar and Ahmaruzzaman [43]
found that co-pyrolysis of crude oil with PP produced 80% pyrolytic oil. Furthermore,
homogeneous catalysis has been proposed as an alternative for plastic waste treatment
and high-value chemical production [44]. Aside from everything mentioned so far,
plastics are ideal for pyrolysis because of their abundance, low density, and calorific
value, among other properties. In summary, plastic waste, once considered to be an
environmental problem, has become a valuable pyrolysis raw material.

Other industrial waste, such as paper and wood, can also be processed by pyrol-
ysis to produce biofuels and other chemicals. Potential landfill waste can include
newsprint and cardboard, which contain nitrogen, sulfur, and oxygen, as highlighted
by Fekhar et al. [45], who also highlighted the difference in moisture content between
plastics and paper waste. The latter contains considerably more moisture than plastics,
which hardly include any moisture at all. It is important to take this characteristic
into account before a pre-treatment process is selected. After pyrolysis, the authors
noted that the liquid product from newsprint and cardboard resulted in water and
various oxygenated compounds. Ahmed and Gupta [46] investigated the gasification
and pyrolysis of paper, underlining that gasification offers better results in terms of
higher material destruction, hydrogen production, and chemical energy. Yao et al. [47]
focused on the treatment of paper sludge, emphasizing the problems that it poses in
terms of industrial pollution in China. Moreover, sludges do not come with paper
alone; they also contain heterocyclic compounds, polycyclic aromatic hydrocarbons,
amino acids, and organic fluorinated compounds. The authors proposed pyrolysis
treatment of this waste to reduce air pollution and carbon emissions, compared to
direct burning of waste. Determining the pyrolysis temperature is important for opti-
mal results. Kim et al. [48] sought the optimal temperature to achieve the maximum
bio-oil yield from the pyrolysis of construction wood waste. Carlson et al. [49], in their
study on the production of aromatics and olefins from wood in a fluidized bed reactor,
showed that propylene is more reactive than ethylene and produces higher quantities
of aromatics. They also noted that the lower the temperature, the lower the methane
production. The study of experimental kinetics is interesting in pyrolysis studies.
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Slopiecka et al. [50] conducted a kinetics study of the devolatilization of aspen wood,
finding that its thermal decomposition proceeds in three stages.

5. Waste tires are an important source of raw materials for pyrolysis, as they contain
rubber and steel, which can be recycled into fuels and other products. In the research of
Berrueco et al. [51] on tire pyrolysis, it was pointed out that gas production is favored
by long residence times at high temperatures. Tires are notable for their contents of
hydrocarbons and gaseous fractions, i.e., Hy, CO, and CO,. However, the calorific
value of the gas obtained from the pyrolysis was lower than expected, although it
was still valid for use in gas engines. According to Williams [52], the oil from tire
pyrolysis is chemically complex and contains aliphatic, aromatic, heteroatomic, and
polar compounds. This oil’s properties allow its use as a fuel, as its properties are
similar to those of diesel fuel or light fuel oil.

3. Pyrolysis Reactors

Understanding the different pyrolysis techniques and available reactors is essential.
The choice of the right reactor is linked to economic availability, reaction time, and the
desired results. Pyrolytic reactors are divided into two main groups: batch and fluid
reactors [48]. However, some changes in the cycle allow for differentiation between sub-
types of pyrolytic processes. Some preliminary concepts that must be understood before
addressing the different types of reactors are developed below. To create an oxygen-free
environment, the reactor is purged with nitrogen. In some cases, the flow of N is maintained
only at the beginning of the process [53], while in others, the flow is kept throughout the
entire process [37]. The main parameters affecting the yield and final product properties
are reaction time, pressure, temperature, particle size, heating rates, and feedstock initial
moisture content [54,55]. During pyrolysis, the feedstock is subjected to high temperatures
and fragmented into a series of simpler chemical compounds. These compounds can be
divided into different fractions, each of which is made up of a specific set of chemical
compounds. Some of the common fractions that can be obtained during pyrolysis include
the following [56]:

e  Gas: The gaseous fraction, like all fractions, depends on the composition of the py-
rolyzed material and the type of reactor. Biomass pyrolysis results in gases such as
CO,, CO, or hydrocarbons, but gases like acetic acid, methanol, furfural, acetalde-
hyde, ethanol, propane, or hydroxymethylfural (HMF) can also be released. The
increase in CO, content indicates further degradation of cellulosic and hemicellulosic
components. Also, the presence of CH; and CO suggests secondary cracking of the
volatile compounds released during the process. Nam et al. [17] demonstrated that
the composition of the resulting gases depends on the reactor. Hydrogen formation
is characteristic of biomass containing paper and cardboard, whereas in the case of
pyrolysis of plastics, mainly hydrocarbons can be identified [45]. In the study by
Marcilla et al. [37], pyrolysis was carried out with LDPE and HDPE waste, resulting in
the production of 1-olefins, n-paraffins, olefins, iso-paraffins, and aromatics.

e Liquid: The liquid fraction resulting from pyrolysis depends on the type of pyrolyzed
material and other parameters, such as temperature or the type of pyrolysis reactor.
As highlighted in their research, Uzun and Kanmaz [32] found that the liquid product
from biomass pyrolysis was a mixture of multiple organic compounds. It consisted of
two phases: an aqueous phase, containing low-molecular-weight oxygenated organic
compounds (acetic acid, methanol, and acetone), and a non-aqueous phase, containing
aromatic hydrocarbons and organic compounds (aliphatic alcohols, carbonyls, acids,
phenols, cresols, benzenediols, guaiacol, and its alkylated derivatives). Aromatic
hydrocarbons include single-ring aromatic compounds (such as benzene, toluene,
indene, and alkylated derivatives) and polycyclic aromatic hydrocarbons (PAH, such
as naphthalene, furans, phenanthrene, and their alkylated derivatives). Water is
also released from biomass pyrolysis [33]. On the other hand, the liquid fraction
resulting from the pyrolysis of polymers results in aromatic hydrocarbons as the main
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compound [42]. In the liquid fraction resulting from the pyrolysis of polymers, iso-
paraffins, aromatics, n-paraffins, and 1-olefins were also observed. The n-paraffins
are more frequent at low temperatures, while 1-olefins are more frequent at high
temperatures [37].

e  Solid: The solid fraction of pyrolysis mostly consists of charcoal and other residues,
e.g., ash. If the pyrolyzed residue is biomass, it is called vegetable charcoal. As with
the other fractions, the pyrolysis temperature influences this final fraction. It has
been found that the higher the temperature in the pyrolysis of plastics, the higher the
amount of charcoal [38]. Secondary repolymerization reactions are responsible for
carbon formation. Slight hydrogen production is also observed. In all cases, pyrolysis
solids are carbon-rich materials with a high calorific value that can be used as a substi-
tute for solid fossil fuels [57]. The pyrolysis of cellulose-containing biomass results in
the formation of dehydrated saccharides, furans, furanones, benzenes, and cyclopen-
tanones. The highest yield in cellulose pyrolysis is obtained from the saccharides [58].

It is important to note that the exact composition of the fractions obtained during
pyrolysis will depend on the process conditions and the organic material being used. As
mentioned, pyrolysis reactors mainly differ in how the feedstock is fed and how the process
conditions are controlled. The batch reactor loads a fixed amount of material, whereby the
process is stopped at the end of the reaction. This leads to cleaning, emptying, and reloading
for another batch. In contrast, in a continuous reactor, the material is continuously fed into
the reactor and is constantly processed, without interruption. As for the process conditions,
in a batch reactor, they must be controlled for the whole batch, while in a continuous reactor
the conditions can be adjusted as the reactor is fed. From these differences, it follows that
the continuous reactor allows for greater process control and optimization. In addition,
the time required to load, process, and unload the material in a batch reactor restricts the
production capacity and efficiency compared to a continuous reactor. The main advantage
of the continuous reactor over the batch reactor is its ability to process homogeneous
materials and small-scale processes. The different reactor types are further developed in
the following sections.

3.1. Batch Reactor

Batch reactors are strictly discontinuous. A batch reactor is characterized as a simpli-
fied process with the capacity to process all types of polymeric waste. However, the batch
reactor is irregular in the products of each batch, labor-intensive, and highly dependent on
the heating and cooling times [45].

The reactor can be modified to allow the addition of reagents to the process, making it
a semi-batch reactor. Another variant is the batch microwave reactor, which is widely used
but has some problems. It makes homogeneous reaction difficult, and due to its low thermal
and mass efficiency the pyrolytic products are negatively affected. But it also shortens the
reaction time by improving energy consumption and the quality of the resulting fuel [39].

Batch-type stirred vessels are characterized by the agitation of the material during
the heating process, at a stable speed and temperature [59]. In contrast, the static-bed
batch reactor keeps the raw material immobile during the process [51]. Semi-continuous
reactors consist of a tube reactor in a vertical position, with an automatic raw material
loader. Quartz and Hastelloy are used for the tube [38].

Table 1 lists the key parameters in studies on pyrolysis in batch reactors. The char
yield mainly depends on three parameters: feedstock type, heating rate, and pyrolysis
temperature [60]. The optimal pyrolysis temperature will depend on the reactor type and
the pyrolysis feedstock. With increasing temperature, a decrease in solid-phase yield is
observed, except for the LDPE pyrolysis carried out by Alonso-Morales et al. [38]. The
yield of the liquid fraction increases with temperature, as can be seen in Table 1. It can
also be observed that the increase in yield slows down and starts to decrease from a
maximum temperature. As shown in Table 1, in studies carried out with waste tires,
polanga, construction wood waste, and softwood sawdust, the temperature at which the



Energies 2024, 17, 2852

8 of 32

yield of the liquid fraction started to decrease was around 500-550 °C. The gaseous fraction,
however, increased with temperature in all cases. It can be seen from Table 1 that the
studies carried out, irrespective of the pyrolyzed waste, tended to pyrolyze small particles.
A small particle size can facilitate the homogeneity of the pyrolysis.

Table 1. Characteristics of pyrolysis considering various types of batch reactors.

. Heating Pyrolysis . ..
Reactor Type Feedstock Sample ?amde Rate Temperature OSOhd }lqmd o Gas References
(g) Size (mm) o . o (%, wlw) (%, wlw) (%, wiw)
(°C/min) O
400 35.00 47.00 18.00
Construction 5.0 o 20.0, 30.0, 450 29.50 50.50 20.00 (48]
waste wood ’ o 40.0 500 25.30 54.20 20.50
550 24.70 51.70 23.60
LDPE nr 93.10 14.60
HDPE 0.6 0.50 5.0 550 nr. 84.70 1630 571
Municipal 50.0 5.00 15.0 550 28.00 49.00 23.00 [45]
solid waste
Batch reactor
Rice straw 250.0 2.00 4.0 500 47.70 31.30 11.50 [17]
Pine chips 14 x 103 nr. 10.0 500 31.20 50.40 18.40 * [23]
Softwood 400 32.90 52.70 14.40
o “2’100 nr 0.35-0.50 4.0 500 21.30 61.60 17.10 [61]
sawdust 600 16.30 61.50 22.20
400 21.00 64.00 15.00
PS 40 0.63-1.00 10.0 500 0.00 76.00 2400 -
400 0.00 90.00 10.00
PS 4.0 0.63-1.00 10.0 500 0.00 87.00 13.00
Polanga 400 39.00 40.00 21.00
500 35.00 45.00 20.00
(%Oﬁhﬂ% 150 e 200 550 32.50 4550 22,00 [62]
Py 600 28.30 43.40 28.30
400 15.00 79.10 5.90
Ps 300 L. 50 500 5.00 89.90 5.10 [63]
Semi-batch
Plasti 460 1.10 72.00 26.90
lastic 100.0 nr. 20.0 500 0.80 65.20 34.00 [54]
mixture 600 0.90 42.90 56.20
Municipal
plastic waste 50.0 8.00 7.0 700 15.16 68.02 16.82 [64]
(42.5% PE)
Municipal 50.0 4.00 x 4.00 nr. 700 15.16 68.02 16.82 [35]
solid waste
400 64.00 30.00 2.40
Static-bed batch . 500 52.70 39.90 3.60
reactor Waste tires 300.0 L 120 550 5250 39.10 3.60 [51]
700 51.30 42.80 4.40
Semi-continuous 750 44.00 nr. nr.
(Hastelloy) LDPE 20 nr 100 850 52.20 nr. nr. 3]
Semi-continuous 750 15.30 n.r. n.r.
(quartz) LDPE 20 n.r. 100 850 32.00 nr. nr.
Microwave batch LLDPE 30.0 nr. nr. 500-550 4.00 46.00 50.00 39]
reactor
Batch-type stirred 370 n.r. 96.40 3.60
vessel Ps 1000 L 11.3-12.3 380 nr. 96.10 3.90 (9]

(*) By difference; (n.r.) not reported; (PS) polystyrene; (PE) polyethylene; (LDPE) low-density polyethylene;
(HDPE) high-density polyethylene; (LLDPE) linear low-density polyethylene.

In the study by Kim ]. et al. [48], the maximum oil yield from construction waste
wood pyrolysis was achieved at a temperature of 500 °C (54.2%, w/w). They also found
that, at higher temperatures, the decomposition reaction produced higher gas-phase yields,
rather than liquid-phase yields. This deduction can be extrapolated to the pyrolysis of
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other feedstocks, and it can be stated that pyrolysis should ideally be carried out at the
optimal temperature for each feedstock. Sometimes, not all of the liquid fraction from
pyrolysis is useful. This mainly depends on the pyrolysis feedstock. In the study of
Fekhar et al. [45], the liquid yield consisted of two parts: light oil, and water. In another
study by Shadangi and Singh [62], pyrolysis of polanga seed oil was carried out. The results
showed that this pyrolytic oil contained other bio-oils, such as oleic acid, hexadecanoic
acid, and octadecanonic acid, in addition to presenting a characteristic functional group. It
was found that this oil has a high calorific value and can be used as a fuel substitute, as
well as in other applications, i.e., as an adsorbent and solid fuel. Garcia-Perez et al. [24]
pyrolyzed pine chips and found it difficult to produce crude bio-oils with appropriate fuel
properties. In any case, the combination with other fuels, i.e., biodiesel, could provide great
economic and environmental improvements. Furthermore, it was stated that biodiesel’s
properties, after mixing, do not seem to be highly altered by the soluble fractions of bio-oils,
although neutralization with a weak base, e.g., NaHCO3, is required to remove the soluble
organic acids from biodiesel.

Some of the studies listed in Table 1 performed pyrolysis on feedstocks such as plastics
and synthetic waste. Several conclusions can be drawn from these studies. Berrueco et al. [51]
pyrolyzed tire waste, highlighting the heating value of the obtained gas, between 5.5
and 9.0 MJ/m3, valid for use in gas engines. Alonso-Morales et al. [38] studied
LDPE pyrolysis in reactors with different fabrication materials: one with Hastelloy
(cobalt—chromium-nickel-molybdenum alloy) and the other with quartz. The use of a
semi-continuous loading reactor with a fast heating process can significantly increase the
yield of carbonaceous solids, due to extended residence times. It has also been found that
the material used in the construction of the reactor has an important influence on the yield
and structure of the obtained solids. The use of a Hastelloy tube instead of quartz can
increase the structural order of the resulting solids. Marcilla et al. [37] compared LDPE
and HDPE pyrolysis. From this comparison, they highlighted that a higher proportion
of gases was produced in the pyrolysis of HDPE than in that of LDPE. The researchers
also concluded that the composition of the liquid fraction is influenced by the type of PE
used, and that the observed disparities in results seemed to be more related to the polymer
and zeolite properties than to the experimental conditions. The study by Kim et al. [59]
examined the isothermal pyrolysis of PS at low temperatures using a batch-operated stirred
tank. The main liquid products were single- and double-aromatic ring species, with styrene
being the main product, with a yield of 70% (w/w). Other studies, such as the one carried
out by Lopez-Urionabarrenechea et al. [57], focused on the influence of temperature and
time on the products obtained in the pyrolysis of plastic waste. This study established an
optimal reaction time of 15-30 min; longer times had no effect on conversion or on the
characteristics of the obtained products. Gaurh and Pramanik [64] investigated the thermal
and catalytic pyrolysis of PE in a nitrogen medium, using three different types of catalysts.
The possibilities and benefits exposed by this article on the implementation of catalysts will
be discussed later, but the authors concluded that the same process can be purely thermal
(without catalysis) and still yield valuable products, protecting the environment and saving
energy.

From the research collected so far, it is possible to observe the involvement of re-
searchers in the search for alternatives for the management of these wastes, the possibilities
of the compounds of the fractions produced by pyrolysis, and how it is important to take
into account the parameters affecting pyrolysis, such as reactor type, raw material, particle
size, and temperature.

3.2. Continuous Reactors

The fluidized bed reactor is noted for its high efficiency due to its high particle heating
rate. In fact, it maintains constant particle movement, which increases the heat transfer of
the particles. The appropriate mass and heat transfer between individual particles and gas
ensures the high uniformity of the product quality [65].
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The auger reactor is a variant for conveying feedstock to the reaction vessel and
evacuating solid residues. To improve particle mixing and heat transfer between solid
heat carriers and reactants, an appropriate design is essential. The material transport in
the auger reactor allows for a good axial dispersion, which favors uniformity during the
application of the thermal conditions [66]. A variant can be configured with two screws
intercalated inside the reactor, known as a twin-auger or double-screw pyrolyzer. This
configuration favors a constant undulation and agitation of the raw material, due to the
interference of the propellers of one screw with those of the other [67].

In the case of fast pyrolysis, the most common alternative to the fluidized bed reactor
for biomass and waste pyrolysis is the conical spouted bed reactor (CSBR). The particles’
cyclic movement results in high rates of mass and heat transfer between phases. This
characteristic makes the reactor able to handle fine materials, sticky solids, and particles
with irregular texture. Energy consumption tends to be exponential with particle size;
however, a spouted bed reactor can operate with larger particle diameters. The size of these
reactors is smaller than that of a fluidized bed reactor, while keeping the same capacity,
and without the need for a gas distribution plate [68,69].

The bubbling fluidized bed reactor (BFB) is a common alternative to the fluidized bed
reactor, due to its simple operation/design and high heat and mass transfer efficiency to
biomass particles. However, it has drawbacks in heat transfer to the bed [69]. The bubbles
play a key role in particle mixing and the thermal decomposition of the biomass [70].

A circulating bed reactor (CFB) is a reactor characterized by operating at high gas
velocities. It also allows for the recovery of light solids and recirculation of solids that have
been dragged to the bottom of the bed. Its operation is pseudo-homogeneous, with high
mass and heat transfer rates. Continuous recirculation of hot solids at high rates promotes
temperature uniformity throughout the bed [71].

Table 2 shows the clear tendency of the gaseous fraction to increase with temperature.
Park et al. [68] determined that the reaction temperature in fast pyrolysis processes is pro-
portional to the decomposition heat required to break biomass bonds. Moreover, the higher
the reaction temperature, the higher the biomass conversion efficiency. With increasing tem-
perature, the gaseous fraction content is affected. In the research of Haydary et al. [72], the
contents of hydrogen and CO increased, but the contents of light hydrocarbons decreased,
except for methane.

Table 2. Characteristics of pyrolysis in various types of continuous reactors.

Heating Pyrolysis

Reactor Type Feedstock Sample Particle Size Rate Temperature OSOhd J‘ iquid o Gas References
(g (mm) o . o (%, wlw) (%, wlw) (%, wlw)
(°C/min) (@)
400 27.00 55.00 18.00
Construction 20.0, 30.0, 450 23.20 56.80 20.00
wastewood 1200 nr 400 500 20.60 56.90 2250 [45]
550 18.00 54.00 28.00
Flu]ice‘(if“’d Naste 400 35.80 51.50 12.70
X 450 28.80 58.10 13.10
fumgure 1000.0 0.04 n.r. 500 23.00 56.00 21.00 (321
sawdust 550 21.30 42.50 36.20
Rice straw 200.0 2.00 4.0 500 26.80 43.40 23.00 -
Rice straw 200.0 2.00 4.0 500 44.90 25.70 13.20
Packages 650 24.00 16.00 60.00
(Tetra Pak) 100.0 5.00 x 5.00 nr. 850 19.00 5.00 76.00 73]
Auger Automobile 550 30.00 28.00 42.00
shredder 10.04 20.00-50.00 10.0 600 34.00 18.00 48.00 [72]
residue (ASR) 800 28.00 7.00 65.00
Pine pellets nr. L:12.80 10.0 500 30.00 57.80 12.20 * [23]

o: 6.46
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Table 2. Cont.
. . Heating Pyrolysis . ..
Reactor Type Feedstock Sa:nf]e Part(lmcl;)s 1ze Rate Temperature (O/SOZI‘:/(:U) (J/“ lq;/l;i}) (% G;:jw) References
& (°C/min) Q) o or or
. . 5.0, 10.0,
Waste tires 5.6 x 10 2.00-4.00 20.0 550 40.50 42.60 16.90 [74]
Auger Wood pellets  n.. 12_165&0 nr. 500 21.50 38.00 40.50 [75]
Barley straw o L:15.0025.00 55 450 30.10 49.00 20.90
pellets 2: 6.00 6]
Twin co-axial ~ Wood pellets nr. L: 12’.02)6%5'00 20.0 450 28.50 54.30 17.70
500 22.00 40.00 38.00
. Cassava 550 23.00 50.00 27.00
Twin screw thizome 300.0 0.30-0.40 nr. 650 13.00 45.00 42.00 [77]
700 18.00 34.00 48.00
- q 450 15.00 22.80 62.20
meVéoo nr. nr. nr. 500 20.60 14.50 64.90 [69]
Conical sawdust 550 2410 13.60 62.30
spouted bed Sawdust 400 29.60 44.20 26.20
(Larix nr. nr. nr. 500 23.20 50.80 26.00 [68]
leptolepis) 550 17.20 43.90 38.80
Rice st nr. 5.00 nr 491 18.00 68.00 14.00
Bubbling 1ce straw nr. 10.00 nr. 490 21.00 60.00 19.00 78]
fluidized bed Bamb nr. 0.60 nr. 405 15.00 72.00 13.00
amboo nr 0.85 nr. 410 20.00 67.00 13.00
Continuous- Plastic waste
.stlrred LLDPE 30.0 n.r. n.r. 500-550 5.00 84.00 11.00 [39]
microwave
Corncob 37.31 40.22 16.16
Corn stalk 32.67 42.22 14.47
Sunflower 48.21 34.79 9.49
Fixed-bed residues 0.3 nr. 20.0 500 [26]
reactor Olive 36.02 37.95 9.99
pruning ’ ’ '
Olive kernels 28.03 4145 11.65
Sawdust 4.0 0.42-0.60 10.0 650 25.26 51.58 23.16 [79]

(*) By difference; (n.r.) not reported; (@) diameter; (LLDPE) linear low-density polyethylene.

As can be seen in Tables 1 and 2, a slight improvement in the yields of pyrolysis
liquid fractions can be observed in continuous reactors, in comparison to batch reactors.
From a quick glance at Table 2, it can be seen that the tendency is to pyrolyze small
particles, in search of homogeneity, to improve the results. Temperatures range from 400
to 800 °C, with 500 and 550 °C being the ones that, in most cases, provide the best results
in terms of the desired end products. Jung et al. [78] reaffirmed that the ideal pyrolysis
temperature is around 400-550 °C, depending on the pyrolyzed material. This research
also highlighted the influence of feed size and speed, with better bio-oil results for smaller
feed size and higher speed. In the same way, Heo et al. [33] found that increasing the gas
flow and feed rate resulted in more effective bio-oil production, due to decreased vapor
residence time. In addition, the use of non-condensable gas as a fluidization medium
showed significant potential to improve bio-oil production, achieving a maximum yield
of 65% (w/w). However, from Table 2, it is not so evident that the yield of the liquid
fraction is directly proportional to the temperature increase. Kim et al. [48], in addition to
the pyrolysis of construction wood waste in a batch reactor, used a fluidized bed reactor.
For both reactors, the maximum oil yield was reached at 500 °C. When the fluidized bed
reactor was used, an increase in 0il yield and a decrease in its temperature sensitivity were
observed. Thus, it can be concluded that the fluidized bed reactor is an advantageous
option for bio-oil production.
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Nam et al. [17] carried out the experiment with three different reactors (batch, bed,
and auger). The results of rice straw pyrolysis with the batch reactor are listed in Table 1,
while the rest are depicted in Table 2. The authors found that the choice of reactor type,
among other factors, may influence the final product. In this sense, the highest biochar
yields were achieved with auger and batch reactors. Also, the highest amount of bio-oil was
obtained in the fluidized bed reactor. The qualities of the products will also depend on the
type of reactor. The bio-oil composition varied according to reactor type, while the biochar
composition was similar in the three reactors. Based on the results, the authors suggested
using the batch and auger reactors for biochar production. The interest in pyrolysis of
waste tires has been mentioned above, but there are other automotive waste products that
are also of interest. Haydary et al. [72] studied the suitability of ASR (automotive waste)
for thermal processing to recover valuable materials and energy. It is possible to estimate
the parameters required to design a thermal process from those associated with individual
ASR components.

Some studies have been carried out in pilot plants, seeking the optimal design. Mar-
tinez et al. [74] carried out a study of the pyrolysis of tires in an auger-type pilot reactor.
One of the most interesting conclusions drawn from this experimentation was that the
gaseous fraction of the tire gas was the most efficient. They also highlighted the importance
of CO, emissions produced during the process, which were lower than those generated
in the direct combustion of used tires, which is a point in favor of the pyrolytic process.
Fernandez-Akarregi et al. [69] used a conical bed pilot reactor, which is characterized by
a non-porous draft tube that allows its operation at low gas flow rates and under sta-
ble conditions, ensuring high bio-oil yields. Similarly, the arrangement of the reactor’s
hydrodynamic system enables uninterrupted char suppression and ensures a high heat
transfer rate, preventing the accumulation of residues in the bed and ensuring temperature
uniformity. Temperature uniformity is desirable for a homogeneous process. The system
studied by Yang et al. [76] successfully generated intermediate pyrolysis oils, gases, and
coals. They used wood pellets and barley straw as feedstocks in two types of reactors
(twin co-axial and auger), with very similar results. The authors focused their study on
determining the efficiency of the process once the energy yields of the pyrolysis products
were known. Determining the efficiency of a process is an essential point in knowing its
viability before it can be used on a commercial scale.

In summary, the ideal temperature is mainly sought to obtain bio-oil. To determine
viability and yields, without forgetting to consider speed and the size of the reactor feed,
reactors and waste are compared. For this, studies in pilot reactors are highlighted as an
alternative prior to industrial use.

3.3. Other Types of Reactors

In addjition to the abovementioned reactors, there are variants that do not completely
fit into the above classification. Some of these reactors have been studied in recent years,
the results of which are given in Table 3.

The wire mesh reactor (WMR) is characterized by the heating process using an elec-
tric current flowing through a mesh. It features minimized side reactions between pri-
mary volatile particles, along with relative control of the particles in terms of time and
temperature [80]. The latter authors noted that the minimal side reaction results in a purer
tar. The WMR also minimizes secondary reactions of the primary volatiles in the vapor
phase [81].

Vacuum reactors can be used in batch or continuous conditions. This is a promising
technology for the production of bio-oil [82]. Vacuum conditions are produced with a
mechanical pump and by diffusion [83].

The drop-tube reactor stands out for its versatility to work with all types of fuels, and
in having good control over mass balances and residence times [84]. It is a reactor that
operates at high pressures. As observed in [85], the char yield increased with pressure,
while the tar yield decreased. At the same time, the liquid and gas yields remained relatively
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stable. The higher coal yield was due to the fact that the vapor pressure of tar and liquid is
lower than the experimental pressure, causing them to remain solid.

The horizontal tubular reactor is a pyrolyzer that consists of a horizontal tube where
the feedstock to be pyrolyzed is introduced. The horizontal arrangement of the reactor
allows for uniform heat distribution and higher efficiency in the decomposition of the
materials [86]. The combination of different systems is being studied to obtain better results.
Chen et al. [87] integrated coal pyrolysis and volatiles optimization in an integrated reactor
with two sections to improve tar quality. Their article compares the results of three cases,
the results of which are shown in Table 3. In the first case, only the drop tube was used.
In the second case, the pyrolysis time was prolonged, favoring the release of volatiles.
They observed the decrease in the solid fraction and the increase in the liquid and gaseous
fractions. Finally, the third case optimized the moving bed inside the reactor. The volatiles
generated during pyrolysis in the drop tube passed through the carbon bed to be upgraded
in the isothermal zone. A lower fraction of solids and a higher fraction of liquids were
obtained.

Table 3. Characteristics of pyrolysis in other types of reactors.

. Heatin Pyrolysis . ..
Reactor Feedstock Sample Particle Rate 8 Teni’per};ture Solid Liquid Gas References
Type (g) Size (mm) C/min) ©C) (%, wlw) (%, wlw) (%, wlw)
500 6.13
600 17.50
Wire meh PVC 0.02-020  0.106-0.150 nr. 700 nr. 22,50 n.r [80]
800 27.79
Cellulose n.r. n.r. nr. 500 2.00 80.00 18.00 * [81]
Palm oil decanter 400 48.07 34.52 17.41
Vacuum cake (PDC) L 0.850-2.000 150 500 38.57 4131 20.06 [82]
500 94.00 3.00 * 3.00
Coal (Naomachu 550 79.00 16.00 * 5.00
Droniupe  Sub-bituminous) nr. - 0.200-1.000 nr 600 68.00 25,50 * 6.50 [88]
rop-tube 700 59.00 28.00 * 13.00
reactor
600 80.10 6.40 4.00
Coal nr. 0.200—0.400 nr. 600 71.70 7.00 9.70 [87]
600 68.90 6.20 13.10
Horizontal Municipal plasti
tubular u mvigstf SHC 750,00 5.000 8.0 550-560 50-60  85.0-87.0  8.0-9.0 [86]
reactor

(*) By difference; (n.r.) not reported; (PVC) polyvinylchloride.

In short, Table 3 includes alternatives to traditional pyrolysis aiming to minimize sec-
ondary reactions, providing more versatile reactors, as well as better yields and efficiencies
in the decompositions.

4. Types of Pyrolysis Depending on the Operating Conditions

There are two main types of pyrolysis, depending on the operating conditions, namely,
fast and slow pyrolysis. Each has its advantages and disadvantages, and they are used
for different purposes. In the following sections, the types of pyrolysis, along with their
characteristics and applications, are discussed.

4.1. Slow Pyrolysis

Slow or conventional pyrolysis is considered to be an efficient conversion technology
for energy production, producing liquid and solid char, which facilitates its storage [89].
The biochar yield from slow pyrolysis is higher than that from fast pyrolysis; that is, slow
pyrolysis has a lower degree of ablation of the feedstock [90]. Slow pyrolysis can work at
lower temperatures, between 350 and 450 °C, as well as longer residence times for larger
biomass particle sizes [89]. The low temperatures, together with the slow heating rate,
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mainly produce charcoal [91]. In terms of the economic cost of the system, slow pyrolysis
reactors are less expensive [92].

4.2. Fast Pyrolysis

Fast pyrolysis is an economically viable type of thermochemical conversion for the
transformation of organic materials into liquid fuels. It requires fast heating rates and
short volatile residence times. Vacuum pyrolysis, screw, and fluidized bed reactors are fast
pyrolysis reactors [65].

The advantages of fast pyrolysis are the simplicity of the process, operation at atmo-
spheric pressure, low production cost, high thermal efficiency, low fossil fuel inputs leading
to CO; neutrality, and the production of a main liquid product that is easily stored and
transported. At the same time, it is a process with very specific requirements, such as a
suitable pyrolysis temperature, fast heating rate of biomass particles, fast condensation,
and short residence time of volatiles in the reactor. The heating rate of the particles must be
high enough for fast pyrolysis, thus increasing the gaseous products [19,91]. The residence
time of volatiles must be limited to minimize their cracking to non-condensable gases or
carbon resulting from secondary reactions [78]. In fast pyrolysis, at high temperatures,
secondary cracking reactions of volatile compounds dominate, leading to a reduction in
pyrolysis oil yield and, subsequently, increasing the gas yield [93]. In Table 2, the results
of fast pyrolysis of sawdust reflect an improvement in oil yield from 400 °C to 500 °C.
However, from 550 °C onwards, the opposite effect is shown, due to secondary cracking of
volatiles [68].

4.3. Soft Pyrolysis or Dry Torrefaction

Dry torrefaction, or soft pyrolysis, is a process in which biomass is heated to a temper-
ature of 200-300 °C, in an inert atmosphere, for a period from 30 min to several hours [54].
In pyrolysis processes, torrefaction is useful to reduce the oxygen content and improve the
bio-oil quality. It is carried out as a raw material pre-treatment [94].

As a result, three types of products are generated, namely, solid products, permanent
gases (Hp, CO, CO,, and CHy), and a condensable mixture containing water, organic com-
pounds, and lipids. The solid product is the main product, representing approximately 70%
of the mass and 90% of the energy of the raw biomass. The results indicate that torrefaction
with CO; and O, instead of N, reduces the number of obtained solids. However, if H,O is
added, the negative effects of non-inert gases may be reduced [95].

The effects of both roasting and pyrolysis of corn stover have also been studied [28].
Torrefied biomass had similar calorific values to coal and better than those of raw biomass.
Moreover, torrefied oils contained valuable chemical compounds, such as furans and
phenols. Although torrefaction reduced the pyrolytic oil yield, the total bio-oil yield
obtained through torrefaction and pyrolysis was similar to that obtained through pyrolysis
of unprocessed biomass.

Other authors have investigated the influence of roasting on hemicellulose, cellulose,
and lignin pyrolysis [96]. The results indicated that, during torrefaction, O-acetyl and
pentose units present in the hemicellulose were thermally degraded into acetic acid and
furfural. As a result, acetic acid and furfural acid levels significantly decreased in the
pyrolysis of torrefied hemicellulose. However, the impact of torrefaction on cellulose
is small, due to the high thermal stability of its crystalline structure. Torrefaction at a
temperature of 300 °C has a large impact on lignin pyrolysis. Torrefied lignin leads to an
increase in the quantity of aromatic compounds during pyrolysis.

5. Catalytic Pyrolysis

The presence of catalysts in pyrolysis processes has been discussed by many authors.
The aim of this section is to find out how catalysts may influence each fraction’s yield. In
addition, their influence is compared and assessed in comparison to non-catalytic processes.
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Catalytic pyrolysis of biomass has been studied in depth in recent years, focusing
mainly on evaluating the influence of zeolitic catalysts, which have a strong presence in
the petrochemical industry, as they promote cracking, deoxygenation, and aromatization
reactions [61]. To remove oxygen from organic compounds and convert them to hydrocar-
bons, vapor-enhanced pyrolysis using zeolite catalysis is a potentially promising approach.
ZSM-5 has been shown to be particularly effective in converting methanol to hydrocar-
bons in the gasoline range [97]. Fluid catalytic cracking (FCC) is the most used process in
refineries to convert heavy crude oil into gasoline and other hydrocarbons [98].

Compared to thermal cracking, catalytic pyrolysis has a higher yield of the gaseous
fraction and a lower liquid fraction. This is due to the properties of the ZSM-5 catalyst
(based on silica and alumina), which, due to its strong acidity and microporous crystalline
structure, exhibits excellent performance in catalytic cracking efficiency, isomerization,
and aromatization of larger hydrocarbon molecules [35,64]. Yildiz et al. [24] studied the
effects of alkali and alkaline earth metals (AAEMs) as intrinsic catalysts for the thermal
decomposition of biomass. AAEMs influenced cracking and repolymerization that occurred
with biomass devolatilization. AAEMs with 0.5% (w/w) ash contents have been shown to
be sufficient for the large alteration of pyrolysis products, affecting chemical speciation.

Catalytic fast pyrolysis (CFP) is a promising technology to directly convert solid
biomass into gasoline-range aromatics that are compatible with current market gasoline.
Carlson et al. [49] demonstrated that CFP can be carried out in a continuous fluidized bed
reactor with real biomass feed.

Table 4 shows the results of the use of catalysts for pyrolysis. The coexistence of
fractions, together with the presence of coke, can be observed. Inayat et al. [53] found
small amounts of coke on the catalyst surface, less than 0.5% (w/w). It was also found
that the implementation of a layered catalyst (feedstock and catalyst separated with quartz
wool) and the use of a semi-batch reactor had a positive impact on the recovery of oil
and styrene during thermal and catalytic pyrolysis of PS. These findings could be of great
use in improving the efficiency of the thermocatalytic pyrolysis process in the treatment
of plastic waste. As mentioned for thermal pyrolysis without catalysts, Celikgogus and
Karaduman [63] verified that the optimal temperature was around 500 °C. Fekhar et al. [45]
demonstrated that catalysts could increase the yield of volatile compounds by improving
the properties of the final product to be used as fuel. Table 4 shows that the gaseous
fractions are higher than the data reported in Table 1 for reactions without catalysts. Efika
et al. [75] evaluated several nickel-based catalysts, with similar results in terms of phase
yields. However, substantial differences were found in the yields of the phase compounds.
Results on the composition of the pyrolysis products are discussed in the following section.

Table 4. Characteristics of catalyst-modified pyrolysis.

Heating Pyrolysis

Catalysis Sample Particle Size Solid Liquid Gas Coke Reactor
Information  Feedstock g (mm) conte MBI (o) (hwh) (b whe)  (hwho)  Type References
Microwave
4.70 33.90 61.40 nr. batch
reactor
LLDPE 30.0 nr. nr. 500-550 [39]
Continuous-
3.80 29.20 67.00 nr. stirred
HZSM-5 microwave
Construction 5 nr 0 500 25.00 50.00 25.00 nr Batch [48]
waste wood : - 40'0 : : : - reactor
LDPE 06 0.50 50 550 n.r. 18.30 70.70 0.50
HDPE nr. 17.30 72.60 0.70 Batch [37]
reactor g
HUSY LDPE 06 0.50 50 550 n.r. 61.60 34.50 1.90
HDPE nr. 41.00 39.50 1.90
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Table 4. Cont.

. . . Heating Pyrolysis . Lo
Catalysis Sample Particle Size Solid Liquid Gas Coke Reactor
Information ~ Feedstock ® (mm) (olc{féfm) Tem{%eé;““re Ch, who) (%, who) (%, whe) (%, who) Type References
ZSM-5
catalysis in 6.06 72.72 21.22 nr.
vapor phase
ZSM-5 -
catalysis in Municipal 4.76 58.68 36.56 nr.
liquid phase plastic waste 50.0 8.00 7.0 700 Semi-batch [64]
— .~ (425%PE)
ZSM-5.
le”‘tal.y“s n 418 45.36 49.46 nr.
iquid and
vapor phase
HZSM-5 400 32.40 4540 12.00 10.20
catalysis in Softwood nr. 0.35-0.50 40 500 22.20 56.20 15.90 5.70 Batch [61]
vapor phase sawdust 600 16.50 40.30 37.00 6.20 reactor
Catalysis using
FAN (liquid 13.20 68.20 18.60 nr.
phase)
Catalysis using
FAN (liquid 12.40 71.70 15.90 nr
and vapor
phase)
Catalysis using
FA-600 (liquid 11.36 70.24 18.4 nr.
phase)
Catalysis using
FA-600 (liquid 9.90 76.14 13.96 nr.
and vapor
__phas)  Municipal 50.0 4.00 x 4.00 nr. 700 Semi-batch [35]
Catalysis using solid waste
FA-700 (liquid 10.86 71.36 17.78 nr
phase)
Catalysis using
FA-700 (liquid 7.16 70.96 21.88 nr.
and vapor
phase)
Catalysis using
FA-800 (liquid 1.76 78.20 20.04 nr.
phase)
Catalysis using
FA-800 (liquid 1.66 73.12 25.22 nr
and vapor
phase)
400 17.00 74.00 9.00 nr. Batch
i 500 1.50 90.00 8.50 nr.
MgO Cat;lys‘s PS 40 0.63-1.00 100 [53]
in gas phase 400 0.00 92.00 8.00 nr. Semicbatchy
500 0.00 89.00 11.00 nr. emi-batd
33.33%
Ni/ZSM-5 31.00 37.00 32.00 nr
50.00%
: - 27.00 35.00 38.00 nr
_ Ni/ZSM5  Municipal 5, 5.00 15 550 Batch [45]
33.33% solid waste . “ )
Ni/SAPO-11 .00 50 8.50 nr
50.00%
Ni/SAPO-11 27.50 40.50 32.00 nr
) 400 29.00 40.00 31.00 nr.
10% Ni/ALOs 500 5.00 88.50 6.50 nr
PS 30.0 nr. 5 200 2000 70,00 1000 Semi-batch [63]
. . B n.r.
10% La/ALOs 500 5.00 85.00 10.00 nr.
Sand (vapor 21.80 32.90 4530 nr.
phase)
NiO/SiO;  Wood pellets ~ n.r. L1500 2400 500 22.90 2730 49.80 nr Auger [75]
Ni/CeO,/ALOs o 23.00 29.40 47.60 nr.
NiO/ALO3 23.40 27.10 4950 nr
Ni-Fe Sawdust 40 0.42-0.60 10 650 20.28 3261 47.11 nr. Fixed-bed [79]
reactor

(n.r.) not reported; (o) diameter; (PS) polystyrene; (LDPE) low-density polyethylene; (HDPE) high-density
polyethylene; (LLDPE) linear low-density polyethylene; (FAN) fly ash in natural form; (FA) fly ash.
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The HZSM-5 and ZSM-5 zeolite catalysts have been used in numerous studies, as
shown in Table 4. Marcilla et al. [37] compared them with a hierarchical Y-type zeolite
catalyst (HUSY). They highlighted the increase in gas generation when the catalysts were
used, especially with HZSM-5. In the case of HUSY, the increases in liquids and coke
deposition were more remarkable. Fan et al. [39], in addition to comparing a continuous
microwave pyrolysis reactor with a batch reactor, compared results with or without the
presence of the HZSM-5 catalyst. Significant differences in product yields between cat-
alytic and non-catalytic processes were found (Tables 1, 2 and 4). The continuous-stirred
microwave pyrolysis (CSMP) process was found to be more effective in condensate genera-
tion and less effective in gas production, compared to batch microwave pyrolysis (BMP).
Subsequent catalytic upgrading reduced the carbon number distribution and facilitated
the formation of aromatics. Compared to BMP, CSMP in the downstream catalytic con-
figuration demonstrated a narrower carbon number distribution, a higher selectivity of
hydrocarbons in the gasoline range, and a larger higher heating value (HHV). Persson and
Yang [61] carried out a catalytic batch pyrolysis of demineralized biomass. Using a bench
scale at higher temperatures, higher yields of aromatic hydrocarbons were obtained. The
findings indicated that secondary reactions of demineralized biomass pyrolysis produced
a vapor composition conducive to aromatic hydrocarbon generation in the presence of
HZSM-5. Table 4 shows how temperature affected the coke yield for these cases. The yield
decreased as the temperature increased, but a much greater increase in coke yield was
observed at higher temperatures. Kim et al. [48] reaffirmed that the use of the HZSM-5
catalyst increased the yield of aromatics. In addition, an increase in light phenols was also
observed, improving the quality of the produced oil.

Gaurh and Pramanik [35] carried out an investigation on the pyrolysis and aromatiza-
tion of PE plastic waste (present in municipal solid waste) using an FA catalyst, which was
synthesized in two different arrangements. The results showed that the FA-800 catalyst
was very efficient in the aromatization of the pyrolysis product in the reactor, obtaining the
highest amount of aromatics/BTEX (22.10%, w/w). Additionally, the study showed that
this process can be scalable to treat large amounts of municipal PE waste and convert it into
energy. In another investigation on the thermal and catalytic pyrolysis of PE in a nitrogen
medium, three catalysts were used [64]. It was found that the ZSM-5 catalyst showed a
high yield in the aromatization of the pyrolysis product in the reactor. In addition, pyrolysis
with the multiphase catalyst (liquid and vapor phases) resulted in the highest number of
aromatics (35%, w/w). It was also observed that the pyrolysis oil had physicochemical
properties that made it suitable as an alternative fuel and source of valuable chemicals, such
as benzene, toluene, or xylene. The gas produced during pyrolysis may be used to supply
energy in the process industry, while the surplus can be used to generate additional energy.
Wang et al. [79], when applying a Ni-Fe catalyst in the pyrolysis of sawdust, observed that
the gaseous fraction increased remarkably, while the liquid and solid fractions decreased
significantly.

6. Pyrolysis Composition

The composition of the individual fractions depends, among other things, on the
type of pyrolysis and the pyrolyzed feedstock. The knowledge of the composition of the
elements resulting from pyrolysis is crucial for finding possible applications. Nevertheless,
it is difficult to obtain an overview of the individual compounds and sub-compounds, due
to their wide variety. Considering the research mentioned above, Tables 5-7 reflect the
chemical characteristics of the different pyrolyzed raw materials.
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Table 5. Product gas composition for different feedstock and pyrolysis conditions.

Feedstock T (°C) Co:n pounds BP cp CBP ccr References
(%, wlw)
H, 8.000 4.000 12.000 10.000
CH,4 25.000 9.000 20.000 6.000
Ethylene 30.000 29.000 16.000 11.000
LLDPE 500-550 Ethane 8.000 10.000 10.000 6.000 [39]
Propylene 18.000 22.000 22.000 36.000
Propane 3.000 7.000 9.000 20.000
(@ 8.000 19.000 11.000 11.000
n-Paraffins 31.800 nr. 7.700 n.r.
Is-Paraffins 2.100 n.r. 9.000 n.r.
LDPE 550 1-Olefins 46.300 nr. 15.800 nr.
Olefins 19.500 nr. 67.300 n.r.
Aromatics 0.300 n.r. 0.200 n.r.
(37]
n-Paraffins 29.100 n.r. 15.200 n.r.
Is-Paraffins 1.900 nr. 11.700 n.r.
HDPE 550 1-Olefins 47.300 n.r. 21.400 n.r.
Olefins 21.500 n.r. 51.400 n.r.
Aromatics 0.200 n.r. 0.300 n.r.
H; 0.400 n.r. n.r. n.r.
CcO 0.700 nr. n.r. nr.
CO, 2.900 n.r. n.r. n.r.
CHy 8.300 n.r. n.r. n.r.
Plasimixare 500 Bhew 1220 nr o one o 57
Cs 29.100 nr. n.r. nr.
Cy 17.600 nr. n.r. nr.
Cs 9.500 n.r. nr. n.r.
Ce 9.200 nr. n.r. nr.
H, 0.304 n.r. n.r. n.r.
CcO 0.063 n.r. n.r. n.r.
CO, 0.292 nr. n.r. nr.
CH, 0.768 nr. n.r. nr.
. Cyt 0.646 nr. nr. nr.
Waste tires 530 Propylene 0.273 n.r. n.r. n.r. [51]
Propane 0.272 nr. n.r. n.r.
Cy+ 0.933 n.r. nr. n.r.
Cis-pentene 0.013 n.r. n.r. n.r.
Ce+ 0.217 nr. n.r. nr.
H, n.r. 6.500 n.r. n.r.
CcO n.r. 1.300 n.r. n.r.
CO, nr. 1.600 nr. n.r.
Ny n.r. 35.100 n.r. n.r.
CHy4 n.r. 10.800 n.r. n.r.
Waste tires 550 Ethene nr. 4.500 n.r. n.r. [74]
Ethane n.r. 4.300 n.r. n.r.
Propane n.r. 5.100 n.r. n.r.
Propene n.r. 4.800 n.r. nr.
Cy n.r. 12.300 n.r. n.r.
H,S n.r. 0.500 n.r. n.r.
H, 8.900 n.r. 12.000 n.r.
CcO 7.300 n.r. 6.500 n.r.
Municipal solid waste 550 CO, 8.400 n.r. 9.500 n.r. [45]
CHy 7.400 n.r. 18.000 n.r.

Cy—Cs 68.000 n.r. 54.000 n.r.
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Table 5. Cont.
Feedstock T (°C) Co:n pounds BP cp CBP ccr References
(%, wlw)
H, n.r. 0.160 n.r. 0.170
CO n.r. 0.230 nr. 0.260
650 CO, n.r. 0.130 n.r. 0.150
CHy nr. 0.120 n.r. 0.140
HCx n.r. 0.190 n.r. 0.220
H, n.r. 0.225 n.r. 0.255
Pack CcO nr. 0.235 nr. 0.260
Tac alffei 750 CO, nr. 0.125 nr. 0.135 (73]
(Tetra Pak) CH, nr. 0.160 nr. 0.180
HCx nr. 0.160 n.r. 0.125
H, n.r. 0.300 n.r. 0.375
CcO n.r. 0.270 n.r. 0.320
850 CO, n.r. 0.085 n.r. 0.095
CHy nr. 0.130 n.r. 0.130
HCx n.r. 0.130 n.r. 0.650
C . CO 29.000 42.000 n.r. nr.
0“5“““05‘ waste 500 CO, 63.000 46.000 nr. n.r. [48]
woo C1-Cy4 8.000 12.000 nr. nr.
CcO n.r. 45.000 n.r. nr.
CO, n.r. 22.000 n.r. n.r.
Pinewood sawdust 550 CH,4 n.r. 14.500 n.r. nr. [69]
H, n.r. 12.800 n.r. n.r.
Co-C3 n.r. 5.000 n.r. n.r.
H; n.r. 2.240 n.r. n.r.
O, nr. n.r. n.r. n.r.
Ny n.r. 5.540 n.r. n.r.
Wood pellets 450 CcO n.r. 34.700 n.r. n.r.
CO, nr. 50.270 nr. n.r.
CHy n.r. 7.240 nr. n.r. [76]
H; n.r. 1.540 n.r. n.r.
O, n.r. 0.420 nr. n.r.
Ny n.r. 4.680 n.r. n.r.
Barley straw 450 CO nr. 21.740 nr. nr.
CO, n.r. 60.130 nr. n.r.
CHy n.r. 10.480 n.r. n.r.
CcO n.r. 10.000 n.r. n.r.
400 CO, n.r. 89.500 n.r. nr.
Ci1Cy n.r. 0.500 n.r. n.r.
CcO n.r. 28.000 n.r. n.r.
450 CO, n.r. 62.000 n.r. nr.
Waste furniture Cl—C4 n.r. 10.000 n.r. n.r. [32]
sawdust CcO n.r. 34.000 n.r. n.r.
500 CO, n.r. 44.000 n.r. nr.
Ci1-Cy n.r. 22.000 n.r. n.r.
CcO n.r. 37.000 n.r. n.r.
550 CO, n.r. 39.000 n.r. nr.
C1Cy n.r. 24.000 n.r. n.r.
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Table 5. Cont.

Feedstock T (°C) Co:n pounds BP cp CBP ccr References
(%, wlw)
H 4.000 0.000 nr. n.r.
O, 0.000 3.000 nr. nr.
N 4.000 93.000 n.r. n.r.
CO 25.000 2.000 n.r. nr.
CO, 55.000 5.000 n.r. n.r.
Rice straw 500 CH4 9.000 0.000 n.r. nr. [17]
Ethyne 0.000 0.000 nr. nr.
Ethene 1.500 0.000 nr. n.r.
Ethane 3.500 0.000 n.r. nr.
Propene 1.500 0.000 n.r. n.r.
Propane 1.500 0.000 n.r. n.r.
H; n.r. 0.020 n.r. 0.020
CO+H, n.r. 4.030 n.r. 2.710
Corncob 500 CO, nr. 10.820 . 5.180
CHy n.r. 0.410 n.r. 0.260
H, nr. 0.020 nr. 0.010
CO +H, n.r. 3.920 n.r. 4.190
Corn stalk 500 CO, nr. 9.240 nr. 9.630
CH,4 nr. 0.340 nr. 0.390
H, n.r. 0.010 n.r. 0.060
. CO +H; n.r. 0.820 n.r. 1.860
Sunflower residues 500 co, or 8.090 o 10.860 [26]
CHy n.r. 0.130 n.r. 0.390
H; n.r. 0.010 n.r. 0.010
. . CO +H, nr. 1.150 nr. 2.160
Olive pruning 500 CO, nr. 7.370 nr. 9.150
CHy n.r. 0.090 n.r. 0.300
H, nr. 0.030 nr. 0.020
. CO +H, n.r. 2.680 n.r. 1.500
Olive kernels 500 CO, nr. 7.500 nr. 4530
CH, nr. 0.610 n.r. 0.300
CO nr. 24.000 nr. n.r.
. CO, n.r. 66.000 n.r. n.r.
Rice straw 445 CH, n.r. 3.500 n.r. nr.
Ci1Cy nr. 6.500 n.r. n.r.
[78]
CcO n.r. 32.000 n.r. n.r.
CO, nr. 61.000 nr. n.r.
Bamboo 405 CHy n.r. 4.200 nr. n.r.
Ci1-Cy n.r. 2.800 n.r. nr.

(n.r.) not reported; (CP) continuous pyrolysis; (BP) batch pyrolysis; (CCP) catalytic continuous pyrolysis; (CBP)
catalytic batch pyrolysis; (LDPE) low-density polyethylene; (HDPE) high-density polyethylene; (LLDPE) linear
low-density polyethylene.
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Table 6. Product liquid composition for different feedstock and pyrolysis conditions. Chemical
selectivity of the liquid fraction.

Feedstock T (O Chemical Selectivity (%, w/w) BP CP CBP CCP References
Mono-aromatics 9.60 0.00 65.80 72.30
Benzene 1.30 0.00 0.00 0.00
Toluene 3.90 0.00 16.60 11.60
Xylene 1.60 0.00 26.30 23.20
Poly-aromatics 6.10 0.00 8.10 2.30
LLDPE 500-550 C5-Cy, alkenes 2330 1540 940 17.10 [3]
C5—Cq; alkanes 6.90 5.30 480 7.30
Cqp* alkenes 38.30 5840 340 0.00
Cqp" alkanes 1570 2090 850 1.00
Gasoline-range hydrocarbons 4510 2070 8490 98.00
Toluene 6.50 n.r. 700 nr
Ethylbenzene 2.50 n.r. 720 nr
PS 500 Styrene 63.59 n.r. 63.55 nur. [63]
a-Methylstyrene 6.60 n.r. 700 nr
1,3-Diphenylpropane 6.00 nr. 850 nr
n-Paraffins 3340 nr 404 nr
Is-Paraffins 0.00 n.r. 4.10 n.r.
LDPE 550 1-Olefins 51.00 nr 860 nr
Olefins 1560 n.r. 30.80 n.r
Aromatics 0.00 n.r. 52.10 n.r. [37]
n-Paraffins 37.00 n.r. 3.80 nr
Is-Paraffins 0.00 n.r. 290 nr.
HDPE 550 1-Olefins 4400 nr 18.70 n.r
Olefins 19.00 n.r. 2400 nur.
Aromatics 0.00 n.r. 50.60 n.r
Toluene 8.10 n.r. n.r. n.r.
Dimethyl-heptene 5.90 nr nr. nr
. Ethylbenzene 5.00 n.r. n.r. n.r.
P%astlc 500 Xylenes <3.00 n.r. n.r. n.r. [57]
mixture Styrene 4840 nr nr. nr
a-Methylstyrene 4.20 nr. nr. nr
Naphthalene <3.00 nr n.r. n.r.
N-paraffin 1460 nr. 1360 nur.
N-olefin 18.60 n.r. 1410 n.r
Phenol and derivatives 1030 nur. 850 nr
Municipal 550 Aldehyde 5.30 nr. 380 nr [45]
solid waste Keton 2.60 n.. 2.50 n.r.
Alcohols 7.90 n.r. 150 nr
Carboxylic acid 9.00 n.r. 890 nr
Other 31.70 n.r 4720 nur
Acids 19.00 18.00 16,50 n.r.
Oxygenates 36.00 3250 2850 nr
Construction 500 Aromatics 1.0 2.00 2.00 n.r. [48]
waste Phenolics 27.0 43.00 3750 nr
N-compounds 2.7 3.00 080 nr
Hydrocarbons 0.0 0.00 040 nr
Alkanes 11.33  4.27 n.r. n.r.
Alkenes 10.18  0.50 n.r. n.r.
Alcohols 3.89 6.91 n.r. n.r.
. Ketones 19.03 17.72 n.r. n.r.
Rice straw 500 Phenols 2772 3304 nr  nr [17]
Aromatics 25.27  2.01 n.r. n.r.
Nitriles 1.56 n.r. n.r. n.r.

Others n.r. 29.31 n.r. n.r.
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Table 6. Cont.
Feedstock T(°Q) Chemical Selectivity (%, w/w) BP cpP CBP CCP  References
Acetic acid nr. 1370 nr nr
Pyrazine nr. 0.50 n.r. nr.
Cyclopentanone nr. 0.30 nr. nr
2-Furanmethanol n.r. 1.50 n.r. nr.
2-Methyl-2-cyclopenten-1-one nr. 0.60 nr. nr
2(5H)-Furanone nr. 2.20 nr. n.r.
5-Methyl-2(5H)-furanone n.r. 0.30 n.r. nr.
3-Methyl-2-cyclopenten-1-one n.r. 0.60 n.r. nr.
Phenol n.r. 0.70 nr. n.r.
2-Hydroxy-3-methyl-2-cyclopenten-1-one n.r. 2.40 n.r. nr.
2-Methyl-phenol nr. 0.30 nr. nr
Waste B ic acid 290

) enzoic aci n.r. . nr. nr

furniture 500 2-Methoxy- phenol n.r. 1.10 n.r. n.r. [32]
sawdust 3-Hydroxy-2-methyl-4H-pyran-4-one nr. 0.40 nr. nr
3-Ethyl-2-hydroxy-2-cyclopenten-1-one n.r. 0.30 nr. nr
2-Methoxy-4-methyl- phenol n.r. 0.70 n.r. nr.
2-Methoxy-4-vinylphenol nr. 1.30 nr. nr
2,6-Dimethoxy-phenol nr. 0.50 nr. nr
2-Methoxy-4-(1-propenyl)-phenol n.r. 2.40 n.r. nr.
2-Methyl-1H-Isoindole-1,3(2H)-dione n.r. 1.10 n.r. nr.
1H-Isoindole-1,3(2H)-dione n.r. 3.20 n.r. n.r.
1-(4-Hydroxy-3-methoxyphenyl)-ethanone n.r. 1.60 n.r. nr.
4-Vinyl-2-methoxy-phenol nr 0.20 nr. nr
Bis(2-ethylhexyl) phthalate nr. 1.70 nr. nr
2(5H)-Furanone n.r. 2.35 n.r. n.r.
Furfural n.r. 2.63 n.r. n.r.
3-Methyl-2-cyclopenten-1-one nr. 0.62 nr. nr
2-Hydroxy-2-cyclopenten-1-one n.r. 1.17 n.r. n.r.
Phenol n.r. 1.09 n.r. n.r.
0-Cresol nr. 0.66 nr. n.r.
p-Cresol n.r. 1.33 nr. nr
0-Guaiacol n.r. 231 n.r. n.r.
m-Xylenol nr. 0.74 nr. nr
o-Xylenol n.r. 0.09 n.r. nr.
4-Ethyl-phenol nr. 2.53 nr. nr
Pyrocatechol n.r. 3.08 n.r. n.r.

Rice straw 445 4-Methyl-benzaldehyde n.r. 4.17 n.r. nr. [78]
Hydroquinone nr. 0.83 n.r. nr.
3-Methyl-pyrocatechol nr. 1.29 nr. nr
3-Methoxy-pyrocatecho n.r. 0.66 nr. nr
4-Methyl-catechol nr 1.34 nr. nr
Levoglucosan n.r. 10.64 nr n.r.
p-Ethylguaiacol n.r. 1.48 nr. nr
p-Vinylguaiacol nr 5.10 nr. nr
Syringol nr. 2.54 nr. nr
Eugenol n.r. 1.25 n.r. nr.
Vanillin nr. 0.99 nr. nr.
4-Hydroxy-benzaldehyde nr. 0.42 nr. nr
(E)-Isoeugenol n.r. 1.74 n.r. nr.
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Table 6. Cont.

Feedstock T(°Q) Chemical Selectivity (%, w/w) BP cpP CBP CCP  References
2-Furancarboxaldehyd nr. 1.74 nr. nr
2(5H)-Furanone n.r. 0.98 n.r. nr.
5-Methyl-2(3H)-furanone nr. 1.68 nr. nr.
Acetic acid nr. 1.07 nr. nr
3-Methyl-2-cyclopenten-1-one n.r. 0.17 n.r. n.r.
2-Hydroxy-3-methyl-2-cyclopenten-1-one nr. 1.10 nr. nr
Phenol n.r. 0.64 n.r. nr.
0-Cresol nr. 0.55 nr. nr
p-Cresol nr. 0.60 nr. nr
o-Guaiacol nr. 2.25 nr. nr
m-Xylenol nr. 0.14 nr. nr
0-Xylenol n.r. 0.08 nr. n.r.

Bamboo 405 4-Ethy}1,—phenol n.r. 1.18 n.r. nr. [78]

Pyrocatechol nr 2.27 nr. nr
4-Methyl-benzaldehyde n.r. 8.02 nr. nr
3-Methyl-pyrocatechol nr. 0.71 nr. nr
Levoglucosan nr. 2.14 n.r. n.r.
p-Ethylguaiacol nr. 1.55 nr. nr
4-Methyl-pyrocatechol nr. 0.70 nr. nr
p-Vinylguaiacol nr 4.01 nr. nr
Syringol nr. 4.61 nr. nr
4-Hydroxy-benzaldehyde n.r. 0.94 nr. nr
2-Methoxy-4-(1-propenyl)-phenol nr 5.74 nr. nr
2,6-Dimethoxy-4-(2-propenyl)-phenol n.r. 6.98 nr. nr

(n.r.) not reported; (CP) continuous pyrolysis; (BP) batch pyrolysis; (CCP) catalytic continuous pyrolysis; (CBP)
catalytic batch pyrolysis; (PS) polystyrene; (LDPE) low-density polyethylene; (HDPE) high-density polyethylene;
(LLDPE) linear low-density polyethylene.

Table 7. Product liquid composition for different feedstock and pyrolysis conditions. Elemental
contents of the liquid fraction.

Feedstock T (°C) Elemental Contents (%, w/w) BP CP CBP CCp References
C 84.97 83.92 88.76 86.82
H 13.82 15.10 10.63 12.65
N 0.33 0.28 0.14 0.15
LLDPE 500-550 0* 0.79 0.58 0.47 0.32 [3]
S 0.09 0.12 0.00 0.06
HHV (MJ/kg) 46.03 47.29 43.35 45.23
C 86.50 n.r. n.r. n.r.
Plasti H 11.30 n.r. n.r. n.r.
’astlc 500 Cl 0.50 n.r. n.r. n.r. [57]
mixture Other 1.50 n.r. n.r. n.r.
HHV (M]/kg) 43.30 nr. n.r. n.r.
C n.r. 86.20 n.r. n.r.
H n.r. 10.30 n.r. n.r.
Waste tires 550 N nr. 0.80 nr. n.r. [74]
S n.r. 0.80 n.r. n.r.

HHV (M]/kg) n.r. 42.45 n.r. nr.
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Table 7. Cont.
Feedstock T (O Elemental Contents (%, w/w) BP CP CBP CCp References
C n.r. 3.57 n.r. n.r.
H n.r. 10.80 n.r. n.r.
650 N n.r. 0.43 n.r. n.r.
O* n.r. 85.19 n.r. n.r.
S n.r. 0.01 n.r. n.r.
C n.r. 1.69 n.r. 1.42
Packages H nr. 9.36 n.r. 12.80 73]
(Tetra Pak) 750 N n.r. 0.13 n.r. 0.31
O* n.r. 88.81 n.r. 85.45
S n.r. 0.01 n.r. 0.02
C nr. 3.03 n.r. 1.11
H n.r. 11.60 n.r. 12.18
850 N n.r. 0.28 n.r. 0.14
O* n.r. 85.07 n.r. 86.57
S n.r. 0.02 n.r. 0.01
C n.r. 50.90 n.r. n.r.
Pi d H n.r. 6.80 n.r. n.r.
mevc\izoo 483 N n.r. 0.20 n.r. n.r. [69]
sawdust O n.r. 42.00 n.r. n.r.
HHV (M]/kg) n.r. 23.30 n.r. nr.
C n.r. 55.69 n.r. n.r.
H n.r. 7.93 n.r. n.r.
Wood pellets 450 N nr. 0.36 nr. nr.
O* n.r. 36.02 n.r. n.r.
HHV (M]/kg) n.r. 242 n.r. nr. [76]
C n.r. 62.57 n.r. n.r.
H n.r. 8.12 n.r. n.r.
Barley straw 450 N n.r. 141 n.r. n.r.
O* n.r. 25.79 n.r. n.r.
HHV (M]/kg) n.r. 28.90 n.r. n.r.
C 74.0 50.00 n.r. n.r.
H 7.00 6.00 n.r. n.r.
Rice straw 500 N 3.00 2.00 n.r. n.r. [17]
O 15.00 42.00 n.r. n.r.
S 1.00 0.00 n.r. n.r.
C n.r. 49.19 n.r. n.r.
H n.r. 5.55 n.r. n.r.
. N n.r. 1.83 n.r. n.r.
Rice straw 445 S n.r. 0.33 n.r. n.r.
O* n.r. 43.10 n.r. n.r.
HHV (M]/kg) n.r. 18.60 n.r. nr. (78]
C n.r. 41.39 n.r. n.r.
H n.r. 7.03 n.r. n.r.
N n.r. 2.01 n.r. n.r.
Bamboo 405 S n.r. 0.02 n.r. n.r.
O* n.r. 49.55 n.r. n.r.
HHV (M]/kg) n.r. 174 n.r. nr.
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Table 7. Cont.
Feedstock T (O Elemental Contents (%, w/w) BP CP CBP CCp References

B 4.14 n.r. n.r. n.r.

C 77.43 n.r. n.r. n.r.

O 13.29 n.r. n.r. n.r.

Mg 0.10 n.r. n.r. n.r.

Al 0.97 n.r. n.r. n.r.

Cl 0.03 n.. n.r. n.r.

Polanga nr Mn 0.08 n.r. n.r. n.r. [62]

Fe 0.13 n.r. n.r. n.r.

Mo 3.30 n.r. n.r. n.r.

Sb 0.81 n.r. n.r. n.r.

S 0.02 n.r. n.r. n.r.

HHV (M]/kg) 21.64 nr. n.r. n.r.

(*) By difference; (HHV) higher heating value; (n.r.) not reported; (CP) continuous pyrolysis; (BP) batch pyrolysis;
(CCP) catalytic continuous pyrolysis; (CBP) catalytic batch pyrolysis; (LLDPE) linear low-density polyethylene.

Table 5 shows that the use of catalysts considerably increases the formation of aro-
matics. According to Fan et al. [39], products generated by batch pyrolysis show a higher
selectivity towards short carbon chains, while those from continuous pyrolysis tend to have
longer carbon chains. By applying ex situ catalytic upgrading processes, a narrower carbon
number distribution and a higher formation of aromatic compounds were achieved. When
comparing the catalytic configuration applied to the two processes, a tighter carbon number
distribution, higher selectivity of gasoline-range hydrocarbons, and higher calorific value in
the condensate products were observed in the continuous process. In addition, continuous
processes seem to perform better for fuel production. In the pyrolysis of plastics, in the
liquid fraction (Table 6), aromatic hydrocarbons are present. The presence of toluene and
benzene is of interest as fuel-quality-enhancing additives, as they have a high combustion
capacity. However, the toxicity of these compounds must be considered.

The influence of temperature on the resulting compounds is also shown in Table 5.
Based on the investigations of Haydary et al. [73], the H, and CO contents in the gas
increased with temperature, while the HCx content decreased. The use of catalysts has a
significant impact on the liquid fraction (tar) content and the composition of the pyrolytic
gases, especially for temperatures above 750 °C. The increase in phenols with tempera-
ture can be a sign of good-quality oil, and this is more common in continuous reactors.
Kim et al. [48] found that the contents of oxygenates, acids, and N-compounds in bio-oil
decreased as the temperature increased. In contrast, the phenol content increased, which
was associated with a higher quality of the produced oil. In addition, the phenolic con-
tents in the continuous reactor were found to be higher than those in the batch reactor,
suggesting that the former is more effective in breaking down lignin. As indicated by Lopez-
Urionabarrenechea et al. [57], gases produced during pyrolysis can be used to supply the
energy demand of the process, and the surplus can be used to produce additional energy.
In other words, pyrolysis, especially of plastic waste, is an energetically sustainable process.
Jung et al. [78], in the pyrolysis of rice straw and bamboo, also assessed the possibility of
using waste charcoal as an energy source, thus making the process more sustainable as a
waste treatment method. In the same research, some bio-oil compounds were highlighted,
namely, phenolics, ketones, and aldehydes. Phenolics and aldehydes can be used in the
manufacture of resins, while ketones can be used as solvents. Considering bio-oil from
the pyrolysis of furniture sawdust residues, Heo et al. [33] also identified the presence of
phenols.

The higher heating value is one of the main quality guarantees of a pyrolytic fuel,
as it determines its energy value [32]. However, the presence of products that interfere
with combustion must be considered. Higher carbon and hydrogen contents translate
into higher combustion energy and, as demonstrated in Table 7, this combustion capacity
is intrinsically related to the HHV. In cases where cellulose is present, the presence of
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hydrogen is common, as shown in the research of Fekhar et al. [45]. When the aim of
pyrolysis is to obtain gaseous products to be used as fuels, the presence of hydrogen is
beneficial, as it is a flammable gas with a high HHV. However, if the objective is to obtain
liquid or solid products, the presence of hydrogen may decrease the quality and properties
of these products. Results from Shadangi and Singh [62] indicate that pyrolytic polanga oil
possesses suitable liquid fuel properties. The presence of a higher amount of oxygen in bio-
oils produced by pyrolysis indicates the presence of oxygenated chemical compounds, as
shown by Nam et al. [17]. A high oxygen content in the biofuel can have several drawbacks,
such as low calorific value, or instability and immiscibility with other hydrocarbons.

7. Workflow for Pyrolysis Experimentation

Figure 1 gives an overview of what the workflow in pyrolysis experimentation might
look like. For this scheme design, previous sections have been considered, as well as the
experiments carried out in the literature. First, it is important to select the feedstock to be
pyrolyzed. For this purpose, an analysis of the feedstock properties, including moisture
content, sample homogeneity, and particle size, must be carried out. At this point, the TGA
technique provides very useful information. TGA is fundamental in this type of research. It
highlights the importance of a good selection of reactor type, together with the assessment
of pyrolysis temperatures in the reactor, to provide a favorable eco-energy production
yield. Although TGA has been mentioned above, there are other uses of this technique that
should be mentioned. Ozsin and Piitiin used TGA to perform a kinematic study of the
co-pyrolysis of cherry seeds and PVC [99]. Slopiecka et al. [50] also carried out a kinematic
study with TGA to analyze the slow pyrolysis of tree residues. In the study conducted
by Sun et al. [100], a kinetics study of the decomposition of waste printed circuit boards
was carried out. To discuss the heating rates and the influence of pyrolysis on the thermal
decomposition kinetics, TGA was used. Sometimes, TGA is carried out in conjunction
with other techniques, as in the case of the study by Yao et al. [47], which investigated the
weight loss characteristics, combustion kinetics parameters, and pyrolysis and gasification
processes, and identified the gases using Fourier-transform infrared (FTIR) spectrometry.

Once the feedstock has been analyzed, the sample must be processed. In other words,
the material to be pyrolyzed must be crushed, cut, dried, or any other pre-treatment re-
quired to provide the best results. Next, the type of pyrolytic reactor must be selected
beforehand. Then, there would be two possible routes, pyrolysis with or without a cata-
lyst. Regardless of the process followed, the next step would be to analyze the obtained
fractions. The analysis of the compounds derived from pyrolysis is mostly carried out by
gas chromatography—mass spectrometry (GC-MS), as shown in Tables 5-7. As an example
of the use of GC-MS, Table 7 includes the study of polanga pyrolysis by Shadangi and
Singh, which, in addition to making use of TGA, also performed an analysis of the chemical
composition with GC-MS [62]. Another example of the use of GC-MS can be seen in the
research of Jung et al. [78], where two different materials (rice straw and bamboo) were
characterized, thus being very useful to differentiate the chemical properties resulting from
pyrolysis under similar conditions from different materials.



Energies 2024, 17, 2852

27 of 32

FEEDSTOCK

Feedstock

properties?

TGA

PROCESSING

Kind of pyrolysis?
What do you want to get?

v v
PYROLYSIS WITHOUT PYROLYSIS WITH
CATALYSIS CATALYSIS
I |

Pyrolysis fractions?

GC-MS

Figure 1. Workflow for pyrolysis.

8. Conclusions

This manuscript provides an overview of pyrolysis techniques and reactors, highlight-
ing the importance of choosing the right reactor for achieving the desired results. Residues
used in pyrolysis include agricultural and forestry residues, old furniture, plastic waste,
industrial (paper, wood) residues, and waste tires. Pre-treatment effectiveness significantly
impacts the pyrolysis efficiency and yield, highlighting the need for adapted strategies
for each type of feedstock. Agricultural residues require specific pre-treatments, such as
air-drying and grinding, to improve yields. Moreover, pre-treatment of paper and wood,
which have high moisture contents, is critical. Plastic waste, due to its carbon content, is
suitable for conversion to high-calorific-value fuels. Waste tires, rich in hydrocarbons, are
preferred for gas and oil production.

The two main types of pyrolytic reactors are batch and continuous ones, with variations
within each category. Parameters such as reaction time, pressure, temperature, particle
size, heating rates, and the initial moisture content of the feedstock play a crucial role in
determining the yield and properties of the final products. During the pyrolysis process, the
feedstock is fragmented into a series of simpler chemical compounds that can be divided
into different fractions, namely, gas, liquid, and solid. The composition of these fractions
depends on the type of material being pyrolyzed, the process conditions, and the type of
reactor. In the case of biomass pyrolysis, the resulting gaseous fraction typically includes
CO,, CO, and hydrocarbons, but it may also include other compounds, e.g., acetic acid,
methanol, and furfural. Hydrogen formation is characteristic of biomass containing paper
and cardboard, while in the case of plastics, hydrocarbons are mainly identified. The
liquid fraction resulting from biomass pyrolysis consists of multiple organic compounds,
including aliphatic alcohols, carbonyls, acids, phenols, cresols, benzenediols, guaiacol
and its alkylated derivatives, and aromatic hydrocarbons. In contrast, the liquid fraction
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resulting from polymer pyrolysis is dominated by aromatic hydrocarbons. The solid
fraction mostly consists of charcoal and other residues, e.g., ash, with the composition
depending on the process conditions and the organic material being used.

The type of pyrolysis significantly impacts the efficiency and generated products.
Slow pyrolysis is effective for cost-efficient biochar production. Fast pyrolysis excels in
converting organic materials into liquid fuels, offering simplicity, high thermal efficiency,
and low production costs. However, minimizing secondary reactions that reduce oil yields
is necessary. Additionally, torrefaction provides a beneficial pre-treatment, improving the
bio-oil quality. It also generates high-energy solid products and valuable chemicals, despite
potentially reducing the overall oil yield. The choice of pyrolysis type should align with the
production goals and operational conditions, maximizing efficiency and product quality.

Previous studies reveal that increasing the reaction temperature improves the biomass
conversion efficiency. The choice of reactor type, feed size, and speed are also crucial
factors affecting the yield and quality of the final product. Studies also show that different
waste materials require different reactors for optimal conversion to bio-oil or biochar. The
fluidized bed reactor has been found to be an advantageous option for bio-oil production,
while batch and auger reactors are suggested for biochar production. The pyrolysis of
automotive waste and used tires is also a suitable process for the recovery of energy and
valuable materials. The efficiency of the pyrolysis process is crucial in determining the
process’s commercial viability.

The use of catalysts has been shown to significantly increase the formation of aromatics,
which have a high combustion capacity and are, therefore, of interest as fuel-quality-
enhancing additives. However, the toxicity of some of these compounds must be considered.
The influence of temperature on the resulting compounds exhibits different behavior,
either increasing or decreasing. Previous research highlights the importance of a fuel’s
calorific value, which is determined by its carbon and hydrogen contents. The presence of
hydrogen can be beneficial for gaseous products, but it may decrease the quality of liquid
or solid products.

Catalysts present significant potential for improving waste pyrolysis, opening up
future lines of research. The development of new, more efficient and specific catalysts
may help in optimizing the conversion and selectivity of the desired products, e.g., high-
quality bio-oil. In addition, exploring multifunctional, sustainable, and cost-effective
catalysts, as well as studying their stability and durability, is crucial. The integration
of catalytic processes may maximize energy efficiency, thus reducing operating costs.
This research could lead to significant advances, making waste pyrolysis efficient and
economically viable.

Also, it is worth noting that pyrolysis may be an energy-sustainable process when
used to supply energy in the process industry. Overall, research demonstrates the potential
of pyrolysis as a waste treatment method that can generate valuable products, including
energy (bio-oil, biochar) and material recovery. Further research is needed to optimize the
process parameters for different waste materials and reactor types. Further kinetics studies
should also be implemented.
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