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Biomass pyrolysis is a promising thermochemical conversion pathway for
producing renewable fuels, value-added chemicals, and carbon-based materials
from sustainable feedstocks. However, the complex and highly sensitive nature
of pyrolysis reactions, governed by biomass composition, operating conditions,
and reactor design, continues to challenge predictive control and large-scale
deployment. This review provides a comprehensive and critical synthesis of
recent advances in biomass pyrolysis, with particular emphasis on feedstock
characteristics; the thermal decomposition mechanisms of cellulose,
hemicellulose, and lignin; and the influence of key operational parameters, such
as temperature, heating rate, residence time, and particle size, on product
distribution. Special attention is given to reaction intermediates and pathways
identified through advanced analytical techniques, including Py-GC/MS, TG-
FTIR, two-dimensional photoionization mass spectrometry, and
complementary molecular-level simulations such as density functional theory
and reactive molecular dynamics. By systematically integrating experimental
observations with mechanistic insights, this review highlights current
limitations, including the lack of unified kinetic models, weak coupling between
experiments and simulations, and insufficient investigation of high-
temperature pyrolysis regimes above 800 °C. Emerging opportunities for data-
driven and machine-learning-assisted kinetic modeling are also discussed as a
pathway to address biomass heterogeneity and complex reaction networks. The
findings presented herein aim to support the development of predictive
pyrolysis models, optimized reactor design, and the sustainable valorization of
biomass within future bioenergy and biorefinery systems.

1. Introduction

treatment and utilization, and the lack of uniform guidelines

A promising method, biomass pyrolysis, uses organic
materials such as wood, crop residues, and solid waste to
produce green fuels such as gas, biochar, and bio-oil [1].
Biofuels and important intermediary chemicals can be
produced through biomass pyrolysis, a thermochemical
conversion process. Biomass pyrolysis technology still faces a
number of difficulties despite its enormous potential,
including the unpredictability of pyrolysis products, tar

for the use of bio-oil [2]. Biomass is one of the most promising
substitutes for fossil fuels because of its abundant supply and
near-zero carbon emissions. Renewable energy can be
enhanced using lignocellulosic biomass, mainly comprising
cellulose in the range of 15.2% (pistachio shell)-67.0%
(cotton stalk), hemicellulose from 5.2% (sunflower) to 38.2%
(pistachio shell), and lignin from 6.5% (rye)-53.5% (walnut
shell) [3]. During combustion, the formation of low-melting-
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point compounds, such as potassium chloride and potassium
sulphate, is primarily responsible for biomass ash-related
problems; thus, it has become a major concern in the biomass
energy industry. So far, these problems include slagging,
fouling, bed agglomeration, and corrosion [4]. To address
these problems, it is essential to understand the mechanisms
of ash deposition and the preventive strategies. When local
biomass and waste are used, co-combustion of biomass with
fossil fuels is an efficient way to lower greenhouse gas
emissions from the heat and power generation industry.
Existing fossil-fuel boilers can be inexpensively modified to
accommodate up to 20% biomass [5]. Co-combustion can
greatly lower nitrogen oxides without raising carbon
monoxide emissions, but its long-term potential may be
limited by the ultimate phase-out of coal power stations and
issues, including feed type, moisture content, and combustor
design, that require ongoing optimization. Biomass is
compacted into solid briquettes during the physical
conversion process, thereby increasing its energy density and
facilitating storage and transportation [6]. Anaerobic
digestion and syngas fermentation are two biochemical
conversion techniques that break down non-woody organic
materials in the absence of oxygen, producing stable gases
such as carbon dioxide and methane [7]. In addition, because
nitrogen is less expensive than argon and helium, it is the
most widely used carrier gas. Unlike photolysis, which uses
heat and light to break down a chemical molecule. During
pyrolysis, the biomass organic matrix decomposed into solid,
liquid, and non-condensable gas products. It has a fast
biomass conversion rate, which is especially valuable for char
and liquid production [8]. Several additional processes occur
in the system concurrently with pyrolysis. The temperature
and residence-time distributions of gases, oils, and chars
affect reactions [9].
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Biomass, which includes wood and forestry leftovers,
agricultural crops and their byproducts, municipal solid trash,
and food waste, is a diverse and renewable source of organic
matter. Additionally, it comprises post-consumer wood,
aquatic biomass including plants and algae, animal waste, and
byproducts from wood and agri-food industries [10]. Because
of the wide range of feedstock options available for energy
recovery and chemical valorization, biomass serves as a
substitute for traditional fossil fuels [11]. The EU is expected
to continue and even increase its supply of sustainable
biomass through 2050, as shown in Figure 1, with major
contributions coming from organic waste streams, forest
biomass, and agricultural residues. While bio-waste makes up
a very small portion of the total volume, agricultural and
forestry biomass are the main contributors to the total
biomass potential and are an important source of biomass
availability for energy production. Depending on legislative
changes, sustainability standards, and technological
breakthroughs, the amount of biomass available for
bioenergy is projected to range from 520 to 860 million dry
tons by 2050 [10]. These projections underscore the urgent
need for effective thermochemical technologies to meet these
goals while also contributing to circular, decarbonized
economies in which research and innovation drive enhanced
conversion efficiencies and reduced environmental impacts.

Its increasing availability underscores the need to study
and utilize the diverse energy services biomass can provide
across a variety of sectors and at multiple scales. Biomass is a
flexible energy source used in many applications, including
electricity generation, district and home heating,
transportation fuels, and process heat in industrial processes
[12].
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Figure 1. Potential for bioenergy from sustainable biomass in 2030 to 2050 [10]
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Biomass pyrolysis is generally categorized as slow, fast,
or flash pyrolysis based on the heating rate because it is an
extremely sensitive thermochemical process to reaction
parameters. Temperature, heating rate, residence time, and
particle size are important process variables that significantly
impact yield and product quality [13]. Among these, the
heating rate governs the reaction pathways, while
temperature primarily influences the product distribution.
Heavy tar is the main product of biomass decomposition at
low temperatures (<300°C), although both production and
quality of bio-oil are maximized at medium temperatures
(400-550°C). Gas generation 1is increased at high
temperatures (>600°C), because of increased secondary
cracking. The increased energy input encourages further
reactions by facilitating the disintegration of chemical bonds
and biomass structure [14]. By reducing heat and mass
transport constraints, preventing tar cracking and
repolymerization, and enhancing product selectivity,
especially at medium temperatures under rapid heating
conditions, the heating rate, a crucial kinetic element,
increases the yield of bio-oil [15].

For effective pyrolysis and precise control over product
distribution and characteristics, optimizing temperature and
heating rate is essential. Plant cell walls include lignin, a
highly cross-linked, irregular phenolic polymer that functions
as a natural “glue” providing biomass with structural stability
and biological resilience. Lignin is the most resistant
component of lignocellulosic biomass because of its
hydrophobicity and chemical recalcitrance; this makes it an
ideal starting point for making biochar with generally high
solid yields. These alterations are accompanied by the
progressive removal of oxygen-containing functional groups
(such as -COOH, -OH) and the development of aromatic
structures, both of which are very temperature-dependent
[16]. As a result, pyrolysis temperatures between 500 and
800°C are often considered ideal for balancing material
quality and yield.

Biomass | Drying & Pre-
Feedstock treatment
Condensation
System
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Despite their potential to uncover deeper Mechanisms of
structural evolution and enable high-value applications,
research at higher temperatures (>800°C) is still limited due
to technical difficulties. High-temperature pyrolysis (HTP,
800-1000°C) promotes substantial aromatization, defect
correction, and the formation of graphite-like domains in
biochar, compared with traditional low- and medium-
temperature pyrolysis (300-700°C). While HTP biochar has
better-structured carbon frameworks and improved
physicochemical stability, low-temperature biochar retains
numerous oxygenated functional groups and exhibits limited
conductivity [17].

In this study, we reviewed process parameters, analytical
techniques, and identified intermediates in biomass pyrolysis
(Figure 2). Understanding biomass pyrolysis requires a
comprehensive evaluation of both the operating conditions
governing thermal decomposition and the analytical
approaches used to detect and characterize the intermediates
formed during the process. Key process parameters-including
types of pyrolysis, reactor configuration, feed rate, operating
temperature, heating rate, residence time, particle size,
biomass types and compositions, and carrier gas flow
conditions-collectively influence the yield distribution and
chemical pathways leading to liquid, gas, and solid products.
In parallel, advancements in analytical techniques have
enabled detailed identification of transient intermediates
across various product phases, offering insights into
dominant reaction mechanisms and the formation of major
chemical families, including acids, aldehydes, ketones, furans,
phenolics, anhydro-sugars, and light hydrocarbons. However,
despite significant progress, the literature remains
fragmented with limited integration between process
parameter variations and the corresponding intermediate
species detected through analytical platforms.

Heat Transfer Primary Pyrolysis
Zone Zone, 300-650°C
Secondary Cracking,

High Heating Rate <

Y
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Figure 2. Process flow diagram of biomass pyrolysis
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Therefore, this review consolidates existing knowledge
by systematically comparing process conditions and their
impact on pyrolysis intermediates, highlighting the role of
analytical methodologies in elucidating reaction pathways.
This approach aims to provide a clearer mechanistic
understanding to support optimized reactor design,
improved product selectivity, and the advancement of
biomass-to-biofuel and biomaterials technologies.

2. Comprehensive overview of biomass thermal

decomposition

The main raw materials utilized in biomass pyrolysis are
wood chips or agricultural waste, which are components of
lignocellulosic biomass [18]. The distribution of pyrolysis
products from different types of biomasses is the focus of
most mechanistic research on real biomass pyrolysis
processes, or attempts to identify the corresponding kinetic
parameters based on macroscopic thermal breakdown
processes [19]. An essential first step in understanding the
basic pyrolysis mechanism is to examine the reaction
processes of each main component of biomass. The three
primary components of lignocellulosic biomass-cellulose,
hemicellulose, and lignin, dominate and compose the
biomass’s main structure, even when it contains a minor
amount of ash and extracts, especially in wood biomass,
where the contents can reach 90% [20,21]. Among the main
components, cellulose is the most basic polysaccharide, a
linear polymer. It is made up of several glucose basic units
joined by (-1,4-glycosidic linkages [22]. The microscopic
structural alterations, reaction pathways, and creation
mechanism of several common products, such as
levoglucosan, have been the primary focus of recent research
on the cellulose pyrolysis mechanism [23].
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Ali et al. [24] claimed that more furans were generated
during the pyrolysis of glucose than during the pyrolysis of
glucose than during the pyrolysis of cellulose. Li et al. [25]
used a combination of DFT calculations and PY-GC
experiments to investigate cellulose as a model compound.
Their results showed that the reducing and non-reducing
ends of the cellulose chain first generated distinct chain ends
and dehydrated units through cleavage of B-1,4-glycosidic
linkages. As seen in Figure 3, these chain ends and dehydrated
units subsequently generated various pyrolytic products via
various reaction routes. In the pyrolysis investigation of
microcrystalline cellulose, Li et al. [26] also integrated in situ
DRIFT with 2D-PICS analysis. They discovered that the
breakdown of cellulose’s main chain came before the
dehydration of free hydroxyls, with hydrogen-bond networks
being broken first.

The heat stability of the C-O bond between the
glucopyranose ring and hydroxyl is superior to that of the C-
O bond between the glucopyranose ring and the glycosidic
bond. Larger cellulose pyrolysis reaction systems have been
used in several studies, necessitating the use of different,
more suitable analysis techniques. Reactive force field
molecular dynamics, or ReaxFF MD, is a bond order-based
molecular dynamics technique that was recently applied to
biomass pyrolysis due to its lower computational resource
requirements. Zeng et al. [27] used ReaxFF MD to study the
generation and evaluation of main pyrolysis products such as
glycolaldehyde and levoglucosan of the big cellulose molecule
(Cz2160 H3612 O1800) at temperatures between 500 and 1400 K.
they discovered that whereas levoglucosan synthesis rapidly
decreased as the temperature rose, high temperatures
encouraged the development of glycolaldehyde.
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Figure 3. Basic schematic illustrating the mechanism of cellulose pyrolysis [25]
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Figure 4. Simplified mechanism schematic highlighting glycosidic bond scission occurring during hemicellulose pyrolysis [29]

For FF formation, the total energy barrier was 259.8
KJ/mol. Due to their resemblance to actual hemicellulose,
xylo-bios and xylan were also chosen as model compounds in
consideration of the glycosidic bond of the main chain of
xylan. Zhu and Du [28] used Py-GC/MS and DFT calculations
to investigate the pyrolysis mechanism pf xylose, xylobiose
and xylan. Because of the glycosidic link, they found that
xylose and xylo-biose yielded differing amounts of the main
pyrolysis products, particularly 1,4-anhydro-xylopyranose.
Xylan;s high degree of polymerization hindered its
depolymerization, and its side chains had an impact on the
pyrolysis process and product distribution. According to Du
etal. [29], a competitive reaction mechanism was responsible
for the dissociation of side chains and the disruption of
glycosidic bonds in xylan. Figure 4 illustrates the breakdown
of glycosidic linkages in the hemicellulose main chain.

Understanding  the  pyrolysis = mechanism  of
hemicellulose is challenging due to its complex structure. A
somewhat comprehensive model of hemicellulose pyrolysis
involving intermediates, low-molecular-weight products, and
the associated reaction was developed by Yang et al. [30].
Routes and expanded it to include native hemicellulose.
According to their model, hemicellulose pyrolysis began with
the cleavage of hemicellulose chains, producing monomers
such as xylose and anhydroxylose. These monomers were
further broken down by subsequent reactions, such as ring
opening, dehydration, retro-aldol, and enol-ketone
isomerization, to produce pyrolysis products such as furfural,
glycolaldehyde, and hydroxyacetone. Using 2D-PICS, Wang et
al. [31] investigated the evolution of the functional groups
during the first phase of low-temperature pyrolysis of poplar
wood lignin. They suggested that some small-molecule
volatiles, such as CO and CO2, would be released as the
temperature increased due to the tendency of hydroxyl and
hydrocarbon groups to dissolve. As seen in Figure 5, Zhou et
al. [32] used ReaxFF MD to simulate the pyrolysis process of
softwood lignin polymers. They proposed that cleavage of «
-0-4 and [(-0-4 bonds, lignin
macromolecules, began before the first pyrolysis phase of
lignin (the initial phase). Then the temperature rises, and
every connection ruptures (the 2nd step).

which break down
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Figure 5. Overview schematic depicting the fundamental steps in
lignin pyrolysis [32]

The heavy pyrolytic compounds would next be produced
mostly by regrouping 5, 6, or 7-membered aliphatic rings at
higher temperatures (3rd phase).

3. Fundamental characteristics of biomass-derived
feedstocks and reaction-kinetic models
Understanding the chemical composition of biomass and

how each component interacts with selected conversion

methods is necessary to address the variability concerns.

Extractives are compounds that are soluble in water, such as

proteins and non-structural carbohydrates, and soluble in

ethanol, such as waxes and chlorophyll. Hemicellulose
volatiles can make oil produced by thermochemical methods
more acidic, which is associated with increased viscosity
during bio-oil storage [33]. Herbaceous feedstocks typically
exhibit greater compositional variability than woody biomass
and have a higher ash content. Nevertheless, not all
characterization techniques yield the same estimates of
biomass composition, leading to apparent biomass variability
that depends on the techniques used to assess the relevant
characteristics [34]. In reviewing biomass characteristics,
multiple sources of biomass variability have been
comprehensively assessed. Variation in the chemical
characteristics of different feedstocks must be accounted for
when using multiple feedstocks in a particular conversion
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process. Table 1 presents numerous structural evaluations of
a variety of biomass samples, using data from the INL
database and combining chemical data from earlier
assessments. Herbaceous materials have the lowest lignin
content, while pine, a softwood, and hybrid poplar, a
hardwood, have the highest lignin content. Because of its high
energy content, the material's heating value is in the same
order as lignin. Before selecting a processing or conversion
technique, such a compositional datum is crucial for
comprehending the characteristics of the feedstocks. For
example, softwoods may be more suited for combustion in
energy applications due to their higher lignin concentration.
The composition of each feedstock varies greatly (Table 2).
When additional, more varied bioenergy feedstocks are taken
into account, this issue is made worse. Natural rangeland
grasses that are mixed and suitable for fermentation are an
excellent illustration of this. Compared to conventional
energy crops, these grasses usually require less maintenance
and preserve natural habitats, but their inherent high
variability may result in lower, highly variable product yields.
More C, prairie grass energy crops, such as switchgrass,
which store more carbon than typical C; conservation
grassland species are being targeted, resulting in a significant
increase in ethanol output per unit area [35].

May 2026/ Volume 05 [ Issue 02| Pages 47-72

For each parameter category, the number of samples
included in the average is indicated by n; the numbers in
parentheses denote one standard deviation [36]. While the
bark has a higher lignin content and the leaves have a higher
extractives concentration, the heartwood contains the majority
of the cellulose in woody biomass. However, the leaves and
internodes (the concentration between different stalk
segments) contain the majority of the extractives in maize
stover. Across biomass types, variations in composition by
anatomical fraction can also be identified. For instance,
different wheat stover fractions might differ by more than 10%
in their glucan content, with some fractions being far more
susceptible to chemical saccharification. Certain plants are
more susceptible to saccharification in maize stover, where the
cobs, husks, and leaves react better to simultaneous
saccharification and fermentation (SSF) than the stocks, while
having similar glucan levels [38]. If the anatomical
fractionation can increase a process’s profitability by isolating
high-value components. The utilization of distiller dried grains
with solubles (DDGS) in ethanol production for high-protein
animal feed, rather than converting it into fuels or chemicals,
demonstrates this [39]. Figure 6 provides an overview of the
structure of a typical complex reaction kinetics model used for
biomass pyrolysis.

Table 1. Overview of structural composition found in a range of biomass feedstocks

The Parameter Pine Hybrid poplar Switchgrass Corn stover
Analysis of proximity (wt.%) n=27 n=19 n=102 n=171
Ash 0.60 (0.3) 1.20 (0.1) 6.80 (4) 7.60 (4.1)
Volatile matter 0.60 (0.3) 1.20(0.1) 6.80 (4.0) 7.61(4.1)
Fixed carbon 76.40(6.9) 84.01 (0.6) 74.90 (6.3) 75.41 (4.8)
(wt.%) Ultimate analysis 17.90 (3.5) 14.80 (0.6) 14.40(2.2) 14.81(1.6)
Carbon n=26 n=19 n=102 n=170
Hydrogen 49.40 (1.7) 50.0 (0.2) 45.50 (3.8) 44.41(3.6)
Oxygen 6.40 (0.2) 5.91(0.1) 5.90 (0.3) 5.91(0.4)
Nitrogen 43.50(1.6) 42.51(0.3) 41.60(2.4) 42.80(3.6)
Sulfur 0.20 (0.1) 0.31(0.1) 0.80 (0.7) 0.60(0.2)
Chlorine (PPM) 0.00 (0.0) 0.00 (0.0) 0.10 (0.0) 0.10 (0.0)
Higher Heating Value (HHV) 42 (36) 19 1400 8500 (6200)
(M]/kg, dry basis)
Average structural 19.6 (0.7) 20.2 (0.3) 17.0 (1.0) 17.3(0.7)
components (dry basis)
Cellulose n=9 n=>5 n=30 n=23
Hemicellulose 30.91 (5.5) 45.70 (3.1) 34.40 (5.0) 34.60 (3.1)
Lignin 19.31 (1.5) 19.10 (2.1) 25.70 (4.9) 24.60 (4.1)
Extractives 29.01(2.1) 24.90 (2.6) 16.10 (2.3) 13.90 (1.7)
Table 2. Variation in the composition of woody biomass and corn stover across different anatomical fractions [37]
Structural Hemicellulose cellulose Lignin Extractives
Elements
Woody biomass - - - -
(Wt.%)
Entire tree 23.40 51.21 2541 3.01
Bark 47.01 22.01 31.01 3.30
Twigs 62.30 15.40 22.30 1.61
Leaves 47.20 26.51 26.31 3.72
Corn cob 30.71 35.93 16.45 5.90
Corn leaves 22.78 34.34 14.00 10.55
Corn husk 31.19 37.74 10.53 5.81
Corn internodes 20.04 40.22 17.25 12.30
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Primary pyrolysis reactions (1-15)

May 2026/ Volume 05 [ Issue 02| Pages 47-72
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Figure 6. Overview diagram depicting the structure of a typical complex reaction-kinetics model used for biomass pyrolysis [40]

4. Primary operational parameters governing

pyrolysis processes

Based on key process variables such as final
temperature, heating rate, residence time, feed rate, particle
size, feedstock variability, and carrier gas flow, pyrolysis can
be divided into several categories. Slow, moderate, rapid, and
flash pyrolysis are the most commonly used types. In contrast,
other methods, such as microwave-assisted, catalytic,
vacuum, or hydro-pyrolysis, remain niche or emerging
technologies with little industrial use. As a result, these four
basic conventional pyrolysis processes will be the subject of
the following sections. Depending on energy requirements
and application objectives, these four categories offer
flexibility in adjusting product distributions toward syngas,
biochar, or bio-oil. It is helpful to remember that the
technological readiness levels (TRLs) of pyrolysis processes
vary widely depending on reactor design, operating scale, and
anticipated products before going over each type separately.
With many commercial units in operation and a TRL of 8-9,
slow pyrolysis is typically the most developed method in the
European environment. With several pilot demonstration-
scale facilities, fast pyrolysis, aimed at producing bio-oil, is at
TRL 6-8. Particularly in early pilot studies or laboratory
research, flash and catalytic pyrolysis continue to operate at
lower TRL values (3-5).

The historical focus of each process charcoal for slow
pyrolysis, liquid fuels for fast pyrolysis, and high-efficiency
gas production or selective chemical synthesis for flash or
catalytic pathways is referred to in these differences in
maturity [41]. The historical emphasis on rapid pyrolysis,
high-efficiency gas production, or selective chemical
synthesis via flash or catalytic pathways is reflected in
differences in maturity. The discrepancy highlights how
process development must be integrated with market and
regulatory incentives in order to maximize the value of
certain pyrolysis products. Additionally, TRL differences
affect investment attractiveness and determine each
technology’s capacity for scale-up in real-world applications.
The primary purpose of slow pyrolysis, also known as
carbonization or conventional pyrolysis, is to make biochar.
Since the early 20th century, slow pyrolysis-often referred to
as the classic type of pyrolysis-has been used in industry. A
variety of chemicals, including methanol, ethanol, acetic acid,
and carbonaceous residues, were produced in its early
applications by subjecting biomass, especially wood, to
prolonged heat decomposition, typically lasting up to 24
hours [42]. Intermediate pyrolysis runs at temperatures
between 500 and 700°C, with heating rates ranging from 0.4-
10°C/s and biomass residence durations of 0.5-40s. This
approach is especially appealing for integrated biorefinery
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applications that aim to effectively valorize all product
fractions since it allows a balanced distribution of solid liquid,
and gaseous products. In the context of circular economy
models and sustainable waste management, such integrated
valorization is essential, particularly in areas that produce
significant amounts of agricultural or agro-industrial waste
[43]. Fast pyrolysis is regarded as a sophisticated
thermochemical conversion technique that was created
specifically to increase the output of bio-oil by quick thermal
breakdown of biomass under strictly regulated process
conditions. Although wider operating windows from 300-
1400°C [44]. Flash pyrolysis is characterized by
extraordinarily high temperatures (between 600 and 1400°C)
0f 1000-2100°C per second. The quick thermal decomposition
of biomass is made possible by extremely short reaction
times, which typically range from 0.5-2 seconds [45].

In summary, the key operational parameters of
pyrolysis-particularly heating rate, pyrolysis process
temperature, residence time, feed rate, particle size, carrier
gas flow, feedstock variance, and reactor types-play a critical
influence in defining whether a system operates in the slow,
intermediate, fast, or flash regime. Slow pyrolysis, defined by
low heating rates and lengthy residence times, supports
maximal char yield, whilst intermediate conditions yield a
balanced product distribution appropriate for flexible
downstream applications. Fast pyrolysis, achieved by high
heating rates and short vapor residence times, enables rapid
depolymerization and secondary cracking, thereby boosting
liquid product yields. At the extreme end, flash pyrolysis
achieves ultrafast heating and residence times in
milliseconds, leading to highly reactive intermediates and
dominant vapor-phase products. Collectively, these operating
regimes influence the physicochemical environment of
biomass breakdown and govern the selectivity, quality, and
yield of pyrolysis intermediates and end products.
Understanding these interdependent paths and adapting
pyrolysis systems for specific energy, chemical, and material
uses (Figure 7).
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Appendix 1 summarizes an overview of the process
factors influencing pyrolysis and co-pyrolysis.

5. Overview of analytical approaches applied in

biomass pyrolysis

The process of clarifying a substance’s characteristics is
referred to as characterization. Spectroscopy, microscopy,
calorimetry, light or radiation scattering, chromatography,
and gravimetric processes are common methods. To clarify
the physical and chemical properties of bio-oil, biochar, and
gases generated during pyrolysis, a variety of analytical
techniques have been used. Qualitative analytical data require
as many analytical techniques as feasible to determine the
unequivocal identity of unknowns. On the other hand,
meticulous observation, a suitable hypothesis, a methodical
experimental design, statistical data analysis, result
validation, and repeatable findings guarantee the validity and
reliability of quantitative measures. Adequate sample
pretreatment is used to ensure this, with the goal of
enhancing selectivity and specificity in analysis. A specific
component or its class (target analytes) can be determined
(enrichment) or eliminated as a result of sample preparation,
which reduces background and matrix interferences. All
forms of analysis require sample pre-treatment, which is
considered extremely labor-intensive. There is a wealth of
information in the literature on selecting an effective sample-
preparation strategy for instrumental analysis, and modern
sample extraction techniques have evolved from traditional
solvent- and absorbent-based methods. Samples pre-
treatment is commonly followed by derivatization for
chromatographic procedures to avoid the detrimental effects
of constituents in complex matrices on analytical columns.
Derivatization improves the chromatographic properties of
labile chemicals and gives thermal stability. Furthermore, it
ensures the quality of analytical data by enhancing the
sensitivity of detection in specific instrumental tests (e.g.,
pentaflurobenzyle and silyl methyl are typical derivatives for
chromatographic analysis).
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Figure 7. Overview of the reaction routes followed by lignocellulosic fractions in biomass during pyrolysis [46]
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Table 3. ASTM methods for assessing the physical properties of pyrolysis oils: a concise summary [143]

Physical Property ASTM Standard Evaluation Method
Density D1298 Method of Hydrometer
D4052 A digital density gauge

D369 (withdrawn)

Specific gravity using a pycnometer

Water (%)

D1744 (withdrawn)

Method of Karl Fisher volumetric

D95 Method of distillation
E203 The volumetric Karl Fisher method
Ash (%) D482 Thermogravimetry method
Viscosity D88 Say-bolt viscosity utilizing a viscometer
D445 Capillary method through viscometer
D2170 Liquid flow utilizing calibrated glass capillary method
Flash point D93 Flash point by specified rate of heating
D3828 A small-scale cup test where a sample is introduced and an ignition spark is
produced
Heating value D3286 (withdrawn) The Iso-Peribol Bomb calorimeter’s gross calorific value of coal and coke

D240 Heat of combustion using a Bomb Calorimeter
D4809 Using a Bomb Calorimeter
Total acid value D974 Color indicator titration
D664 Method of potentiometric titration technique
D3339 Titration of semi-micro color indicator
Pour point D97 Specific cooling of a hot sample and mobility monitoring of the sample
Elemental analysis D5373 Estimation of NO,, CO,, H,0 (oxidization of sample H, N and C)
D5291 Identifying the gases that are produced after being converted from the
corresponding elements
Volatiles in bio-char D3175 Gravimetric analysis of weight loss under strictly regulated circumstances
Fixed carbon/ash D3174 Gravimetry in regulated environment
content of bio-char
Sulfur analysis D4239 S0, measurement using infrared following sample combustion
D4294 Method of Energy Dispersive X-ray Fluorescence Spectrometry
D2622 Method of Wavelength Dispersive X-ray Fluorescence Spectrometry
Surface tension D971 Interfacial tension is measured by moving a platinum ring from the surface of
Carbon residue D189 Evaluation of carbon residue using the destructive distillation method
D4530 Micro-method (gravimetric analysis in an inert nitrogen atmosphere at 500°C)

Numerous investigation reports silyation followed by
GC-MS analysis for polar Pyro-oil components (such as
alcohols, carboxylic acids, and phenols). There are so many
different compounds with different functional groups; pyro-
oil analysis is quite similar to petroleum analysis. More than
400 different molecules, including heavy polar compounds,
non-polar aliphatic, alicyclic, olefins, aromatics, and
oxygenates, are found in bio-oils. The inclusion of
macromolecules derived from lignin and cellulose further
complicates the analytical setting. Sample preparation
techniques cannot be generalized to pyro-oils because the
relative concentrations of chemicals vary with several
variables (e.g., pyrolysis settings, reactor design, and biomass
feedstocks). Table 3 presents the American Society for
Testing and Materials (ASTM) methods for assessing the
physical properties of pyrolysis oils, a concise summary
[143].

6. Output formed during pyrolysis reactions

Lignocellulosic materials are converted by biomass
pyrolysis into three main product streams: Bio-oil (Table 4),
Non-condensable gases, and Biochar. Temperature, heating
rate, and vapor residence time all have a significant impact on
the yields of these compounds, which are produced when

cellulose, hemicellulose, lignin are thermally broken down in
an oxygen-free environment. While the persistent gases are in
the creation of syngas or process energy, bio-oil is a complex
combination of oxygenated molecules with potential fuel and
chemical value. The solid carbonaceous residue is becoming
increasingly valuable for use in catalysis, carbon storage, and
soil improvement. Optimizing pyrolysis systems and
improving downstream upgrading procedures requires an
understanding of formal features and the interactions among
these product factions. Bio-oil is typically considered a crude
product that requires further processing to yield high-quality
liquid fuels and chemicals [145]. When used directly in
combustion engines, bio-oil produced during biomass
pyrolysis typically has a high oxygen and moisture content
(15-60%), which reduces its sustainability as a replacement
for traditional petroleum fuels [146]. All things considered,
biochar is an extremely valuable byproduct of biomass
pyrolysis with benefits that go beyond its energy content.
Pyrolysis temperature, heating rate, and feedstock
characteristics significantly influence the physicochemical
features of the product, including aromaticity, porosity,
mineral content, and surface functionality (Table 5). These
characteristics dictate its applicability for a variety of uses,
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such as carbon sequestration, soil amendment, catalysis,
adsorption, and electrochemical devices. Targeted process
control and engineered alterations are enabling the creation
of customized biochar with improved performance as
knowledge of the principles underlying biochar formation
advances. As a result, biochar is becoming a versatile
substance that greatly enhances the sustainability and
circularity of thermochemical biomass conversion, while also
serving as a stable carbon store (Figure 8). The analytical
techniques used in biomass pyrolysis provide crucial insights
into the thermal and chemical processes that govern the
transformation of lignocellulosic materials. Each of the three
methods-spectroscopy, chromatography, and thermos-
analysis contributes distinct and complementary data on
reaction Kkinetics, product composition, and structural
evolution. The integration of approaches such as FTIR, NMR,
GC-MS, TGA, and hyphenated systems (e.g.,, TGA-FTIR, Py-GC-
MS) enhances the resolution with which volatile production,
intermediate routes, and solid-phase changes may be
characterized.

Table 4. Physiochemical attributes of bio-oil [144]

Property Value
Sulphur (%) <0.005
Nitrogen (%) <0.4
Moisture Content (%) 20-30%
Ash content (%) 0.01-0.1
pH 2to3
Density (kg/dm?) 1.10-1.30
Viscosity (40°C) 15-35
Flash point 40-110
Pour Point (°C) -9to-36
Suspended solids (%) <0.5
Lower Heating Value (LHV) 13t0 18
(MJ/kg)
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When combined, these technologies provide a more
thorough understanding of biomass breakdown behavior,
facilitating better process modeling, reactor optimization,
and strategic pyrolysis product upgrading. Therefore, the
development of effective, commercially feasible
thermochemical conversion technologies and a deeper
mechanistic understanding will depend on ongoing progress
and the coupling of analytical techniques. In spite of having
extensive research on biomass pyrolysis, many critical gaps
remain that limit the development of predictive, scalable, and
optimized conversion technologies. First, the absence of
unified reaction-kinetic models remains a major challenge.
Most existing kinetic models are developed for specific
biomass types, temperature ranges, or reactor configurations,
making them difficult to generalize across diverse feedstocks
and operating conditions. The strong dependence of reaction
pathways on heating rate, residence time, and biomass
composition further complicates the development of
transferable Kkinetic frameworks. Second, experimental
investigations and numerical studies are weakly integrated.
While advanced experimental techniques such as Py-GC/MS,
TG-FTIR, and 2D photoionization mass spectrometry have
provided valuable insights into pyrolysis intermediates, these
datasets are rarely used to validate or refine molecular-level
simulations such as density functional theory (DFT) or
reactive force field molecular dynamics (ReaxFF MD). As a
result, many simulation-based reaction mechanisms lack
experimental verification, reducing their reliability for
process design and scale-up. Third, high-temperature
pyrolysis regimes above 800 °C remain insufficiently
explored, despite their relevance for syngas production,
hydrogen-rich gas formation, and the synthesis of structurally
ordered biochar and carbon materials. Most experimental
studies focus on low- to medium-temperature pyrolysis,
leaving significant knowledge gaps regarding reaction
pathways, intermediate stability, and product evolution
under extreme thermal conditions. Appendix 2 presents
biomass type, analytical techniques, product phase and
chemical families in pyrolysis.

Table 5. Representative properties of biochar produced from different biomass feedstocks

Feedstocks Composition (%)
Carbon Hydrogen Nitrogen Sulfur Oxygen Ash
Almond 87.91 2.50 1.11 0.51 7.81 2.81
Bamboo 76.68 1.70 0.58 0.29 5.82 8.71
Beech 73.61 3.41 0.21 - 6.31 -
Iroko 68.41 341 0.21 - 15.31 -
Eucalyptus 79.52 2.78 0.18 0.28 - 5.01
Olive 78.69 2.84 0.99 0.033 12.89 -
Banana 48.01 3.21 1.21 0.34 - 23.51
Spruce 7291 331 0.21 - 12.81 -
Switch grass 87.24 2.70 1.34 0 8.74 -
Rice straw 67.89 1.50 1.12 0.28 8.96 -
Grape seeds 84.71 131 1.61 0.31 12.11 13.11
Wheat straw 64.28 2.38 0.47 0.31 14.30 -
Miscanthus 44.30 5.73 0.46 - 49.51 8.79
Rice Husk 51.52 2.14 0.46 0.021 9.77 -
Corn cobs 67.70 3.20 0.50 - 9.20 -
Sugarcane 41.31 291 0.41 0.11 - 33.81
Corn stover 56.71 1.90 0.76 0.22 - 5.01
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Figure 8. Recommended sample-preparation workflow for pyrolysis oil employing liquid-liquid extraction followed by chromatographic analysis [146]

of recent developments in biomass pyrolysis. Using
complementary molecular-level simulations and
sophisticated analytical methods such as Py-GC/MS, TG-FTIR,
and two-dimensional photoionization mass spectrometry,
special attention was made to identifying chemical
intermediates and dominant routes. The results show that the
intrinsic variability of biomass and the complex relationship
between reaction Kkinetics and process parameters
significantly influence pyrolysis behavior. The lack of unified
kinetic models that can capture multi-scale reaction
networks, the lack of integration between experimental
observations and computational modeling, and the lack of
investigation of high-temperature pyrolysis regimes above
800 °C are some of the major challenges that still exist despite
the significant progress made in clarifying individual
component mechanisms and parameter effects. Predictive
control and large-scale pyrolysis system optimization are
restricted by these deficiencies. In the future, combining data-
driven strategies such as machine-learning-supported kinetic
modeling, high-temperature experimental investigations, and
sophisticated in situ diagnostics offers a viable approach to
addressing reaction complexity and biomass variability.
Enhancing product selectivity, process efficiency, and
scalability will require a better link between reactor design

Finally, the application of data-driven and artificial
intelligence-based modeling approaches to biomass pyrolysis
remains limited. Given the inherent heterogeneity of biomass
and the complexity of pyrolysis reaction networks, traditional
mechanistic models often struggle to capture nonlinear
interactions between process parameters and product
distributions. The lack of integrated experimental databases
further restricts the development of machine-learning-
assisted kinetic models capable of adaptive prediction and
optimization. Addressing these gaps requires a
multidisciplinary approach that integrates systematic
experimental studies, validated molecular simulations, high-
temperature investigations, and data-driven modeling to
achieve a comprehensive, predictive understanding of
biomass pyrolysis processes.

7. Conclusion

Biomass pyrolysis is a flexible and promising
thermochemical process for the sustainable transformation
of lignocellulosic resources into biofuels, value-added
chemicals, and functional carbon materials. By carefully
evaluating feedstock properties, the thermal breakdown
mechanisms of cellulose, hemicellulose, and lignin, and the
impact of critical operating parameters such as temperature,

heating rate, residence time, and particle size on product
distribution, this review provided a comprehensive overview

and mechanistic knowledge. To facilitate the development of
next-generation pyrolysis technologies and enable the
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sustainable valorization of biomass within future bioenergy
and biorefinery frameworks, this review aims to serve as an
extensive resource for academics and engineers.
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Pyrolysis Type Reactor type & Process Temp. Heating Rate Residence Particle Types & Carrier Gas Ref.
Feed Rate G (°C/min) Time Size of Biomass | Composition of Type & Flow
(Weight of Biomass Rate
Sample)
Intermediate Vertical tubular 110°Cto 900 °C 10°C/min 10 min 1.18 mm Bambara N, [47]
reactor (VTR) Groundnut Shell 20 mL/min
Air & N,
Intermediate - 500°C 4 mg sample, 7 min 300-750 um Rapeseed meal 100 mL/min for [48]
10°C/min 5 mins
Fluidized Bed Hybrid poplar, N, and quartz
Fast Reactor 500 °C High 1-2h 1 mm Wheat straw and a sand (0.4-0.8 [49]
Intermediate STYX Reactor (feed blend biomass mm) fluidization
rate 10 kg /h) velocity 0.2 m/s
Intermediate Fixed Bed 400, 550 and 700 Eucalyptus sp.
Pyrolysis Bubbling °C (5,7 and 9g) (hardwood) and N,
Fast Pyrolysis Fluidized Bed (feed 500 °C 100 °C/min 10to 30s 0.40-92mm Picea abies 1 mL/min [50]
rate 700 g/h) (softwood)
Intermediate STYX Pyrolysis
Pyrolysis Reactor (4kg/h) 350-500 °C (50 200 K/min 2.5-40 min - Chicken Manure N, [51]
mg)
STYX Reactor
Intermediate (Feed rate 2kg/h) 80, 150, 250, 15 K/min 10 min 100pm > Beech Wood, Wheat N, H, [52]
Pyrolysis 350°C Straw 1.6L/min
Microwave- <0.5 sec (1.05g Agriculture
Fast Pyrolysis assisted fast 600°C sample) residues, N,
pyrolysis (MEFP) (>1g) 200°C/s <0.25sec (for 2 mm herbaceous energy 0.9L/min at STP [53]
reactor the 4.50g) crops, woody
feedstock and
blended feedstock
Fast Pyrolysis Free-fall Reactor Cassava residues N, flow
(Feed rate 200 450 and 550 °C 10°C/s ~3.6s 0.2 and 0.5 mm combined with rate of 4L/min [54]
g/h) ethanol and
volcanic
Mixing-paddle
Fast Pyrolysis reactor (Sand feed Corn stover, hybrid
rate 1500 g/h, 500 °C (Sample 5- 110°C/s 10 sec 2 mm poplar, clean N, [55]
biomass feed rate 10 kg) loblolly pine, wood 0.24L/min
100g/h) waste, miscanthus
Fast Pyrolysis Fluidized bed 450°C (7.5 g of ~400°C/s 1.5 to 2.5 mins 200pum Bana grass - [56]
reactor feedstock) (biomass)
0.05-0.2 mm
0.25-0.355 mm Danish wheat straw,
Fast Pyrolysis Wire mesh reactor 1700 °C 5000 °C/s, and 1-4s 0.425-0.6 mm Pinewood, leached -
pressure up to 0.6-0.85 mm Danish wheat straw, [57]
50 bar straw and rice husk
1250 °C (sample 0to 1000 C/min Jerusalem artichoke N, [58]
- - of 5mg) - - stalk 100ml/min
N,
Flash Pyrolysis Fluidized Bed 250-610°C - 0.203s 1-8.4mm Milled soybean Pressure of 20 [59]
Psi
Pinewood (0.5-2 acid-leached
Fast Pyrolysis Fluidized Bed 515°Cforbagasse ~5000°C/s 20 msec mm, <150pum, bagasse and - [60]
and at 485°C for bagasse pinewood, 5x 1073
pinewood. (<150um) to 100 kPa
Flash Pyrolysis Analytical 30 to 900°C 10°C/min 20 sec 0.150 mm Non-uniform-sized N, 50 [61]
Pyrolizer (Sample of 10 mg) sawdust mL/min
Slow Pyrolysis &
Flash Pyrolysis - 450°C 20°C/s - 0.5-1.5 mm Spent citronella - [62]
biomass
Slow Pyrolysis
- 40 to 600°C 5 K/min - 53-96pm A crystalline N, [63]
(sample of 2g) cellulose and 100mL/min
amorphous
cellulose
Fast Pyrolysis Conical spouted 450,500 and N, 2,6
bed reactor 550°C (100g) - 0.56 and 1.69s 1-2mm Pinewood sawdust and 11 L/min [64]
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Sawdust, empty

Fast Pyrolysis Fluidized bed 800°C (Sample of 10°C/min 30 mins 2-3mm. fruit bunch, and Helium [65]
(42kg/h) 100g) giant Miscanthus 100mL/min
Pressurized 600-900 °C and
Lignite pyrolysis entrained-flow pressure 0.1-4.0 1700-5900 K/s 5-6s 125-300 pm Hailar lignite N, [66]
reactor (feed rate MPa (sample of 1.0-6.4 L/min
0.5 g/min) 30 gm)
Fast Pyrolysis Bubble-fluidized 773K - - 0.4 to 1 mm Virgin cellulose, N,
bed reactor (sand particle) virgin Velocity 0.36 [67]
(100g/h) 0.2-0.5 mm hemicellulose, m/s
(biomass) virgin lignin
Vapor-phase
Catalytic Fast upgrading reactors 550°C (sample of
pyrolysis (5-40 g/h of (~0.04 g) 3°C/min 4 hrs. 250-125 um Yellow pine N, [68]
biomass) and 50-
475 g/h catalyst)
Fluidized beds,
Auger, and Drop 500-700°C
Fast pyrolysis tube reactor (10- - - 250-750 um Oat and corn Straw N, [69]
30 g/h) 3-5L/min
Fast pyrolysis Fluidized bed 500-700 °C - - 250-750 pm Oat and corn straw N, [70]
Auger Drop-tube 3-5L/min
reactor (10-
30 g/h)
Fast pyrolysis Drop-tube reactor 800, 900, 950,
(10+1) g/h) and1000°C ~104°C/s 60min >10um Olive residue and N, [71]
Soma lignite 4 slpm
Drop-tube-fixed- 25-800°C (sample N,
- bed reactor) of 5 mg) 10°C/min 20s 500-800 pm Car tire 40 mL/min [72]
0.5-0.6 mm
- Semi batch reactor 350-650°C 10 & 50°C/min 20 min 0.25-0.5 mm Sugarcane bagasse N, [73]
0.6-1 mm 100 cm®/min
Horizontal fixed 5,90 and 350 N,
- bed reactor 800°C °C/min 9s ~1mm Pinewood sawdust 100 ml/min [74]
Semi-batch vertical | 300, 400, 500, and N,
- reactor 600 - C(5mg) 10 K/min 15 min <1mm Oat straw 50 ml/min
Catalytic Fast Two-stage fixed N,
pyrolysis bed reactor 500°C (40 g) 10°C/min 30 min 0.18-0.42 mm Arundo donax 3x 10~* m®/min [75]
Auger reactor
Slow Tubular reactor 40 and 240 °C 8-150 °C/min 5and 10 min - Pinus radiata Helium [76]
2.3 mL/min
28% of 2-3mm,
47% of 1-2mm,
Intermediate Auger reactor (1- 450-500 °C 100°C/s <2s 19% of 0.5-1mm, Fresh balsam fir - [77]
3.5kg/h) and 6% of 0.1- shavings
0.5mm
Co-pyrolysis Horizontal tube 150-850 °C 8,16, 24, and Pomelo peel, N, [78]
reactor (10 mg) 32 °C/min - 0.2 mm papaya peel, and 50 mL/min
watermelon peel
Stainless-steel 350, 400, 450, Plastic waste and
Co-pyrolysis reactor 500, and 550°C. 20°C/min 30 minutes - Neem seed cake - [79]
Fast pyrolysis - 600°C (50 mg) 5°C/min 2 hrs. 0.22-mm Coconut shells N, [80]
Hydro-thermal & 190°C and 600°C Lignocellulosic and
fast pyrolysis - (10 mg) 10°C/min - 0.212 mm algal feedstocks N, [81]
2mmand 1.4 Expanded N,
Intermediate Fixed-bed reactor 300-500°C 13.91- 2 hrs. mm (PS) (EPS) polystyrene, oil 20 mL/min [82]
14.99°C/min. palm fronds
Smaller than 470
Fast pyrolysis Fixed-bed reactor 550°C (2 g) 10°C/min 30 min. pum and 420 pm Pine wood and N, 3 [83]
wheat straw L/min
Intermediate& CHNSO analyzer 350, 400, 450, between 30 2 -5 mm (HDPE) Olive pomace (OP) N, 1.2 [84]
Fast pyrolysis 500, 550 & 600°C 10°C/min and 120 min and plastic wastes mL/min
(30g)
Cellulose, wood,
Intermediate cow manure, [85]
and Fast Batch Reactor 300-700°C - 0.5-4 hrs. - poultry manure, -
Pyrolysis saw dust blend, pine

wood chips, wheat
straw, grass.
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L.inch seamless 500°C (~ 2 gof N,
Intermediate * o activated biochar) 10°C/min - 1 mm Rice husk 3 mL/min [86]
stainless-steel
Fast & Flash Stainless steel 400, 600 & 900°C 10, 30, and 45 min 750 pm Mixed wood N, [87]
pyrolysis semi-batch reactor 50°C/min sawdust (MWS) 100 mL/min
Fast pyrolysis - 25-900°C 10, 20, 30, 40 - 600-micron Erythrina indica (EI) N,
K/min mesh sieve 20-40 mL/min [88]
Micro-scaled Biomass sample Rice straw, Bamboo High-purity
Co-pyrolysis thermogravimetric 700°C (5 mg) 5,10, and 5 min <450 um, with a plastic N, [89]
analysis (TGA) 20°C/min polythene <50 polyethylene 100 mL/min
equipment pum
Slow pyrolysis Fixed-bed reactor 600, 550, 500, 10, 30, 50°C/min 10 min 0.25-0.42mm Poplar wood High-purity [90]
(Lab-scale) 450, 400°C (10gm sawdust N,
of sample) 200 mL/min
Fast pyrolysis Two-stage Municipal solid N,
pyrolysis reactor 500°C - 40 min - waste (utilized 75 mL/min [91]
catalyst Ni/ZSM-5)
Slow Pyrolysis Fixed-bed reactor 700, 550, 450, Khat stems & Coffee
(Batch type) 350°C - 4 hrs. <500 um husk - [92]
300, 350, 400,
Slow pyrolysis Vertical pyrolytic 450, 500, 550°C 2°C/s 2hrs. 1-3cm Cotton stalk N, [93]
reactor (200g (200g sample) 20mL/min
sample)
Cellulose, [94]
Slow pyrolysis Gibbs Reactor 450°C 10°C/min 30 min - hemicellulose, -
lignin
Vegetable wastes,
Co-pyrolysis Induction Heated 450°C (500g 20°C/min 50 min 0.5-2 mm tire scraps, water N,
Fixed-Bed Reactor feedstock) hyacinth and low- For 3 min [95]
density
polyethylene
Fast Pyrolysis Tubular Furnace 20°C -650°C 10°C/min 120 min - Cooking waste salts N, [96]
100 mL/min
Microwave- Microwave Reactor 450°C, 550°C, 60 min, 40 min, Poplar wood chips N,
Assisted 650°C (4g of - 20 min - (ZSM-5 with a 200 mL/min for [97]
Catalytic feedstock) Si/Al) 15 min
Pyrolysis
N,
Fast Pyrolysis Two-Stage Quartz- 400 or 500°C (0.5 Biomass volatile 250 mL/min
Tube Reactor g of feedstock) - 15 min - oxidation gas of [98]
system N, mixture 50
mL/min
25°C-800°C (5mg N,
Flash Pyrolysis - of feedstock) 5,10, 20°C/min - 500pum Macroalgae Nitella 60 mL/min [99]
hyalina 30 min
Fast Pyrolysis Fluidized bed 525°C (10 >100°C/min 30-1500 ms <lmm Date palm waste - [100]
reactor tons/day)
Fast Pyrolysis Fluidized bed - 2mm Eucalyptus tress N, [101]
reactor 200 tons/day - -
Microwave- N,
Assisted Co- Microwave Reactor 900°C (3g of 20, 40, 50°C/min - - Eucalyptus wood High purity [102]
pyrolysis sample) and polypropylene (99.9%)
80mL/min
Slow Pyrolysis Batch Charcoal kiln - Corncob, Sugarcane, [103]
Reactor 1kg/batch - 40 min 1 mm Rice Husk, Allow some
Firewood charcoal oxygen
Slow pyrolysis Fixed-bed Reactor 600°C (30g of 20, °C/min 30min 0.9-2mm Poplar wood and N, [104]
sample) acid washed poplar 200mL/min
wood
1. Drop-tube 60000-600000 Softwood bark,
Fast/very fast reactor 1000-1800°C °C/min - - hardwood, pine, N, [105]
2. Heated Strip poplar, straw, rice -
reactor husk, coal
Circulating
Fast Pyrolysis Fluidized bed Optimum 480°C - - 327 um Sugarcane bagasse LPG [106]
reactor (18- 5-7m/s
45kg/h)
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Fixed Bed Reactor

400, 450, 500°C

Slow Pyrolysis (1kg/run) (max. biochar 4.2°C/min 120 min <0.5 mm Teff husk N, [107]
yield 400°C 30 mL/min
Slow/Intermedia Auger reactor 500°C (300 g of 4°C/min 20-25 min - Rice straw N, [108]
te Pyrolysis (~10g/min) batch) 10 L/min
Slow Pyrolysis Batch steel tube 700°C 5,10, 20°C/min 1,120, 240 min 5-250 pm Microcrystalline N,/ H, [109]
reactor (50 g/run (50g) cellulose 200 mL/min
cellulose)
Thermogravimetric 0.2 mm maintain
Slow Pyrolysis analyzer 600, 750,900°C - - precise particle Sawdust of N,/Argon [110]
size Eucalyptus Pilularis
Fast Pyrolysis Screw Reactor 400°C and 500°C 5,10, 15 min of Gas flow 12 [111]
(Feed rate 8, 10, 16 - sample <1.5mm Grinded rice straw Nm?3/h
kg/h)
Waste rice starch
Gasification Fixed-bed reactor 1000°C (10mg of 20°C/min - 80-100 um water, burnt engine Air [112]
sample) oil & saw dust. 100mL/min
Fast Pyrolysis CHNS/O analyzer 800°C 5,7.5,10 and - 100 um 0il Palm Empty N, [113]
12.5°C/min Fruit bunch 50mL/min
Thermogravimetric >950°C (sample of 3,10, 20, 50, and
Flash Pyrolysis analyzer 10-12mg) 100°C/min - - Beechwood-derived He [114]
Xylen 275mL/min
Stainless steel tube
Fast Pyrolysis Reactor (Not 200-700°C 10°C/min - 1,3,4,56,7mm Luffa cylindrica N, [115]
properly fiber 2.5L/min
mentioned)
Catalytic Quartz tube Temp. maintain N, [116]
Pyrolysis Reactor 600°C 5°C/min for 15 mins <0.178 mm Peanut shells 20mL/min
Sample Coffee robusta and
Catalytic Fixed-bed reactor 600°C 10°C/min residence time - arabica (ZnO used N, [117]
pyrolysis 10 mins as catalyst) 1.5mL/min
Fast Pyrolysis Pyroprobe 450, 550, 650°C ~125-150°C/s 60s ~50 um 8 Microalgae He [118]
species 0.8 mL/min
In-situ & Ex-situ High-purity
Catalytic Rotary Klin 500°C 33.33°C/min 1hr. - Dealkaline N, [119]
Pyrolysis 400mL/min
In-situ & Ex-situ Two-Stage Photo- 50-100 um N,
Catalytic Thermal Reactor 750°C 200°C/min 4 mins pellets Rapeseed Cake 200mL/min [120]
Pyrolysis
Catalytic Bench-Scale 500°C - - 0.10-0.14mm Corn Stover N, [121]
Pyrolysis Tubular 100mL/min
Co-pyrolysis N,
with catalytic Two-Zone Tube 500-800°C - 20 mins - Corn Cob & No flowrate [122]
Reforming Furnace Polyethylene specified
High-purity
Thermogravimet - 30-900°C 10, 20, 40°C/min 20 mins 0.10-14mm Wheat straw & Pine N, [123]
ric sawdust 100mL/min
(200mL/min for
purge)
In-situ Catalytic Fixed-Bed Reactor 600°C (0.5¢g 15°C/min - - Bamboo N, [124]
Pyrolysis bamboo) 90mL/min
Molten nitrate Cotton stalk, waste N,
salt pyrolysis Batch Reactor 300.350°C - 10 mins 2 mm paper 700mL/min [125]
Thermogravimet | Thermogravimetric 50-900°C 20,40 & Eucalyptus wood N,
ric analyzer (5+0.1g) 50°C/min - - and polypropylene 80mL/min [126]
Thermogravimet TGA analyzer 800°C 10 K/min - 1-12 mm Byproducts from - [127]
ric woodcutting
Thermogravimet TGA analyzer 30-800°C 10, 20 and 30 - 0.15 mm Rubber Seed oil Argon [128]
ric K/min 50ml/min
Sunflower-oil cake,
Thermal - 300-1000°C 5-800°C/min - - Walnut shell, Rice - [129]
pyrolysis Husk, Pine bark
Thermogravimet - 30-800°C 10 & 200°C/min - 4 mm Pinewood N, 2]
ric 100mL/min
Flash Joule Graphite boat 800,900, 1000°C 245-290°C/s 20s Argon
Heating reactor (1 g of alkali ~22-27°C/s 5 min - Alkali Lignin 50mL/min [130]

lignin)
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~5.75 s for gas

Mixture of air

Oxidative Quartz-tube 600°C (0.5¢g - 10 mins for 90-180 pm Biochar from Pine & N, 300mL/min [131]
pyrolysis Fluidized-Bed biochar) biochar wood dust
reactor
Reductive Tube Furnace 400-800°C 10°C/min 30-150 mins - Cellulose, Xylan, N, [132]
Pyrolysis Lignin
Slow pyrolysis Thermal fixed bed 750°C (15g of 20°C/min 3hr 0.2 mm Hemp N, [133]
reactor hemp Powder) 50mL/min
Catalytic Fast Micro-pyrolyzer 600°C 20°C/mS 20s - Cotton-stalk and N,
pyrolysis (0.1+0.01g) polypropylene 1mL/min [134]
In-situ Catalytic Tube Furnace with
Co-pyrolysis a quartz crucible 850°C 10°C/min 20 min - Pistachio Tailings N, [135]
Lignin 100mL/min
Fast Pyrolysis Graphite Tube 800,900, 1000°C 25-300°C/S 12s - Alkali Lignin - [136]
reactor (0.2 g of alkali)
Analytical Custom Quartz -(10+£0.1mg) Anthracite, N,
pyrolysis reactor - - - Bituminous coal, 100mL/min [137]
Lignite
Molten salt Crucible reactor 750°C (~2.3g) N, [138]
pyrolysis with bubble tube - 20 mins <0.25 mm Algae 200mL/min
Thermogravimet TGA analyzer 30-900°C 10°C/min - <74 pm Wheat straw, Rice N, [139]
ric straw 100mL/min
Microwave - Multimode
assisted Microwave oven 800°C (20 g of - - 0.5-1mm Rice straw, Bagasse, N, [140]
Pyrolysis with quartz feedstock) Pine wood 100mL/min
Thermogravimet TGA analyzer 850°C (20 mg) 20°C/min - - Arginine N, [141]
ric 20mL/min
Slow pyrolysis Electrically Heated Rhodes grass and
vessel reactor 400°C 5°C/min 11 hrs. 2 mm Fronds of Date Plam N, [142]
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Appendix 2

Biomass type, analytical techniques, product phase, and chemical families in pyrolysis

Biomass Type Pyrolysis Analytical Method Identified Product Phase Chemical Families Ref.
Temperature Intermediate
Q) Compounds
1. TGA/DSC for thermal 1. Furan based 1. Liquid (Bio oil) 1. Acids, alcohols, ethers, phenols,
500°C, 550°C, decomposition behavior compound 2. Gas (Syngas) aldehydes, and ketones (from EW).
Eucalyptus 600°C, 650°C 2. GC/MS for organic 2. Olefins 3. solid (Biochar) 2. Alkanes and alkenes Cg — Cy5 (from [125]
woodlot and 700°C compositions and 3. Free radicals PP).
condensable, liquid 3. Styrene and other monocyclic
3. OED for influence of aromatic hydrocarbons (MAHs).
various factors 3. PAHs, or polycyclic aromatic
hydrocarbons, such as phenol,
fluorene, and naphthalene.
4. Light Hydrocarbon, CO, and CO,
1. GC/MS Liquid product (Bio-oil):
2.FID 1. Ketones
3.TCD utilized to 1. Liquid (Bio oil) 2. Aldehydes
Pinewood 600°C determine the impact of - 2. Gas (Syngas) 3. Acid [2]
block biomass particle size, 3. solid (Biochar) 4. Esters
heating rate and shape 5. Alcohols, 6. Phenols
4. TG/FTIR used to Gas Products:
characterize 1.C0, 2.CO
distributions of products
1. GC analyzed for Gas Products:
oxidation of biochar 1. Gas 1.CO, CO,
2. FTIR used to Not explicitly 2. solid (oxidized 2.H,
Pine sawdust 600°C determine functional specified biochar) 3. light hydrocarbons (CH,, C3) [131]
surface group of biochar Solid (biochar) Products:
3. BET used for 1. Hydroxyl (-OH), carboxyl (-C00),
determining specific phenolic (C-OH), aromatic (C=C, C-H),
surface area of biochar aliphatic (C-H)
4.
1. ICP-OES (quantifying 1. Ph-0- radicals 1. Solid Gas Products:
Cellulose, 600°C metal content) 2. Carbon centered | 2.Liquid (Leachate) 1.CO, H,, CH, [132]
Hemicellulose, 2.SEM radicals 3. Gas 2.CO,
Lignin-based 3.XRD 3. Benzyl radicals 3. Volatile Organic Compounds
biomass 4.XPS 4. Reactive oxygen Solid Products:
5. TG/DSC species 1. Lithium Salt (Li,CO3)
6. HSC chemistry 5.Li,0 2.Ni, Co
software for 3.MnO
thermodynamic 4. Biochar
calculations.
Gas Products:
1.H,, CO, CH,
1.TG/DTG 1. Anhydro-sugars 2.C0O,
2.Py-GC/MS generates Liquid Products:
Pheonix Tree 200-400°C 3.XRD Aldehydes, 1. Solid (Biochar) 1. Hydrocarbons
Leaves 4.SEM ketones, alcohols 2. Liquid (Tar/Bio-oil) 2. Phenols, Alcohols, Ketones, Esters, [135]
5. BET for surface area 2. Unstable non 3. Gas (Syngas) Aldehydes, Acid, Furan, Anhydro-
analysis carbonized sugars
6. XRF for elemental organic matter 3. N, containing compounds
compositions of solids 3. Oxygenated Solid Products:
compounds (Co 1. Co, Co0, MnO, CaO
oxidation) 2. Carbonaceous Matrix
1. Elemental Analysis 1. Condensable Solid Products:
Alkali Lignin 800-1000°C 2.XRD volatiles (pore Solid (Biochar) 1. Aromatic carbon
3.FTIR blockage) structures/Graphitic carbon
4. Raman Spectroscopy 2. Alkyl, methoxy, 2. C-0, Hydroxyl (-OH), Methoxy (-
5. XPS for analyze phenolic hydroxyl OCH3), Carbonyl (C=0), Aliphatic C-
surface chemistry and group H/C-C [136]

bonding

6. BET surface analysis
7. Zeta potential analysis
and particle size

8. Four-point probe
conductivity test

3. Metal Oxides from ash
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9. Bomb calorimeter
(HHV)

1. GC with TCD/FID

1. Active Char

1. Liquid (Bio-oil)

Gas Products:

Inorganic 750°C 2.XRD 2. Volatiles 2. Gas 1.H,, CH,
Nano- 3. XRF (Secondary 3. Char 2. C,-Hydrocarbons
choloropsis 4. Ion meter Reaction) 4. Salt matrix 3.CO, CO,
5.DSC (reacted/molten salt) Solid Products: [137]
Fact stage software 1. Alkali salts: NaOH, KCI, NaCl,
(Thermodynamic Na,CO3
simulation) 2. Precipitates: CaCO3, MgCO3,
Mg, CI(OH)3, Na;MgsFe;Sig0,,(0H),
3.Na,S0,, Si0,, Na,SiO3
1. In-situ Synchrotron Gas Products:
DRIFTS 1. CH,, CO, CO4, H,0, C3Hg, C4Hg,
(Used to tracking 1. Free radicals 1. Liquid (Bio-oil) C3Hg, C4Hqo
Wheat and rice 900°C functional group 2.C-0 and CH;3 2. Gas Liquid Products (Bio-0il):
straw changes) radicals 3. Solid (char) 1. Aliphatic hydrocarbons (C4 — Cyy), [138]
2. Peak Deconvolution 3. Small molecular Toluene, xylene
(to quantify in components 2. Naphthalene, Phenanthrene.
overlapping absorption
bands)
3. TG/DTG (provides
macroscopic context of
mass loss)
Gas Products:
1. Standard Fuel 1. Methyl radicals 1. Gas (non- 1. H,, CO, CH,, CO,
Rice straw, Analysis (Ultimate, (» CH3) condensable) Liquid Products:
Bagasse, Pine 500°C Proximate, HHV) 2. He radicals 2. Liquid (bio-oil) 1. Phenol, P-cresol, Guaiacol, Syringols [139]
wood, 2.GC, GC/MS 3. Anhydro-sugars 3. Solid (Biochar) 2. 1-hydroxy-2-Butanone, Tetra-
Prosospis 3. BET, XRD, SEM/EDS, 4. Pyrolysis vapors decanoic, Hexa-decanoic
Julifora XRF, FTIR 3. Alkanes (C1y — Cy0), 1-nonadecene.
1.TG/DTG 1. Gas Gas Products:
2.FTIR 2. Liquid (Condensable NH3, HCN, HCNO, CO,, C;H,, CHy, H,,
3. Py-GC/MS Volatiles) H,0
Arginine 700°C 4. Reactive Force Field He, e CH3, eNH,, 3. Solid (carbonized Liquid Products: [140]
Molecular Dynamics *CN, «COOH residue) 1. Olefins (Ethylene)
5. Density Functional 2. Pyridine, Pyrrole, Piperidi-nones
Theory (DFT) 3. Cyclohexen-1
4. Acids, Phenols, Alcohols
Liquid Products:
1. Liquid (Bio-oil) 1. Phenols, 2-Methyl-phenol, 3-
1. Gas Chromatography 1. Phenols, 2. Non- condensable Gas Methyl-pheno, 2,6- Dimethyl-phenol
Dealkaline 500°C (GO) Guaiacols, 3. Solid (Biochar) 2. Guaiacol, Cresol, 2- Methoxy-3- [119]
lignin 2. Mass Spectroscopy Aldehydes, methyl-phenol
(MS) Ketones, Ether & 3. Vanillin, Apocynin
Aromatic 4. 2-Cyclopentenone, 2-Mehtyl-2-
compounds cyclopentenone,
5.1,2-Dimethoxy-benzene, 1,4-
Dimethoxy-2-methyl-benzene.
Solid Products:
Biochar, Coke
Gas Products:
C0,, CO, H,0,H,
Gas Products:
CO, CO,, CHy, H,
Corn Cob, 500°C-600°C 1. GC for gaseous 1. Liquid Liquid Products:
Polyethylene products - 2. Gas Phenols, Alcohols, Acids, Esters, [120]
2. GC/MS for liquid 3. Solid Ethers & Ketones.
products Solid products:
Biochar
Chlorella 1. Gas & condensable Gas & Liquid Products:
vulgaris, Nano- 450, 550, 1. Py-GC, GC/Q-TOF MS vapors Alcohols, Carboxylic Acids, Esters,
chloropsis 650°C technique analyzed the - 2. Solid Furans Phenols, Esters.: [118]
oceanica, complex mixture of Nitrogen containing Compounds
Arthrospira volatile products (Amides, Nitriles, Pyrroles/Indoles)
plentesis
(Microalgal
Species)
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1. GC-MS for semi-

1. Liquid (Bio-oil)

Liquid Products:

quantitative analysis 2. Gas (non- Acetone, Hydroxy-acetone, 2-

Corn Stover 350-650°C 2. GC for non- - condensable) Butanone, Cyclopentanone, Dimethyl-
condensable gases 3. Solid (Biochar) cyclopentenone, Phenol, P-cresol, 4- [121]
analysis Ethylephenol, Methanol.

3. Karl Fischer Titration Gas Products:
for analyze water in Bio- CO, CO,, CHy, Hy, C, — C4 hydrocarbon
oil.
1. Gas (non- Gas Products:
1. TGA for mass loss condensable) CO, CO,, CH,
2. FTIR for real-time 2. Liquid (condensable) Liquid Products:
Wheat straw 30-900°C analysis of evolved gases - 3. Solid (char) Cyclohexene-3,5-diol, pyrazole, 1,4 - [123]
and pine 3. GC/MS for detailed dimethyl-cyclo-pentane-thiol,
sawdust identification of Furfural, 3-methyl-phenol, 2,4-
condensable vapors. Dimethyl-phenol, 1-Ethoxy-4-methyl-
benzene.
Cellulose, 1. Gases CO, CO,, Solid Products: [108]
wood, cow CHy, H, 1. Biochar
manure, 1. Ultimate /Elemental 2. Volatile Mix 1. Solid Biochar
poultry 300-700°C analysis from Wood 2. Gas Gas Products:
manure, saw 2. Proximate Analysis 3. Volatile mix 3. Bio-oil 1.CO, CO,, CHy, H,
dust blend, 3. Stability Test from wood
pine wood 4. Apparent Loss Liquid Products:
chips, wheat Composition 1. Aromatic Hydrocarbon structure

straw, grass.
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