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Abstract
Biomass pyrolysis has been the focus of study by several researchers as a viable means of 
producing biofuels and other useful products. This paper gives a comprehensive, elabo-
rate and updated review of pyrolysis technology as an efficient thermochemical route for 
biomass conversion. Pyrolysis products include pyrolytic gas, bio-oil, and solid biochar. 
Depending on the operating conditions, pyrolysis is usually classified as slow, intermedi-
ate, fast, and flash pyrolysis. The utilization of special catalysts can help facilitate pyrolytic 
gas production, while specific pretreatment processes can help facilitate bio-oil produc-
tion. The efficiency of the pyrolysis process is affected by a number of factors such as 
temperature, heating rate, residence time, particle size, biomass type, and biomass pretreat-
ment method. In this review, thermogravimetric analysis and kinetic modelling of biomass 
pyrolysis were also emphasized while the various constraints encountered during biomass 
pyrolysis have been highlighted and suggestions made to address them. More recently, 
more advanced experimental methods have been developed for biomass pyrolysis research, 
and these include Py-GC–MS/FID, TG-MS/TG-FTIR, in  situ spectroscopy for reaction 
progress analysis, isotopic labelling, and intermediate product analysis techniques that ena-
ble the monitoring of the biomass devolatilization process as well as identification of the 
functional groups of the volatiles and monitoring of the changes in the functional groups 
on the surface of biomass in the course of pyrolysis. No doubt, biomass pyrolysis will con-
tinue to provide several benefits and serve as a sustainable means of producing biofuels, 
biochemicals, and other valuable products with far-reaching areas of applications.
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1 Introduction

The steady supply and availability of energy in a sustainable way will continue to be a 
major concern in the coming years considering the growing global population and the 
accompanying demand for energy. Renewable energy is rapidly gaining popularity as 
a viable substitute for conventional fuels because the use of conventional fossil-based 
fuels is unsustainable as a result of the increasing environmental consequences.

In particular, the production of liquid transportation fuels from biomass materials is 
attracting a lot of attention. This is because of the advantages accruing from utilizing 
biomass materials as feedstocks for fuel production (Bridgwater 2003). This option 
has the potential to reduce the over dependence on fossil-based sources of energy. 
Biomass-based energy has been projected to satisfy as much as 40% of global energy 
demand in the coming decades (Czernik and Bridgwater 2004).

Through suitable biomass conversion methods, surplus amounts of energy, chemi-
cals, and transportation fuels can be obtained from biomass alongside the production 
of biochemicals and biomaterials (Bridgwater 2003; Czernik and Bridgwater 2004). 
Biochemical and thermochemical methods exist for the conversion of biomass materi-
als into useful products. However, there is need for further investigation to engineer 
these conversion methods for higher efficiency (Demirbas 2001).

Numerous studies are available in the area of biomass conversion for the production 
of biofuels: bio-oil, biochar, and biogas (Demirbas 2001; McKendry 2002; Brown-
sort 2009; Laird et al. 2009; French and Czernik 2010; Bridgwater 2012a; Veses et al. 
2015; Kan et al. 2016; Mohamed et al. 2016; Dhyani and Bhaskar 2017; Garrido et al. 
2017; Wang et  al. 2017; Bensidhom et  al. 2018; He et  al. 2018; Huang et  al. 2018a; 
Kabir et  al. 2018; Zhao et  al. 2018). Biomass pyrolysis is an efficient conversion 
method offering several possibilities for the conversion of low-value, readily available 
biomass such as grasses, shells, stalks, bagasses, husks, waste woods, stalks, and saw-
dust into valuable products. However, further research needs to be carried out to over-
come inherent technical and economic challenges in order for it to compete favour-
ably with conventional fossil fuel-based techniques (Bridgwater 2004). For instance, 
the type and composition of biomass have been reported to have an influence on the 
pyrolysis process and products formed in a number of ways. In the first instance, the 
relative ratios of the organic and inorganic components of the biomass material vary 
from one biomass to the other in addition to depending on the growth and harvesting 
time (Dhyani and Bhaskar 2017). The general composition of the components (cel-
lulose, hemicellulose, and lignin) of lignocellulosic biomass materials varies from one 
biomass to another, and this makes the possible interactions between the components 
to differ from one biomass to another, and this consequently affects the performance of 
the pyrolysis process and to some extent determine the characteristics of the products 
formed during pyrolysis (Wang et al. 2017). For example, cellulose and hemicellulose 
are mainly responsible for the formation of bio-oil while lignin is mainly responsible 
for the formation of biochar. Higher compositions of lignin in biomass result in more 
viscous bio-oils with lower moisture content (Kan et al. 2016). Thus, an understanding 
of lignocellulosic biomass materials becomes necessary if they are to be considered as 
ideal feedstocks for producing value-added products via pyrolysis.
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2  Lignocellulosic biomass

A large portion of biomass consists of lignocellulose which is the non-edible part of the 
plant that is fibrous in nature. Unlike food crops, its use for energy purposes does not inter-
fere with nor threaten the world’s food supply (Basu 2010). Cellulose, hemicellulose, and 
lignin are the most important constituents of lignocellulose with little amounts of inorganic 
materials and plant extractives (McKendry 2002).

Cellulose accounts for the largest percentage in terms of the composition of lignocel-
lulosic biomass and represents the most commonly found organic polymer in plant cell 
walls (Dhyani and Bhaskar 2017). Cellulose is made up of crystalline and amorphous 
fractions. Structurally, cellulose chains are bound together by hydrogen bonds to form cel-
lulose fibrils which are surrounded by a three-dimensional lignin matrix which serves to 
inhibit hydrolysis of the cellulose by acids and enzymes (Fig. 1). In terms of composition, 
cellulose is composed of repeating units of D-glucose linked by β-1,4 glycosidic bonds 
(Fig. 2) (Hendriks and Zeeman 2009). The interaction between the hydroxyl groups in the 
six-carbon ring via hydrogen bonding bequeaths cellulose with its crystalline structure, 
high mechanical, and chemical stability (Lauria et al. 2015; Harmsen et al. 1184; Xu et al. 
2016).

Fig. 1  Structure of lignocellulose (Lauria et al. 2015)
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Hemicellulose is a complex polymeric material made up of units of five carbon sug-
ars like xylose and arabinose; six carbon sugars like glucose, mannose, and galactose; 
and sugar acids (Fig. 2). The hemicellulose component of lignocellulose serves as the 
link between cellulose and lignin. Compared to cellulose, hemicellulose has lower 
molecular mass and contain chains of sugar units that are readily amenable to hydrolysis 
(Saha (2003)). Structurally, hemicellulose is amorphous and its mechanical and chemi-
cal stability is not comparable to that of cellulose (Laureano-Perez et al. (2005)). Xylan 
and glucomannan are examples of hemicelluloses in hard and soft woods. Acetylglucu-
ronoxylan makes up about 30% of hemicelluloses in hardwoods, with xylose and galac-
tose as its primary constituents. Glucomannan and galactoglucomannan on the other 
hand make up about 15% and less than 8%, respectively, of hemicelluloses in softwoods 
with glucose, mannose, and galactose as the primary constituents (Carrier et al. 2011).

The third most abundant component of lignocellulose after cellulose and hemicel-
lulose is lignin. It is amorphous in nature and made up of three different types of substi-
tuted phenylpropane units. The units which include syringyl, guaiacyl, and p-hydroxyl-
phenyl are bundled together in different forms (Carrier et al. 2011; Mohan et al. 2006). 
The presence of lignin in lignocellulose confers structural support, microbial and oxida-
tive resistance, and impermeability. All of these and its water insolubility and optical 
inactivity makes lignin resistant to degradation (Dhyani and Bhaskar (2017); Hendriks 
and Zeeman 2009).

Aside the three major components, lignocellulosic biomass materials also contain 
extractives. These extractives comprise of saponins, phenolics, gums, essential oils, 

Fig. 2  Structural units of cel-
lulose (a), hemicellulose (b), and 
lignin (c) (Xu et al. 2016)
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starch, alkaloids, terpenes, mucilages, glycosides, waxes, resins, pectins, simple sugars, 
proteins, and fats (Dhyani and Bhaskar 2017). These extractives play vital roles in the 
plant by acting as a defence system which protects the plant from attacks by microbes 
and insects and the metabolism of the plant by acting as intermediates, while serving as 
a reserve for energy in the plant (Mohan et al. 2006; Kundu et al. 2018). Table 1 shows 
the approximate composition of some lignocellulosic biomass materials.

Several types of lignocellulosic materials have been used for pyrolysis. These materi-
als can be grouped into woody biomass, agricultural wastes, and energy crops as shown 
in Table 1. Woody biomass include pine, redwood, spruce, birch, oak, beech, etc. Agri-
cultural wastes materials that have been utilized for pyrolysis include corn stalk, rice 
straw, cotton stalks, cotton stalks, corn stover, almond shell, sorghum bagasse, etc. The 
use of agricultural waste materials as feedstock for pyrolysis is highly welcome as it 
does place less burden on the cultivation of land (Kundu et  al. (2018)). Energy crops 
are crops that possess high energy values and examples include bamboo, sorghum, and 
grasses such as elephant grass, Bermuda grass, switch grass, etc. (Basu 2010). The use 
of these types of feedstock is also desirable because they can be cultivated on land that 
is otherwise unsuitable for agricultural purposes (Dhyani and Bhaskar 2017).

Table 1  Examples of lignocellulosic biomass for pyrolysis

Material type Feedstock Composition (%) Reference

Cellulose Hemicellulose Lignin

Woody biomass Pine 45.6 24.0 26.8 Ingemarsson et al.( 1998)
Douglas fir 45.0 19.2 30.0 Bok et al.( 2014)
Spruce 50.8 21.2 28 Velden et al.( 2010)
Beech 45.8 31.8 21.9 Blasi et al. (2000)
Birch 25.7 40 15.7 Minkova et al.( 2000)
Oak 43.2 21.9 35.5 Yu et al.( 2017)

Agricultural waste Almond 29.0–31.1 28.0–38.0 27.7–35 Savova et al. (2001)
Hazelnut 22.9 15.7 51.5 Koçkar et al.( 2000)
Millet husk 33.3 26.9 14 Raveendran et al. (1995)
Corn stover 51.2 30.7 14.4 Agblevor et al. (1996)
Corn stalk 22.8 43.0 156 Lanzetta and Blasi (1998)
Cotton stalk 77 16 0 Pütün (2002)
Coir pith 2806 15.3 31.2 Mohan et al. (2006)
Sorghum bagasse 41 24 10 Cardoso et al.( 2011)
Banana waste 13.2 14.8 14 Sellin et al. (2016)
Wheat straw 27.3–30 27.3–50 15–16.4 Lanzetta and Blasi (1998)
Tea waste 30.2 19.9 40 Demirbaş (2001)

Energy crops Bamboo 26–43 15–26 21–31 Posom et al. (2017)
Canary reed grass 29.7 42.6 7.6 Bridgeman et al. (2008)
Bermuda grass 25 35.7 6.4 Agblevor et al. (1996)
Elephant grass 22 24 23.9 Agblevor and Besler (1996)
Switch grass 45 31.4 12 Agblevor and Besler (1996)
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3  Lignocellulosic biomass pretreatment

The composition of the particular lignocellulosic biomass used for pyrolysis has an 
effect on the pyrolysis products (Agblevor and Besler 1996). For instance, in bio-oil, 
levoglucosans and oligomeric anhydrosugars are very important precursors to essential 
products in the chemical and pharmaceutical industries. To ensure higher yields of these 
compounds, attention has to be focused on the pyrolysis reactions so that the depolym-
erization of cellulose is favoured over its fragmentation (Kan et al. 2016). Consequently, 
pretreatment of lignocellulosic biomass is carried out in order to selectively favour cer-
tain pyrolysis reactions that will result in the formation of desired products.

The goal of pretreatment is to make the cellulose and hemicellulose components of 
the biomass material readily assessable (Fig. 3). This is achieved by changing the struc-
ture of the lignocellulosic material so that the efficiency of the pyrolysis process can be 
increased.

Pretreatment strategies for lignocellulosic biomass can be categorized into physical, 
chemical, thermal, and biological pretreatment, and these are discussed in the following 
sections.

4  Physical pretreatment

Physical pretreatment methods include washing, crushing, densification, and extrusion. 
Washing of the biomass feedstock can remove most of the alkali present in the biomass 
since they are readily soluble in water. This is required if high oil yield is desired (Scott 
et al. 2000). Crushing is a common size reduction pretreatment operation which reduces 
the biomass material into smaller sizes. The crushed biomass is then sieved to obtain 
particle sizes suitable for the selected pyrolysis process. Better heat and mass transfer 
are achieved when smaller particle sizes are used due to increased biomass surface area 
per unit mass. Densification (pelletization) is used to compact biomass materials such 
as sawdust, wood chipping, straws into uniformly packed solids. This process alters the 
physical properties of the biomass as well as its energy content while simplifying the 
process of biomass handling, storage, and transportation (Wang et al. 2017). Extrusion 
on the other hand serves to increase the energy density of the biomass, reduce its mois-
ture content, and produce pellets under high pressure with small cylindrical shapes (Kan 
et al. 2016).

Fig. 3  Effect of pretreatment on 
lignocellulosic biomass material 
(Scott et al. 2000)
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5  Chemical pretreatment

The amounts of inorganic minerals present in biomass affect the pyrolysis process and con-
sequently its yield. Higher amounts of glucose can be obtained using chemical pretreat-
ment through the removal of hemicellulose and lignin (Putro et al. 2016). Chemical pre-
treatment methods are discussed in the following sections.

5.1  Acid pretreatment

Acid pretreatment generally involves the use of inorganic acids (mineral acids) such as 
phosphoric acid  (H3PO4), sulphuric acid  (H2SO4), hydrochloric acid (HCl), nitric acid 
 (HNO3), etc. It can be further grouped into dilute acid pretreatment method, concentrated 
acid pretreatment, and organic acid pretreatment methods using acetic acid  (CH3COOH), 
propionic acid  (CH3CH2COOH), formic acid (HCOOH), etc. With dilute acid, the reac-
tion process is usually fast and the acid does not need to be recycled, whereas with con-
centrated acid, the hydrolysis reaction is slow requiring acid recovery due to its toxic and 
corrosive nature. However, very high sugar conversion rate is achieved using strong acid 
with a conversion rate higher than 90% for both cellulose and hemicelluloses (Xu et  al. 
2016). Pretreatments carried out using dilute acids have high hemicellulose sugar recovery 
which makes them suitable for use with biomass that have low amounts of lignin since lit-
tle or no lignin is removed. Other advantages of concentrated acid hydrolysis include mild 
temperature requirement, no need for enzymes subsequent to the acid hydrolysis, and flex-
ibility for different feedstocks (Amenaghawon et al. 2014). Acid pretreatment can be used 
to remove the mineral matter available in the biomass feedstock. Messina et al. (2017) car-
ried out acid pretreatment on peanut shells before pyrolysis to determine its impact on the 
characteristics and yields of the products obtained. The acid pretreatment was performed 
using a solution of 10 wt% hydrochloric acid for 1 h at a temperature of 80 °C, after which 
distilled water was used in rinsing the de-mineralized shells until a pH value of 5.5 was 
reached before they were dried for 24 h at 60 °C temperature. Higher products yield for 
biochar, bio-oil, and biogas were obtained in comparison to that of the untreated pyro-
lyzed peanut shells. The pyrolyzed acid pretreated peanut shells yielded more bio-oil than 
those of untreated peanut shells in the same temperature range. The amount of ash con-
tained in the biochar obtained via the pyrolysis of acid pretreated de-mineralized shells 
was very low compared to that of the biochar obtained from the pyrolysis of untreated 
peanut shells. Due to the lower ash content, biochars produced using acid pretreatment 
would minimize fouling, slagging, and corrosion when used in combustion engines. Gar-
rido et al. (2017) carried out pretreatment of Phragmites australis (referred to as common 
reeds) prior to pyrolysis to examine the effects on the yield, selectivity, and properties of 
the products obtained. Acid hydrolysis (phosphoric acid was used) combined with torrefac-
tion was used for the pretreatment which controlled the product yield and selectivity of the 
pyrolysis process by producing a feedstock rich in cellulose and low in inorganic content. 
The presence of cellulose in high amounts in biomass is of importance because it can cause 
selective pyrolysis to occur leading to the formation of bio-oil rich in chemical components 
derived from cellulose, while serving to enhance the quality of the bio-oil produced. With 
4% phosphoric acid hydrolysis and torrefaction pretreatment, maximum yield and bio-oil 
quality was obtained by decreasing the inorganic content, production of high amounts of 
levoglucosenone, and hindering the formation of aldehyde, acid, and ketones. More so, 
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the biochar yield increased from 24.3% which was obtained from untreated phragmites 
to about 60%–70% after pretreatment with phosphoric acid. They also reported higher 
amount of fixed carbon as well as reduced inorganic matters in the biochar produced using 
acid pretreated biomass.

5.2  Alkaline pretreatment

Alkaline pretreatment mainly involves eliminating the lignin available in the biomass in 
order to improve the reactivity of the residual polysaccharides. The acetyl and other uronic 
acid substitutes present in the hemicellulose which restricts enzymes from accessing the 
surface of the cellulose and hemicellulose are also removed during alkaline pretreatment 
(Holtzapple et  al. 1992). Alkaline pretreatment is mainly performed with dilute alkaline 
solutions (sodium hydroxide (NaOH), calcium hydroxide, Ca(OH)2, ammonium hydrox-
ide  (NH4OH), etc.) under operating conditions of 60  C–90 °C, 10–60 min. retention time, 
1 MPa–3 MPa pressure, and liquid–solid ratio of 1%–2% w/w (Mohammed et al. 2017). Xu 
et al. (2016) reported that alkali-based pretreatment can enhance conversion of lignocel-
lulosic biomass materials, and this was linked to the expansion of lignocelluloses resulting 
in increased internal area, lower crystalline structure and degree of polymerization, and 
the breakdown of chemical bonds within the carbohydrates and lignin and is capable of 
destroying the structure of the lignin. Pretreatment using dilute alkali makes the ensuing 
enzyme hydrolysis easier, while enhancing the reactions of the polysaccharides remaining.

5.3  Ammonia pretreatment

Ammonia pretreatment occurs at elevated temperatures, lowers the lignin content, decrys-
tallizes the cellulose, and removes some hemicelluloses. Examples of ammonia pretreat-
ment methods are ammonia fibre explosion (AFEX), ammonia recycle percolation (ARP), 
and soaking in aqueous ammonia (SAA). In AFEX, liquid ammonia is used in treating the 
biomass (Fig. 4). This technique is usually performed with a ratio of 1 kg–2 kg ammonia/
kg dry biomass held for 30 min. at a temperature of 90 °C. Ammonia fibre explosion pre-
treatment method lowers the amount of lignin, eliminates portions of the hemicellulose, 
and breaks down the crystalline structure of the cellulose (Teymouri et al. 2005). Accord-
ing to (Sendich et al. 2008), more than 90% of the cellulose and hemicellulose can be con-
verted at optimum conditions into valuable product using AFEX for different lignocellu-
lose feedstocks.

More so, the highly volatile nature of ammonia makes it possible for the ammonia to 
be recovered and reused, followed by enzyme hydrolysis of the dried biomass remaining. 
AFEX pretreatment is suitable for herbaceous and agricultural residues. The liquid ammo-
nia rapidly expands leading to the incomplete decrystallization of the cellulose and the 
physical disruption and swelling of the biomass fibres. AFEX makes it easier for the ligno-
celluloses biomass to be broken down through the process of deacetylation.

An important benefit of ammonia pretreatment methods is that inhibitors are not pro-
duced into the downstream biological processes making the use of wash water unnecessary. 
Aqueous ammonia is used for ammonia recycle percolation (ARP) pretreatment method. 
The biomass and aqueous ammonia are made to pass through a compact reactor bed hav-
ing operating conditions of 140 °C–210 °C temperature, 5 mL/min percolation rate, for a 
period of 90 min. (Sun and Cheng 2002). Soaking in aqueous ammonia (SAA) pretreat-
ment method was used by (Kim et al. 2008) for bioethanol production from barley hull. 
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Lower temperatures of 40 °C–90 °C, with increased residence time, were employed for the 
preservation of the xylan and glucan present in the samples before they were fermented by 
the process of SSCF (simultaneous saccharification and co-fermentation).

5.4  Ionic liquid (IL) pretreatment

The use of ionic liquids (ILs) is a promising option for lignocellulosic biomass pretreat-
ment. It is an evolving green chemical that can readily hydrolyze the cell walls of plants 
with the application of moderate heat (Putro et al. 2016). ILs are materials made of nega-
tive and positive ions only, which gives them their unique properties. ILs are referred to 
as green chemicals with unique properties which include high thermal stability, non-flam-
mability, low volatility, efficient recyclability, and less toxicity. Their low vapour pressure 
makes them highly recoverable and reduces the risk of exposure thereby preventing loss of 
solvent due to evaporation (Negi and Pandey 2015). Examples of commonly used ionic liq-
uids are 1,3-dialkylimidazolium, 1-ethyl-3-methylimidazolium acetate, 1-ethyl-3-methyl-
imidazolium chloride, 1-ethyl-3-methylimidazolium diethylphosphate, etc. Studies recently 
carried out using ionic liquid pretreatment methods have been reported in the literature 
(Perez-Pimienta et al. 2015; Elgharbawy et al. 2016; Financie et al. 2016; Papa et al. 2017; 
Raj et al. 2018; Husson et al. 2018).

Fig. 4  Schematic of an AFEX 
equipment set up (Balan et al. 
2009)
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5.5  Organosolv pretreatment

Organosolv pretreatment, an abridged term for organic solvent pretreatment method, is 
commonly used for extracting lignin with high purity containing small amounts of phenolic 
and aliphatic hydroxyl from lignocelluloses materials with the aid of acidic or alkaline cat-
alysts. Organosolv pretreatment method makes it possible for the main constituents of the 
biomass to be used as precursor materials for conversion into biofuels and the production 
of chemicals, while the isolated lignin can be used for other purposes (Putro et al. 2016).

6  Thermal pretreatment

Thermal pretreatment methods for biomass materials include drying, torrefaction, and 
steam explosion. Since most biomass materials contain varying degrees of water in them, 
drying can be used as a pretreatment process to reduce the moisture content in the bio-
mass and also improve the efficiency of pyrolysis process in terms of energy consumption. 
Drying of the biomass before it is used for pyrolysis helps in preventing the feeding sys-
tem from being clogged due to excess moisture in the feedstock and increases the energy 
content of the bio-oil formed (Cummer and Brown 2002). This drying process is referred 
to as torrefaction which requires the application of heat to the biomass in the absence of 
oxygen at a temperature range of 200  °C–300  oC. Energy densification occurs with the 
product obtained containing about 85% of its initial energy value and 70% of its original 
weight (Pach et al. 2002). The modified biomass (torrefied biomass) has several advantages 
over the untreated biomass feedstock such as easier feeding to the pyrolysis reactor, higher 
resistance to biological degradation, higher energy content, and reduction in size.

Steam explosion is frequently used in biomass pretreatment considering its low energy 
consumption and minimal use of chemicals. High-pressure saturated steam is brought in 
contact with the biomass in a reactor for a short interval ranging from seconds to a couple 
of minutes, after which the pressure is abruptly decreased creating an explosive decom-
pression in the feedstock materials with the degradation of hemicelluloses and matrix inter-
ference of the lignin. According to Sun and Cheng (2002), steam explosion is dependent on 
factors such as temperature, residence time, moisture content, size of particle, and has the 
advantages of accommodating the use of larger particle size, avoidance of needless use of 
acid catalyst (unless when softwood is used), and its potential of being applied for indus-
trial purposes. However, a drawback of steam explosion is that some degraded products 
formed during the process can hinder subsequent operations (García-Aparicio et al. 2006).

7  Biological pretreatment

In this process, microorganisms are used in degrading the biomass constituents. Micro-
organisms commonly used are white-rot fungi, soft-rot fungi, and brown-rot fungi. The 
white-rot fungi are generally the most important naturally occurring microorganism for 
the degradation of lignin from lignocellulosic materials due to their extracellular oxidase 
which helps to degrade lignin to into water  (H2O) and carbon dioxide  (CO2). Cellulose 
is mainly degraded by brown-rot fungi with cellulose and lignin degraded by soft- and 
white-rot fungi. The ability of white-rot fungi to degrade lignin is due to the presence of 
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laccase and peroxidases which act as enzymes during the degradation of lignin (Kumar 
et al. 2009). Biological pretreatment method although very slow, have low energy require-
ment, are safe and more environmentally friendly.

8  Biomass pyrolysis

Pyrolysis is a thermal decomposition process that involves the conversion of organic mate-
rials into solids rich in carbon (biochar), condensable liquids (bio-oil), and non-condensa-
ble volatiles (gases) via the application of heat in an oxygen-free environment (Demirbas 
and Gonenc 2002). Pyrolysis is an integral part of biomass thermochemical conversion 
processes. It can be an individual technique to form energy products as well as an initial 
process of gasification and combustion (Sadhukhan et al. 2008). Pyrolysis consists of mul-
tiple spontaneous reactions which are affected by several process variables such as reac-
tor temperature, time of reaction, pyrolysis heating rate, particle size, pressure, biomass 
composition, and moisture content (Slopiecka et al. 2011; Vhathvarothai 2013). Through 
the process of pyrolysis, products rich in energy content can be obtained while serving as 
an efficient means of converting biomass to biofuels (Rasul and Jahirul 2012). Biomass 
pyrolysis process is an intricately linked process comprising of several spontaneous and 
continuous reactions when heat is applied in the absence of air. At temperature conditions 
of 350 °C–550 °C, the biomass constituents begin to degrade and this process continues 
to a temperature of about 800 °C. This results in the breakdown of carbon, hydrogen, and 
oxygen linkages in the biomass, thereby leading to the production of solid, liquid, and 
gaseous pyrolysis products. These reactions can be grouped into primary and secondary 
reactions. The pathway for the primary reaction consists of dehydration and charring reac-
tions. Primary products alongside intermediates are formed during this process. The inter-
mediates obtained during the primary reactions are subjected to secondary reactions which 
breakdown the intermediates. The secondary reaction pathway involves degradation and 
volatilization reactions (Akhtar and Amin 2012). During the process of pyrolysis, the pri-
mary constituents of the biomass do not degrade uniformly. The rate and extent of their 
degradation will depend on the pyrolysis process conditions. Hemicellulose is usually the 
first to undergo degradation, followed by cellulose, then lignin which decomposes under a 
wider range of temperature (Colantoni et al. 2010; Zhang et al. 2010).

The glycosidic bonds that bind the glucose units of cellulose are easily broken under 
conditions of high temperature (Anastasakis et  al. 2011). Thus, cellulose is liable to 
degrade rapidly during the initial stages of pyrolysis resulting in a reduction in its degree of 
polymerization (DP). The formation of furans and levoglucosans is largely attributed to the 
breaking of the glycosidic bonds (Fig. 5). Mettler et al. (2012) determined the distribution 
of products formed during pyrolysis of cellulose and six glycosyl oligomers. Their findings 
revealed that almost the same product categories were obtained from starting materials. In 
another study, Zhou et al. (2014) examined the pyrolysis of cellulose, maltohexaose, cel-
lobiose, and glucose at 500 °C in a micro pyrolyzer. Their findings showed that the yield of 
levoglucosans increased from 8.1 to 54.5% with increase in the degree of polymerization. 
Thus, the formation of levoglucosans was linked with the cleavage of the glycosidic bonds.

The thermal weight loss of cellulose has also been linked to the degree of polymeriza-
tion. The thermogravimetric analysis results presented by Wang et al. (2016), revealed that 
the maximum weight loss occurred at a temperature which was above that of the micro-
crystalline cellulose. This observation was attributed by them to the higher molecular 
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weight of the extracted cellulose. Kim et al. (2010) investigated the thermal degradation 
of some cellulose samples of varying levels of crystallinity. Their results revealed that the 
maximum temperature and initial thermal decomposition temperature obtained from dif-
ferential thermal analysis and derivative thermogravimetric curves increased as the level of 
crystallinity increased.

The complex nature of the structure of hemicellulose could be the reason for the dif-
ference in pyrolysis behaviour when compared to simple monosaccharides. Werner et al. 
(2014) studied the thermal degradation behaviour of some hemicellulose samples such 
as xylan, xyloglucan, glucomannan, galactomannan, arabinogalactan, arabinoxylan, and 
β-glucan. They found that different hemicellulose species displayed different weight loss 
rate behaviour. They, however, noted that the glucan-based hemicellulose species were 
more thermally stable while the xylan-based ones were the least thermally stable.

Compared to cellulose and hemicellulose, lignin possesses an aromatic matrix bound 
together by various linkages with ether linkages being the most prevalent Wang et  al. 
(2016). The ether linkages are generally easy to break to form phenolic compounds. This is 
in contrast with the carbon–carbon linkages which are difficult to break. Thus, the thermal 
decomposition of lignin presents a wider peak in its derivative thermogravimetric curves in 
comparison with cellulose and hemicellulose.

9  Types of pyrolysis

9.1  Slow pyrolysis

Slow pyrolysis usually occurs over a longer period of time using heating rates that are very 
slow, typically less than 10 °C/min to give char, gas, and liquids/bio-oil whose yields are 
dependent on the feedstock and process utilized. Pyrolysis reactors that accept bigger parti-
cle sizes (above 2 mm) can be referred to as a type of slow pyrolysis reactor (Garcia-Perez 
et al. 2010a). Traditional slow pyrolysis is mainly employed when char (charcoal) is the 
preferred product. This process is referred to as carbonization and is the oldest method 
used for the pyrolysis of biomass. A temperature of about 400  °C is used, and the resi-
dence times can be for as long as many days. During carbonization, the vapours are usu-
ally not condensed but can be channelled to supply heat during the carbonization process. 

Fig. 5  Schematic of cellulose decomposition (Kan et al. 2016)
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Torrefaction is another type of slow pyrolysis which uses moderate temperatures of about 
225 °C–300 °C to enhance the heating properties and energy density of the biomass (Prins 
et al. 2006). Gaitán-Álvarez et al. (2018) in their study of torrefied woody biomass reported 
the best torrefaction temperatures to be 200 °C and 225 °C, respectively, for both light and 
medium torrefaction. However, at 250 °C, severe torrefaction was noticed which resulted in 
the degradation of the material.

The product obtained after torrefaction is a dark and dried solid material called torrefied 
biomass. In the course of the torrefaction process, the moisture content and volatiles in the 
biomass material are totally removed resulting in the formation of a material that is richer 
in energy value in comparison to the original material. An advantage of torrefaction is eas-
ier transportation of the biomass since the volume and weight of the biomass is reduced, 
making long haulages of the biomass to where they are needed easier while also reducing 
transportation cost. It is also possible to store the torrefied biomass for an extended period 
without it absorbing water due to their hydrophobic nature.

Conventional pyrolysis on the other hand gives all the three products of pyrolysis (bio-
char, bio-oil, and syngas) in reasonable amounts. It is typically performed at about 600 °C 
using a moderate heating rate. Balagurumurthy et al. (2015) investigated slow pyrolysis of 
rice straw within a temperature range of 300 °C–450 °C under nitrogen environment. The 
optimum temperature was reported as 400 °C for slow pyrolysis of the rice husk. Further 
investigation showed that the yield of bio-oil increased as the temperature increased from 
300 to 400 °C. However, as the temperature was further increased, the yield of the bio-oil 
decreased. Al Arni (2018) also carried out slow pyrolysis on sugarcane bagasse. Heating 
rates of 45 °C/min–50 °C/min, with temperature range of 663 K–1253 K, and residence 
time of 60 min were used. Their results showed that more syngas was produced when the 
temperature was increased. Furthermore, the production of methane rather than hydro-
gen was favoured at the low temperature while hydrogen production was favoured at high 
temperature.

9.2  Intermediate pyrolysis

Intermediate pyrolysis is mainly used to obtain a combination of slow and fast pyrolysis 
products. Slow pyrolysis gives high solid yields with low liquid yields while fast pyroly-
sis gives high liquid yields with low solid yields. Pyrolysis conditions of 300 °C–600 °C 
temperature and 0.1 °C/min–10 °C/min heating rates are usually used. Within this low tem-
perature range, desirable process reactions occur resulting in a wider variable range for 
the optimization of the process. Typical yields obtained from intermediate pyrolysis are 
15%–25% (biochar), 40%–60% (bio-oil), and 20%–30% (gas) (Tripathi et  al. 2016). The 
bio-oil produced from intermediate pyrolysis contains low amounts of tars and low viscos-
ity unlike that obtained from fast pyrolysis. Varying particle sizes can be used in intermedi-
ate pyrolysis unlike fast pyrolysis where finely ground particles are required.

9.3  Fast pyrolysis

Fast pyrolysis involves the use of very high heating rates, very short residence time, and 
prompt vapour cooling to obtain bio-oil with high yields. Bio-oil is the primary product 
obtained from fast pyrolysis with 70%–80% product yields obtained (Demirbas and Gonenc 
2002; Sukumar et al. 2015). In fast pyrolysis, biomass with small particle sizes is used in 
order to quickly attain maximum temperatures which prevent the occurrence of secondary 
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reactions. Nonetheless, biomass with bigger particle sizes can also be used through a pro-
cess called ablative pyrolysis (Luo et al. 2017a).

During the fast pyrolysis process, rapid degradation of the biomass occurs with the 
formation of essentially vapours and aerosols, and little amounts of chars and gas. These 
vapours and aerosols condense after cooling to form a single-phase liquid with a darkish 
brown appearance having a calorific value which is roughly half of the value present in oils 
obtained from fossil sources. Biomass materials with little ash contents produce bio-oil 
with higher yields. It is important to note that for fast pyrolysis with focus on high liquid 
yield, small particle size of the biomass feedstock (usually less than 3 mm) is required to 
ensure very high heat transfer during the pyrolysis reaction since biomass generally have 
low thermal conductivity (Bridgwater 2012a). Secondary cracking reactions can be mini-
mized using very short reaction time (less than 2 s) followed by speedy cooling of the hot 
vapours. Pyrolysis conditions of about 500 °C temperature are suitable for most biomass 
materials to obtain bio-oil with high yields. The need to develop advanced fast pyrolysis 
processes has gained wider recognition due to renewed interest in the area of bio-oil pro-
duction from biomass. Fast pyrolysis offers a reliable and convenient means of converting 
low value biomass materials into bio-oil and numerous useful products. Fast pyrolysis pro-
cesses are usually performed using bubbling fluidized bed or circulating fluidized bed reac-
tors. Al Arni (2018) compared fast and slow pyrolysis of sugarcane bagasse. Heating rates 
of 120 K/min–127 K/min, residence time of 20 min., and temperature of 653 K–1053 K 
were used for the fast pyrolysis. They observed that as the temperature increased, the losses 
and solid yield also increased. However, the highest loss recorded was less than 15%, but 
this was nevertheless higher than what was recorded for the case of conventional pyrolysis. 
The loss was attributed to the longer residence time adopted.

9.4  Flash pyrolysis

Fast pyrolysis adopts high heating rates for the conversion of biomass to value-added prod-
ucts, mainly bio-oil. In contrasts with the other types of pyrolysis, flash pyrolysis utilizes 
even higher heating rates and the main products are gases and bio-oil. Flash pyrolysis is 
gaining popularity as a suitable medium for the production of liquid fuels from biomass 
using very high temperature and shorter reaction time with the sole aim of avoiding the 
re-polymerization of decomposed products (Akhtar and Amin 2012). With flash pyroly-
sis, it is possible to achieve above 75% bio-oil yields (Demirbas and Gonenc 2002). The 
flash pyrolysis process usually involves fast devolatilization of the biomass in an oxygen-
deficient environment, occurring under high temperature (about 1000 °C) and high heating 
rates within a very short time. Madhu et al. (2016) reported bio-oil yield of about 48.2% 
at a temperature of 500 °C, 1 mm particle size, and 2  m3/h sweep gas flow rate using flash 
pyrolysis. Technological limitations of flash pyrolysis process are poor thermal stability, 
high acidity and viscosity of the bio-oil, production of pyrolytic water, presence of char in 
the bio-oil, and the dissolution of alkali in the char (Cornelissen et al. 2008). Table 2 sum-
marizes the major differences between slow, fast, and flash pyrolysis. 

9.5  Hydro pyrolysis

Hydropyrolysis is an emerging technique used for the production of bio-oil with high qual-
ity from biomass. It is a pyrolysis process that takes place in an inert environment with 
hydrogen as the inert gas. The biomass material alongside hydrogen is introduced into the 



14338 A. N. Amenaghawon et al.

1 3

Ta
bl

e 
2 

 D
iff

er
en

t t
yp

es
 o

f p
yr

ol
ys

is
 p

ro
ce

ss
es

 B
oy

t (
20

03
)

M
et

ho
d

Te
m

pe
ra

tu
re

 (°
C

)
Re

si
de

nc
e 

tim
e

H
ea

tin
g 

ra
te

 (°
C

/s
)

M
aj

or
 p

ro
du

ct
s

C
on

ve
nt

io
na

l/s
lo

w
 p

yr
ol

ys
is

M
ed

iu
m

–h
ig

h 
40

0–
50

0
Lo

ng
 5

–3
0 

m
in

Lo
w

 1
0

G
as

es
, c

ha
r, 

bi
o-

oi
l (

ta
r)

Fa
st 

py
ro

ly
si

s
M

ed
iu

m
–h

ig
h 

40
0–

65
0

Sh
or

t 0
.5

–2
 s

H
ig

h 
10

0
B

io
-o

il 
(th

in
ne

r)
, g

as
es

, c
ha

r
U

ltr
a-

fa
st/

fla
sh

 p
yr

ol
ys

is
H

ig
h 

70
0–

10
00

Ve
ry

 sh
or

t <
 0.

5 
s

Ve
ry

 h
ig

h >
 50

0
G

as
es

, b
io

-o
il



14339Biomass pyrolysis technologies for value‑added products:…

1 3

reactor at above atmospheric pressures (about 5 MPa–20 MPa). The presence of hydrogen 
helps in hindering the formation of free radicals resulting in a reduction in the number 
of unsaturated hydrocarbons and an increase in the bio-oil quality produced (Dhyani and 
Bhaskar 2017). Hydropyrolysis can be referred to as a type of fast pyrolysis occurring in 
a hydrogen-based environment under high pressure due to its similar process conditions: 
temperature, heating rate, reaction time interval, with that of fast pyrolysis (Tripathi et al. 
2016). Balagurumurthy et al. (2015) used hydropyrolysis for their study. Rice straw was 
pyrolysed in a hydrogen environment. The optimum temperature was reported to be 400 °C 
at a high pressure of 30 bars. The bio-oil obtained was more selective to phenolic com-
pounds. However, the yield of the bio-oil obtained was lower compared to the bio-oil yield 
obtained at the same conditions using nitrogen environment.

10  Pyrolysis products

10.1  Biochar

Biochar is obtained after pyrolysis alongside amounts of ash and unconverted biomass. 
Biochar is the carbonaceous and porous solid product of the pyrolysis process. The pro-
cess conditions under which the pyrolysis occurs determines its composition. The use of 
high temperature increases the carbon content in the biochar while the type of biomass 
used determines the amount of ash present in the char (Anca-Couce 2016). The decom-
position of hemicelluloses and lignin under the application of heat causes the volatiles in 
the material to be lost, after which a solid-amorphous carbon structure known as biochar is 
produced. About 10%–35% yields of biochar can be obtained based on the type of biomass 
used and the process conditions under which the pyrolysis was performed, which consists 
mainly of carbon, hydrogen, and several inorganic matter. As pyrolysis occurs, the aroma-
ticity of the material increases while the functional groups which have oxygen attached to 
them reduce, thus making the material hydrophobic and also increasing its energy content 
(Kloss et al. 2012). No sudden modification in the internal structure of the biochar occurs 
at low heating rates. At low heating rates, the structure is similar to that of the starting 
material which permits volatiles to be released due to its porous nature. However, as the 
temperature increases to 400 °C and above, distinct changes begin to occur in the morphol-
ogy of the material and the surface area of the biochar increases. At temperatures between 
600 and 800  °C, biochar with very high surface areas is obtained from woody biomass 
(Vhathvarothai 2013). The application of high heating rates causes the walls of the material 
to melt and the cellular structure of the material to be lost (Guerrero et al. 2005). Above 
800 °C, the structural order of the material increases as the micropores within the material 
collapses, thereby decreasing the surface area of the biochar (Antal and Grønli 2003).

Properties of biochar can be determined by characterizing the biochar produced. Biochar 
is made up of carbon, hydrogen, nitrogen, oxygen, inorganics, with little or no sulphur. The 
particular composition of these elements as well as the physical, chemical, and mechanical 
properties of biochar vary from one feedstock to another (Kan et al. 2016). Some impor-
tant properties of biochar are its porosity and pore size distribution, density, surface area, 
high reactivity, ease of storage, and surface functional groups (Laird et al. 2009). To pro-
duce biochars with high elemental carbon, biomass materials with low oxygen-to-carbon 
(O/C) and hydrogen-to-carbon (H/C) ratios are required (Nsamba et  al. 2015). Biochars 
from soft and hard woods usually have low ash and intermediate ash contents, respectively, 
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while biochars obtained using corn/wheat stover produce high amounts of ash (Laird et al. 
2009). Table 3 summarizes the characteristics of biochar obtained from different feedstock 
materials.

Biochar as it were can be used as solid fuel for heating and combustion purposes. 
The unique microscopic nature of the surface of the biochar produced during pyrolysis 
bequeaths it with special properties which can be taken advantage of for filtration as well 
as adsorption of organic and inorganic contaminants, particularly after activation of the 
chars with mineral acids, bases, and salts (Kan et al. 2016). Biochar can serve as raw mate-
rial for the production of chemicals, carbon nanotubes, hydrogen rich gas, and soil addi-
tives (Laird et al. 2009; Wang and Lee 2018; Nathaniel et al. 2013). Biochar can be utilized 
as carbon sink for carbon sequestration thus mitigating the emissions of greenhouse gases. 
It can also be used as soil amendment to improve soil properties, increase soil nutrients, 
and soil fertility (Nsamba et al. 2015; Rondon et al. 2007). The increase in soil fertility as 
a result of biochar addition further increases the productivity of crops and also reduces the 
use of chemical fertilizers (Brownsort 2009). It also finds application in energy generation 
through direct combustion as substitute for coal to produce heat or co-fired in existing coal-
fired plants (Roy and Dias 2017). Biochar can be used for combustion purposes. It has a 
heating value of about 18 MJ/kg with low sulphur content which makes it suitable for both 
domestic and industrial combustion processes. Biochar can suitably be used as adsorbent 
for the removal of odorants from air streams and as feedstock in the steel industry during 
the smelting of iron ores (Laird et al. 2009). The similar electrical properties of biochar to 
graphite make it suitable for potential use as a semi-metal. More so, emerging researches 
on the production and application of charcoal/biochar is a sign of wider and further interest 

Table 3  Characteristics of representative biochar obtained from different feedstock materials (Dhyani and 
Bhaskar 2017; Wang and Lee 2018)

Feedstock material Composition (%)

Carbon Hydrogen Nitrogen Sulphur Oxygen Ash

Almond shells 87.90 2.5 1.10 0.50 7.80 2.80
Bamboo 76.67 1.69 0.57 0.28 5.81 8.70
Corn stover 56.70 1.89 0.75 0.22 – 5.00
Beech 73.60 3.40 0.20 – 6.30 –
Corn cobs 67.70 3.20 0.50 – 9.20 –
Iroko 68.40 3.40 0.20 – 15.30 –
Eucalyptus 79.50 2.77 0.17 0.27 – 5.00
Olive husk 78.68 2.83 0.98 0.032 12.88 –
Rice husk 51.52 2.14 0.46 0.021 9.77 –
Banana leaves 48.00 3.20 1.20 0.33 – 23.50
Spruce 72.90 3.30 0.20 – 12.80 –
Switch grass 87.23 2.71 1.33 0.00 8.73 –
Rice straw 67.89 1.50 1.12 0.28 8.96 –
Sugarcane 41.30 2.90 0.40 0.10 – 33.80
Grape seeds 84.70 1.30 1.60 0.30 12.10 13.10
Wheat straw 64.27 2.39 0.48 0.30 14.31 –
Miscanthus 44.30 5.73 0.46 – 49.51 8.79
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in the applications and usage of biochar as solid fuels, adsorbents, soil conditioners, among 
others (Antal and Grønli 2003; Yaman 2004).

10.2  Pyrolysis gas

Pyrolysis gases consist of hydrogen  (H2), carbon monoxide (CO) (commonly referred to 
as syngas), carbon dioxide  (CO2), nitrogen  (N2), methane  (CH4), ethene  (C2H4), ethane 
 (C2H6), etc. The distribution of these gas constituents is dependent on the type of biomass 
used and the operating conditions under which the pyrolysis is performed. Varma and 
Mondal (2017) obtained gaseous products after pyrolyzing sugarcane bagasse at a tem-
perature of 500 °C with the following composition:  H2 (5.7 mol %),  CO2 (36.8 mol%),  CH4 
(11.9 mol%), and CO (45.6 mol%). At higher temperatures, the cracking of hydrocarbons 
produces hydrogen  (H2), while further breakdown of partly oxygenated compounds results 
in CO and  CO2 formation which signify that oxygen is present. The formation of  C2H4, 
 CH4,  C2H6 can be attributed to reforming and cracking reactions of tars and heavy hydro-
carbons present in the vapour phase (He et  al. 2010). Pyrolysis gas yield of about 35% 
can be obtained when slow pyrolysis is used. Higher gas yields can be achieved with flash 
pyrolysis at high temperatures (Kantarelis and Zabaniotou 2009). Al Arni (2018) obtained 
maximum gas yield of 41% using slow pyrolysis at a temperature of 1143 K. Imam and 
Capareda (2012) reported syngas yield of 26% at 600  °C from the pyrolysis of switch 
grass. In another study, Wang and Lee (2018) investigated the fast pyrolysis of Miscanthus 
in a fluidized bed reactor. They reported an increasing trend of pyrolysis gas yield with 
respect to pyrolysis temperature during the process and recorded a maximum gas yield of 
about 60% at a temperature of 550 °C.

The production of pyrolysis gas is mainly dependent on the pyrolysis temperature which 
also affects the pyrolysis process and quantity of product yields obtained. Increase in the 
pyrolysis temperature first causes the moisture content present in the biomass to be given 
off, followed by the devolatilization and decomposition of the biomass. This leads to the 
release of volatile matters and the formation of tars which pass through several reform-
ing and cracking reactions (deoxygenation, decarbonylation, decarboxylation, dehydroge-
netaion) to produce the gaseous products (Kantarelis and Zabaniotou 2009; Jahirul et al. 
2012). Thus, more tar-to-pyrolysis gas conversion occurs as the temperature increases 
thereby increasing the product gas yield while the biochar and bio-oil yields decreases 
(Fegbemi et  al. 2001; International Energy Agency (IEA). Pyrolysis Reactors. IEA Bio-
energy Task   (2020) Available online a https ://task3 4.ieabi oener gy.com/pyrol ysis-react 
ors/ 2020). The presence of moisture in the biomass affects the transfer of heat during the 
pyrolysis process and also reduces the quantity of gas produced. The same observation was 
recorded by Hodgson et al. (2010) who investigated the impact of fertilizer application of 
the biomass characteristics of Miscanthus.

Pyrolysis gases can be used as supplementary energy source to the reactor during 
pyrolysis. The amount of hydrogen available in the pyrolysis gas can be increased with the 
introduction of catalysts. This hydrogen fuel can be further applied in heating and trans-
portation operations (Chen et al. 2003a). Pyrolysis gases can also be used in combustion 
engines and gas turbines for the generation of power and as an alternative to cooking gas. 
This is because of its higher heating value which exceeds that of conventional gasification 
gas (Chen et al. 2003b). It is possible to retrofit available engines which are powered with 
diesel and petrol fuels from crude oil to run on gaseous fuels obtained from pyrolysis for 
transportation purposes, power generation, and heating operations.

https://task34.ieabioenergy.com/pyrolysis-reactors/
https://task34.ieabioenergy.com/pyrolysis-reactors/
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10.3  Bio‑oil

Bio-oil is the liquid product formed during pyrolysis. It is the main product of fast/
flash pyrolysis of biomass with yields as high as 70%–80% (Meier and Faix 1999). It is 
basically a combination of about 80% polar organics and 20% water. Bio-oil consists of 
several compounds and different functional groups which include phenolic compounds, 
carboxylic acids, alcohols, hydroxyketones, esters, hydroxyaldehydes, sugars/anhydro-
sugars, lignin-derived oligomeric compounds, and furan/pyran ring derivatives (Pat-
wardhan 2010). Bio-oil produced over an extended temperature interval and residence 
time of about 5 s are more suitable for use as liquid fuels even though a reduction in the 
yield may occur due to the secondary reactions of volatiles which occurs beyond 500 °C 
and the condensation reactions of the vapours taking place below 400 °C. When very 
short residence times are used, the depolymerization of the lignin content in the bio-
mass is not completed as a result of inter-reactions and random bond formations of the 
lignin macromolecule. However, using longer residence time can give rise to secondary 
cracking of the primary products which significantly affects the properties of the bio-oil 
and the yield obtained (Bridgwater et al. 1999; Xiao and Yang 2013). Some oligomeric 
fractions of lignin can also be found in bio-oil in appreciable amounts, and they are usu-
ally characterized by high molecular weight (Zhang et al. 2006). The major components 
of bio-oil produced from some selected feedstock materials are summarized in Table 4.

On the other hand, the physicochemical properties that characterize bio-oil include 
oxygen content, moisture content, viscosity, acidity, and ash content as summarized in 
Table 5 (Kan et  al. 2016). Bio-oil is characterized by high water content (15%–30%), 
and this is usually dependent on the type of biomass used and the operating condi-
tions under which the pyrolysis was carried out (Patwardhan 2010). However, mois-
ture content as high as 40–60% was reported by (Heo et al. 2010) for bio-oil produced 
via pyrolysis of furniture sawdust. Increase in moisture content of the bio-oil produced 
particularly from woody feedstock materials has been attributed to the occurrence of 
etherification and esterification reactions within the bio-oil components (Czernik et al. 
1994). Bio-oil is also characterized by high oxygen content (35–40%), and this distin-
guishes it from other hydrocarbon fuels. Other properties include low pH value (< 3), 
low stability, high acidity (which makes it corrosive), wide range of volatility distribu-
tion, and viscosity (35–1000 cP at 40 °C) (Patwardhan 2010). The high energy density 
of bio-oil potentially makes it suitable for use in many applications such as heat, power, 
transportation fuels, and chemicals (Fig.  6) (Brownsort 2009; Sadhukhan et  al. 2008; 
Vhathvarothai 2013; Akhtar and Amin 2012; Colantoni et al. 2010).

Bio-oil can be used in boilers and combustion engines for heat and power generation. It 
can be co-fired with fossil fuel which leads to higher efficiency and lower investment cost 
when compared to setting up wholly biomass plants (Lehto et al. 2014). Bio-oil can be fur-
ther refined to produce other liquid fuels like diesel and ethanol or blended with them (Roy 
and Dias 2017). Bio-oil can serve as feedstock for the production of useful chemicals com-
pounds like olefins and aromatics via hydroprocessing or hydrocracking and as petroleum 
fuel substitutes (Zhang et al. 2014a). Other applications are recovery of commodity chemi-
cal from pyrolysis liquids like calcium salts for use in the de-icing of roads and recovery of 
phenolics which is utilized in phenol–formaldehyde resins (Diebold and Bridgwater 1997). 
The composition of bio-oil composition makes it a potential precursor for the production 
of chemicals. However, separating these products in an economical way for the chemical 
market and for use as liquid fuels is still a challenge (Meier and Faix 1999).
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Bio-oil is usually regarded as a crude product which needs to be upgraded through fur-
ther processing into high quality liquid fuels and chemicals (Nathaniel et al. 2013). Bio-oil 
produced during biomass pyrolysis usually have high amount of oxygen and high mois-
ture content (15%–60%) (Bridgwater 2012b) which affects its performance in combustion 
engines when used directly, thereby reducing its suitability as a substitute for conventional 
petroleum fuels (Collard and Blin 2014). Bio-oil from biomass pyrolysis has low stability 
with a tendency to form a gel when left for a period of time under cold conditions due to 
its acidic nature. It is also corrosive requiring the use of stainless steel and other corro-
sion-resistant materials when burnt directly in boilers and other combustion engines. Thus, 
there is need to improve the oil stability and reduce its acidity (Laird et al. 2009). These 
challenges can be overcome by upgrading the bio-oil to improve its quality. Bio-oil can be 
upgraded to meet the quality of fossil-derived transportation fuels. However, more research 
is still required to fully develop the process. Fisher-Tropsch fuels and methanol which are 

Table 5  Physicochemical 
properties of bio-oil (Oasmaa 
et al. 2009)

Property Value

Nitrogen (%)  < 0.4
Sulphur (%)  < 0.005
Ash (%) 0.01–0.1
Moisture content (%) 20–30
Suspended solids (%)  < 0.5
pH 2–3
Viscosity at 40 °C (cSt) 15–35
Density (kg/dm3) 1.10–1.30
Flash point (oC) 40–110
Pour point (oC) −9 to −36
Lower heating value (MJ/kg) 13–18

Fig. 6  Application routes for different pyrolysis products (Dhyani and Bhaskar 2017)
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useful transport fuels can be obtained from bio-oil using synthesis gas techniques (Jahirul 
et al. 2012).

Bio-oil upgrading can be carried out using physical upgrading methods. The viscos-
ity of the oil can be improved by adding little amounts of suitable solvents. For instance, 
when alcohols are used as solvent, the calorific content and storage properties of the bio-
oil are increased. However, modifications would be needed on the equipment where this 
bio-oil will be used in other to accommodate its chemical properties (Ringer et al. 2006). 
During physical upgrading, the separation of char present in the bio-oil can be accom-
plished using cold or hot filtration methods and the volatile products can be removed using 
steam-stripping.

Chemical upgrading can be used to obtain bio-oil with properties similar to that of 
petroleum fuels, thereby eliminating the need for modifying end-use devices. Chemical 
upgrading basically involves the deoxygenation and subsequent reforming of the remain-
ing hydrocarbons. This can be achieved via catalytic cracking and catalytic hydrotreating 
(full hydrotreating and mild hydrotreating) (Ringer et al. 2006). Hydrotreating is a simple 
non-destructive process that involves the use of hydrogenation to upgrade the quality of 
bio-oil. This is borne out of the fact that the fuel properties of a fuel typically increase with 
an increase in the level of hydrogen. This process can be accomplished under atmospheric 
conditions and temperatures of about 500 °C. Several researchers have adopted this proce-
dure in the upgrading, and the operating conditions and kinetics were evaluated (Su-Ping 
2003; Sheu et  al. 1988; Wang et  al. 2011; Leng et  al. 2013). Considering the intended 
application, chemical or physical upgrading can be carried out to make the bio-oil more 
stable, increase the heating value, minimize char, and ash content, reduce viscosity and 
acidity, and make it more suitable for blending with fossil fuels. Table 6 summarizes the 
typically used upgrading techniques for improving the quality of bio-oil. The merits and 
demerits of each techniques are also provided.

Bio-oil can also be upgraded via catalytic cracking using bifunctional or metallic cat-
alysts. This process is characterized by the production of large amounts of lighter prod-
ucts, but is, however, possible only at conditions of high temperature and pressure which 
severely affects the economics of the process (Xiu and Shahbazi 2012). Zhang et  al. 
(2014b) examined the upgrading of bio-oil produced from pyrolysis of Aspen lignin, and 
they reported a significant increase in the heating value of the resulting product. In another 
study, Adjaye and Bakhshi (1995) reported hydrocarbon content as high as 89% in the 
organic distillate fraction obtained after upgrading pyrolysis oil from maple wood in the 
presence of alumino-silicate catalysts.

Steam reforming has also been investigated as an option for upgrading bio-oil. This pro-
cess entails the conversion of hydrocarbons in the bio-oil to syngas (a mixture of hydrogen 
and carbon monoxide) by reacting it with steam at high temperatures. This route to bio-
oil upgrading has been extensively studied by the National Renewable Energy Laboratory 
(NREL) (Wang et al. 1997, 1998; Czernik et al. 2007).

A number of chemical substances such as phenol, triacetonamine, volatile organic acids, 
n-alkanes, etc., can be extracted from bio-oil and these find applications as resins, asphalt 
binder, wood flavour, etc. (Fini et al. 2010; Gallivan et al. 1980; Cao et al. 2010).

Bio-oil upgrading via emulsification is an important procedure to adopt if the oil is 
intended for use as a transportation fuel. In its natural form, bio-oil is not miscible with 
hydrocarbon fuels, but this can be remedied through the application of suitable surfactants. 
This process has been investigated by several researchers, and positive results were 
reported (Chiaramonti et  al. 2003; Ikura et  al. 2003; Jiang and Ellis 2009; Garcia-Perez 
et al. 2010b).



14346 A. N. Amenaghawon et al.

1 3

Ta
bl

e 
6 

 S
um

m
ar

y 
of

 te
ch

ni
qu

es
 u

se
d 

fo
r b

io
-o

il 
up

gr
ad

in
g 

X
iu

 a
nd

 S
ha

hb
az

i (
20

12
)

M
et

ho
d

O
pe

ra
tin

g 
co

nd
iti

on
s

D
es

cr
ip

tio
n

M
er

its
D

em
er

its

H
yd

ro
tre

at
in

g
Lo

w
 p

re
ss

ur
e 

an
d 

te
m

pe
ra

tu
re

s 
ar

ou
nd

 5
00

 °C
. T

yp
ic

al
ly

 d
on

e 
in

 
th

e 
pr

es
en

ce
 o

f c
at

al
ys

ts

Th
e 

bi
o-

oi
l s

am
pl

e 
is

 h
yd

ro
ge

na
te

d 
w

ith
ou

t c
ra

ck
in

g
Ec

on
om

ic
al

ly
 a

ttr
ac

tiv
e 

an
d 

co
m

-
m

er
ci

al
ly

 v
ia

bl
e

C
ha

ra
ct

er
iz

ed
 b

y 
th

e 
ge

ne
ra

tio
n 

of
 

hi
gh

 a
m

ou
nt

s o
f c

ok
e.

 F
ue

l q
ua

lit
y 

ob
ta

in
ed

 is
 n

ot
 to

o 
de

si
ra

bl
e

C
at

al
yt

ic
 c

ra
ck

in
g

H
ig

h 
pr

es
su

re
 a

nd
 te

m
pe

ra
tu

re
 

ar
ou

nd
 3

50
 °C

. C
at

al
ys

ts
 a

re
 a

ls
o 

re
qu

ire
d

H
yd

ro
ge

na
tio

n 
of

 th
e 

bi
o-

oi
l s

am
-

pl
e 

ac
co

m
pa

ni
ed

 b
y 

cr
ac

ki
ng

M
or

e 
lig

ht
er

 p
ro

du
ct

s a
re

 fo
rm

ed
C

ap
ita

l i
nt

en
si

ve
. T

he
re

 is
 a

ls
o 

th
e 

pr
ob

le
m

 o
f c

at
al

ys
t d

ea
ct

iv
at

io
n

St
ea

m
 re

fo
rm

in
g

Ve
ry

 h
ig

h 
te

m
pe

ra
tu

re
s a

re
 re

qu
ire

d 
in

 th
e 

ra
ng

e 
of

 8
00

–9
00

 °C
. A

ls
o 

ca
rr

ie
d 

ou
t i

n 
th

e 
pr

es
en

ce
 o

f a
 

ca
ta

ly
st

U
pg

ra
di

ng
 o

f b
io

-o
il 

ta
ke

s p
la

ce
 

th
ro

ug
h 

ca
ta

ly
tic

 st
ea

m
 re

fo
rm

a-
tio

n 
ac

co
m

pa
ny

in
g 

th
e 

w
at

er
–g

as
 

sh
ift

 re
ac

tio
n

H
yd

ro
ge

n,
 a

 c
le

an
 so

ur
ce

 o
f e

ne
rg

y 
is

 a
 m

aj
or

 p
ro

du
ct

Th
e 

pr
oc

es
s i

s c
om

pl
ex

Em
ul

si
fic

at
io

n
D

on
e 

un
de

r m
ild

 c
on

di
tio

n 
in

 th
e 

pr
es

en
ce

 o
f a

 su
rfa

ct
an

t
Th

e 
su

rfa
ct

an
ts

 fa
ci

lit
at

e 
th

e 
m

ix
in

g 
of

 b
io

-o
il 

w
ith

 d
ie

se
l

Th
e 

pr
oc

es
s i

s n
ot

 c
om

pl
ic

at
ed

C
ha

ra
ct

er
iz

ed
 b

y 
hi

gh
 e

ne
rg

y 
re

qu
ire

-
m

en
t

C
he

m
ic

al
 e

xt
ra

ct
io

n
D

on
e 

un
de

r m
ild

 c
on

di
tio

n 
in

 th
e 

pr
es

en
ce

 o
f a

 su
ita

bl
e 

so
lv

en
t

In
vo

lv
es

 so
lv

en
t e

xt
ra

ct
io

n 
or

 d
ist

il-
la

tio
n

Va
lu

ab
le

 c
he

m
ic

al
s c

an
 b

e 
ex

tra
ct

ed
St

ill
 c

ha
ra

ct
er

iz
ed

 b
y 

hu
ge

 c
ap

ita
l a

nd
 

op
er

at
in

g 
co

sts



14347Biomass pyrolysis technologies for value‑added products:…

1 3

11  Characterization of pyrolysis products

Characterization refers to the process of elucidating the properties of a substance. Methods 
typically adopted include spectroscopy, microscopy, calorimetry, light or radiation scat-
tering, chromatography, gravimetric procedures. A host of analytical methods have been 
adopted to elucidate the physical and chemical characteristics of bio-oil, biochar, and gases 
produced during pyrolysis, and this is summarized in Table 7.

Chen et  al. (2016) analysed the water content of bio-oil using Karl-Fischer titration 
method, while an elemental analyzer was used to carry out the ultimate analysis. Gas chro-
matography–mass spectrometer (GC–MS) was used to analyse the organic components 
present in the bio-oil. From the results they reported, over a hundred compounds were 
identified which were grouped into seven categories: anhydrosugars, phenols, ketones, 
aldehydes, acids, furans, and hydrocarbons. In another study, Açıkalın and Karaca (2017) 
used FTIR and GC–MS analyses to characterize the bio-oil produced from the pyrolyzed 
walnut shells. The results obtained showed that the bio-oil comprised of several oxygen-
ated compounds and aromatics which included ketones, aldehydes, carboxylic acids, phe-
nols with other 32 compounds identified. The carbon distribution and molecular weight of 
the compounds were reported to be between  C2–C10 and 60–182 g/mol, respectively. Imam 
and Capareda (2012) obtained highly oxygenated bio-oil (37%) which had a high heating 
rate of 36.3  MJkg−1. The viscosity of the bio-oil was observed to be very high (10 cST) 
when compared to that of diesel (2.1) and gasoline (0.12). The liquid product (bio-oil) had 
two distinct phases: an oil phase and an aqueous phase. After analysing both phases, it was 
observed that the oil phase comprised of phenols, acids, hydrocarbons, ketones, alcohols, 
and aromatics making it a complex mixture while the aqueous phase had acetic acid and 
branched ketones as the main composition.

Wang and Lee (2018) utilized FTIR and GC–MS to analyse the products of Miscanthus 
pyrolysis carried out in a fluidized bed reactor. A bio-oil yield of 34.3% was obtained and 
the oil had a higher heating value of 11.05  MJkg−1. The viscosity of the oil was reported as 
1.57 cSt. FTIR and GC–MS analyses revealed the presence of ketones, alcohols, phenols, 
alkanes, aldehydes, organic acids. In a similar study, Bok et al. (2013) evaluated the yields 
and product characteristics of bio-oil produced via fast pyrolysis of Miscanthus in a fluid-
ized bed reactor. The highest yield of bio-oil was recorded as 48.9 wt% at 500 °C and 50.01 
wt% at 450 °C in rectangular and cylindrical reactors, respectively. Furthermore, GC–MS 
analysis revealed that the bio-oil contained compounds such as phenols, furans, non-aro-
matic ketones, sugars, guaiacols, etc.

Scanning electron microscopy (SEM), energy-dispersive X-ray spectroscopy 
(EDX), or a combination of SEM–EDX can be used to carry out surface and elemen-
tal analysis of the biochar produced. BJH method (Barrett Joyner Halenda) is suitable 
for determining the pore distribution of the biochar. The thermal degradation of the 
material can be performed by thermogravimetric analysis (TGA) and/or differential 
scanning calorimetry (DSC). BET (Brunauer, Emmet, and Teller) analysis is also a 
surface analysis technique that is used to determine the surface area and pore structure 
of the biochar. X-ray diffraction (XRD) analysis can be used to determine the crystal-
line nature of the biochar. Fourier transform infrared spectroscopy (FTIR) which is an 
analytical method can be used to characterize the solid product (biochar produced) by 
determining the functional groups and other compounds which are present. X-ray fluo-
rescence (XRF), a non-destructive procedure, can also be used to analyse the elemen-
tal composition of the biochar. Imam and Capareda (2012) using Brunauer, Emmett, 
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and Teller (BET) analyses calculated the pore volume and surface area of the biochar 
produced. After degassing the biochar samples at a temperature of 300  °C for 12  h, 
adsorption measurements were carried out. The biochar surface area was reported to 
have increased from 0.1 to 1.0  m2/g as the temperature increased from 400 to 600 °C. 
The total pore volume per gram was 0.7  cm3/g at 500  °C–600  °C, with higher heat-
ing values (HHV) of 29.4  MJ/kg obtained from the biochar at 600  °C. (Chen et  al. 
2016) characterized the biochar obtained in their study as follows. A bomb calorimeter 
was used to calculate the higher heating value of the biochar, while surface analysis to 
determine the specific surface area and pore distribution of the biochar were performed 
using BET method. A sample mass of 0.35 mg was measured out, then degassed at a 
temperature of 300  °C for 15  h after which the nitrogen adsorption isotherm of the 
sample was recorded at −196 °C. Specific surface area of 411.06  m2/g and total pore 
volume of 0.1819  cm3/g which were the maximum values recorded were obtained at 
a heating rate of 30 °C/min. Varma and Mondal (2017) used the following method to 
characterize the biochar obtained in their study from the pyrolysis of sugar bagasse. 
FTIR spectrometer using pellet technique was used for measuring the biochar infrared 
spectra. A bomb calorimeter was also used to calculate the higher heating rate of the 
biochar, and a thermogravimetric analyzer was used for the thermal analysis of the 
biomass feedstock and biochar product. X-ray diffraction (XRD), field emission scan-
ning electron microscope, and energy-dispersive X-ray (EDX) were also used in char-
acterizing the biomass and biochar. The results obtained for fixed carbon, ash content, 
pH value, and HHV were 59.75%, 16.25%, 8.1, and 24.31 MJ/kg, respectively. From 
the FTIR spectra of biochar, the numbers of peaks representing the biochar structure 
were observed to have high peaks at 1589 cm−1 attributed to the stretching vibrations 
of double carbon bonds which is an indication that alkenes and aromatics are present 
in the biochar. In another study, Scholze and Meier (2001) utilized FTIR technique to 
understand the ageing processes of pyrolysis oil. FTIR analysis was also used by Yin 
et al. (2013) to characterize bio-oil and biochar obtained via the fast pyrolysis of sweet 
sorghum. With this method, they were able to investigate the changes in the chemical 
composition of the feedstock in the course of fast pyrolysis. For the XRD analysis, part 
of the cellulose crystalline structure was lost indicating that degradation of the cel-
lulose occurred during the pyrolysis process, while EDX analysis showed that the bio-
char comprised of several inorganic elements including N, Na, K, Si, Al, Ca, Fe, and 
Mg which are essential nutrients required for fertile soils making them suitable as soil 
amendments. Pore volume of 0.011  cm3/g, BET surface area of 10.85  m2/g, and pore 
size of 4.37 nm were obtained after characterizing the biochar.

For characterization of the gaseous products, gas chromatography (GC), and mass 
spectrometry (MS) are usually used. FTIR can also be used. Jie et al. (2008) investi-
gated the pyrolysis of waste printed circuit board under conditions of varying tempera-
ture. The gases produced which mainly comprised of CO,  CO2,  H2,  CH4 and in small 
part of  O2 were quantified using GC–MS. It was also observed that increasing the tem-
perature increased the composition of  CH4 and  H2 in the pyrolytic gas stream (Fig. 7). 
Varma and Mondal (2017) also used gas chromatography alongside thermal conductiv-
ity detector (TCD) to characterize the pyrolysis gas produced. Tedlar bags were used 
to collect the gaseous products during the pyrolysis process. The carrier gas used was 
argon with a gas flow rate of 30 mL/min, a sample volume injected of 60 µl, an injec-
tor temperature of 80 °C, an oven temperature of 50 °C, and a detector temperature of 
90 °C.
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12  Reactors configurations for pyrolysis

Biomass pyrolysis reactors have been referred to as the heart of the pyrolysis process which 
is a very apt and befitting description for it. This is because the selected pyrolysis reactor 
determines to a large extent the pyrolysis product to be obtained in terms of its quality, 
quantity, properties, and characteristics (He et al. 2010).

12.1  Fixed‑bed reactors

The fixed-bed reactor is a commonly used pyrolysis reactor for the conversion of biomass 
into useful biofuels and valuable products. It is an efficient pyrolysis system with a simple 
design which can be used with biomass having varying uniform sizes and minimal amounts 
of fines. It is made up of firebricks or steel reactors which consist of feeding unit, cooling 
system, ash cleaning unit, and an exit for the gas. General operating features of fixed bed 
reactors are long residence times for the biomass, high carbon conservation, reduced ash 
entrainment, and low sweeping gas velocity. They are usually used for small-scale systems 
for energy generation. Fixed-bed reactors have a challenge of tar removal which affects 
the product gas. Fixed-bed reactors have been used in several studies for biomass pyroly-
sis. In the study by Chen et al. (2016), a fixed-bed laboratory scale reactor was used for 
the pyrolysis polygeneration of poplar wood. They evaluated the effect of temperature and 
heating rate on the pyrolysis process. They identified the optimum BET surface area, HHV 
of the non-condensable gases, and bio-oil as 411.06  m2/g, 14.56  MJ/m3, and 14.39  MJ/
m3, respectively, and these were obtained at a temperature and heating rate of 600 °C and 
30 K/min, 600 °C and 50 K/min, 550 °C and 50 K/min, respectively. Messina et al. (2017) 
pyrolysed peanut shells pretreated with acid using a fixed bed reactor to improve the prod-
uct yield of the bio-oil at 400 °C, 500 °C, and 600 °C temperature values. A temperature of 
500 °C was identified as the optimum for the pyrolysis. Furthermore, more bio-oil (42%) 
was obtained for the treated biomass compared to the untreated one (33%). The BET sur-
face area of the char obtained from the treated biomass was as high as 300  m2/g pointing to 
their possible use as an adsorbent. Açıkalın and Karaca (2017) studied the effect of various 
process parameters on product yields using a fixed-bed reactor and also characterized the 

Fig. 7  Effect of pyrolysis tem-
perature on the composition of 
gas liberated during pyrolysis of 
waste printed circuit board (Jie 
et al. 2008)
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solid and liquid products obtained. The pyrolysis conditions used were heating rate (40 K/
min), pyrolysis temperature (350 °C–650 °C), nitrogen gas flow rate (50 mL/min–450 mL/
min), and residence time (10–50 min). Maximum liquid yield of (48.2%) was obtained at 
operating conditions of 500 °C, 30 min, and 150 mL min−1. Ma et al. (2018a) also used a 
fixed-bed reactor in their study within temperature intervals of 400 °C–600 °C to produce 
bio-oil from rice husks through pyrolysis and fractional condensation. They found that 
increasing the pyrolysis temperature favoured the production of phenol products while an 
increase in condensation temperature also favoured the production of phenol compounds 
and dehydrated carbohydrates.

12.2  Fluidized bed reactors

Fluidized bed reactors are most suitable and frequently used for fast pyrolysis processes 
due to their very fast heat transfer rates, increased velocity, surface area contact, and abil-
ity to control the residence time of the vapour during the pyrolysis reaction. In fluidized 
bed reactor, the biomass is brought in contact through mixing with sand particles which 
is heated to an elevated temperature. Mixing the biomass material with sand increases the 
heat and mass transfer within the reactor. The reactor bed is heated externally and the heat 
can be transferred directly or indirectly (Dhyani and Bhaskar 2017). There are basically 
three configurations of fluidized bed reactors which are the bubbling fluidized bed reactor, 
entrained fluidized bed reactor, and circulating fluidized bed reactor (Fig. 8).

Carvalho et al. (2017) carried out fast pyrolysis of sweet sorghum bagasse using fluid-
ized bed reactor. The products obtained were characterized and compared with vapours 
generated during analytical pyrolysis. Particle sizes between 500 µm and 1000 µm were 
used. They attributed the difference in the results obtained to certain factors such as solvent 
used, secondary reactions, condensation efficiency, and post-condensation polymerization. 
Lisa et al. (2016) examined the pyrolysis of pine using catalysts (in situ and ex situ) in a 
bench-scale fluidized bed reactor. They found that the in situ system performed slightly 
better than the ex situ system. Madhu et al. (2016) performed flash pyrolysis of palmyra 
palm fruit bunch in a fluidized bed reactor to investigate the effects of temperature, particle 
size, and sweep gas flow rate. The maximum bio-oil yield obtained was 48.22% at 500 °C 
temperature, 1 mm particle size, 2  m3/h sweep gas flow rate.

12.3  Microwave reactor

These types of reactors are a recent approach to biomass pyrolysis which have a couple 
of advantages when compared to slow pyrolysis reactors liked fixed-bed reactors which 
makes it suitable for the recovery of useful chemical from biomass. The drying process 
occurs in the oven chamber of the microwave reactor that is connected to a power source. 
An inert gas is used to provide an oxygen-free environment for the process. Energy is 
transferred due to the interaction taking place among the molecules and atoms. Microwave 
reactors have very good heat transfer. The heating process can be better controlled, and the 
chemical reactions taking place are enhanced which hinders the formation of unwanted 
products (Fernández and Menéndez 2011). Studies in which microwave reactors have been 
used are available in the literature (Mohamed et al. 2016; Bu et al. 2016). Yu et al. (2018) 
studied the effect of temperature, catalyst–feed ratio, and feeding rate on the product distri-
bution of chemical composition of bio-oil-produced from Chinese tallow kernel oil in the 
presence of silicon carbide catalyst. They reported a maximum yield of 89.71% aromatic 
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components in the oil when the reaction conditions were set as 300 °C temperature, 1:2 
catalyst/feed ratio, and 1  ml/min feed rate. Zhao et  al. (2012) used a microwave reactor 
to analyse the impact of microwave on the pyrolysis of biomass. Their findings showed 
that temperature positively influenced the process, and this was reflected in the increase 
in the proportion of combustible gases as well as an improvement in the characteristics of 
the biosolids produced. Tarves et al. (2016) also used a microwave reactor to investigate 
the effect of gas atmospheres on the properties of bio-oil produced from fast pyrolysis of 
lignocellulosic biomass. Their results showed that the use of a CO atmosphere had little to 

Fig. 8  Bubbling fluidized bed reactor (a) and circulating fluidized bed reactor (b) (International Energy 
Agency (IEA). Pyrolysis Reactors.IEA Bioenergy Task (2020) Available online at https ://task3 4.ieabi oener 
gy.com/pyrol ysis-react ors/ 2020)

https://task34.ieabioenergy.com/pyrolysis-reactors/
https://task34.ieabioenergy.com/pyrolysis-reactors/
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no influence on the process. However, the use of  H2,  CH4 and model pyrolysis gas atmos-
pheres resulted in the formation of more deoxygenated products and lower oxygen content.

12.4  Ablative reactor

The ablative reactor is a more complex reactor due to its intensity and mechanically driven 
process. It involves the transfer of heat from the walls of the reactor to a section of the 
particles with the application of pressure which quickly removes the volatiles formed. At 
temperatures of about 600  °C, high velocity is attained within the particles in the reac-
tor. Advantages of the ablative reactor include high heating with good heat transfer, high 
efficiency in terms of energy and cost, compact designs with small contact time, and less 
emphasis on size reduction (Bahng et al. 2009). The applications of ablative reactors are 
becoming popular for industrial purposes due to their high heating and high mass transfer 
rates and their suitability for use in fast pyrolysis without much emphasis on biomass size 
reduction. Commonly used ablative reactors are vortex and rotating disc reactors.

In vortex reactors, the transfer of heat takes place as the particles come in contact with 
the walls of the reactor. A surge of steam with a velocity of 1200 m/s is used to force small 
particles of the biomass to spin within the walls of the reactor heated to about 625 °C tem-
perature. The separate solid and liquid products which rise to the top in the course of the 
process are then removed via friction. The solid materials that were not fully converted 
are fed back into the reactor, and a cyclone is used to separate the hot char (Meier and 
Faix 1999). The vapours formed on the walls of the reactor are rapidly removed using car-
rier gas in less than 100 ms. High yield of bio-oil, about 65%, have been achieved using 
vortex reactor which makes it suitable for biomass fast pyrolysis. A schematic of a vortex 
reactor design at the NREL is shown in Fig. 9. Some experimental and numerical simula-
tion works on biomass pyrolysis using the vortex reactor have been carried out and differ-
ent levels of successes have been recorded (Gonzalez-Quiroga et al. 2017; Kulkarni et al. 
2018; Miller and Bellan 1998; Marin 2017).

Rotating cone reactors do not require the use of an inert gas. The biomass is mechan-
ically mixed with hot sand and fed into the reactor through the base of the cone, from 
where they are moved to the tip of the cone via spinning by centrifugal force. The vapours 

Fig. 9  Schematic of a vortex 
reactor designed at the NREL 
(International Energy Agency 
(IEA). Pyrolysis Reactors.IEA 
Bioenergy Task .(2020) Avail-
able online at https ://task3 4.ieabi 
oener gy.com/pyrol ysis-react ors/ 
2020)

https://task34.ieabioenergy.com/pyrolysis-reactors/
https://task34.ieabioenergy.com/pyrolysis-reactors/
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produced are condensed as the reach the top. The char formed is returned as feed alongside 
new feedstock into the reactor (Fig. 10). Despite the complex nature of rotating cone design 
configuration, they are attractive due to their high yield of bio-oil (Pattiya et al. 2008). Sev-
eral works on biomass pyrolysis using the rotating cone reactor have been carried out and 
different levels of successes have been recorded (Wagenaar et al. 1994; Westerhout et al. 
1998; Guoxin et al. 2008).

12.5  Auger reactor (screw reactor)

The auger reactor is a viable pyrolysis technology ideal for mobile applications and areas 
where access and infrastructure are not easily available due to its operating ease and main-
tenance. The feedstock together with hot sand is introduced into the reactor at one end, 
with the screw conveying the feed and ensuring the mixing of the sand and the biomass 
materials with good control of reaction time (Fig. 11). Advantages of the auger reactor are 
low temperature and the ability to utilize small reactor sizes. The disadvantages are long 
vapour residence time resulting in low pyrolysis oil yield due to further vapour cracking 
and mechanical unreliability due to exposure of movable parts in the hot zone (Papari et al. 
2017).

Brassard et  al. (2016) investigated the influence of pyrolysis parameters: temperature 
(450 °C–650 °C), solid residence time (60–120 s), and  N2 flow rate (1  Lmin−1–5  Lmin−1) 
on the products yields and biochar characteristics using a vertical auger reactor. Papari 
et al. (2017) used a pilot auger reactor to carry out a parametric study of forest residues 
pyrolysis for the production and characterization of bio-oil. Pyrolysis oil yield (53%) was 
obtained for softwood shavings at temperatures of 450 °C − 475 °C and feed rate of 4 kg/h.

Other types of pyrolysis reactors are vacuum reactor, pyros reactor, plasma reactor, and 
solar reactor (Zeng et al. 2015; Li et al. 2016a,b; Ma et al. 2017, 2018, Pradhan et al. 2017; 
Bardalai and Mahanta 2018;Fan et al. 2018; Sánchez et al. 2018). Vacuum pyrolysis is carried 
out under vacuum conditions. The process utilizes lower heating rates with the objective of 
increasing bio-oil yield. By operating under a vacuum, the residence time of the vapours is 

Fig. 10  Schematic of a rotat-
ing cone reactor (Dhyani and 
Bhaskar 2017)
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reduced, and this prevents the proliferation of secondary reactions. For this process, a carrier 
gas is not required and larger particle size can be used because of the low heating require-
ments. Fan et al. (2018) examined the upgrading of bio-oil in a vacuum reactor. Their findings 
showed that despite the decrease in the bio-oil yield, the properties of the oil were found to 
improve in the course of the process. Li et al. (2018) also investigated the catalytic upgrading 
of pyrolysis vapours from rape straw under vacuum conditions. Their results revealed that the 
yield of hydrocarbons was increased when 5 wt% of the catalyst was used.

Plasma pyrolysis is an innovative technology for the conversion of high calorific waste 
materials to synthesis gas (syngas) by means of thermal plasma. The process makes use of 
extremely high temperature in an oxygen-deficient environment to completely convert waste 
materials into syngas. Ma et al. (2017) investigated the pyrolysis of coal to produce acetylene 
in a rotating hydrogen-plasma reactor. They reported that the use of plasm improved stirring 
of the materials facilitated movement of the particles and enhanced the mixing of coal with 
high heat transfer efficiency. In another study, Li et al. (2016a) examined quenching conditions 
and its effect on the yield of acetylene produced from pyrolysis of coal tar in a thermal plasma 
reactor. Their findings indicate that the quenching operation and quenching media flow rate 
significantly affected the yield of acetylene.

Solar pyrolysis involves the facilitation of the pyrolysis process with solar energy in the 
form of high-temperature process heat. This technique can potentially produce products with 
higher calorific value and is usually characterized by lower carbon emissions compared to 
the conventional pyrolysis processes. Zeng et al. (2015) studied the effect of temperature and 
sweep gas flowrate on the distribution of products formed during pyrolysis of wood in a labo-
ratory-scale solar reactor. Their results showed that gas production was favoured by increasing 
the temperature, but the reverse was the case for liquid yield.

Fig. 11  Schematic of an auger/screw pyrolysis reactor (Dhyani and Bhaskar 2017)
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13  Application of catalysts in biomass pyrolysis

Catalytic pyrolysis of biomass is increasingly gaining attention among researchers. The 
application of catalysts in the pyrolysis of biomass has potential for a significant positive 
impact on the quality and distribution of pyrolysis products if suitable catalytic materi-
als can be found (Chen et al. 2003a). Through catalytic pyrolysis, it is possible to directly 
produce bio-oil and hydrocarbons from biomass with higher quality than those produced 
through the conventional non-catalytic pyrolysis process (Venderbosch 2015). Catalysts 
can be used in the primary decomposition of biomass, to facilitate certain useful reactions 
while inhibiting unwanted reactions of the pyrolysis products. Bio-oil can be upgraded 
through catalytic cracking in the presence of catalysts by deoxygenation (i.e. elimination 
of oxygen) which is achieved via dehydration, decarbonxylation, and decarbonylation 
reactions (French and Czernik 2010). In catalytic fast pyrolysis, the pyrolysis vapours are 
upgraded by bringing the vapours into contact with the catalyst prior to condensation at 
atmospheric pressure (Fernández and Menéndez 2011). Catalytic pyrolysis can be carried 
in two ways namely: in situ and ex situ. For in situ catalytic pyrolysis, a single reactor is 
used and the catalyst is placed inside the pyrolysis reactor. It has a simple design configura-
tion, leading to low capital cost which makes it advantageous. In ex situ catalysis pyrolysis, 
the pyrolysis vapours passes through a different reactor before condensation. Ex situ cata-
lytic pyrolysis has the potential to isolate the contaminants from the catalyst in the biomass 
and also separately maximize both the catalytic upgrading and pyrolysis process (Lisa et al. 
2016).

Commonly used catalysts are metal oxide catalysts (e.g.  Al2O3,  SiO2-Al2O3) and zeo-
lite catalysts. Zeolites are the commonly used catalysts in the pyrolysis of biomass. Unlike 
silica-alumina catalysts, zeolites have better aromatization reactions. This is because of 
their varied acidity and shape selectivity (Kabakcı and Hacıbektaşoğlu 2017). Zeolites 
are crystalline in nature and are made up of  SiO4 and  [AlO4]−. They are comprised of 
micropores which have several structural dimensions which serve as access points into the 
internal active sites of the zeolite material from where the diffusion of small molecular 
reactant takes place (Wang et al. 2017). ZSM-5 is a type of zeolite catalyst frequently used 
in biomass pyrolysis and oil industry because of its unique pore size, solid acidity, thermal 
stability, steric hindrance, and shape selectivity (Shirazi et al. 2008; Mihalcik et al. 2011). 
Naqvi et  al. (2014) examined the pyrolysis of paddy husk using catalyst for the produc-
tion of bio-oil in temperature ranges of 300 °C–600 °C. The bio-oil obtained had higher 
energy value, low oxygen, and high carbon contents when compared with that obtained 
without using catalyst. The bio-oil yield was highest at 450 °C with a catalyst loading ratio 
of 0.5. Veses et  al. (2015) used mineral clay materials as low-cost catalysts to produce 
upgraded bio-oil from the pyrolysis of wood in an auger reactor. With catalyst loading 
ratio of 1:6 and temperature of 450  °C, highest yield of bio-oil was obtained. The bio-
oil was found to have high viscosity and high heating rates, while the acidity level was 
reduced alongside its oxygen content. Khanday et al. (2016) studied the role of catalysis 
in the pyrolysis of oil palm mesocarp fibre. They observed higher bio-oil yield (37.98%) 
for the catalysed process compared to the uncatalysed one (31.95%). They further noted 
that the catalyst adopted enhanced the selectivity of phenol compounds and lighter aromat-
ics. Long et al. (2017) investigated acid catalysed pyrolysis of cellulose in the temperature 
range 50  °C–325  °C. Their findings indicated that dehydration reactions were dominant 
during the process. More so, the formation of glucose oligomers as reaction intermediates 
was observed. Muhammad et al. (2015) utilized zeolite catalysts for the pyrolysis of plastic 
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wastes obtained from electrical and electronic equipment. They found that the introduction 
of the catalysts did not enhance the production of bio-oil; however, it did facilitate the pro-
duction of gases.

14  Factors affecting biomass pyrolysis

The pyrolysis products and their yields are influenced by the biomass constituents such 
as hemicelluloses, lignin, cellulose, ash contents, and by the operating conditions which 
include heating rate, residence time, particle size, pyrolysis temperature, and configuration/
design of reactor.

14.1  Pyrolysis temperature

Temperature is considered as a major and important process parameter during biomass 
pyrolysis. Controlling the temperature profile is vital because of its over-reaching influence 
on other pyrolysis parameters. Results obtained from studies have shown that at higher 
temperatures, the char yield reduces, and this is considered to be as a result of secondary 
reactions occurring that enhances the formation of liquid fractions and further decomposi-
tion of the chars leading to the production of more pyrolysis gases at temperatures above 
600  °C (He et  al. 2018; Chen et  al. 2016; Lisa et  al. 2016; Bridgewater and Peacocke 
2000). At temperatures below 150 °C, the formation of tars usually does not occur; as the 
temperature steadily increases, biochars are formed which in turn results in the formation 
of pyrolysis gases and a reduction of char yields. This is caused by further degradation of 
the biomass which leads to the decrease in the liquid products resulting in increase in gas 
production, apparently due to the degradation of the cellulose and hemicellulose compo-
nents of the biomass materials (Aquino 2007). In the study by Aquino (2007) using cotton-
gin trash feedstock, about 10% reduction was reported in the char produced by increasing 
the temperature from 600 to 800 °C, while more than 12% increase was obtained for the 
liquid yields and above 13% increase was obtained for the pyrolysis gas produced. Tan 
et  al. (2017) examined the composition of the pyrolysis gas obtained from durian shell. 
They found that increasing the pyrolysis temperature resulted in a reduction in the amount 
(%) of  CO2 in the gas, unlike that of CO,  C2H4,  CH4,  C2H6 whose quantities increased with 
increasing temperatures.  CO2 was the major gas product at 250 °C. At 350 °C, amounts 
of CO were detected in the gas product (25.43%) which increased to 29.44% at 450  °C 
temperature. With further increase in temperature, the presence of light hydrocarbon gases 
were detected. At a temperature of 550 °C, 5.07% of  CH4 was obtained while 2.14% and 
1.58% of  C2H4 and  C2H6, respectively, were obtained at a temperature of 650 °C. Putun 
et al. (1999) investigated the pyrolysis of hazelnut shells under conditions of varying tem-
perature. They attributed the increase in liquid and gas yields as temperature increased 
to further conversion of the biomass to volatile materials at elevated pyrolysis tempera-
ture. They also observed that the liquid yields obtained began to decrease at higher tem-
peratures, while the gas yields continued to increase which they also attributed to the fast 
devolatilization of the cellulose and hemicellulose components of the biomass at elevated 
temperature. Imam and Capareda (2012) obtained product yields at three separate tempera-
tures of 400 °C, 500 °C, and 600 °C. As the temperature was varied from 400 to 600 °C, 
the bio-oil and pyrolysis gas yields increased from 22 and 8% at 400 °C to 37% and 26% 
at 600 °C, respectively, while the biochar yield decreased from 48% at 400 °C to 25% at 
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600 °C. A mass loss of 12%–22% was reported for this study which was attributed to losses 
during the gas and liquid collection. Mullen et al. (2010) reported mass losses of 19%–26% 
which was due to unconverted biomass deposited inside the pyrolyzer. Ma et al. (2018a) 
obtained increased gas yields with increase in pyrolysis temperature especially at a temper-
ature range of 550 and 600 °C. However, the solid product yields decreased with increasing 
temperature with maximum yield at 400 °C. They attributed this partly to be as a result 
of incomplete pyrolysis reaction at lower temperature. Thus, as the temperature profile 
increased, more thermal cracking reactions occurred leading to higher product yields of 
liquid and gases and a decrease in the yield of the solid product. However, increasing the 
temperature further (between 450 and 550 °C) caused the liquid product yields to decrease. 
Similar trends were reported by He et al. (2018). The liquid yields increased from 300 °C to 
500 °C before decreasing from 500 °C to 600 °C. The highest liquid yields were observed 
between 450  °C and 500  °C. The biochar yields of the crop residues decreased sharply 
with temperature from 300 °C to 400 °C, followed by a gradual decrease till 500 °C, while 
the gas yields gradually increased as the temperature was increased between the defined 
temperature ranges.

14.2  Heating rate

The heating rate is also a very important factor during pyrolysis that can affect the yield 
and composition of the pyrolysis products Garcia-Perez et al. (2010a). Based on heating 
rates, pyrolysis is usually divided into two categories: slow pyrolysis with heating rates of 
about 10 K/min and fast pyrolysis with heating rates approaching 1000 K/min. When fast/
high heating rates are used with moderate temperatures of about 400 °C–600 °C, higher 
yields of volatiles and liquid are obtained, whereas the use of slow heating rates at moder-
ate temperature produces higher char yields. Applying slow heating rates minimizes the 
thermal cracking reactions taking place within the biomass, thereby producing higher 
yields of char. The use of high/fast heating rates, on the other hand, promotes the thermal 
fragmentation and cracking reactions taking place which hinders the formation of chars, 
thereby increasing the liquid and gas yields (Al Arni 2018). With slow heating rates, the 
volatiles are gradually removed from the reactor which allows the occurrence of second-
ary reactions between the volatiles and chars leading to the formation of secondary chars 
(Basu 2010). From research works published, it has been reported that high rate of heating 
promotes the formation of volatile compounds, while the use of slow heating rates favours 
the production of biochars. About 75% bio-oil yield with biochar yield of 15% is usually 
obtained using high heating rates for the pyrolysis of lignocellulosic feedstock (Garcia-
Perez et  al. 2010a). To achieve high rates of heat transfer, the use of biomass with very 
small particle size (less than 2 mm) is usually required. Efika et al. (2015) investigated the 
pyrolysis behaviour of refuse derived fuel (RDF) using slow and fast heating rates (5, 20, 
90, and 350 K/min) in a horizontal tubular reactor at high temperatures of 700 and 900 °C. 
At 800 °C temperature and residence time of 20 min, the following results were obtained. 
Increasing the heating rate resulted in an increase in gas yield from 14.4 wt% at 5 K/min to 
46.9 wt% at 350 K/min. The bio-oil and solid residue yields decreased from 55 to 23 wt% 
and 25 to 22.8 wt%, respectively, when the heating rate was increased to 350 K/min from 
5 K/min. However, no clear distinction existed for the product yields obtained at heating 
rates of 5 K/min and 20 K/min, an indication that wider disparity between heating rates 
could be needed to cause significant changes in the product yields. The surface area and 
biochar heating value (HHV) also decreased with increasing heating rates from 169.7  m2/g 
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and 18.5 MJ/kg at 5 K/min to 84.4  m2/g and 16.4 MJ/kg at 350 K/min. (Efika et al. 2015) 
also reported in their study that pyrolysis carried out using slow heating rates produced 
bio-oil with high amounts of oxygenates, alkenes  (C8–C20), and alkanes  (C8–C39) when 
compared with bio-oil produced using rapid/fast heating rates which had higher amounts of 
aromatics. They suggested that this was likely caused by an increase in Diels–Alder type of 
reactions.

14.3  Residence time

As important as temperature and heating rate are during biomass pyrolysis, the residence 
time also plays a vital role. Residence time refers to the duration the pyrolysis material 
spends in the reactor during the pyrolysis process. Zanzi and Sjotrom (2002) observed that 
the residence time influenced the pyrolysis products produced and that longer residence 
time may lead to secondary reactions taking place which will result in the formation of 
secondary products. Aquino (2007) varied the pyrolysis time during batch pyrolysis of cot-
ton gin wastes. It was observed that the yield of the biochar decreased considerably, while 
the yield of the pyrolysis gas increased when the pyrolysis residence time was increased. 
The highest char yield obtained was 40 wt% at 600 °C and reaction time of 30 min. Fur-
ther increase in the residence time caused the solid yield to decrease. However, this led 
to the production of more pyrolysis gases for the various temperature values used. The 
maximum gas yield (57.80 wt%) was obtained after 60 min at a temperature of 800 °C, 
while the highest liquid yields was obtained at 800 °C after 30 min. Hence, the production 
of pyrolysis gas is favoured by the use of longer residence time since the biomass is further 
converted to volatile gases. Açıkalın and Karaca (2017) studied the effect of residence time 
at five different intervals (10, 20, 30, 40, and 50 min) on product yields using an operating 
temperature of 500 °C and nitrogen gas flow rate of 250 mL/min. The different residence 
time had minimal effect on the bio-oil and biogas yields. The yield of liquid produced was 
47.14% after 10 min and 47.39% after 20 min which later decreased to 44.67% as the resi-
dence time was further increased to 50 min. The yield of the pyrolysis gas produced was 
25.11% after 10 min and 28.34% when the residence time was 50 min. About 27% biochar 
yield was obtained with the varying reaction time used having no effect on the yield of the 
solid product.

14.4  Particle size

The size of biomass particles to be used for pyrolysis should be given important consid-
eration. This is because particle size can affect the rate of heat transfer from the surface 
to the interior of the particle (Zabaniotou and Karabelas 1999). With large particle sizes, 
the distance between the particle surface and its core increases, and this slows the flow 
of heat from the hot to the cold regions of the particle. Several studies have reported that 
the composition and yields of the pyrolysis products were affected by the particle size of 
the biomass used (Zanzi and Sjotrom 2002; Luo et  al. 2010; Oladeji et  al. 2015). Zanzi 
and Sjotrom (2002) using a free fall reactor to pyrolyse wood and agricultural residues 
observed that the use of smaller particle sizes for pyrolysis caused the char yield to 
decrease but increased the yield of the pyrolysis gas produced. They also observed that 
using pelletized wheat straw produced higher char yields than that obtained after pyrolysis 
of untreated straw. Weerechanchai et al. (2011) characterized the products obtained after 
pyrolyzing cassava pulp and palm kernel cake residues. Their findings showed that higher 



14361Biomass pyrolysis technologies for value‑added products:…

1 3

yields of char were obtained when particle sizes less than 2.03 mm were used while the 
liquid yield decreased. Their explanation for this was that the reduced particle sizes of the 
biomass resulted in greater heat transfer within the material which led to the production of 
more gases and volatiles. Furthermore, the denser packing of the particles due to their very 
small sizes could hinder the flow of the sweeping gas which would invariably prolong the 
time spent by the pyrolysis products in the reaction zone, resulting in secondary reactions 
taking place such as thermal cracking, re-polymerization, and re-condensation, thereby fur-
thering the decomposition of heavy volatiles into pyrolysis gases, thus reducing the liquid 
yield produced and increasing the solid char formed (Das and Sarmah 2015). Particle size 
affects the pyrolysis process by determining the rate of heat transfer during the reaction. 
With bigger particle sizes, the amount of heat transferred from the surface of the particle 
to its core is limited resulting to increased char yields (Tripathi et al. 2016). Balagurumur-
thy et  al. (2015) examined the effect of particle sizes on the yields of pyrolyzed durian 
shells at operating parameters of 550 °C temperature and 200 mL/min nitrogen gas flow 
rate. The range of particle sizes used were < 0.5, 0.5–1, 1–2, and 2–5 mm. Maximum char 
yield of 28.30 wt% and liquid yield of 46.29 wt% were obtained using durian shells with 
particle size of 1 mm–2 mm, while particle sizes less than 0.5 mm produced gaseous prod-
uct with the highest yield (29.21 wt%). They attributed the increased gas yields at particle 
sizes < 0.5 mm to increased heat and mass transfer operations which favours the fragmen-
tation of the material into smaller volatiles compared with those of larger sizes. Madhu 
et al. (2016) used four different particle sizes; 0.6 mm, 0.71 mm, 1 mm, and 1.25 mm to 
investigate the effects of biomass size on pyrolysis product yields. From their study, the 
size of the biomass used had significant effect on the product yields obtained. For a particle 
size of 0.6 mm, 34.54% yield of bio-oil was produced at a temperature of 500 °C. This bio-
oil yield increased to 44.13% as the particle size used was increased to 1 mm. However, 
increasing the particle size further from 1  mm to 1.25  mm resulted in a decline in the 
yield of the bio-oil from 44.13% to 41.15%. Their explanation for this was that as the par-
ticle size increased from 1 mm–1.25 mm, the surface-to-core distance of the material also 
increased, thereby reducing the transfer of heat between the reactor and the material lead-
ing to incomplete reactions which caused the decline in the bio-oil yields. The gas yield 
increased with decreasing particle sizes with maximum yield of pyrolysis gas (35.94%) 
produced using 0.6 mm particle size. The solid product on the other hand decreased with 
decreasing particle sizes.

15  Kinetic modelling of biomass pyrolysis

To understand the decomposition/devolatilization reactions occurring throughout the pyrol-
ysis process and the dependence of reaction rate on pyrolysis process variables, kinetic 
study of the process is very necessary. A comprehensive understanding of the pyrolysis 
kinetic triplets (activation energy, pre-exponential factor, and reaction model) is essential 
in the design of highly efficient reactors and their optimization. Kinetic studies are usually 
done using a thermogravimetric analyzer (TGA). To carry out this analysis, low heating 
rates, small particle size, and sample mass are usually used to maintain a kinetically con-
trolled regime by minimizing heat and mass transfer effects (Kok and Ozgur 2017; Cai 
et al. 2018; Hatakeyama and Hatakeyama 2004; Burnham et al. 2015).

Kinetic models of the pyrolysis process can be grouped into three broad areas: single step 
(one stage) multiple reactions; one stage global decomposition models where an irreversible 
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first-order reaction is used to denote the thermal degradation of the material; and two step 
(two-stage semi-global) model which describes the primary and secondary reactions of the 
pyrolysis process (Patwardhan 2010). Generally, kinetic models can be obtained using model-
fitting methods and model-free/isoconversional approach.

16  Model‑fitting methods

Model-fitting methods fit various reaction models (differential or integral) into the general 
kinetic equation and estimates the activation energy (Ea) and pre-exponential factor (A) by 
regression analyses. See the following references for more details (Vyazovkin and Wight 
1999; Grønli et al. 2002; Burnham and Dinh 2007; Khawam 2007; Blasi 2008; Vyazovkin 
et al. 2011). Different groups of the kinetic parameters are fitted into the equation, and the 
curve generated by the equation which closely fits the experimental curves is then considered 
for selection as a possible solution.

In model-based procedures, the first step is to assume a reaction model. Commonly selected 
reaction models are the first- and nth-order reaction models. Model based techniques can be 
grouped into Isothermal model-fitting methods (conventional method) and non-isothermal 
model-fitting methods. In Isothermal model-fitting methods, the rate constant (k) for the reac-
tion model which best fits the data is first determined, followed by the activation energy (Ea) 
and frequency factor (A) which are calculated from Arrhenius equation. For non-isothermal 
model-fitting methods, several methods can be used to determine the kinetic parameters (acti-
vation energy, reaction model, and frequency factor). These methods include Freeman-Carroll 
(difference-differential) method (Freeman and Carroll 1958), direct differential method, and 
Coats-Redfern method (Coats and Redfern 1965).

16.1  Model‑free/isoconversional methods

Model-free methods unlike model-fitting do not require any prior assumption of a model. The 
reaction activation energy (Ea) is usually evaluated without assuming any model from the 
slope of the linear equation which has parameters for reaction model and frequency factor in 
its intercept. However, from the intercept of the equation, it is possible to also determine the 
frequency factor (A), but a model will have to be assumed in order to carry out such estima-
tion. Hence, model-free/isoconversional methods typically give values of activation energies 
only. Model-free methods are derived from the isoconversional principle where the rate of 
reaction at fixed conversion is mainly determined by temperature (Vyazovkin and Wight 1999; 
Grønli et  al. 2002; Burnham and Dinh 2007; Khawam 2007; Blasi 2008; Vyazovkin et  al. 
2011). They can be grouped into isothermal and non-isothermal isoconversional method. Iso-
thermal model-free methods include the standard isoconversional method and Friedman’s iso-
conversional methods (Friedman 1964). Non-isothermal methods require the use of tempera-
ture integrals. Examples of these methods are Ozawa, Flynn and Wall (OFW) method (Ozawa 
1965; Flynn and Wall 1966), Vyazovkin (VYZ) method, and modified Coats-Redfern method.
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17  Challenges in the design and operation of biomass pyrolysis 
processes

17.1  Feedstock problems

Although several feedstocks can be used for biomass pyrolysis, the nature and properties 
of the material affects the pyrolysis process and its products. This variability in biomass 
makes it difficult to obtain consistent quality and yields of products. Some of these factors 
are chemical and physical characteristics of the material, its morphology, size, moisture 
content, mode of harvesting, and means with which the materials are collected. Handling 
of the biomass material in terms of transportation and storage is another source of concern. 
The amount of ash present in the material is also a challenge.

17.2  Processing problems

For bio-oil quality and reproducibility to be maintained, a generally accepted processing 
standard and specification will be required. The inability of current end-use-systems to 
directly use the pyrolysis products is a process challenge requiring the upgrading of the 
pyrolysis products and/or modification of the end-use-systems. Also, due to the presence 
of undesirable substances and impurities (e.g. tars, dust, heavy metals) in the products, effi-
cient cleaning systems will be required. Another challenge is the high amounts of oxygen 
present in the bio-oil which reduces its energy content, increases its acidity (making it cor-
rosive), thereby limiting its application (Seshan 2014).

33.3.Product problems.
Collection of the product liquid product after pyrolysis is a major challenge due to the 

volatile tendency of liquid thus requiring the use of various quenchers. Poor stability of 
the bio-oil during storage and thermal stability is also a problem as the molecular weight 
and viscosity of the oil increases with the passage of time. The pyrolysis process in addi-
tion to storage conditions of the bio-oil also affects its stability (Meier and Faix 1999). 
For instance, contents of char and ash present in the bio-oil affect its colour, quality, and 
stability. Hot gas filtration can be used to remove these solids during pyrolysis, thereby 
enhancing the quality of the bio-oil. According to Meier et al. (Meier and Faix 1999) the 
reactions responsible for the ageing of the oil are condensation reactions occurring within 
the aromatic units and formaldehyde, formation of acetals among alcohol and carbonyl 
groups, and polymerization of aryl-vinyl, aryl-crotonyl, aryl-allyl fragments of the lignin. 
Nevertheless, substituting wood and fossil fuel with bio-oil results in lower tar, dust, and 
carbon monoxide (CO) emissions. Besides, in comparison with bulk biomass materials, 
transportation and storage of bio-oil is much easier and cost effective.

17.3  Current state‑of‑the‑art

Biomass pyrolysis is no doubt a promising method for the thermochemical conversion of 
lignocellulosic biomass materials to renewable fuels. The challenges that the technology 
faces have prompted a lot of interest in optimizing reaction design and conditions, devel-
oping more efficient catalysts, optimizing choice of feedstock and product upgrading to 
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improve the economics of the process (Perkins et al. 2018). In the subsequent sections, the 
current state-of-the-art of biomass pyrolysis in terms of recent developments to overcome 
the challenges encountered are discussed.

17.4  Recent experimental methods

Most of the research efforts recorded in the twentieth century were centred mainly on opti-
mizing product yield and improving the quality of the products. This was typically done by 
carrying out pyrolysis in common reactors (fixed bed, fluidized bed, rotating cone, abla-
tive, etc.) and characterizing the products formed. Recently though, research efforts have 
now shifted in the direction of studies aimed at understanding the chemistry of the pyroly-
sis reactions. Thermogravimetric analysis is the most popular and extensively used tool 
in analytical pyrolysis studies. However, to have a deep understanding of the mechanisms 
that drive the process, more detailed information is needed. In recent times, cutting-edge 
experimental techniques have been developed for biomass pyrolysis research, and these 
include Py-GC–MS/FID, TG-MS/TG-FTIR, in  situ spectroscopy for reaction progress 
analysis, isotopic labelling and intermediate product analysis techniques (Seshan 2014). 
For the Py-GC–MS/FID, a micropyrolyzer is combined with gas chromatography (GC), 
mass spectrometry (MS), and flame ionization detection (FID). This is very useful and 
convenient tool for quantitative investigation of the distribution of products obtained from 
biomass pyrolysis, and it has been utilized in many researches (Patwardhan et  al. 2009, 
2011; Lourenço et al. 2015; Kim et al. 2018; Romagnoli et al. 2018). Despite the obvious 
advantages of the Py-GC–MS/FID, it can, however, not be used to obtain information on 
the production profile with respect to time or temperature. This problem is overcome with 
the use of the TG-FTIR which couples TG with FTIR and the TG-MS which couples TG 
with MS. With this technique, the process of devolatilization of biomass can be monitored. 
Beyond that, the functional groups of the volatiles can be readily identified. This method 
has been utilized in many researches (Huang et al. 2018b; Shen et al. 2018; Wei et al. 2018; 
Ma et al. 2018b).

Tools like in situ FTIR is used for monitoring the changes in the functional groups on 
the surface of biomass in the course of pyrolysis (Cheng et  al. 2017; Tian et  al. 2017). 
Isotopic labelling is useful for studying the mechanism of biomass pyrolysis. It can help to 
elucidate the origin of specific atoms of interest within the pyrolysis products (Wang et al. 
2017).

Also, recently, more novel and advanced reactors have been designed to improve the 
efficiency and performance of the pyrolysis process (Hossain et al. 2018; Luo et al. 2017b; 
Fu et al. 2018; Rony et al. 2018; Valdés and Chejne 2018; Liaw et al. 2018).

17.5  Commercial scale pyrolysis plants

Modern pyrolysis reactor configurations have been discussed in previous sections (Chen et al. 
2016; Açıkalın and Karaca 2017; Ma et  al. 2018a, 2017; Carvalho et  al. 2017; Lisa et  al. 
2016; Fernández and Menéndez 2011; Bu et al. 2016; Yu et al. 2018; Zhao et al. 2012; Tarves 
et al. 2016; Bahng et al. 2009; Gonzalez-Quiroga et al. 2017; Kulkarni et al. 2018; Miller and 
Bellan 1998; Marin 2017; Pattiya et al. 2008; Wagenaar et al. 1994; Westerhout et al. 1998; 
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Guoxin et al. 2008; Papari et al. 2017; Brassard et al. 2016; Fan et al. 2018; Li et al. 2018, 
2016a, 2016b; Pradhan et al. 2017; Bardalai and Mahanta 2018; Zeng et al. 2015; Sánchez 
et al. 2018). Industrial-scale pyrolysis reactors have also been reviewed previously by Bridge-
water (Bridgwater 2012) as well as Strezov and Evans (Press 2014). Some of these are sum-
marized in Table 8. Amongst the reactors discussed, the bubbling and circulating fluidized 
bed as well as the rotating cone reactors have been commercialized while others are still at 
the level of pilot scale and laboratory demonstration (Table 9). Some pyrolysis plants that are 
operating at commercial scale are summarized in Table 10.

17.6  Future prospects

Although continuous work is being carried out in the area of pyrolysis as a thermochemi-
cal route for the conversion of lignocellulosic materials into biofuels and other valuable prod-
ucts, there are several areas of the pyrolysis process in which further studies should be done. 
These research areas include improvement of the pyrolysis process, reactor performance, and 
design which will help in maximizing the quantity and quality of specific pyrolysis products 
of interest; production and isolation of chemicals and valuable products from the pyrolysis 
products; development of advanced catalytic pyrolysis systems with high selectivity for spe-
cific products with reduced coke formation; improvement in properties and characteristics of 
the pyrolysis oil through suitable upgrading; understanding the underlying reaction schemes 
taking place on the catalysts active sites coupled with the effect of mineral built-up on the 
catalysts; and adapting current end-user systems for use with pyrolysis products.

18  Conclusion

Biomass pyrolysis as a thermochemical conversion route provides several benefits and poten-
tials for the production and application of biofuels, biochemicals, and other valuable products. 
The different pyrolysis process routes: slow, intermediate, fast, or flash pyrolysis, and reactors 
types have been considered alongside the interactions of pyrolysis process parameters. The 
heating rate, pyrolysis temperature, particle size, time of reaction, and the nature of the bio-
mass feedstock have influence on the pyrolysis process and the product yields obtained. Pre-
treatment of the biomass helps to improve the quality of the biomass, thereby improving the 
yield of the pyrolysis product and efficiency of the pyrolysis process. The high oxygen content 
as well as that of moisture usually present in the bio-oil which makes it unstable and acidic 
can be improved through suitable upgrading to the quality level of conventional fuels and for 
the production of valuable chemicals. Catalysts can also be used to directly produce bio-oil 
and hydrocarbons with higher quality from biomass compared to those produced using the 
conventional pyrolysis process and also influence the quality and distribution of product yields 
during pyrolysis. It is expected that in the nearest future, with the current research drive in the 
area of biomass pyrolysis, most of the present technical and economic challenges limiting the 
pyrolysis of biomass and its application would have been overcome, leading to the realization 
of an advanced concept of bio-refinery and bio-refining.



14366 A. N. Amenaghawon et al.

1 3

Ta
bl

e 
8 

 C
ha

ra
ct

er
ist

ic
s o

f s
om

e 
bi

om
as

s p
yr

ol
ys

is
 re

ac
to

rs
 (M

oh
an

 e
t a

l. 
20

06
; P

re
ss

 2
01

4)

Re
ac

to
r c

on
fig

ur
at

io
n

Fe
ed

 p
ar

tic
le

 si
ze

B
io

-o
il 

yi
el

d
C

om
pl

ex
ity

Ea
se

 o
f s

ca
le

-u
p

Sc
al

e 
an

d 
st

at
us

B
ub

bl
in

g 
flu

id
iz

ed
 b

ed
 <

 2 
m

m
75

%
M

ed
iu

m
Ea

sy
2–

20
 t/

h,
 c

om
m

er
ci

al
Ro

ta
tin

g 
co

ne
 re

ac
to

r
 <

 6 
m

m
70

%
H

ig
h

M
ed

iu
m

20
0–

20
00

 k
g/

h,
 c

om
m

er
ci

al
C

irc
ul

at
in

g 
flu

id
iz

ed
 b

ed
 <

 6 
m

m
75

%
H

ig
h

Ea
sy

2–
20

 t/
h,

 c
om

m
er

ci
al

H
ea

te
d 

ki
ln

5–
50

 m
m

–
Lo

w
–

 <
 40

00
 k

g/
h,

 c
om

m
er

ci
al

A
bl

at
iv

e
 <

 20
 m

m
75

%
H

ig
h

D
iffi

cu
lt

1–
20

 k
g/

h,
 la

bo
ra

to
ry

A
ug

er
5–

50
 m

m
60

%
M

ed
iu

m
M

ed
iu

m
20

–2
00

 k
g/

h,
 p

ilo
t

Va
cu

um
5–

50
 m

m
60

%
H

ig
h

–
20

0–
20

00
 k

g/
h



14367Biomass pyrolysis technologies for value‑added products:…

1 3

References

Adjaye, J. D., & Bakhshi, N. N. (1995). Production of hydrocarbons by catalytic upgrading of a fast pyroly-
sis bio-oil Part I: Conversion over various catalysts. Fuel Processing and Technology, 45(3), 161–183.

Agblevor, F. A., & Besler, S. (1996). Inorganic compounds in biomass feedstocks 1 Effect on the quality of 
fast pyrolysis oils. Energy & Fuels, 10(2), 293–298.

Agblevor, F. A., Besler, S., & Wiselogel, A. E. (1996). Production of oxygenated fuels from biomass: 
impact of feedstock storage. Fuel Science and Technology International, 14(4), 589–612.

Akhtar, J., & Amin, N. S. (2012). A review on operating parameters for optimum liquid oil yield in bio-
mass pyrolysis. Renewable and Sustainable Energy Reviews, 16, 5101–5109.

Al Arni, S. (2018). Comparison of slow and fast pyrolysis for converting biomass into fuel. Renewable 
Energy, 124, 197–201.

Amenaghawon, N. A., Ighodalo, H., Agbonghae, E. O., Ogbeide, S. E., & Okieimen, C. O. (2014). Mod-
elling and Optimisation of Dilute Acid Hydrolysis of Corn Stover using Box-Behnken Design. 
Journal of Engineering Science Technology, 9(4), 443–454.

Anastasakis, K., Ross, A. B., & Jones, J. M. (2011). Pyrolysis behaviour of the main carbohydrates of 
brown macro-algae. Fuel, 90(2), 598–607.

Anca-Couce, A. (2016). Reaction mechanisms and multi-scale modelling of lignocellulosic biomass 
pyrolysis. Progress in Energy and Combustion Science, 53, 41–79.

Table 9  Examples of research scale pyrolysis plants (Kan et  al. 2016; Jahirul et  al. 2012; Perkins et  al. 
2018)

Organization and location Reactor type Feed rate (kg/h) Product

RTI, USA Fluidized bed 0.001 Bio-oil
BTG, Netherlands Rotating cone reactor 0.001–3 Bio-oil
CRI Criterion/Shell India, India Bubbling fluidized bed 0.001 –
University of Twente, Netherlands Rotating cone reactor 7 Bio-oil
Laval University, Canada Vacuum reactor 30 Bio-oil
University of Waterloo, Canada Bubbling fluidized bed 3 Bio-oil
University of Massachusetts, USA Bubbling fluidized bed  < 1 –
GTI International, USA Bubbling fluidized bed 0.4 Gas
Ensyn, Canada Circulating fluidized bed 10–40 Bio-oil
KIT, Germany Twin screw reactor 50 Bio-oil
Zhejiang University, China Rotating cone reactor 3 Bio-oil
Canmet, Canada Bubbling fluidized bed 10 Gas

Table 10  Examples of commercial scale pyrolysis plants (Kan et al. 2016; Jahirul et al. 2012; Perkins et al. 
2018)

Organization and location Reactor type Feed rate (t/day) Product

Dynamotive, Canada Bubbling fluidized bed 100–130 Bio-oil
Mitsubishi Heavy Industries, Japan Indirect heating rotary kiln 100 Gas
Ensyn, Canada Circulating fluidized bed 100 Bio-oil
BTG, Malaysia Rotating cone reactor 50 Bio-oil
Choren, Germany Heated kiln followed by gasification 180 Syngas
AbriTech, Canada Auger reactor 50 Bio-oil
Fortum, Finland Circulating fluidized bed 274 Bio-oil



14368 A. N. Amenaghawon et al.

1 3

Antal, M. J., & Grønli, M. (2003). The art, science and technology of charcoal production. Industrial 
and Engineering Chemistry Research, 42(8), 1619–1640.

Aquino, F. L. (2007). Elucidating the solid, liquid, and gaseous products from batch pyrolysis of cotton-
gin trash. Thesis (Master of Science): Texas A&M University.

Azargohar, R., Nanda, S., Kozinski, J. A., Dalai, A. K., & Sutarto, R. (2014). Effects of temperature on 
the physicochemical characteristics of fast pyrolysis bio-chars derived from Canadian waste bio-
mass. Fuel, 125, 90–100.

Azeez, A. M., Meier, D., Odermatt, J., & Willner, T. (2010). Fast pyrolysis of African and European ligno-
cellulosic biomasses using Py-GC/MS and fluidized bed reactor. Energy and Fuels, 24(3), 2078–2085.

Açıkalın, K., & Karaca, F. (2017). Fixed-bed pyrolysis of walnut shell: Parameter effects on yields and char-
acterization of products. Journal of Analytical and Applied Pyrolysis, 125, 234–242.

Bahng, M., Mukarakate, C., Robichaud, D. J., & Nimlos, M. R. (2009). Current technologies for analysis of 
biomass thermochemical processing: A review. Analytica Chimica Acta, 651, 117–138.

Balagurumurthy, B., Srivastava, V., Kumar, J., Biswas, B., Singh, R., Gupta, P., et al. (2015). Value addi-
tion to rice straw through pyrolysis in hydrogen and nitrogen environments. Bioresources Technology, 
188, 273–279.

Balan, V., Bals, B., Chundawat, S. P., Marshall, D., Dale, B. E.: Lignocellulosic biomass pretreatment using 
AFEX. In: Biofuels (pp. 61–77). Humana Press, Totowa, NJ. (2009)

Bardalai, M., & Mahanta, D. K. (2018). Characterisation of Biochar Produced by Pyrolysis from Areca Cat-
echu Dust. Materials Today: Proceedings, 5(1), 2089–2097.

Basu, P. (2010). Biomass gasification and pyrolysis: Practical design and theory. Oxford: Elsevier Inc.
Bensidhom, G., Hassen-Trabelsi, A. B., Alper, K., Sghairoun, M., Zaafouri, K., & Trabelsi, I. (2018). Pyrol-

ysis of Date palm waste in a fixed-bed reactor: Characterization of pyrolytic products. Bioresources 
Technology, 247, 363–369.

Di Blasi, C., Hernandez, E. G., & Santoro, A. (2000). Radiative pyrolysis of single moist wood particles. 
Industrial and Engineering Chemistry Research, 39(4), 873–882.

Di Blasi, C. (2008). Modeling chemical and physical processes of wood and biomass pyrolysis. Progress in 
Energy and Combustion Science, 34(1), 47–90.

Boehm, H. P. (1994). Some aspects of the surface chemistry of carbon blacks and other carbons. Carbon, 
32(5), 759–769.

Bok, J. P., Choi, H. S., Choi, J. W., & Choi, Y. S. (2013). Fast pyrolysis of Miscanthus sinensis in fluidized 
bed reactors: Characteristics of product yields and biocrude oil quality. Energy, 60, 44–52.

Bok, J. P., Choi, Y. S., Choi, S. K., & Jeong, Y. W. (2014). Fast pyrolysis of Douglas fir by using tilted-slide 
reactor and characteristics of biocrude-oil fractions. Renewable Energy, 65, 7–13.

Boyt, R..: Wood Pyrolysis. Retrieved from Bioenergylists.org (2003)
Brassard, P., Godbout, S., Raghavan, V., Palacios, J., Grenier, M., Zegan, D., Larouche, J. P.: Pyrolysis of 

agricultural and forest biomasses in a vertical auger reactor: optimal operational parameters for bio-
char production. Northeast Agricultural Biological Engineering Conference, Orono, Maine, USA, 
ASABE Paper number: 16–019 (2016)

Brewer, C. E., Schmidt‐Rohr, K., Satrio, J. A., Brown, R. C.: Characterization of biochar from fast pyrolysis 
and gasification systems. Environ. Prog. Sust. Energy: An Official Publication of the American Insti-
tute of Chemical Engineers, 28(3), 386–396 (2009)

Bridgeman, T. G., Jones, J. M., Shield, I., & Williams, P. T. (2008). Torrefaction of reed canary grass, wheat 
straw and willow to enhance solid fuel qualities and combustion properties. Fuel, 87(6), 844–856.

Bridgewater, A. V., & Peacocke, G. V. C. (2000). Fast pyrolysis process for biomass. Renewable and Sus-
tainable Energy Reviews, 4, 1–73.

Bridgwater, A. V. (2003). Renewable fuels and chemicals by thermal processing of biomass. Chemical 
Engineering Journal, 91, 87–102.

Bridgwater, A. V. (2004). Biomass fast pyrolysis. Thermal Science, 8(2), 21–49.
Bridgwater, A. V. (2012). Upgrading biomass fast pyrolysis liquids. Environmental Progress and Sustain-

able Energy, 31, 261–268.
Bridgwater, A. V. (2012a). Review of fast pyrolysis of biomass and product upgrading. Biomass and Bioen-

ergy, 38, 68–94.
Bridgwater, A. V., Meier, D., & Radlein, D. (1999). An overview of fast pyrolysis of biomass. Organic Geo-

chemistry, 30, 1479–1493.
Brownsort PA: Biomass pyrolysis processes: performance parameters and their influence on biochar system 

benefits. Master’s Thesis, University of Edinburgh (2009)
Bu, Q., Morgan, H. M., Jr., Liang, J., Lei, H., & Ruan, R. (2016). Catalytic microwave pyrolysis of lignocel-

lulosic biomass for fuels and chemicals. Advances in Bioenergy, 1, 69–123.



14369Biomass pyrolysis technologies for value‑added products:…

1 3

Burnham, A. K., & Dinh, L. N. A. (2007). Comparison of isoconversional and model-fitting approaches to 
kinetic parameter estimation and application predictions. Journal of Thermal Analysis and Calorim-
etry, 89, 479–490.

Burnham, A. K., Zhou, X., & Broadbelt, L. J. (2015). Critical review of the global chemical kinetics of cel-
lulose thermal decomposition. Energy and Fuels, 29, 2906–2918.

Cai, J., Xu, D., Dong, Z., Yu, X., Yang, Y., Banks, S. W., & Bridgwater, A. V. (2018). Processing ther-
mogravimetric analysis data for isoconversional kinetic analysis of lignocellulosic biomass pyrolysis: 
Case study of corn stalk. Renewable and Sustainable Energy Reviews, 82(3), 2705–2715.

Cao, J. P., Xiao, X. B., Zhang, S. Y., Zhao, X. Y., Sato, K., Ogawa, Y., & Takarada, T. (2011). Preparation 
and characterization of bio-oils from internally circulating fluidized-bed pyrolyses of municipal, live-
stock, and wood waste. Bioresource Technology, 102(2), 2009–2015.

Cao, J. P., Zhao, X. Y., Morishita, K., Li, L. Y., Xiao, X. B., Obara, R., & Takarada, T. (2010). Triaceton-
amine formation in a bio-oil from fast pyrolysis of sewage sludge using acetone as the absorption 
solvent. Bioresource Technology, 101(11), 4242–4245.

Cardoso, C. R., Miranda, M. R., Santos, K. G., & Ataíde, C. H. (2011). Determination of kinetic parameters 
and analytical pyrolysis of tobacco waste and sorghum bagasse. J. anal. appl. pyroly, 92(2), 392–400.

Carrier, M., Joubert, J. E., Danje, S., Hugo, T., Görgens, J., & Knoetze, J. H. (2013). Impact of the lignocel-
lulosic material on fast pyrolysis yields and product quality. Bioresource Technology, 150, 129–138.

Carrier, M., Loppinet-Serani, A., Denux, D., Lasnier, J. M., Ham-Pichavant, F., Cansell, F., & Aymonier, C. 
(2011). Thermogravimetric analysis as a new method to determine the lignocellulosic composition of 
biomass. Biomass and Bioenergy, 35(1), 298–307.

Carvalho, W. S., Júnior, J. A. S., de Oliveira, T. J. P., & Ataíde, C. H. (2017). Fast pyrolysis of sweet sor-
ghum bagasse in a fluidized bed reactor: Product characterization and comparison with vapors gener-
ated in analytical pyrolysis. Energy, 131, 186–197.

Chen, G., Andries, J., Luo, Z., & Spliethoff, H. (2003). Biomass pyrolysis/gasification for product gas pro-
duction: the overall investigation of parametric effects. Energy Conversions and Management, 44, 
1875–1884.

Chen, G., Andries, J., & Spliethoff, H. (2003). Catalytic pyrolysis of biomass for hydrogen rich fuel gas pro-
duction. Energy Conversions and Management, 44, 2289–2296.

Chen, D., Li, Y., Cen, K., Luo, M., Li, H., & Lu, B. (2016). Pyrolysis polygeneration of poplar wood: Effect 
of heating rate and pyrolysis temperature. Bioresources Technology, 218, 780–788.

Cheng, H., Wu, S., Huang, J., & Zhang, X. (2017). Direct evidence from in situ FTIR spectroscopy that 
o-quinonemethide is a key intermediate during the pyrolysis of guaiacol. Analytical and bioanalytical 
chemistry, 409(10), 2531–2537.

Chiaramonti, D., Bonini, M., Fratini, E., Tondi, G., Gartner, K., Bridgwater, A. V., & Baglioni, P. (2003). 
Development of emulsions from biomass pyrolysis liquid and diesel and their use in engines—Part 1: 
emulsion production. Biomass and Bioenergy, 25(1), 85–99.

Coats, A. W., Redfern, J. P.: Kinetic parameters from thermogravimetric data. II. J. Polym. Sci. Part C: 
Polym. Lett., 3(11), 917–920 (1965)

Colantoni, S., Gatta, S. D., de Prosperis, R., Russo, A., Fantozzi, F., & Desideri, U. (2010). Gas turbines 
fired with biomass pyrolysis syngas: analysis of the overheating of hot gas path components. Journal 
of Engineering for Gas Turbines and Power, 132(6), 61401–61408.

Collard, F., & Blin, J. (2014). A review on pyrolysis of biomass constituents: Mechanisms and composition 
of the products obtained from the conversion of cellulose, hemicelluloses and lignin. Renewable and 
Sustainable Energy Reviews, 38, 594–608.

Cornelissen, T., Yperman, Y., Reggers, G., Schreurs, S., & Carleer, R. (2008). Flash co-pyrolysis of biomass 
with polylactic acid part 1: Influence on bio-oil yield and heating value. Fuel, 87, 1031–1041.

Cummer, K. R., & Brown, R. C. (2002). Ancillary equipment for biomass gasification. Biomass and Bioen-
ergy, 23, 113–128.

Czernik, S., & Bridgwater, A. V. (2004). Overview of applications of biomass fast pyrolysis oil. Energy and 
Fuels, 18, 590–598.

Czernik, S., Evans, R., & French, R. (2007). Hydrogen from biomass-production by steam reforming of 
biomass pyrolysis oil. Catalysis Today, 129(3–4), 265–268.

Czernik, S., Johnson, D. K., & Black, S. (1994). Stability of wood fast pyrolysis oil. Biomass and Bioen-
ergy, 7(1–6), 187–192.

Das, O., & Sarmah, A. K. (2015). Mechanism of waste biomass pyrolysis: Effect of physical and chemical 
pre-treatments. Science of the Total Environment, 537, 323–334.

Demirbas, A. (2001). Biomass resource facilities and biomass conversion processing for fuels and chemi-
cals. Energy Conversion and Management, 42, 1357–1378.

Demirbas, A., & Gonenc, A. (2002). An overview of biomass pyrolysis. Energy Source Part A, 24, 471–482.



14370 A. N. Amenaghawon et al.

1 3

Demirbaş, A. (2001). Yields of hydrogen-rich gaseous products via pyrolysis from selected biomass sam-
ples. Fuel, 80(13), 1885–1891.

Dhyani, V., & Bhaskar, T. (2017). A comprehensive review on the pyrolysis of lignocellulosic biomass. 
Renew: Energy (in press).

Diebold, J. P., Bridgwater, A. V.: Overview of Fast Pyrolysis of Biomass for the production of Liquid Fuels. 
Developments in Thermochemical Biomass Conversion, Bridgwater, A.V. and Boocock, D.G.B. 
(Eds.) Blackie A&P, pp. 5–26 (1997)

Efika, E. C., Onwudili, J. A., & Williams, P. T. (2015). Products from the high temperature pyrolysis 
of RDF at slow and rapid heating rates. Journal of Analytical and Applied Pyrolysis, 112, 14–22.

Elgharbawy, A. A., Alam, M. Z., Moniruzzaman, M., & Goto, M. (2016). Ionic liquid pretreatment as 
emerging approaches for enhanced enzymatic hydrolysis of lignocellulosic biomass. Biochemical 
Engineering Journal, 109, 252–267.

Fan, Y., Zhao, W., Shao, S., Cai, Y., Chen, Y., & Jin, L. (2018). Promotion of the vapors from biomass 
vacuum pyrolysis for biofuels under Non-thermal Plasma Synergistic Catalysis (NPSC) system. 
Energy, 142, 462–472.

Fegbemi, L., Khezami, L., & Capart, R. (2001). Pyrolysis products from different biomasses: Applica-
tion to the thermal cracking of tar. Applied Energy, 69, 293–306.

Fernández, Y., & Menéndez, J. A. (2011). Influence of feed characteristics on the microwave-assisted 
pyrolysis used to produce syngas from biomass wastes. Journal of Analytical and Applied Pyroly-
sis, 91, 316–322.

Financie, R., Moniruzzaman, M., & Uemura, Y. (2016). Enhanced enzymatic delignification of oil palm 
biomass with ionic liquid pretreatment. Biochemical Engineering Journal, 110, 1–7.

Fini, E. H., Yang, S. H., Xiu, S.: Characterization and application of manure-based bio-binder in asphalt 
industry (No. 10–2871) (2010)

Flynn, J., & Wall, L. (1966). A quick, direct method for the determination of activation energy from 
thermogravimetric data. Journal of Polymer Science, Part B, 4(5), 323–328.

Freeman, E. S., & Carroll, B. (1958). The application of thermoanalytical techniques to reaction kinet-
ics: the thermogravimetric evaluation of the kinetics of the decomposition of calcium oxalate 
monohydrate. The Journal of Physics and Chemistry, 62(4), 394–397.

French, R., & Czernik, S. (2010). Catalytic pyrolysis of biomass for biofuels production. Fuel Process-
ing Technology, 91, 25–32.

Friedman, H. (1964). Kinetics of thermal degradation of char-forming pastics from thermogravimetry-
application to a phenolic resin. Journal of Polymer Science Part C Polymer Letters, 6, 183–195.

Fu, P., Bai, X., Li, Z., Yi, W., Li, Y., & Zhang, Y. (2018). Fast pyrolysis of corn stovers with ceramic 
ball heat carriers in a novel dual concentric rotary cylinder reactor. Bioresourc Technology, 263, 
467–474.

Gaitán-Álvarez, J., Róger Moya, D., Puente-Urbina, A., & Rodriguez-Zúñiga, A. (2018). Thermogravi-
metric, devolatilization rate, and differential scanning calorimetry analyses of biomass of tropical 
plantation species of costa rica torrefied at different temperatures and times. Energies, 11, 696.

Gallivan, R. M., Matschei, P. K. Fraction of oil obtained by pyrolysis of lignocellulosic materials to 
recover a phenolic fraction for use in making phenolic fraction for use in making phenol-formalde-
hyde resins. US Patent, (42009647) (1980)

Garcia-Perez, M., Shen, J., Wang, X. S., & Li, C. Z. (2010). Production and fuel properties of fast pyrol-
ysis oil/bio-diesel blends. Fuel Processing and Technology, 91(3), 296–305.

Garcia-Perez M, Lewis T, Kruger CE 2010: Methods for producing biochar and advanced biofuels in 
Washington state. Part 1: Literature review of pyrolysis reactors. First project report, Depart-
ment of Biological Systems Engineering and the Center for Sustaining Agriculture and Natural 
Resources, Washington State University, Pullman, WA

García-Aparicio, M. P., Ballesteros, I., González, A., Oliva, J. M., Ballesteros, M., & Negro, M. J. 
(2006). Effect of inhibitors released during steam-explosion pretreatment of barley straw on enzy-
matic hydrolysis. Applied Biochemistry and Biotechnology, 129(1–3), 278–288.

Garrido, R. A., Reckamp, J. M., & Satrio, J. A. (2017). Effects of Pretreatments on Yields, Selectivity 
and Properties of Products from Pyrolysis of Phragmites australis (Common Reeds). Environ-
ments, 4(4), 96.

Gonzalez-Quiroga, A., Reyniers, P. A., Kulkarni, S. R., Torregrosa, M. M., Perreault, P., Heynderickx, 
G. J., & Marin, G. B. (2017). Design and cold flow testing of a Gas-Solid Vortex Reactor demon-
stration unit for biomass fast pyrolysis. Chemical Engineering Journal, 329, 198–210.

Grønli, M. G., Varhegyi, G., & Di Blassi, C. (2002). Thermogravimetric analysis and devolatilization 
kinetics of wood. Industrial and Engineering Chemistry Research, 41, 4201–4208.



14371Biomass pyrolysis technologies for value‑added products:…

1 3

Guerrero, A., Ruiz, M. P., Alzueta, M. U., Bilbao, R., & Millera, A. (2005). Pyrolysis of eucalyptus at 
different heating rates: studies of char characterization and oxidative reactivity. Journal of Analyti-
cal Applied Pyrolysis, 74(1–2), 307–314.

Guizani, C., Sanz, F. E., & Salvador, S. (2014). Effects of CO2 on biomass fast pyrolysis: reaction rate, 
gas yields and char reactive properties. Fuel, 116, 310–320.

Guoxin, H., Xiwu, G., Hao, H., Haojie, F., Zheng, W.: Experimental studies on flow and pyrolysis of 
coal with solid heat carrier in a modified rotating cone reactor. Chem. Eng. Proc.: Proc. Intensif., 
47(9–10), 1777–1785 (2008)

Harmsen, PFH, Huijgen, W, Bermudez, L, Bakker, R: Literature review of physical and chemical pre-
treatment processes for lignocellulosic biomass. Wageningen UR-Food and Biobased Research 
(2010)

Hatakeyama, T., & Hatakeyama, H. (2004). Thermal properties of green polymers and biocomposites. 
Norwell: Kluwer Academic Publishers.

He, X., Liu, Z., Niu, W., Yang, L., Zhou, T., Qin, D., & Yuan, Q. (2018). Effects of pyrolysis tempera-
ture on the physicochemical properties of gas and biochar obtained from pyrolysis of crop resi-
dues. Energy, 143, 746–756.

He, M., Xiao, B., Liu, S., Hu, Z., Guo, X., & Luo, S. (2010). Syngas production from pyrolysis of 
municipal solid waste (MSW) with dolomite as downstream catalysts. Journal of Analytical and 
Applied Pyrolysis, 87, 181–187.

Hendriks, A. T. W. M., & Zeeman, G. (2009). Pretreatments to enhance the digestibility of lignocellu-
losic biomass. Bioresourc technol, 100(1), 10–18.

Heo, H. S., Park, H. J., Park, Y. K., Ryu, C., Suh, D. J., Suh, Y. W., & Kim, S. S. (2010). Bio-oil produc-
tion from fast pyrolysis of waste furniture sawdust in a fluidized bed. Bioresources Technology, 
101(1), S91–S96.

Hodgson, E. M., Fahmi, R., Yates, N., Barraclough, T., Shield, I., Allison, G., & Bridgewater, A. V. 
(2010). Miscanthus as a feedstock for fast-pyrolysis: Does agronomic treatment affect quality? 
Bioresources Technology, 101, 6185–6191.

Holtzapple, M. T., Lundeen, J. E., Sturgis, R., Lewis, J. E., & Dale, B. E. (1992). Pretreatment of ligno-
cellulosic municipal solid waste by ammonia fiber explosion (AFEX). Applied Biochemistry and 
Biotechnology, 34(1), 5–21.

Hossain, M. M., Scott, I. M., Berruti, F., Briens, C. (2018). Application of novel pyrolysis reactor tech-
nology to concentrate bio-oil components with antioxidant activity from tobacco, tomato and cof-
fee ground biomass. Waste Biomass Valorization 9(9), 1607–1617 (2018)

Huang, Y.-F., Kuan, W.-H., & Chang, C.-Y. (2018a). Effects of particle size, pretreatment, and catalysis 
on microwave pyrolysis of corn stover. Energy, 143, 696–703.

Huang, J., Liu, J., Chen, J., Xie, W., Kuo, J., Lu, X., & Buyukada, M. (2018). Combustion behaviors of 
spent mushroom substrate using TG-MS and TG-FTIR: Thermal conversion, kinetic, thermody-
namic and emission analyses. Bioresource Technology, 266, 389–397.

Husson, E., Auxenfans, T., Herbaut, M., Baralle, M., Lambertyn, V., Rakotoarivonina, H., & Sarazin, C. 
(2018). Sequential and simultaneous strategies for biorefining of wheat straw using room tempera-
ture ionic liquids, xylanases and cellulases. Bioresources Technology, 251, 280–287.

Ikura, M., Stanciulescu, M., & Hogan, E. (2003). Emulsification of pyrolysis derived bio-oil in diesel 
fuel. Biomass and Bioenergy, 24(3), 221–232.

Imam, T., & Capareda, S. (2012). Characterization of bio-oil, syn-gas and bio-char from switchgrass 
pyrolysis at various temperatures. Journal of Analytical and Applied Pyrolysis, 93, 170–177.

Ingemarsson, Å., Nilsson, U., Nilsson, M., Pedersen, J. R., & Olsson, J. O. (1998). Slow pyroly-
sis of spruce and pine samples studied with GC/MS and GC/FTIR/FID. Chemosphere, 36(14), 
2879–2889.

International Energy Agency (IEA). Pyrolysis Reactors. IEA Bioenergy Task 34. (2020) Available 
online at https ://task3 4.ieabi oener gy.com/pyrol ysis-react ors/

Islam, M. N., Zailani, R., & Ani, F. N. (1999). Pyrolytic oil from fluidised bed pyrolysis of oil palm shell 
and itscharacterisation. Renewable Energy, 17(1), 73–84.

Jahirul, M. I., Rasul, G. M., Ashfaque Ahmed Chowdhury, A. A., & Ashwath, N. (2012). Biofuels pro-
duction through biomass pyrolysis: a technological review. Energies, 5(12), 4952–5001.

Ji-Lu, Z. (2007). Bio-oil from fast pyrolysis of rice husk: Yields and related properties and improvement 
of the pyrolysis system. Journal of Analytical and Applied Pyrolysis, 80(1), 30–35.

Jiang, X., & Ellis, N. (2009). Upgrading bio-oil through emulsification with biodiesel: mixture produc-
tion. Energy and Fuels, 24(2), 1358–1364.

Jie, G., Ying-Shun, L., & Mai-Xi, L. (2008). Product characterization of waste printed circuit board by 
pyrolysis. Journal of Analytical and Applied Pyrolysis, 83(2), 185–189.

https://task34.ieabioenergy.com/pyrolysis-reactors/


14372 A. N. Amenaghawon et al.

1 3

Kabakcı, S. B., Hacıbektaşoğlu, S.: Catalytic Pyrolysis of Biomass. In: Pyrolysis, Mohamed S. (ed.), 
IntechOpen, pp. 167-196 (2017)

Kabir, G., Din, A. M., & Hameed, B. H. (2018). Pyrolysis of oil palm mesocarp fiber catalyzed with 
steel slag-derived zeolite for bio-oil production. Bioresources Technology, 249, 42–48.

Kan, T., Strezov, V., & Evans, T. (2013). Catalytic pyrolysis of coffee grounds using NiCu-impregnated 
catalysts. Energy and Fuels, 28(1), 228–235.

Kan, T., Strezov, V., & Evans, T. J. (2016). Lignocellulosic biomass pyrolysis: A review of product proper-
ties and effects of pyrolysis parameters. Renewable and Sustainable Energy Reviews, 57, 1126–1140.

Kan, T., Xiong, J., Li, X., Ye, T., Yuan, L., Torimoto, Y., Li, Q.: High efficient production of hydrogen from 
crude bio-oil via an integrative process between gasification and current-enhanced catalytic steam 
reforming. international journal of hydrogen energy, 35(2), 518–532 (2010)

Kanaujia, P. K., Sharma, Y. K., Agrawal, U. C., & Garg, M. O. (2013). Analytical approaches to character-
izing pyrolysis oil from biomass. TrAC Trend Analytical and Chemistry, 42, 125–136.

Kanaujia, P. K., Sharma, Y. K., Garg, M. O., Tripathi, D., & Singh, R. (2014). Review of analytical strate-
gies in the production and upgrading of bio-oils derived from lignocellulosic biomass. Journal of 
Analytical and Applied Pyrolysis, 105, 55–74.

Kantarelis, E., & Zabaniotou, A. (2009). Valorization of cotton stalks by fast pyrolysis and fixed bed air 
gasification for syngas production as precursor of second generation biofuels and sustainable agricul-
ture. Bioresources Technology, 100, 942–947.

Karayildirim, T., Yanik, J., Yuksel, M., & Bockhorn, H. (2006). Characterisation of products from pyrolysis 
of waste sludges. Fuel, 85(10–11), 1498–1508.

Khanday, W. A., Kabir, G., & Hameed, B. H. (2016). Catalytic pyrolysis of oil palm mesocarp fibre on a 
zeolite derived from low-cost oil palm ash. Energy Conversion and Management, 127, 265–272.

Khawam, A.: Application of solid-state kinetics to desolvation reactions. Ph.D Thesis, University of Iowa 
(2007)

Kim, U. J., Eom, S. H., & Wada, M. (2010). Thermal decomposition of native cellulose: influence on crys-
tallite size. Polymer Degradation and Stability, 95(5), 778–781.

Kim, P., Hensley, D., & Labbé, N. (2014). Nutrient release from switchgrass-derived biochar pellets embed-
ded with fertilizers. Geoderma, 232, 341–351.

Kim, Y. M., Rhee, G. H., Ko, C. H., Kim, K. H., Jung, K. Y., Kim, J. M., & Park, Y. K. (2018). Catalytic 
pyrolysis of pinus densiflora over mesoporous Al2O3 Catalysts. Journal of Nanoscience and Nano-
technology, 18(9), 6300–6303.

Kim, T. H., Taylor, F., & Hicks, K. B. (2008). Bioethanol production from barley hull using SAA (soaking 
in aqueous ammonia) pretreatment. Bioresource Technology, 99, 5694–5702.

Kloss, S., Zehetner, F., Dellantonio, A., Hamid, R., Ottner, F., Liedtke, V., et al. (2012). Characterization of 
slow pyrolysis biochars: Effects of feedstocks and pyrolysis temperature on biochar properties. Jour-
nal of Environment and Quality, 41(4), 990–1000.

Kok, M. V., & Ozgur, E. (2017). Characterization of lignocelluloses biomass and model compounds by 
thermogravimetry. Energy Sources, Part A: Recovery, Utilization, and Environmental Effects, 39(2), 
134–139.

Koçkar, Ö. M., Onay, Ö., Pütün, A. E., & Pütün, E. (2000). Fixed-bed pyrolysis of hazelnut shell: a study on 
mass transfer limitations on product yields and characterization of the pyrolysis oil. Energy Sources, 
22(10), 913–924.

Krishna, B. B., Biswas, B., Kumar, J., Singh, R., & Bhaskar, T. (2016). Role of reaction temperature on 
pyrolysis of cotton residue. Waste Biomass Valorization, 7(1), 71–78.

Kulkarni, S., Gonzalez-Quiroga, A., Perreault, P., Sewani, H., Heynderickx, G., Van Geem, K., & Marin, G. 
(2018). CFD-based Biomass Fast Pyrolysis Simulations in a Gas-Solid Vortex Reactor demonstrating 
Process Intensification. Chemical Engineering Transactions, 65, 19–24.

Kumar, P., Barrett, D. M., Delwiche, M. J., & Stroeve, P. (2009). Methods for pretreatment of lignocellu-
losic biomass for efficient hydrolysis and biofuel production. Industrial and Engineering Chemistry 
Research, 48(8), 3713–3729.

Kundu K, Chatterjee A, Bhattacharyya T, Roy M, Kaur A (2018): Thermochemical Conversion of Biomass 
to Bioenergy A Review. In: Prospects of Alternative Transportation Fuels. Springer, Singapore

Laird, D. A., Brown, R. C., Amonette, J. E., & Lehmann, J. (2009). Review of the pyrolysis platform for 
coproducing bio-oil and biochar. Biofuels, Bioproduct and Biorefining, 3, 547–562.

Lanzetta, M., & Di Blasi, C. (1998). Pyrolysis kinetics of wheat and corn straw. Journal of Analytical and 
Applied Pyrolysis, 44(2), 181–192.

Laureano-Perez, L., Teymouri, F., Alizadeh, H., & Dale, B. E. (2005). Understanding factors that limit 
enzymatic hydrolysis of biomass. Applied Biochemistry and Biotechnology, 124(1–3), 1081–1099.



14373Biomass pyrolysis technologies for value‑added products:…

1 3

Lauria M, Molinari F, Motto M (2015): Genetic strategies to enhance plant biomass yield and quality-
related traits for bio-renewable fuel and chemical productions. In: Plants for the future. InTech 

Lehto, J., Oasmaa, A., Solantausta, Y., Kytö, M., & Chiaramonti, D. (2014). Review of fuel oil quality and 
combustion of fast pyrolysis bio-oils from lignocellulosic biomass. Applied Energy, 116, 178–190.

Leng, S., Wang, X., He, X., Liu, L., Liu, Y. E., Zhong, X., & Wang, J. G. (2013). NiFe/γ-Al2O3: A univer-
sal catalyst for the hydrodeoxygenation of bio-oil and its model compounds. Catalysis Communica-
tions, 41, 34–37.

Li, C., & Suzuki, K. (2009). Tar property, analysis, reforming mechanism and model for biomass gasifica-
tion—an overview. Renewable and Sustainable Energy Reviews, 13(3), 594–604.

Li, X., Wu, C., & Han, J. (2016). Quenching Experiment Study on Thermal Plasma Pyrolysis Process of 
Coal Tar. Plasma Chemistry and Plasma Processing, 36(3), 869–880.

Li, R., Zeng, K., Soria, J., Mazza, G., Gauthier, D., Rodriguez, R., & Flamant, G. (2016). Product distribu-
tion from solar pyrolysis of agricultural and forestry biomass residues. Renewable Energy, 89, 27–35.

Li, X., Zhang, X., Shao, S., Dong, L., Zhang, J., Hu, C., & Cai, Y. (2018). Catalytic upgrading of pyrolysis 
vapor from rape straw in a vacuum pyrolysis system over La/HZSM-5 with hierarchical structure. 
Bioresource Technology, 259, 191–197.

Liaw, S. B., Deng, C., & Wu, H. (2018). A Novel Two-Stage Alumina Reactor System for Burning Vola-
tiles Generated in Situ from Biosolid: Effect of Pyrolysis Temperature and Combustion Conditions on 
PM1 Emission. Energy and Fuels, 32(9), 9438–9447.

Lisa, K., French, R. J., Orton, K. A., Yung, M. M., Johnson, D. K., ten Dam, J., & Nimlos, M. R. (2016). 
In situ and ex situ catalytic pyrolysis of pine in a bench-scale fluidized bed reactor system. Energy 
and Fuels, 30(3), 2144–2157.

Long, Y., Yu, Y., & WuChua, Y. W. H. (2017). Acid-catalysed cellulose pyrolysis at low temperatures. Fuel, 
193, 460–466.

Lourenço, A., Neiva, D. M., Gominho, J., Marques, A. V., & Pereira, H. (2015). Characterization of lignin 
in heartwood, sapwood and bark from Tectona grandis using Py–GC–MS/FID. Wood Science and 
Technology, 49(1), 159–175.

Luo, G., Chandler, D. S., Anjos, L. C., Eng, R. J., Jia, P., & Resende, F. L. (2017). Pyrolysis of whole wood 
chips and rods in a novel ablative reactor. Fuel, 194, 229–238.

Luo, G., Eng, R. J., Jia, P., & Resende, F. L. (2017). Ablative Pyrolysis of wood chips: Effect of operating 
conditions. Energy Technology, 5(11), 2128–2137.

Luo, S., Xiao, B., Hu, Z., Liu, S., Guan, Y., & Cai, L. (2010). Influence of particle size on pyrolysis and 
gasification performance of municipal solid waste in a fixed bed reactor. Bioresources Technology, 
101(16), 6517–6520.

Ma, J., Su, B., Wen, G., Yang, Q., Ren, Q., Yang, Y., & Xing, H. (2017). Pyrolysis of pulverized coal to 
acetylene in magnetically rotating hydrogen plasma reactor. Fuel Processing and Technology, 167, 
721–729.

Ma, Y., Wang, J., & Zhang, Y. (2018). Analysis of pyrolysis characteristics and kinetics of Euphausia 
superba shell waste using TG-FTIR and distributed activation energy model. Biomass Conversions 
and Bioreference, 8(2), 329–337.

Ma, S., Zhang, L., Zhu, L., & Zhu, X. (2018). Preparation of multipurpose bio-oil from rice husk by pyroly-
sis and fractional condensation. Journal of Analytical and Applied Pyrolysis, 131, 113–119.

Madhu, P., Kanagasabapathy, H., & Neethi Manickam, I. (2016). Flash pyrolysis of palmyra palm (Borassus 
flabellifer) using an electrically heated fluidized bed reactor. Energy Sources, Part A: Recovery, Utili-
zation, and Environmental Effects, 38(12), 1699–1705.

Marin, G. (2017). Multiscale analysis and design of vortex reactors for biomass pyrolysis. In: International 
Green Chemical Engineering Summit 2017 (IGCES 2017).

McKendry, P. (2002). Energy production from biomass (Part I): Overview of biomass. Bioresourc. Technol., 
83, 37–46.

Meier, D., & Faix, O. (1999). State of the art of applied fast pyrolysis of lignocellulosic materials: A review. 
Bioresources Technology, 68, 71–77.

Messina, L. G., Bonelli, P. R., & Cukierman, A. L. (2017). Effect of acid pretreatment and process tem-
perature on characteristics and yields of pyrolysis products of peanut shells. Renewable Energy, 114, 
697–707.

Mettler, M. S., Paulsen, A. D., Vlachos, D. G., & Dauenhauer, P. J. (2012). The chain length effect in pyrol-
ysis: bridging the gap between glucose and cellulose. Green Chemistry, 14(5), 1284–1288.

Mihalcik, D. J., Mullen, C. A., & Boateng, A. A. (2011). Screening acidic zeolites for catalytic fast pyrolysis 
of biomass and its components. Journal of Analytical and Applied Pyrolysis, 92(1), 224–232.

Miller, R. S., & Bellan, J. (1998). Numerical simulation of vortex pyrolysis reactors for condensable tar pro-
duction from biomass. Energy and Fuels, 12(1), 25–40.



14374 A. N. Amenaghawon et al.

1 3

Minkova, V., Marinov, S. P., Zanzi, R., Björnbom, E., Budinova, T., Stefanova, M., & Lakov, L. (2000). 
Thermochemical treatment of biomass in a flow of steam or in a mixture of steam and carbon dioxide. 
Fuel Processing Technology, 62(1), 45–52.

Mohamed, B. A., Kim, C. S., Ellis, N., & Bi, X. (2016). Microwave-assisted catalytic pyrolysis of switch-
grass for improving bio-oil and biochar properties. Bioresources Technology, 201, 121–132.

Mohammed, I. Y., Abakr, Y., Kabir, F., & Yusuf, S. (2017). Effects of pretreatments of Napier Grass with 
deionized water, sulfuric acid and sodium hydroxide on pyrolysis oil characteristics. Waste Biomass 
Valorization, 8(3), 755–773.

Mohan, D., Pittman, C. U., & Steele, P. H. (2006). Pyrolysis of wood/biomass for bio-oil: A critical 
review. Energy Fuel., 20, 848–889.

Muhammad, C., Onwudili, J. A., & Williams, P. T. (2015). Catalytic pyrolysis of waste plastic from 
electrical and electronic equipment. Journal of Analytical and Applied Pyrolysis, 113, 332–339.

Mullen, C. A., Boateng, A. A., Goldberg, N. M., Lima, I. M., Laird, D. A., & Hicks, K. B. (2010). Bio-
oil and bio-char production from corn cobs and stover by fast pyrolysis. Biomass and Bioenergy, 
34, 67–74.

Naqvi, S. R., Uemura, Y., & Yusup, S. B. (2014). Catalytic pyrolysis of paddy husk in a drop type 
pyrolyzer for bio-oil production: The role of temperature and catalyst. Journal of Analytical and 
Applied Pyrolysis, 106, 57–62.

Nathaniel, A., Greg, J. J., Page-Dumroese, D., McCollum, D., Stephen, B., Daniel, L., & Woodam, C. 
(2013). A comparison of producer gas, biochar, and activated carbon from two distributed scale 
thermochemical conversion systems used to process forest biomass. Energies, 6(1), 164–183.

Negi S, Pandey AK 2015: Ionic liquid pretreatment. In: Pretreatment of Biomass, 137–155
Nsamba, H. K., Hale, S. E., Cornelissen, G., & Bachmann, R. T. (2015). Sustainable technologies for 

small-scale biochar production: A review. Journal of Sustainable Bioenergy Systems, 5, 10–31.
Oasmaa, A, Elliott, DC, Müller, S 2009: Quality control in fast pyrolysis bio‐oil production and use. 

Environ. Prog. Sust. Energ: An Official Publication of the American Institute of Chemical Engi-
neers, 28(3), 404–409

Oladeji, J. T., Itabiyi, E. A., & Okekunle, P. O. (2015). A comprehensive review of biomass pyrolysis 
as a process of renewable energy generation. Journal of Natural Sciences Research, 5(5), 99–105.

Ozawa, T. (1965). A new method of analyzing thermogravimetric data. Bulletin of the chemical society 
of Japan, 38, 1881–1886.

Pach M, Zanzi R, Björnbom E 2002: Torrefied biomass a substitute for wood and charcoal. In 6th Asia-
Pacific International symposium on combustion and energy utilization, 20, 6

Papa, G., Feldman, T., Sale, K. L., Adani, F., Singh, S., & Simmons, B. A. (2017). Parametric study 
for the optimization of ionic liquid pretreatment of corn stover. Bioresources Technology, 241, 
627–637.

Papari, S., Hawboldt, K., & Helleur, R. (2017). Production and Characterization of Pyrolysis Oil from 
Sawmill Residues in an Auger Reactor. Industrial and Engineering Chemistry Research, 56(8), 
1920–1925.

Pattiya, A., Titiloye, J. O., & Bridgwater, A. V. (2008). Fast pyrolysis of cassava rhizome in the presence 
of catalysts. Journal of Analytical and Applied Pyrolysis, 81, 72–79.

Patwardhan, P. R., Brown, R. C., & Shanks, B. H. (2011). Product distribution from the fast pyrolysis of 
hemicellulose. Chemsuschem, 4(5), 636–643.

Patwardhan, P. R., Satrio, J. A., Brown, R. C., & Shanks, B. H. (2009). Product distribution from fast pyrol-
ysis of glucose-based carbohydrates. Journal of Analytical and Applied Pyrolysis, 86(2), 323–330.

Patwardhan, PR 2010: Understanding the product distribution from biomass fast pyrolysis. PhD Thesis, 
Iowa State University

Perez-Pimienta, J. A., Lopez-Ortega, M. G., Chavez-Carvayar, J. A., Varanasi, P., Stavila, V., Cheng, G., 
& Simmons, B. A. (2015). Characterization of agave bagasse as a function of ionic liquid pretreat-
ment. Biomass and Bioenergy, 75, 180–188.

Perkins, G., Bhaskar, T., & Konarova, M. (2018). Process development status of fast pyrolysis technolo-
gies for the manufacture of renewable transport fuels from biomass. Renewable and Sustainable 
Energy Reviews, 90, 292–315.

Posom, J., Saechua, W., & Sirisomboon, P. (2017). Evaluation of pyrolysis characteristics of milled bam-
boo using near-infrared spectroscopy. Renewable Energy, 103, 653–665.

Pradhan, D., Bendu, H., Singh, R. K., & Murugan, S. (2017). Mahua seed pyrolysis oil blends as an 
alternative fuel for light-duty diesel engines. Energy, 118, 600–612.

Prins, M. J., Ptasinski, K. J., & Janssen, F. J. J. G. (2006). Torrefaction of wood: Part 1 Weight loss 
kinetics. Journal of Analytical and Applied Pyrolysis, 77, 28–34.



14375Biomass pyrolysis technologies for value‑added products:…

1 3

Putro, J. N., Soetaredjo, F. E., Lin, S. Y., Ju, Y. H., & Ismadji, S. (2016). Pretreatment and conversion of 
lignocellulose biomass into valuable chemicals. RSC Advance, 6(52), 46834–46852.

Putun, A. E., Ozcan, A., & Putun, E. (1999). Pyrolysis of hazelnut shells in a fixed-bed tubular reactor: 
Yields and structural analysis of bio-oil. Journal of Analytical and Applied Pyrolysis, 52, 33–49.

Pütün, A. E. (2002). Biomass to bio-oil via fast pyrolysis of cotton straw and stalk. Energy Sources, 
24(3), 275–285.

Raj, T., Gaur, R., Lamba, B. Y., Singh, N., Gupta, R. P., Kumar, R., & Ramakumar, S. S. V. (2018). 
Characterization of ionic liquid pretreated plant cell wall for improved enzymatic digestibility. 
Bioresources Technology, 249, 139–145.

Rasul MG, Jahirul MI 2012: Recent Developments in Biomass Pyrolysis for Bio-Fuel Production: Its Poten-
tial for Commercial Applications. Recent Researches in Environmental and Geological Sciences, 
Conference paper

Raveendran, K., Ganesh, A., & Khilar, K. C. (1995). Influence of mineral matter on biomass pyrolysis char-
acteristics. Fuel, 74, 1812–1822.

Rinaldi, N, Simanungkalit, SP 2017: Bio-oil production from palm fronds by fast pyrolysis process in fluid-
ized bed reactor. In: AIP Conference Proceedings 1803, 1, 020009. AIP Publishing

Ringer, M., Putsche, V., Scahill, J.: Large-scale pyrolysis oil production: a technology assessment and eco-
nomic analysis. National Renewable Energy Laboratory (NREL), No. NREL/TP-510–37779 (2006)

Rogovska, N., Laird, D. A., Rathke, S. J., & Karlen, D. L. (2014). Biochar impact on Midwestern Mollisols 
and maize nutrient availability. Geoderma, 230, 340–347.

Romagnoli, M., Vinciguerra, V., & Silvestri, A. (2018). Heat treatment effect on lignin and carbohydrates in 
corsican pine earlywood and latewood studied by PY–GC–MS technique. Journal of Wood Chemistry 
and Technology, 38(1), 57–70.

Rondon, M. A., Lehmann, J., Ramirez, J., Hurtado, M., Ramírez, J., & Hurtado, M. (2007). Biological nitro-
gen fixation by common beans (Phaseolus vulgaris L) increases with bio-char additions. Biology of 
Fertility and Soils, 43, 699–708.

Rony, A. H., Mosiman, D., Sun, Z., Qin, D., Zheng, Y., Boman, J. H., IV., & Fan, M. (2018). A novel 
solar powered biomass pyrolysis reactor for producing fuels and chemicals. Journal of Analytical and 
Applied Pyrolysis, 132, 19–32.

Roy, P., & Dias, G. (2017). Prospects for pyrolysis technologies in the bioenergy sector: A review. Renew-
able and Sustainable Energy Reviews, 77, 59–69.

Sadhukhan, A. K., Gupta, P., Goyal, T., & Saha, R. K. (2008). Modelling of pyrolysis of coal-biomass 
blends using thermogravimetric analysis. Bioresources Technology, 99(17), 8022–8026.

Saha, B. C. (2003). Hemicellulose bioconversion. Journal of Industrial Microbiology and Biotechnology, 
30(5), 279–291.

Savova, D., Apak, E., Ekinci, E., Yardim, F., Petrov, N., Budinova, T., et al. (2001). Biomass conversion to 
carbon adsorbents and gas. Biomass and Bioenergy, 21, 133–142.

Scholze, B., & Meier, D. (2001). Characterization of the water-insoluble fraction from pyrolysis oil (pyro-
lytic lignin) Part I PY–GC/MS, FTIR, and functional groups. Journal of Analytical and Applied 
Pyrolysis, 60(1), 41–54.

Scott, D. S., Paterson, L., Piskorz, J., & Radlein, D. (2000). Pretreatment of poplar wood for fast pyrolysis of 
cation removal. Journal of Analytical and Applied Pyrolysis, 57, 169–176.

Sellin, N., Krohl, D. R., Marangoni, C., & Souza, O. (2016). Oxidative fast pyrolysis of banana leaves in 
fluidized bed reactor. Renewable Energy, 96, 56–64.

Sendich, E., Laser, M., Kim, S., Alizadeh, H., Laureano-Perez, L., Dale, B., & Lynd, L. (2008). Recent 
process improvements for the ammonia fiber expansion (AFEX) process and resulting reductions in 
minimum ethanol selling price. Bioresource Technology, 99, 8429–8843.

Seshan, K.: Catalytic pyrolysis of lignocellulosic materials. In: Fuel production with heterogeneous cataly-
sis, Sa, J. (ed.) CRC Press, 253–280 (2014)

Shaaban, A., Se, S. M., Dimin, M. F., Juoi, J. M., Husin, M. H. M., & Mitan, N. M. M. (2014). Influence of 
heating temperature and holding time on biochars derived from rubber wood sawdust via slow pyroly-
sis. Journal of Analytical and Applied Pyrolysis, 107, 31–39.

Shen, J., Liu, J., Xing, Y., Zhang, H., Luo, L., & Jiang, X. (2018). Application of TG-FTIR analysis to 
superfine pulverized coal. Journal of Analytical and Applied Pyrolysis, 133, 154–161.

Sheu, Y. H. E., Anthony, R. G., & Soltes, E. J. (1988). Kinetic studies of upgrading pine pyrolytic oil by 
hydrotreatment. Fuel Processing and Technology, 19(1), 31–50.

Shirazi, L., Jamshidi, E., & Ghasemi, M. R. (2008). The efect of Si/Al ratio of ZSM–5 zeolite on its mor-
phology, acidity and crystal size. Crystal Research and Technology, 43(12), 1300–1306.

Shivaram, P., Leong, Y. K., Yang, H., & Zhang, D. K. (2013). Flow and yield stress behaviour of ultrafine 
Mallee biochar slurry fuels: The effect of particle size distribution and additives. Fuel, 104, 326–332.



14376 A. N. Amenaghawon et al.

1 3

Slopiecka K, Bartocci P, Fantozzi F 2011: Thermogravimetric analysis and kinetic study of poplar wood 
pyrolysis. Third International Conference on Applied Energy, 1687–1698

Strezov, V., Evans, T. J. (Eds.).: Biomass processing technologies. CRC Press. (2014)
Su-Ping, Z. (2003). Study of hydrodeoxygenation of bio-oil from the fast pyrolysis of biomass. Energy 

Sources, 25(1), 57–65.
Sukumar, V., Manieniyan, V., & Sivaprakasam, S. (2015). Bio-oil production from biomass using pyrolysis 

and upgrading: A review. International Journal of ChemTech Research, 8(1), 196–206.
Sun, Y., & Cheng, J. (2002). Hydrolysis of lignocellulosic materials for ethanol production: A review. Biore-

sources Technology, 83(1), 1–11.
Sánchez, M., Clifford, B., & Nixon, J. D. (2018). Modelling and evaluating a solar pyrolysis system. Renew-

able Energy, 116, 630–638.
Tan, Y. L., Abdullah, A. Z., & Hameed, B. H. (2017). Fast pyrolysis of durian (Durio zibethinus L) shell in 

a drop-type fixed bed reactor: Pyrolysis behavior and product analyses. Bioresources Technology, 243, 
85–92.

Tarves, P. C., Mullen, C. A., & Boateng, A. A. (2016). Effects of various reactive gas atmospheres on the 
properties of bio-oils produced using microwave pyrolysis. ACS Sustainable Chemistry Engineering, 
4(3), 930–936.

Teymouri, F., Laureano-Perez, L., Alizadeh, H., & Dale, B. E. (2005). Optimization of the ammonia fiber 
explosion (AFEX) treatment parameters for enzymatic hydrolysis of corn stover. Bioresources Tech-
nology, 96(18), 2014–2018.

Tian, B., Qiao, Y., Bai, L., Feng, W., Jiang, Y., & Tian, Y. (2017). Pyrolysis behavior and kinetics of the 
trapped small molecular phase in a lignite. Energy Conversion and Management, 140, 109–120.

Tripathi, M., Sahu, J. N., & Ganesan, P. (2016). Effect of process parameters on production of biochar 
from biomass waste through pyrolysis: A review. Renewable and Sustainable Energy Reviews, 55, 
467–481.

Uras, Ü., Carrier, M., Hardie, A. G., & Knoetze, J. H. (2012). Physico-chemical characterization of biochars 
from vacuum pyrolysis of South African agricultural wastes for application as soil amendments. Jour-
nal of Analytical and Applied Pyrolysis, 98, 207–213.

Valdés, C. F., & Chejne, F. (2018). Fast pyrolysis of coal particles in a novel hot plate reactor: Implications 
of the reaction atmosphere on the reactivity and char chemical structure. Journal of Analytical and 
Applied Pyrolysis, 130, 43–51.

Varma, A. K., & Mondal, P. (2017). Pyrolysis of sugarcane bagasse in semi batch reactor: Effects of process 
parameters on product yields and characterization of products. Industrial Crops and Products, 95, 
704–717.

Van de Velden, M., Baeyens, J., Brems, A., Janssens, B., & Dewil, R. (2010). Fundamentals, kinetics and 
endothermicity of the biomass pyrolysis reaction. Renewable Energy, 35(1), 232–242.

Venderbosch, R. H. (2015). A critical view on catalytic pyrolysis of biomass. Chemsuschem, 8(8), 
1306–1316.

Veses, A., Aznar, M., López, J. M., Callén, M. S., Murillo, R., & García, T. (2015). Production of upgraded 
bio-oils by biomass catalytic pyrolysis in an auger reactor using low cost materials. Fuel, 141, 17–22.

Vhathvarothai, N 2013: Thermochemical behaviour and syngas production from co-gasification of biomass 
and coal blends. Ph.D Thesis, Griffith University, Brisbane

Vyazovkin, S., Burnham, A. K., Criado, J. M., Pérez-Maqueda, L. A., Popescu, C., & Sbirrazzuoli, N. 
(2011). ICTAC Kinetics Committee recommendations for performing kinetic computations on ther-
mal analysis data. Thermochimica acta, 520(1–2), 1–19.

Vyazovkin, S., & Wight, C. A. (1999). Model-free and model-fitting approaches to kinetic analysis of iso-
thermal and nonisothermal data. Thermochimica acta, 340, 53–68.

Wagenaar, B. M., Prins, W., & Van Swaaij, W. P. M. (1994). Pyrolysis of biomass in the rotating cone reac-
tor: modelling and experimental justification. Chemical Engineering Science, 49(24), 5109–5126.

Wang, D., Czernik, S., & Chornet, E. (1998). Production of hydrogen from biomass by catalytic steam 
reforming of fast pyrolysis oils. Energy & Fuels, 12(1), 19–24.

Wang, D., Czernik, S., Montane, D., Mann, M., & Chornet, E. (1997). Biomass to hydrogen via fast pyrol-
ysis and catalytic steam reforming of the pyrolysis oil or its fractions. Industrial and Engineering 
Chemistry Research, 36(5), 1507–1518.

Wang, W., Dai, G., Yang, H., & Luo, Z. (2017). Lignocellulosic biomass pyrolysis mechanism: A state-of-
the-art review. Progress in Energy and Combustion Science, 62, 33–86.

Wang, W.-C., & Lee, A.-C. (2018). Thermochemical processing of miscanthus through fluidized-bed fast 
pyrolysis: A parametric study. Chemistry Engineering Technology, 41(9), 1737–1745.



14377Biomass pyrolysis technologies for value‑added products:…

1 3

Wang, S., Lin, H., Zhang, L., Dai, G., Zhao, Y., Wang, X., & Ru, B. (2016). Structural characterization 
and pyrolysis behavior of cellulose and hemicellulose isolated from softwood Pinus armandii Franch. 
Energy Fuel, 30(7), 5721–5728.

Wang, W., Yang, Y., Luo, H., Hu, T., & Liu, W. (2011). Amorphous Co–Mo–B catalyst with high activity 
for the hydrodeoxygenation of bio-oil. Catalysis Communications, 12(6), 436–440.

Weerechanchai, P., Tanggsathitkulchai, C., & Tanggsathitkulchai, M. (2011). Characterization of products 
of pyrolysis of palm kernel cake and cassava pulp residue. Korean Journal of Chemical Engineering, 
28(2), 2262–2272.

Wei, J., Liu, X., Guo, Q., Chen, X., & Yu, G. (2018). A comparative study on pyrolysis reactivity and gas 
release characteristics of biomass and coal using TG-MS analysis. Energy Sources, Part A: Recovery, 
Utilization, and Environmental Effects, 40(17), 2063–2069.

Werner, K., Pommer, L., & Broström, M. (2014). Thermal decomposition of hemicelluloses. Journal of 
Analytical and Applied Pyrolysis, 110, 130–137.

Westerhout, R. W. J., Waanders, J., Kuipers, J. A. M., & van Swaaij, W. P. M. (1998). Recycling of poly-
ethene and polypropene in a novel bench-scale rotating cone reactor by high-temperature pyrolysis. 
Industrial and Engineering Chemistry Research, 37(6), 2293–2300.

Xiao, R., & Yang, W. (2013). Influence of temperature on organic structure of biomass pyrolysis products. 
Renewable Energy, 50, 136–141.

Xiu, S., & Shahbazi, A. (2012). Bio-oil production and upgrading research: A review. Renewable and Sus-
tainable Energy Reviews, 16(7), 4406–4414.

Xu, H., Li, B., & Mu, X. (2016). Review of alkali-based pretreatment to enhance enzymatic saccharifica-
tion for lignocellulosic biomass conversion. Industrial and Engineering Chemistry Research, 55(32), 
8691–8705.

Yaman, S. (2004). Pyrolysis of biomass to produce fuels and chemical feedstocks. Energy Conversions and 
Management, 45, 651–671.

Yin, R., Liu, R., Mei, Y., Fei, W., & Sun, X. (2013). Characterization of bio-oil and bio-char obtained from 
sweet sorghum bagasse fast pyrolysis with fractional condensers. Fuel, 112, 96–104.

Yu, J., Paterson, N., Blamey, J., & Millan, M. (2017). Cellulose, xylan and lignin interactions during pyroly-
sis of lignocellulosic biomass. Fuel, 191, 140–149.

Yu, Z., Wang, Y., Jiang, L., Dai, L., Liu, Y., Ruan, R., & Zou, R. (2018). Microwave-assisted catalytic pyrol-
ysis of Chinese tallow kernel oil for aromatic production in a downdraft reactor. Journal of Analytical 
and Applied Pyrolysis, 133, 16–21.

Zabaniotou, A. A., & Karabelas, A. J. (1999). The Evritania Demonstration Plant of Biomass Pyrolysis. 
Biomass and Bioenergy, 16, 431–445.

Zanzi, R., & Sjotrom, K. (2002). Bjornborn: Rapid Pyrolysis of Agricultural Residues at High Temperature. 
Biomass and Bioenergy, 23, 357–366.

Zeng, K., Flamant, G., Gauthier, D., & Guillot, E. (2015). Solar pyrolysis of wood in a lab-scale solar reac-
tor: influence of temperature and sweep gas flow rate on products distribution. Energy Procedia, 69, 
1849–1858.

Zhang, Q., Chang, J., Wang, T., & Xu, Y. (2006). Upgrading bio-oil over different solid catalysts. Energy 
and Fuels, 20, 2717–2720.

Zhang, Y., Hu, G., & Brown, R. C. (2014). Life cycle assessment of commodity chemical production from 
forest residue via fast pyrolysis. International Journal of Life Cycle Assessment, 19, 1371–1381.

Zhang, M., Resende, F. L., & Moutsoglou, A. (2014). Catalytic fast pyrolysis of aspen lignin via Py-GC/
MS. Fuel, 116, 358–369.

Zhang, H., Shao, S., Jiang, Y., Vitidsant, T., Reubroycharoen, P., & Xiao, R. (2017). Improving hydrocarbon 
yield by two-step pyrolysis of pinewood in a fluidized-bed reactor. Fuel Processing Technology, 159, 
19–26.

Zhang, L., Xu, C., & Champagne, P. (2010). Overview of recent advances in thermo-chemical conversion of 
biomass. Energy Conversion and Management, 51(5), 969–982.

Zhao, B., O’Connor, D., Zhang, J., Peng, T., Shen, Z., Tsang, D. C. W., & Hou, D. (2018). Effect of pyrol-
ysis temperature, heating rate, and residence time on rapeseed stem derived biochar. Journal of 
Cleaner Production, 174, 977–987.

Zhao, X., Wang, M., Liu, H., Li, L., Ma, C., & Song, Z. (2012). A microwave reactor for characterization of 
pyrolyzed biomass. Bioresource Technology, 104, 673–678.

Zhou, X., Nolte, M. W., Mayes, H. B., Shanks, B. H., & Broadbelt, L. J. (2014). Experimental and mecha-
nistic modeling of fast pyrolysis of neat glucose-based carbohydrates 1 Experiments and develop-
ment of a detailed mechanistic model. Industrial and Engineering Chemistry Research, 53(34), 
13274–13289.



14378 A. N. Amenaghawon et al.

1 3

Publisher’s Note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.


	Biomass pyrolysis technologies for value-added products: a state-of-the-art review
	Abstract
	1 Introduction
	2 Lignocellulosic biomass
	3 Lignocellulosic biomass pretreatment
	4 Physical pretreatment
	5 Chemical pretreatment
	5.1 Acid pretreatment
	5.2 Alkaline pretreatment
	5.3 Ammonia pretreatment
	5.4 Ionic liquid (IL) pretreatment
	5.5 Organosolv pretreatment

	6 Thermal pretreatment
	7 Biological pretreatment
	8 Biomass pyrolysis
	9 Types of pyrolysis
	9.1 Slow pyrolysis
	9.2 Intermediate pyrolysis
	9.3 Fast pyrolysis
	9.4 Flash pyrolysis
	9.5 Hydro pyrolysis

	10 Pyrolysis products
	10.1 Biochar
	10.2 Pyrolysis gas
	10.3 Bio-oil

	11 Characterization of pyrolysis products
	12 Reactors configurations for pyrolysis
	12.1 Fixed-bed reactors
	12.2 Fluidized bed reactors
	12.3 Microwave reactor
	12.4 Ablative reactor
	12.5 Auger reactor (screw reactor)

	13 Application of catalysts in biomass pyrolysis
	14 Factors affecting biomass pyrolysis
	14.1 Pyrolysis temperature
	14.2 Heating rate
	14.3 Residence time
	14.4 Particle size

	15 Kinetic modelling of biomass pyrolysis
	16 Model-fitting methods
	16.1 Model-freeisoconversional methods

	17 Challenges in the design and operation of biomass pyrolysis processes
	17.1 Feedstock problems
	17.2 Processing problems
	17.3 Current state-of-the-art
	17.4 Recent experimental methods
	17.5 Commercial scale pyrolysis plants
	17.6 Future prospects

	18 Conclusion
	References




