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Preface

Reactivity is a vast realm with many specific sub-fields. Among them,  reactivity 
under high-temperature conditions is one of the most attractive due to the 
complex chemical routes active in the high-temperature regime. Pyrolysis is the 
most studied high-temperature conversion procedure. It breaks down polymeric 
macromolecules into compounds with low molecular weight in a free-oxygen 
atmosphere [1]. Pyrolytic treatment leads to three classes of products: gas, liquid, 
and carbonaceous residue. Several technologies have been developed to efficiently 
convert polymeric structures into useful products. Some of these technologies 
include heating technology [2], apparatus design [3–6], and the use of catalysts 
[7–9]. Furthermore, a pyrolytic approach can be used for the inorganic synthesis 
of chemical species produced by the thermal degradation of template precursors.

The flexibility of the pyrolytic process has contributed to its spread across several 
research and industrial projects. Pyrolytic conversions have potential applications 
in producing advanced materials and sustainable fuels. Furthermore, pyrolysis 
of waste streams has attracted attention worldwide as a possible solution to 
 convert waste materials into eco-friendly, usable materials. The assembling of 
multi-product platforms built around pyrolysis units has become a reality in the 
world of next-generation biorefineries.

This book paints a complete and multidisciplinary picture of the many possible 
applications of pyrolysis. Chapters report on the use of pyrolytic methods for the 
production of fuels, chemicals, and nanostructured materials for high-tech applica-
tions and to convert waste streams (both biomass and plastics) into value-added 
products. The book provides several key lab and field examples to further under-
standing of the topic. It also discusses whether pyrolysis processes are convenient 
and economically sound considering both more traditional and unconventional 
approaches. The book is a useful resource for students, researchers, company 
 advisors, and other interested readers.

Mattia Bartoli
Center for Sustainable Future Technologies (CSFT),

Istituto Italiano di Tecnologia (IIT),
Torino, Italy

Dr. Mauro Giorcelli
Polytechnic University of Turin,

Torino, Italy
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Chapter 1

Features of Pyrolysis of Plant 
Biomass at Excessive Pressure
Sergey Vasilevich and Dmitry Degterov

Abstract

The paper describes methods for producing charcoal (highly porous carbon 
materials) based on plant (wood) raw materials, and the equipment used to imple-
ment these processes, the use of activated carbons. The paper describes results of 
an experimental study of the effect of pressure on the formation of charcoal in the 
pyrolysis of birch chips. The experimental investigation was carried out at pressures 
of 0.1, 0.3, 0.5, 0.7 MPa. To investigate the effect of pressure on the pyrolysis pro-
cess, a laboratory bench was designed and constructed. It was found that increasing 
the pressure from 0.1 MPa to 0.7 MPa increases the yield of charcoal from 25.1 
to 32.4% by weight (relative to the dry weight of the starting material) and the 
carbon content from 89.1% by weight at 0.1 MPa to 96.4% by weight at 0.7 MPa. The 
calorific value of charcoal decreases from 34.86 MJ/kg at a pressure of 0.1 MPa to 
30.23 MJ/kg at a pressure of 0.7 MPa. This is due to the release of oxygen-containing 
components, which have a higher calorific value than pure carbon, from the porous 
coal structure. Reduction of the charcoal heat combustion with a decrease in the 
amount of oxygen-containing components confirms conclusion that their calorific 
value exceeds the calorific value of pure carbon.

Keywords: pyrolysis, birch chips, pressure, laboratory reactor, charcoal

1. Introduction

Charcoal (Figure 1) is a solid porous pyrolysis product of plant biomass (thermal 
decomposition without oxygen access), which is formed along with liquid products 
(resins) and combustible gases. Charcoal is used as a high quality renewable solid fuel 
(calorific value 30–35 MJ/kg), as well as in industry, for example, in the production 
of technical silicon [1].

Currently, the use of charcoal in the production of carbon sorbents is  
expanding, which are used in various technologies of adsorption purification and 
separation [2, 3].

The density of wood has a significant effect on the strength of coal, which can 
vary significantly both from breed to breed, and in different parts of the wood. 
Table 1 shows the average physical characteristics of oak and birch wood, which are 
most often used in Belarus for the production of high-quality charcoal.

The yield of charcoal during pyrolysis increases as the size of the pieces of wood 
increases, while the yield of almost all liquid products decreases. Depending on 
the size of the wood raw material, it is possible to achieve different densities of its 
packing in the working chamber. Depending on the size of the wood raw material, 
it is possible to achieve different densities of its packing in the working chamber. 
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The full wood ratio determines the volume fraction of wood in a densely folded 
woodpile. The values of the fullness coefficient for firewood of different sizes are 
presented in Table 2. Assuming that birch chopped firewood 0.5 m long is used 
for coal production, we will use the value of the wood content factor 0.72 in the 
calculations.

The process of wood pyrolysis essentially depends on the initial moisture 
content. This value varies in very wide ranges: from 60 to 65% for freshly sawn raw 

Type of firewood Coniferous firewood, m Deciduous firewood, m

0,25 1,0 3,0 0,25 1,0 3,0

Round 3–10 cm thick 0,79 0,69 0,61 0,75 0,63 0,55

Round 11–14 cm thick 0,81 0,72 0,66 0,80 0,70 0,62

Chipped up to 15 cm thick 0,77 0,70 0,63 0,76 0,68 0,60

A mixture of round and chipped 0,77 0,70 0,65 0,76 0,68 0,63

Table 2. 
Coefficients of full wood content [1].

Figure 1. 
General view (a) and micrograph (b) of charcoal.

Wood species Birch Oak

Density in an absolutely dry state, kg/m3 520 550

Cellulose content, % 45,8 37,1

Content of hemicellulose, % 26,0 28,8

Lignin content, % 21,2 22,5

Heat capacity, J/kg K 1700

Calorific value, kWh/kg 4,0

Thermal conductivity across the fibers, mW/m K 150 200

Charcoal output, kg/m3 150 160

Table 1. 
Physical parameters of raw materials for the production of charcoal [2].
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materials to 15% for air-dry wood. The optimal level of relative humidity of wood 
intended for pyrolysis is in the range of 15–25%. With a higher humidity, in addition 
to an increase in fuel consumption and a decrease in the productivity of devices, 
the mechanical strength of coal decreases. In this regard, the raw material must 
be pre-dried. With natural drying of wood, a 12-month supply of raw materials 
is technically justified. With artificial drying, the supply of wood must be at least 
3 months [1].

Depending on the calcination temperature and its duration, the content of 
non-volatile carbon in the coal varies. Tables 2.3 and 2.4 show examples of the 
distribution of elements in the original wood and decomposition products for the 
calcination depths, as a result of which the content of non-volatile carbon in coal 
is 84 and 94%. The data are given in terms of absolutely dry wood. As follows from 
these tables, an increase in the content of non-volatile carbon leads to a decrease in 
the yield of coal and an increase in the duration of the process. Thus, the calcination 
of the coal should only be carried out to the extent required by the customer. For 
domestic purposes, coal with a non-volatile carbon content of 77–82% is optimal.

Traditionally, charcoal is produced in the process of slow pyrolysis at heating 
rates of 5–7 K/min and temperatures of 623–873 K. The duration of the pyrolysis 
process is 1–14 days, depending on the unit productivity. The mass yield of coal is 
20–33%. In the world, such equipment produces from 26 to 100 million tons  
of charcoal per year with a growth trend of about 3% per year [1]. A consequence of 
the high duration and low efficiency of the process is a significantly higher cost of 
charcoal in comparison with fossil coal.

Usually, when charring, either direct heating with a hot gas stream flowing 
through the bed and washing the surface of individual pieces is used, or indirect 
heating through the wall of the apparatus.

Table 3 shows the classification of charcoal burning equipment according 
to various criteria affecting the thermal regimes and the speed of the pyrolysis 
 process [2].

Figure 2 shows various types of equipment for the production of charcoal: 
(a) Combustion furnace VMR (USA) (Duty cycle: 48 hours. Chamber volume: 
14 m3. Loading: 10 m3. Temperature ~ 450°C. Coal output: 1000 kg (≈30%)); (b) 
experimental reactor Antala (University of Hawaii, USA) (max. Coal yield ≈ 40%. 
cycle no more than 1.5 hours. Heating of raw materials in a sealed reactor leads to 
volatility and pressure rise to 7–10 bar at 350°C); (c) UVP-5US mobile incinerator 
(CIS) (Working cycle: 8–12 hours. Retort volume: 4.5 m3. Coal output: 30–32%.); 
(d) charcoal kiln unitary enterprise “ECO-CARBON” (Ukraine) (Working cycle: 
18–34 hours. Consumption of firewood for the furnace up to 0.2 m3/day).

The main stages of the charcoal production process are: drying, endothermic 
pyrolysis, exothermic pyrolysis, calcination and cooling.

During the drying process, the wood is heated to a temperature of 100–120°C 
and the water evaporates. Due to the fact that with excessively intensive drying, 
vapors tear wood, the temperature of the heat carrier in known technologies does 
not exceed 200–220°C (average temperature in the chamber). At the same time, 
while the wood is not dry, its temperature (at normal pressure) remains about 
100–120°C. The composition of the wood is practically unchanged. Drying is 
usually divided into two stages. At the first stage (heating and actual drying), the 
relative humidity is brought to 5%. The second stage – drying is carried out already 
in the pyrolysis process.

The stage of endothermic pyrolysis includes heating wood before the decompo-
sition of hemicelluloses, removal of bound moisture, decomposition of hemicel-
luloses and individual lignin fragments, heating to the temperature of exothermic 
pyrolysis.
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Exothermic decomposition of wood occurs in the temperature range from 275 
to 450°C. At this stage, there is an intensive decomposition of cellulose and lignin, 
secondary polymerization reactions occur, and resins are formed. The free heat of 
exothermic pyrolysis is 1000–1150 kJ per 1 kg of wood.

The beginning of intensive decomposition of cellulose and wood corresponds 
to a temperature of 280–290°C, lignin decomposes at a temperature of about 
350–450°C.

Criterion Modifications

By orientation Horizontal

Inclined

Vertical

Capturing liquid products Without capturing

Partial capture

With catching

With combustion of ASG

By material Steel (retorts)

Concrete, etc.

Brick (oven)

By mobility Stationary

Collapsible

Mobile

By the way of heat supply With internal heat carrier

Through the wall

Combined with other operations Drying, pyrolysis, cooling

Pyrolysis only

Drying and pyrolysis

Pyrolysis and cooling

Combination with activation

By the method of moving raw materials Due to the movement of the working area or pushing device

Under own weight

In withdrawable devices

Stationary

In trolleys

By type of raw material Unseparated logs

Chopped firewood

Sawdust briquettes

Waste

By mode of operation Periodic

Semi-continuous

Continuous

Table 3. 
Systematization of charcoal burning equipment [2].
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At this stage, it is necessary to provide intensive heat removal to prevent the 
possibility of an uncontrolled process. The gases generated by pyrolysis can be used 
for combustion in the combustion chamber. In the event of an excessive tempera-
ture rise, intensive removal of the temperature is required. The completion of wood 
pyrolysis is most often determined by the absence of active combustion of pyrolysis 
gas in the combustion chamber.

Calcination is necessary to remove from the carbon skeleton the residues of vola-
tile substances retained by adsorption. At the same time, the content of non-volatile 
carbon in coal increases and the mass yield of charcoal decreases. In the course of 
calcination, the structure of coal also changes – functional groups containing oxy-
gen and hydrogen are split off from it, and the bonds between carbon atoms change.

In the course of calcination, endothermic and exothermic reactions proceed in 
parallel, the total balance of the stage is endothermic. However, with a high degree 
of accuracy, it can be assumed that the heat consumption during the calcination 
process is necessary only for heating the charcoal.

During the cooling process, the temperature of the charcoal is lowered to 120°C. 
This process is most efficiently carried out using steam. Lower temperatures can be 

Figure 2. 
Equipment for the production of charcoal: (a) combustion furnace VMR (USA); (b) experimental reactor 
Antala (University of Hawaii, USA); (c) UVP-5US mobile incinerator (CIS); (d) charcoal kiln unitary 
enterprise “EKO-CARBON” (Ukraine).
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achieved using cold, non-condensable pyrolysis gases. After coal is unloaded from 
the reactor, it cools completely without oxygen.

Of the many factors that determine the yield and composition of biomass 
pyrolysis products, the main ones are the final process temperature and pressure 
in the apparatus, the heating rate of the material, the type of heat carrier used, the 
method of heat exchange and the presence of chemical additives, as well as the type 
and quality of raw materials.

It is known that the process of pyrolysis of plant biomass is influenced by vari-
ous parameters, such as temperature, composition and structure of raw materials, 
moisture content of raw materials, environmental pressure, etc.

The influence of pressure on the process of wood pyrolysis has been studied for 
quite a long time [4–8].

Klason et al. [4, 5] more than 100 years ago, studying the pyrolysis of cellulose 
and woody biomass at a temperature of 400°C, found that the formation of charcoal 
is due to the occurrence of primary and secondary chemical processes. According to 
these authors, as a result of the course of primary processes, the formation of char-
coal and a large amount of various hydrocarbons occurs, which then decompose 
with the formation of charcoal and volatile components CO2, CO, H2, etc. pyrolysis, 
the yield of charcoal is increased.

The results of Klason et al. [4, 5] were later confirmed in studies of pyrolysis of 
various types of biomass and various conditions of this process [6–8].

Despite extensive studies of the influence of pressure and other factors on the 
formation of charcoal in the process of pyrolysis of biomass, the chemical mecha-
nism of the influence of pressure has not yet been clarified, which necessitates a 
study of this effect when developing an effective technology for the production of 
charcoal from biomass.

A laboratory reactor for the thermochemical conversion of wood was developed 
and constructed to work out the modes of the process of obtaining charcoal. The 
diagram of the reactor is shown in Figure 3.

Figure 3. 
Schematic of a laboratory reactor.
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The main elements of the laboratory reactor are housing 1, cover 2, thermal 
insulation 3, casing 4, fittings 5–6, electric heater 7, monometer 8, thermocouples 
9–10, support legs 11.

The general view of the reactor is shown in Figure 4.
The raw material used was birch wood in the form of firewood and chips.
The design of the reactor allows pyrolysis of biomass both at atmospheric and 

overpressure. For this, fitting 5 was plugged, and an adjustable safety valve was 
attached to fitting 6 instead of thermocouple 10, which was triggered at a pressure 
of 0.3–0.7 MPa.

2. Description of experiments

To reveal the effect of excess pressure on the yield of solid pyrolysis products 
(charcoal), experimental studies of the pyrolysis of wood chips with a particle 
size of 17x8x6 mm were carried out at atmospheric and excess pressure, at various 
temperatures and pyrolysis times. The moisture content of the wood is 14.2%. The 
density of the wood is 506.4 kg/m3, the ash content is 0.23%. The moisture content 
was determined using a FAUNA-M moisture meter (manufactured by OOO Lenta, 
RF). Table 4 shows the elemental composition of the wood raw material used. 
Measurement error of elemental composition 0.1%.

During pyrolysis without overpressure, raw wood was placed in a reactor. Then 
thermocouple 10 was placed in the wood layer (Figure 3). After that, the electric 
heater 7 was turned on. The temperature inside the wood was determined using a 
thermocouple 10. At the moment when the temperature exceeds 110°C, it can be 
concluded that the drying process is complete. Thus, the drying time of the chips 
was determined.

After that, the temperature in the reactor increased to 400°C. The thermocouple 
10 was used to measure the temperature inside the reactor.

Figure 4. 
Laboratory bench for the production of charcoal.
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Figure 5. 
General view of the resulting charcoal.

The process of cooling the obtained charcoal was carried out in a natural way 
(with the heater turned off) and with the supply of water through the choke 5. In 
this case, the change in temperature inside the coal layer was recorded and the time 
of their cooling was determined.

When pyrolysis of wood with excess pressure increases with temperature inside 
the reactor, the release of gaseous products begins, which accumulate in the reac-
tor, creating excess pressure. When the required pressure is reached, the valve is 
activated, and the excess of gaseous pyrolysis products leaves the reactor, which 
allows maintaining a constant operating pressure in the reactor.

Experiments were carried out at a pressure inside the reactor of 0.1, 0.3, 0.5, 
0.7 MPa. The amount of energy consumed for the coal production process was the 
same for all experiments and amounted to 34.89 MJ.

Figure 5 shows a general view of the resulting charcoal.
There was no excess pressure in the reactor (pyrolysis gases were freely leaving 

the reactor). The total pyrolysis time was 600 minutes (10 hours). The mass yield 
of coal was 25.1% (29.2% on dry weight of wood). The calorific value of coal is 
34.86 MJ/kg. The calorific value was determined on a V-08MA “K” calorimeter.

In the course of the experiments, it was revealed that with the same consumed 
energy, the temperature inside the reactor during pyrolysis with excess pressure is 
higher than at atmospheric pressure. This is due to the fact that the thermal energy 
released during the operation of the heater accumulates inside the reactor until it 
begins to be consumed in the drying process or endothermic pyrolysis. However, 
under excess pressure, these reactions proceed at higher temperatures. For example, 
at a pressure of 0.1 MPa, an active process of moisture evaporation was observed 
at a temperature of 104 C, and at a pressure of 0.7 MPa - 185 C. This agrees with 
the reference data on the dependence of the temperature of water evaporation on 
pressure.

The mass yield of coal was 27.8% (32.4% per dry weight of wood with a ther-
modynamically equilibrium solid carbon yield of 41–42% in the pressure range 

Component С О Si Al

Content, % 54,9 44,8 0,2 0,1

Table 4. 
Elemental composition of used wood raw materials.
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of 0.12–0.7 MPa). This is 1.12 times more than in the experiment without excess 
pressure. The calorific value of coal is 30.23 MJ/kg.

The operating time in all experiments is the same, the voltage on the heater was 
also constant, which means that the amount of energy expended on coal production 
is the same (34.9 MJ).

Table 5 and Figure 6 shows the dependence of the mass yield of charcoal to dry 
mass on the pressure in the reactor.

The mass yield of charcoal to dry matter was determined by the expression
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where МС – mass of coal, g;
M0 – mass of the feedstock, g;
W – moisture content of the feedstock, %.
In Figure 6, the dark symbols are the data obtained by the authors, and the light 

symbol is the data obtained at the University of Hawaii (USA) [9] at a pressure 
of 1 MPa.

An increase in pressure leads to an increase in the residence time of gaseous 
pyrolysis products in the reactor and their contact with the feedstock and coal, i.e. 
brings the conditions in the reactor to equilibrium.

Table 6 shows the values of the calorific value of the obtained charcoal at vari-
ous pressures.

Table 6 shows that with increasing pressure in the reactor, the calorific value of 
the resulting charcoal decreases. This can be explained by the fact that coal contains 
tar, the calorific value is higher than that of pure coal. We have determined that the 

Pressure, MPa 0,1 0,3 0,5 0,7

Хс, % 25,11 28,68 31,96 32,40

Table 5. 
Dependence of the mass yield of charcoal on the pressure in the reactor.

Figure 6. 
Graph of the dependence of the mass yield of charcoal on the pressure in the reactor.
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calorific value of pure coal (without tar) is 27.01 MJ/kg. It is close to the value of 
the calorific value of the coal obtained by us at a pressure of 0.7 MPa. High purity 
activated carbon was taken as a reference. At the same time, pyrolysis resins have a 
higher calorific value. Therefore, the presence of resins increases the calorific value 
of the resulting product, but decreases its quality. Based on this, we can conclude 
that with increasing pressure, the quality of coal increases.

This is also confirmed by the results of the elemental analysis of the obtained 
products. Table 7 shows the elemental composition data for charcoal obtained at 
various pressures. The elemental composition was determined by X-ray spectral 
microanalysis using an Oxford Instruments X-MaxN energy dispersive analyzer 
operating in conjunction with a LEO1455VP scanning electron microscope with a 
sensitivity of 0.1 at.%.

Figure 7 shows a micrograph of the used wood and a graph of the elemental 
composition.

Figure 8 shows micrographs (left) and graphs of the elemental composi-
tion (right) of charcoal obtained at a pressure of 0.1 MPa (a, b), 0.3 MPa (c, d), 
0.7 MPa (e, f).

As can be seen from Figure 8, the charcoal composition obtained at a pressure 
of 0.1 MPa contains amorphous resinous inclusions (Figure 8a). At a pressure of 
0.3 MPa, inclusions are absent (Figure 8c). At a pressure of 0.7 MPa, the general 
view of coal under a microscope coincides with wood (Figures 7a and 8e). This 
indicates the complete preservation of the cellular structure of wood during its 
pyrolysis under a pressure of 0.7 MPa.

The 
elements

Raw 
wood

Coal

1 atmosphere 3 atmospheres 5 atmospheres 7 atmospheres

С, % 54,9 89,1 95,3 94,02 96,4

О, % 44,8 8,4 4,0 5,66 2,9

Si, % 0,2 0,2 0,1 0,01 —

Al, % 0,1 — — 0,03 —

Ca, % — 1,3 0,4 0,1 0,3

К, % — 0,3 0,1 0,03 0,2

Mg, % — 0,2 — 0,03 0,1

Mn, % — 0,2 — 0,05 —

Р, % — 0,1 — 0,02 —

S, % — — — — —

Fe, % — — — 0,04 —

Table 7. 
Data of elemental composition for charcoal obtained at various pressures. Measurement error of elemental 
composition 0.1%.

Pressure, MPa 0,1 0,3 0,5 0,7

Qс, MJ/kg 34,86 33,69 31,04 30,23

Table 6. 
Dependence of the calorific value of charcoal on the pressure in the reactor.
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As noted above, in the case of pyrolysis of birch chips at higher pressures, the 
temperature in the chip layer reaches the plateau-like area at higher temperatures. 
An increase in temperature in the layer of chips promotes the process of desorption 
of oxygen-containing components from the pores of the resulting charcoal and to 
an increase in the carbon content in it.

Figure 7. 
Micrograph (a) of used wood and graph of elemental composition (b).

Figure 8. 
Micrographs (left) and graphs of the elemental composition (right) of charcoal obtained at a pressure of 
0.1 MPa (a, b), 0.3 MPa (c, d), 0.7 MPa (e, f).
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Table 7 shows that with an increase in pressure from 0.1 MPa to 0.7 MPa, the 
oxygen content in charcoal decreases from 8.4% by weight. up to 2.9% weight. In 
this case, the carbon content increases from 89.1% by weight. up to 96.4% weight.

According to the authors of [4–8], such a change in the yield of charcoal and the 
carbon content in it is due to the occurrence of secondary chemical reactions, in 
which the decomposition of the primary pyrolysis products occurs with the forma-
tion of charcoal and volatile components. The positive effect of pressure in this case 
is due to the difficulty of the diffusion release of the components formed during 
the decomposition of the wood pulp. This hypothesis was confirmed by us through 
experimental studies of the influence of the difficulty in the yield of gaseous 
pyrolysis products on the quantitative yield and composition of the obtained coals.

3. Description of the experimental setup

The authors have developed and manufactured an experimental plant for the 
pyrolysis of plant biomass under pressure, which makes it possible to obtain a 
highly porous carbon material, the parameters of which (sorption capacity, total 
pore volume, bulk density, elemental composition) meet the requirements for 
activated carbon.

During the development of the installation, the technological scheme of thermal 
steam activation was adopted. In this case, the installation consists of three blocks 
shown in Figure 9.

The arrows show the movement of the steam. Each unit is equipped with a pres-
sure relief valve. On block 1 - for 8 atmospheres, on blocks 2 and 3 - for 10 atmo-
spheres (to ensure, first of all, the movement of steam into the pyrolysis chamber 
and activation). Each block is made in the form of cylinders with an inner diameter 
of 0.1 m. The blocks (chambers) are interconnected by adapters in the form of tubes 
with an inner diameter of 0.02 m. The thickness of the walls of the chambers and 
adapters is 0.005 m.

The installation diagram is shown in Figure 10.
The experimental setup works as follows.
At the beginning of work, wood raw material is loaded into basket 15 (see 

Figure 10) and placed into the cavity of the pyrolysis and activation chamber.
After loading the basket, the pyrolysis and activation chamber is hermetically 

closed by the chamber lid 14, having previously installed a brass O-ring. Water with 
a volume of 2 liters is poured into the steam generator and hermetically closed with 
a lid. After that, the serviceability of the devices and the reliability of the fastening 
of the installation elements are checked. Then the fan 17, the temperature controller 
“Sosna-002” and the heaters 2, 9 and 13 on the steam generator, superheater and 
pyrolysis and activation chamber are turned on.

The required pressure in the installation is maintained by valves 6 and 20 
installed on the steam generator and cooler.

Figure 9. 
Block diagram of the experimental setup. (1) pyrolysis and activation chamber, (2) superheater, and (3) steam 
generator.
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The general view of the installation is shown in Figure 11.
A general view of the loaded basket is shown in Figure 12.
To control the pressure level, pressure gauges are installed on the steam genera-

tor and cooler.
The temperature regime in the installation is maintained through the use of 

electric heaters on the steam generator, superheater and pyrolysis and activation 
chamber. The temperatures in the chambers are controlled using thermocouples 
3, 8, 11 and 19 (see Figure 10) installed in the steam generator, superheater, in the 
pyrolysis chamber and in the cooler.

Figure 11. 
General view of the experimental setup.

Figure 10. 
Diagram of the experimental setup.
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The gaseous products of the conversion, together with the superheated steam 
during thermal expansion, create an overpressure in the installation. In the case 
when the pressure exceeds the operating pressure (8 atm), the surplus of gaseous 
products leaves the unit through the safety valves.

Heavy hydrocarbons released in the pyrolysis and activation chamber during the 
operation of the unit enter the cooler (Figure 13) through the heat exchanger. In the 
cooler, heavy hydrocarbons and steam are condensed. To remove them, the cooler is 
equipped with an outlet pipe and a valve.

To intensify the process of cooling the exhaust gaseous products and ensure their 
condensation, a fan is installed that creates an air flow to enhance heat transfer.

Figure 13. 
General view of the cooler.

Figure 12. 
Loading the basket into the pyrolysis chamber and activation.
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4. Description of the experiment

During the experiment, birch wood chips with a fraction size of 35x8x4 mm 
were used as raw materials. The humidity was 9.6% (determined by the EVLAS-2 M 
device). Ash content 0.11%. The density of the wood is 380.95 kg/m3. The bulk 
density of the chips was 187.27 kg/m3. The calorific value of wood raw material is 
17269.79 kJ/kg. The mass of wood in the basket was 200.2 g.

After loading the raw material and turning on the heater, the pyrolysis and 
activation chamber was brought to a thermal regime corresponding to the onset 
of pyrolysis (250 C). After that (55 minutes after the start of the experiment), the 
heaters on the steam generator and the superheater were turned on. At the same 
time, at the end of the pyrolysis of plant biomass (wood chips), superheated steam 
began to flow in the pyrolysis and activation chamber. Pyrolysis started 55 minutes 
after the heaters were turned on and lasted 75 minutes. The maximum pyrolysis 
temperature was 650 C. At the end of the pyrolysis, calcination and simultaneous 
activation with superheated steam for 2 hours and 30 minutes took place. The 
superheated steam temperature was 760 C. The total process time was 4 hours and 
40 minutes. At the end of the work, the heaters were turned off. After cooling all 
the elements of the installation and, as a consequence, reducing the pressure to 
atmospheric, the lid of the pyrolysis and activation chamber was opened and the 
basket with samples of the finished solid product was removed.

The general view of the obtained solid pyrolysis products is shown in Figure 14. 
The mass yield of solid products was 15.5%.

After that, the basket was again loaded with wood chips and installed in the 
pyrolysis chamber. At the same time, the valves were removed so that during the 
operation of the installation in the chambers the pressure was close to atmospheric.

Then the experiment was repeated and solid pyrolysis products were obtained, 
the mass yield of which was 9.4%.

It can be seen that at a pressure of 8 atm, the mass yield of solid products is 
higher than at atmospheric pressure. This confirms the results previously obtained 
by the authors and described in [10, 11].

Figure 14. 
General view of solid products of wood chips conversion.
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Investigations of the composition and properties of solid conversion products 
were carried out. Figure 15 shows micrographs of samples of solid pyrolysis prod-
ucts obtained at a pressure of 1 atm. (a) and 8 atm. (b).

The figure shows that in the sample obtained at a pressure of 8 atm. More pores 
are observed on the surface than in the sample obtained at a pressure of 1 atm.

The elemental composition of the samples is shown in Table 8. Measurement 
error of elemental composition 0.1%.

The table shows that the carbon content in the sample obtained at a pressure of 
8 atm. Higher than in the sample obtained at atmospheric pressure. This is consis-
tent with the results of the studies described in [10, 11].

The bulk density of the obtained solid product was 70.85 kg/m3.
The total pore volume is 3.985 cm3/g.

The elements Raw wood Coal

1 atmosphere 8 atmospheres

С, % 55,18 88,3 93,7

О, % 44,52 8,1 3,1

Si, % 0,15 0,7 2,0

Al, % 0,08 0,5 0,3

Ca, % 0,01 1,1 —

К, % 0,05 0,3 0,4

Mg, % 0,01 0,4 0,3

Mn, % — 0,1 —

Р, % — 0,2 —

S, % — 0,1 0,2

Fe, % 0,1 0,2 —

Table 8. 
Elemental composition of raw materials and charcoal obtained at different pressures.

Figure 15. 
Micrographs of samples of solid pyrolysis products obtained at a pressure of 1 atm. (a) and 8 atm. (b).
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The values of the specific surface of the samples were determined. For solid 
pyrolysis products obtained at 1 atm., These indicators were: 50.31 m2/g. For the 
products obtained at 8 atm., They are equal to: 664.99 m2/g. The iodine content in 
the samples of solid pyrolysis products was not observed.

All characteristics of the obtained solid products of thermochemical conversion 
of wood meet the requirements of the standards for activated carbon.

The results of testing an experimental installation for thermochemical conver-
sion of plant biomass under pressure showed the effectiveness of using such equip-
ment to obtain highly porous carbon materials, the parameters of which meet the 
requirements for activated carbon. The biomass pyrolysis temperature was 650 °C, 
the superheated steam temperature was 760°C. The total time of the activated 
carbon production process was 4 hours and 40 minutes. Activation time 2 hours 
30 minutes. The mass yield of the obtained solid product corresponds to 15.5%. 
According to the indicators revealed, the resulting product meets the requirements 
of the standards, which makes it possible to draw a conclusion about the possibil-
ity of using the selected technological scheme for creating industrial samples of 
pyrolysis equipment for producing activated carbons from woody biomass.

5. Conclusion

The paper describes the methods of obtaining wood (highly porous carbon 
materials) based on plant (wood) raw materials, and the equipment used to imple-
ment these processes, the use of charcoal. The conclusion is made about the advan-
tage of obtaining charcoal under excess pressure.

An experimental study of pyrolysis of birch chips on a laboratory bench in the 
pressure range from 0.1 to 0.7 MPa showed that an increase in pressure at which 
pyrolysis is carried out promotes an increase in the mass yield of charcoal and an 
increase in the carbon content in it. At the same time, there is a decrease in the 
calorific value of the resulting charcoal, which is due to the release of oxygen-con-
taining components from the porous structure of coal, which have a higher calorific 
value in comparison with pure carbon.

A description of the developed and manufactured experimental setup is pre-
sented, which consists of a steam generator, a superheater, a pyrolysis and activa-
tion chamber, a cooler with a heat exchanger with forced convection, which are 
interconnected sections. Experiments were carried out confirming that excessive 
pressure increases the mass yield of solid products of thermochemical conversion 
of plant biomass. Were determined the physical parameters of the obtained solid 
products of pyrolysis and physical activation at an excess pressure of 0.8 MPa.
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Chapter 2

Catalytic Fast Pyrolysis of 
Lignocellulosic Biomass to 
Benzene, Toluene, and Xylenes
William H. Gong

Abstract

Catalytic Fast Pyrolysis is a rapid method to depolymerize lignocellulose to its 
constituent components of hemicellulose, cellulose, and lignin. The pyrolysis reac-
tion in absence of oxygen occurs at a very high heating rate to a targeted tempera-
ture of 400 to 600 °C for very short residence time. Vapors which are not condensed 
and are then contacted with a catalyst that is efficient to deoxygenate and aromatize 
the pyrolyzed biomass. One class of highly valuable material that is produced 
is a mixture of benzene, toluene, and xylenes. From this mixture, para-xylene 
is extracted for further upgrading to polyethylene terephthalate, a commodity 
polyester which has a demand in excess of 80 million tonnes/year. Addressed within 
this review is the catalytic fast pyrolysis, catalysts examined, process chemistry, 
challenges, and investigation of solutions.

Keywords: CFP, Catalytic Fast Pyrolysis, BTX, Benzene, Toluene, Xylene, 
Lignocellulose, Cellulose, Hemicellulose, Lignin, Minerals

1. Introduction

para-Xylene (pX) is a key raw material in the production polyethylene terephthal-
ate (PTA) before it is combined with mono ethylene glycol (MEG) to produce 
polyethylene terephthalate (PET), one of the largest and fastest globally growing 
polymers. Demand for pX is driven by the global polyester growth. Global polyester 
consumption is currently around 80 million tonnes/year. Using application of PET 
in fiber, this polyester is produced in 57.7 million metric tonne in 2019. Since 2008, 
the average growth in production has an annual increase of 5.9% (see Figure 1) [1]. 
Industry forecasts are that polyester will continue to grow at approximately 4% annu-
ally. While there is also increased focus on recycling polyester (a.k.a. rPET), most 
industry experts also see continued demand growth in virgin material due to limits on 
the availability of recycled polyester and need for virgin material to meet quality and 
specifications of many applications. Over the span between 2008 and 2019, rPET pro-
duced has ranged from 2 to 9% of total global PET for fiber applications. Currently, 
PTA is produced from pX where 0.58 tonnes of pX are required to produce one tonne 
of polyester, resulting in global demand for pX of about 50 mm tonnes (Figure 2).

Figure 3 displays the supply chain to produce PET. Virtually all PET is produced 
from fossil fuel resources. pX is produced from mixed xylenes that are derived from 
crude oil, and MEG is produced from ethylene primarily derived from natural gas. 
There is a commercial bio-based route to MEG that starts from ethanol produced 
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Figure 3. 
Supply chain to PET.

from biomass by dehydration to ethylene, oxygenation to ethylene oxide, and 
hydrolysis to MEG. Bio-based MEG is used to produce a partial bio (~30%) PET. 
At the current time, there are no commercial routes to bio-pX.

Figure 1. 
Annual PET Fiber produced from 2008 to 2019.

Figure 2. 
Pathway from p-xylene to polyethylene terephthalate (PET).
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Conventional pX technology is based on the isomerization of mixed xylenes 
which has been practiced commercially for decades. The mixed xylenes are pro-
duced by catalytic reforming of naphtha, which produces a C8 stream that includes 
the three xylene isomers and ethylbenzene. Other routes to mixed xylenes are 
from the pyrolysis gasoline stream produced in a naphtha steam cracker. The main 
commercial routes used to separate the pX isomer are crystallization, which takes 
advantage of the different freeze points of the ortho-, meta- and para- isomers, or 
via selective adsorption separation processes.

As a result of growing concerns about climate change, companies, governments, 
and consumers are increasing their focus on ways to reduce the carbon footprint 
of materials and offer more sustainable products. Consequently, companies are 
looking at new and innovative technologies to produce pX from renewable biomass 
resources rather than from crude oil, to enable production of a 100% bio polyester 
product. This report focuses catalytic fast pyrolysis (CFP) of lignocellulose to 
bio-oils which are refined to bio-pX with the objective to reduce carbon footprint 
in comparison to petro-pX. There are other processes currently being developed for 
bio-pX, but a discussion of these processes are beyond the scope of this paper.

As the world is emerging from the global pandemic of 2020–2021, increasingly, 
big companies have turned their focus on sustainability and establishing aggressive 
targets to reduce the carbon footprint of their products and over time move toward 
a net-zero carbon profile. It was earlier in 2009 Coca-Cola announced their rollout 
of the PlantBottle™ [2]. Coca-Cola’s mission is to reduce reliance on non-renewable 
resources, and reduce CO2 emission in polyethylene terephthalate (PET). Currently, 
only 30% of the PET in PlantBottle™ is made from bio-MEG. A commercialized 
process for bio-PTA process would enable Coca-Cola (and others) to produce 100% 
bio-PET PlantBottle™. Advantageously, bio-PET production would be a “drop-in” 
into existing PET assets. By 2012, Coca-Cola, Ford, Heinz, Nike, and Procter & 
Gamble founded the “Plant PET Technology Collaborative” and announced their 
mission [3]:

“PTC members are committed to supporting and championing research, 
expanding knowledge and accelerating technology development to enable com-
mercially viable, more sustainably sourced 100% plant-based PET plastic while 
reducing the use of fossil fuels”. Similarly, Danone, Nestlé Waters, Origin Materials 
and PepsiCo formed the NaturALL Bottle Alliance in 2018. Since Coca-Cola’s 2009 
announcement, many have gravitated to the challenge to develop bio-PTA.

The reduced carbon footprint of bio-pX, and consequently bio-polyester, can 
contribute to meeting these carbon reduction goals for companies that participate in 
the polyester value chain, and this is the key business driver behind the increasing 
interest in routes to bio pX. The bottom line: once bio-pX is available, oxidation of 
bio-pX to bio-PTA would produce 100% bio-PET.

2. Biomass catalytic pyrolysis and upgrading to aromatics

Anellotech, a Pearl, NY start-up chemical company founded in 2008, has 
developed a feedstock flexible, in situ catalytic fast pyrolysis process to convert 
low-cost lignocellulosic biomass solids to a range of hydrocarbons containing 
valuable benzene, toluene, and xylenes (BTX). These monoaromatics are further 
refined to produce bio-pX which are valuable feedstocks for bio-PTA [4–13]. In situ 
CFP technology was originally developed by Dr. George W. Huber, Harvey Spangler 
Professor of Chemical Engineering at the University of Wisconsin-Madison.

Anellotech has partnered with Suntory, a global consumer beverage company. 
The technology has been jointly developed by IFPEN, Axen (a subsidiary of 
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IFPEN), and Johnson Matthey. IFPEN is tasked with scale-up, Axen for technol-
ogy marketing, and Johnson Matthey for catalyst development. On May 6, 2019, 
Anellotech announced successful six months of operations of their Bio-TCatTM 
continuous process in their Silsbee, TX pilot plant. The bio-pX process yield ranged 
from 22 to 24%, 98% C6+ aromatics. Currently, Anellotech is seeking partners and 
funding to construct their first commercial CFP based bio-pX plant (500 bone-dry 
tonnes/day of loblolly pine and target production of 40,000 tonnes BTX and C9+ 
aromatics per year).

Pyrolysis is an extraordinarily complex, thermochemical reaction which can 
be operated in slow or fast mode to yield products ranging from solids to liquids 
and gas. Pyrolysis is challenged by high feedstock complexity and the multiphasic 
nature of this process. More than 300 compounds are found in an acidic, aque-
ous, unstable, and viscous heterogeneous mixture (a.k.a. pyrolysis oil) of esters, 
alcohols, ketones, aldehydes, and carboxylic acids [14–16]. By themselves, these 
oxygenates have little fuel value. However, they can be catalytically upgraded to 
aromatic hydrocarbons, particularly bio-pX. The upgrading catalyst must maintain 
stability and tolerate wide range of oxygenates [17]. CFP can convert the entire 
plant, not just sugars, which makes this thermochemical process advantageous to 
fermentation [18].

Zeolites, particularly HZMS-5, have proven to be effective catalysts for pyrolysis 
oil upgrading to benzene, toluene, and xylenes (BTX). Crystalline zeolites have 
well-defined microporous structures with pore sizes ranging from 5 to 12 Å. 
Zeolites are acidic materials with controllable acid site densities. CFP must oper-
ate under O2-free, optionally ambient pressure, and does not require H2 (a.k.a. 
hydroprocessing), but operating under H2 atmosphere might offer advantage of 
decreased coking (discussed later in this chapter).

Temperature is an important parameter. In CFP, a moderate temperature of 
approximately 450 to 550 °C is optimum to produce mainly liquids, but the heating 
and subsequent cooling rates must be extremely high. The biomass must be ground 
to a finely divided material with averaged particle sizes of less than 3 mm. The cost 
of the process is inversely proportional to the averaged particle size. The pyrolysis 
vapor must condense quickly to avoid unwanted secondary reactions such as crack-
ing. Alkali and alkaline earth metal ions in biomass feed pose substantial challenges 
to the process (addressed in Pretreatment) [17, 19–33].

3. In situ vs. ex situ CFP

There are two process schemes that can be employed in CFP: in situ and ex situ 
[32, 34]. Pyrolysis and catalytic upgrading that occur in the same zone is in situ. 
This “one-pot” process is lower in cost than ex situ. However, in situ CFP is sensitive 
biomass feed content of inorganics, and minimum catalyst/biomass ratio where 
10:1 gives highest yield of aromatics [35].

Pyrolysis and catalytic vapor upgrade that occur in separate zones (two-stage) 
is ex situ CFP. This mode of operation affords the advantage to exclude biochar 
and metallic ionic impurities from the catalyst which can extend catalyst lifetime. 
Additionally, the temperature of pyrolysis and vapor upgrade can be independently 
controlled, an option not available for in situ CFP. BioBTX operates an ex situ 
pyrolysis process, and has developed an integrated cascading pyrolysis reactor. 
Their two-stage process excludes non-volatile impurities from entering catalyst 
pores and this provides the benefit of improved catalyst vapor contact [26].

A comparison of in situ and ex situ CFP of hybrid poplar at 700 °C was con-
ducted in a microreactor. In situ CFP produced 5.4% olefins and 26.1% aromatics. 
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While operating in an ex situ mode, up to 17.4% olefins and 18.9% aromatics were 
made. The carbonaceous material yields for in situ and ex situ were 31.3% and 
18.6%, respectively. Temperature strongly influenced the product distribution 
in ex situ. A comparison of both modes of operations in a mini-plant for CFP of 
pinewood was conducted [36]. An analysis of ex situ economics has also been 
published [37].

4. Mechanism

Fast pyrolysis rapidly depolymerizes lignocellulose to its constituents:  
hemicellulose, cellulose, and lignin. Under these conditions, cellulose is depoly-
merized to glucose, hemicellulose to C5 sugars, and lignin to phenolic compounds 
[22, 38, 39]. Once glucose is made, it is quickly dehydrated to anhydrosugars 
which are then converted to furanics. Furanics are diffused into zeolite pores 
where it is combined with in situ olefins and undergoe Diels Alder cyclization and 
dehydration to aromatics. Zeolite imparts a “confinement effect” for chemicals 
undergoing dehydrocyclization within the catalyst interior and once formed, 
monoaromatics exit the catalyst [40]. At a molecular level, at 450–600 °C, the 
furanic oxygen coordinates to Al of the zeolite. Deoxygenation of organics 
result in elimination of CO2, CO, and H2O. As a test of this hypothesis, furan 
and olefins were used as models in HZSM-5 catalyzed upgrading. HZSM-5 has 
a three-dimensional pore structure with intersecting systems of 10-membered 
ring pores. The dimension of ring pores is nearly ideal for production of pX: 5.1 x 
5.5 Å (sinusoidal pores), and 5.3 x 5.6 Å (straight pores) [41]. HZM-5’s utility in 
conversion of oxygenates to aromatics was demonstrated by Mobil’s commercial 
methanol-to-gasoline process. Within HZSM-5, ethylene and furan did not yield 
benzene, but replacement of ethylene by propylene led to toluene [42]. Likewise, 
2-methylfuran and propylene produced xylenes. In the absence of olefins, Diels 
Alder dimerization and dehydration of furan results in benzofuran (Eq. (1)). 
Graphitic coke was also deposited onto the catalyst, which contributed to catalyst 
deactivation in about 30 minutes. When the upgrading temperature was increased 
to 650 °C, the selectivity was shifted to olefins.

 

 (1)

Other investigators have examined conversion of methylated furan over Ga/
HZSM-5 [43]. Even though model compounds were used, the reaction network was 
extremely complex due to numerous secondary reactions at 300–500 °C. Coking 
became a dominant reaction at temperature above 500 °C.

A “technical catalyst” such as extruded Al2O3 -HZSM-5 was explored in CFP 
of pine wood and cellulose at 500 °C [44]. The focus of the study was on effect of 
pyrolysis temperature. The type of coke made was highly dependent on the feed-
stock. Yet, even by 2020, the mechanism of CFP remained elusive. Gaps still exist 
between theoretical models and applied pyrolysis. Thus far, there is still insufficient 
information generated from a single biomass source [45]. High aromatics selectivity 
and strong resistance to catalyst deactivation are keys to the success of CFP for bio-
pX. Therefore, extensive efforts have been directed toward zeolite modifications.
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5. Zeolites for CFP

Zeolites are microporous crystalline materials of SiO2 and Al2O3 that have 
Brønsted and Lewis acidic sites [17, 46]. HZSM-5 also have ordered structure 
microporous structures. In the refining process, zeolites are integral to crude oil 
conversions in the gas phase. The feed for these refining processes are bereft of 
minerals, oxygenates, and water. Under these conditions, zeolite lifetimes are quite 
long. However, conversion of biomass occurs in a condensed, aqueous phase, which 
are highly challenging conditions for zeolites. Oxygenate conversions are difficult to 
achieve because of their tendency to coke. In addition to BTX, CFP produces a very 
large volume of wide variety of hydrocarbons, valuable for fuel (fuel gas, gasoline 
and diesel blendstock). Therefore, the literature on CFP catalyst development is 
quite voluminous due to interests in bio-fuels.

A comparison of HZSM-5, HY, H-BEA, and H-mordenite for pyrolysis oil 
upgrading has been made [37, 47]. A method to evaluate catalysts for ex situ vapor 
upgrading is the pyroprobe analytical pyrolyzer. This important tool provides high 
heating rates and means to analyze complex mixtures of products [48]. An exami-
nation of feeds ranging from glucose, xylitol, cellulose, to cellobiose was explored 
with catalyst candidates of HZSM-5, silicalite, H-BEA, HY, and SiO2/Al2O3. Based 
on this study, HZSM-5 has been found to be the highest performing catalyst. Pore 
characteristics and shape selectivity for monoaromatics of HZSM-5 are superior to 
other zeolites. Another comparison study was conducted on HZSM-5, MCM-41, 
and HY [49]. HZSM-5 was again the most effective zeolite among this group to 
produce up to 33.1% BTX and 86.4% aromatics selectivity.

The silica-alumina ratio (SAR) of HZSM-5 is also an important parameter for 
deoxygenation reactions [50]. As the SAR is reduced, the density of Brønsted acids 
increases. Other zeolites of similar SAR were inferior to HZSM-5 because they were 
not microporous. Mesoporous zeolites were not selective for aromatics. For exam-
ple, sulfated ZrO2 is a superacid, a property important for aromatics formation, 
but this metal oxide was ineffective because of the absence of shape-selectivity. 
Coupling ZrO2 to MCM-41 resulted in higher levels of pyrolysis vapor deoxygen-
ation and was found to be stable against coking.

6. Zeolite modifications

Because HZSM-5 plays such a vital role in CFP, numerous investigations have been 
launched to determine whether modifications of the physical structure can improve 
aromatics selectivity and minimize coking. Modification of zeolite’s pore mouth sizes 
can improve the catalyst for improving of BTX selectivities [51, 52]. Specifically, 
narrowing the pore mouth openings by chemical deposition techniques was explored 
[53]. The deposited chemicals also covered external acid sites, which can improve pX 
selectivity [5]. Phosphorous-modified HZSM-5 promoted greater space confinement 
and increased pX selectivity. A comparison of various deposited silicon materials was 
conducted by KH550, TEOS, and methyl silicone oil [54, 55]. KH550 modification 
of HZSM-5 increased furan conversion to 24.5% aromatics vs. 18.8% unmodified 
HZSM-5 (see reference [5]). Coking of the modified catalyst was also reduced from 
44.1 to 26.7%. A decrease in benzene and increase in toluene and naphthalenes selec-
tivities were observed. Chemical liquid depositions of TiO2 to HZSM-5 also resulted 
in improvements to BTX yields from 17.0 to 23.5%, and reduced levels of coking [56].

The other direction to zeolite modifications is to create mesopores. Unilamellar 
mesoporous MFI nanosheets (UMN) were tested against another mesoporous mate-
rial, Al-SBA-15 [57]. UMN has stronger acid sites which result in greater cracking 
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and deoxygenation activities. Ketones and alcohols were converted to furanics and 
aromatics. Another method to produce mesopores is NaOH desilication of HZSM-5 
[58]. This method was successful to create intraparticle mesoporous materials which 
then improved diffusion. By coupling ZrO2 with desilicated zeolites, a more active 
zeolite was accompanied with longer catalyst lifetimes [19]. The resulting coke was 
“softer” (i.e. less aromatic) and was easier to remove. A two-stage microporous and 
mesoporous vapor upgrading system was examined [59]. In this case, HZSM-5 and 
MCM-41 (3:1) were evaluated. By increasing the MCM-41 loading, more xylenes 
were made than toluene. A comparison of chemical liquid deposition (CLD) and 
acid dealumination (AD) of HZSM-5 was conducted [60]. CLD decreased pore size 
while AD increased pore size. In both cases, decrease of strong acid sites occurred. 
CLD boosted BTX yield to 37.2% while AD produced 30.4%. In both cases there was 
a decrease in indene, naphthalenes, and coke precursors.

Most recently, Li et al. reported development of a core-shell catalyst of HZSM-5@
MCM-41 made from an external recrystallization method [61]. HZSM-5@MCM-41 
required a lower temperature of 500 °C to produce hydrocarbons, versus 550 °C 
for unmodified HZSM-5. Monoaromatic hydrocarbons produced from rape straw 
pyrolysis was as high as 11.43 wt%, which is 2.5 times higher than obtained from 
HZSM-5. Furthermore, HZSM-5@MCM-41 produced less graphitic coke.

7. Metal doped HZSM-5

The literature is replete with studies of metals doped HZSM-5 to investigate 
their effects of CFP catalyst. Zeolites metalated even at low concentrations benefi-
cially resulted in accelerated deoxygenation by decarbonylation, decarboxylation, 
dehydration, and olefin aromatization of pyrolysis products. In some cases, there 
were reduced coke formation by decreasing selectivities to polycyclic aromatic 
hydrocarbons. Table 1 summarizes the metals dopant and their references. Among 
these metals, gallium, iron, zinc, molybdenum, nickel, and copper increased for 
deoxygenations, dehydrocyclization, and aromatization.

Investigators also examined combinations of metals to determine whether there 
were accumulated benefits in CFP. For example, Ga and Ni are perhaps the most 
investigated metal additives, and they have been combined for CFP [63]. Ga-Ni 
reduced acidity, and reduced formation of polyaromatic hydrocarbons which could 
explain the reduced coking. Another combination is Cu-Ni which was examined 
in hydroprocessing (CFP under H2 atmosphere) [108]. Ni-Fe produced an additive 
effect. Individually, Fe increased yields of monoaromatics, while Ni increased yields 
of naphthalenes [82]. When combined, this catalyst generated more monoaromatics 
and naphthalenes. The doping of these metals onto HZSM-5 increased the concen-
tration of strong acid sites, but also resulted in more coke formation.

Molybdenum is already a highly active metal when doped in HZSM-5 in 
zeolites [111]. When Mg was combined with Mo in HZSM-5, higher selectivities 
to monoaromatic hydrocarbons and decreased polyaromatics selectivities were 
achieved. Phosphorous modified HZSM-5 and doped with Zn decreased external 
acidity of catalyst surface while the internal acid sites were left unchanged. This 
modification resulted in improvements in this CFP catalyst [107]. HF modifica-
tion of HZSM-5 and later doped by Ni produced a catalyst that increased yields 
of BTX [110]. The acid modification created mesopores and reduced Brønsted 
acidity via dealumination.

Certain combinations of metals and nonmetals behaved as “noble-metal-like” 
catalysts [106]. Therefore Ni-Mo2N was prepared and confirmed that Ni further 
extended performance of Mo2N [112].
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8. Catalyst deactivation

In almost every publication concerning CFP catalyst or process development, 
investigators have identified catalyst deactivation to be the single greatest challenge 
to this process. The catalyst lifetime can be as short as minutes. There are three 
types of deactivations and of which, two are irreversible deactivations. The most 
common form of deactivation results from coke buildup on acid sites within the 
zeolite pores and renders the catalyst inactive [116]. Coking is most rapid when 
the catalyst/biomass ratio is less than one and particularly at low SAR. The second 
type of deactivation results from metal oxides deposited in zeolite which can result 

Entry Metals/Additives References

1 Ga [24, 26, 62–79]

2 Fe [26, 63, 66, 75, 80–88]

3 Pt [72, 89–92]

4 Zn [26, 63, 77–80, 85, 86, 93–96]

5 Mo [24, 63, 76, 77, 90, 91, 97–100]

6 Ni [24, 26, 63, 67, 73, 82, 87, 90, 92, 96, 100–102]

7 Co [26, 63, 73, 80, 85, 90, 92, 96, 102]

8 Cu [63, 92, 96, 97, 101, 103]

9 Mn [63]

10 La [86, 93, 94]

11 Mg [93, 94, 96]

12 Ce [93, 94]

13 Ca [86, 96, 104]

14 Pd [73]

15 Sn [105]

16 WO3 [91]

17 Mo2N [106]

18 W2P [106]

19 MoP [106]

20 WP [106]

21 Zn/P [107]

22 Ga-Ni [63]

23 Ni-Cu [108, 109]

24 Ni-HF [110]

25 Fe-Ni [82]

26 Mo-Mg [111]

27 Ni-Mo2N [112]

28 Ce-Zr [113]

29 Ga-Mo [114]

30 Fe-Ca [115]

Table 1. 
Metals and additives to HZSM-5 for CFP.



31

Catalytic Fast Pyrolysis of Lignocellulosic Biomass to Benzene, Toluene, and Xylenes
DOI: http://dx.doi.org/10.5772/intechopen.99946

in irreversible deactivation if these salts are not removed [117]. Thirdly, zeolite 
dealumination can occur and result in irreversible deactivation.

Coke deactivation most rapidly occurs among highly acidic zeolites of low silica/
alumina ratio (SAR) [118]. Ironically, low zeolite SAR are most active for aromatics 
[82, 119]. Individual lignocellulosic components caused deactivation differently 
[120]. Depolymerized lignin mainly deactivates by coking on zeolite surfaces 
because lignin monomers (mostly phenolics) cannot diffuse into the microchannels 
of HZSM-5 [121]. Cellulose pyrolysis products are responsible for coking within 
the interior of the zeolite and this leads to occlusion [121]. A study into deactiva-
tion mechanism was conducted from in situ CFP pine wood [121]. Fresh catalyst 
produced mainly aromatics and olefins with no detectable levels of oxygenates. As 
the campaign progresses, the catalyst/biomass ratio began to decrease, and oxygen-
ates began to breakthrough, including phenolics. When the catalyst/biomass ratio 
reached 1:3, complete deactivation will have occurred.

Not all oxygenates deactivate HZSM-5 at the same rate [122]. One team exam-
ined the effects of upgrading ethanol-only, ethanol+acetic acid, ethanol+ethyl 
acetate, and ethanol+acetaldehyde. Acetic acid in the vapor strongly adsorbed onto 
zeolite surfaces and promoted formation of polyaromatic hydrocarbon precursors 
to coke. Acetaldehyde deactivated 10X more than ethanol. While ethyl acetate did 
not directly adsorb onto catalyst surfaces, the reaction conditions rapidly hydro-
lyzed ethyl acetate to acetic acid which then immediately deactivated the catalyst.

An extruded HZSM-5 (a.k.a. “technical catalyst”) containing an alumina binder 
was also examined in its deactivation in ex situ CFP of cellulose and pinewood [44]. 
CFP of cellulose generates smaller oxygenates, which diffused into the zeolite to 
produce a “catalytic coke”, made via a ring-growth mechanism involving H-transfer 
at temperatures above 200 °C [123]. Initial formation of monoaromatics led to 
formation of polyaromatic hydrocarbons, coke precursors. It is not surprising to 
learn that the coking mechanism of oxygenates is similar in pathways to coke forma-
tion in petroleum refining [118]. Lignin forms “thermal coke” from condensation 
of lignin monomers, and easier to remove because they accumulate on the surfaces 
of the zeolite [118]. High temperature combustion readily regenerates coke-deacti-
vated HZSM-5.

The presence of water liberated from the pyrolysis can accumulate in the catalyst 
[118, 124]. Later, at high regeneration temperature, steaming can result in dealumina-
tion of the zeolite via leaching. In addition to removal of strong acid-site aluminum, 
there can be a loss of surface area even after one regeneration cycle [44, 51]. As a 
further complication, during the regeneration, hot spots can appear and irreversibly 
damage the catalyst. Successive regeneration increases the risk of further dealumina-
tion and reduction in micropore volumes, particularly at high regeneration tempera-
ture of 650–670 °C [118]. Therefore, these investigators recommended limiting the O2 
concentration to 15% and include 5% steam to preserve catalyst lifetime [125]. Use of 
this method was found to preserve catalyst stability for up to 30 regeneration cycles. 
The formation of aromatics and olefins was stable at about 31.3% [125].

Alkaline and alkaline earth metal ions (AAEMs) are part of the plant’s nutrient 
to enable the plant to grow [15, 126]. Lignocellulose is comprised of four differ-
ent types of materials: lignin, cellulose, hemicellulose, and inorganics. AAEMs 
and other metal salts are represented by the inorganics fraction. A measurement 
of ash content provides a direct correlation of mineral concentration in the feed. 
Mechanistically, alkali metal salts also ion-exchanged with the proton of Brønsted 
acid sites and this reduces zeolite activity [118]. This was demonstrated from an on-
purpose potassium ion exchange with HZSM-5 (up to 2.85 wt%) which resulted in 
drastic reduction of catalyst acidity, leading to lower yields of carbons [127]. Within 
the pyrolysis process itself, AAEMs can catalyze unwanted secondary reactions, 
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including cracking, decarboxylation, and dehydration, resulting in a loss of liquid 
yields [34]. Carbon oxides and water were increased by 10% due to these inorganic 
components, changing the product distribution [118, 128]. Among the metal ions 
that are highly detrimental to the process are K > Na > Ca, and the concentration 
of potassium in the feed is inversely proportional to aromatics [129]. Furthermore, 
Xiao et al. studied the effect of potassium salts on CFP of a model feed, 2-methyl-
furan [130]. The experiments were conducted by deposition of potassium salts into 
HZSM-5. Neutral KCl was less harmful than basic K2CO3 which produced lower 
yields of aromatic hydrocarbons and gases. The negative effects were due to loss of 
acidity and erosion of physical structure of HZSM-5, particularly when the K2CO3 
concentration was as high as 1.0 wt%.

Magnesium is also present, but it is not as harmful as the other metal ions. Other 
inorganic ions that need to be monitored include Cl, S, P, and N [131]. Particularly, 
CFP of guayule, a perennial woody shrub, can produce upgraded products containing 
80 to 700 ppm sulfur which can be detrimental to any sulfur sensitive downstream 
processes [132].

Because of the nature of the process, it is in situ CFP that is most sensitive to 
AAMEs in the feed. Even at levels as low as 0.1 wt% in the feed, AAEMs can greatly 
impact the pyrolysis process. Aggravating this situation is the variation of feedstock 
which also varies the inorganic component concentrations. Switchgrass as a feed 
results in high ash content [118, 131]. Versus pinewood (0.49 wt%), Switchgrass can 
contain around 2.6 wt% ash comprised of metal oxides. Crop selection is crucial 
to preserve performance of CFP [15, 133]. Feed pretreatment can be an option to 
minimize the deleterious effects of AAEMs.

9. CFP feed pretreatment

Two main strategies have been published to combat the challenges of pyrolysis: 
torrefaction and acid-washing of lignocellulose. Torrefaction is low temperature, 
slow pyrolysis of less than 60 minutes, and installed upstream to CFP. During torre-
faction, removal of undesirable acetic acid and guaiacol from the feed improves the 
downstream CFP. Typical temperature of torrefaction ranges from 250 to 300 °C 
[112]. When torrefaction was tested on pinewood conversion at 250 °C, the result-
ing CFP step produced 30% more aromatics. Other feedstocks such as corn cobs 
produced a lower O/C ratio in the CFP product [134].

Acid-washing of finely divided lignocellulose can extract AAEMs from the feed. 
The wash step is conducted under very mild conditions, but it is necessary that 
thorough drying is conducted prior to CFP [51]. For example, rice husks are washed 
at 30 °C by acetic acid [84, 135]. Use of acids such as acetic acid or mineral acids can 
add significant variable costs to the process. One investigator recommended using 
acetic acid recovered from the pyrolysis process for the wash. Extreme aqueous 
washing must be avoided as the extraction can result in undesirable changes in 
hemicellulose and cellulose. Formation of sticky materials can coat catalyst bed 
particles and risk defluidization [136]. Aqueous HCl washing of the spent catalyst 
to remove deposited minerals is also necessary to maintain catalyst lifetime [118].

A comparison of both processes was studied to determine their effects on aro-
matics yield. Acid-leaching promoted the formation of levoglucosan. Torrefaction 
promoted the formation of catechols and guaicols. It was determined that acid 
leaching + CFP made less aromatics than torrefaction + CFP [137]. Both processes 
were conducted in series in the CFP of rice husk [135]. Lower levels of volatiles 
were made in the pyrolysis result in lower yields of oxygenates and higher yields 
of aromatics. However, severe torrefaction conditions due to longer residence 
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time can result in cross-linking of lignocellulose, resulting in more charring and 
reduced formation of aromatics. A combination of both processes did result in 
higher yields of products [136].

One team of investigators described development of ultrasonic pretreatment 
[138]. This mechanical method excludes use of toxic chemicals. Ultrasound pro-
motes cleaving of α-O-4 and β-O-4 linkages and overall decreased crystallinity of 
lignocellulose and increased yield of pyrolysis oils. CFP can accommodate a wide 

Feedstock References

Beatle killed trees [139]

Pine wood [36, 60, 67, 97, 101, 106, 111, 121, 128, 140–146]

Pine bark [58]

Pinecones [145]

Pinyon juniper [58]

Beech wood [58]

Maple wood [148]

Hybrid poplar [58, 147]

Yellow poplar [76]

Red oak [147]

Oakwood [149]

Quercus Mongolia [74]

Eucalyptus [63, 68, 87]

Willow wood [66]

Guayule Bagasse [150]

Corn cobs [141, 151]

Corn stover residue [58]

Corn stalk [88]

Straw [141, 152]

Sunflower Stalk [153]

Switch grass [58, 127, 131]

Mandarin residue [72]

Citrus unshiu [119]

Rice Husk [84, 109, 135, 154–156]

Bamboo sawdust [56, 157]

Giant cane [158]

Sugarcane bagasse [147]

Wheat straw [91, 98, 159]

Rape straw [61]

Xylitol [160]

Cotton stalk [80]

Jatroha residues [73]

Miscanthus [57, 161]

Peanut shells [162]
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variety of feedstocks. Table 2 summarizes the feedstocks examined, which include 
woody plants of varying levels of lignin, cellulose, and hemicellulose. The most 
frequently studied woody biomass for pyrolysis was pinewood. Also included in this 
table are references to studies of model feeds.

Glucose is one of the intermediate products made in pyrolysis [169]. This mono-
saccharide is rapidly converted to anhydrosugars before they are dehydrated to 
furanics and subsequently to aromatics. Sophisticated isotopically labeled glucose 
experiments permitted an elucidation of the mechanism of glucose conversion [170]. 
Single ring aromatics contained 13C labels and later these labels began to appear in 
naphthalene rings, evidence for a ring growth mechanism from monoaromatics 
to polyaromatics. Other studies included a study of the conversion of other model 
feeds to aromatics under identical conditions [80, 121, 140–142, 147, 160, 161, 171]. 
Glycerol CFP is of interest because of its availability from the production of fatty acid 
methyl esters for bio-diesel [175, 176].

10. Catalytic Co-pyrolysis (CCP)

Investigators recognized that pyrolysis produced improved product quality 
when a second feed was added to the process [22, 24]. The co-feed can include coal, 
plastics, tire, and sludge. N.Y. Chen et al. first reported in 1986 that the hydrogen 
to carbon effective ratio (H/Ceff) can predict the outcome of pyrolysis [177]. This 
ratio is calculated according to the following formula (Eq. (2)).

 
( )H/C H 2 O

C
eff = −

 (2)

When this ratio is less than one, coke is expected to be made in high yields. 
For example, glucose has a ratio of zero, sorbitol has 0.333, glycerol has 0.667, 
xylitol has 0.400 and petroleum is greater than two [160]. As a feed, lignocel-
lulose is highly deficient in hydrogen. It might be plausible to increase this ratio by 

Feedstock References

Microalgae [70, 140]

Seaweed [140]

Fish discards [140]

Guaiacol [52]

Acetic Acid [52]

Furanics [5, 38, 42, 43, 52, 54, 78, 130, 148, 163–168]

Glucose [148, 160, 169, 170]

Lignin [121, 141, 171]

Hemicellulose [141, 171]

Cellulose [44, 57, 80, 113, 120, 121, 141, 160, 161, 171–174]

Cellbios [160]

Glycerol [175, 176]

Table 2. 
Feedstocks used in CFP.
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co-feeding a material rich in hydrogen [19, 27]. By increasing this ratio, not only 
is coke reduced, but higher yields of aromatics and olefins result. Other means to 
increase this ratio is to pretreat the feed by hydrogenolysis [178]. An ex situ co-
pyrolysis strategy to increase BTX yield was cleverly conducted by removing BTX 
from the product stream to leave behind polyaromatic hydrocarbons. This high 
molecular weight material was then hydrogenated to produce polycyclic aliphatic 
hydrocarbons. This hydrogenated fraction was then co-pyrolyzed with glycerol to 
produce higher yields of BTX [176].

The upgrading of furanics to aromatics was benefitted by the co-addition of 
olefins [42, 119, 163, 177, 179, 180]. While co-addition of ethylene and propylene 
was effective to produce more aromatics, investigators recognized that the process 
must now incorporate flammable gases. An alternative to olefins utilization was to 
co-add methanol to the pyrolysis. Under the upgrading conditions, methanol to in 
situ olefins can occur to produce the dienophiles required for furanic Diels Alder 
reactions. Therefore, 2-methylfuran (2-MF) and methanol co-addition resulted 
in boosting aromatics yield while coke was reduced [168]. When the MeOH/2-MF 
ratio was increased from zero to 3:1, 2-MF conversion was increased from 39.8% 
to as high as 96.5% at an optimal ratio of 2:1. Of course, not all furanics were 
equally converted. A comparison of 2,5-dimethylfuran (DMF), furan, and furfural 
revealed that electron-rich DMF quickly reacted while the electron-deficient fur-
fural lagged behind: DMF > furan > furfural [94]. In addition to aromatics, CO2, 
CO, and other olefins were also made at 400–600 °C [38]. Unavoidably, formation 
of graphitic coke on catalyst surfaces resulted in its deactivation within 30 minutes. 
Methane was examined as a co-feed in the catalytic upgrading [164]. This co-feed 
was beneficial, an indication that methane could be activated by this catalyst to 
yield more aromatics, but coke formation also increased.

CCP was applied to a mixture of sawdust and methanol. This combination 
reduced coke and char and improved aromatics yields [77, 93, 181]. However, the 
researchers could not exclude the possibility that a background methanol to aro-
matics process was also occurring. Another team examined CCP of other co-feeds 
such as methanol, polyethylene terephthalate (PET), and calcium formate with 
pinewood [182]. Of these three, calcium formate was found to be most effective 
at calcium formate/pinewood of 3:1. In fact, co-feeding calcium formate did not 
produce a large increase in aromatics vs. control (10.65% vs. 9.23%), but this 
co-pyrolysis reduced the polyaromatic hydrocarbons yield (1.94% vs. 2.49%). The 
authors speculated that the calcium salt helped to maintain catalyst activity within 
the hydrocarbon pool of the zeolite.

A patent was granted to Anellotech for co-feeding oxygenates such as acetone into 
pyrolysis to enhanced pX yield [183]. The oxygenates utilized are low value byprod-
ucts from other industrial processes. Such oxygenates include acetone from the phenol 
process, furfural, hexanol, and hexanoic acid from other sources. Furfural was less 
effective, but the formation of xylenes was enhanced by hexanol and hexanoic acid 
co-additions. Other oxygenates include fermentation products [184]. Co-pyrolysis of 
citrus unshiu peel and alcohols, ketones, and furanics has been reported [119]. In this 
case, two different zeolites were compared: HZSM-5 (23) and HBEA (25). The key 
difference between both zeolites was that HBEA produced more coke.

Tail Gas Reactive or Recycle Pyrolysis (TGRP) is an interesting process that 
recycles non-condensable pyrolysis gases to the pyrolysis step [150, 166, 185, 186]. 
Recycling this gas to pyrolysis provides a reductive, low acidic atmosphere which 
benefits CFP by increasing the H/Ceff. The condensable gas fraction was separated, 
including unwanted carboxylic acids and furfural which are detrimental to vapor 
upgrading. Up to 10X more BTX was produced when TGRP was incorporated in 
comparison to CFP-only.
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Other non-conventional processes could also improve CFP yields. One example is 
addition of ball bearings to the catalyst bed to increase residence time which provided 
higher hot surface areas [187]. This modification increased cracking reaction and pro-
duced 3X more BTX. The downside is formation of more polyaromatic hydrocarbons. 
An alternative to thermal heating, microwave energy can also be used. Microwave 
assisted pyrolysis (MOP) does not require agitation and fluidization [56, 188].

11. Outlook for CFP

CFP is a rapid process to produce a high volume of hydrocarbons of which BTX is 
a small fraction. CFP must be co-located with a petroleum refining complex to take in 
bio-naphtha which could be directed to bio-gasoline production. The refining com-
plex must also include a pX extraction process to separate pX from mX and oX as well 
as a process to isomerize the pX lean stream. Every means to improve CFP should be 
taken, including pretreatment, torrefaction, co-pyrolysis with hydrogen-rich feed, 
and tail gas recycled pyrolysis to increase BTX yields. Investigations into develop-
ment of an even more active metalated HZSM-5 catalyst to increase monoaromatics 
selectivity and resistance to coking will remain subjects of intense interests.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 3

On the Feasibility of the Closed 
Cycle Local Economy Based on 
Pyrolysis
Brice H. Leeds

Abstract

Modern technologies allow much higher rate of prosperity than normally seen 
around the globe. The development can be achieved based on the local resources. 
Pyrolysis should play the central role on the initial stage of the processing of the 
biomass. The practical experience made by the development engineers allow to 
make solid conclusion about the current problems faced during the introduction of 
the technology. The introduction of pyrolysis technologies, especially in develop-
ing countries, faces non-engineering problems. The assessment of the economic 
viability of the introduced technological process can be performed based on the 
coverage of the global deficit, primarily in terms of resources substituted as inputs. 
To motivate the local population, it is proposed to introduce a large number of small 
production facilities with a unified system of coordination of producers and partial 
transfer of ownership rights. The regional economy should undergo the balanced 
growth and be protected by cheap quasi real regional currency and expensive 
accumulative currency. The reginal saving rate can be regulated, allowing for the 
accelerated rate of regional investments. New green technologies based on pyrolysis 
should allow for the new regional economic policy named “Green economic defen-
sive initiative”.

Keywords: pyrolysis, solar energy, biogas, bioplastic, mineral fertilizers,  
green technologies, regional economy, utilization of local resources, processing of 
biomass, sustainable product, economic viability, coverage of the global deficit, 
market economy, protection by currency, balanced growth, industrial farming, 
regional saving rate, green economic defensive initiative, civil society

1. Introduction

One of the modern ways to test a new technology is to implement it in the devel-
oping world. Pyrolysis can be viewed as a lowtech technology suitable for these 
purposes. It was possible over the last 10 years to try to make many attempts to use 
the technology. It became very fast quite clear that the prime problem is not with 
the technology, but rather with the economic factors. A universal economic solution 
is needed. There should be no conceptual difference between the developing and 
the developed world especially now in the age of globalization. People tend to act 
economically similarly in any society with a certain variety that has to be incorpo-
rated in the general solution. There is no any fundamental advantage in a developed 
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country over the developing country in the age of globalization. In a stagnating 
region in a developed country the situation is even worse as in a developing country 
where people normally are not deprived of the hope of improvement. This text is 
based not as much on the academic studies as on 10 years of practical experience of 
the author of this discourse working as a development engineer in the field of the 
sustainable technologies. There is a strong believe that or there will be very much 
attention shown towards the complex economic solutions or there is no way the 
pyrolysis-based technologies will find the broad popular support.

2. Green economic defensive initiative

If an investment in a technology is not profitable, any investments in this 
technology will be just a dream regardless of how much this technology is beneficial 
for the humanity. Of course, the state can get involved and finance the implementa-
tion of the technology, but for a limited period of time. The development of the 
technology is way more stable process when the technology grows naturally during 
its industrial implementation. Time works for the technology and the technology 
grows with time.

Newfoundland could have been a rich and economically self-sustainable terri-
tory, but nowadays if not the recent discovery of the shelf oil the province would 
have been just poor. This is the direct contradiction to the modern state of develop-
ment of technologies and the availability of natural resources on the island. There 
are winds, waves and solar power for energy. There are ores on the island and 
the neighboring coast. There is carbon in the form of the very rich on vegetation 
sea shelf.

As always there is the discussion between professionals of different trades about 
the measures that could have been taken by the state to improve the situation, and 
where would have been the border between the state involvement and the well-
organized popular movement. How far the state must go in its endeavors to support 
and control is a very controversial topic. Internet grew out of the USA military 
technologies, but the leading USA corporations advocate for the free market devel-
opment. Sweden is trying to exercise the tight political control over its development 
and is a success, but North Korea with its totalitarian control over everything is 
rather an economic failure.

The main problem with the governmental funding is that it is limited and quite 
often poorly selective. It relies on already existing sources of the national income and 
non-profit investments what excludes the possibility of self-propulsion. A solution 
without the idea of self-propulsion is the recipe for a failure in the long run.

In plain words, the task is to build a self-sufficient economy if not the closed 
cycle economy within the conditions of the global free trade economy with the 
orientation on the global markets. The contradictory in theory task is not a con-
tradictory task in reality. Historically there are examples that rather support the 
claim [1]. The concentration of production in one spot in the global economy will 
automatically lead to the spill over of the production to other regions and to the 
migration of the labour force to this region thus rendering the idea of the closed 
economy unsustainable.

Possible solutions with the macroeconomic instruments for the local 
economy in context of the global sustainable development would be protection 
by currency, protection by import taxes and redistribution based on various 
economic features. All these solutions are secondary after the civil society is 
already in place. Without the civil society any investments in any production 
beyond the tradesperson level are impossible. These are macroeconomics topics. 
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The discussion on this level of analysis comes every time the economic problem is 
out of scale of the microeconomic discussions.

The objective of this paper is to discuss the possibility of any solutions on the 
local level. An engineer is the key figure for the local solution. A cash generat-
ing product should be invented, costs of the production should be minimized. 
Additional problems should be considered, such as sustainability of production in 
the long run, suitable industrial organization, and many others.

The recent history knows a number of spectacular failures of companies and 
governments making investments in new technologies. There are a few examples 
to mention. There were some talks circulating in the professional environment 
concerning the German investments in the solar energy projects in the northern 
Africa. There were some articles in the media concerning Italian attempts to 
produce components of TV sets in Russia. Both projects failed because of the lack 
of interest of the local population. Definitely, the companies were bringing wealth 
to the local communities, but the population of the local communities felt that they 
were turning into the colonial deprived population. Direct resistance or very negli-
gent fulfillment of duties are normally the outcome. In both cases the tremendous 
financial losses were the result.

What is absolutely necessary to do from the earliest point of the foundation of 
a new enterprise is to establish the proper relations with the local labour force and 
all active parties involved with the project. Here comes the engineer to the forefront 
as the leader of the working and the conveyer of the technical fulfillment of the 
project.

A possible solution for the involved participation of the local labour force could 
be industrial farming. This term is coined by the author of this discourse. The idea is 
straightforward and simple, though the technical and the organizational side of the 
project is a challenge. It was noticed that classical cottage economy was a possible 
economic solution in terms of the involvement of the local population in an eco-
nomic activity. Small proprietors and at the same time producers develop positive 
attitude towards the means and the process of production as far as there is a demand 
for their product and the flow of cash allowing for the accumulation of wealth [2].

Economic studies based on the German reality clearly show that small pro-
ductional units are no less efficient than big corporations. Studies based on the 
American reality show that small economic units have lower income per worker 
than big corporations. Putting all together it is possible to conclude that local pro-
ductional units in junction with the centralized system of coordination, procure-
ment, and sales is possible and necessary in order to compete successfully on the 
international markets. The centralized organization must take over such questions 
as labour education, sustainability of production and certification of production 
processes and produced goods, overcoming the barrier of the initial capital when 
required.

Let us take a hypothetical country with low industrial development for the ease 
of analysis. Let us say, we want to organize the solar panels production of energy in 
the form of the industrial farming, let say somewhere on the African soils with the 
idea of sales to the European Union. Clearly this idea with the modern development 
of energy transmission technologies makes little sense. The resistance in electric 
cables consumes most of the energy over the long distances. And actually, it is the 
plague of Canada, where the waterpower plants in the North of the country with 
all their potential find no consumers as all the consumers are far away in the South. 
Nevertheless, for the purposes of the economic analysis, this could be a proper 
example.

There is no question that local peoples of Africa are well organized in terms of 
their local cultures for the purposes of solving of the local problems arising out 
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of the state of the local development. But the existing patterns are not suitable for 
any investments in any complex production. Any investments are not secure, no 
appropriate technical stuff, and there is no mechanism to secure the return on the 
investments made. All these missing parts are still to invent in order to secure any 
growth of the local wealth and stabilization of the local society as the whole.

There is a need for a sustainable product, a product that can be sold repetitiously 
for profit in the long run without the disruption of the local investment patterns. 
In case of an African scenario everything has to be done pretty much from the 
scratch. Sale markets have to be found and a product for these markets invented, 
local labour markets invented and the payments for the labour invented and better 
in the manner of the appropriate solution in the long run. The technological process 
suitable for the local reality should be put together and suppliers found. In other 
words, no sustainable development without the sustainable economic and indus-
trial organizations. No sustainable economic and industrial organizations without 
the sustainable product.

In the developed countries the situation is not so much different. Though the 
exchange markets are in place it does not mean that the local economy effectively 
protected. It can be overwhelmed by businesses from much stronger or cheaper 
economic regions and suffer from flight of labour and businesses. It can suffer from 
the local social immobility being unable to initiate a new production up to the stan-
dards of the global economic and technical development. Even if all the necessary 
economic institutions are in place a new sustainable product has to be found and the 
sustainable production has to be organized.

Any commercial production is dependable on the cash inflow or the revenue 
created through the sale of a commercial product. The product that can be sold in 
the long run is central to the process. Existence in the long run means that markets 
accept the product, its revenue covers all the expenses, and its production does not 
disrupt the social and natural environment.

There are always concerns about the saturation of the existing markets. There is 
always a fear that to introduce a new product to the existing markets or to increase 
the already existing volumes of goods for sale is almost impossible. There is the 
perception that the modern markets are contracting and not expanding. The coun-
terargument would be the assessment of the global markets by the coverage of the 
global markets with the existing supplies. From this prospective the global markets 
exhibit an enormous potential for growth. The growing population is outstripping 
the globally available resources. The majority of the global population is in poverty. 
Definitely, everything that can close the gap is feasible in theory. In praxis this 
means that or a new product finds its markets without contributing to the global 
problem of shortage like jewelry or the global shortage coverage analysis can vali-
date the future existence of the product. The proposed sequence of analysis from 
the sustainable product, to the organization of production is: labour involvement 
and remuneration, labour education and social impacts. Technical aspects—the 
organization of the production itself, the system of provision, storage and delivery. 
Business solution—financing, marketing, and sales.

Stepping aside from the proposed sequence of analysis the first question to dis-
cuss is the protection of the profit pro unit of the product sold of the production in 
question. The latest trend in the economic development is the protection of the local 
producers by means of the local currency. This method has very much potential und 
fully recognized by certain members of the European Union. The main exchange 
currency of the European Union is euro. Some countries like Check Republic keep 
their own currencies for the local circulation. The floating rate of exchange of cur-
rencies allows bringing in balance the imports and exports of a nation. The buildup 
of a stack of currency of one country by another country will immediately trigger 
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at least in theory the adjustment of the exchange rates thus rendering the deficit 
or surplus in the balance of trade impossible. As the result the national industries 
as a whole are protected from the foreign competition and the imports match the 
exports.

At this point many professional people may wonder what kind of protection and 
from what it would be. It is quite clear that the material wealth is determined mainly 
through the availability of material resources and productivity of labour. But, first 
of all, we are living less and less in the world with the dominant material culture in 
terms of the material production. Alone the video games with the whole army of the 
support personnel working in the virtual reality prove the point. And besides this, 
it is about the protection of the sustainable balanced development. The developed 
industrial centers may produce cheaper and better. This leads to the depletion of the 
local financial power, regional stagnation and the flight of labour and businesses. 
The introduction of the local currencies leads to the immediately less efficient 
production but gives the opportunity for the local economic powers to grow. Maybe 
it is not so evident when one looks at the USA, but when someone looks at Africa 
next door to Europe one sees an absolutely different picture. In the States there are 
very strong agglomerations of the national industries and the rest are most of the 
time thinly populated areas. In Europe, it is reach western European states and just 
over the border—poverty.

The national economic strategy based on the idea of the global technologi-
cal leadership is pretty much impossible for the majority of the nations. What is 
absolutely possible is to be not worth than the rest of the world and sometimes 
even better. There are ways to protect the local industries, pay for the trade deficit, 
learn from the rest of the world and even go forward and contribute to the world’s 
development as the provider of the new ideas. Let us call the strategy the economic 
defensive initiative. If these strategy is based on the local renewable resources it has 
the right to be called the “Green economic defensive initiative”.

In other words, with the local currency as the mechanism of redistribution 
that makes local prices cheaper than the foreign goods at the expense of the local 
economic efficiency, there is a chance that there will be no flight of the local indus-
tries and labour out of the region. The protection of the local industries by means 
of other economic institutions is not necessary. The facilitation by such means as 
well-developed infrastructure is not a bad idea. An alternative to the protection 
by currency would be direct transfers paid by the federal government to regions to 
sustain their local economic development.

It is still quite unclear how to introduce the scheme imitating the national local 
currency in a community or even a territory. So far with only a few experiments 
on the go it is too early to say to what extent the scheme may work. In an African 
remote local community, it is possible to introduce something like a local currency 
with the clearing center somewhere in a Western bank. Actually, RBC bank of 
Canada was ready to help out to run the scheme for any community, for an African, 
Latin American or East European. The support was to be provided for the financial 
operations of an enterprise and extended for the individual accounts of the labour 
involved.

3. Balanced reginal economy

Another a very powerful tool of the economic analysis that has to be mentioned 
here is the analysis of the national economy by the structure of the national 
employment. The proportionate number of people employed by different sectors 
of an economy is based on the productivity of labour in these sectors and the gross 
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output by each of the sectors. Next step after the employment structure analysis 
would be the input–output matrices and planned economy, but this is not the initial 
purpose of the analysis. The employment structure analysis is a very powerful tool 
for finding bottle necks by productivity in the economy and justification of the 
investments for the improvement of productivity by sectors of the economy. This 
tool also is very handy when the economy is not based on the free market money for 
goods transactions, but goods for goods exchange. For example, if a local commu-
nity owns a query and this a community in a developing country, then a financial 
payment will not increase the well-being of the community as much as for example 
building a school, a hospital or alike.

The employment structure analysis allows to estimate the number of people 
needed by sectors before the investments in the subsidiary industries are done. 
Proper investments can be vital for the successful development of the enterprise. 
Possible fields of investments: education of labour and procurement of the means of 
production, professional organizations and certification, protection of the indus-
tries and provision of supplies of the input materials. It is about trades people in the 
service of the local community and the enterprise. One of the possible ways to sup-
port the local tradesmen is the provision of facilities where the small industries can 
be successfully located, supported and function. It is very important that financial 
adjudication services are provided in addition. The European history knows plenty 
of successful examples of the organization of this type.

From the start it is necessary to decide if unions should take place in the organi-
zational and social life of the future enterprise, should unions be a part of the local 
regional economy or not. Unions can be a very important factor of labour organiza-
tion for the purposes of the self-identification and solution of the local problems, 
problems associated with the labour itself as well as technical problems on the pro-
duction site [3]. Unions can be the cementing factor for the local community. Unions 
can keep the moral of the working force high. On the other hand, unions can be a 
tyrant that will drive the production costs high and force the acceptance by the enter-
prise of the inefficient solutions in all of the aspects of the industrial organization.

Should there be unions or not is an open question. The modern trend in the 
global economy and especially in the USA is to avoid unions in the economic life. 
Such organizations as Walmart succeeded at keeping unions at bay. The managers in 
the company are trained to counteract any intentions of the creation of the union-
ized labour. On the other hand, such countries as Germany are very successful at 
cooperation with the well self-organized labour.

Regardless if this is a unionized or not unionized enterprise, the same prob-
lems will arise, and someone has to solve them. If there is no union, bound to the 
enterprise officials must be appointed. If there is a union, there should be a form of 
control over its activities that is often even prescribed by the law.

Labour has to be paid and the payments have to be secured. There should be a 
place where savings can be made. In case of the retirement the retirement payments 
must be secured and carried out. All these operations often are impossible in the 
developing countries. In the developed countries the private financial organizations 
can take over the functions of the state allowing for more financial freedom and 
allowing for more just redistribution systems. For the developing countries it is the 
security that is the prime issue. It could be as simple as robbery or complicated as 
corruption or ill devised financial or taxation policies. Financial institutions located 
abroad with the accounts for each of the involved in the labour force could be a 
solution. Of course, the situation is not as simple as this, and many more questions 
will arise as, for example, what exchange rates and for what currencies should be 
applied and when exactly and where transfers should be made, or how to ensure 
that exactly the right recipients are getting the payments at the pay-off.
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It is necessary to remember that one of the prime goals here is the sustainable 
economic development of the region. An artificial introduction of a local currency 
can really help a region to accelerate its sustainable growth. It is possible to reduce 
unnecessary imports substituting them with local products and use currency to buy 
the stuff that promotes growth. The economic model that helps in this situation is 
designed to view big agglomerations of population as self-supplying systems with 
extra import to substitute for the lack of the local resources or production.

A good example would be the idea of steam engine transportation based on the 
solar energy. For a developing country to buy foreign goods is prohibitively expen-
sive, as these purchases deplete the national stack of currency at the adverse rate of 
exchange. Thus, imported fuel is too expensive in comparison to a locally produced 
fuel. The currency spent on the foreign fuel could have been spent on goods pro-
moting sustainable growth. A possible local substitute could be steam produced 
with the solar power and supplemented with biofuel to keep up the temperature in 
the kettle on the go.

Naturally, additional questions arise, it is still unclear to what degree it is 
possible to control the quality of the product produced in a developing country. In 
the example of the solar and pyrolysis oil run locomotive, who can guarantee the 
cleanness of the product and who will pay and with what means for a travel with 
this locomotive. One may wonder, if it is enough just to organize a profitable busi-
ness to generate the wealth for the local development or a much tighter control will 
be needed.

An economic policy can be evaluated based on the stack of cash in the posses-
sion of different groups in a society. It does not matter how the volume of money 
is defined. The discourse on the conversion between M1, M2, and M3 money is not 
a goal of this paper and will be avoided here. Based on the stacks of currency is 
possible to assess what consumption pattern will exhibit a nation in the short run 
or what economic policies will bring the nation out of the depression balance. For a 
local economy this means the predictability of the social impact with the emergency 
of a new profitable industry.

The same way the rates of the national or reginal inflation can be predicted 
based on the available stacks of currency. It is possible to imagine that with the 
high rate of inflation money stacks are being depleted faster than normally and the 
national speed of currency circulation slows down as everyone is cautious to spend 
the rest waiting on the events. Thus, inflation dies out much faster, as it is normally 
predicted.

Back to the development of the local production. The international borrowing 
definitely can be the source of the necessary capital, but it also will be the source 
of the local organization. The model under which the local community finds itself 
facing the foreign financial institutions helps to answer two questions, under 
the necessary rate of payment on the borrowed capital what salary levels can be 
achieved by the members of the local labour force. Definitely, according to this pat-
tern of reasoning the wages achieved will be much higher than a competitive wage. 
Even if the source of capital comes from the local sources, as the local pension fund 
for example, it still can be regarded as the foreign borrowing for the ease of analysis.

Through the higher wages local investment funds can be accumulated. Saving in 
the pension funds, local or national, should also be viewed as the local investment 
funds. Questions concerning local funds and local investments are open questions 
for discussions, regulations, and choice of the business organization. It is still to 
decide who has the right and under what conditions to use the funds for the invest-
ment purposes.

A similar situation arises if a union takes control over an enterprise or at least 
plays a very significant part. The questions to be answered how to decide on the 
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establishment or abolishment of jobs and the rate if payments. It is necessary to lay 
down what role can play the union in the choice of external partners and the condi-
tions of the contracts. Such contracts can be very beneficial for third parties and 
can lead to the conflict of interests. It has to be established if the employees have 
the right to receive a premium paid by the external partners and what would be a 
bribery. Probably the union must have the right to review these contracts and have 
the power of veto.

The feasibility of wages can be estimated based on the international rate of 
financial borrowing. The idea is that the foreign financial institutions find them-
selves in the free competition and the international interest rate is established 
[4]. Thus, the flight of the local capital does not make much sense and the local 
producer is facing the international rate of interest as the result of the international 
financial situation.

4. The necessity of the commercialization of the process

The borrowed capital has to be paid for and paid in the long run. Labour and 
suppliers have to be paid in the long run. The suitable product has to be found and 
this product has to be sold for profit in the long run to pay for the contributing fac-
tors. Thus, the invention of the sustainable product is the prime aspect of the local 
economic development.

A sustainable product can be invented based on the regional economic pat-
terns and the outer economic situation. The survival of the local economy will be 
based on the ability to defend its general industries and to promote the growth of 
its specialized export industries. The best scenario is when the sectors of the local 
economy exhibit sustainable proportionate growth and trade deficit is paid by the 
surplus of the local production.

Investment fonds should not necessarily be of the international nature. Profit 
from the operations can be redirected towards savings thus creating the investment 
funds. Savings are generated by both sides of the economy by the businesses and 
the labour. The created investment funds can be very important for the regional 
economy as the source for the establishment of the local enterprises. Unions can 
play a very significant part in this process that should at least in theory promote the 
business-oriented thinking of the union members. The offspring enterprises can 
benefit the former labour force and generate even more wealth for the local economy.

Here comes very handy the structure of employment analysis. Investments 
should manifest themselves in the changing structure of employment of the 
regional economy especially if the enterprise is dependent on the local resources 
and the local social climate. The only possibility when investments do not reveal 
themselves in the changing structure of the local employment is when the invest-
ments are done in the capital and the productivity in the sectors is growing 
equally fast.

The national rate of savings is one of the macroeconomic parameters that 
describes the performance of the national economy [5]. This parameter can be 
applied towards the regional economy. This parameter allows to estimate the 
portion of the national or regional income that goes towards investments. For the 
analysis of the regional economy this parameter may become especially important 
if the material or intellectual capital is in big demand and of the imported nature. 
By readjusting this parameter with the macroeconomic measures, it is possible to 
meet the financial needs to pay for the necessary imports.

The possible solutions for the readjustment rate of regional savings can be the 
royalties paid at the exchange of the local currency, local taxation that goes strictly 
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into the investment funds, and all kind of other possible type of royalties. The 
regional pension funds with their accumulation of funds can play a significant part 
in this process.

It seemed that the production of electricity deep in Africa is not a sustainable in 
the long run idea. The empirical results rather were confirming this assertion. This 
is the experience of the engineers without borders in their efforts to improve the 
living conditions of peoples of Africa. The local productions for example of solar 
panels died out first of all due to the poorly understood economic factors. First of 
all, Engineers Without Borders failed to commercialize the process thus rendering 
the payments to the providers, labour, and professional stuff not sustainable.

Engineers without borders were not a commercial organization and was not 
trying to organize a profitable entity in the long run in the first place. One of the 
reasons it failed to create the sustainable development in the countries of its opera-
tions is that it was lacking the will and intelligence to bring the sustainable changes 
to the local economies.

It is very possible that even when there is the will to commercialize the process 
the local markets still have to be invented. The situation is straight forward: local 
resources are not available as no one is selling anything. There are no means of buy-
ing something as there are no means of payment in circulation. The same is with the 
local and international labour, people have to be remunerated for their efforts. Work 
must provide people with means to sustain their living increasing its standards. With 
no local markets available the two classical solutions are available: the forced labour 
camp or the military camp. The first solution means people are forced to work with 
the bare minimum of supplies, just to sustain their living. In the second case the sup-
plies are shipped from the well-established centers of production and redistribution. 
The first solution is unacceptable, the second is prohibitively expensive.

The historical solution in the absence of the well-established markets for goods 
of general consumption in volumes comparable with the national consumption is 
the process of taxation in real products and assignment. There are plenty of histori-
cal examples when whole villages of the peasant population were assigned to certain 
productions. A classic example would be the early Middle Ages. It does not mean 
that the peasants have to be the labour force in the production, they can be just the 
suppliers in goods to provide for the labour, first of all food. For a developing coun-
try this solution still can make much sense as the back payments to the population 
can be made in real goods as medical equipment, building materials or anything 
alike. To implement this solution in a developed country is rather problematic first 
of all due to the elaboration of the consumer basket.

Another solution can be borrowed from the Soviet Union. At a certain point 
the government allowed the sale of the foreign goods to the population for people 
with the special currency. The system was called Bereska, probably another 
instance of the national humiliation. To what degree this historical solution can 
be implemented in the development economics is not quite clear, but the idea is 
quite promising. It is possible to pay to labour and small suppliers with the nominal 
records money that can be traded for real high-quality products in the specialized 
stores. The secondary markets better be tightly controlled or organized or there 
will be high rate of corruption and criminality. For more details on the criminality 
spurred by the Western economic aid please read about the recent Somalian history.

The idea of production of electricity in Africa for sales in the European union 
directly evidently is not a sustainable one. Big production numbers will turn into a 
trickle by the time they will reach the markets in Europe or elsewhere. Nevertheless, 
this is the question of sustainability to invent a product suitable for consumption 
over big distances produced locally. And electricity can still be the one as far as it 
goes into the product as direct or indirect input. A good example would be coffee 
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that an item of export to Europe. Through coffee electricity can be sold in the 
European union indirectly.

Another possibility to sell electricity indirectly is to save energy in the chemical 
bonds. The chemical production requires input of energy. Solar panels and wind or 
tidal turbines deliver big quantities of energy, but of coordination with demand. 
The production process on the contrary can be schedule in accordance. Thus, solar 
energy can be saved in chemical bonds and sold over big distances. A good example 
could be the idea to sell clean heating oil to the big agglomerations of population.

If the organization of the local market economy is not possible at least in the 
short run, the organization of a profitable enterprise and the positive influence on 
the regional development are still possible. What matters is the agglomeration of 
physical consumers as the end point of financial transactions. Financial capability 
of the local population is not so necessary as there could be other means of exchange 
and redistribution. The main income at least on the initial stages of the new local 
development will come from abroad. It is still the availability of the local labour and 
availability of certain local resources that play the crucial role.

Selling to the local population quite often can be a problem as the local markets 
still have to be organized. Even if there is quite dense local population it still can 
have zero buying power. Here comes handy the money stack analysis to model the 
creation of the local markets based on the successful local production. Alternative 
to the creation of the local markets would be the direct redistribution of the con-
sumer products. The problem is that it pretty much entails the creation of the local 
planned economy with coverage of the whole consumer basket.

The local markets in the typical African context cannot be defined as sufficient 
in terms of promotion of local industrial development. It is not so much about 
the financial unattractiveness of these markets. The financial situation finds its 
manifestation in the material exchange that the local markets can suggest in return 
for the produced industrial goods. Historically this is exactly how it went on, the 
parallel development of the agricultural und the industrial sectors of the economy. 
The main problem is time that was necessary to put together the accidental factors. 
It took literally centuries, if not longer.

On the other hand, the autonomous development of the local markets is still 
possible. Again, the example of Newfoundland, it a province in a well-developed 
western country. Local markets are small, but financially sound. By means of the 
real exchange economic scenario it is possible to conclude that nothing prohibits 
the high level of economic/industrial local development. In theory the availability 
of the local resources should be sufficient for any level of wealth limited only by the 
level of development of modern technologies.

While the Newfoundland economy is very low on performance the same of 
Sweeden is quite sound. Both countries are in the northern climate and cannot 
compete with the rest of the world in the traditional sectors of the economy, like 
agriculture. Sweeden is flourishing because it can manage its internal sectors of 
economy and trade with the rest of the world with specialized goods.

A good theoretical question if any local product in surplus can be used as a spe-
cialized product for the international trade. The best approach would be to consider 
is the saturation of the global markets with this product and the possibility of the 
stagnation of prices for the product by the immediate neighbors in case of the high 
volumes being supplied [6].

Sweden retained its internal markets even under the new socialist system. This 
allows for the local development. Investments in the local economy pay off. In case 
of the developing countries the absence of the well-developed local markets is a big 
problem. A newly established enterprise should orient itself towards the external 
markets and something should be improvised for the local situation.
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From the historical perspective Sweden was undergoing its pro-socialist trans-
formation at the times when the global competition was not as acute as it is now. By 
the time of its great changes Sweden was already one of the world most developed 
countries. Sweden could preserve its economic institutions and develop further. In 
case of the developing countries the situation can go as bad as no markets for goods 
for money at all are in existence. What comes very handy is the structure of employ-
ment analysis and general planned economy. Good question if it is still possible 
over a short period of time to nurture the more efficient free market and monetary 
circulation by introduction of financial payments for labour and suppliers at the 
newly established enterprises. For example, buying food from the local population, 
and the local population can get high quality import goods in the specialized stores.

This is where the Engineers without Borders failed by not being able to create 
long lasting impact on the societies in question. Everything was falling apart after 
they were leaving. No mechanisms of perpetual maintenance and improvement 
were introduced.

The USA government followed the same line of reasoning trying to bring 
industries to the less advanced countries. The well-known to the public cases so far 
were not very successful. One of them to mention is some operations in the T-shirts 
production. One enterprise was placed in Vietnam. The main problem with this 
placement was that the only operation left to the enterprise in Vietnam was earning 
literally pennies leaving the workers with the wages way below any international 
standards.

A sustainable product must have the ability to be sold and produced in the 
long run. In the production process the producer and the working force must feel 
themselves motivated. The product must be environmentally friendly, face the 
continuous supply of raw materials, and the enterprise be able to find and educate 
professional working force. What else must be packed in the definition of the 
sustainable product is open for further discussions.

The Engineers Without Borders the same way as many other economic powers 
like international corporations did not manage to create the sustainable product 
first that would contribute to the continuation of the local production. Like solar 
panel projects that led nowhere. No one even cared to establish the mechanisms of 
the economic exchange keeping the production cycle running.

Do not say never ever will happen to transport energy from Africa to Europe. 
How about producing biofuels, energy can be saved in the carbon chemical ties 
and brought to the consumer. How about an even more devilish plan? The locally 
produced in Africa energy will come to Europe as coffee. No one suggests burning 
coffee beams in furnaces like fuel but drinking it. The idea is the substitution of 
products, stop bringing low quality fossil fuels from abroad, produce local electric 
power, produce local heating oil for power plants and for engines, locomotives, heat 
up with solar, maintain the temperature with the heating oil.

And again, about the USA industrial history. In the second half of the XXs 
century pretty much all the innovations in the agricultural sector were invented 
and tested by the research institutes run by the USA government. What makes it 
to believe that the lack of the local technological development is not justified on 
the grounds of the lack of the economic exchange markets and the protection of 
property. In the States the level of the economic development is much higher than 
in the developing countries, especially in the countries to the south of the European 
Union. Normally countries do not have the luxury to enjoy the privilege of continu-
ous funding for the research and development purposes. To sustain the sustainable 
growth the sustainable investments in the research and development is necessary. 
The best way to achieve it is to build a sustainable industry that can pay for this 
development and test of the new technical solutions in praxis.
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Through the creation of the sustainable product the local markets are getting 
the chance of incorporation into the global economy. At the same time the local 
markets must have the protection mechanisms that will ensure the existence of 
the local industries. The state of affairs of the local peasants being forced to the 
natural economy is not an example of the well protected local economy, but rather 
of its defeat.

Without making investments in a technology all the dreams about the imple-
mentation of the technology will remain just a dream. For any investments to take 
place the technology has to be financially attractive. The implementation financed 
by the state is not a great solution as it exists only as far as there is funding. The task 
of an engineer is to improve the technology reducing costs up to the point where it 
is cheap enough to compete with alternatives. If it does not work, it does not mean 
that this is the end of the application of the technology. There are plenty of neigh-
boring factors that should be considered. Quite often the whole technology should 
be revised. Production with the technology requires inputs, has side effects, and 
produces products. The implementation of the technology should be reviewed on 
all the stages of the production process.

Speaking about inputs it is necessary to keep in mind that there are all kinds of 
them. There are inputs during the construction and maintenance of the produc-
tion process, and inputs that are used to create the product itself. When it comes to 
practice, the difference in approach is evident. The initial inputs are the ones that 
often are taken out of consideration during the readjustment process.

On the financial side of the analysis inputs are the costs that will be put against 
the cash flow generated by the sales of the products created with the inputs. It is 
possible to minimize the expenditures on the inputs, on the waste handling and to 
increase the revenue per unit of sales. With the growing costs of inputs and the price 
of disposal of waste the avoidance of waste is picking up in importance. It happens 
that the byproduct of production can be the most revenue generating seller.

Smart industrial organization can play the vital role in the development of the 
relations with the labour involved and the local population. The proposed idea is 
the idea of the industrial farming. In the case of the local energy production this 
idea would be called the energy harvesting farming. The idea is to try to avoid using 
mega plants and rely more on small production units operated half independently 
by the local population at the site. This organization creates the positive attitude 
towards the production in question as it makes people feel more like the proprietors 
than the exploited colonial labour. The not interested population as isolated islands 
can be simply circumvented without much damage to the production as a whole.

Historically the cottage economy did not survive the competition against the 
fast-growing agglomerating companies. It does not mean though that with the 
modern industrial organization the idea has no future. Many big corporations 
build their operations on franchising. The organizing authority will deal with such 
problems as securing the suppliers, solving internal disputes, controlling prices 
and quality of the product, dealing with the side effects and securing the ways of 
distribution of the product. Other important issues would be optimization of the 
production and the education of labour.

5. Invention of a sustainable product

Speaking about the optimization of production in the rural areas, wide imple-
mentation of pyrolysis can be the breaking through technology. Following the same 
logic of optimization, the pyrolysis production cannot be just the source of the local 
cheap fuel. A much mor sophisticated sustainable products have to be invented.



61

On the Feasibility of the Closed Cycle Local Economy Based on Pyrolysis
DOI: http://dx.doi.org/10.5772/intechopen.100230

If it is energy in form of the biofuel it has to come together with the invention of 
the local means of transportation like the solar-biofuel powered locomotives. If it 
is biogas, it should be produced with the hinder thought of using biogas to pro-
duce bioplastic to use as the input for solar lens for the local heating installations. 
The latter can be used as the source of energy for the local production as drying 
of coffee beans or alike, for cooking, or for heating of the local housing. Imports 
should be reduced, and exports created. The import of plastics and fuels should be 
diminished, and the foreign currency used for something more useful. In this case a 
sustainable product like coffee will pay towards the balance of trade.

Not only coffee, there is a vast field for product inventions. While a new prod-
uct for sales over the long distances can be invented the production waste can be 
reduced. The mineral residue from the pyrolysis won from the biomass can be used 
as mineral fertilizers [7]. Historically people were burning forests to use ashes as 
mineral fertilizers. Nowadays the mineral residue can be packed and sold, even in 
small packages as pot flower fertilizers.

It is not yet quite clear if there is a place for a much more ambitious projects 
than mineral fertilizers from the pyrolysis process mineral residue. Bioplastics may 
be created and used for solar energy cooking and heating thus reducing the use of 
wood for heating purposes and deforestation in general. Mineral residue can be 
used if produced in very big quantities for the purposes of reversing the process of 
desertification.

Here comes very handy another idea—the idea of the processing of the seaweed. 
Normally the natural circulation of water washes off the landmass very much of 
the useful substances, like the mineral components of the soils. Water dissolves and 
the sea water contains all the possible elements and substances. The next question 
would be of how much of this stuff can be won back from the seaweed. Seaweed 
normally grows on the shelf from the stuff accumulated from the landmass. The 
most trivial idea is that the whole palette of products can be designed around 
one single industrial process more complex as turning biomass into biofuel and 
pyrolysis gas.

Depletion of the global resources probably will be the prime driving force 
behind the further development of the pyrolysis-based technologies. Bioplastic 
based substitutes can be won from the biomass [8]. Of special interest here would 
be the production from the seaweed. As the world is facing the problem of the 
global dispersion of the valuable materials researchers are looking for the technolo-
gies to reverse the process. The natural circulation of water slowly moves everything 
to the world ocean. An open question is how much of this stuff is accumulated in 
the seaweed and can be won back from the pyrolysis residue.

Energy saved in the chemical bonds can be transferred over big distances and 
used again. Thus, there is at least one good argument to use local cheap energy. 
In the south it can be in the form of a solar power plant, in the north—the tidal 
or wind energy, and everywhere the energy of the solar panels can be generated 
and used. At least, the accumulation of the energy in the chemical bonds lifts the 
problem of the time inconsistency between the production of the energy and the 
demand for the energy. And definitely the alternative energy should not be only 
used for the conversion of one type of energy into another. Any industrial process 
needs energy and this energy can be generated cheaply and locally.

Another sustainable biochemical process that may be successfully combined 
with pyrolysis is biogas. The positive side of the process is that it can be a very 
labour non-intensive passive process. Any problem with the thermal processing of 
any biomass is the high content of moisture. The biogas production involves the 
slow consumption of biomass by bacteria that results in the production of biogas 
and slush. The water molecules are being freed in the process and thus can be 
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drained. If the resulting residue can be a good feeding material for the pyrolysis 
process is still to be researched.

Recycling performed in the sustainable way based on the pyrolysis or gasifica-
tion still can be considered for an industry to be placed in the region suffering 
under underdevelopment. The idea behind is the same, the carbon-based part of the 
waste can be separated from the rest of the waste material. Metals can be extracted 
based on their magnetic qualities. The rest is the rest. The whole process make sense 
though only if there is an abundance of very cheap energy to start with.

Processing of biowaste can be an absolutely different story from the financial 
perspective. Biowaste can be concentrated at the site of its generation and be 
treated locally. A good example here would be an animal farm. The animal waste 
is already quite energy saturated what makes the production of biofuels quite 
lucrative. Another aspect is that the mineral component in the animal waste is very 
high thus making the animal waste a potential stock for the production of mineral 
fertilizers.

Fresh water reservoirs can become a potent source for the production of biofuels 
and bioplastics. Water reservoirs allow for quite fast and very intensive growth of 
all kind of organisms capable of photosynthesis. Also, these reservoirs accumulate 
the run-offs of the fields. Water organisms use these substances during the life 
cycle. Processing of these organisms means the further utilization of fertilizers, 
not to mention the production of high-level energy substances based on carbon. 
The high density of the biomass and the ability to float and be carried down the 
stream can considerably low the costs of the further processing. The project can 
be combined with the extensive water treatment facilities and the fish and poultry 
farming.

Minimization of costs of production may still involve the invention of the 
special technical solutions and choice of local or alternative materials. Speaking 
about the European perspective such solutions as cheap metals from Siberia can be 
implemented. Speaking about the rural environment of Africa such local solutions 
as the local production of bricks can be considered. In every environment where the 
preliminary extensive process in the form of biogas takes place the mobile inflatable 
systems can be transported to the site of the production located at the site of the 
biomass.

The pyrolysis-based technology can become the technological foundation for 
the emerging high-tech power cell technologies. In case the world decides to convert 
its technologies and rely on the renewables the pyrolysis-based technologies can be 
used to produce fuel for power cells. These are the newly emerging technologies and 
to elaborate on the topic is not yet possible.

6. Conclusion

The modern technologies allow to achieve much higher standards of living, 
as it is quite often seen even in the developed countries, and these high standards 
of living normally can be achieved through the utilization of the local resources. 
Pyrolysis based technologies can be successfully used to win substitutes for many 
non-renewable resources from biomass. Closed cycle local technological develop-
ment based on pyrolysis is possible but remains rather a dream. The international 
progress makes the intensive trade with the surrounding world unavoidable, and 
the absence of the suitable local economic institutions make the implementation of 
the technologies by the regional producers impossible. New economic solutions and 
introduction of the new green technologies are necessary to sustain the balanced 
local development.
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Chapter 4

Advances in the Pyrolysis Process 
and the Generation of Bioenergy
Vittor Rodrigues Santos Alves

Abstract

The reduction of environmental impacts caused by emissions of greenhouse 
gases has become an internationalized goal. In this context the development of 
technologies capable of producing energy from clean or renewable sources has 
gained broad prominence, among them the fast pyrolysis is a type of thermo-
chemical process capable of converting biomass and agroindustrial waste into a 
liquid product called bio-oil that has a wide range of applications in the bioenergy 
scenario. For this type of technology to be consolidated as an alternative source of 
renewable energy, economic, political and environmental incentives are necessary, 
as well as research development to improve the conversion processes, such as reac-
tor types, logistics in obtaining and pre-treating potential biomass, improvement 
and conversion routes for bio-oil obtained in renewable biofuels or chemicals with 
higher added value. This chapter covers the fundamentals of thermal conversion of 
biomass into bio-oil and the most studied processes to convert bio-oil into a product 
with better properties, such as deoxygenation and energy densification.

Keywords: biomass, fast pyrolysis, bio-oil, bioenergy, environmental

1. Introduction

The demand for clean energy sources and the accompanying reduction in 
greenhouse gas emissions have gained increasing emphasis on environmental policy 
agendas around the world. One of the current portraits of these discussions was 
in 2021, when the Climate Summit was promoted, in which the political leaders 
of each nation set social, technological and political goals for the coming years in 
order to mimic the agents causing natural and climate changes. Among the most 
discussed measures, mainly by countries in the northern hemisphere, is the attack 
on the consumption of fossil fuels such as diesel, gasoline and mineral coal.

Biomass, urban and agricultural waste have great potential to be converted into 
products with added energy value. Although there are several routes for convert-
ing biomass into fuels (biological, thermal and physical–chemical), most of them, 
as biological, are highly selective, offering little variability of the final product. In 
thermal processing there is the possibility of producing a range of complex products 
such as chemicals, advanced biofuels and integrated electrical energy. Although 
the production of charcoal, through the carbonization process, is an old and well-
known process, it was during the oil crisis in the 1970s that research was directed 
towards obtaining renewable fuels from lignocellulosic materials, where fast 
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pyrolysis stood out. In this process, the carbonaceous material is subjected to mod-
erate temperatures (in the range of 500°C) at high heating rates and in the absence 
of oxygen, thus, the release of organic vapors and gases occurs at low resistance 
times in the reactor, in addition to the formation of a char fraction [1, 2].

The biomass pyrolysis process in general can be understood as a thermal frac-
tionation of the lignocellulosic complex into three predominant fractions: char, 
gases and liquids (condensable vapors). The greater or lesser yield of each of these 
fractions is adjusted according to the input parameters and adjustment of process 
variables such as temperature, reactor type, biomass composition, biomass physical 
properties and so on. In the fast pyrolysis process, all these parameters are condi-
tioned in such a way as to provide low residence times in the vapor phase reactor. 
When being condensed, these vapors form a liquid phase composed of a variety of 
organic compounds called bio-oil.

Bio-oil has a wide range of applications. Due to its varied composition (alcohols, 
organic acids, sugars, phenolic aromatics, etc.) it can be used to obtain chemical 
species through refining and extraction, raw material for obtaining advanced bio-
fuels, in addition to liquid biofuels for processes of direct burning of biomass is not 
possible. In addition, as it is a liquid product, its handling and transportation are 
facilitated in relation to solid biomass. Finally, bio-oil can have its quality improved 
by modifications directly in the pyrolysis process such as downstream upgrading 
processes.

Thus, this work presents an overview of the fast pyrolysis of biomass for bio-oil 
production, the properties of bio-oil and its general application, showing the main 
processes (reactors) developed and new trends for the improvement of the pyrolysis 
process aiming to obtain more efficient bioenergy sources.

2. Fast pyrolysis: general aspects

Thermochemical processes have by their nature the conversion of raw materials 
into products that have greater added energy value. These processes occur having 
heat as the agent of transformation, either by release or demand of the process. 
Figure 1 shows a summary of the main endothermic processes [3–9].

Figure 1. 
Diagram showing the main characteristics of the most conventional thermochemical processes.
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During the fast pyrolysis process, the lignocellulosic structure of the biomass 
is degraded and converted mostly under specific reaction conditions, generating 
a main product called bio-oil. Table 1 shows an overview summary of the main 
physical–chemical properties of a typical bio-oil compared to a heavy fuel oil.

In order to quantitatively obtain organic products in the form of bio-oil in an 
expressive way, it is necessary to maintain some parameters and variables in an 
essential way during fast pyrolysis.

• High heating rates of the particle, for this it is necessary that the feed is in 
reduced particle size and moisture [18, 19].

• Good temperature control, allowing the process to occur in temperature ranges 
close to 500°C [18, 19].

• Low residence times of the vapor phase (below 2 s) as well as a fast cooling of 
these [18, 20].

By carefully following these parameters, it is possible to obtain bio-oil yields of 
up to 75% on a dry basis depending on the technology (reactor type) employed and 
the nature of the material. Moreover, depending on its composition and the way it 
is collected, the bio-oil can form two phases, a lighter one with a higher presence of 
water and a heavier one with a higher concentration of organic fraction.

Property Heavy 
oil fuel

Biomass feedstock

Mahogany 
waste wood

Oak/
maple

Birch Pine 
wood

Elemental analysis (dry 
basis), % wt

C 83–86 50.2 — 44.0 45.7

H 11–14 6.6 — 6.9 7.0

N <1 <0.4 0.2 <0.1 <0.1

O <0.1 42.6 — 49.0 47.0

S <4 <0.06 <0.01 0.00 0.02

Ash 0.03 0.15 0.01 0.004 0.03

Moisture, % wt 0.1 21.4 22.0 18.9 17.0

pH — 5.64 2.5 2.5 2.4

Density, kg/L 0.94 0.95 1.18 1.25 1.24

HHV, MJ/kg 44 29.52 17.0 16.5a 17.2a

Viscosity (40°C), cSt 5.5–24 4.6 50b 28b 28b

Solids (char), % wt — — 0.045 0.06 0.03

Distillation residue, % wt <1 — not 
distillable

— —

Flash point, °C 68.0 55 62 95

Pour point, °C −18 13.5 −25 −24 −19

Ref. [10–13] [14] [15] [16, 
17]

[16, 
17]

aas LHV.
bat 50°C.

Table 1. 
Main properties of bio-oil from different feedstock compared to heavy fuel oil.
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3. Bio oil properties and its applications

In general, biomass is composed essentially of three organic components: cellu-
lose, hemicellulose and lignin. Besides these there is also an inorganic fraction (ash) 
and the water associated with the structure of the material in the form of moisture. 
The composition of these fractions is an important reference in the quality of bio-oil 
to be obtained. Table 2 shows a general summary of the lignocellulosic composition 
of various biomasses.

During the pyrolysis process these three polymers decompose at virtually the 
same time, however each has different thermal decomposition kinetics [21], which 
can lead not only to different yields of bio-oil and its sub products (biochar and gas) 
but also generate a variation in the distribution of organic functions that make up 
the bio-oil [22].

Due to the different physicochemical properties of cellulose, hemicellulose and 
lignin, they tend to produce different products. While cellulose tends to contribute 
to higher bio-oil yields, higher lignin concentration contributes more significantly 
to biochar formation [20, 23, 24]. The organic composition of bio-oil is extremely 
variable and presents several classes of organic composts. Figure 2 shows a devia-
tion map of these organic functions that typically compose the pyrolysis bio-oil in 
relation to the thermal reactivity of cellulose, hemicellulose and lignin [25].

In addition, the inorganic fraction of biomass (ash) can also influence the 
characteristics of bio-oil. Some studies show that biomasses with alkali rich ash, 
such as potassium (K), and phosphorus can exhibit catalytic properties and alter 
the distribution of organic compounds present in bio-oil [26]. A number of other 
characteristics of bio-oil can be described to assess its quality, such as appear-
ance, typically characterized by a dark brown or reddish color; odor, which is 
characteristic of acidic flavors and can even cause airway and visual irritation upon 
prolonged exposure; and miscibility, which is a complex factor as it is not miscible 
with petroleum fuels due to the large presence of polar and oxygenated compounds, 

Biomass Composition, % wt Ref.

Cellulose Hemicellulose Lignin Other

Softwood 41 24 28 7 [9, 20]

Oakwood 34.5 18.6 28 —

Birchwood 35.7 25.1 19.3 —

Hardwood 39 35 20 7

Leaves 15–20 80–85 0

Olive husk 24 23–24 48–49

Miscanthus 24 44 17

Sugarcane bagasse 19–24 32–48 23–32 —

Willow plant 50 19 25 —

Rice straw 30 25 12 33

Wheat Straw 40 28 17 15

Nut shell 25–30 25–35 30–40

Walnut shell 25–26 22–23 52–53

Corncob 50.5 31 15

Table 2. 
Lignocellulosic composition of various biomasses.
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and is not water soluble as excessive addition can lead to the formation of two liquid 
phases [19, 20].

Due to its varied composition, a number of applications have been attributed to 
bio-oil. Figure 3 illustrates some of the main applications.

The pyrolysis bio-oil presents compounds in high concentrations such as 
phenols, guaiacs, acetic acid among others and with the advancement of separation 
techniques, such as liquid–liquid extraction, with the addition of solvents (hexane, 
chloroform etc.) has allowed the recovery of fractions with high concentrations of 
these compounds that have high added value for the industry, production phenolic 
resins, organic acids among others [27–30]. In addition, the greatest potential for 
use of bio-oil is in its use for the production of biofuels, being necessary, firstly, the 
application of upgrading steps to improve its properties.

Bio-oil can also be used in combustion or co-combustion systems with other 
fuel oils to obtain heat in industrial processes. However, the applications of 
bio-oil in these combustion systems are traditional for combustion of heavy or 

Figure 2. 
Thermal decomposition of lignocellulosic compounds and their products (adapted from [25]).

Figure 3. 
Bio-oil applications.
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mineral oils due to their physical–chemical characteristics completely different 
and their instability that can impact on essential parameters for a quality com-
bustion of oil as the quality of atomization, ignition, tendency to coke forma-
tion, vaporization rate of drops, clogging among others. However, having a good 
understanding of the properties of the bio-oil used and the ratio some benefits 
are reported in co-combustion operations such as the reduction of SO2 and 
thermal NOx emissions [27–30].

4. Reactors to fast pyrolysis

The design of a fast pyrolysis process has at its core the reactor where the 
appropriate heat and mass transfer conditions will be provided for the thermo-
chemical processing of the material. In general, a fast pyrolysis process consists of a 
biomass fitting unit (1) to fit the required particle size and moisture conditions, the 
pyrolysis reactor (2) where the bio-oil (vapors) and by-products (biochar and non-
condensable gases) are formed, cyclone(s) and/or particulate removal systems (3), 
condensation unit and bio-oil collection (4) and finally a thermal energy conversion 
and integration system in the system (5) as illustrated in Figure 4.

The pyrolysis is an endothermic process, as the goal of fast pyrolysis is to obtain 
higher yields in liquids, the other by-products (biochar and gas) can be used as fuels 
in the thermal energy generation unit providing the necessary entapia, to perform 
the pyrolysis reactions. Fast pyrolysis reactors in general can be separated into those 
that use a gaseous agent for heat transfer in the reactor and those that do not use 
gas as a fluid, and most of them are already in commercial scale. A Table 3 mostra 
um resumo dos principais reatores utilizados nos processos de pirólise dus prncipais 
características e seu status comercialização.

5. Pyrolysis and bio-oil improvement strategies

Bio-oil obtained from lignocellulosic feedstock with fast pyrolysis has many 
disadvantages in front of fossil fuels such as high water content, presence of 
small particles of coal and alkaline ash, acidity, low calorific value and thermal 
stability that make it difficult to application of bio-oil in the power system such as 

Figure 4. 
General system to biomass fast pyrolysis.
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engines [40]. The currently technological research shows that there are basically 
three ways to improve the performance of the fast pyrolysis and the quality of the 
obtained bio-oil. The Figure 5 shows these deferments strategies.

Reactor type Main features Limitations References

Circulating 
fluidized bed

Easy scale-up.
Efficient heat and mass 
transfer.
Flexibility in system design.

Low solid phase residence time 
(similar to gases) leading to higher 
coal yields.
Complex hydrodynamics.

[1, 31–39]

Bubbling 
fluidized bed

Good heat and mass transfer, 
easy control, operational 
simplicity.
High bio-oil yields.

High pre-treatment accuracy of 
biomass, requiring low particle sizes

Rotating 
cone

It uses centrifugal force to 
move the particles.
Uses little carrier gas.
Yields in bio-oil in the range of 
60–70%.

A more complex in-grid system is 
required with cone pyrolysis reactor, 
riser for transport and recycle of 
the sand particles, fluidized bed 
combustion chamber.

Auger or 
screw

The process takes place during 
mechanical conveying.
The heat carrier can be the 
walls or ceramic/sand particles.
Suitable for heterogeneous 
biomass/waste or waste that 
is difficult to transport and 
handle.

Longer residence time of the vapors.
Lower bio-oil yield compared to 
fluid bed reactors.

Ablative Heat transfer is via reactor 
part contact, allowing the use 
of larger diameter parts and 
without the need for carrier 
gas.

Limitation in the scale-up mainly 
concerning the reactor surface.

Spouted bed Very high heat and mass 
transfer coefficients.
Short residence times.
High liquid yields (up to 70%).

Complex scale-up accompanied by 
high pressure drop.

Table 3. 
Description of the main fast pyrolysis reactors and their characteristics.

Figure 5. 
Different processes and strategies to improve the fast pyrolysis of bio-oil quality.
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5.1 Pre-treatment

Several authors have already reported the effect of physical treatments (i.e. 
treatments that do not alter the chemical composition or chemical structure of 
biomass) of biomass on pyrolysis processes. The most relevant one reported 
is the biomass grinding aiming at its particle size reduction, which has a posi-
tive impact on all fast pyrolysis reactors, providing an increase in the bio-oil 
yield [41].

The washing (or leaching) it’s a process used to remove or modified inorganic 
compounds of the biomass or modified the lignocellulosic complex. The H2O 
washing it’s a simple and low cost process able to remove mainly alkalis  
(K, Ca), Cl and S [42, 43]. The Acid washing it’s a more complete but expensive 
kind of washing with (organic or inorganic) acid diluted, this process its able 
to remove near all components (alkalis, halogens, heavy metals etc) found in 
biomass ashes promoting the complete demineralization [42, 44]. In addition to 
these effects, the acid treatment of biomass (washing and acid infusion)  
can lead to the formation of bio-oil rich in sugars [45, 46]. Studies have pointed 
out [46] showed that there is considerable enrichment in sugars, especially 
levoglusan (up to 55% of cellulose) during the acid infusion of corn stover. These 
results were mainly attributed to the catalysis of the decomposition of the cel-
lulose structure.

Another process considered a pre-treatment of biomass for fast pyrolysis is 
Dry Torrefaction. This process is like mild pyrolysis; occurring in the range of 
200–280°C and in an inert atmosphere, it promotes a thermal pre-degradation 
of lignocellulosic polymers, generating a biomass with the potential to produce a 
bio-oil with better quality [47, 48]. In parallel, the Wet Torrefaction (WT) process 
can also qualitatively improve the biomass properties for the fast pyrolysis process. 
It occurs in aqueous phase and ambient to moderate pressures, with water at high 
temperatures it removes alkalis, carbonates and halogens. Research shows that bio-
oil produced from biomass pre-treated with WT produced bio-oil with less phenols, 
ketones, furans and richer in sugar, especially levoglucosan. However, in addition 
to energy consumption, this process generates a biomass with high water content 
[46, 49–52].

The process of acid treatment and torrefaction of biomass can be combined 
to improve the performance of fast pyrolysis both quantitatively (higher bio-oil 
yield) and qualitatively (bio-oil with better properties) as shown in Figure 6. 
Studies showed that the coupling of acid washed with acetic acid (1% wt) and 

Figure 6. 
A combination of acid treatment and dry torrefaction to improve the fast pyrolysis process performance 
(adapted from [53]).
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dry torrefied (270°C) in the pretreatment of P. radiata allowed achieving 57.8% 
of bio-oil yield and improving the quality of bio-oil with low H2O and organic 
acids content [54].

5.2 In situ upgrading

Other strategy to improve the properties of the bio-oil obtained by pyrolysis 
process is the modification in situ, i.e., inside the own reactor by change of the 
variables and the parameters. Two strategies that have gained prominence and 
show good results in obtaining a bio-oil with good qualities are hydrogenation and 
catalytic pyrolysis, and the hybrid process with both.

The addition of H2 as a pyrolysis gas agent in the absence of catalysts promotes 
hydrogenation reactions mainly with the volatiles released and may have various 
effects such as increased formation of less oxygenated species, greater selectivity 
in phenolic compounds among others. For example, the effect of adding hydrogen 
in the carrier gas (up to 15% vol) in the pyrolysis of food waste in a dawndraft 
reactor promoted the formation of a bio-oil more selective in aromatic, phenolic 
compounds while reducing the amount of heterocycline nitrogenous species such as 
(quinoline) [55]. Other biomasses, such as poplar wood showed the same behavior 
upon pyrolysis in H2 atmosphere (6% vol) compared to pure N2 atmosphere obtain-
ing higher yield and selectivity in phenolic species [56]. Another important effect 
of the addition of H2 in the pyrolysis process is that, regardless of the presence of 
catalysts, it can promote the production of bio-oil with higher H/C ratio which is 
highly beneficial for the use of bio-oil as liquid fuel [57].

Recycling the pyrolysis gas to the reactor as a reactive atmosphere is a potential 
alternative, although its effect is not yet clear. When fast pyrolysis of biomass takes 
place under a N2 atmosphere, the main gaseous products of pyrolysis are CO, CO2, 
H2, CH4 and low levels of light hydrocarbons, therefore, when this gas is recycled 
to the reactor, it can promote a reactive atmosphere and not more inert. Studies 
in fluidized bed reactors, in the temperature range of 430–500°C, show that the 
increase in gas recycling rates can lead to a decrease in the production of organic 
liquids, but some biomasses, such as oak and switch grass, show good results. 
Deoxygenation effect and HHV increase in your bio-oil with gas recycling rates of 
up to 80%. However, other biomasses, such as Pennycress Presscake and pine wood, 
had no effect on the yield and composition of bio-oil with the pyrolysis gas recycled 
in the reactor [58, 59].

Among all the in situ alternatives to improve the obtainment of higher quality 
bio-oil, catalytic pyrolysis stands out as the most promising. The process basi-
cally consists of the insertion of a solid catalyst in the pyrolysis reactor capable of 
acting in the set of pyrolysis reactions, promoting the formation of bio-oil with 
better properties and selectivity in the components of interest of interest. Several 
authors have already published works testing different catalysts, in different process 
configurations, attesting to diverse improvements in obtaining bio-oil. Among 
these improvements in the use of catalysts in the fast pyrolysis process, it is worth 
mentioning: [60].

• The use of some catalysts can provide lower temperature operation. 
Considering that the pyrolysis process is endothermic, this would lead to a 
reduction in energy costs [61, 62].

• Reduction of bio-oil acidity and possible corrosion problems due to less forma-
tion of acidic compounds.
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• High degree of deoxygenation, increased H/C ratio and associated energy 
densification [63].

• Considerable increase in the selectivity of bio-oil products, reducing the 
molecular weight range of the hydrocarbons obtained (C5–C12) [64].

• Depending on the catalyst(s) selected, there may be a significant increase in 
aromatic compounds (up to 50%), giving greater stability to the bio-oil and 
providing a potential use as a fuel [60, 65].

Despite promising experimental results, the fast pyrolysis process using catalysts 
still needs to overcome some obstacles to reach the industrial level. The basis for 
these challenges is the development of catalytic reactors capable of supporting the 
pyrolysis atmosphere without expressive rates of catalyst deactivation, expanding 
the selection of desired products in bio-oil, in addition to efficient developments 
in the recovery and regeneration of catalysts [41, 60]. Table 4 below shows a set of 

Feedstock Process parameters Catalyst Yield Deoxygenation Ref.

Loblolly pine Circulating fluidized 
bed

36 kgbiom/h
520°C

γ-Al2O3 — 13–6–24.2% 
wt O

[66]

Forest pine 
woodchips

Auger reactor
450°C

2 kgbiom/h

CaO
CaO.MgO

48–50% 24.2–25.4% 
wt O

[67]

Pine wood Auger reactor
500°C

0,2 kgbiom//h

ZSM-5 
based 
acidic 
catalys

50,3% — [68]

Pine wood Bubbling fluidized 
bed reactor

Sspray-
dried 40% 

ZSM-5

45.5–50.0% — [69]

Microalgae 
(Enteromorpha 
prolifera) + 
HDPE plastics

Fixed bed reator
550°C

EP:plastic:catalyst 
ratio 1:1:2

HZSM-5 71.4% 13.5% wt O [70]

Miscanthus Conical spouted 
reactor

400–600°C
1–5 catalyst/biomass

ZSM-5 37.5% 
[500°C]

1,7% of 
phenols and 

5,5% wt other 
oxygenates 

[500°C]

[71]

Waste tires + 
pistachio seeds

Fixed bed
500°C

5% wt catalyst

Ni-Mo/
Al2O3

63% 5.3% wt 
(oxygen)

[72]

Lingnin Fixed bed reactor
450°C

K2CO3 29% O/C=1,40 [73]

L. japonica + 
polypropylene

Fixed bed reactor
500°C

Al-SBA-15 50,32% ~ 10% of 
oxygenate 

compounds

[74]

Pine wood Fluidized bed 
reactor

H-MOR-20 17,6% (free 
water)

— [75]

Table 4. 
Some research about catalytic pyrolysis.
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works on catalytic pyrolysis of biomass at different scales, the characteristics of the 
catalysts used as well as the yield in bio-oil.

5.3 Ex situ upgrading

Ex situ processes are carried out outside the pyrolysis reactor, ie outside the 
main reaction zone. Esses processos podem ser de natureza física ou físico-química, 
promovendo alguma melhoria na qualidade do bio-óleo bruto gerado na pirólise. 
Dentre esses, pode se citar: [76–78].

• Physical methods

 ○ Solvend adition

 ○ Emulsification

 ○ Hot vapor filtration

• Chemical

 ○ Catalytic hydrodeoxygenation (HDO)

 ○ Steam reforming

 ○ Esterification

 ○ Supercritical fluids

Although there are several strategies to improve the quality of bio-oil, the most 
studied processes, aiming at the industrial potential, are hot vapor filtration (HVF), 
catalytic hydrodeoxygenation (HDO) and steam reforming.

HVF is one of the most common and simple able to improve some properties 
of bio-oil. It consists of passing the pyrolysis vapors through a filtering medium, 
even at higher temperatures. This method, in addition to being more efficient than 
traditional cyclones for removing small particles of coal and ash, can add better 
properties to the condensed bio-oil later on [48, 79].

Some types of filter (fixed bed glass wool, ceramic candles) and biomass raw 
material (sugarcane, rice and cassava waste) for pyrolysis were tested in the configura-
tion: reactor + hot filter. In short, the addition of the filter introduces a longer residence 
time of the bio-oil organic vapor at high temperatures, promotes cracking reactions of 
organic molecules and causing a loss in bio-oil yield (around to 5%), increase in yield 
of the gas in addition to the higher content of H2O in the bio-oil. But the condensed 
bio-oil tends to present a series of improvements such as: practically free of char and 
ash, less viscous. There may also be a certain deoxygenation of the bio-oil (decrease in 
the O/C molar ratio) but this effect is not fully understood, depending on the type of 
hot filter, biomass and operating conditions of the pyrolysis [79–81].

Another upgrading process, of the great highlighted is the hydrodeoxygenation 
(HDO) of the bio-oil. The HDO it’s a particular case of hydrotreatment process, 
where the bio-oil is its reacted with H2 under specific conditions of temperature, 
pressure, catalystic, and fluidynamis (Figure 7). In this way, the organic com-
pounds of the bio-oil are submitted to a set of reactions, mainly hydrogenation 
and hydrodeoxygenation, providing an improvement in properties, forming less 
oxygenated and more stable compounds.
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Good control of the variables and parameters is essential to obtain a bio-oil with 
a high degree of deoxygenation and with lower H2 consumption. The process occurs 
in the range 200–450°C and higher temperatures, in general, increase the degree of 
deoxygenation but at the expense of a decrease in the yield of improved bio-oil due 
to higher gas production. The partial pressure of H2 is a variable of great relevance 
in the process and a minimum value of around 80 bar is required for good solubiliza-
tion of the bio-oil, increased catalytic activity and minimization of adverse effects 
such as repolymerization of the bio-oil forming unwanted solid products [82, 83].

Finally the selection of the catalyst, jutanly with the support, is fundamental. 
The first catalysts tested in this process were CoMo/γ-Al2O3 and NiMo/γ-Al2O3 due 
to their use in oil refineries for nitrogen and sulfur removal processes. About these 
a number of sulfide, noble metal, and transition catalysts have been studied, each 
presenting different advantages with respect to higher catalytic activity, selectivity, 
and deactivation rates upon the presence of inorganic elements such as sulfur and 
ash present in the bio-oil [83]. The catalytic hydrodeoxygenation becomes a promis-
ing alternative for obtaining a bio-oil of higher quality and opening the possibility 
for the production of biofuels from it.

The steam reforming process emerges as another alternative of great potential 
for the valorization of lignocellulosic currents and hydrogen production. H2 is a 
gaseous fuel with high added value due to its energy density and its combustion is 
free of carbon emissions. In this process, bio-oil, as well as fossil fuels, react with 
H2O vapor at temperatures in the range of 700–1000°C, in the presence of a catalyst 
(usually nickel-based) offering as main product the H2-rich syngas, along with CO2 
[76–78]. The main advantage of this process is the simultaneous production of high 
value-added fuel (H2), and it allows the assimilation of CCSU (Carbon Capture 
Storage and Utilization) technologies. But one of the major disadvantages is the 
high energy demand to carry out the process.

The overall balance of this process can be given by Eq (1): [77, 78].

 ( ) 2
m2 2 2 2n
2kn m kC H O n k H O nCO H + − → + + 

 
 (1)

Where the coefficient expresses the maximum possible H2 yield per mole of 
carbon fed. The steam reforming of bio-oil can be performed mainly in fixed bed, 
fluidized bed or staged bed reactors. The process can be carried out using a wide 
range of catalysts (Dolomite, Ru, Ni, Co, Rh) and supports (Al2O3, ZrO2, MgAl2O4, 
etc.) but Ni based catalysts are the most active but also have the highest deactivation 
rates due to coke formation. However, changes in the processes, mainly concerning 

Figure 7. 
Schematic of the catalytic hydrodeoxygenation process, its variables and products.
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the Vapor/Carbon ratio, besides the temperature and the catalytic support, can 
minimize the impact of the decay of the catalytic activity by coke formation in the 
steam reforming process [84, 85].

6. Conclusions

The process of fast pyrolysis is an alternative of great potential for the conver-
sion of biomass and waste into renewable fuels and chemicals of high added value 
contributing to the reduction of emissions of greenhouse gases, with potential for 
application and integration in biorefinery projects. Technically some technologies 
such as fluid bed and rotating cone reactors are emerging for commercial applica-
tions and the main product generated, bio-oil, has a variable and complex composi-
tion requiring stages of improvement and stabilization. In this sense, several studies 
point out routes to improve the quality of bio-oil obtained from the pre-treatment 
of biomass (such as washing and torrefaction), in situ improvements and down-
stream processes such as HDO and steam reforming capable of converting bio-oil 
into a stream with higher added value.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
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Chapter 5

Cheminformatics Applied 
to Analytical Pyrolysis of 
Lignocellulosic Materials
Jorge Reyes-Rivera

Abstract

Pyrolysis-Gas Chromatography/Mass Spectrometry has been used to 
 characterize a wide variety of polymers. The main objective is to infer the attri-
butes of materials in relation to their chemical composition. Applications of this 
technique include the development of new improved materials in the industry. 
Furthermore, due to the growing interest in biorefinery, it has been used to study 
plant biomass (lignocellulose) as a renewable energy source. This chapter describes 
a procedure for characterization and classification of polymeric materials using 
analytical pyrolysis and cheminformatics. Application of omics tools for spectral 
deconvolution/alignment and compound identification/annotation on the Py-GC/
MS chromatograms is also described. Statistical noise is generated by production of 
numerous small uninformative compounds during pyrolysis. Such noise is reduced 
by cheminformatics here detailed and this facilitate the interpretation of results. 
Furthermore, some inferences made by comparison of the identified compounds 
to those annotated with a biological role in specialized databases are exemplified. 
This cheminformatic procedure has allowed to characterize in detail, and classify 
congruently, different lignocellulosic samples, even using different Py-GC/MS 
equipment. This method can also be applied to characterize other polymers, as well 
as to make inferences about their structure, function, resistance and health risk 
based on their chemical composition.

Keywords: Biomass pyrolysis, polymeric materials characterization, 
cheminformatics, multivariate comparative analysis, Py-GC/MS

1. Introduction

The largest repository of lignocellulosic biomass is generated by the cell walls of 
plants [1]. Its main chemical components are cellulose, hemicelluloses and lignin. 
The proportions are variable but close to 4:3:3, respectively, and the element content 
is 50% C, 6% H, 44% O y ≤ 0.4% N, for resources such as wood [1]. Because 
biomass is a renewable resource, its study for the production of energy and value-
added aromatic compounds has gained importance in recent decades [2, 3]. It has 
been considered that lignocellulosic biomass as a renewable energy source would 
satisfy around 25% of energy requirements [4]. Thus, CO2 sequestered by plants 
during photosynthesis would balance the CO2 generated by biofuels and their use 
would not contribute to global warming [5, 6]. On the other hand, after cellulose, 
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lignin is the most abundant polymer in nature and the main natural source of 
aromatic compounds [1, 7]. For this reason, lignin is important in the chemical 
industry and it has been projected as a replacement for aromatic polymers derived 
from fossil fuels [8].

Lignocellulosic biomass, like other non-volatile complex materials, cannot be 
directly analyzed in its original state by gas chromatography. Therefore, one of 
the most common methods for its analysis is the Pyrolysis-Gas Chromatography/
Mass Spectrometry (Py-GC/MS). This method consists of the rapid heating of the 
materials under analysis (close 300°C), to break the covalent bonds and produce 
individual fragments. The compounds derived from pyrolysis pass through a 
capillary column of fused silica in a Gas Chromatograph using an inert gas as car-
rier (e.g., He). Then the fragments are separated based on their retention times. 
The selective fragmentation pattern caused by Electron Impact and the m/z ratio 
for each pyrolysis product are registered by a detector on a Mass Spectrometer. 
Finally, each compound is identified by comparing its mass spectrum to those in 
the reference electronic libraries (NIST, MONA, etc.) or to the mass spectra pro-
duced by analytical standards [9–12]. The sequential combination of these three 
processes in Py-GC/MS makes it a versatile and powerful tool for the analysis 
of lignocellulosic materials and other complex mixtures, such as polymers and 
copolymers [3, 13].

Analytical pyrolysis is currently implemented as a standard method for deter-
mining the ratio of H/G/S subunits in plant biomass, agricultural and industrial 
waste, soil samples and organic matter [6]. This technique has also been useful to 
elucidate the series of reactions and products derived from the pyrolysis of carbo-
hydrates [14, 15] and lignins [16, 17]. It has been applied for monitoring changes 
during the delignification and bleaching process as well as for the characterization 
of different lignocellulosic materials [12]. In addition, it has been used to determine 
the S/G ratio in lignin of drought-resistant succulent species with results highly 
comparable to other characterization techniques [18]. On the other hand, its high 
sensitivity has enabled the detection of hundreds of chemical compounds, includ-
ing less abundant monomers in lignin, such as acetylated subunits (i.e., sinapyl and 
coniferyl acetates [19]) and 5-hydroxyguaiacyl units [20]. Recently, Py-GC/MS 
applied to the analysis of cacti spines, with the use of cheminformatics, allowed a 
detailed characterization of lignocellulosic matrix, as well as the classification of the 
samples from a chemotaxonomic approach [21].

1.1 Advantages of Py-GC/MS

Different advantages confer great versatility of application to Py-GC/MS. Firstly, 
its efficiency, precision and relatively low operating costs [6] make it a suitable rou-
tine technique. In addition, it is a fast technique that requires a very small sample 
size [22, 23]. Volatilization of samples by pyrolysis minimizes the need for pre-iso-
lation, even when analyzing macromolecules in complex mixtures [24]. Therefore, 
it can be used to analyze a wide variety of materials: e.g., fibers and textiles, wood, 
bark and paper, artistic materials, synthetic polymers and heteropolymers [12, 13]. 
Likewise, comparable and reproducible results can be obtained when the conditions 
of the analysis are kept constant: i.e., carrier gas, heating rate, maximum tempera-
ture, homogeneous particle size and removal of non-structural compounds [18, 21]. 
Therefore, samples with the same composition will produce the same derivatives of 
pyrolysis [13, 21]. On the other hand, the advantages of the coupled GC/MS system 
are associated with a high speed, specificity and sensitivity, in both the separation 
of the pyrolysis products and in their identification [9, 12]. In addition, Py-GC/
MS allows the identification of compounds without the necessity of standards. 
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It enables the comparison to commercial or open access libraries, including some 
already curated for different classes of chemical compounds [21, 25–28]. Finally, the 
raw data generated can be exported for quantitative or qualitative analysis [29, 30].

1.2 Issues related to Py-GC/MS

Although the many advantages and applications of Py-GC/MS are evident, dif-
ferent authors consider some problematic aspects. The main ones are: 1) pyrolysis 
produces a large amount of compounds, therefore, is necessary to deal with the 
vast amount of information registered by the Mass Spectrometer. 2) Only one part 
of the compounds produced can be unambiguously identified. 3) Low availability 
of mass spectra in databases and reference libraries. 4) Altogether, this makes the 
interpretation of the results from analytical pyrolysis difficult. However, most of 
these problems can be solved if cheminformatics is applied to the data resulting 
from Py-GC/MS.

The following sections will describe the use of omics tools for the deconvolution 
of mass spectra, as well as the alignment and annotation of the compounds identi-
fied in the chromatograms (Figure 1). This process is useful to compare different 
samples obtained by Py-GC/MS, under the same operating conditions, even using 
different equipment. In addition, different multivariate methods will be described 
to minimize the statistical noise generated by numerous uninformative com-
pounds (i.e., those derived from carbohydrates). Together, the use of omics tools 
and multivariate methods facilitate the interpretation of the results of analytical 
pyrolysis. The processes detailed here may also be applicable to Py-GC/MS analysis 
of materials other than lignocellulosics (i.e., polymers, copolymers, soil samples 
and organic matter). In addition, they can be applied to raw data generated by other 
chromatography systems coupled to mass spectrometry (i.e., GC/MS/MS, LC/MS, 
and LC/MS/MS), including different equipment and output formats.

Figure 1. 
Untargeted cheminformatics workflow for analysis of lignocellulosic materials by Py-GC/MS.
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1.3  Common problems in Py-GC/MS and contribution of cheminformatics for 
their solution

Some apparent methodological problems attributed to pyrolysis are associated 
with the conditions necessary for the analysis of specific materials. Lourenço et al. 
[12], point out that care must be taken with the pyrolysis temperature when analyzing 
materials rich in suberin, such as barks. The main problem is that suberin decomposes 
at temperatures in the range of 550–600°C [31]. Therefore, this is an aspect to take 
into account if it is required to know the composition of this polymer within lignocel-
lulosic samples [12]. Another problem referred in various works is that Py-GC/MS 
cannot guarantee an entirely quantitative determination. However, some authors 
have successfully carried out quantitative analyses in the optimization of aromatic 
hydrocarbon production from biomass [29]. Also for the quantification of only small 
amounts of aromatic hydrocarbons, applying the external calibration method [3, 30].

The amount of information that is generated as a result of the entire process can 
be challenging aspect. One analysis of 45 minutes by Py-GC/MS on lignocellulosic 
samples can generate up to 2,729 mass spectra [21]. However, after cheminformat-
ics and manual curation of the datasets, the authors were able to unambiguously 
recognize 451 compounds, including some putative isomers. Another common 
problem is the displacement of the peaks in the chromatograms for samples with 
different chemical composition. For example, the displacement of the peak corre-
sponding to levoglucosan in Py-GC/MS chromatograms for syringil-rich wood [18]. 
The displacement is due to the absence of acetovanillone in the samples. Therefore, 
the peak of levoglucosan appears at a Retention Time (RT) of 22.72 min, while 
in species that produce acetovanillone it is observed at 23.55 min (Figure 2). The 
above effect is problematic when it is required to directly process a batch of several 
samples with differential compositions. There are two reasons: 1) the process would 
be very time consuming if several species are analyzed and all the peaks identified 
by Py-GC/MS are compared one by one (about 40 compounds per sample, using 

Figure 2. 
Displacement of the peaks. Py-GC/MS chromatograms from extractives-free wood in cacti: A) Pilosocereus 
chrysacanthus and B) Ferocactus hamatacanthus. Displacement of levoglucosan (black arrows) is due to 
the absence of acetovanillone (gray arrows) in samples with 94% of syringil units [18]. The origin of the 
compounds is marked with letters: Ch, carbohydrates; G, guaiacyl subunits; S, syringil subunits, Fa, ferulates.
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the native GC/MS software). This implies that the analysis has to be limited only 
to differences in the relative abundance, or the presence/absence, of only certain 
compounds. 2) If the raw datasets from the chromatograms are compared directly, 
using any multivariate method, the peak displacement would cause methodologi-
cal bias because equivalent compounds are not being compared. Cheminformatics 
analysis solves this problem by automating the alignment of mass spectra and the 
identification of compounds for a batch of samples.

On the other hand, the high degree of degradation caused by the high tem-
peratures used in pyrolysis represents, by far, the main problem of this technique. 
Therefore, this technique is considered to be of little use to characterize molecules 
larger than monomers or dimers in biopolymers such as lignin [6]. In addition, 
it is considered that the large number of derivatives makes the description of the 
chemical composition of sample difficult. Therefore, the detailed interpretation of 
the results is difficult and probably not necessary [3]. For example, when analyzing 
carbohydrate samples, low molecular weight derivatives can originate from hexoses 
or pentoses [12, 32]. The reason is that cellulose and hemicelluloses involve similar 
thermal degradation pathways, therefore a large part of the derivatives produced are 
the same [33, 34]. The reason is that cellulose pyrolysis causes the heterolytic cleav-
age of the glycosidic C⸺O bonds. In addition, it involves complex reactions and 
different pathways to give rise to anhydro sugars and numerous compounds with 
low molecular weight: i.e., acetic acid, 1-hydroxybutan-2-one, hydroxyacetalde-
hyde, 1-hydroxypropan-2-one and 2-furaldehyde [15, 35, 36]. A large part of these 
small compounds can also be originated from the decomposition of hemicelluloses. 
For example, 2-furaldehyde and acetic acid can be produced from the degradation 
of xylan [12, 37, 38]. On the other hand, there are contrary cases, but they also 

Figure 3. 
Complete profile of the compounds identified for eight samples of lignocellulosic materials. A) Cluster 
corresponding to Guaiacyl lignin derivatives. B) Abundance patterns for carbohydrates derivatives. Similar 
(sMS) or quasi identical (qiMS) mass spectra.
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contribute to the ambiguity in the identification of the compounds and their origin. 
Particularly when different ions are produced by the same class of compounds. 
The case of pyrans and furans is an example of compounds with ambiguous origin; 
both, with different molecular ions, can derive from the degradation of cellulose 
or hemicelluloses [12]. In this sense, the use of cheminformatics makes it possible 
to identify the abundance patterns of the compounds in a batch of samples. Based 
on this, it can be inferred if there are coincidences in the behavior of the pyrolysis 
products (Figure 3). In this way, it is possible to infer whether different compounds 
have the same origin, or rule out differences due to the operating conditions of the 
method or the characteristics of the samples [21].

For example, 2,5-dimetylfuran and 4-methyl-2H-pyran correspond to differ-
ent molecular ions, but have the same average mass (96.13 Da) with similar RT, 
4.64 min and 4.74 min, respectively (see Supplementary Materials of [21]). Based 
on the observed abundance patterns, it can be deduced that they are related to 

Figure 4. 
Representation of the importance of using standardized data for the interpretation of the results. Non-
standardized data: A) just ordered alphabetically; it is not possible to identify abundance patterns. B) Data 
arranged based on the HCA; trace compounds are overshadowed by the most abundant ones. C) Standardized 
data; compounds with the same origin share patterns of abundance and high similarity.
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two different groups of compounds. Another example includes guaiacols, which 
are derived from guaiacyl (G) units. Under the same conditions of pyrolysis and 
composition of the samples, their abundance patterns should be the same. In the 
clustering analysis (CA) of Figure 3A, the guaiacols appear together forming a 
single group. For carbohydrate derivatives, abundance patterns with high similarity 
can also be identified for related compounds or putative isomers. Figure 3B shows 
the abundance patterns for ethyleneglycol diacetate and compounds with quasi 
identical (qiMS) or similar (sMS) mass spectrum. Another similar example is the 
independent origin of catechols and guaiacols in some lignocellulosic samples [21]. 
Catechols can be produced from guaiacols by secondary reactions at high tempera-
tures [12, 21, 36]. However, as seen in Figure 4, the catechol abundance patterns 
across the samples, under the same experimental conditions, are clearly different 
from those samples with a predominance of G lignin. Therefore, catechols can be 
considered independently derived from those derivatives from G lignin.

2. Cheminformatics applied to Py-GC/MS

Increased computational capacity, development of powerful deconvolution 
algorithms and technological advances in analysis equipment have allowed the 
design of specialized software for chemical analysis. Areas such as omics sciences 
have particularly benefited from the rise of cheminformatics [26]. However, the 
application of untargeted analysis is becoming broader and is no longer restricted to 
the discovery and characterization of compounds in metabolomics. In this sense, it 
is possible to use the spectral deconvolution software for the processing of the data 
resulting from Py-GC/MS [21]. Open source software follows the same principle as 
native GC/MS software for spectra deconvolution and compound identification. 
However, it allows the use of different input formats for the raw datasets, regardless 
of the type, resolution and brand of the GC/MS equipment [26, 28]. In addition, 
different parameters can be adjusted to improve the informative quality of the 
results; e.g., the parameters used for deconvolution, the use of quality controls 
and normalization of the relative abundances for a batch of samples, alignment 
parameters and identification of compounds, use of different reference libraries for 
mass spectra, retention indices and times of retention. Because Py-GC/MS produces 
a large number of derived compounds, a lot of information is generated (i.e., mass 
spectra recorded by the detector in the MS). Omics tools allow deconvolution 
of all acquired mass spectra for a batch of samples in independent experiments. 
Basically, the peaks are detected by deconvolution of the mass spectra, smoothing 
the data points by the least squares method or by linear weighted smoothing average 
[28, 39]. Afterwards, both the first and second derivatives are considered together 
with the amplitude of the ions to identify the noise threshold. Based on the noise 
levels, the initial retention times are calculated for each peak. For the final detec-
tion of the peaks, the unsmoothed raw chromatogram is used as a control [28]. The 
deconvoluted spectra for the batch of samples are aligned based on the similarity 
of their mass spectra and their RTs. Finally, they are compared with those spectra 
in the reference MS libraries and the compounds can be identified based on the 
maximum fit of their RT, RI and mass spectra [26]. Additionally, the deconvoluted 
datasets for a batch of samples can be normalized and exported in table format. 
The information contained in the output file is important for comparative analysis: 
i.e., EI fragmentation pattern, quant mass (m/z of the main ion), averaged RT, 
InChIKey, total similarity with the reference spectrum and relative abundance of 
each compound normalized for the entire batch of samples [28]. This information 
can be used for comparative analysis by multivariate methods. Alternatively, it can 
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be compared with databases such as the Chemical Entities of Biological Interest 
(ChEBI) ontology [25], to infer biological characteristics of the original samples 
based on their derivatives from pyrolysis [21].

The comparative analysis of lignocellulosic samples is highly favored by the 
normalization process on the data obtained for a batch of samples [21]. The normal-
ization of the deviations of the MS signal intensities is carried out including a series 
of quality control (QC) samples. The QC samples are one or more samples obtained 
by combining all samples in the batch. For lignocellulosic materials it is suitable 
to use alternately one QC sample for every five samples analyzed [21]. The data 
obtained from the measurement of the QC samples are smoothed by the Lowess of 
the single-degree least-squares. The coefficients generated on the QC samples are 
interpolated using the cubic spline and finally all the datasets are aligned based on 
the spline interpolation result [28].

Additionally, the unknown compounds can be annotated using their elemental 
formulas and in silico mass spectra fragmentation based on public spectral data-
bases, such as MassBank, LipidBlast and GNPS [27, 28]. Currently most open access 
MS reference libraries are focused on the compounds of interest; i.e., metabolomics 
and lipidomics. Several of them include precursors or derivatives of lignocellulosic 
biomass, such as anhydro sugars, furans, pyrans and phenols and their derivatives. 
Actually, as the areas of application of omics tools diversify (for spectral deconvolu-
tion and compound annotation) it can be expected that the diversity and number of 
compounds incorporated in open access databases will increase.

2.1 Multivariate analysis on exported Py-GC/MS data

Interpretation of the results obtained by Py-GC/MS is a complex process. This is 
due to the large number of compounds that are generated by pyrolysis and the little 
information provided by compounds with ambiguous origin, often very numerous 
(as described above). Multivariate analysis applied to Py-GC/MS data from various 
materials helps to make data management easier, reduce the information obtained 
and facilitate the interpretation of the results. It has been used to characterize 
lignocellulosic samples and other biological samples [40–43].

A common application of Py-GC/MS material analysis is the classification of 
samples based on the similarities of the compounds they produce. For example, to 
evaluate different experimental systems [44, 45] or for the optimization of two dif-
ferent methods [46]. It was recently used to characterize and classify lignocellulosic 
samples applying cheminformatics from a chemotaxonomic approach [21].

Classification of the observations into groups requires the calculation of the distance 
between each pair of observations. As a result, a distance matrix is obtained, also called 
a dissimilarity matrix. The distance most commonly used by computational algorithms 
is the Euclidean distance [47]; i.e., the root sum-of-squares of differences for a set of 
vectors [48]. As a result, observations with high values of features will be grouped 
together, likewise, observations with low features values will be grouped together.

Apart from the normalization performed by the spectral deconvolution software 
on the output datasets, it is highly recommended to standardize the variables before 
measuring the dissimilarities between observations [49]. This step is considered 
necessary as it can have a great impact on the results of the analysis on biological 
data [49, 50]. Figure 4 represents the differences between non-standardized data 
and standardized data. In standardization, the values of each variable are weighed 
by a scale factor in order to give more weight to the small but potentially significant 
changes in signal intensity [51]. Thus, the standard deviation and the mean usually 
take values of one and zero, respectively. On the other hand, standardization will 
help to obtain equivalent similarities regardless of the distance method used (e.g., 
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Euclidian, Manhattan, Correlation or Eisen). For example, when using standard-
ized data, there is a functional relationship between Pearson’s correlation coefficient 
and the standardized Euclidean distance, so that both results are comparable [48].

2.2 Groupings by k-means partition

The k-means algorithm is commonly used in the partition of N-dimensional 
population into k series based on a sample [52, 53]. Where k-series corresponds to 
the number of clusters to be calculated, arbitrarily specified by the researcher. The 
algorithm consists of classifying objects forming k clusters, so that for each group the 
intra-class similarity is minimized, but in turn, each group is as different as possible 
from the rest [54, 55]. Since the members of each cluster are the most similar to each 
other, the centre (centroid) of each group is represented by the respective mean. 
Briefly, the standard procedure for the computational algorithm is as follows: 1) the 
researcher specifies an arbitrary number of k clusters to be calculate. Alternatively, 
centroids can also be specified; 2) if the centroids are not specified, they are obtained 
randomly for each group; 3) by calculating the Euclidean distance, each object is 
assigned to its closest centroid; 4) the centroids are updated considering the recently 
incorporated objects; 5) each observation is reviewed with respect to the other 
clusters to confirm their membership to the respective group. The assignment and 
update steps are repeated until convergence or the total number of iterations are 
reached [53]. This method implies advantages when the author has prior knowledge 
of the analyzed data. For example, in taxonomy, the number of k clusters can refer to 
the number of data classes to classify [56, 57] or to the taxa that are known or those 
that want to be tested [21]. In the validation or optimization analysis of methods, it 
could correspond to the number of systems or criteria that are being considered [58]. 
An optimal number of k clusters can be more efficient when combined with other 
multivariate analysis techniques; e.g., in analysis of hierarchical clustering on prin-
cipal components with partition of k-means (HCPC), which will be explained in the 
subsequent sections. If there is not enough information to select a specific number 
of k clusters, the optimal number of k partitions can be inferred using the “elbow” 
method [49, 59, 60]. The method consists of applying the k-means algorithm to 
the data, adopting different numbers of k clusters. Then graphically represent the 
internal variance of the groups, using the number of groups and their respective 
total within-cluster sum-of-squares (WCSS). The optimal number of k clusters will 
be indicated by the point where the slope of the WCSS tends to flatten, that is, where 
the variance is minimized [59, 61, 62]. Due to the randomness with which the initial 
centroids are selected, it is possible to observe variation in the clusters obtained when 
replicating the analysis. A suggested solution is to calculate the k-means algorithm 
several times and select the number of k clusters that generates the lowest WCSS 
[49]. Furthermore, it is suggested to compare different indices and select an optimal 
number of k clusters based on the majority rule (Figure 5).

2.3 Principal component analysis

Among multivariate analyses, Principal Component Analysis (PCA) is the 
most common method for extracting information from large datasets generated by 
analytical pyrolysis [3, 12]. The PCA has different objectives, it is mainly used to 
reduce the dimensions of the datasets by extracting the most important informa-
tion. In addition, it is useful to simplify the description of the data series and to 
analyze the structure of the observations and variables [63–65]. The PCA generates 
principal components (PC) that result from linear combinations of the original 
variables (e.g., the identified compounds). The number of these new variables can 
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be arbitrarily defined. Commonly, the first component explains the largest possible 
variance of the dataset and the second, being orthogonal to the first, will be calcu-
lated to represent the largest possible variance. The factor scores correspond to the 
values of these new variables for the original observations (e.g., relative abundances 
of the compounds). The eigenvalues associated with each component correspond 
to the sum of the squared factor scores for each component. Thus, the contribution 
of each observation to a component (i.e., importance of the observation) is repre-
sented by the ratio of the square factor score of the observation by the eigenvalue 
associated with that component. Contributions for a given component can take 
values from zero to one, so the sum of all contributions for that component is equal 
to one [65]. Alternatively, the correlation of the two new variables generated by the 
PCA can be represented by a biplot [66]. Thus, it is possible to know the compounds 
that contribute the most to the sets obtained in the PCA (Figure 6). As stated, the 
first two components extracted by the PCA represent the largest variances for the 
data series. However, to determine the optimal number of components to consider, 
it is suggested to perform the “scree” test, plotting the eigenvalues as a decreasing 
function of their size [64]. In the graph, an “elbow” will be observed after the point 
where the slope of the curve decreases (flattens), therefore the optimal number of 
components must include all the components before that point (Figure 7A).

2.4 Classification of samples using only the most informative compounds

Multivariate analyses are very useful when working with a large number of 
data. If lignocellulosic samples are analyzed by Py-GC/MS and the deconvolu-
tion method is applied, hundreds of derived compounds can be expected for each 
sample [21]. The PCA and clustering analysis allows separately to reduce the dimen-
sionality of the datasets, identify relationships between the variables, and quan-
tify the significance of the variables that can explain the resulting clusters [67]. 

Figure 5. 
Comparison of different methods for calculating the optimal number of k clusters. A) Optimal number of k 
clusters suggested by the majority rule by analysing all indexes. B) Elbow method. C) Silhouette method. D) 
Gap Statistic method.
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The dimensionality of the data directly influences the results; the higher the 
dimensionality the classifications obtained will be more reliable [68, 69]. For the 
analysis of chemical compounds in materials the optimal relation of data points 
to variables is 6:1 or higher, with an absolute minimum of 3:1 [69–71]. However, 
to achieve these high proportions in the optimal ratio it is necessary to increase 
the number of experiments. An alternative to achieve the optimal relationship 

Figure 6. 
PCA results: the correlation between the variables generated by the PCA for lignin derivatives is shown. A) 
Compounds clustered according to their origin: C, catechols; H, phenols; G, guaiacols. B) Biplot that represents 
the correlation between variables. C) Confidence intervals for the correlation between variables; ellipses 
represent a significance level of 99%.
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when it is not possible to increase the number of experiments is by reducing the 
number of variables [68]. In that sense, the HCPC analysis is a very powerful tool 
(Figure 7A–C). Compared with PCA and CA, the HCPC analysis increases the 
objectivity and robustness of the results. That is, the classifications are restricted 
only to the dimensions that contain the most significant information [67, 72]. In this 
way, the statistical noise caused by the many uninformative derivatives of pyrolysis 
is minimized [21]. In addition, it improves the visualization of the data and pro-
vides information on the variables (i.e., compounds) that contribute predominantly 
to the resulting clusters [21, 67]. The HCPC is an exploratory statistical analysis 
whose computational algorithm can be summarized in three steps: first, the reduc-
tion of dimensions can be by any factorial method. PCA for quantitative variables, 
multiple correspondence analysis for categorical data, or multiple factor analysis to 
jointly integrate different data blocks [72, 73]. This step allows the determination 
of the relationships between the concentrations of most abundant compounds and 
the trace compounds. In addition, it simplifies the dataset by reducing the number 
of variables to only two principal components that explain most of the variance 
[74] (Figure 7C). Second, the hierarchical cluster analysis (HCA), by using the 
Euclidean distance, form clusters of samples according to the similarities in their 
chemical composition [73, 74] (Figure 7D). Each object is treated as a single cluster 

Figure 7. 
HCPC analysis for minimizing noise resulting in Py-CG/MS analysis. A) Scree plot, to determine the number 
of components that explain most of the variance. Number of components used = 5. B) Optimal number of k 
clusters. Optimal k clusters suggested by the majority rule = 4. C) Factorization of the data series using the 
PCA. D) Initial hierarchical clustering on the reduced matrix generated by the PCA. E) Clustering obtained 
using the number of k clusters suggested by the majority rule (the same suggested by the “elbow” method). F) 
Clusters obtained using a non-optimal number of k clusters.
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and pairs of groups are successively merged until all clusters merge into one large 
group [48]. The algorithm uses Ward’s method to minimize the total intragroup 
variance [47, 72, 75]. Finally, the partition with k-means allows to stabilize the 
groupings obtained by the HCA [67, 73] (Figure 7E). In this way, the HCPC applied 
to the data resulting from Py-GC/MS of lignocellulosic materials allows the samples 
to be classified based on the abundance patterns of the most informative com-
pounds. That is, statistical noise generated by uninformative, ambiguous, or noisy 
compounds is suppressed [21].

2.5  Simplified visualization of abundance and similarity patterns from  
Py-GC/MS data

The heat map method is a simple but highly efficient tool for the graphical 
representation of large datasets (Figure 3). This method is very useful in studies 
where it is necessary to interpret a large amount of quantitative data; e.g., metabo-
lomics, proteomics, lipidomics, and genomics [76–78]. The quantitative data (i.e., 
relative abundances of the ions detected by the MS) are represented in different 
color scales in the format of a two-dimensional matrix [79, 80]. The basic structure 
of the matrix is given by columns and rows; each column represents a sample and 
each row represents a compound [76]. The quantitative values correspond to the 
relative abundance for each compound in each sample. For a certain range of values 
a particular color is assigned. The highest relative abundances are represented by 
one end of the color scale and the lowest abundances are represented by the oppo-
site end of that color scale [77]. Additionally, the columns and rows of the matrix 
are rearranged to recognize significant patterns in the heat map. To do this, rows 
and columns with similar profiles are arranged so that they are closer to each other, 
making these profiles easily visible to the eye [79, 80]. The permutation of rows 
and columns is made based on the result of the CA on the correlation matrix of the 
variables for each set of variables [77]. Alternatively, the dendrograms resulting 
from the CA can be represented at the edges of the matrix, both for the samples and 
for the compounds [77, 79, 81, 82]. This form of representation of the relative abun-
dances is so efficient that after rearranging the rows and columns of the matrices 
the abundance patterns of the compounds become obvious [76, 83].

The standardization (e.g., Z-transformation) of the variables from each series 
of variables highly influences the correct representation of the similarity patterns 
obtained [77, 80]. If raw, non-standardized data are used, the low relative abun-
dances will be obscured by the higher relative abundances (Figure 4A–C). When 
using transformed data it is possible to infer that those compounds with similar 
abundance patterns imply equal origins [21, 79].

An interactive variant of the heat map method has been referred by several 
authors in the field of metabolomics [76, 84, 85]. Of course, this can also be 
applied to Py-GC/MS data. This online variant allows the visualization of impor-
tant information from the mass spectra on the matrix. Metadata such as mass 
spectrum, retention time, extracted ion chromatograms (EICs), box and whisker 
plots as well as matches for each compound can be displayed in real time for each 
 observation [76, 86].

On the other hand, alternative methods for interpreting the data resulting 
from Py-GC/MS have emerged recently. The Van Krevelen (VK) diagrams have 
been successfully applied for interpretation of high resolution GC/MS data [3, 87]. 
These diagrams allows to visualize the chemical composition of complex chemical 
mixtures by plotting the H:C ratio against the O:C ratio for every compound in 
the mixture [6]. Thus, the VK diagrams provide information about the classes of 
compounds present and allow accurately evaluate the number of compounds in 
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a sample [88]. Furthermore, van Krevelen diagrams play an important role in the 
deconvolution of high resolution MS spectra for complex lignin samples [6].

3. Potential areas of cheminformatics applied to Py-GC/MS

Due to its versatility, Py-GC/MS has been successfully applied to different areas 
of knowledge. Among these areas, cheminformatics reviewed in this chapter also 
has important application opportunities. Environmental, chemical and materi-
als sciences, engineering, energy and biorefinery, biology, biotechnology, and 
conservation and restoration of cultural heritage are among the most cited in the 
literature. The fields of application are also varied; for example, in the develop-
ment and optimization of the properties of new materials and resources, such as 
synthetic polymers, resins and biofuels [3, 10, 11, 13]. On the other hand, several 
samples of environmental materials have been characterized by analytical pyrolysis; 
e.g., organic matter, soil and pollutants in different natural substrates [89–91]. In 
addition, Kush [13] list a series of applications for polymers, in which the follow-
ing can be highlighted: 1) identification of polymers through the use of reference 
libraries, 2) qualitative analysis of copolymers, 3) investigation of thermal stability 
and kinetics degradation of polymers and copolymers and 4) determination of 
monomers in polymers and volatile organic compounds.

4. Conclusions

Cheminformatics detailed in this chapter can be applied to the analysis of any 
type of polymeric materials by Py-GC/MS. The use of open access software to 
deconvolution of mass spectra streamlines the processing of the resulting data 
series for a large number of samples. The computational processing capacity of 
current equipment makes this technique suitable for any laboratory with a Py-GC/
MS equipment. In a few minutes a large number of samples can be processed: e.g., 
deconvolution, alignment and identification of compounds for 30 samples can take 
about 30 min. On the other hand, the interpretation of the results is greatly aided 
by the use of the chemometric techniques exemplified here. In addition, cheminfor-
matics makes it possible to compare the mass spectra of the studied compounds, not 
only with commercial databases, but with other open access databases. Some of the 
open access databases contain relevant biological information about the compounds 
(e.g., the ontology of CheBI, MassBank, LipidBlast and GNPS). This is important 
in studies of materials (e.g., in the case of elements with carcinogenic potential), or 
of biological interest (e.g., in samples with antibacterial, antibiotic, or medicinal 
properties). There are currently a significant number of open access MS libraries. 
Actually, with the diversification of the application field for deconvolution software 
it is expected that the number of mass spectra in open access libraries will increase. 
Finally, studies like this leave open the possibility of knowing most of the chemical 
compounds that take part in the decomposition and secondary reactions during 
pyrolysis of polymeric materials.
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Chapter 6

Biowastes as a Potential Energy 
Source in Africa
Deodatus Kazawadi, Justin Ntalikwa and Godlisten Kombe

Abstract

High population and industrialization have brought the need for a reliable and 
sustainable source of energy and protection of the environment. Although Africa 
has a low energy consumption capacity (3.4% of the global share in 2019), its high 
population growth rate and industrialization predict high energy demand in the 
future. Reliable and available energy resources are required to protect the environ-
ment and create energy dependency. Despite Africa’s low energy consumption 
capacity (3.4% of global consumption in 2019), its rapid population growth rate 
and industrialization indicate future significant energy demand. The current high 
production of biowastes with high energy content and their low utilization provides 
an opportunity for energy dependency, crop value addition, creation of jobs, and 
protection of the environment. The chapter has identified that the African popula-
tion of 1.203 billion in 2017 consumed 928 Mtoe of energy and this demand is 
expected to increase in years to come. The energy mix has been identified to depend 
on fossil fuels with little consideration of biowastes. The biowaste is reported to 
contain 20.1 TWh in 2025. Biowaste is currently underutilized, and there are few 
conversion methods available. Government and non-government investments have 
been reported to be making efforts to improve bioenergy and biowaste usage. The 
prevailing challenges have been low proven technologies, poor energy policy, low 
population knowledge, and poor investments. Biowastes use can be increased when 
environmental laws and legislation are tightened, energy policy strengthened and 
enforced, cheap and appropriate technologies are introduced, and the population 
Education is provided. It is expected that when biowastes are well utilized, energy 
will be available even in disadvantaged (remote) areas at an affordable price for the 
developing continent of Africa.

Keywords: municipal solid wastes, crop and forest residues, biowaste,  
renewable energy

1. Introduction

Energy has been a critical issue in most African countries where most of their 
populations are deprived of it. With the current population growth, the situation is 
alarming and needs serious intervention to rescue. It is predicted that one-in-two 
people added to the global population between 2019 and 2040 will be African. In 
2025, Africa’s population is predicted to exceed that of both India and China [1]. 
This increase in the population, combined with an increase in purchasing power, 
will put additional strain on the existing energy supply, resulting in a significant 
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increase in energy demand. With the current trend of industrialization and popula-
tion growth, the energy demand is expected to rise and put high pressure on the 
current fossil fuel resources. In 2018, Africa’s energy demand was estimated at 700 
TWh of which 70% was consumed by south and northern countries. This energy 
consumption is forecasted to reach 1600-2300 TWh by 2040 [1]. Such a huge 
increase in energy demand requires African countries to be prepared for a sustain-
able solution. The globe’s energy resources have mainly been dominated by fossil 
fuels, which cover around 81% of the total energy supply in 2018 [2]. High depen-
dency on fossil fuels not only brings uncertainty but also leads to global warming 
and environmental pollution. Therefore, the appropriate use of fossil fuels and the 
introduction of renewable energy technologies are required for sustainable energy 
and the environment.

The use of some renewables may be associated with high cost and occurrence, 
but bioenergy sources are expected to be the most promising option for meeting 
future energy demands [3]. Its conversion cost is expected to be lowered due to the 
availability of biomass, low cost, and high energy demand. Due to the global goal 
to departing from fossil fuels, the incorporation of bioenergy in energy generation 
has gained attention, mostly in developed countries. Although Africa is blessed 
with biomass, its use in electricity generation is still low, but expectations in the 
future are high [1]. The biomass potential is expected to continue to increase due 
to available cultivatable and fertile land, unutilized wastes, and cheap and simple 
conversion methods. Also, the utilization of biomass will continue to grow due to 
initiatives of African countries to intensify energy security. The African Union has 
the 2063 agenda that aims to have modern, efficient, reliable, and cost-effective 
renewable energy for all households, businesses, industries, and institutions [4]. 
This agenda has gained support with investments, among them being the African 
Development bank since 2016 [4]. High investment of USD $43-55 billion per year 
compared to USD $ 8-9.2 billion that is currently invested, will continue to stimu-
late incorporation of renewable energy, among them being biomass. To achieve this 
goal, understanding the type, quality, quantity, and distribution is necessary.

Although utilization of fresh biomass for energy has a great potential in 
unlocking energy demand challenges in Africa, it tends to bring competition 
for land with food crop cultivation. Furthermore, it leads to high utilization of 
fertilizers and high investment costs. To reduce the dependency of fresh biomass, 
alternative biomass sources should be considered. The possible sources that have 
gained attention not only for energy generation, but also for environmental 
concerns, are; crops and forest residue, non-edible biomass, animal wastes, and 
Municipal Solid Wastes (MSW). The application of biowaste for energy generation 
will not only solve the forecasted energy demand but also improve waste man-
agement in Africa. Africa is faced with ever-increasing waste management and 
utilization challenges. Among the challenges that hinder biowastes utilization are 
poor management, weak legislation, lack of enforcement, low public awareness, 
corruption, conflict and political instability. While the amount of waste produced 
in Africa is minimal in comparison to developed nations, waste mismanagement 
in Africa is already having an impact on human and environmental health [5]. It 
is estimated that an additional USD$8 billion could be injected into the African 
economy each year by just diverting waste away from dumpsites or landfills for 
reuse, recycling, and recovery [5].

Converting biomass waste to energy necessitates a thorough understanding 
of the potential type and availability of waste feedstock, as well as the potential 
application of the chosen technology. The knowledge of energy potential and 
possible appropriate conversion technology affects investors and policymakers. 
Therefore, there is a need to expose the huge potential of biowaste as an energy 



109

Biowastes as a Potential Energy Source in Africa
DOI: http://dx.doi.org/10.5772/intechopen.99992

source for Africa to shift the alignment from fossil fuels to biowaste energy for 
sustainable energy and the environment. This chapter mainly focused on biowastes 
as a potential energy source in Africa. It describes the potential biowaste sources, 
such as crop and forest residue, MSW, and animal waste, and the potential energy 
present. Different technologies available for converting have also been discussed. 
Finally, this chapter proposes a way forward towards sustainable biowaste energy 
generation for Africa.

2. Energy status and challenges in Africa

Energies in Africa change, but not uniformly. Although new oil and gas discov-
eries are now accompanying the expansion of renewable energy generation, yet 
Africa as a whole is straightly above Germany as a country in electricity genera-
tion and consumption [6, 7]. The mean energy consumption per capita in most 
African countries is well below the world average and is equivalent to that of India. 
Biomass energy is currently Africa’s most important source of energy, supplying 
47.2% of primary energy demand and more than half of total energy consumption 
[8]. In 2017, Africa had a total primary energy supply (TPES) of 1,148,475 Mtoe in 
which biomass, oil, natural gas, and coal contributed 37.93, 37.99, 15.3, and 12.7%, 
respectively [7]. Of all the energy available, Africa imported 184,768 Mtoe (16%). 
Transportation, household, and industrial consumers, share were about 70.1, 8.9, 
and 8.5%, respectively [7]. This indicates that transportation consumes a large per-
centage of energy, with 29,461 Mtoe imported. Furthermore, in 2017, electricity that 
was available for use was 1.71% of TPES, which amounted to 1,058.74 TWh from 
thermal conversion of biomass, natural gas, and coal at 78.55%. It was noted also 
in the same year, the total energy supplied was 928.051 Mtoe, which is equivalent 
to 123.75% energy dependency. The energy consumed was sourced from biomass, 
crude oil and natural gas at percentage shares of 47, 11.3, and 13, respectively.

There has been an increase in electrical energy consumption worldwide from 
10,897.94 to 24,738.92 TWh from 1990 to 2018, while Africa increased from 286.04 
to 722.84TWh in the same period [9]. Global primary consumption for the same 
period increased from 83,830 to 123,695 TWh, meaning the electricity consumption 
share changed from 13–20%. This increase has been attributed to the development 
and an increase in population. This means that the increase in electricity in the 
energy mix in Africa should be increased. In 2017, the electricity share was only 9% 
[7], meaning electricity consumption is below the global average. Globally, energy 
comes from a range of sources, ranging from biomass, nuclear, fossil, and other 
renewables. The main source of energy has been fossil fuels.

Biomass has emerged as a viable and sustainable renewable energy source, with an 
11% global contribution. According to reports, biomass provided 95% of world heat 
production in 2019 [2] and generated 637 TWh of electricity. Biomass also accounted 
for 3% of worldwide transportation energy. Domestic consumption accounts for 
roughly 85% of its contribution [2]. By 2030, it is estimated that 720-920 million 
people in Sub-Saharan Africa will rely on biomass and 2.7 billion people worldwide. 
According to UN Environment Programme research, 65% of countries in Sub-
Saharan Africa will still rely on biomass in 2050 [10]. This is the indication that bio-
mass is the main energy source and should well be used efficiently and sustainably.

2.1 Energy mix in Africa

Africa has low energy consumption per person when compared to other coun-
tries, falling below the global average of 2 toe. For example, in 2018, with except 
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Figure 2. 
Energy source consumption by sector in sub-Sahara Africa 2018 [1].

South Africa, the consumption was below 0.8 toe, with sub-Sahara Africa having 
lower than 0.4 toe [1]. Energy is derived from a variety of sources, including coal, 
oil, gas, nuclear power, biomass, and other renewables. Figure 1 depicts the energy 
mix by energy source. Biomass is still the main source of primary energy mostly 
used in cooking. Except north Africa, biomass contributes around 60% by which 
no any part of the global depends [1]. In Sub-Saharan Africa, for example, biomass 
consumption is currently above 80% [4]. Oil is the next energy source in Africa after 
biomass. In 2018, oil consumption was over 4 million barrels per day, with 60% of 
that consumed in transportation and diesel used as a generator backup. Figure 2 
depicts energy consumption in Sub-Saharan Africa by sector in 2017. Household is 
the main consumer of energy of about 64% and mostly depend on biomass.

Africa continues to rely on fossil fuels for electrical generation (92%); oil (42%), 
natural gas (28%), coal (22%), hydropower (6%), nuclear (1%), and other renew-
able energy (1%). Figure 3 shows electricity production sources through thermal 
heat technology. The resources are limited, and the deposits will be depleted as 
quickly as possible as the population grows. Since fossil sources do not rejuvenate, 
the sustainability of them is in compromise. To solve dependency of fossil fuel, 
Africa should focus on other resources. Apart from biomass, she still has other 
potentials such as; 10 TW of solar, 350 GW of hydro, 110 GW of wind, and 15 
GW of geothermal energy. Due to high investment costs and distribution of other 
renewable resources, biomass is and will continue to be a significant source of 
energy due to wide distribution, modular and simple conversion technologies, and 
appropriate production land. The population growth leads to large production of 
biowastes. Due to high increase in energy demand, there comes a need to develop 
the utilization process of wastes for energy generation. Therefore, in future, 

Figure 1. 
% share of energy sources 2017 [7].
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biowastes are expected to contribute highly to the energy mix and hence lead to 
energy and environmental sustainability.

2.2 Challenges of energy sources and stability

As reported earlier, Africa energy consumption per capital is the lowest in the 
world. But also it was stated that the population and development in the future will 
lead to high energy demand. From earlier analysis, still Africa relies on fossil fuel in 
electricity generation and biomass in other uses. Transport sector has been identi-
fied to consume 64% of total energy consumed. Unfortunately, the production of 
transportation energy is still low with large importation of oil. The utilization of 
electricity and natural gas in the transportation sector is still low. This implies that 
much of transportation energy source is dependent on global oil stability. Lack 
of local and alternative sources puts uncertainty of both energy production and 
supply. Unluckily, available renewable sources are not well utilized due to obstacles 
such as investments. These entire situations put a big challenge of energy stability.

It has been also identified that biomass is the main source of energy. Biomass 
sources such as forest have challenges on utilization when it comes to deforestation. 
The study report in 2018 has shown that East and West Africa deforestation since 
1900 was 93 and 83%, respectively [11]. Thus, the sustainability of biomass as the 
source of energy is hindered by deforestation. Furthermore, the competition of 
land and food crops still hinder the sustainability of biomass. In case of biowaste 
utilization, high investment, knowledge, and technology make them unfavorable 
resources. Also the poor governmental policy on sourcing local sources are also 
a challenge. To avoid instability of energy sources from external situation such 
as environmental movement and global oil market, Africa should find suitable 
sources. The dependency of virgin biomass and competition of area for food and 
energy crops, utilization of less used energy resources should be implemented. 
The policy and investment should be the priority in utilizing sources that lead to 
sustainable energy and environment.

Thus, to have energy and environmental stability, the use of biowastes is impor-
tant. To implement biomass challenges such as variation of composition, large 
distribution, low energy density and poor energy conversion, appropriate technol-
ogy should be implemented (Figure 3).

3. Status of biowastes potentials and utilization in Africa

The global biowastes production is currently estimated to be over 140 Gt per 
annum [12]. On global scale, more than 2 Gt of garbage is burned inefficiently, 

Figure 3. 
Contribution of energy sources in electricity production [7].
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accounting for 18% of total global CO2 emission and significant amount of 
particulate [12]. Africa produces biowastes, which can be turned into useful 
energy, from agriculture, forest, and animal residues, as well as MSW. Table 1 
reports the FAO estimate of biowastes. Africa is located in tropical and sub-
tropical region and due to good climate conditions; production rate of biomass 
is 4-5 times the other regions [14] leading to high agricultural and forest wastes. 
In 2012, 11.519 Gt was produced and 5.098 Gt was collected and in 2025, 28.155 
Gt and 18.232 Gt are expected to be produced and collected every year [4]. In 
2025, Africa is anticipated to generate 20.1 TWh of biomass waste and collect 
12.5 TWh of garbage, compared to 8.4 TWh of biomass waste generation and 3.5 
TWh of rubbish collection in 2012 [4]. This still shows low utilization of these 
biowastes. These wastes can be a good source of energy if they are successfully 
transformed. For example, in 2019 Barz et al. reported that if agricultural 
wastes are properly handled, they can contribute 20-40%ofprimaryenergy [14], 
demonstrating that all biowastes can contribute significantly. According to 
estimates, processing crop and agro-processing leftovers might provide 4.2 EJ 
in 2030, forest Residue 1.1 EJ, and animal residue 1.5 EJ. To reduce competing 
with food in the production of fuel, boost waste economic value, and safeguard 
the environment (lower GHG), biowastes should be successfully employed as 
an energy source [14]. The most difficult challenge is to invest in an efficient 
method of collecting and converting it. As a result, Africa should invest in an 
efficient method of collecting and converting these wastes to reduce the use of 
traditional energy sources. Agricultural wastes have the potential for energy 
production, but they compete with other uses, such as fodder, fertilizer, fiber, 
and construction, so an effective balance is required.

3.1 Biowastes sources

In Africa, where the main activity is agriculture and forestry with abundant 
cultivatable land, the biomass wastes are in abundance. The sources of wastes range 
from crop, forest, and animal residues, and MSW. There is a huge potential with 
high organic components. The MSW in Africa has high organic components of 

Africa sub-region Crop residue (Mt)1 Wood residue (m3) Animal wastes (Mt)2

Eastern Africa 77 114 465 841

Middle Africa 22 16 000 266

Northern Africa 59 121 000 334

Southern Africa 15 55 380 88

Western Africa 101 712 200 565

Total 274 1 019 045 2094

World 3714 231 773 138 8507

% to globe 7.4 0.44 25
1Estimation by FAO for crops Barley, Beans, Maize, Millet, Oats, Potatoes, Rice, Paddy, Rayne, sorghum, Soybeans, 
Wheat using FAO TIER 1 approximation with factor 0.01.
2Estimation by FAO using FAO TIER 1 approximation with factor 0.015 for manure excreted for Asses, buffaloes, 
camels, cattle diary, cattle non-diary, chicken broilers, chicken layers, ducks, goats, horses, llamas, mules, sheep, 
swine breeding, swine market, and turkey.

Table 1. 
FAO estimation of biowastes in Africa sub-regions compared to globe [13].
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around 70% and thus making them potential for energy conversion. Unfortunately, 
these wastes are poorly managed and hence become environmental concern. 
Effective utilization can significantly offset the use of fossil fuel.

3.1.1 Municipal solid wastes

MSW has emerged worldwide as the source of energy. Report by IEA [9], electric-
ity generated from MSW worldwide increased from 8,313 GWh in 1990 to 38,648 
GWh in 2018. Africa is also generating MSW. In 2012 analysis, it was reported that 
Africa generated 125 million tones with 1,125 PJ but only collected 68 million tones 
[15]. It is projected that in 2025, 244 million tones with 2,199 PJ will be generated and 
168 million tones will be collected [15]. Furthermore, it was reported that if landfill 
energy recovery technology is used, in 2012, 155 PJ would have been recovered while 
in 2025, 363 PJ will be recovered. If all wastes are collected and converted to electricity, 
62.5TWh could be generated in 2012 and expectation to be 122.2 TWh. With targeted 
collection, 34.1 TWh and 83.8 TWh could be generated in 2012 and 2025 [4]. The 
increase in African population and purchasing power will lead to high generation 
of MSW. For example, in sub-Saharan region, MSW was predicted to increase from 
300,000 t/day in 2010 to 3,250,000 t/day in 2100 [16]. This is the huge potential 
for use.

Apart from high potential, MSW also have high organic contents that become 
good source of energy. Their poor management leads to environmental pollution 
through degradation. The average composition of MSW in Africa, for example of 
sub- Saharan Africa, is about 57-78% organic, 9% paper/cardboard, 13% plastic, 
4% glass, 4% metal and 13% other materials. This gives advantages on separation 
and treatment since large amount is energy part. Fewer amounts of plastics and 
metals indicate the applicability of low technologies such as anaerobic digestion can 
be utilized since organic parts are easily degradable. Although of high energy poten-
tial from these biodegradable organic waste, MSW remains largely an untapped 
resource for the continent [5]. Therefore, good policy, investment, and technology 
are important factor to utilize this energy.

3.1.2 Forest residue

During forest harvesting, up to 60% is left as residue which can be source of 
energy and soil stabilization. Furthermore, residue continues accumulating due pro-
cess of forest products, such as production of saw dust. Forest residue can be used as 
energy source and in production of products such plywood. In 2019, Africa produced 
1.02 million cubic meters (0.4% of globe) forest residue [17]. This low globe percent-
age is due to export of unprocessed forest products. This is the potential source of 
energy. The 2020 energy potential analysis in forest residue for Africa can produce 
energy of 10 to 5,254 PJ/yr. [18]. Low investment on technology and facilities, and 
poor government policy hinders their conversion. Therefore, it is important to invest 
in collection and conversion technologies for effective energy recovery.

3.1.3 Crop residue

In every crop harvested, the residue obtained is 25-50% (Residue to Product 
ratio) of the product and sometime is above 100%. These organic parts mostly are 
left behind to regenerate the soil, as animal feed and source of energy. In 2010, agri-
cultural residues with an energy content of some 90 EJ were reported to have been 
generated worldwide and is expected to reach 128 EJ in 2050 [19]. These materials 
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are potential for energy although compete with animal feed and soil stabilization. 
The analysis of 19 crops mostly grown found that crop wastes of production rate of 
697.87 million tons per year can generate 10.52 EJ. This potential is enough to sup-
port 366 million population (around 33% of 2019 Sub-Saharan Africa population) 
that had 28.76 GJ per capital [20]. If this energy from crop residue is well utilized 
and assuming mean biomass energy of 20 GJ/t, the wood biomass that can be saved 
is around 526 million tons of wood which is equal to 122 million hectare of forest 
area saved. The controversy of utilizing these wastes is the removal of nutrients 
from the soil. Currently, uncontrolled burning of these wastes onsite leads to the 
nutrients loss. A good control of burning and generating energy can generate ashes 
that can be used as fertilizers.

Table 2 has summarized available data of biowaste from crop, forest and animal 
residue and MSW of six countries according to reported estimations. Furthermore 
the primary energy consumption for 2017 has been also recorded. Since the incorpo-
ration of biowaste analyzed is almost negligible, it can be said that the biomass contri-
bution comes from fresh biomass. The use of biowastes can reduce this dependency.

3.2 Current management and utilization of biowastes in Africa

Biowaste resources are important for energy, animal feed, and soil stabilization. 
The level of utilization depends on the investment and technology. In developed 
countries, the collection, treatment, and conversion have been a priority for 
incorporation in renewable energies and protection of environment. In Africa, the 
utilization of biowastes is still at low level. Very small investment and conversion 
technologies have been implemented. In rural areas, biowastes have been little used 
as animal feed and sources of energy. Due to poor technology and investment, 
biowastes use as sources of energy has been poor. The availability of fresh biomass 
for animal feed, biowastes have also found little use. These wastes have been accu-
mulating continuously. The main method of handling has been unplanned dumping 
and uncontrolled combustion. Crop residue burning is more regular feature and a 
source of greenhouse gas emissions. Crop residue burning is driven by factors like 
labour scarcity, short turn-around time, socio-economic constraints, ignorance 
of farmers towards public health issues, and low nutritive value of crop residues. 
Crop residue burning causes loss of valuable soil nutrients, pollution episodes, and 
public health issues [28]. Unplanned damping may cause pollution especially when 
decomposition takes place and produces methane. Improper use of biowastes such 
as animal wastes especially cooking and heating leads to health problems. It has 

S/No Country Year Dry Wastes (kt) Energy 
(PJ)

Energy 
consumed 

in 2017 [7]**Crops Forest Animal MSW Total

1 Cameroon [21] 2018 45 510 2051 5153 971 53685 243 390

2 Zambia [22] 2016 12 193 6559 5 295 19051 281 438

3 Uganda [23] 2013 19 274 5549 14967 7271 47061 260 814

4 Nigeria [24] 2020 215844 4478 17165 36500 273987 1950 9525

5 Ethiopia [25, 26] 2017 53811 18400 48011 19053 72266 750 2033

6 Tanzania [27] 2018 19642 711 5946 624 26924 385 877
**The assumption made is that biowastes are used at small percentages; hence energy contributed by biomass mostly 
comes from fresh biomass.

Table 2. 
Example of biowaste energy potentials.
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been reported by WHO that 4.3 million deaths have occurred due to use of these 
wastes in cooking and heating [29]. The only advantage of poor handling of bio-
wastes in rural area is to maintain soil quality. In rural areas, the generation of MSW 
is low while forest, animal, and crop wastes are high. Animal waste is commonly 
used as organic fertilizer and hence maintain soil ecosystem.

In urban area, the production of MSW is high while animal, forest, and crop 
residue is low. The big problem has been handling of MSW. Some efforts have been 
made in the collection and dumping of MSW. In Africa, most of collected MSW are 
unsorted and hence if energy conversion is decided to be done gets the challenge. 
In Africa, only a small amount of MSW is collected and dumped in landfill with 
no plan of energy recovery. There has been uncontrolled dumping and combustion 
which all lead to energy loss and environmental pollution.

Although there has been little effort to effectively utilize biowastes in Africa, 
some uses such as cooking, electricity generation, and transport fuel have been 
realized [30]. Table 3 summarizes some of the plants generating electricity. 
Energy recovery technologies, such as landfill gas recovery and bio digesters for the 
organic fraction of MSW and industrial biomass are currently very limited in their 
implementation in Africa [31]. Gasification, direct combustion, and carboniza-
tion technologies have been in low utilization. Only noticeable biowaste waste to 
energy conversion has been in the use of bagasse in sugar plantation. In Tanzania, 
Kilombero, Mtibwa, TPC, and Kagera sugar companies have daily generation of 
21,914 tons per day of bagasse and electricity installation of 40 MW [32]. The use of 
forest residue and sisal in Tanzania has led to the production of 21 MW. Currently, 
African only recycles 4% of waste produced and the African Union plans by 2023, 
50% should be recycled. Other ways of managing biowaste have been producing 
composite manure, and animal feed.

3.3 Challenges of utilizing biowastes in Africa

The use of biowastes in energy mix has not been fully done. Lack of appropriate 
technologies, investment, knowledge, and policy has hindered its utilization. Poor 
realization of biowaste potential has led to low investment and hence utilization. 
The wide large of properties of biowaste due to low level of farming, production of 
variety of biowastes, still brings challenges in the choice of universal technology 
and hence need segregation stages. Furthermore, government and financial institu-
tion have little interest in funding of innovation, purchasing, and utilization of 
appropriate technologies [33]. Therefore, efforts are needed to increase investment, 
education, and introduction of appropriate conversion technology.

To increase the use of biowastes in energy mix, the following can be done. The 
government should have appropriate policy that promotes use of biowastes. These 
includes; increase of incentives, removal of fossil fuel subsides, promotion of a net 
zero emission, and promotion research and development of appropriate technology. 

Country Biowastes Capacity Reference

Mauritius MSW-landfill 20.4 GWh [30]

Kenya Agricultural waste-digestion 2.8 MW [30]

Burkina Faso Crop waste-digestion 0.25 MW [30]

South Africa MSW and crop residue -digestion 4.6 MW [30]

Table 3. 
Some of biowaste to energy conversion plants.
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Education should be made to population on the need of using biowastes, separation 
of components of MSW in the disposal, discourage uncontrolled burning, introduc-
tion of simple and cheap conversion technology at household level. The peasants 
and farmers should be educated on the effective ways of preparation, collection, 
disposal, and utilization of wastes. To reduce variation obstacle, the co-generation 
and small processing plants should emphasized. To increase awareness, organization 
or companies that add value should be created.

4. Current conversion technologies of bio wastes to energy

Conversion of biowaste aims to recover energy, remove residues, and increase 
material value [3]. Effective conversion technologies should address financial 
requirements, effective recovery of energy, waste removal, and environmental 
protection. The development, improvement, and implementation of conversion 
technologies have been made due to surge in wastes that pollute environment and 
need for energy sustainability. The need for land has emerged as another challenge. 
For example, Waste to Energy (WTE) plant that can treat 30 million tons of MSW 
for 30 years only will use 10 hectare compared to landfill that needs 30 hectare [34].

A number of conversion technologies have been developed and applied in many 
parts of the world. Advanced waste to energy conversion has led the increase of 
energy mix from biowastes. The technologies range from direct energy conversion 
to more upgraded fuel. The technologies have advanced in a way that they produce 
energy efficiently and meet the requirements for public health while reducing air pol-
lution and obligatory number of dumping locations [3]. These methods include direct 
combustion/incineration, carbonization, pyrolysis, gasification, anaerobic digestion, 
and oil pressing for biodiesel production. Some conversion leads to production of 
feedstock for chemical production. Each method has the advantages and disad-
vantages and thus limitation in use in African countries. The common and simple 
technologies in biowaste conversion have been anaerobic digestion and incineration.

4.1 Direct combustion/incineration

This is the oldest and simple, and well utilized conversion technology [34]. 
It deals with direct heating of fuel in presence of oxygen. It takes place at high 
temperature (850-1200°C) and release energy in form of heat [3]. It has been used 
in many biowaste plants ranging from bagasse, MSW to saw dust. Apart from 
energy recovery, the bottom and fly ashes can be used in other applications such 
as construction. The challenges of this technology are that feedstock should be of 
low moisture content and thus limiting many of African MSW which have high 
moisture content to above 40% [35]. It also may lead to pollution if poorly con-
trolled, since it operates at high temperatures and thus releasing pollutant gases and 
dust. Its advantages and appropriateness in African biowastes are that it is simple, 
mature, and low investment cost especially if heat is the final conversion. It is also 
appropriate in dry biowastes such as forest residue since no pretreatment costs [3] 
and thus utilizing wood and crop residues produced in Africa.

4.2 Carbonization

It is the process of heating biowaste at low temperature in the absence of oxygen 
[36]. This process upgrades biowastes to produce usable charcoal. It is mature, cheap, 
and simple technology that has been used on other biomass for years and years 
[37, 38]. The technology works efficiently for large size and low moisture contents. 
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Most of biowastes such as forest and crop residues have been converted into charcoal 
by this process. Its advantages include the cheapness, simplicity, and ability to handle 
variety of feedstock including lignocellulosic biomass. This method is appropriate for 
African biowastes although for fine materials such as sawdust and a wet material such 
as MSW becomes inappropriate. It is applicable in every part of Africa.

4.3 Gasification

Gasification is a mature technology and a thermochemical conversion of biomate-
rials in limited oxygen at high temperature (800-1600°C [39, 40]. It produces syngas 
that can be burnt to produce heat or used as the source of chemicals. The major 
constituents of syngas are carbon monoxide which poses a lot safety challenges in its 
handling. It requires high knowledge and thus is not appropriate for household. It is 
appropriate to Africa when dealing with lignocellulosic and fine biowaste although 
inappropriate to MSW due to high moisture content. It is appropriate to every part in 
Africa although due to low investment, sub-Saharan countries may not effectively fit.

4.4 Pyrolysis

Pyrolysis is the thermochemical conversion technology that operates at moder-
ate temperature to produce solid, liquid, and gas at different composition [41, 42]. 
It can treat waste to produce char, oil, and gas for further energy conversion. The 
fast pyrolysis is favored in fine feed and operates at high temperature to produce bio 
oil [43]. Intermediate pyrolysis operates at moderate temperature to produce both 
char, oil, and gas [44]. It has an ability to handle large size, moderate moisture, and 
different compositions [45]. It is a technology that fits biowastes including MSW. 
Its appropriateness in Africa is challenged since it is sophisticated and requires high 
investment, and thus unfavorable in small scale. Intermediate pyrolysis has a big 
chance in Africa since it flexible, modular, and operates at moderate temperatures.

4.5 Anaerobic digestion

Anaerobic digestion is process that uses microorganism to breakdown organic 
biodegradable matter in the absence of oxygen to produce biogas [46]. It is a com-
mon technology that has been used in conversion of sugar biomass. It is simple, 
cheap, and works under low temperature. Its size ranges from small household to 
large plant. The technology is appropriate in Africa biowaste treatment since it 
requires small investment, mature technology, and presence of sugar biowastes 
especially in MSW and animal wastes. Large presence of animal residue in Africa, 
25% globe, this technology is the one to be applied in all parts of Africa. Its use in 
lignocellulosic materials such as forest residue is inappropriate. It also has low kinet-
ics and hence requiring larges reactors and hence investments. The residues after 
digestion can also be used as farm manure and thus giving it an added advantage.

4.6 Microbial fuel cell (MFC)

Microbial fuel cells use microbes as a biocatalyst and changes directly the 
chemical energy deposited in chemical compounds into an energy current [3]. This 
alternative technology reduces sludge formation, refine odor, and remove aeration 
supplies, all at the rate of waste reaction for electricity creation. Its advantage is the 
direct conversion to electricity although it has low efficiency. Due to challenges such 
as more sophisticated ion exchange membranes [47], this method is not appropriate 
in Africa especially in sub-Saharan African countries.
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4.7 Landfilling

This is the technology in which biowastes are deposited and may be connected to 
biogas recovery and leachate processing system [3]. This method simple and cheap 
although may lead to environmental pollution and degradation if planning is not 
well done [3, 48]. This technology is appropriate in Africa since the technology is 
cheap, mature, and simple.

4.8 Agglomeration

This is the technology of increasing energy density by converting small particle 
to large particles. This increases energy density and effectiveness in conversion pro-
cesses such as combustion [49]. This involves the formation of pellets and briquettes 
from fine biowastes that can be usable household [50]. Its challenge is the use of 
high energy in compressing the materials. This technology is appropriate in Africa 
since the technology is simple, presence of binding materials in biowaste, presence 
of fine materials such as charcoal dust, and cheap. All countries in Africa can utilize 
it due to presence of fine materials especially during charcoal production.

5. Potential of pyrolysis in biowaste conversion

Pyrolysis is the decomposition of organic materials using heat in the absence of 
oxygen to produce solid, liquid, and gases [51, 52]. It is said to have lower operating 
temperatures and emissions of air pollutants compared to combustion and gasifica-
tion [52]. Pyrolysis has emerged as technology for current and future conversion 
technology of biomass [53]. The type, quality, and quantity of product depend on 
how operating parameters are controlled [52]. Its ability to treat almost all types 
of organic and production of solid, liquid, and gas fuel has made it a prospective 
technology of biomass conversion. The innovations on reactors, catalysts, and 
upgrading technologies have increased the importance of pyrolysis. Its level of 
development has made it a prospective technology for biowastes especially lig-
nocellulosic biowastes. Therefore, pyrolysis is the current and future appropriate 
technology in the conversion of biowastes in Africa.

5.1 Categories of pyrolysis

Depending on the heating rate, operating temperature, and product distribu-
tion, pyrolysis can be classified as Table 4. It can be seen that slow pyrolysis targets 
char, fast and flash pyrolysis target targets bio oil while intermediate targets all. 
Intermediate pyrolysis has emerged as an alternative pyrolysis that is flexible, 
modular, economic, and ability to handle different biomass materials. It is appreci-
ated to favor well the treatment of biowastes (Table 4).

The quality and distribution of products depends on a well control of param-
eters. Among important parameters as such as feed composition, temperature, 
heating rate, catalysts, feed residence time, vapor residence time, particle size, and 
moisture contents. The composition of feedstock should be made of organic compo-
nents to lead to effective conversion. For example, cellulose and hemicelluloses 
produce high bio-oil while lignin can yield up to 40% of its weight as char [57]. The 
presence of non-organic materials reduces the amount of useful products.

Temperature also dictates the composition and yield of the products [58]. 
Generally, an increase in temperature increases the amount of bio-oil and gas. Higher 
pyrolysis temperature favors production of hydrogen, while low temperatures 
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produces more char [59]. The increase in temperature reduces the amount of char but 
increases its quality due to decrease of the volatile matter in char.

The residence time determines the quality of the products. For example, longer 
residence time at low temperature favors production of biochar and its quality 
increases due to favoring the development of micro-and macro-pores of bio-char 
[60, 61]. Reduced residence time reduces the re-polymerization thus reducing the 
amount of char [62]. Heating rate affects the quantity, quality, and composition of 
products. Rapid heating gives higher volatiles and more small reactive char than 
those produced by a slower heating process [52]. Slower heating rate increases the 
amount of char due to the secondary char produced from a reaction between the 
primary char and the volatiles [57].

Water content affects the quality and quantity of products. It promotes the 
reduction of species in bio-oil and improves the production of light aromatic [63]. 
Water can also catalyze char formation by acting as steam activator [64, 65]. Large 
amount of water reduces energy content in the feed; and hence, an optimal content 
is required. Particle size affects the quality and quantity of products by affecting 
the heat transfer. The decrease in size increases heating rate and easy escape of 
condensable products. In addition, small size favors liquid formation, hydrogen and 
carbon monoxide; while large size favors the formation of char and its quality due to 
secondary cracking [66–68].

Inert gas carrier (sweeping gas) controls the vapor residence time. Higher flow 
rates cause rapid removal of products that leads to minimization of secondary 
reactions such as char formation, thus increasing gas production [67, 69]. Poor 
properties of bio-oil such as high viscosity, non-volatility, high acidity, corrosiveness, 
instability upon storage, lower energy density, and immiscibility with fossil fuels 
caused by the presence of oxygen can be improved using catalysts [70]. The catalyst 
increases the quality of products through increased cracking, selectivity, and de-
oxygenation [71]. This increases the quality of bio-oil and biochar while decreasing 
their quantities [51, 72]. It has been reported that, the presence of catalyst 5HZSM −  
reduced the amount of oxygenated compounds and thus increased the quality of 
bio-oil [72, 73]. Studies have also found out that bio-char production increases with 
an increase of NaOH, NaCl, CaO, and 2 3Na SiO  [74, 75].

5.2 Pyrolysis in biowaste conversion

Pyrolysis has emerged as the appropriate technology in biowaste conversion 
although its applicability in household in difficult [52]. It can convert almost all 

Property Slow Intermediate Fast Flash

Heating rate (°C/s) 1 1-10 10-200 >1000

Feed size (mm) 5-50 1-5 <1 <0.5

Reaction temperature (°C) 400-500 400-650 850-1250 >1000

Vapor Residence time (s) 300-550 0.5-20 0.5-10 <1

Feed Water content (%) Up to 40 Up to 40 <<10 <<10

Bio-oil Yield (%) 20-50 35-50 60-75 60-75

Bio-char Yield (%) 25-35 25-40 10-25 10-25

Gas Yield (%) 20-50 20-30 10-30 10-30

Table 4. 
Classification of pyrolysis processes [54–56].
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materials; small and large size, lignocellulosic and non-lignocellulosic, wet and dry, 
and variety of compositions. It has the ability to produce usable product with little 
or no upgrading. For example, intermediate and fast can produce bio oil which can 
be used with little or no upgrading. Hydrothermal pyrolysis can convert wet materi-
als to produce usable solid and liquids. Its high reaction rate compared to anaerobic 
digestion leads to small reactor. Its main challenges to be used biowaste conversion 
are the investment and operation cost, sensitivity of the process, and difficulty in 
operation. For Africa, this becomes a promising technology but difficult conversion 
technology for small and household users.

6. Prospect of biowaste and conversion technologies in Africa

Bioenergy utilization in African is favored by; feedstock availability, availability 
of proven conversion technologies, large required land for production and plant 
setting, and increased value chain of bioenergy [33]. Africa aims to incorporate pri-
mary sources such as biogas, biodiesel, bioethanol and other biochemicals produced 
from agricultural, domestic and industrial resources and with the application of 
simple and indigenous technologies. With increase in population which leads to high 
demand of energy and pollution of biowaste, the necessity for effective conversion 
of biowastes is important. An important issue is to have effective conversion tech-
nologies that provide required energy at minimum cost. The technologies should be 
simple and flexible that household can apply. The study and investment of appro-
priate technologies should be emphasized for sustainable energy and environment.

7. Prospect of biowaste potentials Africa

The biowastes have the opportunity to produce different types of energy resources 
that can replace fossil fuel. The production of liquid fuels such as bioethanol and 
biodiesel is important to replace/reduce importation of petrol and diesel, respectively. 
The following are possible products that can be produced from biowastes.

7.1 Liquid biofuel

From 2017 African energy analysis, 70.1% of 928.051 Mtoe of energy consumed 
was through transportation. Many of African transportation sectors depend on 
liquid fuel. This highlights the high demand of liquid fuel. The introduction of 
biofuel from biowaste can be the solution on importation of liquid fuels. Africa has 
little use of liquid biofuel such as biodiesel, and ethanol. Up to 2020, no electricity 
has been produced from liquid biofuel compared to globe 3211 MW. The potential 
of producing liquid biofuel from waste is high since most of wastes are sugary 
biomass. The use of technologies such as pyrolysis, especially fast and intermedi-
ate pyrolysis, can convert biowaste into liquid fuel. Other technologies such as 
gasification and anaerobic digestion can produce syngas and biogas, respectively, 
as feedstock for gas to liquid conversion. The fermentation process can also produce 
bioethanol. The production of bioethanol from biowaste can reduce the competi-
tion with food in bioethanol production. Liquid fuel can also be produced from 
pressing of waste shells such as coconut and cashew nut shells. Liquid biofuel has a 
potential of replacing fossil fuel. IRENA 2017 report of five sub-Saharan countries 
(Ghana, Mozambique, Nigeria, South Africa, and Uganda) [19] has predicted 
biomass including biowastes can produce all liquid fuel for transportation and twice 
for industrial electricity and heat by 2050.
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7.2 Solid fuel production

African has been depending on solid fuel especially wood charcoal in household 
needs. Most of charcoal has been produced from forest and thus leading to defor-
estation. The utilization of biowastes can increase the production of charcoal while 
reducing deforestation. Forest and crop residues are potential feedstock for charcoal 
production. The agglomeration such as pelleting has the potential of increase 
energy quantity in the biowastes. The products can increase the efficiency of other 
conversion processes such as combustion.

7.3 Economic and environmental sustainability

The use of biowaste in the production of useful energy leads to creation of jobs 
and increased value of agriculture and forest activities [31]. This can encourage 
people working in these areas to increase production and hence increase in bio-
wastes and latter economic improvement. The use of biowaste will also increase 
environmental protection since uncontrolled burning and dumping will be avoided.

8. Prospect of conversion technologies in Africa

There are different technologies that can help to convert biowastes to useful 
energy. Study done by LTS team in 2017 [76] identified possible suitable conversion 

Primary conversion 
technology

Secondary 
conversion 
technology

End use

Heat Electric 
Power

CHP* Transport cooking

Combustion None x

Steam turbine x x

Steam engine x x

Sterling engine x x

Organic Rankine 
cycle

x x

Gasification Internal combustion 
Engine

x x

Fast pyrolysis Combustion x x x x

Slow pyrolysis Combustion x x x x

Intermediate 
pyrolysis

Combustion x x x x x

Oil pressing Internal combustion 
engine

X x x

Transesterification x

Anaerobic digestion None x x

Internal combustion 
engine

x x

Fermentation Ethanol 
fermentation

x x x x

Butanol 
fermentation

x

*CHP means combined heat and electric power.

Table 5. 
List of appropriate biowaste to energy conversion technologies in Africa.
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technologies for Africa. In applicability efficiency sequence, anaerobic digestion, 
gasification, direct combustion, fast pyrolysis, slow pyrolysis, and fermentation 
was observed [76]. Intermediate pyrolysis can be a good candidate in converting 
biowastes due to its advantages including; flexibility, ability to handle variety of 
feedstock, modular, ability to handle high moisture content, and productions of 
products with good quality [44]. Africa with biowastes that have variety of proper-
ties can effectively be handled using intermediate pyrolysis. Table 5 summarizes 
possible effective conversion technologies of biowastes in Africa.

Biowaste is now regarded as source of energy for both energy and environment 
sustainability in Africa. Some polices have been formulated to increase biowaste 
energy in energy mix. Some funding from both government and private has been 
provided. Noticeable funding has come from African Development Bank Group. 
Example of such projects are; USD$ 1 million for Kenya for 10 MW from MSW in 
2017, Bioethanol from waste for UDS$ 66 million in 2012, among others [77].

9. Conclusion

Africa is a continent that is undergoing rapid population and economic growth 
that require sustainable energy sources. Currently, energy production and con-
sumption being below the global average of 2 toe per capital. The energy demand is 
expected to be 1600-2300 TWh by 2040 compared to 700 TWh in 2018. Increase in 
population from 1.2 billion in 2017 to 2.07 billion by 2040 and rapid industrialization 
will increase the energy demand and waste production, leading to the challenge of 
attaining economic and environment sustainability. Currently, energy comes from 
biomass at 42% and electricity is mostly from fossil fuels, leading to deforestation 
and pollution. The introduction of renewables in energy mix has been at low rate due 
to poor investment, knowledge, policy, location, and technology. Biomass is seen as 
the appropriate renewable energy due to abundance, affordable conversion technol-
ogy, and widely distributed. To reduce deforestation and pollution, use of biowaste is 
appropriate solution. Although biowastes are not widely used, their use is a potential 
source of energy. The MSW, animal, crop, and forest residues are currently abundant 
in Africa and their use is a good solution for sustainable energy and environment. 
It is predicted that these wastes can have 20.1 TWh in 2025. Although biowastes are 
sources of energy, poor management, technology, and investments have hindered 
their use. This has led to unplanned dumping and site combustion leading to loss of 
energy and pollution. The introduction of appropriate technologies such as pyroly-
sis, gasification, and anaerobic digestion has the potential to produce solid and liquid 
fuels while increasing value of agriculture. Effective utilization of biowastes with 
other biomass will lead to energy dependency, for example by 2050; liquid biofuel 
can be enough for transport needs in countries such as Uganda, Nigeria, and Ghana. 
It is therefore important for government to formulate policy for biowastes utiliza-
tion while investing on both private and public utilization plants. Education on the 
handling of biowastes should also be given to local population. This gives the hope 
that future energy and environmental sustainability in Africa can be contributed by 
effective utilization of biowastes.
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Chapter 7

Pyrolysis: A Convenient Route for 
Production of Eco-Friendly Fuels 
and Precursors for Chemical and 
Allied Industries
Jamiu Mosebolatan Jabar

Abstract

Thermochemical decomposition of post harvest agro-wastes (biomass) to 
solid carbonaceous material called as bio-char, condensable vapors (bio-oils and 
bio-tars) and non-condensable vapors (bio-gas or syn-gas) is referred as pyroly-
sis. The yield of these products from biomass pyrolysis depends on temperature 
and other conditions (such as vapor retention time and heating rate) of thermal 
decomposition in air or oxygen excluded reactor. Bio-char is often used as adsorbent 
in treatment of water contaminated with dye effluent from textile industry and/
or emerging contaminants from other industries. It is also used in production of 
supercapacitor for energy storage, fertilizer composite and soil amendment for slow 
release of nutrients for plants and stabilizing pH, enhances water holding and ion 
exchange capacity of soil. Bio-oils are used for transportation fuels, soaps and other 
cosmetics production. Bio-tars are also used for transportation fuels but with high 
heating values and also as organic solvents in chemical, biological and biochemical 
laboratories. Non-condensable vapors are mostly used as bio-fuels. Products of 
biomass pyrolysis are potential alternative eco-friendly precursors for chemical and 
allied industries.

Keywords: bio-char, bio-fuel, bio-gas, bio-oil, bio-tar

1. Introduction

Post harvest agricultural wastes are promising materials for generating renew-
able and eco-friendly energy source and raw materials for chemical and allied 
industries. Agricultural wastes serving as a potential alternative source of energy 
and starting renewable materials for industrial productions will definitely bring 
about reduction in demand for non-renewable petrochemical feed stocks often used 
by most chemical industries today. Other benefits are efficient carbon cycle and 
reduction in carbon(iv) oxide (CO2) emissions [1]. Among the agro-wastes, plant-
based (lignocellulose) materials are most abundant and disposed indiscriminately, 
where by constituting nuisance to the environment. Plant-based agricultural wastes 
are called lignocellulosic materials because their compositions are majorly of lignin 
and cellulose. Others are hemicellulose, pectin, wax, oil and inorganic matters [2]. 
These compositions of plant vary from one plant to another. Other factors that 
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contribute to the variation in compositions are age of the plant, processing methods, 
geological and climatic factor [3, 4]. The plant-based agro-wastes worked on by 
researchers as energy source and feed stocks for chemical and allied industries are 
sugarcane bagasse, cola nut pod, cocoa pod, moringa seed pod, oil palm empty fruit 
bunch, almond leaf, Bridelia ferruginea bark, elephant grass etc. [5–9]. Conversion 
of these agro-wastes to energy source and starting materials for chemical and allied 
industries will bring a turn around to high dependence on ever depleting and price 
fluctuating petrochemicals. This will in turn generate wealth from wastes; creating 
jobs for teaming unemployed youths and keep our environments clean [3].

Several technologies deployed for converting agro-wastes to energy source and 
precursors for chemical and allied industries are hot acid carbonization by dehy-
dration and anaerobic digestion. Others that are thermally based are torrefaction, 
pyrolysis, combustion, gasification and hydrothermal process. Among these tech-
nologies, pyrolysis is most preferred, because the products which are solid, liquid 
and gas can easily be stored, transported and handled [10]. Figure 1 shows summary 
of various biomass conversion techniques and products obtained. Pyrolysis is a 
composition of two Greek words, split able into ‘pyro’ meaning fire and ‘lysis’ means 
degradation into many parts. Therefore, pyrolysis can be defined as thermochemi-
cal degradation of biomass into biochar (solid carbonaceous material), bio-tar, 
bio-oil (condensable vapor) and non condensable gases (syngas) in absence or very 
limited supply of oxidizing agents [10, 11]. Depending on degradation temperature, 
heating rate and vapor retention time, pyrolysis can be classified as slow, fast or 
flash pyrolysis. The choice of any of the pyrolysis techniques depends on desired or 
targeted products [10].

2. Biomass

Biomass waste stream can be categorized into proteineous (animal-based),  
lignocellulosic (plant-based), municipal solid (biogenic and non biogenic), 

Figure 1. 
Various forms of biomass conversion techniques.
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industrial (sewage sludge) and other wastes. They are referred to as feedstock in 
bio-refinery. Biomass based on animal and plant residues (briefly described in sub-
sections 2.1–2.2) is an area where researchers are currently exploiting for possibility 
of obtaining sustainable and environmental friendly alternative to fossil fuels/
precursors for chemical and allied industries. The use of biomass for these afore-
mentioned purposes reduces demand for fossil fuels, their derivatives and makes 
our environment greener [1].

2.1 Animal-based biomass

Animal wastes, such as blood, bones, crab shells, hairs, horns, dung, etc. are 
by-products of livestock rearing. Often seen livestock that generate these wastes are 
cattle, sheep, chickens, goats, crabs and pigs (Table 1). They have been used in raw 
or pyrolyzed form as source of energy and raw materials for industrial productions 
by several researchers. Adetuyi and Jabar [9] are among the researchers that have 
used carbonized animal bone for treatment of wastewater. Table 1 shows list and 
applications of some animal-based biomass.

2.2 Lignocellulose-based biomass

Lignocellulosic biomass is carbonaceous plant materials containing lignin and 
cellulose as major constituents, other are hemicellulose, pectin and other extractives 
as stated earlier [2, 12].

These compositions of biomass vary from plant species to another. Variation 
equally exists between/among different parts from the same plant. Factors respon-
sible for this variation are in introduction section [4]. List of some biomasses with 
their compositions are presented at Table 2.

Lignocellulose can be categorized as woody, herbaceous and aquatic biomass 
[17]. These biomasses have been modified by many researchers for production of 
biofuels and starting materials for chemical industry.

2.2.1 Woody biomass

These are plant-based resources obtainable from forest; they include trees, 
leaves, limbs, needles, tops and their residues [17]. Less than two-third of the woody 
biomasses is converted to timber, others end up as wastes in the forest. The occur-
rence of huge wastes might be as a result of inappropriate harvesting technique or 
equipment. Utilization of these wastes called residues as bioenergy for fuel and for 
generation of raw materials for furniture, pulp and paper industries will be a good 

Animal Residue Application Ref.

Cattle Bone Char for production shoe sole, breakable plate, soil enhancement [9]

Horn Char for soil enhancement, bio-oil for fuel and cosmetic industry

Crab Shell For wastewater treatment

Sheep Hair Textile fiber production

Born Char for wastewater treatment, supercapacitor production

Camel Bone Char for production shoe sole, breakable plate, soil enhancement

Horn Char for soil enhancement, bio-oil for fuel and cosmetic industry

Table 1. 
Animal-based biomass and applications.
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waste management approach in the forest. Consequently, this conversion of wastes 
to wealth will reduce rate of deforestation for fuels and industrial precursors [18].

2.2.2 Herbaceous biomass

Herbaceous is non-woody biomass called annual crops. They include rice, 
wheat, sorghum, maize, millet, groundnut, soyabean etc. After harvesting, their 
residues do not constitute much treat to the environment, as they are grown and 
their residues decay within a year. Alternatively, their residues can be utilized for 
production of bio-gas, bio-oil and bio-chair as bio-fuels and bio-chemical raw 
materials for chemical and allied industries [19].

2.2.3 Aquatic biomass

Approximately, one-third of the world is water body. Weeds grow exceptionally 
on water bodies when compared to terrestrial, whereby enhancing aquatic pollu-
tion index. The aquatic biomass includes algae (micro and macro), water hyacinth, 
kelp, water lily, seaweed etc. These so called aquatic weeds are underutilized; they 
can be made to serve as raw materials for bio-fuels and bio-chemicals for industrial 
productions through pyrolysis [20].

3. Pyrolysis

Pyrolysis is the thermochemical decomposition of biomass or other feedstock 
into biochar, bio-tar, bio-oil, bio-gas and other related products in absence or very 
limited supply of oxidizing agents [10, 11, 21]. This process can be broadly classi-
fied as fast, slow and flash, depending on degradation temperature, heating rate 
and vapor retention time as stated earlier. Other factors that affect pyrolysis are 
nature and moisture content of the chosen biomass [22]. Figure 2 presents possible 
products of pyrolysis of biomass, while Figure 3 illustrates pyrolysis mechanism. 
Incipient pyrolysis products are solid bio-char and condensable vapor. The later 
breaks down into char, liquid and non-condensable gases through gas-solid and 

Lignocellulose Compositions Ref.

Hemicellulose Lignin Cellulose Extractives

Pectin and others

Coir fiber 9.0 47.7 40.8 2.5 [12]

Oil palm fiber 13.7 21.6 61.6 3.0 [12]

Palm kernel fiber 14.0 30.0 51.8 4.1 [12]

Sorghum 23.4 17.9 31.4 23.7 [13]

Switchgrass 21.5 21.1 35.8 16.9 [13]

Alfalfa 19.0 13.0 25.0 20.0 [14]

Pine 21.0 26.0 42.0 2.7 [14]

Kenaf fiber 38.0 19.0 49.0 4.7 [15]

Oak 22.0 24.0 46.0 6.0 [16]

Table 2. 
Chemical composition of some selected lignocellulose.
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gas phase heterogeneous and homogeneous reaction respectively at high tempera-
ture. In homogeneous gas phase reaction, condensable vapor cracks into small 
molecules of non condensable gases (CO, CO2, H2O, H2, N2 and CH4). In gas-solid 
phase heterogeneous reaction, high molecular weight hydrocarbons are broken into 
low molecular weight hydrocarbons (such as CH4, C2H4, C2H6, C6H6 etc.). Several 
reactors called pyrolyzers have been used by many researchers to obtain two or 
more of these products from biomass. Some of these pyrolyzers are bed, vacuum, 
microwave and solar reactor [11].

Pyrolysis of lignocellulosic biomass involves several stages of thermal decomposi-
tion. Evaporation of moisture occurs between 40 and 115°C, at this stage, biomass dries 
up as a result of heat absorption that evaporates free moisture and eradicates loosely 
bonded water [7]. The heat transfers into biomass interior through convention to wipe 
out all internally bonded moisture. Biomass incipient degradation occurs through 
decomposition of pectin and other extractives between temperatures of 115 and 180°C, 
generating syn-gas and organic liquids (such as carbon(ii) oxide, carbon(iv) oxide, 
methane, ethane, ethane, benzene, methanol, pyrogallol and ethanoic acid) [22].

Hemicellulose degrades between temperatures of 180–250°C, giving off consid-
erable amount of carbon(ii) oxide, carbon(iv) oxide, water, hydrocarbon of low 
carbon content, organic liquids and minor bio-oil [23]. Temperature from 250–350°C 
decomposes cellulose to yield mixture of non-condensable vapor (syn-gas), con-
densable vapor (bio-oil and tar) and minor bio-char [24]. Proper formation of solid 
fraction (primary bio-char) commences from thermal decomposition of lignin from 
400°C, this is the stage at which primary pyrolysis occurs. As temperature increases 
from 500°C upward, minor tar and bio-oil contained in the bio-char get separated 
and high quality bio-char obtained. Although, a low bio-char yield is obtainable 

Figure 2. 
Possible products of biomass pyrolysis and their applications.

Figure 3. 
Pyrolysis of biomass [11].
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from temperature above 700°C, but a high grade bio-char formed [25]. This is the 
final stage of thermochemical degradation called secondary pyrolysis. It involves 
cracking of condensable vapor (bio-tar and bio-oil) into non condensable gases (CO, 
CO2, CH4 etc.) and on cooling; part of the products solidifies to form char (second-
ary bio-char). Summary of the entire pyrolysis process is presented in Table 3.

3.1 Fast pyrolysis

This process involves decomposition of biomass at high heating rate (10–250°C/s), 
high temperature (500–1200°C) and short vapor retention time (<2 s) in the 
absence of oxygen. Due to high heating rate, biomass is rapidly heated to pyrolysis 
temperature before it is decomposed. Although, this process yield gaseous, liquid 
and solid fractions, but exclusively for bio-oil (liquid fuels) production, if pyrolysis 
temperature is less than 650°C. Quick vapor condensation enhanced formation of 
bio-oil, usually >50% products fraction is liquid, while gaseous formation is favored 
if pyrolysis temperature is up to 1000°C (about 30% yield is obtainable) and solid 
fraction is less 30% of pyrolysis products [26].

3.2 Slow pyrolysis

In contrary to fast pyrolysis, biomass is decomposed at lower heating rate 
(<1°C/s), lower degradation temperature (500–550°C) and longer vapor retention 
time (300–1800 s). This process has long been practiced and is otherwise known 
as conventional pyrolysis. Just like in fast pyrolysis, products of slow pyrolysis of 
biomass are gases, liquids and solids. Due to longer vapor retention time of con-
densable and non condensable gaseous fractions, the condensable volatile organic 
fractions react with one another to form high quantity of solid fraction (bio-char) 
and low quantity of bio-oil and bio-gas [27]. Therefore, one can say that this process 
is more desirable for bio-char production.

3.3 Flash pyrolysis

Flash pyrolysis can be called very fast pyrolysis, because it employs very high 
temperature (800–1200°C), high heating rate (>1000°C/s) and extremely low 
vapor retention time (below 0.5 s). The condensable and non condensable gases 
leave the pyrolyzer and cool rapidly to form liquid fuel called bio-oil. Some part of 
the poor thermally stable solid fraction (bio-char) formed degrades at high operat-
ing temperature and dissolves in the liquid fraction (bio-oil), resulting in high yield 
of bio-oil (>70%). The more the quantity of dissolved bio-char, the more viscose 
and the poorer the resulting bio-oil [28]. This process is better recommended for 
syn-gas production.

Composition Degradation temp. (°C) Products formed

Moisture 40–115 Dehydration

Extractives 115–180 Syn-gas, organic liquids

Hemicellulose 180–250 Syn-gas, organic liquids and minor bio-oil

Cellulose 250–350 Syn-gas, organic liquids, bio-oil and minor bio-char

Lignin >400 Bio-oil, bio-char and minor syngas

Table 3. 
Degradation temperature of biomass compositions and corresponding products.
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4. Pyrolyzer

Pyrolyzer is a reactor where pyrolysis of biomass is done [22]. The design 
of pyrolyzer depends on desired pyrolysis product(s). Therefore, it is another 
important factor that determines products obtainable from pyrolysis [10]. Some of 
designed pyrolyzers are discussed in sub-sections below.

4.1 Bed pyrolyzer

This pyrolyzer can be made of firebrick, steel or concrete and is predesigned 
for bio-oil production. Its design contains feeding unit, non-condensing vapor 
collector and vapor condenser, others are filter and ash exit unit [29]. It is oper-
ated in such a way that biomass is fed downward in reactor through vertical shaft 
and counter current gas stream simultaneously fed-in in an upward direction. The 
biomass is heated by bed of hot solids (such as sand heated by external source or 
partial combustion of biomass) at high temperature, high heating rate and low 
vapor retention time in an inert environment to decompose it into non condensable 
gas, condensable vapor and char. The vapor is rapidly cooled to form high quality 
bio-oil with yield of about 70% mass of pyrolysis products [30]. Therefore, it is 
a simple and well designed fast pyrolyzer that gives precedence to production of 
bio-oil. Merits of this reactor are exemplary heat transfer system, very high relative 
velocity between the solid and liquid phase, good control of vapor holding time and 
pyrolysis reaction as a whole. Some of the existing designs are fixed bed, circulating 
fluidized and bubbling fluidized bed reactor [10].

4.2 Vacuum pyrolyzer

This is a slow pyrolyzer with a moderate biomass degradation temperature, very 
low heat transfer rate and high vapor retention time. The biomass is feed into the 
pyrolyzer with the aid of conveyor belt made of metal containing stirrer that agitates 
the biomass mechanically. The biomass is heated with attached burner for decompo-
sition into gas, liquid and solid. It produces bio-char of yield greater than 50% and 
bio-oil of less than 30% yield. Therefore, it is designed for bio-char production [31].

4.3 Microwave pyrolyzer

Design of microwave pyrolyzer is done in such a way that biomass is heated to 
decompose into gaseous, liquid and solid products through heat generated from 
electrical microwave oven chamber. Inert gas is used to fashion out non oxygen 
environment. In this pyrolyzer, undesirable output (by-product) is not formed, 
there is effective heat transfer and heat process can be easily monitored. Among 
its merits are a very good chemical recovery, efficient control of heat transfer and 
heating system. This pyrolyzer is exclusively designed for syn-gas production with 
greater than 30% yield from feedstock biomass [32].

4.4 Solar pyrolyzer

This makes use of clean energy from sun light. It is made of quartz tube contain-
ing opaque external wall. The opaque external wall when exposed to high intensity 
solar radiation is capable of generating temperature higher than 700°C for decom-
position of biomass into syn-gas, bio-oil and bio-char [33, 34]. In its design, there 
is provision for solar energy storage inform of chemical energy. Therefore, at night 
and during poor sun shine weather, it can still work using already stored energy for 
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generating heat for pyrolysis process. It is a very fast pyrolyzer with bio-oil yield 
greater than 50%. Although, the yield of gaseous fraction is less than 30%, but is 
recommended for production of syn-gas because of poor quality of bio-oil formed 
according to Cornelissen et al. [28].

5. Products of biomass pyrolysis

Thermochemical decomposition of biomass yields mixture of gases, liquid and 
solid bio-char as major products as stated earlier. The yield of any of the pyrolysis 
products is largely depends on pyrolysis temperature and biomass’ moisture content 
among others like design of pyrolyzer, vapor retention time and heating rate [22].

5.1 Gas

Mixture of gases formed from primary (non condensable gases) and second-
ary degradation (tar and volatile organic compounds called condensable vapor) 
of biomass in the pyrolyzer during pyrolysis after moisture dehydration are 
called syn-gas. Components of syn-gas vary from one biomass specie to another. 
Often formed gases from primary degradation of biomass are carbon(ii) oxide, 
carbon(iv) oxide, hydrogen gas, gaseous water, nitrogen and hydrocarbons of 
lower carbon content (methane, ethane, ethylene). Additional gases are produced 
through secondary cracking of condensable vapor at high temperature [35]. Very 
high pyrolysis temperature enhances yield of these mixture of gases and reduces 
yield of bio-char. The increase in yield of syn-gas might be as a result of thermal 
decomposition of tar and hydrocarbons (condensable vapor) to produce more 
oxides of carbon and other gases.

Lower carbon content hydrocarbons (eg methane, ethane, ethane and butane) 
are often used as domestic cooking fuels. The heating value of syn-gas obtained 
from secondary degradation of biomass (condensable vapor) is about 82% higher 
than those from biomass’ primary degradation. Hydrogen can be blended with oil 
to upgrade it to transportation fuel [36]. Hydrogen gas and carbon(ii) oxide are 
mainly used as bio-fuel inform of water gas [11].

Liquefied carbon(iv) oxide is used as major component in production of fire 
extinguisher. It is also used as cooling agent and preservative by bottling company. 
Recent research work by Patel [37] claimed possibility of converting CO2 to starch 
in the laboratory about nine times more efficient as obtainable from corn plant 
using combination of chemical catalysts and enzymes. During the conversion 
process, useful industrial chemical like methanol was obtainable. This will serve as 
sustainable way of feeding the ever growing world population without need of land, 
seed, pesticide, fertilizer and water. The approach can equally be said to be a good 
form of food security and reducing CO2 emissions [37].

Nitrogen is utilized in production of ammonia from Haber process for prepara-
tion of fertilizer by agrochemical industry in order to enhance food production for 
feeding human population and livestock [38].

5.2 Liquid

Major liquid components of biomass themochemical degradation are bio-oil 
(bio-crude) and black tar, others are organic solvents. Bio-oil contains mixture of 
heavy molecular weight hydrocarbons. High pyrolysis temperature coupled with 
quick vapor condensation result in high bio-oil yield (>70%) [39]. Condensed 
pyrolysis vapor contains more than three hundred mixture of condensable gaseous 
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compounds. Higher yield of bio-oil is obtainable from agricultural residues when 
compared with one obtainable from woody biomass. Quality of pyrolysis bio-oil is 
mostly affected by storage time and temperature. The higher the storage time, the 
more viscous and poorer quality of the bio-oil due to escape of volatile components. 
Decline in quality of bio-oil due to aging can be minimized through cool storage 
temperature. Bio-oil is mainly used as bio-fuel and chemicals for industrial produc-
tions. Bio-oil heating value can be maintained by monitoring its metal and water 
content. It is used as transportation fuel, when mixed in certain ratio with fossil 
fuel it minimizes greenhouse gas emission that causes major environment pollution, 
especially in the city. Bio-oil can serve as precursor for production of soap through 
saponification process in soap and detergent industry. Cosmetic industry uses bio-
oil in production of shoe polish, hair and body cream [40]. Organic solvents, such 
as benzene is a very good precursor in production of important materials, like dyes, 
pigments, synthetic tyres and textile materials. Others are production of plastics, 
resins, rubber lubricants, detergents, drugs and pesticides. Benzene is also a good 
solvent used in chemical, biochemical and biological laboratories, as well as avia-
tion bio-fuel [41]. Other organic solvents like hyroxyketones, hydroxyaldehydes, 
carboxylic acids, phenolic compounds, sugar and dehydrosugars are important 
precursors for chemical and allied industry [11].

5.3 Bio-char

The solid component of pyrolysis products is known as bio-char. It is a black 
amorphous carbonaceous solid matter [42]. Properties and yield of bio-char are 
dependents of pyrolysis temperature, heating rate, vapor retention time, inert gas 
flow rate and nature of biomass [43]. A coarse and high yield bio-char is obtained 
from woody biomass, if pyrolysis temperature between 500 and 550°C, heating rate 
less than 1°C/s and greater than 450 s vapor retention time are used for its thermo-
chemical process under inert environment. In contrary, if a fine bio-char is a desired 
material, agro-residue would be required as pyrolysis feedstock using degradation 
temperature greater than 600°C, high heating rate between 10 and 300°C/s and vapor 
retention time less than 20 s [11]. Bio-char with acceptable properties contains carbon 
as major component; other fractions are oxygen, hydrogen, nitrogen, sulfur and ash 
(inorganic metals). Bio-char with a long half life has its carbon to oxygen ratio (C:O) 
usually greater than 3:2, but one with 1:5 (C:O) has short half life. Inorganic ash com-
ponent of bio-oil is very small in comparison with fossil fuel and it has low heating 
value of about 32 MJ/kg, which is about 60% higher than that of lower heating value 
of the parent material (biomass). Bio-char has many areas of application, ranging 
from soil enrichment in agro-chemistry, adsorbent in wastewater treatment to energy 
in electrochemical capacitor (supercapacitor) and bio-fuel [10].

5.3.1 Bio-char for soil amendment

Incessant ability of agricultural activities depends largely on biological, physical 
and chemical properties of soil. A little change in soil organic carbon has significant 
impact on plant growth. Farmers mostly use synthetic fertilizers for achieving this 
goal, but ironically the soil fertility decreases. It is only bio-char that provides soil 
with organic carbon that boots soil nutrient [22]. Environmental awareness has 
increased interest of global community for using bio-char as soil amendment agent. 
Tilling soil with bio-char stabilizes soil pH, enhances water retention capacity and 
available nutrients for plant growth [44]. Enhancement of soil nutrient by bio-char 
might be as a result of presence of potassium, magnesium, calcium, iron, zinc, 
phosphorous, sulfur and nitrogen in the bio-char. Equally, amendment of soil by 
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bio-char reduces leaching out of soil nutrient and aids slow nutrients release to the 
plant, where by making nutrients available for long period of time. This promotes 
plant growth and mitigates climate change through consumption of carbon(iv) oxide 
(greenhouse gas) by growing plants during photosynthesis (smart carbon cycle). 
Therefore, application of bio-char in soil amendment makes our environment greener 
and increase production of food for geometrically increasing human population [45].

5.3.2 Bio-char as adsorbent for wastewater treatment

Inadequate water supply globally has given significant attention to the production 
of sustainable and eco-friendly bio-char based adsorbent for treatment of wastewa-
ter containing heavy metals, emerging contaminants and dye effluent from textile 
industry [7]. Properties of bio-char, such as cation exchange capacity, high surface 
area, high carbon content, amorphous and hydrophilic nature aid its applicability. 
Previous research works have established bio-char as suitable material for treatment 
of wastewater. Jabar and Odusote [3, 6] used bio-char obtained from water lily and oil 
palm empty bunch fiber for treatment of water contaminated with malachite green 
and cibacron blue 3G-A (CB) dye respectively. Thue et al. [46] used shell of cashew of 
Para for treatment of wastewater containing emerging contaminants. Ozsin et al. [47] 
used chemically activated carbon from agricultural waste of chickpea and its applica-
tion for heavy metal adsorption. Wood-based bio-char was used as adsorbent for 
removing toxic elements from wastewater by Shaheen et al. [48], while Gwenzi et al. 
[49] showed that designed water treatment plant based on biomass derived char was a 
prospective low cost sustainable technology for producing dirt free water.

5.3.3 Bio-char as energy and energy storage device

Use of bio-char as source of energy for heating was old as human existence. It was 
popularly used as energy source for blast furnace in production of iron from iron ore 
called hematite and in petroleum refinery plant for separation of factions using frac-
tional distillation. Researchers are currently focusing on the use of bio-char in pro-
duction of supercapacitor called electrochemical capacitor [50]. Supercapacitor is an 
energy storage device that stores and releases electrical energy within a few seconds 
[51]. It stores energy as electric charge at electrolyte porous carbon electrode inter-
face more than ten times conventional capacitor does [52]. It has to its advantages, 
high power density and satisfactory energy density [53]. Properties of bio-char, such 
as excellent electrochemical performance, high surface area, fast electron transport 
and abundant functional moieties make it suitable for production of supercapacitor 
[54]. Several researchers have prepared and activated bio-char for production of 
supercapacitor in electrochemistry. One of these researchers is Vinayagam and his 
co-researchers [55] who prepared activated carbon from Sapindus trifoliatus nut shell 
for high performance symmetric supercapacitor applications.

6. Conclusion

Pyrolysis is thermochemical decomposition of biomass under inert environ-
ment. The products of this process are syn-gas, bio-oil and bio-char. These prod-
ucts are alternative to petrochemicals as they are good sources of renewable and 
eco-friendly energy and bio-chemical precursors for chemical and allied industry. 
Several factors including nature of biomass, biomass moisture content and design 
of pyrolyzer, others are vapor retention time, heating rate and degradation tem-
perature determine quantity and quality of these pyrolysis products.
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Chapter 8

Recent Advances in 
Thermochemical Conversion 
of Biomass
Meegalla R. Chandraratne and Asfaw G. Daful

Abstract

The chapter focuses on recent trends of biomass conversion into valuable 
energy, chemicals, gaseous and liquid fuels. Biomass is presently the largest source 
of renewable energy and the primary bioenergy resource in the world. A com-
prehensive discussion on different types, sources and compositions of biomass is 
presented. The most abundant biomass on the earth is lignocellulose and it rep-
resents a major carbon source for chemical compounds and biofuels. The chapter 
presents a thorough review of lignocellulosic biomass and the importance of 
biomass as a renewable source. It then reviews biomass classification and composi-
tion. It introduces the analysis of biomass feedstock. Biomass is converted to energy, 
chemicals and clean fuels using various conversion techniques such as thermochem-
ical, chemical and biochemical. The chapter provides a thorough examination of 
thermochemical conversion processes that use high temperatures to break down the 
bonds of organic matter. It briefly introduces combustion and gasification, followed 
by a comprehensive review of different pyrolysis techniques.

Keywords: bioenergy, hydrothermal processing, lignocellulosic biomass,  
biomass composition, pyrolysis, gasification, combustion

1. Introduction

Due to industrialization, population growth, and urbanization, there has been a 
rapid increase in global energy demand and consumption over the past few decades. 
Currently, more than 80% of the world energy demand is supplied by fossil fuels. 
Global attention on alternative resources has increased due to the high prices and 
limited reserves of fossil fuels, environmental pollution and climate change. As 
a result, there is renewed interest in the production and use of renewable energy 
resources such as biomass, solar, wind, geothermal and tidal. However, biomass 
is the only renewable energy resource to produce transport fuels. Various biomass 
components, including sugars, starches and lignocellulosic materials can be used 
to produce transport fuels and potentially limit the use of fossil fuels. On the other 
hand, biomass residues and wastes (such as agricultural residue, food waste, animal 
manure, municipal solid waste) as resources for bioenergy production are promis-
ing alternatives to reduce environmental issues concerning waste management and 
disposal. If improperly managed, these residues and wastes could lead to greenhouse 
gas emissions, pests breeding, insects, foul odor, etc. Converting these residues and 
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wastes, that would otherwise have been left to decompose, into useful bioenergy is 
environmentally beneficial for waste management as well as to reduce the depen-
dence on fossil fuel [1–3]. Lignocellulosic biomass (LCB) such as agricultural crop 
residues, wood and forestry residues are readily available, inexpensive and promis-
ing resource for biofuels. Biomass can be considered as the best option for meeting 
future energy demand sustainably. The efficient utilization of biomass resources is 
essential by having more efficient biomass production and conversion [4].

Biomass is an organic matter of plant or animal origin that is living or was 
living in the recent past [5]. Biomass is perhaps the oldest source of energy used 
by humans. People have used biomass as an energy source for cooking, heating, 
and lighting for thousands of years. The energy contained in biomass originally 
came from the sun. Plants get their energy from the sun and convert water (H2O) 
and carbon dioxide (CO2) into oxygen (O2) and sugars (carbohydrates) in the 
process of photosynthesis. The energy of sunlight is stored in chemical bonds 
of plant organic matter. When different conversion processes break the bonds 
between adjacent carbon, hydrogen and oxygen molecules of carbohydrates, these 
substances release their stored chemical energy [6]. Biomass is a renewable energy 
source as it can be produced year after year and, therefore, is valuable as a fuel 
source. Compared to petroleum-based products, the use of biomass represents the 
potential to reduce CO2 emissions, resulting in negligible or zero SOX emissions 
and lower NOX emissions [7, 8].

Biomasses include agricultural crop residues, forestry and wood residues, pur-
posely grown bioenergy crops, aquatic biomass, sewage sludge, digestate, animal, 
industrial, municipal and food waste. Various types of wastes such as cow manure, 
poultry litter, wastepaper, sewage sludge, municipal and many industrial wastes 
are treated as biomass because these are a mixture of organic (and non-organic) 
compounds.

2. Importance of biomass

Non-renewable sources produce a significant portion of current energy supplies 
globally and their use is associated with the emission of CO2 into the atmosphere. 
However, about 10–15% of this demand is covered by renewable resources, making 
biomass by far the most important renewable energy source used to date. Biomass 
contributes to 9% - 13% of the total energy supplies in industrialized countries. 
However, biomass energy is the primary energy source in many developing nations, 
contributing to about 20–30% of the total energy supplies. In some developing 
countries, biomass covers 50 to 90% of the total energy demand. In industrial-
ized countries, biomass is used as a modern bioenergy source for industrial (heat, 
electricity), transportation (biofuels) and domestic (mainly heat) applications 
[9–11]. A significant part of the traditional use of biomass (firewood, sometimes 
animal waste) in developing countries is non-commercial and used for cooking 
and heating, generally by the poorer part of the population. The non-commercial 
use of biomass is poorly mapped and as a result, the contribution of biomass to the 
energy supply is not accurately known [12]. Solid biomass is one of the primary 
energy sources (mainly used for cooking) in many developing countries, especially 
in rural sub-Saharan Africa and South Asia. Traditional biomass use is not sustain-
able because it may result in soil quality degradation by depriving soil nutrients and 
burning it in inefficient cooking stoves can cause high levels of indoor air pollution. 
Most households in sub-Saharan Africa rely on the traditional use of biomass to 
meet their daily cooking needs. In countries such as the Democratic Republic of 
Congo, Ethiopia, Tanzania, Nepal and Nigeria, more than 80% of the total energy 
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demand is met through biomass energy sources. In developing countries, biomass is 
used to some extent in industries such as brick manufacturing [13, 14].

Crude oil is an excellent source of energy, it is easily transported and energy-
rich, it is one of the most energy-dense fuels. The energy density of crude oil and 
methane are 42 MJ/kg and 55 MJ/kg, respectively. Even coal has a good energy 
density (27–32 MJ/kg). Compared to these fossil fuels, the energy density of 
biomass ranges from 8 MJ/kg for greenwood to 20 MJ/kg for dry plant matter. 
Biomass has low bulk density and causes a major problem during storage, handling 
and transportation for further processing. The bulk density of biomass varies from 
around 40 kg/m3 for loose straw and bagasse, in the range of 80–100 kg/m3 for 
agricultural residues and 150–200 kg/m3 for woody biomass to the highest levels of 
around 250 kg/m3 for some wood residues. This translates to needing more biomass 
to produce for the same amount of heat or power and higher transportation costs, 
processing costs, etc. [15, 16].

Most of the biomass used today is derived from agricultural and forestry 
biomass. Agricultural biomass includes the food-based portion and the non-food-
based portion of crops. The food-based portion comprises oils and simple carbo-
hydrates of crops such as corn, sugarcane and beet. The non-food-based portion 
comprises complex carbohydrates of crops such as the leaves, stalks, seed hulls, 
orchard trimmings, nutshells, rice husk, bagasse, coffee pulp and straw. Forestry 
biomass includes wood residues associated with the production of timber in the 
forest, as well as the processing of timber into their final products [17, 18].

The comparatively low energy density of biomass means that issues associated 
with land use must be taken into consideration. Expansion of land use for biomass 
production can lead to a high potential for environmental damage due to deforesta-
tion, erosion, nutrient runoff, emissions, etc. This reduces any potential benefit 
of using biomass. Large-scale cultivation of non-food perennial energy crops for 
bioenergy feedstock is feasible when sufficient land areas are available. The best 
land for agriculture must be used to grow food crops. To avoid food versus energy 
conflict, it is important to use infertile/marginal lands for energy crop cultivation 
with little use of fertilizer or pesticides and potentially needing minimal water. 
Energy crops should not be grown at the expense of biodiversity [15]. For produc-
tive agricultural systems, prospects of biomass production based on the factors 
provided by nature such as light, soil, water and nutrients with soil and water are 
considered as the most crucial natural resource constraints. Identifying land areas 
with minimal disturbance to food production is critical for technically and eco-
nomically feasible biomass production. To achieve sustainable large-scale biomass 
production, marginal or abandoned agricultural land has been widely considered 
as important. Energy crops are adaptive to marginal or abandoned agricultural 
land. Compared with food crops, energy crops such as switchgrass and miscanthus 
generally require much less water to grow and are suitable to partially replace the 
dryland crops [19]. Beyond the vast areas of land needed to grow energy crops, the 
long-term impact of soil quality due to repeated removal of biomass is a concern. 
Water usage is another major concern. Biomass may have a moderate carbon foot-
print, but its water footprint is enormous. Only a small percentage of the biomass 
produced by photosynthesis is currently being cultivated, harvested and used, but 
how much can be used sustainably? As with any approach to energy generation, the 
massive demand for energy stresses the need to be careful in considering the use of 
biomass for energy generation [15].

Plants grow through photosynthesis by absorbing atmospheric CO2 and produc-
ing carbohydrates that form the building blocks of biomass. Water and sunlight are 
the other two key ingredients of photosynthesis, which typically convert less than 
1% of the energy available in sunlight to chemical energy. When biomass burns, 
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it releases CO2 back to the atmosphere that the plants had absorbed recently. i.e., the 
burning of biomass does not add to the total CO2 inventory of the earth. Therefore, 
biomass is considered the most important source of green carbon or carbon-neutral 
fuel. In order to decide the true carbon neutrality, the overall biomass chain needs to 
be considered, including cultivation (for energy crops), harvesting, drying, stor-
age, transportation and processing. These represent a significant cost, energy needs 
and CO2 emissions sources [7]. All these factors must be taken into consideration 
in life-cycle analysis for sustainability. Biomass plays an integral part in the overall 
sustainable energy solution, but it is not a panacea. Biomass for biochar production 
makes land usage more complex. The effect is not only the land usage for biomass 
supply but also the impacts of adding biochar to soils. The impacts may include 
increased productivity and, hence, reducing the land area required for food produc-
tion as well as the potential for biochar to make previously unmanaged or marginal 
land economically productive, thereby facilitating the conversion of marginal land 
to agriculture [15, 20].

Besides heat and electricity generation, biomass can be used as a feedstock for 
biofuel production with technologies already available on the market. Biofuels are 
liquid or gaseous fuels produced from biomass and can be used as a replacement or 
blended with fossil-based fuels for different applications. This makes biomass very 
valuable within future energy systems based on renewable/sustainable sources of 
energy. The biomass potential for the energy markets needs to be evaluated without 
affecting the demands for food and fodder as well as for raw materials. The use of 
biomass has been debated critically on the background of the ongoing environmen-
tal and sustainability discussions.

2.1 Biomass classification

Biomass can be classified into different groups depending upon the origin where 
it is produced, including agricultural biomass, forestry and wood processing resi-
dues, dedicated energy crops (crops cultivated solely for energy), aquatic biomass, 
sewage sludge, digestate (remains of anaerobic digestion), industrial crops, animal, 
industrial, municipal and food waste. Biomass is also classified based on the chemi-
cal composition as carbohydrates, lignin, essential oils, vegetable oils, animal fats 
and natural resins (gums) [21–24].

Agricultural biomasses are natural products of all agriculture. These include a 
wide range of agricultural crop residues (the non-food based portion of crops) that 
are not harvested for commercial use or byproducts from harvesting or processing, 
such as corn stover (leaves, stalks, husks and corn cobs left in a field after harvest), 
sugarcane bagasse, straw residues (barley, oats, rice, rye, wheat) from grain pro-
duction, waste from other food crops, horticulture and food processing. Other 
plant residues include husks of grains and seeds, coconut shells, fruit stones and 
nut shells. Straw and other agricultural residues usually have a high ash content and 
contain chlorides and potassium compounds, which can cause high levels of corro-
sion in boilers. The problems of corrosion and slagging can be mitigated by burning 
biomass at lower temperatures [1, 18].

Forestry and wood processing residues include trees not harvested during 
logging (trees that are not valuable as timber, such as imperfect commercial trees, 
dead wood and other non-commercial trees), biomass removed during logging 
(such as crowns and branches from fully-grown trees) in commercial forests, waste 
from forest and wood processing (such as palm kernel shells, wood pellets, wood-
chips, leaves, barks, lumps and sawdust) as well as materials removed during forest 
management operations (such as trunks of smaller trees removed during thinning, 
dead and dying trees removed during forest control) [1, 25].
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Dedicated energy crops are another expanding and potentially larger source of 
biomass. Energy crops are low maintenance and high yield crop species that give 
the maximum energy yield. These are grown specifically for their fuel value (energy 
applications) on marginal land unsuitable for agriculture. Several crops can be 
readily used as energy sources. There are two types of energy crops, herbaceous 
and short-rotation woody. Herbaceous energy crops include perennials that are 
harvested annually after reaching maturity. It takes 2–3 years to reach complete 
production. These are grasses such as switchgrass, miscanthus, bluestem, elephant 
grass, bamboo and wheatgrass. They do not require replanting for 15 years or more. 
The drawback with most non-woody energy crops is that their chemical proper-
ties generally make them less suitable for combustion due to the high ash and salt 
content [18, 26, 27]. The woody crops are grown on short rotations, generally with 
more intensive management than timber plantations. These fast-growing hardwood 
trees are harvested within 5–8 years of planting. These crops include poplar, willow, 
maple, cottonwood, black walnut and sweetgum [25, 27].

Different kinds of algae, plants and microbes found in water form another 
class of biomass called aquatic biomass. Aquatic biomasses include macroalgae, 
microalgae, seaweed, kelp, water hyacinth and aquatic plants [24]. Animal, indus-
trial, municipal and food waste and sewage sludge are other important sources of 
biomass. Animal and human waste biomass includes waste resulting from farm 
and processing operations, manure of different animals, cooked or uncooked food, 
fruits, paper and pulps. When these waste materials are treated and converted to 
useful energy products, not only energy is being produced, but the problem of 
disposing of these materials is also reduced to a certain extent. Industrial waste 
involves waste from various manufacturing and industrial processes like paper 
sludge from paper industry, sugar cane residues from sugar mills, waste from food 
processing industry, waste oils, textile industry waste and others. Animal and 
human waste biomass and industrial biomass are categorized differently because 
industrial biomass may contain different types of toxic chemicals and harmful 
additives. In contrast, animal and human waste are primarily free of these types 
of harmful materials [28]. Municipal solid waste (MSW) includes waste from 
residential, commercial and industrial sectors that contains a significant amount 
of biomass (such as paper, cardboard, wood, food, leather, textiles and yard trim-
mings) with energy content. Food waste contains residues from food and drinks 
manufacture, preparation and processing, post-consumer waste, animal fat, used 
cooking oil etc. Other biomasses include Industrial crops (crops developed to pro-
duce specific chemicals or feedstocks such as kenaf), construction and demolition 
waste, building material waste, abandoned furniture etc. [18, 25].

2.2 Composition of biomass

The chemical composition of biomass is different from fossil fuels. The most 
abundant biomass on the earth is LCB, including agricultural biomass, forestry 
and wood processing residues, dedicated energy crops, industrial crops and food 
waste, hence, the following sections primarily focus on LCB. Plant biomass is a 
complex mixture of polymers consisting of three key elements: 42–47% of car-
bon (C), 40–44% of oxygen (O) and 6% of hydrogen (H), all percentages in dry 
matter, whose total content generally reaches above 95% [24, 29]. Plant biomass 
also contains macronutrients such as nitrogen (N), phosphorus (P), potassium 
(K), magnesium (Mg), sulfur (S), calcium (Ca). These inorganics are required in 
relatively high amounts (> 0.1% of dry mass) and essential for plant life cycle and 
biomass production. In addition, plants need a small amount of micronutrients 
(essential elements required in relatively small amounts, 100 mg/kg of dry mass) 
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such as chlorine (Cl), iron (Fe), boron (B), manganese (Mn), zinc (Zn), copper 
(Cu), molybdenum (Mo), nickel (Ni). Trace elements like sodium (Na), silicon 
(Si), selenium (Se), titanium (Ti), vanadium (V), cobalt (Co), aluminum (Al) and 
other heavy metals may also be present in plant biomass at different levels depend-
ing upon the plant species and the environment [24, 30–32].

Plant biomass has a carbon-to-oxygen (C/O) ratio of almost one. Because of this 
high oxygen level, the energy density of biomass is relatively low relative to fossil 
fuels. The major component of plant biomass is cellular lignocellulosic material, 
which is the non-starch fibrous part of the plant materials. Cellulose, hemicellulose 
and lignin are the three major constituents of LCB constituting the cell wall of 
plants [5, 15, 21]. The main component of the plant cell wall is cellulose (a linear 
homogeneous structural polysaccharide composed of D-glucose units with molecu-
lar weight (MW) > 100,000), which provides structural support. The second most 
abundant polymer in LCB is hemicellulose, a ramified heterogeneous structural 
polysaccharide composed of D-xylose, L-arabinose, D-mannose, D-galactose and 
D-glucose units. The third most abundant polymer in LCB is lignin, a phenylpro-
panoid polymer composed of guaiacyl, p-hydroxyphenyl and syringyl units  
[33, 34]. The compositions (cellulose, hemicellulose and lignin) of common 
LCB are listed in Table 1. Cellulose macromolecules form tough microfibers that 
function as the skeleton material of the cell wall. The inner space is packed with 
branched amorphous hemicellulose and lignin linking material. Cellulose connects 
with hemicellulose or lignin mainly through hydrogen bonds, while hemicellulose 
connects with lignin via both hydrogen and covalent bonds. Lignins and carbo-
hydrates link tightly together in lignin-carbohydrate complexes, which results 
in residual carbohydrate or lignin fragments in extracted lignin or hemicellulose 
samples. Wooden biomasses are usually rich in cellulose, leaves and grasses are rich 
in hemicellulose and the shells are mostly rich in lignin. Cellulose is thermally more 
stable than hemicellulose. Knowledge of cellulose, hemicellulose and lignin compo-
sition in LCB can be helpful in controlling the product chemistry [32, 37].

In addition to the three major components, some other compounds present in 
LCB include inorganic compounds and organic extractives. These exist as non-struc-
tural components that do not constitute the cell walls or cell layers. Organic extrac-
tives can be extracted by nonpolar solvents (such as toluene and hexane) or polar 
solvents (such as water and alcohol). These include fats, waxes, proteins, terpenes, 

Lignocellulosic material Cellulose % Hemicellulose % Lignin %

Hardwood stems 40–55 24–40 18–25

Softwood stems 45–50 25–35 25–35

Almond shells 29.0–31.1 28.0–38.0 27.7–35

Corncobs 45 35 15

Grasses 25–40 35–50 10–30

Wheat straw 30 50 15

Flax straw 36.70 34.40 28.90

Leaves 15–32 80–85 0

Sugar cane bagasse 32–44 27–32 19–24

Coastal Bermuda grass 25 35.7 6.4

Switch grass 45 31.4 12

Table 1. 
Composition of common LCB [35, 36].
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simple sugars, gums, resins, starches, alkaloids, phenolics, pectins, glycosides, muci-
lages, saponins and essential oils. Often these compounds are responsible for the 
smell, color, flavor and natural resistance to rotting of some species. A common clas-
sification divides them into aliphatic compounds (mainly fats and waxes), terpenes 
and terpenoids, and phenolic compounds. The inorganic compounds constitute less 
than 10% by weight of LCB, forms ash in the pyrolysis process [21, 32].

LCB contains varying amounts of inorganic materials (including alkali and 
heavy metals, chlorine, phosphorus and sulfur) collectively called ash. The ash 
contents in LCB depend on feedstock type, the environment in which it was 
grown, fertilizer use, and contamination with soil particles. Typically, softwood 
and hardwood have ash contents below 1 wt%, short-rotation woody crops have 
around 2 wt%. Herbaceous crops have high levels of potassium and silicon and 
ash contents up to 7 wt%. Ash content is also not uniformly distributed within 
biomass; bark has higher concentrations of inorganics [38]. Water in wet bio-
mass contains in three phases: bound water (hygroscopic or adsorbed, in cell 
walls, believed to be hydrogen-bonded to the OH groups of primarily cellulose 
and hemicelluloses of the biomass); free or unbound water (liquid water in cell 
cavities or voids of the biomass if the moisture content is higher than the fiber 
saturation point); and water vapor which fills the cell cavities or voids of the 
biomass [23]. Depending on the type of LCB, the cellulose, hemicellulose and 
lignin content fall in the range 40–60%, 15–30% and 10–25%, respectively. Both 
cellulose and hemicellulose are carbohydrates (polymers of sugars) and can be 
hydrolyzed into fermentable sugars, which in turn can be converted into fuels 
and chemicals. Wood biomass contains much higher amounts of the three main 
components (~90%), while agricultural and herbaceous biomass contains more 
extractives and ash [21, 32].

2.2.1 Cellulose

Cellulose is the most abundant organic polymer on the planet. It is one of the 
main structural constituents of the lignocellulose cell wall of green plants and is 
found in an organized fibrous structure. Cellulose is a polysaccharide consisting 
of d-glucose (pyranose) units linked by β-1,4 glycosidic bonds. The 𝛽𝛽-linkages 
in cellulose form linear chains. The degree of polymerization (DP) is about 
300–15,000, depending on the plant variety. Cellobiose is the repeating glucose 
disaccharide of cellulose. Because of its long and linear molecules, cellulose does 
not dissolve readily in water. The chemical formula of cellulose can be written 
as (C6H10O5)n, where n is the DP. It is the long flexible natural polymer in fibers 
that predominately gives trees and wood of their strength. Cellulose chains 
are grouped to form cellulose fibers, which are interlinked by hydrogen bonds 
and van der Waals forces, resulting in long microfibrils. These microfibrils are 
arranged as a mesh in the cell wall, giving it strength and shape. Hemicelluloses 
and lignin cover the cellulose microfibrils. Cellulose is highly stable and resistant 
to chemical attack because of the high degree of hydrogen bonding between cel-
lulose chains [15, 32, 37, 39, 40].

The hydroxyl (OH) groups present on the inner and outer surfaces of cellulose 
forms intra- and intermolecular hydrogen bonds, which stiffens the chains and 
promotes aggregation into a crystalline structure. The crystallinity and stabiliza-
tion of cellulose mainly originate from the presence of OH groups. As three OH 
groups are available in each glucose molecule, the inner and outer surfaces of cellu-
lose are covered by OH groups. These OH groups make hydrogen bonds with other 
OH groups and other groups (such as O, N and S) available in lignocelluloses. The 
crystalline structure of cellulose leads to chemical stability and provides strength 
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and toughness to the roots and stems of a plant. Cellulose molecules have different 
orientations throughout the structure resulting in different levels of crystallinity. 
The energy of hydrogen bonds in water and cellulose is 15 and 28 kJ/mol, respec-
tively and the energy of van der Waals in water is only 0.15 kJ/mol. The strength 
of cellulose mainly originates from the existence of hydrogen bonds rather than 
van der Waals forces. The interchain hydrogen bonds introduce order (crystalline) 
or disorder (amorphous) into cellulose structure, creating two forms of cellulose: 
crystalline and amorphous. Cellulose requires severe hydrolysis conditions for 
breaking it into simple glucose units due to its crystalline structure. As suggested 
by some authors, cellulose consists of three regions: true crystal, subcrystalline 
(disordered structure in true crystal regions) and or noncrystalline (subscrystal-
line) regions. The crystallinity index (CrI) usually characterizes the crystallinity of 
cellulose, increasing CrI leads to decreasing chemical and biological hydrolysis of 
cellulose [41, 42].

2.2.2 Hemicellulose

Hemicellulose is the second most abundant natural organic polymer after 
cellulose on the planet. In contrast to the linear or one-dimensional structure 
of cellulose, hemicellulose is a two-dimensional polymer composed of short 
chain branched heteropolysaccharides side connections. It is one of the major 
constituents of plant cell walls and is strongly linked to the surface of cellulose 
microfibrils. Hemicellulose is a random heterogeneous polysaccharide of pen-
toses (xylose and arabinose), hexoses (galactose, glucose and galactose) and 
their acidified derivatives such as glucuronic and galacturonic acids. Because 
of the branched nature, hemicellulose is amorphous, which is relatively easy to 
hydrolyze (by dilute acids, bases and hemicellulose enzymes) to its constituent 
sugars compared to cellulose. The content and structure of hemicellulose dif-
fer among LCB. The general nature of the hemicellulose structure depends on 
the type of plant, with the result that certain types of lignocellulosic materials 
are easier to hydrolyze than others. The various sugar units are arranged with 
different substituents and in different proportions. Hemicellulose has a degree of 
polymerization of 80–200. It is much smaller than cellulose, with a relatively low 
MW (< 30,000). The general chemical formula of hemicellulose can be written 
as (C6H8O4)m, where m is the DP. Lateral chains of hemicellulose form the tightly 
bound network through hydrogen bonds with cellulose microfibrils. It makes 
a highly rigid matrix of the cellulose-hemicellulose-lignin with interaction of 
lignin via covalent bonds [15, 32, 37, 39, 43, 44].

The different groups of polysaccharide molecules such as xylans, mannans, 
galactans and arabinogalactans make up hemicellulose. Xylan is the most common 
polysaccharide in hemicellulose consists of backbone chains that contain a varying 
number of D-xylopyranose linked by β −1,4 linkage (70–130 in softwood xylan and 
150–200 in hardwood xylan). Mannans are made up of β−1, 4-linked D-mannose 
backbone mixed with D-glucose and D-galactose residues. These compounds include 
mannan (made up of mannose monomer), galactomannan (made up of mannose 
and galactose monomers), glucomannan (made up of mannose and glucose mono-
mers), glucuronic acid (made up of mannose and glucuronic monomers). Galactan 
is composed of repeating galactose units as a polymer. Arabinogalactans consist of 
arabinose and galactose monosaccharides. The dominant hemicellulose component 
in hardwood, agricultural residues and herbaceous crops is xylan, with a small 
degree of acetylation and arabinose side groups. The main form of hemicellulose in 
softwood is glucomannan, highly acetylated and containing glucose and mannose 
[15, 32, 37, 44].
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2.2.3 Lignin

After cellulose and hemicellulose, lignin is the third largest heteropolymer 
that occurs predominantly in the cell walls of woody plants. It is the main non-
polysaccharide constituent of plant biomass and the amount of lignin vary widely 
with plant species. Lignin primarily consists of macromolecules that contain highly 
branched phenolic compounds. Lignin is composed of three different phenyl 
propane (three-carbon chain attached to rings of six carbon atoms) monomers, 
including coniferyl alcohol (guaiacyl propanol), p-coumaryl alcohol (p-hydroxy-
phenyl propanol) and syringyl alcohol (sinapyl alcohol). The phenyl propane 
monomeric units in lignin are linked in different ways (alkyl-aryl, alkyl-alkyl and 
aryl-aryl ether bonds): through oxygen bridges between two propyl and phenyl 
groups, between a phenyl and a propyl group or through carbon–carbon bonds 
between the same groups. Lignin is generally considered as the natural phenolic 
glue that tightly binds cellulose and hemicellulose of LCB together; thus, leading 
to a strong cell wall structure and making it insoluble in water. The functions of 
lignin, an amorphous and highly complex aromatic hydrophobic biopolymer, 
are (a) to provide mechanical strength to the plants. It plays a cementing role for 
linkages (van der Waals, hydrogen bond and covalent bond) between cellulose and 
hemicellulose to form a 3-dimensional structure of lignin-polysaccharide complex 
in cell wall leading to a strong cell wall structure; (b) to provide sealing for water-
conducting system linking roots with leaves. Polysaccharide components of the 
plant cell wall are hydrophilic and permeable, while lignin is hydrophobic and 
impermeable. The cross-linking between polysaccharides and lignin is a barrier for 
water absorption to the cell wall that create vascular tissues for efficient conduc-
tion of water in plants. Lignin exists in all vascular plants; and (c) to protect plants 
against biodegradation. It forms a natural protective shield protecting cellulose 
and hemicellulose in plants and makes plants resistant to pathogens, oxidative 
stresses and biodegradation by enzymes and microorganisms [42, 45–47].

The distinctive feature that differentiates lignin from cellulose and hemicel-
luloses is the presence of aromatic monomers. Lignin is less polar than cellulose 
or hemicellulose. Physically, cellulose microfibrils encrust hemicellulose whose 
empty spaces are filled up with lignin. Lignin is embedded within hemicellulose to 
provide additional rigidity to the plant. These lignin-hemicellulose fibers char-
acterize woody plants, whereas the fibers in herbaceous plants are more loosely 
bound, indicating a lower amount of lignin [15, 35, 47]. The lignin content of 
plants varies with species and age. It is originated from not only content but also 
monomeric units and linkage types. The lignin content of softwood is in the range 
of 25–40%, which is higher than that of hardwood (18–25%), herbaceous crops 
(10–20%) and annual plants (10–12%). LCB with lignin percentage up to 40% has 
been reported. Softwood lignin is primarily made from coniferyl alcohol (>95%), 
with the rest consisting of coumaryl alcohol derived units and trace amounts of 
syringyl alcohol derived units. Hardwood lignin is composed of coniferyl alcohol 
and syringyl alcohol derived units in varying ratios. Lignin in grassy biomass has 
all three types of monomers. Annual plants lignin is composed of coumaryl alco-
hol. The elemental composition of lignin is approximately 61–65% carbon, 5–6% 
hydrogen and the remaining is oxygen. The carbon to oxygen (C/O) atom ratio for 
lignin is higher than 2:1, which is at least double that of hemicellulose and cel-
lulose, where the C/O ratio is nearly 1:1. Therefore, lignin is a more energy-dense 
substance than polysaccharides. Lignin structure has many polar and hydroxyl 
groups allowing the establishment of strong intramolecular and intermolecular 
hydrogen bonds. These make lignin insoluble in any solvents except alkaline 
 solutions [23, 37, 42, 44, 48].
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3. Analysis of biomass

Analysis of biomass feedstock is an integral part of understanding the behavior 
of biomass in energy use. The proximate analysis, ultimate analysis and higher heat-
ing value (HHV) of biomass can provide a clear understanding of its thermochemi-
cal conversion characteristics.

3.1 Proximate analysis

The proximate analysis provides information on the biomass in terms of 
volatile matter (VM), ash content, fixed carbon (FC) and moisture (M). VM of 
biomass is the condensable and non-condensable gases released from the biomass 
during heating. The amount of VM depends on the heating rate and the final 
temperature to which biomass is heated. Ash is the solid residue left after the 
biomass is completely burned. FC shows the percentage of biomass burned in the 
solid states, while VM indicates the percentage of biomass burned in the gaseous 
state. The ash content indicates the quantity of non-combustible ash remaining 
on the fire grates or ash pit or entrained with flue gases. These are of fundamen-
tal importance for biomass energy use and such information for specific LCB 
are depicted in Table 2. Such data provides the furnace designer with essential 
information for the furnace design, including sizing and location of primary and 
secondary air supplies, refractory, ash removal and exhaust handling equipment 
etc. [49, 50].

The composition of ash depends on the type of biomass which includes mostly 
inorganic residues such as silica, aluminum, iron, calcium and small amounts of 
magnesium, titanium, sodium and potassium may also be present. Even though ash 
content of biomass is usually very small, it may play a significant role in biomass 
combustion or gasification if biomass contains alkali metals (such as potassium) or 
halides (such as chlorine). Straw, other agricultural residues and grasses generally 
contain potassium compounds and chlorides are particularly susceptible to this 
problem and can cause severe agglomeration, fouling and corrosion in boilers or 
gasifiers. The ash obtained during biomass conversion does not necessarily come 
from biomass itself but also from other sources such as contamination as well. 
Biomass can pick up a considerable amount of dirt, soil, rock and other impurities 
during collection and handling. These also partly contribute to ash content. FC is 

Lignocellulosic Material VM FC Ash Moisture

Hardwood 72.3 25 2.7 7.8

Softwood 70 28.1 1.7 8.8

Almond shells 79.7 4.9 2.3 8.7

Corncobs 80.6 18.2 1.2 9.7

Reed canary grass 82.5 12.1 5.5 4.7

Wheat straw 63 23.5 5.5–13.5 8.5

Flax straw 80.3 8.8 3.0 7.9

Hazelnut seedcoat 71.20 27.0 1.8 6.8

Sugar cane bagasse 84.00 1.64 4.5–9 8.5

Elephant grass 65 14.66 6.0 10

Table 2. 
Proximate analysis (wt%) of common LCB [35].
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the solid carbon (non-volatile) in the biomass that remains in the char in the 
pyrolysis process after devolatilization. The amount of FC is related to VM, mois-
ture (M) and ash by the equation: 1 MFC VM ASH= − − −  [18, 49].

The relationship between FC and charcoal yield in biomass is positive, while VM 
and ash relate negatively to charcoal yield. It is expected that the greater biomass VM 
lead to greater gas production instead of the solid phase. Moisture content will have 
a significant impact on the biomass conversion process. High moisture content is a 
major concern in biomass. Biochemical conversion processes can use biomass with 
high moisture content, while thermochemical conversion processes generally require 
biomass with low moisture content. However, gasification processes require some 
moisture to produce hydrogen and the amount of hydrogen produced will increase 
with moisture content. The moisture content of some biomass, such as water hya-
cinth, can be very high (> 90%). As the energy used in evaporation is not recovered, 
moisture drains much of the deliverable energy during conversion [49–51].

3.2 Ultimate analysis

The ultimate analysis provides the composition of biomass, including major 
elements (C, H, O, S, N and Cl), moisture and ash on a gravimetric basis. The 
ultimate analysis of common LCB are listed in Table 3. The ultimate analysis is 
generally reported on a dry and ash-free basis. These are useful in understanding 
biomass processes and performing mass balances on biomass conversion processes. 
Elemental chemical composition, moisture, ash and volatiles are essential for 
thermal/ thermochemical conversions of biomass. Additional information on the 
polymeric composition of biomass is important for conversions like torrefaction, 
pyrolysis and gasification. A typical ultimate analysis of the biomass in terms of its 
basic elements, moisture (M) and inorganic constituents (ASH) can be written as: 

N S M 100%C H O ASH+ + + + + + = . The hydrogen or oxygen content in the 
ultimate analysis includes only the hydrogen and oxygen present in the organic 
components of the biomass it does not include the hydrogen and oxygen in the 
moisture. The moisture in the biomass is expressed separately as M. The ultimate 
analysis is useful in calculating the quantity of combustion air required to sustain the 
combustion reactions. Generally, sulfur and nitrogen content of biomass is very low. 
As a result, biomass produces minimal SOX and NOX pollutants. Particulate emis-
sions of unburned carbon in the flue gases can present pollution problems [49, 51].

Lignocellulosic Material C H N S O

Hardwood stems 48.6 6.2 0.4 — 41.1

Softwood stems 52.1 6.1 0.2 — 41.0

Almond shells 54.7 7.5 0.3 0.3 37.4

Corncobs 43.6 5.8 0.7 1.3 48.6

Grasses 48.3 5.7 0.8 — 39.4

Wheat straw 53.9 7.0 3.0 — 36.1

Flax straw 43.10 6.20 0.68 0.09 49.90

Hazelnut seedcoat 52.90 5.6 1.4 42.7

Sugar cane bagasse 45.13 6.05 0.3 — 42.77

Switch grass 48.6 5.5 0.5 39.5

Table 3. 
Ultimate analysis (wt%) of common LCB [35].
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4. Biomass conversion

Biomass conversion is the key step to produce heat, biofuels or chemicals from 
LCB. Biomass can be converted to these products through chemical, biochemical 
and thermochemical conversion processes. Selection of the conversion process 
depends on number of factors, including the desired form of end products (heat, 
biofuels or chemicals), biomass feedstock (type, quantity and characteristics) avail-
able, environmental standards, policy, economic conditions and specific factors 
related to the project. In most situations, the selection is based on two main fac-
tors, i.e., desired form of end products and the available feedstocks [5, 21, 52]. The 
moisture content of biomass primarily determines the conversion process for the 
selected biomass. Thermochemical conversions like pyrolysis, gasification or com-
bustion are ideal for dry biomasses such as wood or straw. These processes are often 
unsuitable for wet biomass because of low energy density due to high moisture con-
tent. The high moisture content significantly increases the transportation cost and 
energy cost for drying. Wet conversion processes such as hydrothermal processing 
and biochemical processing (fermentation and anaerobic digestion) have gained 
growing attention and are more suitable to process high moisture content biomass 
like aquatic biomasses, sewage sludge, food waste and manures. Despite consuming 
less energy, biochemical conversion processes require more time compared to ther-
mochemical conversion processes. Subsequently, much attention has been placed on 
hydrothermal processing, which is more cost-effective than conventional thermal 
drying followed by thermochemical conversion. The additional parameters (like 
cost and feasibility of drying etc.) need to be considered when selecting the correct 
conversion process, primarily if the moisture content lies between wet and dry 
regions [6, 21, 53, 54]. Biomass has substantial quantities of free and bound water. 
Wet biomass requires drying before pyrolysis, gasification or combustion; hence, 
additional energy and facilities are needed. Drying biomass outside the pyrolysis 
reactor is beneficial (produce pyrolysis vapor with high calorific value and bio-oil 
with low water content) [23].

The important biochemical conversion processes include anaerobic/aerobic 
digestion, fermentation and enzymatic or acid hydrolysis. In biochemical conver-
sion, biomass molecules are broken down into smaller molecules by bacteria or 
enzymes. This process is much slower than the thermochemical conversion process 
but does not require much external energy. In anaerobic digestion, bacteria take 
oxygen from the biomass itself instead of atmospheric oxygen. The products of 
anaerobic digestion are biogas (a mixture of methane, carbon dioxide) and solid 
digestate. Only 5–10% of the feed into the digester is digested by the anaerobic 
bacteria. The digestate consists of remaining indigestible material. Aerobic diges-
tion, commonly known as composting, takes place in the presence of oxygen. It 
uses different types of microorganisms that access oxygen from the air, producing 
carbon dioxide, heat and solid residue (compost). In fermentation, starch is con-
verted into sugars using acids or enzymes. Then sugar is converted into ethanol or 
other chemicals with the help of yeast. The fermentation of lignocellulosic feed-
stock requires additional pretreatment (hydrolysis) to breakdown the cellulose and 
hemicellulose into simple sugars. Hydrolysis can be achieved by the use of acids, 
enzymes or hydrothermally [5, 21, 52].

The lignin is not converted and is left for thermochemical conversion. Major 
thermochemical conversion processes include combustion, gasification, pyrolysis, 
torrefaction and hydrothermal processing. These are further discussed in the 
following sections. Thermochemical conversions generally offer many advantages 
over biochemical conversions, such as handling a wide variety of feedstocks, better 
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conversion efficiency, high energy efficiency and shorter reaction times. As a result, 
in recent years, thermochemical conversions have received greater attention for 
biofuels production [3, 21].

5. Thermochemical conversion

There are many types of thermochemical conversion processes through which 
biomass is converted to solid, liquid and gaseous products. Thermochemical 
conversion processes use high temperatures to breakdown the bonds of organic 
matter. Thermochemical conversion routes can be classified according to the 
oxygen content used in the process, including combustion (complete oxidation), 
gasification (partial oxidation) and pyrolysis (thermal degradation in the absence 
of oxygen). Torrefaction is also performed in the absence of oxygen. Hydrothermal 
processing is an alternative route to process wet biomass using heat and pressure 
in the presence of water, which can also be considered a thermal degradation in 
the absence of oxygen. The typical products of thermochemical conversion of 
biomass are carbon-rich solid residue (biochar), condensable vapors (bio-oil or 
tar) and non-condensable gases. The distribution of products (biochar, bio-oil/tar 
and gases) depends primarily on the conversion process [21]. A brief description of 
biochar, bio-oil and gases are given below.

Biochar - Biochar is a porous carbonaceous material with a high degree of 
aromatization and strong antidecomposition ability. The physical, chemical and 
mechanical properties of biochar will depend on the feedstock material characteris-
tics and pyrolysis conditions used for the production of biochar. It has a wide range 
of potential applications in various agronomic and industrial sectors. Biochar is 
used in agriculture to upgrade the soil quality, in waste treatment to remove organic 
contaminants, heavy metals and different types of dyes and pigments from textile 
industries and in power generation as a fuel. The most successful approach for high-
yield biochar production is via slow pyrolysis [21].

Bio-oil - Bio-oil is a dark brown, free-flowing organic liquid mixture. It generally 
comprises of 15–35 wt% water (resulting from both the original moisture and as 
a pyrolysis product) and a mixture of organic compounds, such as acids, alcohols, 
ketones, aldehydes, phenols, ethers, esters, sugars, furans, alkenes, nitrogen 
compounds, miscellaneous oxygenates and solid particles. The final water content 
of bio-oils depends on the initial moisture content of biomass feedstock and water 
formation during pyrolysis. Water cannot be removed from bio-oil by conventional 
methods like distillation. Bio-oil has a low (15–20 MJ/kg) HHV in comparison to 
conventional petroleum fuel HHV of 42–45 MJ/kg due to the increased oxygen 
content (35–40 wt% on a dry basis). Bio-oil density is approximately 1200 kg/m3; 
the viscosity ranges from 25 to 1000 cP (depending on the composition). It is acidic 
in nature (pH value of 2–4) due to the presence of organic acids such as formic and 
acetic acid and, hence, corrosive. Bio-oil has a large amount of oxygenated com-
pounds and organic material; it is highly polar. As a result, bio-oil is hydrophilic. 
A distinct aqueous phase is only observed with bio-oil having water content in the 
range 30–45 wt% [23, 55]. Bio-oil will not mix with hydrocarbon liquids. Bio-oil 
has a complex mixture of oxygenated compounds that provide the potential and 
challenge for its utilization. It has a range of uses in energy applications, can be 
used in boilers for heat and power generation, cofired with natural gas/coal in 
power plants or blended with other fuels such as ethanol or gasoline. Bio-oil can be 
converted into fuels (ethanol and diesel) and chemicals through hydrocracking/
hydroprocessing [56].
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Non-condensable gases – Gases produced in biomass pyrolysis may consist of car-
bon dioxide (CO2), carbon monoxide (CO), hydrogen (H2), methane (CH4), ethane 
(C2H6) and ethylene (C2H4), and small amounts of other gases, such as propane 
(C3H8), ammonia (NH3), nitrogen oxides (NOX), sulfur oxides (SOX) and alcohols 
of low carbon numbers. The composition of the non-condensable gases will be 
determined by the pyrolysis temperature and the vapors condensing temperature. 
Lower pyrolysis temperatures (such as torrefaction) result in higher amounts of 
CO and CO2, while higher pyrolysis temperatures result in increased content of 
CH4 and H2.

5.1 Combustion

Combustion is simply the burning of biomass in air. Chemically it is high-
temperature exothermic oxidation of biomass in the presence of oxygen. Complete 
combustion of biomass involves the production of heat due to the oxidation of 
carbon and hydrogen of biomass to CO2 and H2O, respectively. The process consists 
of consecutive heterogeneous and homogeneous reactions. Biomass combustion 
basically depends on the properties of the feedstock and particle size, temperature 
and combustion atmosphere. Char (contains some organic carbon) and ash (typi-
cally includes inorganic oxides and carbonates) are the solid byproducts of combus-
tion. Combustion temperatures are usually in the range of 700–1400°C [52, 57].

Energy stored in biomass can be converted into heat and power via combus-
tion. The chemical composition and the combustion properties of biomass vary 
considerably depending on the biomass type. A wide range of biomass sources can 
be considered for combustion. Seasonal, regional variances and parts of the plant 
(bark, branches and leaves etc.) of the woody biomass (wood chips, wood pellets 
and waste woods etc.) can result in differences in the chemical composition of the 
feedstock. Straw is also considered as having potential as an alternative feedstock. 
Straw is essentially a waste product from agricultural crop production. This feed-
stock does not compete with agricultural products for the limited land resources. 
Besides wood and straw, a wide variety of waste products such as rice husks, wheat 
bran, peanut shells, coffee grounds, bagasse, etc., can be used as feedstock. These 
can be used as an inexpensive fuel to produce heat or electricity needed for indus-
trial processes. The best quality fuels contain high amounts of carbon and hydrogen 
and low amounts of other elements (oxygen, nitrogen, sulfur and trace elements). 
Biomass usually contains higher levels of oxygen than fossil fuels. Impurities such as 
sulfur and nitrogen are associated with the emission of SOX and NOX. Trace ele-
ments such as potassium and sodium can cause fouling; chlorine leads to corrosion 
and silica causes excessive wear to milling equipment [52, 57].

Fresh woodchips can contain 50% moisture and leaves can be over 90% mois-
ture. Most furnaces and boilers recommended biomass with less than 20% mois-
ture. It is extremely difficult to maintain combustion with a moisture content of 
more than 55%. Higher levels of moisture affect combustion efficiency and increase 
the amount of smoke emitted. The water content also increases the combustion 
time of a biomass particle and, thus, extends the required residence time in a boiler/
furnace. Torrefaction upgrades biomass by removing lighter volatiles and moisture. 
It improves the heating value of biomass, increases the hydrophobicity and stability 
and, thus, can be stored under the open sky [52, 57].

Combustion can be split into four stages: drying, pyrolysis (devolatilization), 
volatiles combustion and char combustion. When biomass particles enter a hot 
environment, moisture in the particles starts to evaporate. On further heating, 
volatile gases and tars are released from biomass particles, followed by the combus-
tion of volatiles. The remaining char will essentially retain its original shape. In the 
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char combustion stage, char reacts with oxygen to form mainly CO2 (and CO due to 
incomplete combustion) and ash remains after combustion is completed. Detailed 
chemical reactions kinetics that takes place during biomass combustion are complex 
[52, 57, 58].

The initial combustion stage requires heat to evaporate moisture; hence, it is 
necessary to have biomass with minimal moisture content. Biomass has a signifi-
cantly higher volatile matter content compared to coal and the fixed carbon to 
volatile matter (FC/VM) ratio is significantly low. Lower values of the FC/VM 
ratio leads to high ignition behavior. Biomass releases VM at a lower temperature 
and more rapidly than coal, thus, reducing ignition temperature compared to coal. 
Proper design of the air supply is important due to the faster release of VM in order 
not to delay combustion. Combustion of VM is fast compared to combustion of 
solid charcoal and a low ratio of FC/VM decreases the residence time in the boiler/
furnace [52, 57, 58].

Incomplete combustion results in the formation of intermediates, including 
pollutants such as CO, CH4 and particulate matter (PM). Ash handling, high emis-
sions of NOX, SOX, CO2 and particulate matter make combustion environmentally 
challenging. Biomass is more corrosive, tends to foul heating surfaces, ash from 
biomass tends to agglomerate. The boilers have to be redesigned to burn biomass 
properly. Depending on the condition and combustion properties of the biomass to 
be burned, different furnace designs and combustion parameters can be selected to 
ensure optimum efficiency. Direct combustion is currently the principal method of 
generating electricity around the world [52, 57, 58].

5.2 Gasification

Biomass gasification is a thermochemical process of converting solid biomass 
into a gaseous fuel known as synthesis gas or producer gas under a reduced oxygen 
atmosphere to avoid complete combustion [59, 60]. Gasification aims to maximize 
the conversion of biomass feed into useable gases. In the gasifier, feed is exposed to 
a high temperature atmosphere, which heats the biomass leading to thermal decom-
position. In contrast to pyrolysis, the feed is brought into contact with a gasifying 
agent (air). At the gasifier temperature, reactions between oxygen and carbon 
take place. A mixture of many gases, primarily carbon monoxide and hydrogen, is 
released as the output product of the gasification process. The gas contains vari-
ous percentages of CO, H2, CH4, CO2, H2O and N2 depending on the quality of the 
biomass used and the way gasification is conducted. It also produces liquids (oils, 
tars, and other condensates) and solids (char, ash) from solid biomass feedstocks 
[5, 61, 62]. A simple way of representing the gasification reaction is shown below

 
( ) ( ) ( ) ( ) ( )
( ) ( ) ( )

2 2 2 4

2

gBiomass O CO g H g CO g CH g
Tar l H O l Char s TraceSpecies

+ → + + +
+ + + +  (1)

Gasification processes are designed to generate fuel or synthesis gases as the 
primary product that can be used in internal and external combustion engines as 
well as fuel cells, offering a viable solution to overcome energy demands. Currently, 
such syngas is used as fuel to generate heat and electricity or as a feedstock for many 
products in the petrochemical and refinery industries, like methanol, ammonia, 
synthetic gasoline, etc. The overall gasification process is endothermic, requiring 
energy input for the reactions to proceed, most of which operate between 600°C 
and 1500°C [59, 63]. The energy needed for this endothermic reaction is obtained 
by oxidation of part of the biomass through a direct heating (autothermal) or an 
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indirect heating (allothermal) phase. The main operating parameters of gasification 
include type and design of gasifier, gasification temperature, flow rates of biomass 
and oxidizing agents (air or steam), type and amount of catalysts, and biomass type 
and properties [64]. In addition to the operating conditions of the gasifiers, the 
properties of biomass such as size, shape, density, chemical composition, energy 
content and moisture content affect biomass gasification. Gasifier reactors are 
simple in construction and their designs are generally categorized into the following 
types: downdraft, updraft, entrained flow, and fluidized bed.

If air is used as the gasifying agent, the producer gas is usually diluted by 
atmospheric nitrogen. As a result, producer gas has a relatively low calorific value 
of 4–6 MJ/m3 (normal cubic meter) compared to the calorific value of natural gas 
of 39 MJ/m3. Because of its low calorific value, larger volumes of producer gas are 
required to achieve a given energy output compared to natural gas. In some more 
applications, oxygen-enriched air, oxygen or even steam may be used as the gasify-
ing agent, resulting in the production of syngas with higher calorific value in the 
range of 10–15 MJ/m3 due to the absence of diluting nitrogen [16].

5.3 Pyrolysis

Pyrolysis is a thermal decomposition process that takes place in the absence 
of oxygen to convert biomass into three distinct product fractions: solid residue 
(biochar), condensable vapors resulting liquid product fraction (bio-oil) and non-
condensable gaseous products. Once oxygen is removed, combustion cannot occur; 
instead, pyrolysis happens. Pyrolysis temperatures are usually between 300 and 
700°C, depending on the pyrolysis process employed. Pyrolysis is the most promis-
ing technique to convert biomass into biochar and bio-oil. Lower pyrolysis tempera-
tures and longer residence times tend to produce more biochar. High temperatures 
and longer residence times increase the production of gas. Moderate temperatures 
and short residence times tend to produce more liquids. Higher pyrolysis tempera-
tures tend to produce a higher proportion of aromatic carbon [65, 66].

Depending on the operating conditions (heating rate, solid residence time and 
temperature), pyrolysis processes are classified as torrefaction, slow (conventional) 
pyrolysis, intermediate pyrolysis, fast pyrolysis, flash pyrolysis, and microwave 
pyrolysis. Various operating conditions are used in these processes; residence time 
can vary from less than 1 second to hours, heating rate can vary from less than 1°C/s 
to more than 1000°C/s and temperature ranges from 300 to 700°C or higher. As 
each type of pyrolysis produces different proportions of the three types of products 
(biochar, bio-oil and gas), careful selection of the pyrolysis process is essential to 
obtain the final desired product [21].

The primary conversion of biomass during the pyrolysis process can be 
described by three pathways; char formation, depolymerization and fragmenta-
tion. Char formation is generally favored by intra- and intermolecular rearrange-
ment reactions resulting in higher thermal stability of the residue. This pathway is 
characterized by the formation of benzene rings and the combination of these rings 
into an aromatic polycyclic structure. These rearrangement reactions are generally 
accompanied by the release of water or non-condensable gas (devolatilization). 
Depolymerization is a dominant reaction during the initial stages of pyrolysis, 
characterized by the breaking of polymer bonds. This occurs when the tempera-
ture is sufficiently greater than the activation energies for the bond dissociation. 
Depolymerization increases the concentration of free radicals. It is followed by 
stabilization reactions to produce monomer, dimer and trimer units. These volatile 
molecules are condensable at ambient conditions and found in the liquid fraction. 
Fragmentation consists of breaking polymer bonds and even monomer bonds result 
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in the formation of non-condensable gases and a range of organic vapors that are 
condensable at ambient conditions [55, 58, 67].

The decomposition of cellulose, hemicelluloses and lignin releases a mixture of 
condensable vapors and non-condensable gases. The condensable vapor contains 
(apart from water vapor) methanol, acetic acid, acetone (all three mainly from 
hemicellulose), hydroxyacetaldehyde, anhydrous monosaccharides (both mainly 
from cellulose), phenols and heavier tars (from lignin decomposition). The heavier, 
water-insoluble tars contain larger molecular fragments obtained after splitting the 
ether and C-C bonds in lignin. The resulting complex mixture, once condensed, 
is referred to as bio-oil. The main parameter that determines the degree of devola-
tilization of the biomass is the pyrolysis temperature. Yang et al. [68] observed 
great differences among the pyrolysis behaviors of the three components, cellulose, 
hemicellulose and lignin. These three forms of polymers are responsible for most 
of the physical and chemical property modification during the pyrolysis process. 
The mechanisms of pyrolysis of these polymers are chemically different from 
biomass species to species. Cellulose and hemicellulose decompose over a narrower 
temperature range, whereas lignin degrades over a wider temperature range than 
cellulose and hemicellulose. Pyrolysis of lignin is known to produce more biochar 
than pyrolysis of cellulose and hemicellulose. Biomass pyrolysis consists of three 
main stages: (a) initial evaporation of moisture, (b) primary decomposition and 
(c) secondary reactions (oil cracking and repolymerization). At the initial heating 
stage, when the biomass temperature is increased to about 100°C, the mass of bio-
mass decreases due to the evaporation of free water. Bound water is then removed in 
heating the biomass to temperatures up to 160°C. At this stage, the heating value of 
pyrolysis gases is negligible. Thermal decomposition of biomass begins with devola-
tilization/ decomposition of extractives at temperatures <220°C. Hemicellulose is 
the least stable polymer and breaks down first at temperatures of 220 to 315°C with 
maximum mass loss at 268°C [23, 38, 55, 67, 68].

The reactions are endothermic between 180 and 270°C, sometimes becoming 
exothermic at temperatures above 280°C. The nature of pyrolytic decomposition 
reactions explains this phenomenon. Devolatilization and decomposition in pyroly-
sis is not a single step reaction and a difference can be made between primary and 
secondary reactions. The gas and vapor products of primary conversion are unsta-
ble under pyrolysis temperatures and, with sufficient residence time, can undergo 
secondary reactions such as cracking and/or repolymerization of primary volatile 
compounds. Cracking reactions consist of the breaking of volatile compounds into 
lower MW molecules. Repolymerization involves combining volatile compounds 
into higher MW molecules, which may not be volatile under pyrolysis temperatures. 
Repolymerization reactions become effective at later stages of pyrolysis, leading to 
the formation of char. It also results in the formation of secondary char. Primary 
char can act as a catalyst to the secondary reactions. Primary reactions are highly 
endothermic, while secondary reactions are exothermic and result in the produc-
tion of secondary char and non-condensable gases at the expense of volatiles in 
the vapor phase. Decomposition of vapors to coke and secondary vapors has been 
suggested as the reason for exothermicity. The extent of secondary decomposition 
reactions determines the overall exothermicity of the pyrolysis reaction and the 
overall char (primary and secondary) yield. The occurrence of primary and second-
ary reactions in the thermal decomposition of biomass highlights the fundamental 
difference between fast pyrolysis and slow pyrolysis [38, 55, 67].

Cellulose has a high degree of polymerization and exhibits higher thermal 
stability. It decomposes in the temperature range 315 to 400°C. The secondary 
reactions continue to occur within the solid matrix with further increasing of 
the temperature. At temperatures above 400°C, the less volatile components are 
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gradually driven off from solid char residue resulting in higher fixed carbon content 
and lower volatile carbon content of the solid char residue. As the temperature 
increases above 600°C, the condensable vapor components undergo cracking and 
polymerization reactions, resulting in a lower bio-oil yield. Lignin is the most dif-
ficult component to pyrolyse, which decompose in a wide temperature range from 
160 to 900°C, the rate of lignin degradation reactions is slower than cellulose and 
hemicellulose [23, 38, 55, 68].

The combination of low heating rate and longer residence time allowed for repo-
lymerization reactions to maximize biochar yield. A low temperature, high heating 
rate and short gas residence time would be required to maximize bio-oil yield. A 
high temperature, low heating rate and long gas residence time would be preferred 
to maximize the gas yield. As a result of high heating rates and short residence 
times, fast pyrolysis tends to yield higher proportions of bio-oils. In contrast, slow 
pyrolysis produces higher proportions of biochars because of slow heating rates and 
longer residence times. Pyrolysis requires relatively dry feedstock (usually moisture 
content <30 wt%, but moisture contents of ~10 wt% are preferred) and ground to 
different particle sizes based on the type of pyrolysis. Feedstock with high moisture 
content consumes more energy to account for increasing heat of vaporization 
during the heating of biomass towards the pyrolysis temperature. Additionally, the 
gases and vapors produced in pyrolysis using a high moisture feedstock are diluted 
with steam and have a lower calorific value [21, 61].

The molar H/C and O/C ratios of LCB are approximately 1.5 and 0.7, respec-
tively. During pyrolysis, the biomass undergoes devolatilization and the solid 
portion gets enriched in carbon. The H and O are preferably removed over C and 
the H/C and O/C ratios tend to decrease as biomass undergo its transformation into 
biochar. The H/C and O/C ratios are used to assess the degree of aromaticity and 
maturation. Low-temperature chars have high H/C and O/C ratios, the values close 
to the original biomass. After pyrolysis, a significant decrease in the H/C and O/C 
atomic ratios is reported and it decreased straightly with increasing pyrolysis tem-
perature. When the pyrolysis temperature is below 500°C, the reduction in H/C and 
O/C is mainly attributed to major decomposition reactions of biomass, including 
dehydration (water removal), decarboxylation (CO2 removal) and decarbonylation 
(CO removal). Above 500°C, the H/C ratio decreases drastically compared to the 
O/C ratio, which indicated direct dehydrogenation and demethanation of the chars 
occurred [38, 69].

5.3.1 Torrefaction

Torrefaction is a pretreatment for upgrading biomass primarily for energy 
production. Torrefaction, a mild or incomplete form of pyrolysis, involves heat-
ing the feedstock to temperatures of 200 to 300°C at slow heating rates (less than 
1°C/s) in the absence of air under atmospheric pressure conditions. The residence 
time depends on the particle size and ranges between several seconds and an hour. 
Torrefaction removes water as well as superfluous volatiles and partly decomposes 
the biopolymers (cellulose, hemicelluloses, and lignin) by giving off organic vola-
tiles. It tends to yield higher proportions of solid (torrefied biomass) in addition to 
liquid and non-condensable gaseous products [21]. Decomposition can be further 
subdivided into (a) drying, (b) depolymerization and recondensation, (c) limited 
devolatilization and carbonization, (d) extensive devolatilization and carboniza-
tion. Hemicellulose is the least stable of three major polymers, soften between 150 
and 200°C and break down via various dehydration, deacetylization and depoly-
merization reactions at processing temperature range 200–300°C. Predominant 
hardwood hemicellulose is xylan, while predominant softwood hemicellulose is 
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glucomannan. Xylan tends to break down more quickly than glucomannan at lower 
temperatures. Therefore, hardwood has a higher mass loss (higher breakdown of 
hemicellulose) than softwood when treated at the same temperature. This indicates 
that different biomass species have different torrefaction kinetics. The cellulose 
and/or lignin degradation during torrefaction is small. A greater degradation has 
been reported at temperatures above 270°C. Different biomasses have different 
physical properties such as porosity, specific heat capacity, thermal conductivity, 
particle size distribution etc., which results in non-homogenous torrefied biomass. 
A narrower particle size distribution is required for efficient torrefaction and 
optimized product quality [23, 70].

As specified by the EBC [71], the molar oxygen to carbon (O/C) ratio of bio-
char should be less than 0.4. But torrefied biomass tends to have higher oxygen 
to carbon (O/C) ratio than the ECB specification of biochar. Therefore, torrefied 
biomass cannot be referred to as biochar. Torrefied biomass has physicochemical 
properties in between that of raw biomass and biochar. Torrefaction is a pretreat-
ment method that is used primarily for moisture removal and densification of 
biomass, which will reduce the cost of transportation and increase the heating 
value of biomass. Torrefaction has higher conversion efficiencies compared to slow 
pyrolysis. Torrefied biomass yield has a maximum of 35 wt% (on a weight basis of 
dry, ash-free biomass feedstock). A typical mass yield from torrefaction is 70–80% 
and energy yield is 80–90%. The lower heating value (LHV) of torrefied biomass 
is about 20.4 MJ/kg compared to the LHV of charcoal between 28 and 33 MJ/
kg. Torrefaction increases the hydrophobicity, stability, grindability and reduces 
biodegradability compared to the untreated biomass feedstock. Torrefied biomass 
can be stored long-term without degradation [21].

The heating value of torrefied biomass on a weight basis increases compared to 
its original biomass. Its heating value on a volume basis is not necessarily increased 
as torrefied biomass has relatively low bulk density. Torrefied biomass can be 
pelletized or briquetted to account for low bulk energy density. Consequently, bulk 
energy densities between 14.9 and 18.4 GJ/m3 can be achieved.

5.3.2 Slow pyrolysis

Slow pyrolysis is characterized by moderate temperatures (300–550°C), slow 
heating rates (0.1–0.8°C/s) and longer residence time (5–30 min or even 25–35 h) 
[56]. Slow pyrolysis aims at maximizing the yield of biochar by promoting sec-
ondary reactions, which is achieved by longer vapor residence times. The biochar 
produced in slow pyrolysis consists of both primary and secondary char. The slow 
heating rate with moderate pyrolysis temperatures also promotes the production 
of biochar. Biochar yield and physicochemical properties depend on the feedstock 
properties and pyrolysis conditions such as processing temperature, heating rate 
and pyrolysis environment. In addition, moisture content and particle size also 
significantly affect biochar yield [28, 56, 72].

The biomass composition plays a significant role in the resulting biochar yield 
and the physicochemical nature of the biochar. Biomass cell wall constituents (cel-
lulose, hemicellulose and lignin) behave differently in terms of decomposition and 
devolatilization in pyrolysis. As lignin decomposes at lower reaction rates and con-
tains aromatics, it is known to contribute to high biochar yields in slow pyrolysis. 
Consequently, if high biochar yield is required, then lignin-rich biomass feedstocks 
are preferable. The extractives in biomass will evaporate and end up in the vapor 
phase or may be cracked, thereby contributing to char and non-condensable gas 
formation [38]. High ash contents in the biomass affect the slow pyrolysis process 
and the physicochemical properties of biochar in multiple ways. Alkaline and earth 
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alkaline metals exhibit catalytic activity in pyrolysis. They catalyze secondary 
reactions of primary vapor components favoring higher yields of non-condensable 
gases and biochar or they may catalyze different primary decomposition reactions 
altogether. Biomass containing more minerals yields less biochar [67, 72–74]. Most 
of the constituents in ash (mainly the alkaline and heavy metals) are non-volatile 
within the range of temperatures typically employed in slow pyrolysis processes. 
Thus, ash remains in the solid biochar product, potentially affecting the use of 
biochar in downstream processes. If biochar (with high ash content) is used in com-
bustion or gasification processes, slagging and equipment fouling occurs. Chlorine 
and sulfur lead to higher corrosion. Some downstream applications, such as soil 
amendment, can benefit from higher ash contents in biochar (nutrient recycling). 
High ash content biochar can be treated with leaching, which involves soaking of 
biochar in hot water or hot dilute acid. Washing with pure water at 80°C is suf-
ficient to remove about 90% of the potassium found in biochar, produced at 550°C. 
The leaching process has been successfully applied to treat potassium and chlorine 
of biochar. Extra dewatering and drying processes are required after leaching in 
addition to handling and treatment of leachate, which may contain heavy metals 
extracted from biochar [38].

The process variables that affect the biochar yield and properties include pyroly-
sis temperature, heat transfer (to and in the biomass), biomass residence time and 
operating pressure. The primary biomass constituents (hemicelluloses, cellulose 
and lignin) undergo decomposition and devolatilization over different temperature 
ranges. Decomposition of hemicellulose occurs at temperatures below 300°C. The 
resulting gas and vapor products include non-condensable gases (such as CO, CO2, 
H2 and CH4), water vapor and low MW oxygenated organic compounds (mainly 
acetic acid, formic acid, methanol, acetone and furfural). Extensive devolatilization 
of lignin and cellulose occurs at temperatures higher than 300°C (slow pyrolysis 
temperatures). Peak devolatilization occurs at temperatures around 500°C, yielding 
typical vapor products including levoglucosan, hydroxyacetaldehyde, acetic acid 
and hydroxymethyl furfural (HMF) all originate from cellulose [38, 74, 75].

Phenolic compounds (both in monomeric and oligomeric form) are typically 
liberated from lignin [76]. Further increase in temperatures causes secondary vapor 
phase cracking reactions to dominate, yielding additional non-condensable gases 
and secondary biochar. The higher the pyrolysis temperature, the lower the biochar 
yield. The additional secondary char formation occurring at higher temperatures is 
offset by further devolatilization of the primary biochar. The net effect is a decreas-
ing biochar yield with increasing slow pyrolysis temperature. Slow pyrolysis uses 
low heating rates resulting in biomass conversion being rate limited by heat transfer. 
Additionally, the slow devolatilization resulting from a slow heating rate ensures 
maximum secondary char formation. The heat transfer is of less critical importance 
in slow pyrolysis (compared to fast pyrolysis) as very long biomass residence times 
are used [38]. Biochar yield increases with increasing residence time, decreasing 
pyrolysis temperature and lower heating rate. With increasing residence times, 
vapors are restrained and reacted with solid-phase extensively for more biochar 
yield [28, 56, 72].

Slow pyrolysis favors biochar production at the expense of bio-oil production. 
The biochar, bio-oil and gas yields are typically 35 wt%, 30 wt% and 35 wt%, 
respectively. The overall slow pyrolysis process can generally be exothermic due 
to the extensive occurrence of secondary reactions. Slow pyrolysis can accept a 
wide range of particle sizes (5–50 mm). Large biomass particles are frequently 
used when rapid heating rates are not required or when the desired product is 
biochar [21, 55].
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5.3.3 Intermediate pyrolysis

In intermediate pyrolysis, the reaction is faster than slow pyrolysis but slower 
than fast pyrolysis. Intermediate pyrolysis differs from fast pyrolysis in terms of 
heat transfer to biomass feed. It occurs in the temperature range of 450–550°C and 
even lower temperatures are used (350°C). The heating rates are much lower than 
fast pyrolysis (100 to 500°C/min) with residence time ranging from 10 to 30 s and 
produce less biochar than slow pyrolysis [65, 77]. Intermediate pyrolysis occurs 
at controlled heating rates, thus, inhibiting the formation of high MW tars and 
yielding products (biochar, bio-oil and gases) with different product qualities. In 
intermediate pyrolysis, the biomass particles sizes and shapes are less critical than 
in fast pyrolysis. It can process a wider variety of biomass, larger particles up to 
pellets, chips and dust and also material with a water content of up to 40%. High 
cooling rates are needed for the vapors to reduce thermal post-decomposition 
reactions. A higher amount of bio-oil than slow pyrolysis can be produced through 
intermediate pyrolysis. More controlled chemical reactions occur and, thus, the 
reaction conditions offer a broad range of variation for process optimization. The 
typical product distribution of intermediate pyrolysis is 40–60% of bio-oil, 20–30% 
non-condensable gases and 15–25% biochar [77].

The biochars produced by intermediate pyrolysis have a high carbon and low 
volatile contents. The bio-oil produced by intermediate pyrolysis has a high calorific 
value; the oil fraction easily separates into organic and aqueous phases. Compared 
to bio-oil generated from fast pyrolysis, the liquid fraction from intermediate 
pyrolysis has some beneficial characteristics, including low tar yield, improved 
viscosity and heating value. These characteristics may result from a relatively long 
residence time and contact with biochar [78]. Intermediate pyrolysis at 400°C 
yielding 35% solid (biochar), 46% liquid and 19% gaseous products has been 
reported. The liquid fraction separates into an aqueous phase (38% with 50% water; 
HHV of 7 MJ/kg) and organic phase (8% pyrolytic lignin, phenols, etc., HHV of 
24 MJ /kg) [79].

5.3.4 Fast pyrolysis

The fast pyrolysis typically involves high heating rates (10–1000°C/s), short 
residence times (0.5–2 s) [56] and temperatures between 450 and 550°C. It decom-
poses biomass quickly to generate liquid (bio-oil), solid (biochar) and gaseous 
products. The bio-oil, biochar and gas yields are typically 60–70 wt%, 12–15 wt% 
and 13–25 wt% on a dry basis, respectively [55].

Fast pyrolysis suppresses secondary reactions from taking place by having short 
vapor residence times (rapid removal and quenching of the condensable primary 
volatile vapors) and maintaining high biomass heating rates, thereby maximizing 
the yield of condensable vapors (bio-oil). In this way, secondary reactions of crack-
ing and repolymerization are prevented. The intermediate products of flash degra-
dation of hemicellulose, cellulose and lignin are rapidly quenched and condensed to 
bio-oil before further reactions break down higher MW components into gaseous 
products. This freezing of intermediates results in bio-oil containing many reactive 
species, contributing to its unusual characteristics. Condensable vapors are formed 
by rapidly and simultaneously depolymerizing and fragmenting cellulose, hemicel-
lulose and lignin fractions with a rapid increase in temperature. Rapid quenching 
traps many of these products that would further react (depolymerize, decompose, 
degrade, crack or condense with other molecules) to form more non-condensable 
gases if the residence time at high temperature was extended [61, 80].
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The distribution of products (bio-oil, biochar and gases) depends on the 
biomass composition and rate and duration of heating. If bio-oil is the product of 
interest, the optimum pyrolysis temperature range is 425–600°C, with the peak 
temperature below 650°C to strike a balance between thorough devolatilization 
and minimal secondary cracking of vapors. The optimum yield in vapor products 
translates to the quantity of bio-oil formed. However, the peak temperature can be 
up to 1000°C if gas production is of primary interest [5]. Woody biomass (poplar, 
sawdust, forest and wood residue) produces the highest bio-oil yield (around 
75%). The second highest bio-oil yield is from energy crops (reed), followed 
by agricultural residues (wheat straw, flax straw etc.). This is due to the higher 
cellulose and hemicellulose in wood than energy crops and agricultural residues. 
Product (bio-oil, biochar and syngas) yields in fast pyrolysis are affected by the 
feed particle size. The heat transfer rate decreases with increasing particle size, 
thus, increasing biochar yield and decreasing bio-oil and syngas yield. Smaller 
particle size is better for internal heat transfer, which increases bio-oil yield. Both 
pyrolysis temperature and feedstock particle size need to be optimized for maxi-
mum bio-oil yield [56, 80].

A finely ground biomass feed (usually <1 mm) is required to achieve very high 
heat transfer rates and thereby very high heating rates, which reduce the mass 
and heat transfer limitations. The biochar yield in fast pyrolysis is generally low 
as only primary char is being produced (secondary reactions are suppressed) and 
high reaction rates also minimize biochar formation. The overall fast pyrolysis 
process is highly endothermic due to the absence of secondary reactions. Fast 
pyrolysis prefers biomass with low moisture content (< 10 wt%) in order to 
minimize the water in the product bio-oil. Low moisture content also facilitates 
grinding the feed to give sufficiently small particles to ensure rapid heating and 
fast pyrolysis [65].

5.3.5 Flash pyrolysis

Flash pyrolysis aims to maximize the liquid yield (bio-oil). It is characterized by 
high temperatures, higher heating rates (> 1000°C/s) and shorter residence times 
(< 0.5 s). Very fine particles of biomass feed (< 0.2 mm) are usually required. Flash 
pyrolysis is extremely fast, thus, leading to a reduced time for processing of the 
feedstock. It occurs in the temperature range of 800–1000°C [77]. The product con-
taining condensable and non-condensable gas is cooled, thus increasing the liquid 
yield while reducing biochar production. The main product distributions of flash 
pyrolysis are similar to that of fast pyrolysis. The small particle sizes of biomass feed 
result in small particles of biochar. The liquid (bio-oil) yield is typically 75–80 wt% 
and biochar yield is 12–13 wt%. Biochar particles need to be removed because it can 
catalyze the polymerization of some of the products and increase bio-oil viscosity. 
Special reactors, such as appropriately designed fluidized bed or entrained flow 
reactors, are typically required [21].

5.3.6 Microwave-assisted pyrolysis

In conventional heating, heat is transferred to the material surface (by convec-
tion, conduction and radiation) and subsequently from the surface to the interior 
of the material by conduction as a result of temperature gradients. On the other 
hand, microwave energy is delivered directly into materials within an electromag-
netic field. The electromagnetic field enters the material and generates thermal 
energy throughout the penetration depth by dielectric heating through interac-
tion with polarizable dipoles present in the material and heat the material from 
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inside. Microwave heating requires a material with a high dielectric constant. The 
dielectric constant is a measure of the ability of a material to absorb microwave 
energy. Biomass has a relatively low dielectric constant. As a result, microwave 
pyrolysis requires catalysts as well as microwave absorbers to improve the heat-
ing. The presence of water in biomass may increase the heating rate of microwave 
pyrolysis due to the high dielectric constant of water in comparison with bio-
mass. Microwave-assisted pyrolysis usually operates in the temperature range of 
400–800°C [72, 81].

Some of the advantages of microwave-assisted pyrolysis over conventional 
pyrolysis include uniform heating throughout, rapid heating rate, cleaner products 
due to no agitation, volumetric and selective heating. Microwave heating provides 
ease of operation by instant on/off control and improves the yield and quality of the 
products. It reduces the formation of hazardous products and minimizes pollut-
ants emission, making the technique environmentally friendly [72, 81]. The other 
advantages include high heating efficiency as heating is in situ, the ability to handle 
wet biomass without drying and the ability to pyrolyse large biomass particles. The 
disadvantage of microwave-assisted pyrolysis is that it requires electricity which is 
expensive high-quality energy compared to the heat generated by the combustion of 
pyrolysis gases and vapors in conventional pyrolysis. Microwave pyrolysis generally 
needed pre-treatment and catalysts before heating [21].

5.4 Hydrothermal processing

Most biomass materials are wet and have moisture contents range up to 
95 wt%. Biomass with more than 30 wt% moisture content requires energy costly 
drying operation prior to pyrolysis, which is one of the leading technical barriers 
in using wet biomass. For high moisture content biomass, the heat of moisture 
evaporation is greater than the heat available from the biomass, thus becoming a 
net energy consumption. Wet biomass, typically with 70 wt% or more water, can 
be converted using hydrothermal processing, which involves applying heat and 
pressure to convert biomass in the presence of water into carbonaceous biofuel. 
In hydrothermal processing, water plays an active role as a solvent and reactant. It 
uses subcritical or supercritical water to convert biomass into end products in the 
absence of atmospheric oxygen. Hydrothermal processing is a promising tech-
nique to convert wet biomass into carbonaceous solids at relatively high yields by 
omitting the energy-intensive drying before or during the process. Hydrothermal 
processing can be classified into three processes: hydrothermal carbonization 
(HTC), hydrothermal liquefaction (HTL) and hydrothermal gasification (HTG) 
based on reaction parameters such as temperature, pressure and residence 
time [21].

5.4.1 Hydrothermal carbonization

When biomass feedstock in water is heated at low temperatures (< 200°C) in a 
sealed vessel at autogenous pressure, mostly solids (called hydrochar) are formed in 
a process known as HTC. The decomposition temperature of hemicellulose is usu-
ally around 160°C in subcritical water, while cellulose and lignin decompose in the 
temperature range 180 to 200°C and above 220°C in subcritical water, respectively. 
The three products of HTC are hydrochar (solid fraction), aqueous solution (bio-oil 
mixed with water) and a small volume of gas (mainly CO2). HTC aims to maximize 
the yield of hydrochar. The product distribution and characteristics will mostly 
depend on three factors: type of biomass, the pH and the maximum temperature 
used. The reaction time and the solids concentration in biomass water mixture 
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also has a relatively smaller influence. A minimum HTC temperature of 160°C is 
needed for the hydrochar formation from glucose. The overall HTC reaction extent 
is negligible below these processing conditions. The maximum hydrochar yield is 
obtained at 200°C and then it decreases gradually. A decreasing trend of hydrochar 
formation with the increase in temperature is due to the higher temperatures favor-
ing gasification reactions. Consequently, part of hydrochar is lost in the formation 
of volatile compounds. The process energy requirements and final product com-
position depend on the input biomass feed and the process conditions. The main 
product of HTC is hydrochar which can be easily separated from the liquid fraction 
due to its high hydrophobicity and homogeneous properties. The solid fraction can 
be used to produce dried hydrochar pellets for energy production and mono sugars 
can be recovered from the liquid fraction. HTC generates less harmful gases such as 
CO and CO2 and produces hydrochar mass yields varying from 35% up to 80%, with 
hydrochar carbon content similar to lignite. Residence time varies from minutes up 
to several hours [21, 70, 82, 83].

5.4.2 Hydrothermal liquefaction (HTL)

At elevated temperatures (between 200 and 350°C) and pressures (5–20 MPa), 
HTL takes place and the biomass feedstock is mainly converted into a liquid product 
(aqueous soluble). Free radical and ionic reactions are considered to be the main 
reactions in HTL [21, 84]. The dielectric constant of water decreases rapidly with 
increasing temperature. At ambient conditions, the dielectric constant (a measure 
of hydrogen bonding) of water is about 80 F/m. It drops to about 27 F/m at 250°C 
and 5 MPa and to about 14 F/m at 350°C and 25 MPa. Water starts to display less 
polar behavior due to decreasing number of hydrogen bonds. The dissociation of 
water also increases with the increase of temperature. The ionic product of water 
(pKw) decreases from 14 at 25°C to 11 at 250°C. The viscosity of water decreases 
with increasing temperature. Thus, mass transfer is enhanced and any mass-trans-
fer-limited chemical reactions are accelerated [84, 85].

5.4.3 Hydrothermal gasification (HTG)

HTG operates near and/or above the critical point of water at temperatures of 
400–600°C and pressures of 23–45 MPa. The biomass is mainly converted into a 
mixture of non-condensable gases (H2, CO, CH4 and CO2). HTG is capable of pro-
ducing syngas enriched with H2. The conversion efficiency is highly improved when 
water reaches the critical point (374°C and 22.1 MPa) [21]. HTG involves the splitting 
of biomass polysaccharides with supercritical water (SCW). Due to higher reaction 
temperature, HTG progresses at a faster rate and complete decomposition of biomass 
is achieved. This is a distinctive feature of HTG in comparison with other hydrother-
mal treatments (HTC and HTL). The difficulty of byproducts treatment is one of the 
problems with HTC and HTL. Undesirable byproducts produced by HTC and HTL 
are occasionally dissolved in the water phase. HTG typically decomposes biomass 
into gas with a conversion higher than 0.8. The amount of organic compounds in the 
liquid fraction is low; hence, post-treatment is unnecessary or easily carried out. HTG 
usually requires wet biomass; other biomasses can also be used. Conventional thermal 
gasification technologies are available when biomass is not wet. Conventional thermal 
gasification cannot be effectively employed when the feedstock is wet or has a high 
moisture content (> 80%). Conventional thermal gasification is achieved by partial 
oxidation using air. Syngas is partially diluted with nitrogen in addition to tar produc-
tion. Syngas from HTG does not contain tars; even if produced, they remain in the 
liquid phase and are not diluted with nitrogen [21, 86].
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6. Conclusions

Biomass is a sustainable source of energy. Natural biomass is bulky and usually 
has a high moisture content which complicates the direct use of biomass as a fuel. 
Biomass is a complex mixture of polymers consisting of three key elements carbon, 
oxygen and hydrogen. In addition, there are macronutrients, micronutrients, trace 
elements and other heavy metals. The three major components of LCB are cellulose, 
hemicellulose and lignin. Other compounds present in LCB include inorganic 
compounds and organic extractives. The components of biomass behave differently 
during thermochemical conversion.

The proximate and ultimate analysis is vital for describing biomass and thus 
product distribution. Thermochemical conversion is an increasingly feasible route 
to use biomass sources to fulfill energy needs. Designing effective thermochemical 
conversion systems that result in proper combinations of biomass feedstocks and 
conversion technologies is vital. It involves the design of efficient supply chains 
and conversion technologies suitable to manage variations in biomass properties. 
It needs to be cost-effective while minimizing harmful emissions and maintaining 
product quality.

Different thermochemical conversions of biomass are employed to yield vary-
ing amounts of gaseous, liquid and solid products of interest. Torrefaction aims to 
maximize the yield of solid product, torrefied biomass. It is performed at longer 
residence time, slow heating rates and low temperatures (<300°C). The improved 
properties of torrefied biomass include increased energy density, hydrophobicity, 
grindability and reduced biodegradability compared to the initial biomass feed, 
thus, allowing cheaper transport, handling and processing of the torrefied bio-
mass. Torrefied biomass has a higher O/C ratio than biochar. Biochar is the desired 
product in slow pyrolysis, and yield is maximized by conversion at longer residence 
time, slow heating rates, and moderate temperatures. Biochar applications include 
use as a soil amendment, as an adsorbent or as fuel in power generation. In fast 
pyrolysis, bio-oil is the desired product and yield is maximized by conversion at 
short vapor residence times, high heating rates and around 500°C. The gap between 
biomass feedstock and a usable product can be bridged by incorporating additional 
processes such as drying and grinding of biomass feed, palletization or briquetting 
of biomass feed and/or product and mineral leaching of products to treat high ash 
content. These additional processes have cost implications.

High moisture content is a major barrier in biomass handling and processing. 
Moisture content has a significant impact on the biomass conversion process. The 
main problem with the pyrolysis of high moisture biomass is that it requires a large 
amount of energy to evaporate moisture. Hydrothermal processing is a useful pro-
cessing technique for biomass feedstocks with high moisture as it does not require 
the drying and/or dewatering processes, thereby reducing the operating costs.
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Physical Properties
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Abstract

A citrate pyrolysis technique is a unique route to prepare reactive precursor
mixtures through an ignition process of concentrated aqueous solution. This proce-
dure enables to synthesize highly homogeneous and fine powders for functional
materials. The double-chain based superconductor Pr2Ba4Cu7O15�δ and double
perovskite photocatalytic semiconductor Ba2Tb(Bi,Sb)O6 were synthesized by
using the citrate pyrolysis technique. For the present sample with a reduction
treatment for 72 h, a sharp superconducting transition appeared at an onset tem-
perature Tc,on=26 K accompanied by a zero-resistance state at Tc,zero=22 K. The
superconducting volume fraction estimated from the magnetization measurement
showed an excellent value of � 58%. Both reduction treatment in a vacuum and
subsequent quenching procedure are needed to realize higher superconductivity
due to further oxygen defects. The polycrystalline samples for Ba2Tb(Bi1�x,Sbx)O6

(x ¼ 0 and 0.5) were formed in the monoclinic and cubic crystal structures. We
conducted the gaseous 2-propanol (IPA) and methylene blue (MB) degradation
experiments under a visible light irradiation, to evaluate photocatalytic activities of
the powder samples. For the Sb50% substituted sample, the highest performance of
MB degradation was observed. The effect of Sb-substitution on the photocatalytic
degradation of MB is in direct contrast to that on the IPA decomposition under
visible light irradiation. The enhanced photocatalytic properties in the citrate sam-
ples are attributed to their morphology, where fine particles are homogeneously
distributed with a submicron order.

Keywords: citrate pyrolysis technique, double-chain based superconductor,
pressure effect, double-perovskite oxide, photocatalytic semiconductor

1. Introduction

A citrate pyrolysis technique is similar to nitrate combustion synthesis methods
[1] and a unique route to prepare reactive precursor mixtures through an ignition
process of concentrated aqueous solution including stoichiometric amounts of metal
ions. For 80 K-class high- Tc cuprate superconductors such as YBa2Cu4O8, high-
quality single-phase polycrystalline samples have been successfully prepared at
ambient oxygen pressure [2, 3]. We believe that the present technique is a powerful
tool to fabricate highly homogeneous and fine crystalline grains for functional
materials, in comparison to conventional solid-state reaction methods.
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High- Tc copper-oxide superconductors discovered as far have close relationship
with two-dimensional CuO2 planes. In quasi one-dimensional (1D) Cu2O3 ladder
system without CuO2 planes, it has been reported in [4] that the application of
external pressure under 3 GPa causes bulk superconductivity at Tc = 12 K. For
Pr-based copper oxides including insulating CuO2 planes, we have reported that
Pr2Ba4Cu7O15�δ (Pr247) with metallic CuO double-chain structure achieves a
superconducting-state with a higher Tc (15 K) after a reduction treatment [5].

In the subsequent microscopic research on Pr247 [6], nuclear quadrupole reso-
nance observations have resolved that the newly discovered superconductivity
occurs along the CuO double-chain block. The Pr-based cuprates, PrBa2Cu3O7�δ

(Pr123) and PrBa2Cu4O8 (Pr124), have identical crystal structures as Y-based high-
Tc superconductors, YBa2Cu3O7�δ (Y123) and YBa2Cu4O8 (Y124), respectively.
Both the Pr123 and Pr124 compounds share insulating CuO2 planes and exhibit no
superconductivity [7, 8]. The CuO single chains in Pr123 follow semiconducting
property but Pr124 has a metallic conduction along the CuO double chain block [9].
For Pr124, it is hard to control the carrier density of doped double chains, because it
is thermally stable against high temperature heat treatment.

For Pr247 intermediate compound existing between Pr123 and Pr124 phases,
there are alternate stacks of CuO single-chain and double-chain blocks along the
c-axis such as {-S-D-S-D-} sequence [10, 11] (see Figure 1). Here, CuO single-chain
and double-chain blocks along the b-axis are abbreviated as S and D, respectively.
Under thermal control of the oxygen content along the semiconducting CuO single
chains in Pr247, it is possible to investigate the physical characters of the metallic
CuO double chains. In oxygen defect polycrystalline sample, we succeeded in the
appearance of superconductivity at an onset temperature Tc,on of �15 K [5].

The B-site substituted perovskite oxides A2B0B00O6 have been widely studied
because of their attractive physical properties and potential applications [13] (see
Figure 2a). Some of the double perovskite compounds such as A2FeMoO6

exhibiting negative tunneling magnetoresistance effect at room temperature are of
great interest with a wide range of applications in magnetic devices [14]. Further-
more, multiferroic double perovskite oxides have an effective coupling between
spontaneous ferroelectric polarization and ferromagnetic ordering, which is con-
sidered to be promising materials from view points of physics and its applications
[15]. Recently, a series of double perovskite oxides Ba2Ln0Bi0

0
O6 (Ln:lanthanides)

has been examined on the view point of photocatalytic semiconductors for hydro-
gen generation by water splitting and are taken as alternative materials for TiO2

oxide [16, 17]. In particular, Ba2PrBiO6 is found to possess highly photocatalytic
performance, which is probably close to the valence mixing state [18, 19]. Further-
more, a previous study on the magnetic properties of the Ba2PrBiO6 compound
revealed that the average valence of Pr ions is an intermediate state between
trivalent and tetravalent [20].

As for the key factors to fabricate visible light driven photocatalysts, it is
desirable to control the energy band gap between the valence and conduction bands
of their semiconductors to utilize a wide range of visible light [21, 22]. Accordingly,
we think that the Sb substitution at the B site of the parent material Ba2PrBiO6 is an
effective approach to adjusting the band gaps. For high photocatalytic activity, we
avoid charge recombination between electron and hole and try to promote the
photogenerated charge separation in the photocatalystic materials [21, 23]. In our
research [24], it has been demonstrated that the valence mixing states between Pr3þ

and Pr4þ are closely related to the phenomena of charge separation.
For our further understanding of the enhanced effect of the mixed valence states

at B-site ions of the double perovskite compound on the photocatalytic
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performance, we demonstrate the 2-propanol decomposition and methylene blue
(MB) degradation under the irradiation of visible right for Ba2Tb(Bi,Sb)O6 samples
prepared by the citrate pyrolysis technique. MB aqueous solution is adopted as the
model pollutant [25].

2. Experiments

2.1 Double-chain based superconductor

2.1.1 Synthesis of Pr2Ba4Cu7O15�δ samples

First of all, flow chart of citrate pyrolysis technique for the synthesis of
Pr2Ba4Cu7O15�δ (sample #1) is illustrated in Figure 3b.We synthesized high-quality
polycrystalline samples of Pr2Ba4Cu7O15�δ by using a citrate pyrolysis technique [2, 3].
Stoichiometric quantities of high purity Pr6O11, Ba(NO3)2, and CuOweremixed and
thoroughly ground. Themixturewas dissolved in a nitric acid solution at 50–60°C. After
adding citric acid to the resultant solution, we then neutralized it by adding aqueous

Figure 1.
(a) Typical crystal structure of Pr2Ba4Cu7O15�δ (Pr247) with CuO single-chain and double-chain blocks
stacked along the c-axis. Here, S and D denote CuO single-chain and double-chain blocks along the b-axis. For
comparison, the crystal structure of Pr124 is shown on the right hand side. (b) TEM image of superconducting
Pr247. CuO single-chain and double-chain blocks are alternately stacked along the c-axis such as {-S-D-S-D-}
sequence [12].
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Figure 2.
(a) Typical crystal structure of double perovskite Ba2(Pr,Tb)(Bi,Sb)O6. (b) SEM image of Ba2TbBiO6
polycrystalline film fabricated from the single-phase powders by an electrophoretic deposition technique.
(c) Photograph of the pelletized precursors of Ba2TbBiO6 after a citrate pyrolysis procedure.

Figure 3.
(a)X-ray diffraction patterns of as-sintered polycrystalline Pr2Ba4Cu7O15�δ. The (004) peak corresponds to
one of typical Miller indexes of Pr247. The calculated curve is obtained using the lattice parameters in the text.
Inset shows characteristic peaks at 2θ � 7°, indicating the formation of Pr123, Pr124, and Pr247 phases. (b)
Flow chart of citrate pyrolysis technique for the synthesis of Pr2Ba4Cu7O15�δ (sample #1). After post-annealing
of the as-sintered sample in a vacuum, quenching procedure is needed to obtain higher superconductivity due to
further oxygen defects.
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ammonia. After the solutionwas dried up under stirring on halogen lamp heater block,
the porous black products were formed through the self-ignition process of it. Finally,
the precursors were ground into fine powders and theywere annealed under ambient
pressure of flowing oxygen gas at 891°C�0:5°C for an extended period over 100�120 h.
For the present citrate pyrolysis synthesis procedure, we adopted the electric tube
furnace with three zone temperature controlled system, to achieve the temperature
uniformity within 1°C. In our previous study [26], we realized homogeneous distribu-
tions of the superconducting grains and improvedweak links between their
superconducting grains in the sintering procedure by using the 3 zone furnace. The
oxygen in the as-sintered sample was removed by reduction treatment in a vacuum at
500�600°C, yielding a superconductingmaterial. In particular, sample #1was
quenched in air from300°Cdown to room temperature and samples#2–1 and#2–2were
slowly cooled in the electric furnace, as listed inTable 1. Asmentioned below, this
quenching procedure is needed to obtain higher superconductivity due to
further oxygen defects. Typical dimensions of the pelletized rectangular sample were
4� 3� 1 mm3.

2.1.2 Structural and physical properties of Pr2Ba4Cu7O15�δ samples

X-ray diffraction measurements on the produced samples were carried out at
room temperature with an Ultima IV diffractometer (Rigaku) using Cu-Kα radia-
tion. We evaluated the lattice parameters from the x-ray diffraction patterns using
the least-squares fits.

The local crystal structure of the Pr247 sample was revealed by high-resolution
transmission electron microscopy (TEM) using a JEOL3010 microscope operated at
300 kV at Tohoku University, to examine alternative stacking along the c-axis
between CuO single-chain and double-chain blocks. The electric resistivity as a
function of temperature was measured by the dc four-terminal method using a
Gifford-McMahon cryocooler (Sumitomo heavy Industries).

We performed Hall coefficient measurements on the 48-h-reduced samples with
the five-probe technique using a physical property measuring system (PPMS,
Quantum Design), to check the sign of carriers in the present Pr247 superconduc-
tor. For determination of an onset temperature of superconductivity and
superconducting volume fraction at low temperatures, the dc magnetization was
performed under zero-field cooling (ZFC) in a commercial superconducting quan-
tum interference device (SQUID) magnetometer (MPMS, Quantum Design).

2.1.3 Pressure effect on transport properties of Pr2Ba4Cu7O15�δ samples

It is well known that application of external pressure on oxide superconductors
changes doped carrier densities, causing a positive or negative dependence of their

Sample no. Reduced condition δ Tc,on (K) Tc,zero (K) Experimental data

#1 500°C 48 h, 600°C 24 h quenched 0.72 26 22 ρ(T), M(T)

#2-1a 500°C 48 h furnace cooled 0.56 26.5 15 TEM

#2-2b 500°C 48 h furnace cooled 0.56 26.5 15 RH, pressure effect

In details, see the corresponding text and references. δ denotes oxygen deficiency.
aRef. [12].
bRef. [27].

Table 1.
Sample details of Pr2Ba4Cu7O15�δ used in the experiments.
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superconducting transition temperature. We carried out the temperature depen-
dence of the resistivity and the magneto-resistance (MR), under a maximum pres-
sure of 2 GPa.

The MR effect of Pr247 sample was measured at low temperatures as a function
of applied field up to 14 T using a 15 T-SM superconducting magnet at Institute for
Materials Research, Tohoku University. The electric current I was excited in the
longitudinal direction to the sample and the external magnetic field H was applied
in the transverse direction to it (H⊥I). We measured the influence of applied
pressure on the electric resistivity using a hybrid piston cylinder-type CuBe/NiCrAl
cell under hydrostatic pressure up to 2.0 GPa, where inner and outer cylinders were
made of NiCrAl and CuBe alloys, respectively. A mixture of Fluorinert FC-70 and
FC77 (1:1) was used as a pressure transmitting medium in the experiments.

2.2 Double perovskite photocatalytic semiconductor

2.2.1 Synthesis of Ba2Tb(Bi,Sb)O6 samples

The citrate pyrolysis technique as mentioned above was applied to synthesis of
Ba2Tb(Bi,Sb)O6 compounds. After mixing stoichiometric quantities of high purity Ba
(NO3)2, Tb4O7, Bi2O3, and Sb, the resultant mixture was dissolved in a nitric acid
solution at 70–80°C. Furthermore, adding citric acid to the solution, the neutralizing
process was in progress by adding aqueous ammonia to it while the pH value of the
solution reached � 6:9. The transparent solution was dried under stirring on the
halogen lamp hot plate, and the self-ignition process occurred in the 0.5 L beaker,
resulting in the formation of the porous products. Finally, the precursors were ground
into fine powders and they were annealed in air at 900–1000°C for 48-96 h, in order
to synthesize the Ba2Tb(Bi,Sb)O6 double perovskite phase (samples #T1 and #T2).

For scanning electron microscope (SEM) measurements, Ba2TbBiO6 polycrys-
talline film on Ag substrate was fabricated from the single-phase powders by an
electrophoretic deposition technique. The SEM image revealed the surface
morphology and shape of the Ba2TbBiO6 powder sample.

2.2.2 Physical properties of Ba2Tb(Bi,Sb)O6 samples

We measured optical spectra by a diffuse reflectance method using a spectro-
photometer (Hitachi U-3500) with the reference material of BaSO4. The energy
band gaps for the powder samples were estimated from the reflectance data on the
basis of conventional Kubelka-Munk function [18, 28]. The dc magnetization mea-
surement was performed over a wide range of temperatures under the magnetic
field cooling process of 0.1 T using a SQUID magnetometer.

The effective magnetic moment (μeff ) estimated from the the magnetic suscep-
tibility data using the Curie–Weiss law gives rise to the average valence of the Tb
ion at the B site, which is related to the ratio of the Tb3þ and Tb4þ ions.

2.2.3 Photocatalytic properties of Ba2Tb(Bi,Sb)O6 samples

We conducted the gaseous 2-propanol (IPA) and methylene blue (MB) degra-
dation experiments, to evaluate photocatalytic activities of the powder samples (in
detail, refer to [18, 29]). The visible light radiation experiment started after the IPA
gas concentration reached constant under the dark condition. This conformation
suggested that the IPA gas finished absorbing on the surface of powders. We used a
300 W Xe lamp equipped with UV and IR filtering functions (Cermax LX300F,
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Excelitas Technologies). The illuminating spectra of the Xe lamp covered the visible
wavelength range from 390 to 780 nm (Figure 4b). We set the powder samples
(about 1 g) placed on the bottom of a small glass cell in a 0.5-L glass reactor vessel
(Figure 4c) and injected the dilute IPA gas (5 cc) into its vessel with a syringe.

It is well known that the IPA gas under photocatalytic reaction is finally
decomposed into CO2 [29]. Accordingly, the CO2 concentration was measured as a
function of irradiation time using a gas chromatography system (GC-2014, Shimazu
Co.). The photocatalytic methylene blue degradation was carried out using 0.5 g of
powders suspended in 50 mL of MB solution (10 ppm). The MB solution was stirred
in dark for 30 min before starting visible light radiation. The bleaching of MB was
measured using the UV–visible spectrometer (V550, JASCO Co.). The solution of
about 3 mL was transferred from the 100 mL reactor vessel under light irradiation
and it was then analyzed at the regular time interval, to determine the
corresponding MB concentration.

3. Results and discussion

3.1 Double-chain based superconductor Pr2Ba4Cu7O15�δ

3.1.1 Structural and superconducting properties of Pr2Ba4Cu7O15�δ

X-ray diffraction data revealed that the as-sintered polycrystalline samples are
an almost single phase with an orthorhombic structure (Ammm), as shown in
Figure 3a. The lattice parameters of the as-sintered sample prepared using the
three-zone controlled furnace are a ¼ 3:8919 Å, b ¼ 3:9143 Å, and c ¼ 50:7927 Å.

Figure 4.
(a) Photocatalytic activities of IPA decomposition vs visible light irradiation time for Ba2TbBiO6 citrate
pyrolysis and solid-state samples. For comparison, the data for the Sb50% substituted sample are given. The
gaseous concentration is normalized by the surface area of the powder samples. (b) Illuminating spectra of the
Xe lamp limited in the visible wavelength range between 390 and 780 nm. (c) Photograph of 0.5-L glass
reactor vessel for the IPA experiment. The powder sample (about 1 g) placed on the bottom of a small glass cell
was set in its vessel.
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These values fairly agree with the lattice parameters of Pr247 estimated by a
previous study [30]. It was from gravimetric analysis estimated that the oxygen
deficiencies in the 48 and 72 h reduced samples in a vacuum are δ ¼� 0:56 and δ ¼
� 0:72, corresponding to samples #2–1, #2–2 and sample #1, respectively (Table 1).
According to a variation in Tc as a function of the oxygen deficiency [31], the Tc,on
shows a rapid increase at δ≥ � 0:2, then follows a stable increase with δ, and finally
remains saturation around 26–27 K at δ≥ � 0:6. Therefore, we conclude that the
doped carrier concentrations in the present samples are located near the optimally
doped region.

First of all, the temperature dependences of electric resistivities of the Pr123,
Pr124, and as-sintered Pr247 compounds are shown in Figure 5a. The Pr123 and
Pr124 samples exhibit semiconducting and metallic behaviors in ρ. The as-sintered
Pr247 sample shows a weakly semiconducting property at high temperatures, it
then reaches a maximum peak at intermediate tempertures around � 150 K, and
finally it follows a metallic behavior with lowering T. It is well known that CuO
single chains in Pr123 and CuO double chains in Pr124 show semiconducting and
metallic behaviors, respectively. The reduction heat treatment on the as-sintered
sample in a vacuum results in the appearance of superconducting state with
Tc=22-27 K, accompanied by the strongly metallic properties over a wide range of
temperature (Figure 6a). For the present Pr247 sample with a reduction treatment
for 72 h, a sharp superconducting transition appears at an onset temperature
Tc,on=26 K and then it achieves a zero resistance state at Tc,zero=22 K.

Furthermore, to check bulk superconductivity, we performed to measure low-
temperature dependence of magnetic susceptibility χ of the 72-h-reduced
superconducting sample measured at 5 mT under ZFC scan. Figure 6b exhibits
diamagnetic signals below Tc,on = 26 K for the 72-h-reduced sample. In addition,
the superconducting volume fraction due to the shielding effect is estimated to be
� 58% from the ZFC values at 5 K. In the inset of Figure 6, the magnified data are
plotted to clarify the definition of Tc,on. We note that the quenching procedure in

Figure 5.
(a) Temperature dependences of electric resistivities of the Pr123, Pr124, and as-sintered Pr247 compounds.
(b) Schematic view of Cu(3dx2�y2) orbitals and O(2pσ) orbitals in a CuO double chain of Pr2Ba4Cu7O15�δ.
Here, tpp and tdd denote the hoping term between 2pσ orbitals at the nearest neighbor oxygen sites and that
between 3dx2�y2 orbitals at the nearest neighbor copper sites, respectively [32].
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air promotes a sharp superconducting transition appearing at temperatures between
Tc,on=26 K and Tc,zero=22 K.

3.1.2 Hall and pressure effects of Pr2Ba4Cu7O15�δ

Furthermore, in Figure 7, we show the temperature dependences of the Hall
coefficients RH for the as-sintered non-superconducting and 48-h-reduced
superconducting samples of Pr2Ba4Cu7O15�δ. For comparison, the RH values of the as-
sintered sample are taken from our previous work [33], which are similar, in magni-
tude and temperature dependence, to RH of Pr124 with a metallic CuO double-chain
block. (Figure 1a) For the 48-h-reduced sample, the RH data exhibit negative values
in the limited temperature range between 30 and 100 K, accompanied by electron
doping due to the reduced heat treatment in a vacuum. Moreover, we estimate RH ¼
�1:1� 10�3 cm3/C at 30 K, which is in good agreement with the published data [33].

In Figure 7b, we show the temperature dependences of electrical resistivities of
the 48-h-reduced superconducting sample under hydrostatic pressures up to
2.0 GPa. The application of external pressure on the 48-h-reduced sample
suppressed the superconductivity with increasing the applied pressure. In the case

Figure 6.
(a) Temperature dependence of electric resistivity of the 72-h-reduced superconducting Pr247 compound.
(b) Low-temperature dependence of magnetic susceptibility χ of the 72-h-reduced superconducting sample
measured at 5 mT under ZFC scan. In the insets, the magnified data are plotted to clarify the definition of Tc,on.
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of applied pressures above 0.8 GPa, the zero-resistance state vanished and the high-
temperature metallic properties were transferred to the semi-conducting behaviors,
accompanied by a rapid increase in ρ. The onset temperature of superconducting
transition Tc,on declined gradually from 26.5 K at ambient pressure through 24.1 K
at 0.8 GPa down to 18.0 K at 1.6 GPa. However, the onset temperature was
enhanced up to � 30 K under a maximum pressure of 2.0 GPa.

The electronic phase diagram between normal and superconducting phases of a
CuO double chain model has been clarified using the Tomonaga-Luttinger Liquid
theory [32]. In the case of a shrinkage of the lattice spacing along c-axis between the
two single chains of a CuO double-chain block, we expect the enhancement of both
carrier hopping energies, tpp and tdd. Here, we define the hoping term between 2pσ
orbitals at the nearest neighbor oxygen sites and that between 3dx2�y2 orbitals at the
nearest neighbor copper sites, as tpp and tdd, respectively (see Figure 5b). If we
apply the external pressure on Pr247 including the CuO double chain block, it is
theoretically predicted that the pressure induced enhancement of the hopping
terms will result in a phase transition from the superconducting to normal phase.
This theoretical prediction is qualitatively in agreement with the negative pressure
effect on the superconducting phase observed in Pr247 [34].

We examined the magneto-resistance effect (up to 14 T) of the 48-h-reduced
superconducting Pr247 for temperatures close to 30 K under a maximum pressure
of 2.0 GPa, to establish a phase boundary between the superconducting and normal
states. In Figure 7c, the MR data around 30 K tend to increase according to the
upward covey behaviors at low fields. On the other hand, the MR around �40 K
shows weak increases in the downward convey forms which is related to the model

Figure 7.
(a) Temperature dependences of Hall coefficients for the as-sintered non-superconducting and 48-h-reduced
superconducting Pr247 compounds. For comparison, the as-sintered data are cited from our previous paper
[34]. (b) Temperature dependences of electrical resistivities of the 48-h-reduced superconducting Pr247 under
various pressures up to 2.0 GPa. (c) Magneto-resistance effect (up to 14 T) of the 48-h-reduced
superconducting Pr247 for temperatures close to 30 K under a maximum pressure of 2.0GPa.
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of slightly warped Fermi surfaces. (in details, see [27]) This finding indicates that
the applied magnetic field destroyed the superconducting isolated regions and
enlarged further the normal-state majority phase, resulting in the observed MR
phenomena near 30 K. The re-entrant superconducting behavior observed at
2.0 GPa is an open question to be resolved in future through the structure analysis
under applied pressures [35].

3.2 Double perovskite photocatalytic semiconductor

3.2.1 Structural and valence-state properties of Ba2Tb(Bi,Sb)O6 samples

X-ray diffraction patterns of Ba2TbBiO6 are shown in Figure 8. For the parent
Ba2TbBiO6 with a monoclinic structure (the space group I2=m), the lattice param-
eters were estimated from the x-ray diffraction data to be a ¼ 6:1099 Å, b ¼ 6:0822
Å, c ¼ 8:5939 Å and β ¼ 89:888∘, which fairly agree with previous data [20]. The
peak intensity of (101) reflection (the inset of Figure 8) is responsible for the
degree of B-site ordering in the double-perovskite crystal structures. When the B
site ordering is assumed to be �70 %, the tiny profiles around the (101) peak are
well fitted by the least squared method using the RIETAN-FP program [37].

For the Ba2Pr(Bi,Sb)O6 system, the polycrystalline samples for x<0:5 are
formed in almost single phases of the monoclinic structure, while the x≥0:5 sam-
ples crystallize in a cubic structure with the space group Fm3m [24]. Substitution of
the smaller Sb5þ (0.60 Å) ion at the Bi5þ (0.76 Å) site causes a monotonic decrease
in the lattice parameters. For Ba2TbBi0:5Sb0:5O6, we obtain the lattice parameters
a ¼ 8:4511 Å and α ¼ 90∘. Figure 8b shows tolerance factor vs. Sb content (x) for
Ba2þ2 Tb3þBi5þ1�xSb

5þ
x O6 and Ba2þ2 Tb4þM14þ1�xM24þx O6 with M14þ= Bi3þ0:5Bi

5þ
0:5 and

Figure 8.
(a)X-ray diffraction patterns of Ba2TbBiO6. Inset shows the enlarged diffraction data. The emergence of (101)
reflection indicates B-cation ordering which is characteristic of the ordered double-perovskite structure. (b)
Tolerance factor vs Sb content for Ba2TbBi1�xSbxO6. The solid and dotted lines denote Ba2þ2 Tb3þBi5þ1�xSb5þx O6

and Ba2þ2 Tb4þM14þ1�xM24þx O6 with M14þ= Bi3þ0:5Bi
5þ
0:5 and M24þ=Sb3þ0:5Sb

5þ
0:5. The crystallographic phase

diagram consisting of the monoclinic, rhombohedral and cubic phases is given as a function of tolerance factor in
ref. [36].
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M24þ = Sb3þ0:5Sb
5þ
0:5. The tolerance factor of double perovskite compounds Ba2(Pr,Tb)

(Bi,Sb)O6 is given by the following equation,

t ¼ rBa þ rOffiffiffi
2

p rTbþrM
2 þ rO

� � , (1)

where rBa, rO, rTb, and rM¼ Bi,Sbð Þ are the ionic radii of the respective ions (in
details, refer to [24]). The crystallographic phase diagram consisting of the mono-
clinic, rhombohedral and cubic phases is given as a function of tolerance factor in
ref. [36]. The crystal structures obtained for the x = 0 and x = 0.5 samples are
almost consistent with the phase diagram reported. Assuming the tetravalent state
of Tb4þ, we obtain the value of t = 0.97914, indicating the stability of a cubic
structure for the x = 0.5 sample. The microstructures and pelletized precursors for
the Ba2TbBiO6 parent sample prepared by the citrate pyrolysis method are shown in
Figure 2b and c. The crystalline grains of the citrate sample have an average size
ranging from about 0.2 to 0.5 micron. On the other hand, the grain diameters of the
solid-sate sample are distributed on a micron order scale and about one-order grater
than those of the former. The citrate pyrolysis process fabricates uniformly
dispersed grains with sub micron size compared with the solid-state preparation
technique (see [24]).

The magnetic susceptibility data for the Ba2Tb(Bi1�x,Sbx) O6 compounds (x=0
and 0.5) were measured as a function of temperature under a magnetic field of
0.1 T. (not shown here) The effective magnetic moments (μeff ) are estimated from
the magnetization data using the Curie–Weiss law. For the parent and x = 0.5 citrate
samples, we obtain μeff= 8.91 μB and 8.86 μB, as listed in Table 2. Moreover, we try
to evaluate the ratio of the Tb3þ and Tb4þ ions using the equation,

μ2eff ¼ yμ2eff Tb3þ
� �þ 1� yð Þμ2eff Tb4þ

� �
(2)

where μeff (Tb3þ) = 9.72 μB and μeff (Tb4þ) = 7.94 μB. For the parent and x = 0.5
citrate samples, we obtain that the ratio of Tb3þ and Tb4þ ions is 0.52 : 0.48 and 0.49 :
0.51, respectively. The mixed valence state expected from the magnetic data qualita-
tively consists with the above discussion on the stability of cubic structure for the
x = 0.5 sample. The magnetic data suggest that about half of Re ions (Re = Pr and Tb)

Sample
no.

Composition Synthetic
method

Crystal
symmetry

μeff (μB) Experimental
data

#T1 Ba2TbBiO6 citrate pyrolysis monoclinic 8.91 IPA, MB, Opt.

#T2 Ba2TbMO6 M = Bi0:5
Sb0:5

citrate pyrolysis cubic 8.86 IPA, MB, Opt.

#T3 Ba2TbBiO6 solid state monoclinic 9.07 IPA, MB, Opt.

#P1 Ba2PrBiO6 citrate pyrolysis monoclinica 3.08a MB

#P2 Ba2PrSbO6 citrate pyrolysis cubica 3.0a MB

#P3 Ba2PrBiO6 solid state monoclinicb 3.15b MB

The effective magnetic moments μeff were estimated from the magnetization data using the Curie–Weiss law. IPA, MB
and Opt. denote gaseous 2-propanol decomposition, methylene blue degradation, and optical measurements,
respectively.
aRef. [24].
bRef. [38].

Table 2.
Sample details of Ba2(Pr,Tb)(Bi,Sb)O6 used in the experiments.
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are oxidized to the tetravalent state over the whole range of Sb substitution [24]. In a
previous analysis of X-ray photoemission spectroscopy [39], it has been shown that a
predominant peak of Pr3þ coexists with a smaller shoulder structure of Pr4þ, giving
further evidence for the mixed valence state of the Pr ion.

3.2.2 Photocatalytic and optical properties of Ba2Tb(Bi,Sb)O6 samples

Next, the visible-light induced decomposition experiment using IPA gas was
carried out, to examine photocatalytic activities of the powder samples.

In Figure 4a, the temporal variation of evolved CO2 concentration after visible
light irradiation are shown for the Ba2TbBiO6 citrate and solid state samples. For
comparison, the data for the Sb50% substituted Ba2Tb(Bi0:5,Sb0:5)O6 sample are
also given. The CO2 concentrations for both the citrate and solid state x = 0 samples
rapidly rise at the initial 20 min and then show a gradual increase at further
illumination time. For the Sb50% substituted sample, no clear evolution of CO2 was
detected. It is expected that the heavy substitution of Sb ion at the B-site causes the
band gap opening and considerably reduces the formation of electron–hole pairs,
resulting in a strong suppression of the photocatalytic reaction processes. In our
previous study [38], we investigated the influence of the band gap opening due to
the Sb substitution on the basis of first-principles electric structure calculation. The
Sb substitution at Bi site removes the Bi-orbitals and makes the corresponding band
gap enlarged. The photocatalytic activity exhibits strong dependence of the Sb
substitution, which is associated with the enhancement of the band gap energy. It is
true that the photocatalytic behavior for the solid state sample is similar to that of
the citrate sample. However, the evolved CO2 quantities of the x=0 citrate sample
are about twice as large as the data of the corresponding solid state sample, as
shown in Figure 4a. The improved photocatalytic activity of the Ba2TbBiO6 citrate
sample is attributed to its morphology, where fine polycrystalline grains with a sub
micron order are homogeneously dispersed.

Furthermore, we demonstrated photocatalytic degradation of methylene blue
(MB) vs. visible light irradiation time for the end-member samples with Ba2(Pr,Tb)
BiO6 and Ba2PrSbO6 compositions. For comparison, the MB data of the Ba2PrSbO6
solid-state sample are given. Here, the MB degradation rate (%) is given by
C 0ð Þ � C tð Þð Þ=C 0ð Þ � 100, where the peak intensities located around λ = 665 nm at
the initial and final concentrations at different time intervals are defined as C(0)
and C(t), respectively. Figure 9a shows the MB degradation rate after the visible
light irradiation for Ba2PrBiO6 and Ba2PrSbO6 samples. In Figure 9b and c, the
typical absorbance spectra and corresponding MB solutions for Ba2PrSbO6 at dif-
ferent irradiation time intervals are also displayed. The MB degradation rates under
visible light irradiation show rapid increases due to Sb-substitution. For the Sb50%
substituted Ba2Tb(Bi0:5,Sb0:5)O6 sample, the highest performance of MB degrada-
tion was observed. The citrate parent sample of Ba2PrSbO6 exhibits higher degra-
dation in comparison with the data of the solid-state sample with the identical
composition. For Ba2PrBiO6, the effect of Sb-substitution on the photocatalytic
degradation of MB is in direct contrast to that on the IPA decomposition under
visible light irradiation.

Finally, we carried out the optical measurements on the Ba2Tb(Bi1�x,Sbx)O6

(x=0 and 0.5) powder samples by the diffuse reflectance method. In the first step,
we transformed the observed reflectance data to the absorption coefficient αKM by
applying the conventional Kubelka-Munk function. In the next step, extrapolating
the tangent line to the εp axis near the band edge, we evaluate the energy band gap
from the intersection following the equation
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Figure 10.
(a) Optical properties of Ba2Tb(Bi1�x,Sbx) O6(x=0 and 0.5). αKMεp

� �2vs εp for the x ¼ 0:5 sample are

plotted as a function of εp. The inset shows plots of αKMεp
� �1=2 vs εp. For the x = 0 sample, Eg is estimated from

an intersection point of base line and straight line by extrapolation. (b) Band gap energies vs Sb content (x) for
Ba2Tb(Bi1�x,Sbx) O6 (x=0 and 0.5). The data of Ba2Pr(Bi,Sb)O6 are cited from our previous work [24]. (c)
Schematic illustration between the semiconductor band positions and the the surface redox reactions in
photocatalysis. The valence band (VB) is located to facilitate oxidation, but the lower conduction band (CB1)
is not sufficiently positioned to facilitate reduction. The higher conduction band (CB2) is suitable for promoting
effective reduction process.

Figure 9.
(a) Photocatalytic degradation of methylene blue (MB) vs visible light irradiation time for Ba2(Pr,Tb)(Bi,Sb)
O6 citrate pyrolysis samples. For comparison, the MB data of the Ba2PrSbO6 solid-state sample are given.
(b) Absorbance spectra as a function of visible light irradiation time for the MB degradation in the case of
Ba2PrSbO6 citrate pyrolysis sample. (c) Photocatalytic variations of the MB solutions at different irradiation
time intervals.
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αεp
� �n ∝ εp � Eg

� �
, (3)

where α, εp, and Eg are the absorption coefficient, the photon energy, and the
band gap energy. The exponents, n ¼ 2 and n ¼ 1=2, are responsible for direct and
indirect optical transitions, respectively [18, 19]. In Figure 10a, the absorption
coefficient, αKMεp

� �2 is plotted as a function of εp for the x=0.5 sample. In the inset

of Figure 10a, αKMεp
� �1=2 vs. εp are shown for the x=0 sample. We obtain that

Eg = 0.92 eV at x=0 and 2.45 eV at x=0.5, assuming indirect and direct photon
transitions, respectively. The magnitude of the energy band gap is enhanced due to
the Sb substitution.

In Figure 10c, schematic view between the semiconductor band positions and
the the surface redox reactions in photocatalysis is presented. The valence band
(VB) is located to facilitate oxidation, but the lower conduction band (CB1) is not
sufficiently positioned to facilitate reduction. The higher conduction band (CB2) is
needed to promote reduction process. Applying the present band model to the
photocatalytic activities observed for Ba2Tb(Bi,Sb)O6, the parent compounds with
smaller energy band gap of nearly 1 eV are responsible for the lower energy level of
conduction band (CB1) edge. On the other hand, from the effect of band gap
opening due to Sb substitution, we believe that the CB2 band model is valid in the
heavily Sb substituted samples. The former is closely related to facilitate oxidation
reactions at the surface for the IPA decomposition process. In the latter compounds
with the larger energy band gaps of �2.5 eV, the MB degradation is strongly
promoted in contrast to that of the former compounds. These findings indicate that
the conduction band edge of the heavily Sb substituted samples is optimized.

4. Conclusions

A citrate pyrolysis technique is a unique route to prepare reactive precursor
mixtures through an ignition process of concentrated aqueous solution including
metallic ions of stoichiometric composition. This procedure enables to synthesize
highly homogeneous and fine powders for functional materials. The double-chain
based superconductor Pr2Ba4Cu7O15�δ and double perovskite photocatalytic
semiconductor Ba2Tb(Bi,Sb)O6 were synthesized by using the citrate pyrolysis
technique.

The TEM image of the 48-h-reduced Pr247 revealed that CuO single-chain and
double-chain blocks are alternately stacked along the c-axis such as {-D-S-D-S-}
sequence. For the present Pr247 sample with a reduction treatment for 72 h, a sharp
superconducting transition appeared at an onset temperature Tc,on=26 K accompa-
nied by a zero-resistance state at Tc,zero=22 K. The superconducting volume fraction
estimated from the magnetization measurement reached an excellent value of
� 58%. Both reduction treatment in a vacuum and subsequent quenching procedure
are needed to realize higher superconductivity due to further oxygen defects. For
the 48-h-reduced sample, the RH data exhibited negative values in the limited
temperature range between 30 and 100 K, accompanied by electron doping due to
the reduced heat treatment in a vacuum. The re-entrant superconducting behavior
observed at 2.0 GPa is an open question to be resolved in future through detailed
structure analysis under applied pressures.

The polycrystalline samples for Ba2Tb(Bi1�x,Sbx)O6 (x ¼ 0 and 0.5) were
formed in the monoclinic and cubic crystal structures. The magnetic data suggest
that about half of Tb ions are oxidized to the tetravalent state over the wide range of
Sb substitution, which is a common trend in the case of Ba2Pr(Bi,Sb)O6. For Ba2Tb
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(Bi1�x,Sbx)O6, we estimated Eg = 0.92 eV at x=0 and 2.45 eV at x=0.5, assuming
indirect and direct photon transitions, respectively.

We conducted the gaseous 2-propanol (IPA) and methylene blue (MB) degra-
dation experiments under a visible light irradiation, to evaluate photocatalytic
activities of the powder samples. The band gap opening due to the heavy Sb substi-
tution suppresses the formation of electron–hole pairs, causing a decrease of the
photocatalytic reaction processes in the IPA decomposition. The MB degradation
rates under visible light irradiation show rapid increases due to Sb-substitution. For
the Sb50% substituted Ba2Tb(Bi0:5,Sb0:5)O6 sample, the highest performance of MB
degradation was observed. In the Ba2(Pr,Tb)(Bi,Sb)O6 system, the effect of Sb-
substitution on the photocatalytic degradation of MB is in direct contrast to that on
the IPA decomposition under visible light irradiation. We conclude that the citrate
pyrolysis samples of Ba2Tb(Bi,Sb)O6 exhibit excellent performances in comparison
with the data of the solid-state samples with the identical composition. The
enhanced photocatalytic properties in the citrate samples are attributed to their
morphology, where fine particles are homogeneously distributed with a sub micron
order.
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Chapter 10

Aerosol Spray Pyrolysis Synthesis 
of Doped LiNi0.5Mn1.5O4 Cathode 
Materials for Next Generation 
Lithium-Ion Batteries
George Ganas, George Karagiannakis, Aitor Eguia-Barrio, 
Miguel Bengoechea, Iratxe de Meatza and Georgia Kastrinaki

Abstract

The autonomy of next generation Electric Vehicles relies on the development of 
high energy density automotive batteries. LiMn1.5Ni0.5O4 (spinel structure) is a promis-
ing active cathode material in terms of charge rate capability, theoretical capacity, cost 
and sustainability being a cobalt-free material. In the current study pristine and doped 
(Fe, Al, Mg) LiMn1.5Ni0.5O4 particles were synthesized by an Aerosol Spray Pyrolysis 
pilot scale unit in a production rate of 100 gr. h−1 and were evaluated for their elec-
trochemical activity in Half Coin Cell form. The doped particles were characterized 
in terms of their surface area, particle size distribution, crystallite size, morphology 
and ion insertion of the doping element into the LiNi0.5Mn1.5O4 lattice by Raman 
spectroscopy. The mixed oxide particles had homogeneous composition which is an 
inert characteristic of aerosol spray pyrolysis synthesis. The electrochemical activity 
of the material is attributed both to the nanoscale structure, by successful dopant ion 
insertion into the spinel lattice as well as to optimization of carbon and spinel particle 
interface contact in the microscale for increase of electrode conductivity.

Keywords: Li-ion batteries, aerosol spray pyrolysis, LNMO, spinel, cathode materials

1. Introduction

The unavoidable consumption of the global fossil fuel reserves in conjunction 
with the increasing environmental issues, have rendered the storage of electrical 
energy produced from renewable sources of greater importance than ever before 
[1]. Rechargeable Lithium-Ion batteries (LIB) have gained considerable attention 
among various energy storage technologies and are currently widely employed or 
considered to be deployed in electric devices, electric vehicles (EVs) and grid energy 
storage systems due to their relatively high energy density, high voltage, better cycle 
life and environmental friendliness [2–5]. Pyrolysis methods are extensively studied 
for the synthesis of anode and cathode materials for LIBs [6–11], either as mixed 
oxide particles [12, 13] or carbon-based structures [14], thereby providing a scalable 
and sustainable process for the production of electrode materials. The demand for 
high specific power, energy capacity [15, 16] and safety within the battery lifetime 
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has led to the importance of “going nano” [17] in order to optimize electrode elec-
trochemical activity and stability towards lithium ion intercalation (insertion within 
the material lattice) in the framework of the necessary cycling operation.

Aerosol spray pyrolysis synthesis is an established and scalable method for the 
synthesis of metal oxides [18], metal [19] and carbon-based [20] materials. The atom-
ized droplets undergo controlled evaporation of solvents and subsequent precipitation 
of precursor materials by regulating the operating conditions of the process to allow 
tuning of size distribution, morphology, porosity and to achieve uniform multicom-
ponent composition of the synthesized particles and structures. Furthermore, the 
residence time of the droplets in the heated reactors is in the time frame of seconds, 
while further (i.e. post-synthesis) calcination can be performed in powder form. The 
precursor solutions for aerosol spray pyrolysis are mostly aqueous based, leading only 
to gaseous byproducts that can be in-line processed or captured, thereby contributing 
further to an environmentally sustainable and cost-effective process.

To meet the demanding battery standards, a wide variety of cathode materials 
has been thoroughly studied, such as the layered LiMO2 [21–24], the olivine LiMPO4 
[25–27] and the spinel structure of LiM2O4. Among the materials of the latter 
LiM2O4 family, LiNi0.5Mn1.5O4 (LNMO) is considered a very promising candidate 
as a cathode material in both environmental [28, 29] and operational terms, since 
it exhibits an operating charge/discharge voltage of ~4.7 V vs. Li/Li+, a theoretical 
capacity of ~147 mAh·g−1 [30] and it does not require the use of cobalt. In this work 
we investigate the doping of Mg, Al and Fe through partial substitution of Ni in 
the LNMO structure (Mg-LNMO, Al-LNMO and Fe-LNMO respectively) via the 
Aerosol Spray Pyrolysis (ASP) synthesis technique for a production capacity of 
approximately 100 g·h−1. Subsequently, the doping effect on the electrochemical 
performance of LNMO half cells is assessed experimentally.

2. LiNi0.5Mn1.5O4 spinel structure

LNMO can be formed in two different space groups as it is also exhibited in 
Figure 1(a) the single cubic P4332 phase (ordered), where in the absence of Mn3+ 
the Mn4+ and Ni2+ ions are located at 12d and 4a sites of the lattice respectively, Li 
ions occupy the 8c sites and O ions the 8c and 24e sites and b) the face centered 
Fd-3 m phase (disordered) where Mn4+ and Ni2+ are randomly distributed at 16c 
sites of the lattice, while Li and O ions are located at 8a and 32e sites respectively 
[31]. P4332 demonstrates a stoichiometric amount of oxygen atoms, while Fd-3 m 
presents oxygen vacancies, represented by the non-stoichiometric parameter δ. 
Thus, a LiNi0.5Mn1.5O4-δ structure appears with certain Mn ions being reduced to 
Mn3+ due to charge balancing [32].

Despite the fact that LNMO exhibits promising electrochemical features, it may 
demonstrate significant capacity reduction during cycling due to Mn diffusion in 
the electrolyte mass, caused by various lattice modifications in conjunction with 
the Jahn-Teller effect [33]. Since the electrochemical performance of LNMO can 
be affected by the synthesis route and thus the stoichiometry, morphology, crystal 
structure and impurities [34], many synthesis methods have been employed in 
order to improve LNMO performance: hydrothermal route [35, 36], co-precipita-
tion [37–40], sol–gel [41, 42], induction thermal plasma [43], molten salt [44–46], 
liquid phase self-propagating high-temperature synthesis (LPSHS) and aerosol 
spray pyrolysis [47].

The electrochemical performance of LNMO can be improved via cation doping 
[48–50] by Mg, Al and Fe. This approach contributes to LNMO lattice stabilization, 
increase of specific capacity, reduction of the LixNi1-xO phase which is formed in 



199

Aerosol Spray Pyrolysis Synthesis of Doped LiNi0.5Mn1.5O4 Cathode Materials…
DOI: http://dx.doi.org/10.5772/intechopen.100406

the case of the disordered Fd-3 m structure and increase of cycle life. Moreover, the 
doped compositions are less expensive, abundant and without scarcity or toxicity 
issues such as in the case of cobalt [51–58].

3. Experimental

3.1 Material synthesis

The LNMO material was synthesized by the Aerosol Spray Pyrolysis method 
[19], which utilizes the principles of bottom up synthesis in droplet micro-reactors. 

Figure 1. 
Crystal phases of LNMO: (a) ordered P4332, (b) disordered Fd-3 m.
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A precursor solution is atomized into fine droplets which subsequently undergo 
evaporation of the solvent while transferred by a carrier gas, inside a heated tubular 
reactor. The advantages of the respective synthesis technique is the short produc-
tion time of some seconds in the reactor zone and the scalability of the produced 
material quantities.

In the current synthesis campaigns, the precursor solution was a 1 M aque-
ous solution of LiNO3 (Merck, ≥98%), Ni(NO3)2·6H2O (Merck, ≥99%), 
Mn(NO3)3·4H2O (Alfa Aesar, 98%), Mg(NO3)2·6H2O (Sigma Aldrich, 98 + %, 
Al(NO3)3·9H2O (Sigma Aldrich, ≥98%) and Fe(NO3)3·9H2O (Merck, ≥99%), in 
molar ratios of Li:Ni:Mn:D: 1:0.5-x:1.5:x and the temperature of the heated reactor 
was 800°C. The collected powder was subsequently calcined at 850°C for 16 h (air 
atmosphere) in a muffle furnace in order to obtain the disordered phase of the 
LNMO material [11]. The temperature of the reactor controls the evaporation rate 
of the solvent and thus the chemical composition and morphology of the synthe-
sized particles. The synthesis reactor is a pilot plant unit constructed and operated 
in CERTH’s facilities. In this study, 4 different materials were produced; the pristine 
LNMO and 3 metal doped LNMO compositions using Mg, Al and Fe as additives, 
namely Mg-LNMO, Al-LNMO and Fe-LNMO, respectively.

3.2 Structural characterization

The identification of the phase structure was performed by XRD analysis using 
a Siemens D500/501 X-ray diffractometer with Cu Kα radiation between 5° and 80° 
at a scan rate of 0.040°/s. SEM/EDS analysis as well as the mapping of the materi-
als were performed with a JEOL JSM-6300 microscope, while the TEM analysis 
was performed using a JEOL JEM 2010 high-resolution microscope. The ordered/
disordered structure was identified with a Raman Renishaw microscope equipped 
with a 514 nm Argon laser of 50 mW. The specific surface area of the samples (BET 
method) was measured with the aid of a N2 adsorption porosimeter (Micromeritics 
ASAP 2000, at 77 K, after degassing the samples at 250°C). Finally, the particle size 
distribution of the materials synthesized (powder form) was performed using a TSI 
PSD 3603 Particle Size Distribution Analyzer.

3.3 Electrode assembly and electrochemical characterization

The electrochemical performance of synthesized LNMO was evaluated at the 
laboratory scale by preparing electrodes and assembling half-coin cells (HCC). 
During the cathode formulation, an N-methyl-2-pyrrolidone (NMP) slurry was 
prepared, consisting in a first approach of 90 wt. % of active material with the 
rest 10 wt.% being carbon black (C-NERGY Super C65 from IMERYS Carbon & 
Graphite) and Poly-Vinylidene Fluoride (PVdF HSV900 from Arkema) as electronic 
conduction enhancer and binder, respectively, while different ratios followed 
(84/8/8, 80/10/10) when issues where observed on the slurry stability and electrical 
conductivity of the electrodes. After coating the slurry on an aluminum current 
collector foil (Showa Denko, 20 μm thickness) using the doctor blade technique to 
a targeted loading of 1.0–1.5 mA.cm−2, the resulted electrodes were dried at 120°C 
under vacuum overnight, and the coin cell assembly followed.

The electrochemical performance of the prepared electrodes has been ana-
lyzed by assembling and testing coin cells (CR2025, Hohsen), in HCC configura-
tion using Li metal disk (50 μm thick, Albermale) as counter anode electrode. 
One layer of polyolefin Celgard 2325 separator was used in all coin cells with 
50 μL of 1 M LiPF6 EC/EMC electrolyte from Arkema. The cells were tested in 
a potential window of 3.5-5 V at room temperature in a working C-rate range 
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between C/5 (5 h) and 5C (12 min). C-rate calculations were made based on a 
LNMO specific capacity of 135 mAh.g−1.

4. Physicochemical characterization results

Figure 2(a) depicts the XRD spectra of the synthesized LNMO materials. In all 
cases a desired well-crystallized LiNi0.5Mn1.5O4 structure was obtained, with the 
characteristic peaks of the typical cubic structure at 19, 36, 44, 59, 64 2θ values; the 
higher resolution graph in Figure 2(b) referring to the pristine LNMO indicates 
two weaker peaks at ~37.5 and ~ 43.5 2θ values corresponding to the LixNi1-xO phase. 

Figure 2. 
(a) XRD of the pristine and doped LiNi0.5Mn1.5O4 with Fe, Al and Mg materials (b) higher resolution XRD 
graph depicting the additional LixNi1-xO of the pristine sample.
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On the contrary, in the case of doped LNMO compositions these peaks are not 
 present, assuming, therefore, the elimination of the undesired LixNi1-xΟ phase.

Crystallite size was calculated by the Scherrer’s formula from the FWHM of the 
(111) LiNi0.5Mn1.5O4 peak; the calculated sizes in Figure 3(a) exhibit crystallites 
with an average size of ~53 nm for all the materials. Doping seems to affect the spe-
cific surface area in a different manner; in Figure 3(b) the pristine sample exhibits 
a 1.46 m2.gr−1 specific surface area which increases slightly to 1.68 m2.gr−1 for Mg 
and significantly to 2.32 m2.gr−1 for the Al sample, while in accordance to its crys-
tallite size deviation the Fe sample exhibits lower surface area than the pristine at 
1.24 m2.gr−1. The different surface areas can be related to the morphology exhibited 
by SEM in Figure 4, where spherical particles seem to exhibit a non-dense, macro-
porous structure. Particles synthesized by aerosol synthesis are expected to have a 
spherical morphology based on the aerosol process principle [19]. SEM images for 
the pristine and the doped particles depict multiple particulate aggregates forming 
the macroscopic spherical particles. The EDS mapping images show a homogeneous 
dispersion of the Ni, Mn and of the respective Mg, Al and Fe dopants per case, 

Figure 3. 
Crystallite size (a) and specific surface area (b) of the doped LNMO materials.
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in consistency with the XRD patterns which also confirm the homogeneity of the 
synthesized structures.

The morphology of the polycrystalline material obtained from the TEM images 
in Figure 5 shows the aggregated morphology in the nanoscale, revealing similar 
morphological characteristics for all three doped compositions.

Figure 4. 
SEM images and EDS mapping analysis for the pristine and doped LNMO particles.

Figure 5. 
TEM images depicting the crystallites of the LNMO of (a) pristine, (b) Mg-LNMO, (c) Al-LNMO and 
(d) Fe-LNMO.
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Concerning the particle size distribution analysis, the mean particle diameter 
of pristine material was 2 μm; doping with Al and Mg led to smaller particle sizes 
while Fe doped had the higher particle size distribution at 2.2 μm, as observed in the 
normalized particle volume probability density function (PDF) plots of Figure 6.

Raman spectra was obtained in order to evaluate lattice differences of the 
pristine and doped LNMO materials. The spectra at Figure 7 exhibits the 636 cm−1 
peak, which is assigned to the Mn-O stretching vibration of the A1g mode shifted to 
slightly higher wavenumbers due to the insertion of the Ni2+ ions in the spinel lattice 
[59]. The decrease of Ni amount (doped compositions), shifts the corresponding 
peak to the nominal location at 625 cm−1 attributed to the symmetric stretching 

Figure 6. 
Particle volume probability density function distribution of the pristine and doped LNMO particles measured 
by an aerodynamic diameter measuring technique.

Figure 7. 
Raman spectrum of the doped LNMO materials.
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vibration of the Mn-O of the MnO6 groups. The broadening of the two peaks at 582 
and 605 cm−1, which cannot be separated in the disordered structures, is attributed 
to the F(3)2g and the intensity of the shoulder located at 580 cm−1 is enhanced upon 
nickel substitution.

5. Electrochemical characterization results

The respective LNMO doped active materials were coated on aluminum foils 
using different formulations of active material, carbon and binder – as explained 
below – in order to study the material ratios and process parameters for slurry 
preparation and battery performance optimization. The coated material was also 
tested under different calendering densities, by varying the calendering pressure 
and final active layer thickness. The coated electrodes were analyzed for their 
electrochemical performance in the form of Half Coin Cells (HCC) with a metallic 
Lithium foil as counter electrode and evaluating their discharge specific capac-
ity. Preliminary electrochemical tests were performed on all four materials using 
HCCs (3 cells per formulation/material). Discharge C-rate varied from C/5 to 10C 
on comparable electrodes prepared with a formulation AM/Carbon/PVdF ratio of 
90/5/5, a real loading ~1.5 mAh.cm−2 and density of 2.5 g.cm−3.

As depicted in Figure 8, a profound specific discharge capacity decay was 
observed in both pristine and Mg-doped LNMO during cycles 1 to 5 (C/5 low rate 
and near-zero values were recorded until cycle 32 at high C-rates. Al-doped LNMO 
demonstrated high specific capacity values (~120 mAh.g−1) at low C-rates i.e. C/5, 
C/2, 1C while at higher discharge C-rates of 2C, 5C, 8C and 10C the specific capac-
ity demonstrated values of ~110, ~90, ~50 and ~ 20 mAh.g−1 respectively. The 
discharge specific capacity almost regained its initial high values when C-rate was 
decreased at C/2 during cycle 24 and withstood high charge rates (~80 mAh/g at 3C 
charge, cycles 29–31). On the other hand, Fe-doped LNMO demonstrated similar 
behavior during cycles 1–8, however the performance was clearly poorer than the 
Al-doped LNMO composition at 2C and 5C (i.e. ~90 and ~ 18 mAh.g−1 respectively) 
while it dropped to zero during fast discharge at 8C and 10C. During the C-rate 

Figure 8. 
Specific capacity of the different doped LNMO electrodes at different discharge rates (1C to 10C) and charge 
rates (1C, 3C).
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reduction at cycle 24 (C/2), an increase in specific discharge capacity to the initial 
values was observed but again performance was inferior to the Al-doped LNMO 
case throughout cycles 25–32.

Figure 9. 
Specific capacities of iron and aluminum doped LNMO for the same target loading of ~1.0 mAh.cm−2 under 
different electrode formulations and densities (a) 80/10/10_D1.5, (b) 84/8/8_D1.5 and (c) 84/8/8_D1.8  
(D in g.cm−3).
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Based on the abovementioned electrochemical results, Fe-doped and Al-doped 
LNMO were chosen for further testing in HCCs in order to study the effect of the 
AM/Carbon/PVdF and electrode density on the electrochemical performance.

The effect of electrode formulations with higher conducting carbon content to 
improve electrical conductivity and the calendering density on electrochemical 
performance of Fe-doped and Al-doped LNMO is depicted in Figure 9(a)–(c). The 
materials were tested with high C black content, an AM/carbon/PVdF ratio 80/10/10 
ratio, that limited the achievable loading to 1 mAh.cm−2 and a density of 1.5 g.cm−3. 
Figure 9(a) depicts low C-rates of C/5 to 1C during cycles 1–8; Fe-doped LNMO 
demonstrated higher values of specific discharge capacity compared to Al-doped 
LNMO (~138 and 118 mAh.g−1 respectively), while similar performance in the range 
80–100 mAh.g−1 was observed in the higher C-rate of 5C (cycles 13–15). Increasing 
the amount of active material to optimize the energy density of the active layer 
while maintaining slurry stability, achieved an AM/carbon/PVdF ratio of 84/8/8. As 
shown in Figure 9(b), the Al-doped LNMO performance demonstrates a capacity 
improvement while a capacity reduction is observed in the case of Fe-doped LNMO. 
During cycles 1–4 (C/5 and C/2 rates) the specific capacity reaches values ~137 and 
125 mAh.g−1 for Al-doped and Fe-doped LNMO respectively, with further decrease 
at 1C rate (130 and 120 mAh.g−1 respectively) and 2C rate (105 and 95 mAh.g−1 
respectively). Both materials demonstrate zero capacity at 5C rate. On subsequent 
charge at 1C during cycles 17–19, a decrease in Al-doped LNMO capacity is observed 
compared to 1C discharge cycles 5–7 while insignificant change in Fe-doped LNMO 
was observed in the course of the same cycles. During 3C charge (cycles 21–23), 
Fe-doped LNMO performed better than Al-doped LNMO with a specific capacity 
of ~95 vs. 85 mAh.g−1 for the Al-doped LNMO composition.

Finally, by further increase of the density to 1.8 g.cm−3, a significant improve-
ment of Al-doped LNMO performance was observed, especially at the higher 
C-rates of 2C, 3C and 5C in Figure 9(c). On the contrary, no improvement was 
observed in the case of Fe-doped LNMO, as the capacity values remained almost  
the same as for 1.5 g.cm−3 densification. The enhanced electrochemical activity  
of the Al-doped LNMO at the 1.8 g.cm−3 density comparing to that of 1.5 g.cm−3 
shows the importance of the physicochemical properties of the overall electrode, 
beginning from the nanoscale of Al ion doping in the LNMO lattice to the mac-
roscale attributed to the density of the coated electrode; the conductivity (Li-ion 
mobility and electrical conductivity) of the cathode increases when carbon and 
LNMO particle interfaces are in better contact by calendaring.

6. Conclusions

Aerosol Spray pyrolysis is a sustainable and promising route for the syn-
thesis of anode and cathode nanostructured materials, which is exploited by 
research laboratories and is employed for industrial production. In the current 
work, LiNi0.5Mn1.5O4 spinel was synthesized at a production rate of 100 gr hrs−1 
and was studied for three different doping compositions of Mg, Fe and Al; 
LiNi0.4Mg0.1Mn1.5O4, LiNi0.42Fe0.08Mn1.5O4 and LiNi0.4 Al0.1Mn1.5O4 by substituting Ni 
molar ratio in the spinel lattice. The aqueous precursor solutions were sprayed at a 
heated tubular reactor at 800°C, while further calcination of the collected powder 
was carried out at 850°C for 16 hrs [11]. The Raman spectra and XRD diagrams 
depict successful synthesis of the mixed structure, while SEM showed spherical 
particles with partially hollow morphology. The electrochemical evaluation was 
performed for different electrode formulations and loading/densities in half coin 
cells at different C-rates. Fe- and Al-doped materials for the electrode formulation 
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AM/C/PVdF = 90/5/5 exhibited high specific capacity values (~120 mAh.g−1) at low 
C-rates, while at higher discharge C-rates of 2C, 5C, 8C and 10C the specific capac-
ity demonstrated values of ~110, ~90, ~50 and ~ 20 mAh.g−1 respectively, showing 
interesting activity for further study, while pristine and Mg- doped material showed 
very low capacity at rates exceeding 1C. Fe- and Al- LNMO were further studied 
at lower active material ratios; namely 80/10/10 ratio using a density of 1.5 g.cm−3, 
where Fe-doped LNMO demonstrated higher values of specific discharge capacity 
compared to Al-doped LNMO at low C-rates of C/5 to 1C (~138 and 118 mAh.g−1 
respectively), while similar performance in the range 80–100 mAh.g−1 was observed 
for the higher C-rate of 5C. Increasing the amount of active material to 84/8/8 to 
increase electrode energy density for practical battery application, improved the 
capacity for the Al-doped case, while a capacity reduction was observed for the 
Fe-doped LNMO. The current work shows the potential of Fe and Al doped LNMO 
synthesized by ASP as promising materials for cobalt free cathodes for the develop-
ment of high voltage next generation Li-ion batteries.
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Chapter 11

Accelerate the Aging of Polymer 
as Energy-Saving Method Prior to 
the Pyrolysis Process
Jin Hu

Abstract

Pyrolysis technology has appeared a long time ago, but it has not been widely 
recognized and used in the area of waste plastic/rubber management. The key rea-
son is that the high energy consumption of pyrolysis is the most important problem 
that plagues the further development of pyrolysis. Prior to the pyrolysis of waste 
plastics/rubbers, in addition to dehydration and drying can save part of the energy 
consumption of pyrolysis, in this study, we have first reviewed and discussed high 
irradiance exposure to artificially accelerate the aging process of waste plastics/rub-
bers as pretreatment. The results from our preliminary experiments show that the 
pyrolysis process of the plastic that has undergone UV accelerated aging was speed 
up, accordingly to achieve saving energy in thermal cracking.

Keywords: pretreatment, natural aging, artificially accelerated aging, energy saving

1. Introduction

Pyrolysis is the thermochemical decomposition of organic matter into non-
condensable gases, condensable liquids, and a solid residual coproduct, biochar or 
charcoal in an inert environment (i.e., in the absence of oxygen) [1].

In a singular pyrolysis reactor, oxygen must be excluded otherwise more of 
the gas, oils, and char will burn, thereby losing products and reducing efficiency. 
Pyrolysis has historically been implemented to produce useful substances such as 
methanol, acetone, acetic acid, and creosote from wood in predominantly batch 
process retorts prior to petrochemical production routes [2].

Nowadays, pyrolysis has great potential to convert waste such as plastic/
rubber/biomass into valuable products, such as fuels, power, heat and other valu-
able chemicals and materials to achieve maximum economic and environmental 
benefits. For instance, liquid oil produced from different types of plastic waste 
had higher heating values (HHV) in the range of 41.7–44.2 MJ/kg similar to that of 
conventional diesel. Therefore, it has the potential to be used in various energy and 
transportation applications after further treatment and refining [3].

Municipal Solid Waste (MSW) is mainly derived from the disposal of general 
waste streams that include green waste, food waste, and miscellaneous products (ie, 
leather, textile, metal scraps), which can be separated as noncompostable materials 
[4]. Although most MSW ends up in unsightly landfill sites, a significant quantity 
has been used to produce different value-added products such as compost, feed-
stuffs, and biogas [5].
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Most mixed MSW technologies attempt to treat large quantities of heteroge-
neous mixed waste streams. This can be appealing to governments which do not 
want to source separate waste and seek a single, technological solution. However, 
the approach of looking for a technology fix for mixed waste treatment presents 
unique challenges, and is not as successful as more comprehensive source separa-
tion strategies. Gasification, pyrolysis and plasma arc technologies are most applied 
for homogeneous material streams. The heterogeneous nature of MSW is not well 
suited to this type of technology [6].

Andrew and Jumoke’s review [7] has shown that when appropriate system 
boundaries are applied, a MSW pyrolysis plant for self-sustaining energy from 
waste is thermodynamically unproven, practically implausible, and environmen-
tally unsound. No practical examples of a self-sustaining MSW pyrolysis plant, 
using either gas, oil, or char were found.

For homogeneous material streams, an approach of energy saving is pre-
treatment of the waste, by removing wet organics and inert material while retaining 
the high-energy plastics in the waste stream. In the process of converting organic 
solid waste into energy, besides the major thermal cracking energy consumption, 
a variety of additional energy consumption would incur e.g. feedstock sorting, 
conditioning, drying, shredding, pyrolysis gas cooling/condensation, combustible 
gases cleaning…How to reduce the energy consumption in each link to achieve the 
ultimate goal of reducing total energy consumption and increasing energy effi-
ciency in the entire process.

Moisture is present in all solid organic waste (even visibly dry material), existing 
at both surface and cellular level, therefore unless drying is set outside the system 
boundary it must be included in energy balances. Prior to the pyrolysis process 
occurs, removing this water from the solid organic waste is highly energy intensive 
due to the high latent and sensible enthalpy demands in both liquid and steam 
phases, and high enthalpy of vaporization [8]. These endothermic phenomena are 
known as parasitic enthalpy demand, and are well understood from extensive work 
with steam cycles. Therefore, dehydration and drying outside the pyrolysis system 
under controllable temperature and a good ventilation cycle are preference that 
has a much better effect than that in a relatively closed pyrolysis reactor and save 
more energy.

During the pyrolytic conversion, the process of transforming long-chain 
hydrocarbons into short-chain hydrocarbons needs an extraneous energy supply 
to drive the process so this is provided allothermally from electricity or by burn-
ing additional fuels. Generally speaking, catalytic pyrolysis is a major technique to 
obtain more oil or combustible gas at relatively low temperatures and low energy 
consumption. Apart from this, this study will first review the published experimen-
tal results of artificially speeding up the aging of raw materials for some common 
organic solid wastes under different conditions e.g. temperature, natural or artifi-
cial ultraviolet light. Second, to propose using this method in the pre-treatment of 
raw materials to reduce the energy consumption of thermal cracking from long-
chain to short-chain, and finally shortening the thermal cracking time and reducing 
energy consumption.

2. Sources of solid waste

Polymer degradation can be caused by heat (thermal degradation), light (pho-
todegradation), ionizing radiation (radio degradation), mechanical action, or by 
fungi, bacteria, yeasts, algae, and their enzymes (biodegradation). The deleterious 
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effects of weathering on polymers generally has been ascribed to a complex set of 
processes in which the combined action of UV light and oxygen predominant.

The overall light-initiated process in the presence of oxygen generally is referred 
to as oxidative photodegradation or photooxidation. A pure thermal effect in 
possible because oxygen is always present and so the process is thermaloxidative 
degradation [9].

There are many different modes of polymer degradation. These are very similar 
since they all involve chemical reactions that result in bond scission.

2.1 Polypropylene

Polypropylene (PP), as a representative of modified plastics, is widely used 
in textiles, construction, and other industries, and can also be used to make fiber 
products, automotive plastic parts, woven bags, etc. Of these, PP is an attractive 
material for packaging due to its low cost, higher tensile strength, glossy and 
versatility [10].

However, since isotactic polypropylene is a spiral crystal and its unique 
molecular structure, its molecular chain is more susceptible to light, heat, oxida-
tive degradation, and poor product cold resistance, resulting in its application 
range, especially as engineering materials and outdoor products are greatly 
restricted [11].

Gallo and co-workers have studied the natural weathering of both thin and thick 
polypropylene film samples [12–14]. The authors concluded that the degradation 
behavior of these PP films is different in its oxidation products and crystallinity. 
The structural rearrangement or chemical modification occurs mainly in a region 
nearer to the surface of the material during weathering. Hence, the thinner PP films 
were degraded easily than the thicker PP films or plates.

Rajakumar et al. [15] used mathematical models to predict attempted life time 
of PP. Their experimental and simulation results showed that the carbonyl growth 
is more affected by ultraviolet (UV) and cumulative total solar radiation for PP 
weathered during summer. The loss in tensile strength of PP weathered during 
summer is more dependent on the average temperature and the UV portion of the 
total solar radiation whereas, intensity of UV radiation has profound effect on the 
tensile strength of PP weathered during winter.

Meanwhile, the UV-induced degradation of PP has been investigated by many 
authors and reported in a number of reviews and research articles [16–18].

Ni et al. [19] have studied the effects of indoor temperature difference aging and 
ultraviolet light aging on the aging degree of PP samples by means of mechanical 
properties, capillary rheology and scanning electron microscopy.

Their experimental results show that the retention of elongation at break was 
58.7% at 20°C and 6.7% at 100°C, respectively. And the greater the temperature 
difference, the faster the brittle fracture speed of PP and the greater the degree 
of fracture. The torque at a temperature difference of 100°C was reduced from 
0.188 N·m to 0.099 N·m, the sample is degraded to a large extent and loses its value 
in use. The elongation at break under ultraviolet irradiation of 340 nm for 20 days 
was 15.3%, while under ultraviolet irradiation of 313 nm, which was 3.1%. The 
torque of PP samples aged under ultraviolet irradiation of 340 nm decreased from 
0.188 N·m to 0.112 N·m for 20 days, while for samples under ultraviolet irradiation 
of 313 nm, the torque decreased to 0.084 N·m, respectively. At this time, the sample 
completely loses its use value. They concluded that different aging methods make 
different aging degrees for PP and the ultraviolet irradiation of 313 nm makes more 
serious aging for PP samples because of higher energy.
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2.2 Polyethylene

According to the difference in production technology and physical and chemical 
properties, polyethylene molecules can be divided into low-density polyethylene 
(LDPE), high-density polyethylene (HDPE), medium-density polyethylene 
(MDPE) and linear low-density polyethylene (LLDPE) [20].

Among them, LDPE molecules are generated under high temperature and high-
pressure conditions, and the reaction conditions are violent. The generated molecu-
lar chain has numerous branches, loose molecular arrangement, and relatively low 
crystallinity (that is, the percentage of crystalline regions in the polymer molecular 
chain), which is manifested as material density Small, poor strength, but with good 
flexibility, light transmission, and relatively easy to degrade; HDPE is produced 
by polymerization under lower temperature and pressure conditions through the 
action of a catalyst, with a few branches, dense molecular chain arrangement, 
and high molecular crystallinity. The material has high density, high mechanical 
strength, and the slowest degradation [21–23].

Polyethylene has a long molecular chain, large relative molecular mass, high 
crystallinity of the chain segment, strong hydrophobicity, and it is difficult to 
contact with biological or chemical substances or enter the microbial body to be 
catabolized; in addition, inside the polyethylene structural unit (−[CH2-CH2]n-), 
the physical and chemical properties of the CC and CH bonds of [CH2-CH2]n are 
stable, and higher energy or force is required to break the molecular bonds. The 
relative molecular weight is large, the molecular chain is long, the chain segment is 
high in crystallinity, and the hydrophobicity is strong [24–27]; these determine that 
the polyethylene molecule is difficult to degrade, so the degradation process under 
natural conditions is very slow [24].

Albertsson et al. [28] tracked and monitored the 14CO2 release of polyethylene 
film under soil landfill conditions through 14C labeling of polyethylene materials. 
The study found that the degradation rate of polyethylene film was only 0.2%~0.5% 
when buried in soil for 10 years. Ohtake et al. [29–31] further analyzed the surface 
molecular structure and molecular weight of polyethylene film and plastic bottles 
that have been buried in the soil for 32 years and calculated that the complete deg-
radation of the polyethylene film with a thickness of 60 μm under the conditions of 
field soil landfilling is probably required 300 years.

The non-biological oxidative degradation of polyethylene refers to the oxidative 
cleavage of covalent bonds when the molecular chain of polyethylene is subjected 
to non-biological factors such as light, heat, and mechanical force higher than the 
energy of the covalent bond between the molecules. Under aerobic conditions, 
the process of rapidly reacting to generate unstable intermediate products such 
as peroxy or hydroperoxy, and further reacting to generate small molecules or 
low molecular weight substances such as aldehydes, ketones, acids, esters, carbon 
monoxide, etc. [32].

Chiellini et al. [33] analyzed the material molecular weight and surface proper-
ties and other indicators and confirmed that the decomposition rate of polyethylene 
film increased significantly with the increase of temperature (55, 70°C).

Briassoulis et al. [34] used artificial heating and ultraviolet radiation to speed 
up the aging of the residual polyethylene mulch film and backfilled it into the soil 
to observe the decomposition of the mulch film in its natural state. The results 
show that the polyethylene film without artificial accelerated aging treatment is 
not degraded significantly after being buried in the soil for 8.5 years, but after 
high temperature (50°C treatment for 800 h) and ultraviolet radiation (under 
35~45 W·m-2 ultraviolet radiation, the lamp irradiated at a distance of 25 cm for 
800 h). The polyethylene film was backfilled into the soil for 8.5 years and then 
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completely decomposed into plastic micro-particles with a diameter of less than 
1 mm, and the degradation process continued. The above results show that envi-
ronmental factors such as light and heat can significantly promote the degradation 
reaction of polyethylene film.

Prakash Bhuyar et al. [35] selected plastic packaging sheet as LDPE sample (the 
low-density polyethylene) and garbage plastic sheet as HDPE sample (high-density 
polyethylene) for the degradation test under ultraviolet light. Such samples were 
placed in the Laminar Air Flow (LAF) under UV light of wavelength of 253.7 nm up 
to 30 days.

They found that the LDPE sheet after 30 days of UV-treated is more fragile and 
completely broken up into small parts compared to the LDPE sheet after 15 days of 
UV-treated. The longer the UV treatment applied to the LDPE sheet, the more crack 
and fragile the plastic sheet. The percentage weight loss for UV-treated LDPE was 
87.5% for 30 days.

By comparison, they found HDPE sheet after 30 days of UV-treated is more 
crack and tear up into small parts compared to the HDPE sheet after 15 days of UV 
treated. The longer the UV treatment applied to the HDPE sheet, the more crack the 
HDPE sheet will be. The percentage weight loss for UV-treated HDPE was 21.6% for 
30 days. This shows that the percentage weight loss for UV-treated LDPE is higher 
than the weight loss for UV-treated HDPE.

LU Lin et al. [36] have conducted the exposure test of medium density  
polyethylene (MDPE) for different time periods up to one year in Xisha (Paracel) 
Islands.

Their experimental results showed that during the aging period, the color abbre-
viation and hardness increased, while the gloss, the retention of tensile strength 
and that of elongation at break decreased. The aging evaluation showed a stepwise 
increasing tendency of aging rate with the extending of exposure time.

2.3 Polystyrene

Polystyrene (PS) is one of the most commonly used plastics at present. In 
recent decades, PS has been widely used through different ways of modifica-
tion. Therefore, it is of important significance to study the aging behavior of PS. 
Polystyrene (PS) is a multipurpose polymer that is used in varied applications in 
rigid and foamed form. Polystyrene is manufactured by the addition polymeriza-
tion of the styrene monomer unit. At room temperature, polystyrene is normally 
a solid thermoplastic, but can be melted at higher temperature for molding or 
extrusion, then resolidified. Styrene is an aromatic monomer, and polystyrene is an 
aromatic polymer [37].

PS is a widely used as thermoplastic. Its hardness, hydrophobic nature and 
chemical composition cause it to persist in nature without any decomposition for 
long period of time thus cause environmental pollution [38].

Polystyrene degrades very slowly in nature and the expanded polystyrene is 
not easily recyclable because of its lightweight and low scrap value. It is generally 
not accepted in curbside programs. Expanded polystyrene foam takes 900 years 
to decompose in the environment and has been documented to cause starvation in 
birds and other marine wildlife [39].

Shah et al. [39] have observed that the UV-irradiation having wavelength range 
of 365 nm has a profound effect on polystyrene sample. The reduction of the 
molecular weight of polystyrene shows the degradation of polystyrene macromol-
ecules by irradiation. The increase in number of chain sessions per polymer with the 
increase irradiation time indicates in the increase in rate of degradation of polysty-
rene with irradiation time.
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Zhang et al. [40] have conducted several UV accelerated weathering tests on PS 
samples in 4 different ways. They used UV 340 nm, irradiance 0.89 W/m2. Among 
them, one way, the sample is unaged. The test method A, the sample was irradiated 
for 12 hrs at 60°C. The test method B, the sample was irradiated for 8 hrs at 60°C, 
then 4 hrs condensation at 50°C. The test method C, the sample was irradiated for 
8 hrs at 60°C, then 3.75 hrs condensation at 50°C, 0.25 hrs water spray at ambient 
temperture (without irradiation) as the last step.

Zhang et al. [40] have investigated the thermogravimetric curve of PS samples 
which can reflect the aging degree of the sample because when the molecular 
weight decreases under the action of ultraviolet light, resulting in a corresponding 
decrease in the initial thermal decomposition temperature. The result is shown in 
the Figure 1. In the Figure 1, the PS sample aged by Method A has the lowest initial 
decomposition temperature, followed by B, and then C compared with unaged 
sample. It shows that the degree of influence of the three test conditions on the 
aging of the sample is method A>method B>method C. Their results show that UV 
radiation is the main factor for the chemical aging of PS, the temperature promotes 
the aging behavior, but humidity has little effect on the aging behavior.

2.4 Polystyrene foam

Polystyrene foam (EPS) is prepared by adding polystyrene (PS) resin as the 
main body and adding foaming agents and other additives. When EPS is exposed 
to the natural environment, under the influence of light, heat, oxygen, water, and 
other factors, the appearance will appear yellowing or even cracks, which will 
deteriorate its performance and shorten its service life…The aging behavior of EPS 
is the fundamental basis to determine service life and service environment.

Yao et al. [41] have found: with increasing time of UV accelerated aging, on 
the molecular chain of EPS some coloring groups that turned the color of the 
sample surface yellow were produced. With increasing aging time, cushioning 
efficiency decreased. When aging time was more than 100 h, there was a tendency 
to lose cushioning property. With increasing aging time, molecular weight of EPS 

Figure 1. 
TG curves of PS after UV aging test (regenerated figure from reference [40]).
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decreased, the stability of the molecular structure of EPS was destroyed and photo-
oxidative degradation occurs. The chemical degradation, resulting in molecular 
chain breaks and recombination phenomena, causing in the decline of mechanical 
properties.

2.5 Rubber

The rubber material is a polymer material with high elasticity and viscoelastic-
ity. Among them, natural rubber (NR) is widely used in tires, conveyor belts, hoses, 
adhesive tapes, adhesives, sponges, and rubber products because of its excellent 
comprehensive properties. Production of various rubber products such as shoes, 
sports equipment, wires and cables, medical equipment, aircraft, and auto parts.

In the past 30 years, the average annual growth rate of global natural rubber 
consumption has exceeded 5%. The consumption has increased from 4.35 million 
tons in 1985 to 11.98 million tons in 2015 [42, 43].

In the actual storage and application process, rubber products are often in vari-
ous environments and will be affected by oxygen, ozone, ultraviolet rays, and heat 
[44–47].

Weng et al. [47] have investigated Vulcanized natural rubber (NR) under quies-
cent thermal oxidation aging and high temperature fatigue loading with small strain 
amplitude. The vulcanized NR was simultaneously subject to high temperature 
(85°C) and cyclic loading. Under these conditions, their scanning electron micro-
scope (SEM) images confirmed the appearance of nanoscale cracks and voids which 
are initiated by the combined impact of high temperature and cyclic loading. As 
the cracks evolve, nano-scale voids appear. They concluded that further evolution 
of the smaller voids leads to the larger spherical voids with their diameters varying 
between a few hundred nanometers and several microns.

In addition, seawater [48] will also affect rubber products. The above-men-
tioned various factors lead to the destruction of rubber composition and structure, 
gradually losing its original excellent performance, and even loss of use-value, the 
phenomenon of rubber aging [49]. “Aging” is a common problem of all polymer 
materials, especially natural rubber with unsaturated bonds on the major chain, 
which is more susceptible to aging by oxygen and free radicals. Once aging occurs, 
it will seriously affect its use value and application range, and even a major accident 
with dire consequences.

2.5.1 Aging mechanism of natural rubber

The aging process is: under the action of ultraviolet rays, the oxidation reaction 
of natural rubber starts from α-H, first is attacked by oxygen to generate hydroper-
oxide, and then further reacts to generate aldehydes and ketones, and at the same 
time the main chain is broken [50, 51]. The free radicals generated by chain scission 
may combine with double-free radicals, or they may be further attacked by oxygen 
to continue oxidation; in this process, double bonds addition reaction occurs, and 
the attack of free radicals on double bonds reduces the content of olefinic hydrogen. 
The early stage of the reaction is dominated by oxidative degradation, which is 
manifested as the surface of the aged sample is sticky, and cross-linking occurs in 
the later stage, the surface of the sample is dried and hardened, and cracks appear.

Ling Ding et al. [52]‘s 1H-NMR and FT-IR absorption spectroscopy experimental 
results proved that the products obtained in the aging process of natural rubber in 
artificial ultraviolet light aging and natural aging are roughly the same. They found 
that natural rubber has poor resistance to ultraviolet light aging, and its molecular 
structure changes significantly when exposed to ultraviolet light for 2 h. Under 
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natural aging conditions, the structure of natural rubber changes significantly after 
30 days. Artificial UV aging for 7 days is equivalent to the effect of natural aging for 
3 months.

3. Experimental setup

Because of the very slow degradation of polymer materials under natural condi-
tions, therefore researchers from various countries have developed various artificial 
accelerated aging test methods to study the aging mechanism of polymer materials. 
The fluorescent ultraviolet lamp aging test has a high acceleration rate, and the 
aging resistance of the material can be obtained in a short time. It is one of the most 
commonly used artificially accelerated aging test methods for polymer materials. 

Figure 2. 
a. a schematic diagram of the square pyramid test bench. b. the pyramid skylight structures.



221

Accelerate the Aging of Polymer as Energy-Saving Method Prior to the Pyrolysis Process
DOI: http://dx.doi.org/10.5772/intechopen.99995

In this study, we verify the effect of UV accelerated aging on pyrolysis through 
comparative experiments.

3.1 Raw materials

PP, PE, PS, EPS, Natural rubber sheets and PP granules for test are from 
Polyrocks Chemical Co., Ltd., Guangdong, China.

3.2 Experimental apparatus

Ultraviolet light has a wavelength of 10 to 400 nm. Among such ultraviolet rays, 
the part with a wavelength of 10 to 300 nm is absorbed by the atmosphere. The 
ultraviolet rays with a wavelength of 300 to 400 nm have a destructive effect, and 
their light energy is very large.

Various plastics are affected in different wavelength areas. The most influential 
wavelengths are 325 nm for polyester; 318 nm for polystyrene; 300 nm for polyeth-
ylene; 310 nm for polypropylene; 310 nm for polyvinyl chloride resin; and 322 nm 
to 364 nm for vinyl chloride-vinyl acetate copolymer [53].

UVA-340 can perfectly simulate the sunlight spectrum in the critical short-
wavelength range, and the wavelength range is 315-400 nm. Its luminescence 
spectrum energy is mainly concentrated at the wavelength of 340 nm. UVA-340 
fluorescent ultraviolet lamp can well simulate the short-wave ultraviolet (<365 nm) 
part of the spectrum. UVA-340 nm lamp was used in this study, with power 
100w, lamp intensity: 30 mW/cm2, made by Shenzhen Anhongda Optoelectronics 
Technology Co., Ltd.

Figure 3. 
Sectional view of the test bench.
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As pyramid skylight has relatively higher Standard Visible Transmittance (Tvis) 
average than the most of other skylight [54].

Based on this, we choose two identical pyramid skylight structures (single-glazed 
with clear glass) as the experimental platform to receive the light source as shown 

Sample Thickness (mm) Photo

PP sheet 4

PE sheet 4

PS sheet 4

EPS foam sheet 4

Natural rubber sheet 4

PP Granules N/A

Table 1. 
Samples for aging test.
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in Figure 2a and b. Pyramid skylight was manufactured by Guangzhou Fineland 
Windows & Doors Co., Ltd.

A sample tray holder is placed in each pyramid skylight structure, and each 
sample tray is divided into multiple grids, which can separate different samples for 
simultaneous experiments, as shown in Figure 3.

3.3 Sample preparation

Cut PP, PE, PS, EPS, Natural rubber raw materials to prepare two sets of identi-
cal samples. Each sample size is 50 mm × 40 mm, the average thickness is 4 mm. PP 
granules 6 kg (Table 1).

4. Experimental results and discussion

For comparative testing, the samples will be performed simultaneously under 
two different conditions.

Natural aging experiment: A set of 5 sheet samples and 2 kg of PP granules were 
placed on the sample tray in one of the pyramid skylight structure. Under natural 
conditions, they were directly exposed to solar radiation. Because the pyramid sky-
light structure is closed, the impact of moisture on the material is not considered. 
The experiment time is 12 consecutive days.

Ultraviolet aging experiment: Place another set of 5 sheet samples and 2 kg of PP 
granules on a sample tray inside of another pyramidal skylight structure, and place 
them in a dark environment at a controlled constant temperature of 22°C. Four 
ultraviolet lamps were placed outside the four inclined triangle sides of the pyramid 
skylight structure. The position of the UV light source is higher than the sample tray 
and the distance between the sample and the ultraviolet lamp is 10 cm, as shown in 
the Figure 3. The sample was receiving 100% UV light for 12 consecutive days.

The rest 2 kg of PP granules are without any aging treatment.

4.1 Aging test results and discussion

The appearance changes of two groups of samples under different aging test 
conditions are shown in Table 2. In 12 days of natural aging, the color of PP sheet, 
EPS sheet, Natural rubber sheet and PP granules did not change. The PE sheet and 
PS sheet only turned yellow very slightly. It can be seen that the surface aging of 
the material is not obvious in the short-term irradiation of natural light. Normally, 
the aging test under natural conditions takes months up to years to see the obvious 
aging effect.

While under 12 consecutive days of UV light irradiation, PP granules very 
slightly turned yellow; PP sheet, EPS foam sheet turned light yellow; Natural rub-
ber sheet turned yellow; PE sheet and PS sheet severely yellowed. Obviously, UV 
light has a significant influence on the aging of Natural rubber, PE and PS.

4.2 Pyrolysis test results and discussion

The pyrolysis experiments were conducted in a fully automatic 5 kW elec-
tromagnetic induction heating pyrolysis system, which was manufactured by 
Greenlina SA, Switzerland as shown in Figure 4. Under exactly the same experi-
mental conditions without using any catalysts, three pyrolysis experiments were 
carried out on 2 kg PP granules without any aging treatment, 2 kg PP granules 
that had undergone natural aging and 2 kg PP granules that had been aging by 
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ultraviolet light respectively. The ambient temperature in the experiment was 
27±0.5°C. The setting temperature of the chiller used for condensation was 3°C, 
and the start-up time of the chiller was completely the same in the two tests. The set 
temperature of the heating jacket on the separation tank was 120°C, and the heating 
jacket started to heat at the beginning of the experiment for both tests.

It is not difficult to see from the Table 3 that without the aid of catalyst, under the 
same experimental conditions, there is not much difference in oil yield between the 
two different treatments of PP granules and the granules without any aging treatment. 
However, the PP granules that have undergone UV accelerated aging began to produce 
pyrolysis oil after about 17 minutes, and it took about 60 minutes to complete the 
entire pyrolysis process. The naturally aged PP granules started to produce pyrolysis oil 
after about 24 minutes, and it took about 77 minutes to complete the entire pyrolysis 
process. While the PP granules without aging treatment started to produce pyrolysis oil 
after about 25 minutes, and it took about 78 minutes to complete the entire pyrolysis 
process. Considering of reasonable deviation, short-term natural aging samples hardly 
improve the oil generation time and the time required to complete the entire pyrolysis 
process comparing with the sample without aging. Nevertheless, we have noticed that 
the pyrolysis (from long chains to short chains) of PP plastic granules after UV acceler-
ated aging becomes much easier and faster. In other words, less energy was consumed 
to complete the entire pyrolysis process.

Figure 4. 
Fully automatic electromagnetic heat induction pyrolysis system.

Polymer sample Color before 
experiment

Color after natural 
aging

Color after UV aging

PP sheet Milky Milky Light yellow

PE sheet White Very slight yellowing Severe yellowing

PS sheet Transparent Very slight yellowing Severe yellowing

EPS foam sheet White White Light yellow

Natural rubber sheet White White Yellow

PP granules Milky Milky Very slight yellowing

Table 2. 
Experimental results of two different aging methods.
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The pyrolysis-oil (Figure 5) from PP granules was analyzed by GC–MS (as shown 
in Table 4). The identified compounds were categorized according to the length of 
their carbon chain: C5–C9, C10–C13 and C>13. Those molecules with a chain length 
of C5–C9 represents to light hydrocarbons (gasoline fuel), which generally contain 
hydrocarbons between C5 and C9, while C>13 correspond to the heavy oils.

It was observed that pyrolysis of PP granules mainly yielded non-aromatic 
hydrocarbons with carbon number C>13 around 52.49% and aromatic hydrocar-
bons with carbon number C>13 around 13%. For PP granules, the resulting oils are 
mostly aliphatic hydrocarbons (alkanes and alkenes) with carbon number more 
than C13, which makes it suitable for use in diesel engines.

Sample Mass 
(kg)

Set 
Power 
(kW)

Set 
Temperature 

(°C)

Time to 
start oil 

production 
(min)

Complete 
pyrolysis 

time (min)

Oil 
production 

(g)

PP granules 
(without 
aging)

2 4 350 ~25 ~78 1632

PP granules 
(Natural 
aging)

2 4 350 ~24 ~77 1640

PP granules 
(UVaging)

2 4 350 ~17 ~60 1657

Table 3. 
The comparison test of pyrolysis.

Figure 5. 
The pyrolysis oil of PP plastic granules.

Component Aromatic % Non-aromatic %

C5-C9 6.48 18.4

C10-C13 2.35 7.10

>C13 13.18 52.49

Table 4. 
Component in liquid fraction obtained from pyrolysis of PP granules using GC–MS analysis.
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The most abundant compounds present in oils from the pyrolysis of PP granules 
are present in Table 5. Pyrolysis of PP granules produced an oil containing C9H18 
(15.35%), C23H46 (15.18%), C18H36 (8.84%), C15H30 (8.68%) and C12H24 (4.12%).

5. Conclusions

Through review, we found that the heterogeneous nature of MSW is not well 
suited to gasfication/pyrolysis technology due to high energy consumption and 
low energy efficiency. Pyrolysis is suitable for homogeneous material streams (e.g., 
Waste plastics/rubber after sorting; numerous studies have shown that the short-
term accelerated aging of polymers under a specific wavelength of artificial ultra-
violet light is equivalent to the results of long-term natural aging of polymers.

In this study, 12 days of natural aging has almost no effect on the appearance 
of the experimental samples. While the artificial accelerated aging by the aid of 
340 nm ultraviolet light in 12 days has a significant effect on the appearance of the 
experimental samples.

In the comparative pyrolysis experiments of PP granules under the same experi-
mental conditions, the pyrolysis results confirmed that the PP granules undergone 
UV accelerated aging were faster than the short-term natural aging PP granules in 
the time of oil producing and completing the entire pyrolysis. The time was reduced 
about 1/4, thereby reducing total energy consumption. The performance of the PP 
granules undergone short-term natural aging is consistent with the performance 
of the PP particles that have not undergone any aging treatment, which confirms 
the short-term natural aging does not help the energy consumption of thermal 
cracking.

Pyrolysis is a high energy-consuming treatment method. In addition to the use 
of catalysts to greatly reduce the cracking temperature, it is recommended to use 
ultraviolet light to artificially accelerate the aging of the raw materials at the same 
time when the raw materials are dried/dehydrated in the pretreatment stage.

This additional pretreatment step can speed up the thermal cracking reaction, 
reduce energy consumption and increase thermal efficiency which has been con-
firmed by lab-scale experiments. While in some remote or power-deficient areas, it 
is not realistic to implement UV light to artificially accelerate aging during the pre-
treatment of raw materials. Where conditions are available, for large-scale pyrolysis 
production, there are currently many unknown factors such as: how much addi-
tional investment is needed as an additional step of pretreatment; the optimal irra-
diation frequency and intensity of artificial UV light for universal/mixed polymers; 
the shortest and most effective aging time required for artificial aging; the overall 
energy consumption of artificially accelerated aging by UV light; the overall energy 
saving during the pyrolysis after this pretreatment; whether it is cost-effective if the 

Compounds Ratio (%)

C9H18 15.35

C23H46 15.18

C18H36 8.84

C15H30 8.68

C12H24 4.12

Table 5. 
The most abundant compounds present in oils from the pyrolysis of PP granules as detected by GC–MS analysis.
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investment required for UV sped up aging compared with the benefits brought by 
energy-saving…all need to be further verified in the future study.

6. Outlook

SEM experiment of the sample after accelerated aging under ultraviolet light is 
need to carry out; at present, only the energy consumption comparison tests of PP 
plastic granules pyrolysis have been done due to time limitation. In the near future, 
more energy consumption comparison tests of different types of materials pyrolysis 
need to be carried out. Large scale experiments need to be carried out to estimate 
overall energy consumption and efficiency.
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Chapter 12

The Use of Biochar of High 
Growth Rate Plants to 
Agriculturally Remediate Heavy 
Metal Polluted Acidic Mine Wastes
Arturo Aguirre Gómez, Laura Virginia Nuñez Balderas, 
Claudia Hidalgo Moreno and Jorge Dionisio Etchevers Barra

Abstract

The chapter is meant to expose how a sound methodology can be instrumented 
to both, remediate acidic metal polluted mine wastes, taking advantage of the neu-
tralizing power and high metal sorption affinity of biochar, and to utilize pyrolyzed 
material derived from high-rate growth plants (water hyacinth, Eichhornia crassipes 
Mart, and Eucalyptus, Eucalyptus globulus Labill), which have become of ecological 
relevance due to their unwanted proliferation over specific terrestrial, lacustrine 
or riverine environments. In addition, the proposal considers not only neutral-
izing the mine tailings and abating the toxic levels of specific heavy metals like 
Pb, Cd, Cu, Zn, etc., to fulfill the international and national standards and norms, 
but to conveniently combine biochar with widely used soil amendments to pass 
widely recognized biological tests of growth using heavy metal-sensitive plants. 
The approach addresses firstly: a) characterizing physiochemically mine tailings 
and biochar, in terms of their properties (metal speciation and contents, potential 
acidity and neutralization potential, chemical oxygen demand, heavy metal-biochar 
sorption-complexing affinities, among others), and secondly; b) creating a” fertile 
environment” by reconditioning, agriculturally, the heavy metal-polluted acidic 
mine waste to allow native vegetation, or other reforesting species, to regrow on the 
reclaimed site, based on the bioassay tests performances.

Keywords: biochar, mine tailings remediation, soil amendments, heavy metal 
phytotoxicity, heavy metal availability and speciation

1. Introduction

Multi-metallic mine wastes from mining activities have been produced in large 
quantities and disposed on soils for centuries all over the world, most of the times in a 
non-environmentally safe way. When exposed to environmental factors like rain and air 
mine tails undergo continuous chemical changes involving acid–base, redox, sorption-
dissolution, and complexation equilibria increasing both, the (bio)-availability levels 
of specific metals to local biota, and the metal mobility, increasing the risk of extend-
ing the polluting effects to ground water and adjacent soils, affecting all forms of life. 
Biochar additions to soils and mine wastes have proved to be useful for mitigating the 
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negative effects of metal phytotoxicity by augmenting the active surface and number of 
new sorption sites for metal retention and increasing pH of the once acidic metal-sul-
fidic mine wastes that would otherwise hamper the growth of vegetation. Among other 
beneficial effects of biochar additions, the increase of residence time of C in soils should 
be mentioned. The methodologic approach presented here shows a sound proposal of 
how a remediation strategy can be instrumented to agriculturally stabilize and reclaim 
acidic metal mine wastes and polluted soils. By taking advantage of many of the rel-
evant biochar characteristics and properties that have proved to be instrumental when 
used, alone or in combination with fertilizers and other soil amendments (e.g., lime, 
gypsum, compost, etc.), to lower metal toxic levels, and modify the relevant physico-
chemical waste and soil characteristics and properties. Firstly, we focus on mitigating 
the phytotoxic effects of the bioavailable essential and toxic heavy metal (Cu, Zn, Pb, 
Cd, etc.) deposited on the acid mine tailing dams, and secondly, on creating a” fertile 
environment” by reconditioning agriculturally, the HM-polluted acidic mine waste, 
to allow metal sensitive higher plant species to grow, so that the more resistant native 
vegetation, or other reforesting species, can regrow on the reclaimed site, based on the 
successful bioassay tests performed. Pyrolyzed material derived from high-rate growth 
plants (water hyacinth, E. crassipes Mart); Eucalyptus, (E. globulus Labill), among oth-
ers, have become of ecological relevance due to their unwanted proliferation in many 
terrestrial, lacustrine or riverine environments all over the planet, so that the proposal 
considers not only neutralizing the mine tailings and abating the toxic levels of specific 
heavy metals (HM) like Pb, Cd, Cu, Zn, etc., to fulfill the international and national 
standards and norms, but to conveniently combine biochar based on these type of 
plant materials, with widely used soil amendments to pass any of the widely recognized 
biological tests of growth using HM-sensitive plants, earthworms (Eisenia fetida/Eisenia 
andrei by dermal and alimentary uptake), acute toxicity test, etc., among others. The 
approach addresses firstly: a) characterizing physiochemically mine tailings, in terms 
of their relevant physical and chemical parameters and properties, i.e., metal speciation 
and contents, potential acidity, chemical oxygen demand, metal-biochar sorption-
complexing affinities, neutralization kinetics, etc., to compare and establish definitive 
results of doses, etc., and secondly; b) establishing conditions for biochar production 
and pyrolysis so that optimal neutralization potential and surface for HM-sorption 
interactions can optimally be obtained.

2. Mine waste and metalliferous acid mine drainage

Mining extraction of metals from sulfidic materials produce considerable levels 
of potential acidity which eventually, if not prevented and neutralized, will generate 
the so-called metalliferous acid mine drainage resulting in the production of acidic 
water and mobilization of heavy metals [1, 2]. The quantity of acid-forming miner-
als found in many mines of central Mexico around the neo-volcanic mountainous 
axis [3, 4] and around the world, include dominantly pyrite (FeS2), galena (PbS), 
sphalerite (ZnS), pyrrhotites (Fe1-xS), chalcopyrite (CuFeS2), arsenopyrite (AsFeS), 
bornite (Cu5FeS4), and many other metallic sulfosalts. After oxidation, these miner-
als generate the H+-producing redox and hydrolytic processes of the components 
(e.g., S, Fe, Mn, Zn, Cu, Pb, etc.), left behind in the mine tailings. Mine wastes and 
tailings, polluted sites and pristine-soils (for reference and comparison) must then 
be chemically characterized in their metal speciation and contents, besides other rel-
evant physicochemical properties and parameters, i.e., pH, Electrical Conductivity 
(EC), Cation Exchange Capacity (CEC), Acid Neutralizing Capacity (ANC), 
Chemical Oxygen Demand (COD)-value, etc. before any remediation technique 
is planned or executed. Metal speciation and fractionation must also be carefully 
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considered so that the so-called bioavailable, labile-toxic metal fractions and pools 
(soluble, exchangeable, DTPA-, acid-extractable, total metal content, etc.) must 
correlate well with the requirements of clean up and agrostabilization of sites.

2.1 Chemical characterization of mine wastes for remediation

Routinely acid–base account (ABA) is determined to specify the total quantity of 
acid-forming sulfur compounds in a sample relative to the neutralizing potential [1, 2]. 
Acid–base account methods are applied routinely to mine waste analysis of materials 
to assess the potential of generating acid upon redox weathering processes. Acid–base 
account is evaluated by determining the neutralization potential (NP) and potential 
acidity (PA) of a sample: ABA = NP–PA [5]. However, when common sulfide and sulfate 
minerals are subjected to ABA extraction methods, the ABA method fails to accurately 
distinguish the acid-forming from nonacid-forming minerals, resulting in errors in the 
determination of potential acidity mainly because the lack of consideration of all pos-
sible acid-producing species that very slowly oxidize. These errors can be subsequently 
visualized not only in the discrepancies between NP- and COD-values measured in a 
sample, but in the inaccurate liming requirements predicted to be applied, resulting not 
only in insufficient neutralizing amounts required and an excessive cost to cover the 
slowly released and underestimated potential acidity, but in the potential reclamation 
failure when the ABA measurement is underestimated. In this respect, the methods 
regularly used to determine the acidity potential, involve the acid–base treatment of a 
mine waste and polluted and pristine soil samples, without considering, on one hand, 
the kinetics or slow neutralization reactions that with time might occur, and the slow 
oxidation of other components which contribute to waste acidification [6]. In our 
proposal we measure and determine the neutralization-kinetic curve of the acidic mine 
waste with lime and biochar, or other amendments applied, so that the time of reaction 
under laboratory conditions can be considered and extrapolated to green house and 
field experiments. Figure 1 shows such a neutralization curve for an acidic mine waste 
from Zimapan, Hidalgo State, Mexico, which showed initially very low pH values.

These discrepancies have been recorded [5–7] between the acidity potential (AP) 
and the COD-values. In a freshly sample taken from the site at Zimapan mine in 
Mexico, whose initial pH, AP (ABA) and neutralization potential (NP) values were 
6.9, 348 kgCaCO3 ton−1 and 201 kgCaCO3 ton−1, respectively, calculation of the acid–base 
balance produced a ratio of NP/AP < 1.2 (=0.58), revealing a potential for acid mine 
drainage generation resulting from the eventual oxidation of sulfides to sulfates 

Figure 1. 
Graphs show neutralization (pH-mmolc of OH−) and kinetic (pH-time, in days) curves of an acid mine 
waste from Zimapan, Hidalgo State, Mexico with lime, Ca(OH)2 whose initial pH value was 2.4. Solid:liquid 
mixture ratios were 1:3, in small polyethylene reactor flasks with cap. Ten flasks were prepared to which various 
dose of liming material was added at variable levels of 0–67.5 mmolc of Ca(OH)2, which were kept incubated 
for the time period described. pH was monitored over time. As an example (see [6]) of curves, some flask-
systems results were plotted [6].
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according to reactions of the type e.g., S−II + 3/₂O2 + H2O⇆SO4 2− + 2H+, and the hydro-
lysis of the ferric ions, Fe3+, (Fe3++3H2O⇆Fe(OH)3 + 3H+). These values were found to 
be within the range of reported levels for mine tailings deposited in mining areas of 
central Mexico, whose acid–base balance usually lays between 0.1 and 0.9, and already 
present acid drainage production [8], as well as with values reported specifically for 
the mining area that are at 0.3 being considered as eventually acidic waste [9]. As a 
complement, the chemical oxygen demand, COD, corroborated an extra potential risk 
of acid drainage generation due to the slow oxidation processes of the mine residues. 
The COD-value of this sample was of 17 kg K2Cr2O7 ton−1, equivalent to 12% of S(-II) 
content (unpublished results), assuming that all the oxidable material was pyrite, and 
therefore to 376 kgCaCO3 ton−1 waste is calculated leading to an extra amount of liming 
material of 28 kgCaCO3 ton−1 (= COD-AP), expressed as potential acidity. Thus, despite 
being a recently neutralized the fresh waste, in the medium or long term, the deficit 
in the acid–base balance and the high COD value must be considered as indicators 
of the potential oxidation of metal sulfides. Besides, the kinetic factor would lead to 
a ∆pH/43 days of 0.9 units, which would correspond to an extra amount of an extra 
4.5 mmolc (= 5.5 kgCaCO3 ton−1 waste) to compensate for a kinetic period of 60 days 
under laboratory conditions, resulting in total an extra amount of 22.8% more liming 
material. In close comparison with an acidified sample of the same site at Zimapan 
mine, calculations showed (see [6, 7]) original values of pH, AP, NP and COD-values, 
to be 2.2, 38.1kgCaCO3 ton−1, 109 kgCaCO3 ton−1, and 146 kgK2Cr2O7 ton−1, equivalent to 
still 1.2% S−II content to be yet oxidable, if all materials were pyrite. Following similar 
calculations as above, the amount liming material required to neutralize this naturally 
oxidized mine waste would be estimated to be in the order of 37.5 kgK2Cr2O7 ton−1 (plus 
the kinetic dose of 5.5 kgK2Cr2O7 ton−1), giving a total of 43 kgK2Cr2O7 ton−1 [6, 7]. The 
eventual production of acid drainage conditions and the consequent availability and 
potential mobilization of the toxic metals contained in the waste material can only be 
prevented when the three aspects of analysis are considered: the ABA- and COD-value, 
and the kinetics of neutralization factor. From that it results clear that precise and full 
characterization of these determinations must be considered if a successful remedia-
tion of acidic mine tailings is planned. Besides the natural tendency of field researchers 
to apply lime on mine tailing dams, several studies have shown that some metal can be 
re-speciated causing some redissolution, as lime is a more soluble material than other 
precipitates, adsorbing or complexing amendments as phosphates, biosolids, compost, 
clays or biochar, alone or in combination, which has conducted many researchers to 
look for alternative ways of immobilizing metals in mine wastes [10–13]. We have car-
ried out studies to prove this [7]. After applying lime, gypsum, phosphates and organic 
matter (compost) it was corroborated that lime and gypsum (results not shown) 
caused some redistribution and redissolution of metals. Figure 2 shows for lime, when 
applied to local pristine soil-mine waste mixtures, ranging from 100:0% to 0:100% soil 
(s): mine waste (mw) mixtures. Adsorption experiments carried out on these soil-
wastes emulate the various grades of pollution caused by the dispersion of the mine 
waste over clean unpolluted soil.

Graphs shows the effect that lime had over the desorption of the four studied 
metals. Curves show that as mixtures were limed at low, medium and high doses 
(where low, medium and high doses were chosen to suppress the summation of water- 
soluble, acid-extractable and DTPA-extractable heavy metals respectively), metals 
were, in all cases extracted in higher amounts as compared with the no-limed treat-
ment, suggesting this amendment material serves well to neutralize the acidic mine 
waste, but fails to suppress the extractability of metals with respect to the non-limed 
fresh mine waste treatments. Results (not shown) for systems containing phosphates 
and organic matter (compost) effectively lowered the availability of these four met-
als, as other researchers have reported too [10–13]. Further experiments were planned 
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to continue with this research to test the effectiveness of biochar in combination with 
lime and phosphate [14, 15]. Results have been published elsewhere but conclusions 
are presented in our case of study included in Section 4 of this chapter.

2.2 Toxic heavy metals in mine tailings

To lessen HM toxicity hazards several studies involving physical temporary 
 solutions [16, 17]; a wide variety of chemical treatments [18, 19]; and the not 
always feasible biological techniques [20, 21] have been conducted and published. 
Physical treatments include not only confining, solidification and vitrification 
procedures [16, 17] but S/S technologies which in many cases are considered not to be 
a permanent environmental solution as metals are not removed from contaminated 
media; always require future monitoring and; there is a questionable longevity of the 
effect of the ameliorating materials added plus requiring long-term management of 
resulting materials based on landfilling and soil caps to prevent erosion [16, 17]. On 
the other hand, chemical procedures used specially for polluted sites are generally 
based on precipitation [22], adsorption [23] or complexation processes [24]; this 
last to either mobilize and bioremove HM effectively. These physical and chemical 
procedures, if integrally and congruently used, should have an important impact on 
the abiotic and biotic factors, so that the toxicity of metals left after the treatments is 
reduced and an attractive growing media for phytoremediation can then be promoted 
and established. For soils most procedures used to diminish the mobility and leaching 
potential of HM have used chemical remediation techniques. Several studies report an 
effective immobilization of HM in polluted soils when applying lime, phosphate and/
or organic matter amendments were applied, resulting in a reduced bioavailability of 
HM [25–28]. Addition of phosphate materials for instance was effective in immobiliz-
ing Pb [29]; whereas composts, biosolids, manure and peat materials [8–10, 30] were 
instrumental to reduce mobility of Cd, Pb and Zn, among other HM [31].

Figure 2. 
Comparison of the relative effect of low, medium and high doses of lime versus the non-limed treatment, on the 
0.2 N acetic acid (AcO)-extractable (Ex-) Pb, Zn, Cd and Cu levels for six experimental mixtures (mx) of 
soil (s)/mine waste (mw): A: 100% soil, B: 80:20 s:mw, C: 60:40 s:mw, D: 40:60 s:mw, E: 20:80 s:mw, F: 100% 
mw. Freshly deposited mine waste was sampled, showing a pH value of 7.37 (see [7]).
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3. Agrostabilization of mine waste and polluted soils

Among the most promising remediation techniques to treat heavy metal polluted 
wastes and soil used are the application of lime [32], phosphates [29, 33], biosolids 
[34, 35], composts [36] and the application of amendments with biochar [12, 15, 37]. 
Although the application of biosolids and composts decreases the bioavailability of 
metals, their effect is variable depending on the metal, soil type, dose, type, and degree 
of humification of organic matter [38, 39]. Most of these techniques require constant 
applications to ensure their success. Other studies [40] have demonstrated that fresh 
composts increased the solubility of metals, except perhaps for Cu [7], so that pretreat-
ments are required to stabilize organic manufacturing, which increase application costs 
[36]. These above studies considered the addition of ameliorating materials to reduce 
chemically the HM bioavailability, however if the addition of carefully selected agro-
chemical materials and doses is premeditated the remediation strategy should warrant 
in an initial step: 1) a stable and slow mobilization of bio-available HM; 2) the abate-
ment and control of their toxic levels at least based on the threshold allowable levels 
dictated by the national and international standards and norms and; 3) a fertile media 
to sustain a consistent phytoremediation or phytomining activities, for instance through 
the use of HM sensitive indicator plant species according to standardized biological test 
methods [41, 42], or through the use of hyperaccumulator plants, respectively. Once 
this strategy works, and a well-nourished growing media is assured, a further important 
step should be funded in a studied introduction of perennial domesticated, native and/
or undomesticated plant species whether HM hyperaccumulators or not. For acidic pol-
luted mine wastes, studies should focus mainly on lowering the mobility of Cd, Cu, Pb, 
and Zn below official environmentally safe values to warrant a biologically clean and 
sustainable ecosystem. To reach this goal, at least two schemes must be visualized; First 
the addition of widely used agronomic materials consisting of lime (Ca(OH)2); gypsum 
(CaSO4·2H2O); P-fertilizer (KH2PO4) and/or compost, and more recently with much 
success biochar, to “treat” a gradient of soil-fresh mine tailings mixtures in order to 
assess the treatment effectiveness to lower both the most toxic metal species in solution, 
the free-metal ion chemical activity, (M2+), of metals like Cd2+, Cu2+, Pb2+ and Zn2+ [43] 
and the so called bio-available (acid-extractable) HM fraction imposed by international 
standards and norms. Second, a bioassay should be carried out to find the conditions 
to pass sensitive indicator plant response tests in these “fertile” ameliorated media. 
These studies should prove to be useful in deriving soil-substrate quality criteria to 
establish specific cleanup strategies and/or verify the success of remediation processes. 
In order to evaluate metal toxicity/abatement effectively both, the bioavailable (acid-
extractable) HM fraction and the chemical activity of the free metal ion, (Mm+) should 
be measured after incubation with the chemical-agronomic treatments mentioned 
above. Green house experiments and field trials are the next important steps to establish 
a well-founded remediation strategy.

3.1 Lime

The application of lime as ameliorating material alone or in combination with 
compost, initially increases pH values, lowers metal solubilities and buffers the 
changes of the acid–base equilibria. In addition, their low-cost and easily accessible 
and application aspects [10] favors at first instance their use, however, due to the 
transient nature of organic matter, its effectiveness might decrease afterwards [11]. 
Although excess liming may also lead to P-deficiency in plants, an excess of mineral-
ization of labile carbon is also possible when lime is mixed with biosolids promoting 
the availability of P [12]. Several authors have tested this material in combination 
with-red mud (a by-product of aluminum manufacturing) [10], compost from water 
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hyacinth [11], biochar and biosolids [12]. These studies coincide that the addition of 
lime is effective, but it is enhanced with mixed with other amendments. For example, 
Trippe, et al. (2021) (see [12]), showed that the above and belowground biomass of 
plants grown in mine tailings amended with lime, biochar and biosolids, was 3–4 
times larger than the biomass of plants grown in tailings amended only with lime.

3.2 Phosphate fertilizers

The application of phosphates to metalliferous polluted wastes and soils is 
intended to form stable precipitates with metals, at the time of providing essential 
nutritional elements for the growth of the plant cover. For instance (see [44–46]). 
Compared to the control, they found that all P amendments significantly decreased 
relatively Pb phytoavailability up to 86%. The Pb immobilization was attributed 
to sorption and precipitates of Pb phosphate on calcite and phosphate phases and 
minerals. Water solubility of Cu and Zn was also lowered up to 80% and 69%, 
respectively. On the other hand, it has been put into discussion whether metals should 
be immobilized or not. Other studies have also addressed the remediation of heavy 
metals and metalloids of contaminated soils, to mobilize or to immobilize them by 
adding amendments or complexing substances, respectively. Of course, the final fate 
of metals becomes critical, whether they will be immobilized to mitigate the potential 
toxic effects on biota, or to increase their phytoavailability so that metals can be 
phytoextracted or leached them out from the system. In terms of adding phosphates 
to Pb-polluted environments, certainly it promotes Pb-immobilization, although the 
availability of other metals, still need to be addressed specifically, especially Cu.

3.3 Compost and biosolids

Some studies [38] have shown that the application of biosolids and compost 
decreases the bioavailability of some metals, but their effect is variable depending 
on the metal, soil type, dose, and degree of organic matter humification. However, 
some contrasting effects of manure and compost on soil pH, heavy metal avail-
ability and growth have also been recorded in soils contaminated by pyritic mine 
waste [39], so that in terms of specific metals, there are accounts signaling that some 
metals certainly are complexed and retain on organic material (e.g., Cu), but others 
not. The problem related to sewage sludge application arises when it contains high 
concentrations of potentially toxic heavy metals. The release of heavy metals associ-
ated with sewage sludge is strongly influenced by soil pH, cation exchange capacity, 
organic matter, and mobility and speciation of specific metals. Excessive application 
of sewage sludge to soil has been found to increase the bioavailability of heavy metals, 
but the low doses of sewage sludge did not cause a significant increase in heavy metal 
concentrations [47]. Although application of biosolids provides essential nutrients for 
plant growth, a careful assessment of the characteristics of sewage sludge, however, 
is required prior to land application. When sludge contains high concentrations of 
toxic elements, amendments may have a potential toxic impact. Co-application of 
organic matter, liming, phosphates, biochar, etc. may minimize the potential nega-
tive impact of land application of biosolids too. This last study [47] also showed that 
sewage sludge pyrolysis decreased the plant-availability, the mobile forms and the 
risk of leaching of Cu, Ni, Zn and Cd. Important to notice that the leaching of Cu, Ni 
and Zn were lower in the soil treated with biochar that in sewage sludge treatment. 
When mixed biosolids and biochar amendments increased soil respiration with 
respect to the control soil, being lower in the case of biochar than when biosolid was 
added alone. On the contrary, biochar amended samples reduced Ni, Zn, Cd and Pb 
plant availability, when compared to sewage sludge amended samples. It results clear 
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then, that biosolids, at low dose have a good influence in soil than biochar alone, in 
that particular case, however, it also results clear that sewage sludge when mixed with 
biochar can have better results to lower metal availability for plants. Beneficial effects 
can be obtained when biochar is incorporated to the application of amendments.

3.4 Clays

Clays have been tested to remediate heavy metals contaminated soils too. Their use 
has been recommended because of the low cost, clay materials can easily be obtained, 
and result innocuous to the environment. Among these, bentonite, montmorillonite, 
attapulgite [48], palygorskite, sepiolite [49], illites and kaolinites [50] can also be 
mentioned. It has been observed that sepiolite can increase the pH of systems due to its 
alkaline nature, it is rich in oxides and carbonates of Ca, Mg, Al and Si, and it improves 
microbial activity in soils contaminated with mining residues [51]. Nevertheless, the 
main characteristic clays impose on treatments are related to those factors that influ-
ence the adsorption of heavy metals on clays. According to Otunola and Ololade, 2020 
[50] these are: a) increase of cation exchange capacity (CEC) and the specific surface 
area of the clay, which are the determining properties of sorption; b) longer contact 
times between the clay and the contaminated site, both related to the type of metal and 
the pH value of the site; c) moderate dose of clay, being 4 to 8% to remove more than 
70% of heavy metals [52]; d) increase of pH of the system or the site, as it influences 
the leaching of cationic metals. The best absorption they mentioned was between pH 
values of 6 to 8 [53]. The increase of pH generates negatively charged sorption sites on 
soil colloids and on the surface of organic matter which favors adsorption of the HM’s 
[54]; and e) the temperature that influences the amount of adsorbed metal, being lower 
when temperature is greater than 36°C [49]. Nowadays, methods have been designed to 
modify the adsorption capacity, although it is not yet known which is the best modifica-
tion method for each type of clay and the required dose [50]. These are the following 
modification methods: a) Forming organic complexes with clay, where the clay is 
mixed with compost or residual sludge, which can rise the sorption of metals up to six 
times more due to the upturn in CEC [55], this is an environmentally friendly method, 
however the presence of organic matter can affect the immobilization of metals [56]; 
b) Modification with nano-zero valent iron (nZVI), small particles are used as binders 
that increase the active adsorption sites on the clay surfaces by impregnation, followed 
by filtering, washing and drying [48]. This can also be done by chemical synthesis, with 
H2 or Fe2+, which are reduced at high temperatures [57]; c) Thermal modification that 
consists of heating the clay to temperatures of 200–1000°C for a time of 3–12 hours, the 
process dehydrates and dehydroxylates clays. The procedure reduces the mass, increases 
the porosity and the cation exchange surface but the disadvantage is that the time and 
temperature must be determined for each type of clay [58]; d) Modification with acids 
to remove impurities as Ca, Mg K and metal oxides present in the clay, and modify the 
adsorption surface [59]. Although the method increases the cost of the amendment, 
and it can release new agents into the environment [60]. However, the application 
of pristine or modified clays as remediation methods, require more field studies to 
determine the ecotoxicity and biocompatibility. Since the change in pH, redox potential, 
temperature and CEC of the soil strongly influences the mobility of metals. In addition, 
clays are not selective and have partial binding capacities [61].

3.5 Biochar

Biochar as a solid product of biomass pyrolysis has shown to present large 
specific surfaces for sorption [62] and remotion of heavy metals from mine tailing 
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Figure 3. 
Biochar characteristics and properties as affected by temperature of charring. Tendencies and general behavior 
of relevant parameters usually measured and reported are shown vs. temperature (°C). Data plotted show 
Specific surface (m2 g−1); Ash contents (%); Pore Volume (cm3 g−1); Yield (%); C-content (%); H-content (%); 
O-content (%); N-content (%); pH; and C/H; C/O; and C/N ratios. Data compiled from [75–103].

Figure 4. 
Graphs show neutralization (pH-% biochar) and kinetic (pH-time in days) curves of an acid mine waste 
from Zimapan, Hidalgo State, Mexico with biochar of water hyacinth, Eichhornia crassipes Mart,  
(H) and Eucaliptus, Eucalyptus globulus Labill, (E) whose initial pH was ca. 2.9. Solid:liquid ratio was 
1:3, processed in small polyethylene reactor flasks with cap. Ten flasks were prepared to which various dose 
of liming material was added at variable levels of 0–10% biochar, which were kept incubated for the time 
period described. pH-values were monitored over time. As an example of curves, some flask-systems results 
are plotted [14, 15].
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sites and polluted soils [12].; being a porous material [63], it has been reported to 
improve soil physical properties [64]; to provide nutrients, allowing the develop-
ment of microorganisms [62] too, and last but not least, increasing both, pH values 
which normally range between 5 to 12, depending on the material and the pyrolysis 
temperature (see Figure 3), and the alkaline neutralization potential (Figure 4).

3.5.1 Effects on the acidic mine waste remediation

Biochar can be used to modify soil structure, improve physicochemical proper-
ties and enhance nutrient intake by plants, modify habitat for microorganisms, 
adsorb pollutants and mitigate climate change by changing the availability of 
elements in soils, especially C [62]. Yuan et al., 2019 [62] also propose the use of 
biochar in alkaline-saline soils, in cultivation areas and industrialized regions. 
However, more long-term experiments are required to assess the environmental 
risk, in addition to considering more mechanisms to make progress in biochar 
production, when modifying biomass type, pyrolysis temperature, gas flow, 
retention times, all to increase the efficiency of using biochar as an amendment 
(see Section 4.1). The fissure intensity factor has also been evaluated [64, 65], 
with positive conclusions towards the reduction of cracks in this respect, because 
these affect permeability and water retention and balance in soils. Here water 
hyacinth (Eichhornia crassipes) and soil biochar were studied to know their effect 
on water content and soil suction in doses of 0 to 10% (w:w) for 3 months. More 
suction was observed when higher doses of biochar were added, when compared 
to unamended treatments, finding best doses close to 10% values for most soils, to 
increase permeability and water retention in soils. Zimmerman, 2010 [66] carried 
out laboratory experiments to model C-longevity in soils, for controlling pollu-
tion migration, increasing fertility and sequestering carbon. The author mixed 
pyrogenic or “black” carbon-lime-biosolids and biochar-lime-biosolids-inoculum 
in soils contaminated with mine tailings, the results were that even in the absence 
of inoculum, microorganisms made progress under the two systems studied. 
However, both systems generally decreased with increasing charring temperature. 
Recalcitrant organic carbon content of soil increased in the long run, showing a 
slow natural mineralization of up to 26% losses in 100 years, projecting half-lives of 
102 to 107 years in the environment [66]. Unfortunately, there was found evidence 
to suggest that its stability was less than previously thought, being that biochar-
carbon was considered to be extremely refractory. Biochar lability was found to be 
strongly controlled by the relative amount of a more aliphatic and volatile com-
ponent, which later an inferred though came up to suggest that their losses could 
be utilized as an indicator of biochar C longevity. Final conclusions were made 
in terms of its practical value for considering biochar as a tool for soil remedia-
tion, amelioration, or atmospheric C sequestration. The stability of two biochar 
materials of rye grass and pine wood has also been evaluated at 350°C under oxic 
conditions. Markers of lipid extracts [67], and the composition of n-alkanes and 
n-fatty acids was used as indicators of stability to microorganisms. Pyrolysis breaks 
down these molecules and reduces them to shorter chains. Lignin seems to “survive” 
the process, it is also mentioned that the first day’s microorganisms were more 
predisposed to degrade the biochar of grass than that of wood. Among some of the 
disadvantages of this amendment it can be found that: it can cause health problems 
when inhaling the dust [68]; requires high temperatures to be used as a remediation 
method for liming and adsorbing various metals [69]. The potential risk of using 
biochar and establishing vegetation creates these and some extra problems, since 
these may also acidify the soil due to the release of acids that again might solubilize 
the metals in the biochar, what has called for the attention to make a review of 
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several cases in China where after a while some metals are released. Recent studies 
indicate that biochar applications could pose ecological and health risks by releasing 
toxic substances into soils or by inhalation of biochar dust during production or its 
application on the fields [67]. In China, biochar is commonly used for remediating 
agricultural soils. Processes for metal interactions with biochar-soil materials may 
involve adsorption-precipitation and/or complexation reactions, as affected by pH, 
CEC, organic matter contents, and other modified soil properties. Most field trials 
showed HM uptake by plants and concentrations of mobility-bioavailability HMs 
in soil that biochar addition reduced. However, there can also be adverse effects 
of applying biochar to contaminated soils. Toxic substances contained in biochar 
may be released to the environment, resulting in increased pollution, and impact-
ing soil organisms and soil functioning, as there are no application standards of 
regulatory frameworks for biochar application, safety precautions, food safety and 
human health effects upon exposure, and long-term effects of biochar applications 
to HM contaminated soils on soil ecosystems. Biochar has been used mixed with 
mud at 300–900°C, with pyrolysis temperature affecting pH, specific surface, and 
functional groups, as well as the composition and content of the dissolved organic 
matter. The higher the temperature, the metal content decreased more (from 91.7% 
to 9.4% for Cu, 92–63% for Zn, 55.9% to 4.9% for Pb, and 78.2% to 12.5% for Cd, 
among other metal(loids)). The length of the shoots and roots, and the activity of 
microbes, in sandy and silty soils, were also increased. In general, biochar prepared 
at high temperatures was safe for their production or application. High doses of 
3–9% (equivalent to more than 60 to 200 Mg ha−1) were estimated to be required 
to remedy heavy metal contaminated soils [70]. Due to this it has been proposed to 
mix small amounts of biochar with lime or with compost to increase the pH of acid 
residues so that other properties in the soil can be improved [12, 71]. Miscanthus 
biochar (Miscanthus giganteus) was utilized in acid residues with low pH values 
(pH < 3), applying doses of 0 to 5% (w/w) with and without lime and fertilizers. 
To evaluate its effect, a bioassay carried out with Blue Wildrye (Elymus glaucus cv. 
‘Elkton’), showed that lime mixed with biochar greatly decreased the extractable 
metal levels. Higher doses of biochar also reduced the extractable concentration 
of metals and improved the microbial activity [71]. Currently, there are studies 
too, where biochar has also been modified by the addition of alkalis, oxidants (as 
O3, H2O2, K2MnO4 and air), microwaves, CO2 and steam, to improve its sorption 
capacity [72]. Biochar activation methods have been studied [73], utilizing water 
hyacinth to remove metals from polluted waters, which subsequently was pyrolyzed 
and applied to the soil with phosphates. According to authors [74] positive and 
negative effects on biochar activation were observed, depending on the method of 
activation, kind of bioassay and kind of soil too, however, the increase of biochar 
specific surface area caused a significant reduction of toxicity of water leachates due 
probably to the presence dissolved organic carbon in soils.

As noticed, biochar is widely recommended for remediation of heavy metals pol-
luted environments due to its excellent immobilization effect, which may last for many 
years [67]. There is a general agreement, then, that the increase–decrease of biochar 
effectiveness with time, depends on the abiotic and biotic factors [56, 66–74].

3.5.2 Relevant characteristics of biochar as affected by temperature

According to all researchers and papers reviewed and mentioned above, many of 
the characteristics of biochar vary and depend mainly on temperature of charring, 
and type of initial material too, among other characteristics and conditions of biochar 
production. However, most of their important characteristics tend to be congruent 
with this. Nevertheless, some parameters and analyses reported in literature show 
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good agreement and tendencies with temperature of charring, but some others not 
as can be seen from the curves plotted from a compiled data collected from refer-
ences [75–103] (see Figure 3). Among the strategies that have been receiving greater 
attention, the use of biochar has been outstanding in this respect. The coal produced 
from the pyrolysis of biomass, compiled data with temperatures ranging from 250 to 
750°C [104]. It is known that the material used for the preparation of the biochar, the 
pyrolysis temperature, the size of the waste to be pyrolyzed, the speed of pyrolysis, 
among others, influenced the physical, chemical and biological characteristics of the 
material obtained, such as ash content, specific surface, and pH-values, among others 
[104]. Biochar materials used in the retention of polar contaminants are obtained at 
high temperatures, because in this condition the specific surface area and sites for 
adsorption are increased [105]. Pyrolysis temperatures of 400 to 750°C caused the 
biochar produced to get values of pH > 7, higher values of ash contents and lower 
specific surfaces, than those generated at temperatures below 400°C [106]. However, 
biochar produced with straw, at high temperatures (>500°C), usually present high 
concentrations of the potentially toxic polycyclic aromatic hydrocarbons (PAHs) due 
to incomplete combustion. Therefore, it is necessary to carefully define the conditions 
of pyrolysis, to generate a non-toxic biochar suitable for the intended plants and soil 
microorganisms [67, 107]. There is information explaining the retention mechanisms 
that occur when biochar is used for the purpose of sequestrating organic and inor-
ganic pollutants. Metals interact with biochar through electrostatic interactions, by 
cation exchange, adsorption by proton exchange and specific bindings [67, 108]. It is 
known that the adsorption of Pb by biochar is attributed to phosphate and carbonate 
in the aqueous phase of the pores of the material, whereas for Cu, pyrolysis tempera-
ture and increased pH, correlate well with metal adsorption. Uchimiya et al., 2012 
[109] reported that biochar can adsorb up to 42,000 mg of Cu per kg−1 in aqueous 
solution at acidic pH values. If the pH value increases, the retention is due to the 
organic binders on the surface of the material and to the sorption-precipitation with 
carbonates and oxides which are also found in the pores.

Figure 3 shows that specific surface, pore volume, yield, C-, H-, O-content, pH 
and C/H, and perhaps C/O ratios show some tendencies as charring-burning tem-
perature of materials increases. It must be mentioned that a variety of materials and 
burning conditions, besides temperature, vary, however, some very clear tendency 
behavior can be observed. Most interesting for the purposes of this chapter are the 
tendencies observed for pH, specific surface, yield and C-content and C/O ratios, 
as these variables will correspondingly stand for the acid–base account, sites for 
exchange capacity, and functional groups (represented by C and O-contents) which 
should favor remotion via sorption of HM present in the mine wastes. The produc-
tion and application of biochar from plants with high growth rates and weeds, for 
instance, present areas of opportunity to remediate acid residues generated by min-
ing activities, at the time of contributing to solve some of the unwanted proliferation 
of these plants on terrestrial and lacustrine, riverine, or irrigation and wastewater 
channels around urban areas all over the world. Water hyacinth plants present 
growth rates ranging from of 100 to 208 Mg ha−1 year−1 [110, 111], which besides its 
high biomass yields, possesses strong adsorption capacities, due to its high cellulose 
content and carboxyl and hydroxyl functional groups [112]. These properties give to 
this material an extreme potential for use for remediating activities in metalliferous 
acidic mining wastes. For this reason, is that it has been used in wetlands, in solid 
dry form (as biochar), to remove toxic metals from aqueous solutions, wastewater 
and effluent treatments [113], and soil [114]. Eucalyptus trees on the other hand, 
also present high growth rates of the order of 25.5–40.2 Mg ha−1 year−1 dry matter 
equivalent with cutting periods of 7 to 10 years [115]. Although not many studies can 
be found on this plant, it might easily be considered of special interest in this respect.
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4.  Biochar as a remediation amendment for acid mining wastes: A case  
of study

Zimapan mining district in Hidalgo State, Mexico generates mine wastes with 
high Cu, Pb and Zn contents. Water hyacinth (Eichhornia crassipes) and Eucalyptus 
(Eucalyptus globulus Labill) trees require attention as they have been proliferating 
excessively in lacustrine, riverine, irrigation- and wastewater-channels and in streets 
and parks of cities and urban areas of Mexico, and other parts of the world, creating 
enormous residues of plant material, branches and wood. Remediation treatments 
to solve both problems seem to converge into the single strategy presented here. The 
objectives of the research were: a) to evaluate biochar derived from water hyacinth, 
E. crassipes Mart (H) and Eucalyptus, E. globulus Labill (E) to treat acidic metal-
liferous mining wastes; and b) to compare biochar performances vs. lime (L), both 
alone and in combination with phosphate (F) fertilizers. Combined biochar and lime 
amendments with phosphates included were (FH), (EH) or with lime (FL), via run-
ning a root length growth bioassay using barley plants (Hordeum vulgare L), to corre-
late them with total, DTPA-extractable and water-soluble metal contents and pH as 
published in [14]. In this investigation four substrates were used to emulate pollution 
gradients, ranging from pristine soil to pure acidic mining waste. Treatments were: 
100%-neutral pristine soil (M1) from the mine surroundings; 100%-acid mine 
residues (M4); and two mixtures of soil:residues (w/w) of 65:35 (M2) and 35:65 
(M3). Substrates were treated with the amendment gradient doses (w/w) of up to 
10% (H) or (E), lime, L (3.4%), and phosphate F (0.06%). Blanks (non-amended 
mixtures) were included. The study showed that water hyacinth (H) and eucalyptus 
(E) could be utilized as an acid mine residue treatment by converting them firstly 
into biochar. Biochar materials were produced from water hyacinth (H), E. crassipes 
Mart, and eucalyptus (E), E. globulus Labill (branches and leaves) collected from 
Lake Patzcuaro, Michoacan State, and from Texcoco, State of Mexico, respectively, 
both in Mexico. Briefly, plants were air dried and milled to pass a 3.5 mm mesh. Both 
plant materials were slowly pyrolyzed following conditions of temperature of 600°C, 
speed of 10°C min−1 and resilience time of 30 min, as described in Refs. [14, 15, 
108]. The surface morphology of the both uncharred plant- and biochar-materials 
were examined using a scanning electron microscope and Jeol Scanning Electron 
Software for elemental analysis [14]. Images shown in Figure 5 were taken with an 

Figure 5. 
Images of root (a) and leaf (b) cross-section of water hyacinth cut; CaCO3 crystals in water hyacinth leaf (c); 
biochar particles of the bulb and root of the water hyacinth less than 2 mm (d); eucalyptus bark (e); cross-
section of eucalyptus leaf (f); pyrolytic eucalyptus bark with crystals (g); and eucalyptus biochar particles 
greater than 2 mm (h). Scan images were taken with a JEOL Model JSM-6390 scanning electron microscope, 
at the electron microscopy unit (UME) of Postgraduate College, Montecillos-Campus (COLPOS), at Texcoco, 
Mexico State, Mexico [14].
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EDX Oxford Instruments Model INCA-X-ACT probe. Figure 5 includes the images of 
root- and leaf-cross-section of water hyacinth cut; CaCO3 crystals in water hyacinth 
leaf; biochar particles of the bulb and root of the water hyacinth less than 2 mm; 
eucalyptus bark; cross-section of eucalyptus leaf; pyrolytic eucalyptus bark with 
crystals and eucalyptus biochar particles greater than 2 mm, respectively.

Alkalinity (ABA) determinations were carried out for biochar and lime treat-
ments as reported by other works [1, 2, 5, 14, 15]. Results produced liming potentials 
for H and E equivalent to 16.4 g kg−1 (kg ton−1) and 8.02 g kg−1 (kg ton−1) of CaCO3, 
respectively. The equivalent doses necessary to correct the acidity of the mine residues 
to bring them to pH 6.5 were 5% for H, and 9% for E as shown in the neutralization 
curves of biochar depicted in Figure 4. Lime dose to correct the acidity of M4 to reach 
pH of 6.5, was 9.2 mmol(OH-) for 10 g of M4, equivalent to 34 kg of Ca(OH)2 ton−1 of 
the residues, amount that was found to be in the order of magnitude of other author’s 
quantifications [5]. Worth to mention is that the pH stabilization time for lime was 
34 days, a longer time in comparison to that required when biochar was used as a 
neutralizing agent. Extra details on the experiment and results can be found in Ref. 
[14, 15]. Figure 4 shows the neutralization (titration) curves and kinetics of the acid 
mine waste for both studied biochar materials, as well as with lime. From curves it 
results clear that neutralization reactions under ideal (laboratory conditions) take 
several months to stabilize, which consequently will project to take even years for 
these materials to complete the neutralization reactions, depending of course on 
particle size (specific surface for reaction) and water content of substrate materials 
in the field, among others. We have discussed in the introduction section, some of 
the ABA method details to determine the balance between the acidity potential of the 
mine tailing material and the neutralization potential of bases naturally present in 
the soil. An extended discussion of the detail characterization of the acidity of mine 
materials, including the use of COD-determination and kinetics should be considered 
if a successful strategy to avoid the so-called acid mine drainage must be stopped. 
Calculations for neutralizing the mine waste with lime, were included in Section 2.1, 
and herein we present those of biochar as a liming material (see [14, 15]).

4.1 Biological tests

Biological methods to run biotoxicity assays have been widely used to test the eco-
logical risk assessment of soils [41] and other ameliorated polluted substrate materials 
(wastes, biosolids, sludge, composts, etc.) [116–121]. These include measuring the inhi-
bition of root growth [41, 42, 116, 118, 119–121]; the effects of chemicals on emergence 
and growth of higher plants [117, 119]; root length responses, germination viability; 
green house and field tests [122], using metal sensitive higher plants [41, 116–121] or 
mesofauna [123, 124] or on the emergence and growth of higher plants when evaluating 
the effects of pollutants on soil flora [117, 119]. However, it must be stated clearly, what 
the authors declare about the application and scope of these biological methods. As 
stated by the authors in many of the presented references, these bioassays are applicable 
to the comparison of soils of known and unknown quality and to the measurement of 
effects of materials (compost, sludge, waste) or chemicals deliberately added to the soil 
[41], and that as stated in references [116–120], that methods are not intended to be 
used as a measure of the ability of the soil [and other soil materials, wastes, biosolids, 
etc. to support sustained plant growth. Nevertheless, the importance and relevance of 
testing remediated environments should always rely on the fact that recovering native 
or reforesting vegetation, should be one, and not the unique target of the final goals of 
remediation strategies, to remediate sites and recover plant growth. Having said that, 
we present herein some of the more relevant results of the bioassays carried out with the 
neutralized and amended acidic mine tailings with water hyacinth (H) and Eucalyptus 
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(E) biochar materials as compared with lime (L), alone or mixed with mono-potassium 
phosphate (F). The biological test was applied according to the described methods in 
Ref.s [41, 42, 116–121]. The experiment and results are presented in Section 4.4.

4.2 Physicochemical characterization of soil and biochar materials

For the application of the bioassay, barley seeds (Hordeum vulgare L. var. Hope) 
were used and the applied procedure was carried out according to the methodology 
described by ISO-references [116, 117]. Physicochemical characterization values for 
pristine soil, mining waste and mixtures [M1 is 100% soil; M2 is 35:65% (M1:M4); 
M3 is 65:35% (M1:M4); and M4 is 100% acidic mining residue], and biochar 
materials (H) and (E) are shown in Table 1. Determined parameters included pH, 
Electrical Conductivity (EC), Saturation Percentage (SP), Cation Exchange Capacity 
(CEC), total-metal levels for CuT, PbT and ZnT, and water soluble-Cu, Pb and Zn. 
Determinations were carried out according to procedures followed in reference [15].

Texture of the control soil (M1) was clayey, and its pH (=6.8) is considered 
neutral, while the M4 sieved at 2 mm presented an acidic pH of 3.3 (see Table 1). The 
mixtures of soil with the acidic mining residue (M4) raised the pH of both M2 and 
M3 substrates in greater proportion than in M4. The concentration of water soluble-
Zn and -Pb in M2 and M3 samples were lower than the phytotoxic value reported by 
other authors [125, 126]. The pH value of each substrate decreased as the mine residue 
increased correspondingly. EC-values, the soluble Cu content, the extracted bases and 
the CEC increased from M2 to M4 (see Table 1), due to the dissolution of the carbon-
ates present in the pristine soil [3] as promoted by the acidity of the mining residue. 
The pH values of the (H) and (E) biochar materials used in this study were, on an 
average, about 10 (Table 1), like those found by other authors [127–131] who reported 
that pH of biochar materials reached high alkaline values due to the pyrolysis tempera-
tures used (> 500°C), contents greater than 2% of alkaline elements (Ca, Mg, K and Na),  
and losses of the functional groups of the source material (carboxyl, phenolics, 
lactone, etc.). Both the pH and neutralization potential values found in this study 
(equivalent to 16.4 and 8.02 g CaCO3 kg−1 of biochar materials H and E, respectively), 
are directly related to the contents of exchangeable bases. These values are compa-
rable too with those reported by other works [127]. The EC of the biochar were 0.3 
and 0.6 dS m−1, for E and H respectively. These results are similar to those obtained 
in wood and paper biochar produced at a temperature of 550 and 700°C [129], whose 
values ranged between 0.09 to 0.44 dS m−1 (ratio of 1:5 s:v). Other researchers [106, 
132] have reported that some properties of biochar differ according to the pyrolysis 
method employed, and temperature, the source material, the amount applied and 
the climatic conditions, so that the variability in these conditions makes the results 
not entirely comparable and conclusive. The different and contrasting values of 
pH, neutralization potential, number of bases, EC, etc., might also vary depending 
on the analytical methods used, as well as the way in which these are processed, as 
demonstrated by Singh et al., 2010 [129]. Table 1 also show the CEC-values measured 
by silver thiourea method (AgTU) [15], without removal of carbonates and soluble 
salts, which for E was 16.1 mmol(−) kg−1, while for H it was 41.3 mmol(−) kg−1. 
These authors [129] also recommend measuring CEC and base saturation, with the 
above method, but with prior removal of salts, since these can increase the pH of the 
extracting solution (pH > 8) promoting the precipitation of Ag with sulfides, which 
occurs at basic pH-values, leading to a possible overestimation of both parameters. 
The authors also determined CEC of an eucalyptus biochar, measured with AgTU 
without removal of carbonates and soluble salts and obtained values of 91 mmol(−) 
kg−1, however, when these carbonates and salts were removed, the CEC decreased 
by 60% (to 36.4 mmol(−) kg−1). According to them, the actual CEC, if the effect 
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of salts on the biochar of the study were eliminated, it would lead to CEC-values of 
9.7 mmol(−) kg−1 for E and 24.8 mmol(−) kg−1 for H biochar.

4.3 Results of the root length bioassay

Figure 6 shows the results of the root length bioassay only for Cu, carried out with 
barley plants under the conditions mentioned at the start of the section. For more 
details of the experiments for other metals (like Pb and Zn) refer to [15]. Results show 
the effect of treatments on barley root length (Hordeum vulgare L. var. Hope), pH and 
soluble copper in the soil-acid mining residue gradient. The lowercase letters on each 
bar indicate statistical differences (Fisher’s test, P < 0.01). Where the first letter and 
subscript indicate the mixture type [M1 is 100% soil; M2 is 35:65% (M1:M4); M3 is 
65:35% (M1:M4); and M4 is 100% acidic mining residue] and the last letter(s) indicates 
the treatment. To be able to define a critical reference level (P < 0.01) of root growth 
length and using it as an indicator of phytotoxicity and efficacy of treatments, the 
average value of the root length of the pristine soil (M1) was used. This was the mini-
mum mitigation value to be achieved. The M4 and M4F treatments had a growth below 
the critical level of the reference value (Figure 6), mainly due to the low pH of these 
substrates (3.2 and 3.7, respectively), that is, due to the phytotoxicity caused by the high 
chemical activities of the H+ ions. The high activity of H+ ions, caused by the hydrolytic 
oxidation of minerals such as pyrite (FeS2), causes the release of free sulfuric acid [133]. 
In contrast, the response of the remaining treatments was equal to or greater than that 

Figure 6. 
Effect of treatments on barley root length (Hordeum vulgare L. var. Hope), pH and soluble copper in the 
soil gradient substrates-acid mining residue. The lowercase letters on each bar indicate statistical differences 
(Fisher’s test, P < 0.01). Where the first letter and subscript indicate the mixture [M1 is 100% soil; M2 is 35:65% 
(M1:M4); M3 is 65:35% (M1:M4); and M4 is 100% acidic mining residue] and the last letter(s) indicates 
the treatment where F corresponds to phosphates, L to liming), H and E to biochar of water hyacinth and 
eucalyptus, respectively.
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of M1, due, on the one hand, to the increase in pH, which favors the decrease of the 
chemical activity of H+ ions and the phytotoxicity caused by the sorption of metals onto 
the solid phase [134]. In M1 the response was: M1F > M1E > M1H = M1 = M1FE = M1FH, 
where treatments with F and E were the ones with the greatest response. The rest of the 
treatments showed no significant differences. The effect of F treatment, in combination 
with biochar, was not significant with respect to M1. Karami et al. [135] showed that 
wood-derived biochar applied at doses of 20% (v:v), reduced phosphorus availability. 
In our case the bioassay showed this type of antagonism when phosphates were applied 
with H and E in M1. For the M2 substrate (pH = 6.6, 65% soil and 35% acid residue), 
the control treatment, i.e., the mixture without any additional treatment, promoted the 
highest root growth. The order of response was: M2 > M2L = M2F = M2FL = M2E = M
2H > M1 = M2FH = M2FE. It is evident that the presence of M1 soil in 2/3 parts of the 
substrate was sufficient to mitigate the phytotoxic effect of 1/3 of the acid residue. The 
addition of L, F, FL, E and H generated less root growth each time, respectively, with 
respect to the blank treatment. Treatment pH-values of those with neutralizing poten-
tial (L, H and E and mixtures of these with F) were greater than 7, while for phosphates 
pH was 5.9, having, as expected, no effect on pH. However, FH and FE treatments in 
this system decreased the response even more than the combination of lime-phosphate 
(FL) and that of lime (L). For the M3 (1/3 of M1 and 2/3 M4) the response order to the 
application of E and L, was: M3FE = M3L = M3E = M3F = M3 = M3H = M3FL > M3FH > 
M1. All these treatments showed better responses than the reference level shown by the 
pristine soil (M1). According to Figure 6, soluble-Cu was not detected in the pristine 
soil, but for the treatments of the same substrate (M3), this metal contributed evidently 
to the positive response. The pH values of the treatments ranged from 4.7 (M3) to 
7.7 in M3L and M3FL. The correlation between the pH and the concentration of the 
soluble metal, and that between the soluble metal and the root length are related to the 
increased extractability of the soluble metal at low pH values (<4), while reducing root 
growth. The inferred relationship is indicative of the level of the phytoavailability of 
Cu, more than to the reduced phytotoxicity in the treatment. The increase in root length 
in the M2 and M3 substrates, compared to the reference materials (M1 and M4), was as 
expected, because soils naturally tend to reduce the mobility and mitigate the phytotox-
icity of metals such as Pb, Zn and Cu, especially when metals are in high concentrations 
[134]. This seems to occur because there are sites where metals can be adsorbed and 
complexed with free organic and inorganic functional groups. However, the process 
can be accelerated if some amendments are used to agrostabilize the environment, 
such as phosphoric fertilizers, composts, biochar or biosolids, and/or liming materials, 
among others [136]. Also, the positive effect on root growth in M2 and M3 compared to 
M1 treatment is satisfactorily explained by the fertility contribution of phosphate (and 
potassium) from the F treatments and the micronutrients Cu and Zn coming from the 
mining residue. The addition to M4 to H, FL, E, FH and FE treatments enlarged the 
length of roots with respect to the blank. The order: M4H = M4FL = M4E = M4FH = M4
FE > M1 = M4L> > M4F = M4. Treatment response in this case showed equal or greater 
response in growth than M1, fact that can be explained by the pH increase caused by the 
basic materials added, and the increased phytoavailability of Cu, as compared with the 
other substrates.

5. Conclusions

The chapter presents in its introduction, a general view of the sound methodol-
ogy that is proposed through the rest of the sections, to both, remediate acidic metal 
polluted mine wastes, taking advantage of the neutralizing alkalinity and high metal 
sorption affinity of pyrolyzed materials, and to utilize biochar derived from high-rate 
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growth plants (water hyacinth, and eucalyptus, which have become of ecological 
relevance due to their unwanted proliferation over specific terrestrial, lacustrine 
or riverine environments. Relevant calculations are presented in the section two to 
analyze the discrepancies reported in literature among ABA methods, COD-redox 
measurements and kinetic factors, that may affect the determination of the right 
doses to neutralize with lime or pyrolyzed materials of alkaline reaction, the acid-
ity of metalliferous mining wastes. In this section too, the status of the heavy metal 
problematic provoked by the sulfidic mine tailings deposits on dams is also consid-
ered, that in terms of dimensioning the relevant physicochemical characteristics to 
overcome when a remediation strategy is planned or put on action, when trying to 
mitigate and abate the toxic effects of HM on the biota. The section also addresses the 
importance of not only neutralizing the mine tailings but abating the toxic levels of 
heavy metals (HM) like Pb, Cd, Cu, and Zn, to fulfill the international and national 
standards and norms. Section three includes a review of the main amendment materi-
als used, alone or in combination with biochar, to remediate heavy metal polluted 
sites. These references reviewed include lime, phosphates, compost, biosolids, clays 
and more precisely the role of biochar on these reclamation activities. A comprehen-
sive compilation of characteristics of biochar as affected by temperature, is presented 
in Figure 3. Data plotted against charring temperature show behavior of specific 
surface; ash contents, pore volume, yield, C-, H-, O- and N-contents, pH; and C/H, 
C/O and C/N ratios. In Section 4 a case of study is presented to congruently exhibit 
how the strategy proposed was tested through following the methodology described 
herein. An experiment where biochar was combined with phosphate, and compared 
against the performance of lime, alone and combined with phosphate too, is exposed. 
Results of the root length bioassay only for Cu, carried out with barley plants under 
the conditions mentioned at the start of the section. For more details of the experi-
ments for other metals (like Pb and Zn) refer to [15]. Results of the effect of soil-acid 
mining residue gradient were tested applying a bioassay on barley (H. vulgare L. var. 
Hope) plants and correlated with pH and soluble copper levels.

© 2021 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms 
of the Creative Commons Attribution License (http://creativecommons.org/licenses/
by/3.0), which permits unrestricted use, distribution, and reproduction in any medium, 
provided the original work is properly cited. 
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Chapter 13

Rejuvenator Obtained by Pyrolysis 
of Waste Tires for Use in Asphalt 
Mixtures with Added Reclaimed 
Asphalt
Lidija Ržek, Mojca Ravnikar Turk and Marjan Tušar

Abstract

Although in recent years, big progress has been made in the field of  recovering 
waste tires, they still represent an unwanted waste and their production is con-
stantly increasing. We can use waste tires as a raw material for a new product. In 
our study, multiple liquid products were produced by pyrolysis of waste tires. After 
extensive testing of their properties, we selected the most suitable pyrolytic prod-
uct for the purpose of rejuvenation. Rejuvenators are designed to soften the old, 
brittle and stiff aged bitumen in reclaimed asphalt. Bitumen with its viscoelastic 
characteristics is the most important component of asphalt and dictates its behav-
iour. Commonly bitumen, after adding rejuvenator, becomes less viscous, more 
ductile and its coating properties are restored. By using a pyrolytic rejuvenator, the 
proportion of reclaimed asphalt added to the asphalt mixture was increased. The 
reuse of reclaimed asphalt and waste tires means a reduction in waste material and 
is therefore important for the preservation of the environment and sustainable 
development.

Keywords: pyrolyse, rejuvenator, bitumen, reclaimed asphalt, waste tires

1. Introduction

Bitumen combined with stone aggregate creates an asphalt mixture, which is the 
most common surface layer of the roads. Bitumen in asphalt mixtures ages already 
during the production, transport and installation of asphalt mixture and the pro-
cess of ageing continues during the use of asphalt. Ageing processes are influenced 
by several factors, the most important of them are: temperature, UV radiation and 
oxygen exposure. Subsequently, bitumen becomes harder and more brittle, its  
viscosity increases, adhesion and cohesion deteriorate, which leads to the ravelling 
and the formation of cracks in asphalt mixture [1–3]. With the use of special  
additives, the so-called rejuvenator, bitumen restores its basic properties [4, 5].  
Furthermore, rejuvenators allow mixing and installation at lower temperatures, 
which reduces production costs and energy consumption, therefore the production 
of asphalt is more environmentally friendly. The rejuvenator enables to re-install 
the aged bitumen from reclaimed asphalt (RA) into the fresh asphalt [6]. The first 
rejuvenator was used as early as 1960 [7]. Over the years, several different products 
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have been used as rejuvenators: emulsions, oil components with a high content of 
maltene, soft bitumen with high penetration, tertiary amines, waste vegetable oils, 
waste motor oils and various combinations of these materials [8, 9]. A rejuvenator 
made from waste tires by a pyrolysis process, a pyrolytic rejuvenator, was developed 
in our study [10].

Pyrolysis in technical terms is a process in which the chemical decomposition 
of a substance takes place at elevated temperatures and without the presence of 
oxygen. Because of the increasing number of vehicles, demand for car tires is also 
increasing, and as a consequence their production is increasing (324 million tires 
were sold in 2019 in Europe [11]), resulting in an increasing number of waste tires 
at the end of their service life. European Directive on the landfill of waste 1999/31/
EC [12] has prohibited the disposal of waste tires at landfill sites since 2006, as their 
improper storage may endanger human health and pose a threat to the environ-
ment, e.g. fire, the spread of rodents and insects and dangerous emissions that can 
be released into the air or the earth. In addition to this directive, waste management 
is also significantly influenced by the waste directive 2008/98/ES [13] which sets 
out a 5-step waste hierarchy, namely: prevention, preparing for re-use, recycling, 
other recovery (e.g. energy recovery) and disposal. Pyrolysis is a suitable process 
for the treatment of waste tires, as it has a small impact on the environment, and 
at the same time obtained products that can be used further. In the past, pyrolytic 
products from waste tires have been mainly used as additives to reduce the tem-
perature sensitivity of bitumen [14–17]. The pyrolytic product from waste tires 
pyrolysis may contain high concentrations of polycyclic aromatic hydrocarbons 
(PAH). Therefore, the slow pyrolysis process of waste tires was performed at a 
relatively low temperature where the highest treatment temperature (HTT) did not 
exceed 500°C. Consequently, a product with low PAH content, i.e. lower than those 
reported in existing studies [18, 19] was obtained.

In the first phase of the presented study, several different pyrolytic products 
were developed [20]. Among them, the most appropriate for the purpose of rejuve-
nator was selected. In the second part, the influence of the pyrolytic rejuvenator on 
the properties of the non-aged and aged bitumen was examined. Results of the tests 
proved that the pyrolytic rejuvenator revived aged bitumen [21]. In the last phase, 
the pyrolytic rejuvenator was used in asphalt mixtures, to which the percentage of 
reclaimed asphalt was gradually increased [22].

2. Pyrolytic product for the purpose of rejuvenation

Pyrolytic products in the research were obtained by the process of slow pyroly-
sis. In the first phase, the conditions of the pyrolysis process e.g. the duration (from 
10 min to 150min) and the pyrolysis temperature (from 280–500°C) were changed 
in order to obtain different pyrolytic products. In the second phase, the pyrolytic 
products were modified with various oils and crushed rubber. All composed 
pyrolytic products were similar to bitumen. Their properties and properties of their 
blends with reference bitumen were evaluated by standard European mechanical 
tests, which are usually used to determine the properties of bitumen. As reference 
bitumen and as a matrix of the blends a 50/70 penetration grade bitumen (B50/70) 
was used. All the blends were laboratory produced by adding a controlled quantity 
of the pyrolytic product to the bitumen. The blends of bitumen and pyrolytic 
product were commonly produced by mixing two of the components in ratios of 1:1 
(labelling them B+No. of pyrolytic product). Only the blends of pyrolytic product 
No. 11 were also prepared in smaller concentrations (11_x%, where x represents a 
share of the pyrolytic product).



263

Rejuvenator Obtained by Pyrolysis of Waste Tires for Use in Asphalt Mixtures with Added…
DOI: http://dx.doi.org/10.5772/intechopen.99490

The softening properties were determined by using the Ring and Ball method 
(RB) according to the EN 1427 [23]. Fraass breaking point test according to 
the EN 12593 [24] was used to determine the brittleness of the products at low 

RB Fraass 
breaking 

point

Force ductility Mixing 
temperature 
(@ η = 0.17 

Pas)

Compaction 
temperature 
(@ η = 0.26 

Pas)

T Elongation Force 
(max)

Energy 
E’0,4-E’0,2

[°C] [°C] [°C] [mm] [N] [J/cm2] [°C] [°C]

B 50/70 50.5 −11 25 1500* 0.97 0.07 141.2 121.9

1 44.6 −14 25 236 0.1 0.00 153.6 127.1

2 59.1 2 25 187 1.01 0.06 192.9 159.9

3 54.6 −18 25 137 0.34 0.02 169.2 141.2

4 61.3 −12 25 257 1.41 0.10 185.6 156.8

5 60.6 −8 25 354 1.41 0.12 187.8 158.6

6 47.3 −20 25 232 0.27 0.02 169.3 138.8

7 45.9 −14 25 827 0.41 0.02 139.4 116.4

8 65.6 +1 25 1309 12.59 0.91 177.6 153.1

9 42.0 −20 15 145 0.14 0.01 190.6 150.3

10 30.4 −23 15 202 0.04 0.00 155.7 121.5

11 — −1 15 — — — 202.3 154.4

12 43.9 −21 15 325 0.07 0.01 212.4 173.6

13 54.9 −21 15 322 0.29 0.05 255.5 207.5

14 37.5 −22 15 230 0.0 0.00 150.3 122.4

B + 1 43.3 −13 25 902 0.31 0.02 152.1 125.8

B + 2 46.4 −8 25 534 0.52 0.03 146.0 123.3

B + 3 47.1 −18 25 335 0.58 0.04 143.6 121.9

B + 4 46.9 −11 25 1500 0.96 0.06 146.6 123.3

B + 5 46.6 −10 25 1492 0.82 0.05 152.1 128.0

B + 6 44.8 −18 25 760 0.43 0.03 142.2 119.2

B + 7 45.7 −14 25 1500* 0.72 0.04 140.1 118.2

B + 8 52.3 −6 25 1500* 3.15 0.22 150.7 129.1

B + 9 38.1 −24 15 1500* 0.67 0.10 158.6 129.3

B + 10 37.2 −22 15 1500* 0.61 0.06 135.3 113.8

B + 11 — −24 — — — — 140.3 105.2

11_5% 42.8 −17 15 1343 2.6 0.23 183.3 117.2

11_10% 36.6 −23 15 746 0.45 0.03 134.8 111.8

11_20% 22.4 −23 — — — — 129.6 102.5

B+12 40.2 −21 15 1326 0.10 176.8 143.5

B+13 45.4 −14 15 1500* 0.28 0.03 169.9 140.8

B+14 42.6 −19 15 1122 0.20 0.00 139.6 117.2

* Maximum elongation.

Table 1. 
Results of standard mechanical tests of pyrolytic products and their blends with reference bitumen [20].
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temperatures. The tensile properties of the bitumen and pyrolytic products were 
determined by the force ductility method in accordance with EN 13589 [25].

For the production of asphalt, it is important to determine the optimum mixing 
temperature for specific bitumen, which is the temperature to be maintained at the 
asphalt plant during mixing. For laying of asphalt the compaction temperature, at 
which the mixture has to be compacted on sites has to be determined. The mixing 
and compaction temperatures for pure pyrolytic rejuvenators and bitumen blends 
were determined with the rotational viscometer Haake RS50. Both temperatures 
determine recommended viscosity of bitumen: 0.170 ± 0.02 Pas form mixing and 
0.260 ± 0.03 Pas for compaction, respectively [26].

Results in Table 1 show most pyrolytic products lowered the softening point of 
the blends in comparison with reference bitumen. That means the pyrolytic product 
could also lower the high softening point of the extracted bitumen in reclaimed 
asphalt. For our product, this is a good feature, as we want to use it as a rejuvenator. 
In addition, almost all pyrolytic products lowered the Fraass breaking point, mean-
ing the temperature range is extended.

Results of final elongation at force ductility tests show that all pyrolytic products 
broke before they reached the maximum possible length (1500 mm, designated 
1500* in Table 1) to the contrary of reference bitumen. The pyrolytic products 4, 
5, 7, 8, 9, 10, and 11 (in adequate concentration) retained the elongation ability of 
the reference bitumen in the blends. All other pyrolytic products shortened the 
elongation of the blends. Except for the pyrolytic product no. 8, all other values of 

Viscosity

@ T = 60°C @ T = 100°C @ T = 150°C

Label [Pas] [Pas] [Pas]

B 50/70 209.37 2.03 0.12

B + 1 71.50 1.56 0.23

B + 2 104.19 1.67 0.17

B + 3 110.84 1.67 0.15

B + 4 92.59 1.59 0.17

B + 5 99.02 3.36 0.18

B + 6 61.04 1.31 0.14

B + 7 71.39 1.21 0.13

B + 8 234.85 2.60 0.21

B + 9 56.31 1.74 0.29

B + 10 30.91 0.90 0.12

B + 11 6.93 0.43 0.15

11_5% 73.03 1.35 0.12

11_10% 31.14 0.90 0.09

11_20% 9.01 0.53 0.09

B + 12 94.83 2.78 0.58

B + 13 144.06 3.33 0.45

B + 14 59.34 1.25 0.12

Table 2. 
Results of viscosity measurements of the blends (pyrolytic products with reference bitumen) [21].
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maximum force measurements were in the range around 1 N or even smaller. The 
ductility test was performed at 25°C for the pyrolytic products (and their blends) 
from 1 to 8. For others, the test temperature was lowered, to 15°C. Pyrolytic product 
11 and its blends, B+11 and 11_20%, could not be tested even at the temperature of 
15°C, so we did no performed test for those three samples.

The results of the mixing and the compaction temperatures of the pyrolytic 
products are higher than the reference bitumen’s. Although this indicates that the 
pyrolytic products have a higher viscosity, also the homogeneity of the sample influ-
enced the viscosity. Inhomogeneous samples (2, 9, 10, and 11) have higher viscosity. 
Blends of pyrolytic products 7, 10, 11 and 14 have lower mixing and compaction 
temperatures.

The viscosity of the blends was determined at three different temperatures and 
was measured at the constant shear rate. Results (Table 2) show that the viscos-
ity of the bitumen and the blends is decreasing with increasing temperature. In 
general, the viscosity of all blends is lower than the viscosity of the references 
bitumen at 60 °C and 100°C. At 150°C viscosity of almost all blends was at least as 
high as the reference’s bitumen; nevertheless, the absolute values of the viscosity 
were very small.

Based on the results of these tests we decided that out of the fourteen manufac-
tured and modified pyrolytic products, the most suitable pyrolytic product for the 
role of a pyrolytic rejuvenator was number 14.

3.  Effect of pyrolytic rejuvenator on non-aged and laboratory aged 
bitumen

After selecting the appropriate pyrolytic rejuvenator, the focus of the study 
was to evaluate its effect on paving grade bitumen. When reclaimed asphalt 
(with aged bitumen) is added to the new asphalt mixture, stone aggregate and a 
calculated amount of fresh (non-aged) bitumen are also added at the same time. 
Consequently, researches on non-aged bitumen and on laboratory aged bitumen 
were conducted. The short term ageing, to which bitumen is subjected during 
mixing, transport and installation of asphalt, is in laboratory simulated by rolling 
thin film oven test (RTFOT) method according to EN 12607 [27]. According to this 
method, bitumen is aged under the influence of high temperatures and constant air 
flow. The ageing conditions are not exactly the same as in asphalt production, but 
the ageing results are comparable [28]. Ongoing ageing of bitumen during road use 
was simulated by the pressure ageing vessel (PAV) method according to EN 14769 
[29]. PAV ageing at elevated pressure and temperature was performed on RTFOT 
aged bitumen. PAV simulates ageing according to climatic conditions (temperature, 
UV, etc.), but cannot take into account variables in the asphalt, such as the propor-
tion of air voids, the type of aggregate and the absorbency of the aggregate.

Blends of non-aged bitumen and pyrolytic rejuvenator were laboratory prepared 
in different concentrations: 3%, 5%, 10% and 20% rejuvenator based on the mass 
of the reference bitumen (Table 3). All prepared samples and concentrations of the 
blends are presented in Table 3.

In addition to before mentioned standard test on samples, determination of the 
sample’s consistency by needle penetration test according to the EN 1426 [30] at 25°C 
was also performed. The elastic recovery of the samples was determined according 
to the EN 13398 [31]. According to this standard, a specimen was first elongated 
to 20 cm and then cut in the middle to obtain two halves of the thread. After the 
predetermined time (30 minutes) for recovery has elapsed, the shortening of the 
half threads was measured and expressed as the percentage of the elongation length.
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To check the possible phase separation in the blend of bitumen and pyrolytic 
products, a storage stability test according to EN 13399 [32] was performed only 
for the blend of pyrolytic product No. 14 and reference bitumen. In the test, 
the sample of the blend is maintained in the vertical vessel at 180°C for three 
days. After the sample is cooled down, it is cut into three equal parts. The two 
ends (top and bottom) are further analysed to evaluate possible differences in 
characteristics. The affinity between pyrolytic rejuvenator and stone aggregate 
(limestone) was checked by standard rolling bottle method according to EN 
12697–11 [33] and compared with the affinity of reference bitumen (non-aged) 
and the blend.

The properties of samples in the low-temperature range were characterized 
with the bending beam rheometer (BBR) according to EN 14771 [34]. Bending tests 
are suitable for testing brittle materials when measurements at tensile load do not 
provide insight into the properties of the material or are not feasible. The stress 
relaxation in bitumen is significantly slower at low temperatures, which can lead to 
the formation of cracks in the asphalt and loss of binder functionality. During the 
BBR test a bitumen beam is bent under a constant load and deformation of bitumen 
is measured. The flexural creep stiffness Sm(t) is calculated at time t = 60 s. The 
characteristic parameter is also value m60, the slope of the curve S (t) at t = 60 s, 
which indicates the relaxation capacity of the bitumen stress. We presumed that the 
adequate quality of bitumen at low temperatures is ensured by the maximum value 
of S60 = 300 MPa and the minimum value of m60 = 0.300.

The results of softening point, Fraass breaking point and penetration of refer-
ence bitumen (non-aged, ‘B 50/70’ and laboratory aged, ‘B_PAV’), pyrolytic reju-
venator ‘PR’ and their blends are shown in Table 3. Comparison of penetration and 
Fraass breaking point between ‘B 50/70’ and pyrolytic rejuvenator ‘PR’ indicates on 
their different chemical composition. Pyrolytic rejuvenator shows a significantly 
lower value of softening point and Fraass breaking point and at the same time a 
much higher value of penetration.

Label Proportion of 
the reference 

bitumen

Proportion of 
the pyrolytic 
rejuvenator

RB Penetration Fraass 
breaking 

point

[%](m/m) [%](m/m) [°C] [1/10 mm] [°C]

Non- aged 
bitumen

B 50/70 100 0 50.5 53 −11

B50/70_3% 97 3 50.2 55 −11

B50/70_5% 95 5 50.3 59 −20

B50/70_10% 90 10 49.0 60 −16

B50/70_20% 80 20 47.3 75 −16

B50/70_50% 50 50 42.6 115 −19

Pyro-lytic 
rejuve-nator

PR 0 100 37.5 233 −22

Aged 
bitumen

B_PAV 100 0 70.4 21 −10

B_PAV_3% 97 3 69.0 22 −6

B_PAV_5% 95 5 67.7 22 −6

B_PAV_10% 90 10 65.6 26 −7

B_PAV_20% 80 20 61.6 34 −7

Table 3. 
Tested blends of pyrolytic rejuvenator (labels, RB and penetration) [21].
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Results on non-aged samples show the effect of the rejuvenator on the standard 
mechanical properties (penetration, softening point, Fraass breaking point) of 
bitumen. Penetration values increased, at the same time softening values decreased 
with increasing rejuvenator proportion. All added amounts of rejuvenator to non-
aged bitumen decreased the values of the Fraass breaking point.

Original B 50/070 was RTFOT+PAV aged, simulating naturally aged bitumen in 
reclaimed asphalt. Then the same proportions of pyrolytic rejuvenator No. 14 (as in 
the case of non-aged bitumen) were added and the blends were tested.

A comparison of non-aged and aged bitumen blends shows the impact of 
laboratory ageing. Aged B 50/70 (B_PAV) and all bitumen blends became stiffer 
since the penetration of aged bitumen decreased and the softening point increased. 
Unexpectedly, all proportions of rejuvenator which were added to RTFOT+PAV 
aged B 50/70 decreased the values of the Fraass breaking point. It should be noticed 
that the repeatability of the Fraass breaking point test is 3°C.

Table 4 presents results of tensile properties of bitumen, pyrolytic rejuvenator 
and their blends. Non-aged bitumen and its blends with rejuvenator elongated to 
the maximum length (1500 mm). The elongation of aged bitumen was prolonged 
with the addition of a rejuvenator. When mixing materials such as bitumen, two 
consequences can be observed: the mixing effect (mostly linear change) and the 
structural-interaction effect (mostly nonlinear change) [21]. Maximum force 
decreased proportionally with the added rejuvenator indicating a linear change 
occurred. The effect of nonlinearity is not observed, as the elongation at maximum 
force, Fmax, is the same for all samples with non-aged bitumen, as well as for all 
samples with aged bitumen, regardless of the amount of rejuvenator added. The 
elongation of the non-aged bitumen was about 1.5 times greater than the elongation 
of the aged bitumen with rejuvenator, indicating that aged bitumen was not com-
pletely restored. The results show that due to the added rejuvenator, the mechanical 
properties of aged bitumen approached the values of non-aged bitumen, but a 
complete restoration was not achieved.

Force Ductility at 25°C Elastic 
recovery

Elongation Force 
Fmax

Elongation at 
Fmax

Energy

Label [mm] [N] [mm] [J/cm2] [%]

B 50/70 1500* 0.97 17.18 0.07 /

B50/70_3% 1500* 1.58 7.22 0.11 13

B50/70_5% 1500* 1.27 7.21 0.10 13

B50/70_10% 1500* 0.99 7.21 0.07 12

B50/70_20% 1500* 0.71 7.11 0.05 12

PR 230 0.04 17.12 0.00 −38

B_PAV 184 21.66 12.01 1.34 30

B_PAV_3% 304 20.03 12.10 1.37 27

B_PAV_5% 469 17.08 12.40 1.28 21

B_PAV_10% 307 13.38 12.71 0.95 21

B_PAV_20% 370 8.27 12.89 0.62 22

* Maximum elongation.

Table 4. 
Tested blends of pyrolytic rejuvenator (ductility, elastic recovery) [21].
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The elastic recovery did not change significantly for non-aged bitumen regard-
less of the amount of rejuvenator. In the case of aged bitumen, the elastic recovery 
decreases with the amount of rejuvenator and thus approached the value of the 
reference aged bitumen. The elastic recovery of the rejuvenator had a negative 
value, so the sample was stretching after the test, meaning that the rejuvenator had 
no elastic properties and all energy was lost. We expected that due to rubber content 
in car tires some elasticity will remain in our product, but it is evident that all rub-
ber from tires decomposed during the pyrolytic process.

Mixing and compaction temperatures (Table 5) of aged bitumen were higher 
than temperatures of non-aged bitumen, and in both cases, the temperatures 
decreased with the increasing amount of added rejuvenator.

S60 and m60 are criteria that determine the lower limit of the bitumen application 
temperature. When the conditions: S60 ≤ 300 MPa and m60 ≥ 0.300 are met at the 
same time, the bitumen shows sufficient low temperature resistance. Table 5 shows 
the results, i.e. the minimum temperatures for all samples. For non-aged bitu-
men, the critical temperature was determined by S60, while for aged bitumen the 
temperature at parameter m60 was decisive. With the addition of the rejuvenator, 
the critical temperature was lowered. Aged bitumen with the highest amount of 
rejuvenator additive achieved similarly low temperatures as the reference non-aged 
bitumen.

Storage stability was checked only on a blend with the highest amount of pyro-
lytic rejuvenator, B50/70_50%. The test results showed that although an immense 
quantity of the rejuvenator was added to the reference bitumen, the blend remained 
homogeneous. This was evident from the very small changes in the penetration and 
softening values of the binder in the upper and lower parts of the tube (Table 6). 
Results also show that due to storage at high temperature the characteristics (pen, 
RB) did not change much.

The result of the affinity test (Table 7) shows that after the first 6 hours there 
was no difference between the tested samples. The binder detached only slightly 
from the aggregate (limestone) in all samples. After one day of testing in the rolling 

Temperature Mixing 
temperature  
(η = 0.17 Pas)

Compaction 
temperature  

(η = 0.26 Pas)

BBR T at  
S60 = 300 

MPa

BBR T at  
m60 = 0.300

Higher 
T 

(BBR)

Label [°C] [°C] [°C] [°C] [°C]

B 50/70 141 122 −19.3 −20.8 −19.3

B50/70_3% 140 120 −19.6 −21.5 −19.6

B50/70_5% 140 120 −19.8 −22.0 −19.8

B50/70_10% 138 118 −20.7 −22.7 −20.7

B50/70_20% 139 118 −22.6 −24.5 −22.6

PR 150 122 −31.3 / /

B_PAV 155 139 −16.1 −11.7 −11.7

B_PAV_3% 154 137 −16.9 −12.9 −12.9

B_PAV_5% 153 137 −17.5 −12.8 −12.8

B_PAV_10% 151 134 −18.3 −13.3 −13.3

B_PAV_20% 150 132 −19.6 −18.8 −18.8

Table 5. 
Results of rheological tests [21].
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bottle, differences between the samples appeared more obvious. The pyrolytic 
rejuvenator had the best affinity with aggregate. After two days, the reference bitu-
men and rejuvenator covered the aggregate equally well, and after three days the 
aggregate was best covered with pyrolytic rejuvenator and worst with a mixture of 
reference bitumen and pyrolytic rejuvenator.

To verify the relationship between rheological and mechanical measured prop-
erties, presented in Tables 3–5, linear relationships between individual properties 
were examined. Linearity between properties was evaluated with statistical param-
eter R2 (Table 8). The results show that there is no linear relationship between BBR 
measurements and empirical mechanical tests. Correlation between the parameters 
S60 and m60 and the Fraass breaking point was expected since all measurements 
were performed in the low temperature range. Similarly, we expected a relation-
ship between the properties measured in the medium and high temperature range. 
The softening point temperature was compared with the mixing and compaction 
temperatures. It turned out that there is no linear correlation for the samples of 
non-aged bitumen, and there is a good linear dependence for the samples of aged 
bitumen. There is also a good relationship between the results of the two most basic 
mechanical tests, penetration and softening point, for both non-aged and aged 
paving grade bitumen samples.

Conditions RB Penetration

Label [°C] [1/10 mm]

B50/70_50% Ambient 42.2 115

B50/70_50% upper part 72 h at 180°C 43.0 118

B50/70_50% lower part 72 h at 180°C 42.8 117

Table 6. 
Results of storage stability test [21].

Affinity [%] Time of test [h]

Sample 0 6 24 48 72

B50/70 100 95 80 55 40

B50/70_50% 100 95 80 50 30

PR 100 95 90 55 45

Table 7. 
Results of affinity test.

RB – penetration 
(Table 3)

RB – mixing 
temperature 

(Tables 3 
and 5)

RB – compaction 
temperature 

(Tables 3 and 5)

BBR  
S60 - Fraass 

breaking  
point  

(Tables 3 and 5)

BBR  
m60 - Fraass 

breaking  
point  

(Tables 3 and 5)

Non-aged 
bitumen

0.91 0.00 0.02 0.10 0.20

Aged 
bitumen

0.94 0.91 0.96 0.06 0.00

Table 8. 
The R2 values for various properties of non-aged and aged bitumen with rejuvenator.
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4. Asphalt mixtures with reclaimed asphalt and pyrolytic rejuvenator

Asphalt mixtures have to withstand dynamic loads as well as high and low 
temperatures without cracking or rutting. Several standardized laboratory tests 
enable the evaluation of these asphalt characteristics. Before implementation, 
characteristics of reclaimed asphalt (RA) had to be established. Several samples 
of reclaimed asphalt from the same stockpile were sieved into sub fractions and 
extracted bitumen was investigated. The results showed that the bitumen content in 
RA was 4.5%. Based on this, the required amount of fresh bitumen and rejuvenator 
for each asphalt mixture type AC 8 surf were calculated.

The bitumen content of all prepared asphalt mixtures was determined at 5% 
of the mass regarding the total asphalt mixture mass. Regarding to the established 
effects of pyrolytic rejuvenator on (non-aged and laboratory aged) bitumen, the 
addition of 20% of pyrolytic rejuvenator to the bitumen from reclaimed asphalt was 
established. Control asphalt mixture of fresh materials (0% RA) and asphalt mix-
tures with 20%, 40% and 60% of RA according to the weight of the stone aggregate 
were prepared in laboratory (set of asphalt mixture samples is described in Table 9). 
Each asphalt mixture with RA was produced without and with a pyrolytic rejuvena-
tor. All together seven asphalt mixtures were prepared with the same B50/70 bitu-
men (from the same producer) as used in previous research.

All asphalt mixtures samples were mixed in a laboratory and compacted in 
accordance with EN 12697–30 [35]. Basic information about asphalt mixtures 
was gained by determining bulk density, EN 12697–6 [36], maximal density, EN 
12697–5 [37], void content, EN 12697–8 [38], and indirect tensile strength (ITS), 
EN 12697–23 [39]. ITS is maximum tensile stress applied to a cylindrical specimen 
loaded diametrically until the break. Cylindrical specimens (nominal diameter 
100 mm) were for ITS compacted by 50 impacts on each side at temperature 150°C. 
Water sensitivity tests were completed according to EN 12697–12 [40], in order 
to evaluate the effect of moister. Water sensitivity is expressed by ITSR – indirect 
tensile strength ratio. Two sets of four cylindrical specimens were prepared, com-
pacted by 35 impacts on each side at temperature 150°C. One set of specimens was 
conditioned in water for three days; the other set was kept dry. The ratio between 
their ITS values expresses water sensitivity.

For determination of characteristics at low temperature thermal stress 
restrained specimen test (TSRST, EN 12697–46 [41]) was carried out. Asphalt 

Sample Proportion 
of the RA

Addition of 
the pyrolytic 
rejuvenator

Measured 
bitumen 
content

The 
bulk 

density

The 
maximal 
density

Void 
content

[%] (m/m) / [%] 
(m/m)

[kg/
m3]

[kg/m3] [%] 
(V/V)

0% RA 0 No 5.0 2398 2478 3.2

20% RA 20 No 5.0 2403 2490 3.5

20% RA + rej. 20 Yes 5.0 2407 2492 3.4

40% RA 40 No 5.0 2407 2494 3.5

40% RA + rej. 40 Yes 5.0 2394 2492 3.9

60% RA 60 No 5.0 2425 2502 3.1

60% RA + rej. 60 Yes 5.0 2417 2501 3.4

Table 9. 
Standard properties of asphalt mixtures [22].
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mixtures were compacted in form of slabs, EN 12697–33 [42], from which prismatic 
specimens were cut. In TSRST, the specimen, whose length is held constant during 
the test, is subjected to a temperature decrease with a constant temperature rate. 
Due to the confined thermal shrinkage, cryogenic stress builds up in the specimen. 
The results of the tests are the progression of the cryogenic stress over the tempera-
ture range until break, σcry(T), and the failure stress, σcry,failure, at the failure 
temperature, Tfailure.

To check the behaviour of asphalt mixtures at elevated temperatures the forma-
tion of wheel tracking was checked according to EN 12697–22 [43].

Extracted bitumen from all asphalt mixtures was investigated according to 
before mentioned standard testing methods.

The siewing curve had to be adjusted for each asphalt mixture (Figure 1) 
because different shares of RA were added. In all figures addition of rejuvenator is 
designated with RA+rej. The curves overlap with each other well and bitumen from 
RA does not affect the siewing curve. The inhomogeneity of RA was successfully 
solved by presiewing RA into sub fractions (0/2 mm, 2/4 mm and 4/8 mm).

The densities were determined according to standard procedures and the results are 
given in Table 9. The difference between the densities and void content of individual 
asphalt mixtures was very small. Results confirm that mixtures were comparable.

The presence of water in the asphalt is expected. Moisture is one of the most 
important factors influencing the durability of asphalt. The combination of excess 
moisture and traffic load shortens the life of the asphalt. Moisture in asphalt causes 
two main destructive mechanisms: deterioration of adhesion and cohesion. Strong 
deterioration of adhesion can be observed as peeling of bitumen from the stone 
aggregate, and deterioration of cohesion is observed as softening of the binder, 
which leads to lower strength of asphalt. The water sensitivity of asphalt mixtures 
is expressed by the ITSR quotient, which represents the ratio of indirect tensile 
strength of wet and dry specimens, expressed as a percentage. Figure 2 shows the 
results of the water sensitivity test. For all tested asphalt mixtures indirect tensile 
strength increased with the addition of RA and decreased only slightly when rejuve-
nator was added. Asphalt mixtures were less sensitive to water after the addition of 
RA, as the ITSR ratio increased. No significant effect on ITSR was observed with 
the addition of a rejuvenator.

Figure 1. 
The sieving curves of laboratory produced asphalt mixtures AC 8 surf [22].
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Testing of wheel track formation was performed at an elevated temperature of T 
= 50°C. The differences between the sample results (Figure 3) were not significant, 
indicating that the selected test temperature was too low.

Because the aged bitumen from RA increases the stiffness of the binder in the 
asphalt mixture, resistance to fatigue cracking is weakened in asphalt mixtures with 
a high amount of RA. In our study, the resistance to low temperature cracking was 
checked only on mixtures with the highest proportion of RA, as 60% of RA repre-
sents the worst conditions for asphalt resistance at low temperatures. The average 
results (three specimens were tested for each mixture) for three mixes are shown in 
Figure 4. Compared to the mixture with 0%RA, the failure temperature increased 
due to the added RA, which means deterioration of the mechanical properties of 
the asphalt mixture. The results for 60% RA mixture with the addition of pyrolytic 
rejuvenator show that the failure temperature decreased, and the resistance of the 
asphalt mixture with RA and the rejuvenator was therefore slightly better than the 
resistance of the basic mixture. The breaking stresses were similar for the three 

Figure 2. 
The water sensitivity of the asphalt mixtures [1].

Figure 3. 
Results of the wheel tracking test at T = 50°C.
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tested mixtures, but the course of cryogenic stresses shows that the stresses were 
higher in the mixture with 60% RA than in the other two mixtures.

The extracted bitumen of asphalt mixtures was also investigated; the results 
are presented in Table 10. The highest value of the softening and Fraass breaking 
point was determined in bitumen from reclaimed asphalt (100% RA), meaning 
the bitumen was the most brittle and hard, as expected. The results showed that 
the addition of RA to asphalt mixtures without pyrolytic rejuvenator increased the 
softening point and Fraass breaking point and decreased penetration. However, 
the rejuvenator had a beneficial effect, as mixtures with the rejuvenator exhibited a 
lower softening point, Fraass breaking point and higher penetration than mixtures 
without pyrolytic rejuvenator. As expected, the bitumen became harder as the RA 
content increased, but the bitumen softened with the addition of a rejuvenator.

5. Conclusions

In the presented research, several pyrolytic products were tested. Based on the 
results, the pyrolytic product 14 was selected as the most suitable for the purpose of 

Figure 4. 
Temperature dependency of cryogenic stress [1].

RB Fraass breaking point Penetration

Label [°C] [°C] [1/10 mm]

0% RA 58.6 −11 45

20% RA 59.4 −10 37

20% RA + rej. 58.2 −11 39

40% RA 60.8 −7 32

40% RA + rej. 58.3 −8 36

60% RA 63.3 −6 26

60% RA + rej. 60.7 −8 32

100% RA 65.3 −2 21

Table 10. 
Results of standard mechanical tests of extracted bitumen [22].
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rejuvenating. It had a homogeneous structure, was solid at room temperature and it 
flowed at elevated temperatures. The indicator of suitability for use as a rejuvena-
tor was the pyrolytic product’s low softening and Fraass breaking point and high 
penetration value.

In mixtures with reference bitumen, the low Fraass breakpoint value was not 
maintained. The penetration of bitumen was increased by adding a pyrolytic reju-
venator and the softening point was decreased. The results of standard mechanical 
tests confirmed that the pyrolytic product softened the bitumen, which is the basic 
purpose of the rejuvenator.

The next part of the research was dedicated to the determination of the optimal 
proportion of rejuvenator that would regain the original properties of bitumen 
from reclaimed asphalt. This part of the research was performed on non-aged and 
laboratory aged bitumen. The addition of rejuvenator was limited at the upper 
limit, as the prepared pyrolytic product contained polycyclic aromatic hydrocar-
bons (PAHs). The results of decreased softening point and increased penetration 
show that the bitumen softened due to the rejuvenator. The Fraass breaking point 
increased in aged bitumen after the addition of a rejuvenator, indicating deteriora-
tion in the properties of the bitumen.

Despite the added rejuvenator the elongation in the ductility test was maintained 
for non-aged bitumen and increased for aged bitumen. However, in proportion to 
the increase in the rejuvenator, the maximum force in the sample decreased. The 
elastic recovery of non-aged bitumen did not change due to the rejuvenator, while in 
aged bitumen it decreased after the addition of the rejuvenator. The results of BBR 
confirmed our expectations, as resistance at low temperatures was increased by the 
addition of a rejuvenator. The addition of 20% of the pyrolytic product changed 
most properties of the aged bitumen in order to approach the characteristics of 
the non-aged bitumen. Although a complete recovery of the aged bitumen was not 
reached, the pyrolytic product can be successfully used as a rejuvenator. After the 
addition of pyrolytic product, the properties of aged bitumen were restored in the 
direction of the properties of the non-aged bitumen.

The asphalt mixtures were less water sensitive when RA and rejuvenator 
were added. Results proved RA improved the adhesion and cohesion of bitumen. 
Rejuvenator did not deteriorate the cohesion significantly, even though it made 
bitumen softer.

The results of the TSRST test revealed that RA deteriorates the properties of 
asphalt mixtures. However, low temperature cracking resistance improved with 
the addition of a rejuvenator. The improvement was made to such an extent that 
the asphalt mixture with the highest proportion of RA and rejuvenator had slightly 
better resistance than the control asphalt mixture.

On the basis of all the results, it can be concluded that pyrolytic rejuvenator 
enables the increase of RA share in asphalt mixture.
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Chapter 14

The Biomass Waste Pyrolysis for 
Biopesticide Application
Mashuni and M. Jahiding

Abstract

The pyrolysis method has been used in various fields and has attracted the  
attention of many researchers so that this method can be applied to treat biomass 
waste. Pyrolysis of biomass occurs through heating a substance with limited oxygen 
so that the decomposition of complex compounds such as lignocellulose into 
simpler compounds occurs. The heat energy of the pyrolysis process encourages the 
oxidation of biomass so that complex carbon molecules break down into carbon and 
bio-oil. Pyrolysis of biomass for coconut shells, cashew nut shells, and cocoa pod 
husk was carried out at a temperature of 400–600°C with a flow rate of 6–7°C/min. 
The content of bio-oil compounds from its biomass based on the analysis of gas 
chromatography–mass spectroscopy obtained phenolic acid, pyrimidine deriva-
tives, amines, carbamate acids, furans, esters derivatives, pyridine, ketones, furans, 
and aldehydes that can be used as active compounds for biopesticides.

Keywords: biomass, biopesticide, lignocellulose, pyrolysis

1. Introduction

Global output of biomass production from agricultural and forestry residues is 
estimated at 146 billion MT per year [1], most of which are disposed of in landfills 
or burned to ashes. The burning of these biomass residues can cause soil degrada-
tion by affecting soil biota. In addition, large amounts of particulates, volatile 
organic carbon and semi-volatile organic carbon compounds, ash, sulfate aerosols, 
and trace gases are also released into the atmosphere [2]. These pollutants contrib-
ute to greenhouse gas emissions, which can contribute to many serious environmen-
tal problems on a global scale, such as increasing global climate change, extinction 
of biodiversity, and socioeconomic severe and health problems. Therefore, it is 
essential to minimize the burning or wasting of plant biomass and instead develop 
low-cost pollution reduction and sustainable technologies to convert it into valuable 
bioproducts [3].

The chemical composition of biomass, both lignocellulosic and herbaceous, can be 
characterized by five main components: cellulose, hemicellulose, lignin, extractive/
volatile, and ash. Cellulose and hemicellulose, combined with the third major compo-
nent of biomass, lignin, make up more than 90% of lignocellulosic biomass and 80% 
of herbaceous biomass. Lignin is a complex array of phenolic compounds interwoven 
with the cellulose and hemicellulose fractions of the biomass structure. This interwo-
ven property of lignin helps impart rigidity to lignocellulosic materials, such as trees 
[4]. Biomass can be converted into energy through thermal, biological, and physical 
conversion processes, such as direct combustion, pyrolysis, and gasification [5].
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Pyrolysis of biomass is the decomposition of chemical components of lignocel-
lulosic by heating or incomplete combustion to be broken down into compounds 
with shorter chains [6]. Pyrolysis is a decomposition process or decomposition of 
compounds in raw materials in the presence of heat of combustion and limited 
oxygen so that gas, liquid, and charcoal are obtained, the amount of which is 
influenced by the type of material, method, and conditions of pyrolysis. Incomplete 
combustion of pyrolysis causes complex carbon compounds not to be oxidized to 
carbon dioxide in raw materials containing cellulose, hemicellulose, and lignin [7]. 
Conversion of agricultural residue biomass by the pyrolysis method into bio-oil is a 
potentially attractive technology to remove and process waste from agriculture and 
greenhouses into alternative sources of green energy and value-added chemicals 
[8]. Researchers at the Institute for Chemicals and Fuels from Alternative Resources 
(ICFAR) at the University of Western Ontario designed a highly automated rapid 
pyrolysis to convert biomass to bio-oil, gas, and biochar at the temperature of 250-
800°C under nearly atmospheric pressure and in the absence of oxygen [9]. Bio-oil 
from biomass pyrolysis produces a complex mixture of chemicals including acids, 
ketones, furans, phenols, hydrosugars, and other oxygenates, which have antibacte-
rial and antifungal properties against several pathogenic and carcinogenic bacteria 
as well as biopesticides [10–12].

2. Compositional of lignocellulosic biomass

In particular, lignocellulosic biomass, mainly composed of lignin, cellulose, and 
hemicellulose, has become an essential topic because lignocellulosic biomass does 
not compete with food and feed. There are several technologies for the conversion 
of lignocellulosic biomass into energy and chemicals [13]. As illustrated in Figure 1, 
the three main components are unevenly distributed in the cell wall as the skeleton, 
the connecting material, and the hard solid, respectively. Cellulose macromolecules 
regularly assemble to form tough microfibers that serve as the skeletal material of 
the cell wall, and the inner space is packed with hemicellulose linking materials and 
amorphous lignin [15]. Cellulose is linked to hemicellulose and lignin molecules 

Figure 1. 
The structure of lignocellulosic biomass consists of lignin, cellulose, and hemicellulose [14].
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mainly through hydrogen bonds, whereas the relationship between hemicellulose 
and lignin includes hydrogen and covalent bonds [16]. Carbohydrates and lignin are 
tightly bound in lignin-carbohydrate complexes, resulting in residual carbohydrates 
or lignin fragments in the extracted lignin or hemicellulose samples.

Lignocellulosic materials are mainly composed of cellulose (35–50%), hemicel-
lulose (15–35%), and lignin (10–35%) [4]. The concentrations of the components 
mentioned vary with different plant species (as shown in Table 1). In addition to 
the three main components, a small fraction of extractives and inorganic ash are 
also present in the biomass as non-structural components, not cell walls or cell 
layers. Wood biomass contains significantly higher amounts of the three main 
components (»90%), while agricultural and herbaceous biomass contains more 
extractives and ash.

3. Optimization of parameter pyrolysis biomass

Thermal decomposition of organic matter in the absence of oxygen has been 
widely developed as a promising platform for producing fuels, preservatives, pes-
ticides, and chemicals from various types of biomass. Pyrolysis produces charcoal, 
liquid, and gas products, which is highly dependent on the reaction conditions. Fast 
pyrolysis of biomass at a rapid heating rate and a short residence time of hot steam 
(<1 s) produces bio-oil with a yield of up to 75% of weight [12, 13].

Pyrolysis is a technology that converts lignocellulosic biomass into gaseous, 
liquid, and solid products by using heat under an inert atmosphere. Depending on 
the heating rate and residence time of the pyrolysis stream in the reactor, pyrolysis 
can be broadly classified into slow and fast pyrolysis. Slow pyrolysis involves ther-
mal cracking of lignocellulosic biomass at low heating rates to produce a high-yield 
solid product known as biochar (or charcoal). In fast pyrolysis, high yields of liquid 
(bio-oil) products are obtained because the short residence time of the pyrolysis 
vapor in the reactor suppresses the secondary reaction, promoting the formation of 
gas and biochar [8, 20]. The reaction temperature for the pyrolysis of lignocellulosic 
biomass usually ranges from 500 to 800°C [21]. The physical properties character-
ization of the pyrolysis results of CS, CNS, and CPH biomass at temperatures of 
400–600°C can be seen in Table 2.

During pyrolysis, biomass undergoes primary and secondary reactions involving 
heat and mass transfer mechanisms. The immediate response consists of decom-
posing lignocellulosic biomass, which leads to the formation of introductory and 
intermediate products. This intermediate species undergoes secondary cracking. 
The pathways for the first category include dehydration and charring reactions, 
while the second is decomposition and evaporation of intermediates. The pyrolysis 
products obtained in these competitive reactions are susceptible to operational 
variations and types of biomass [21]. Parameters play a significant role to determine 
the composition and properties of the pyrolysis products. Since biomass consists 
of cellulose, hemicellulose, and lignin, the degree of thermal fragmentation of 

Biomass Cellulose (%) Hemicellulose (%) Lignin (%) References

Coconut shells (CS) 25.0 22.3 28.6 [17]

Cashew nut shells (CNS) 9.6 28.3 28.8 [18]

Cocoa pod husk (CPH) 26.1 12.8 28.0 [19]

Table 1. 
The compositional variation lignocellulosic biomass from CS, CNS, and CPH.
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these components depends on the operating parameters [23]. Table 2 shows the 
distribution of products obtained from various biomass and pyrolysis temperatures, 
indicating considerable flexibility that can change process conditions. During 
pyrolysis, many factors affect product properties such as type of biomass, residence 
time, age percentage of moisture in feed biomass, temperature, pressure conditions 
(atmosphere, vacuum), particle size, and heating rate of biomass so that pyrolysis 
efficiency also affects product composition. Optimization of reaction conditions 
can increase the yield of pyrolysis products to any of the three pyrolysis fuels such 
as pyrolysis oil, gas, or solid charcoal [20]. This parameter has a significant influ-
ence on the composition of the pyrolysis product.

4. Chemical compound composition of biomass pyrolysis bio-oil

The chemical composition of bio-oil derived from different biomass feedstocks 
is different. The difference can also be caused by other reaction conditions for the 

Figure 2. 
The chemical formation pathways during pyrolysis of lignocellulosic biomass [25].

Biomass Temperature 
(°C)

Density 
(g/cm3)

pH Flow rate 
(°C/min)

Yield (%)

Bio-oil Char Gas

CS 400 1.088 5 10 ± 1 39 28 33

500 1.085 48 34 18

600 1.083 38 25 37

CNS 400 1.078 3 38 24 38

500 1.070 40 23 37

600 1.087 43 22 35

CPH 400 1.083 5 36 32 32

500 1.088 39 34 27

600 1.084 37 36 27

Source: research by Mashuni et al. [22].

Table 2. 
The operational parameters, physical characteristics, and yield (%) of the pyrolysis results of CS, CNS, and 
CPH biomass.
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pyrolysis operation. This regard provides details of experimental results obtained 
with varying feedstocks of biomass and reaction conditions in pursuit of chemi-
cal production through pyrolysis of lignocellulosic biomass. During pyrolysis, 
the main components of lignocellulosic biomass will be thermally decomposed to 
produce valuable chemicals. Cellulose is a high-molecular-weight linear polymer 
consisting of D-glucose monomer units. The basic units are linked to each other by 
β-1,4-glycosidic bonds. Cellulose provides mechanical strength to plant cells and is 
generally degraded in the temperature range of 315–400°C [24]. Cellulose is clas-
sified as a homopolysaccharide, whereas hemicellulose is a heteropolymer referred 
to as a heteropolysaccharide. Hemicellulose consists of pentosan or hexosan, form-
ing polymers such as xylan, glucan, xyloglucan, and glucomannan. Hemicellulose 
is usually degraded at 220–315°C. Lignin has a complex three-dimensional struc-
ture. The basic lignin units are three monolignol precursors, namely p-coumaryl 
alcohol, coniferyl alcohol, and sinapyl alcohol. Lignin degradation occurs over a 
wide temperature range covering 150–900°C [13]. Figure 2 shows a simple path-
way for the formation of chemicals produced during the pyrolysis of biomass.

Identified compound Chemical 
formula

Peak area %

400°C 500°C 600°C

Phenol and its derivatives

2-Methoxy-phenol C7H8O2 9.45 7.30 9.07

Phenol C6H6O 20.81 23.88 21.92

2,6-Dimethoxy-phenol C8H10O3 11.82 9.50 11.54

3,4-Dimethyl-phenol C8H10O 2.01 1.15

2-(Methylthio)-phenol C7H8OS 3.08

4-Butoxy-phenol C10H14O2 1.28 0.45

Methylparaben C8H8O3 1.08

1-(2,4-dihydroxyphenyl)-ethanone C8H8O 10.25 0.93

Amine and amides

1-Methyl-2,5-pyrrolidinedione C5H7NO 1.85 2.69

Ketones

3-Methyl-1,2-cyclopentanedion C6H8O2 8.83 8.96 7.66

Benzene, and its derivatives

1,2,3-trimethoxybenzene C9H12O3 3.11 3.38

1,4-Dimethoxy-benzene C8H10O2 5.10 2.93 5.08

(4-Methoxyphenyl)-hydrazine C7H10N2O 2.35 2.03 2.77

(4-Methoxyphenoxy)trimethyl-silane C11H18O2Si 3.89 6.09 1.13

Others

3-Methyl-2-(2-oxopropyl)furan C8H10O2 4.45 1.53 4.38

(Z)-4-Methyl-5-(2-oxopropylidene)-5H-
furan-2-one

C8H8O3 4.38 13.06

Maltol C6H6O3 2.22 1.47 1.78

Source: research by Mashuni et al. [22].

Table 3. 
The chemical compound composition of CS bio-oil.
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Identified compound Chemical formula Peak area %

400°C 500°C 600°C

Phenol and its derivatives

2-Methoxy-phenol C7H8O2 8.31

Phenol C6H6O 18.69 2.71 3.17

3-Methyl-phenol C7H8O 2.31 4.55

2,6-Dimethoxy-phenol C8H10O3 10.52

2-(2-Hydroxyethoxy)phenol C8H10O3 4.92

2-Ethoxy-4-methylphenol C9H12O2 5.22

p-Cresol C7H8O 5.76

Catechol C6H6O2 29.29

4-Ethyl-phenol C8H10O 2.28

1,2,3-Benzenetriol C6H6O3 6.12

Pyridines and pyrimidines

3-Methyl-pyridine C6H7N 2.79 2.06

4-Hydroxy-6-methylpyrimidine C5H6N3O 1.20

Amine and amides

N-Butylidene-N-oxide-methanamine C5H11NO 10.42

5-Methyl-1H-1,2,4-Triazol-3-amine C3H6N 1.54

N-Benzyl-2-phenylethanamine C5H17N 16.54

Ketones

3-Methyl-1,2-cyclopentanedion C6H8O2 8.85 13.78

Benzene, and its derivatives

1,4-Dimethoxy-benzene C8H10O2 3.55 2.28

4-Methyl-1,2-benzenediol C11H12O4 3.19 2.32

(4-Methoxyphenyl)-hydrazine C7H10N2O 2.33

(4-Methoxyphenoxy)
trimethyl-silane

C11H18O2Si 5.32

Picein C11H18O7 2.36

Acids

Dehydroacetic acid C8H8O4 3.34

Hexanoic acid C6H12O2 2.95

Pentanoic acid C5H10O2 6.09 2.97

Others

3-Methyl-2-(2-oxopropyl)furan C8H10O2 2.95

(Z)-4-Methyl-5-(2-
oxopropylidene)-5H-furan-2-one

C8H8O3 11.30

2(3H)-Furanone C4H4O2 10.16

2,5-Furandicarboxaldehyde C6H4O3 2.95

2,5-Diethoxytetrahydrofuran C6H12O 7.80

3,6-dimethyl-1,2,4,5-tetrazine C4H6N4 29.29

Maltol C6H6O3 1.94 3.99 2.09

Source: research by Mashuni et al. [22].

Table 4. 
The chemical compound composition of CNS bio-oil.
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Based on the results of the GC-MS analysis in Table 3, CS bio-oil contains 
phenol compounds and their derivatives, amines, amides, ketones, benzene, and 
furans. In Table 4, CNS bio-oil contains phenolic compounds and its derivatives, 
pyrimidines, pyridines, amines, amides, ketones, benzene, acids, and furans. In 
Table 5, CPH bio-oil contains compounds including phenols and its derivatives, 
amines, amides, ketones, benzene, acids, and furans. The thermal decomposition of 
cellulose produces carbonyl and furan compounds. Hemicellulose decomposition is 
similar to cellulose decomposition but produces acids. Meanwhile, the decomposi-
tion of lignin produces various types of phenolic compounds. Phenolic compounds 
contribute to the taste and color of bio-oil and have antibacterial properties. The 

Identified compound Chemical formula Peak area %

400°C 500°C 600°C

Alkanes and alkenes

2-Methoxy-butane C5H12O 6.88

5-(1-Methylpropyl)-Nonane C13H28 7.96 1.95

Phenol and its derivatives

2-Methoxy-phenol C7H8O2 2.14 24.19 16.82

Phenol C6H6O 2.83

3-Methyl-phenol C7H8O 3.50

2,6-Dimethoxy-phenol C8H10O3 7.19 7.18 7.81

2-Methoxy-5-methylphenol C8H10O2 3.20 3.13

p-Cresol C7H8O 3.86 2.06

Methyl-(2-hydroxy-3-ethoxy-benzyl)ether C10H14O3 1.28 1.20 2.37

Pyridines and pyrimidines

3-Methyl-pyridine C6H7N 4.06 2.08 1.36

2,5-Dimethyl-pyridine C7H9N 16.38 9.29

5-Methyl-pyrimidine C5H6N2 2.63 2.68

Amine and amides

Guanidine CH5N3 2.83 0.70

6-Aminonicotinamide C6H7N3O 6.25

Ketones

1-(1H-pyrrol-2-yl)-ethanone C6H7NO 1.17

3-Methyl-1,2-cyclopentanedion C6H8O2 19.26 8.04 10.35

Benzene, and its derivatives

1,2,3-Trimethoxybenzene C9H12O3 2.09 2.37

Others

3-Methyl-2-(2-oxopropyl)furan C8H10O2 2.71 0.99 3.73

(Z)-4-Methyl-5-(2-oxopropylidene)-5H-
furan-2-one

C8H8O3 1.79 5.21 9.18

Maltol C6H6O3 6.15 5.82

Source: research by Mashuni et al. [22].

Table 5. 
The chemical compound composition of CPH bio-oil.
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dominant compounds in CS, SNS, and CPH bio-oils are phenolics and their deriva-
tives. High phenolic content is generally applied in food systems as a browning 
agent or preservative, while it is applied as a pesticide in the agricultural industry. 
The use of pyrolysis liquid as a pesticide can be applied to all types of commercial 
biopesticides [26].

5. Application and effectiveness of biopesticide

Biopesticides are natural pesticides that can be obtained either from a microor-
ganism or certain plant extracts including biomass waste. Utilization of biopesti-
cides in plantation and agricultural management to inhibit or kill pests that cause 
disease in plants by using active components is found in microbes or certain plant 
extracts. The main advantages of biopesticides are specificity to target insects, 
effectiveness at low doses, biodegradability, and low toxicity compared to conven-
tional chemical pesticides. Furthermore, synthetic pesticides are toxic, can kill 
various kinds of pests and beneficial insects, and cause environmental pollution.

Lignocellulosic biomass decomposition by pyrolysis method produces bio-oil, 
which can be applied as a biopesticide. The chemical components of bio-oil result-
ing from lignocellulosic pyrolysis are ammonia, hexane, alcohol, ketone, carbonyl, 
acetic, and phenolic acids [26–28]. One of the groups of compounds that have the 
most role in inhibiting microbial growth is phenolic compounds. Biomass contains 
lignin, a source of phenolic compounds either through the pyrolysis method, 
which functions as an antioxidant and can be used as a functional food ingredi-
ent [29]. Epidemiological studies show that phenolic compounds have potential 
effects to prevent chronic disease and have anticarcinogenic, anti-inflammatory, 
antimicrobial, antifungal [26, 30], and biopesticides [31, 32]. Bio-oil from the 
pyrolysis results can be used as a biofungicide because it contains active compounds 
that are effective as inhibitors for the growth of fungi and bacteria (as shown in 
Tables 3–5).

Phenol compounds are compounds that contain a hydroxyl group (–OH), which 
is directly attached to an aromatic hydrocarbon ring group. The activity of phenol 
compounds comes from the number of hydroxyl groups on the benzene ring. 
Classification of phenolic compounds contained in plants are simple phenols, ben-
zoquinones, phenolic acids, acetophenone, naphthoquinones, xanthones, coumarin 
bioflavonoids, stilbenes, tyrosine derivatives, hydroxycinnamic acid, flavonoids, 
lignans, and tannins. Flavonoids and polyphenols can inhibit the growth of patho-
genic bacteria and fungi [33].

Several researchers have tested the effectiveness of bio-oil from organic waste 
as a natural pesticide [34, 35]. The bio-oil of the CN exhibited antifungal activity 
against Phytophthora plamivora to 60% at 0.100% v/v concentration, whereas CN 
bio-oil at concentration 0.125% v/v showed inhibition of Phytophthora palmivora 
growth to 100%. In other words, 0.125% was the fungicidal concentration of the 
bio-oil. The CN bio-oil can inhibit Phytophthora palmivora growth since it contains a 
great amount of phenolic compounds and it is well known that phenolic compounds 
are one of the main inhibitors of fungal growth. This was supported by the fact that 
when the cell wall of fungi treated with phenol, it caused the shrinking, indicat-
ing the disruption of cell wall structure [11]. In addition, bio-oil also inhibits the 
growth of the fungus, Promecotheca palmivora is a pathogenic fungus that causes 
cacao pod rot disease [11]. In Mashuni et al.’s research, CNS bio-oil was used as a 
natural ingredient to improve the quality of cocoa seed supply during storage to 
replace synthetic pesticides. The bio-oil of CNS was used as a biofungicide to pro-
tect seeds from fungal attack by inhibiting the growth of its mitotoxin, where the 
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results showed that bio-oil was better at inhibiting fungal growth on cocoa beans 
than synthetic fungicides [36].

The content of phenolic compounds contained in bio-oil can inhibit the growth 
of the fungus Fusarium oxysporum. The fungus F. oxysporum can cause damage 
to agricultural management, which is very detrimental to farmers. The fungus 
F. oxysporum damages red chilies, tomatoes, long beans, potatoes, cabbage, and 
several other crops that will cause the plants to wither [37]. Phenolic compounds 
that are high enough in bio-oil resulting from biomass pyrolysis can be applied 
to the inhibition of the growth of the fungus F. oxysporum already in the category 
of murder. The antifungal activity test against F. oxysporum was carried out by 
the dilution method. The CPH bio-oil shows antifungal activity with a minimum 
inhibitory concentration (MIC) of 1% (v/v) and a minimal killing concentration 
(MKC) of 9% (v/v) [32].

Biofungicide is a type of natural pesticides that is used to inhibit or kill fungi 
that cause disease in plants by using active components found in microbes or plants. 
The use of biofungicides is cheaper and environmental friendly than synthetic fun-
gicides. Bio-oil from the pyrolysis of CN, CNS, and CPH is an alternative that can 
be used as a raw material for making biopesticides because it contains several active 
compounds that have the property of inhibiting and killing pathogenic microbes.

6. Conclusions

The abundance of the variability of biomass resources available today is a 
significant opportunity for the utilization of biomass. Biomass containing lignocel-
lulose consisting of cellulose, hemicellulose, and lignin with good processing can 
be converted into useful active compounds. Biomass processing using the pyrolysis 
method has a positive impact because it produces bio-oil that can be used as a 
biopesticide, which does not involve chemical solvents in the process. The chemical 
compound content of bio-oil from CP, CNS, and CPH biomass pyrolysis based on 
the analysis of gas chromatography-mass spectroscopy (GC-MS) obtained phenolic 
acid, pyrimidine derivatives, amines, carbamate acids, furans, esters derivatives, 
pyridine, ketones, furans, and aldehydes that can be used as active compounds for 
biopesticides. The use of bio-oil as a biopesticide can reduce biomass waste and 
overcome the negative impacts of using synthetic pesticides so that it can have a 
positive impact on health and the environment.
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Chapter 15

Pyrolysis-GC/MS, A Powerful
Analytical Tool for Additives and
Polymers Characterization
Sonia Huertas de la Torre

Abstract

Analytical Pyrolysis technique hyphenated to GC/MS is used to obtain structural
information of macromolecules. The composition and relative abundance of the
pyrolysis products are characteristic for a given polymer and their determination
allows the identification of materials that cannot be determined otherwise. In the
present work different examples are presented in which different pyrolysis tech-
niques are used, such as pulsed, fractional and sequential pyrolysis, working with
polymer solutions, cold injection in split or narrow band mode or thermochemolysis.
Specially useful is serial pyrolysis which is performed in two or more steps. Initially,
volatile compounds are thermally extracted from the sample at a relatively low
temperature (thermal desorption), and then the same sample is pyrolyzed at a
higher temperature.

Keywords: pyrolysis-GC/MS, thermal desorption-GC/MS, polymer, additive

1. Introduction

Analytical Pyrolysis technique hyphenated to GC/MS is used to obtain structural
information of macromolecules by GC/MS analysis of their thermal degradation
products in the absence of oxygen [1–4]. By Py-GC/MS the polymers are converted
into lower molecular weight products by the action of heat. The relative proportions
of the produced products depend on the composition of the samples, the tempera-
ture and the time it is applied. The composition and relative abundance of the
pyrolysis products are characteristic for a given polymer and their determination
allows the identification of materials that cannot be determined otherwise. This
technique can also provide quantitative analysis of polymer structure, including
monomer composition, stereochemistry, tacticity, and molecular arrangements in
homo and copolymers [5].

Fourier transform infrared (FT-IR) spectroscopy, nuclear magnetic resonance
(RMN) and thermal analysis techniques such as thermogravimetric analysis and
differential scanning calorimetry (DSC) are relevant techniques for the analysis of
polymers. Py-GC/MS is a complementary technique which provides useful infor-
mation that allows a deeper characterization and identification of these polymers.

Real cases often deal with the characterization of unknown samples. In these
cases, it can be challenging to select appropriate instrument set-up and method
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parameter starting points. However, based on the experience, there are some general
considerations on how approach method development in the most efficient way.

Py-GC/MS of polymeric materials is a very powerful technique as it allows the
identification of polymer components from a complex pyrolyzate mixture using a
library search approach [6–21]. Besides, there are commercial pyrolysis libraries
that can be a really useful help.

In more complex cases simple mass spectral identification via library (e.g. NIST,
Wiley, etc.) comparison will be of limited use. A database approach is very helpful
for automating the extraction of meaningful information simplifying the data eval-
uation task [22]. This approach consists basically of three steps: measuring reference
substances to generate a database, measuring unknown or difficult samples and
using the database for the identification of these samples.

Using chemometric methods can help extract useful information in very com-
plex samples [23, 24].

Py-GC/MS has a lot of benefits [25, 26] that makes this technique a really
powerful one: Pyrolysis of polymeric materials as a sample introduction technique
for gas chromatography allows studying materials and compounds that are not
suitable for traditional GC/MS analysis; it allows studying polymeric structures
from pure systems to multi-block polymers; it requires minimal sample preparation
and solvent is not required for most applications, meaning that low concentration
monomers, residual solvents, additives and crosslinking agents can be identified
without adding additional contaminants.

Most of the instruments allow different pyrolysis techniques [27, 28], such as
stepwise pyrolysis (the sample temperature is raised stepwise, and the pyrolysis
products are recorded between each step), fractional pyrolysis (A pyrolysis where
the sample is pyrolyzed under different conditions in order to investigate different
sample fractions), sequential pyrolysis (the same initial sample is repeatedly pyro-
lyzed under identical conditions: final pyrolysis temperature, temperature-rise time
and total heating conditions), cold injection in split or narrow band mode (the
pyrolysis products can be transferred to the GC/MS with a cold injection system) or
thermochemolysis (thermally assisted hydrolysis and methylation (THM)) to
improve the chromatographic analysis of polar functional groups, such as
carboxylic acids.

Besides it is possible to work with polymer solutions, subsequently venting the
solvent, which enables the highly precise introduction of small amounts of polymer
in solution.

Another advantage of this technique is that it requires small amount of sample
[25], in the range of micrograms to milligrams, typically with 300 μg of polymer a
complete characterization is possible.

The technique has also some limitations [28]. Some of them are: to obtain
reliable comparisons between different laboratories reproducible experimental
conditions are required; inhomogeneous samples can have variable results; it does
not detect most inorganic components; it is a destructive technique.

Quality control in production, product development and forensic science are
some of the key areas where py-GC/MS is applicable.

In this chapter some case studies are shown as real examples from the industry
to highlight the technique’s potential.

2. Practical examples

Some real examples will be presented to show the potential of this technique.
The work presented in this section was carried with a pyrolyzer from Gerstel (see
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Figures 1 and 2), that can pyrolyze solids and liquids in a temperature range from
350°C up to 1000°C in a very flexible and automatic way [29], and determine
thermal decomposition products in the GC/MS. All spectra were obtained under
electron impact (EI) conditions. Ionization voltage: +70 eV. The MS was used in the
full scan mode.

2.1 Chemical characterization of a synthetic foam by Py-GC/MS

The application of this technique to the analysis of polyurethanes offers infor-
mation about the isocyanate and the polyester or polyol used in their formulation.
Three reaction mechanisms have been proposed to account for the products arising
from the thermal or pyrolytic degradation of the urethane portion of a poly(ure-
thane) [30, 31]. The first one is the dissociation of the urethane linkage to form an
isocyanate and an alcohol, the second is the formation of a primary amine, an olefin
and carbon dioxide (CO2) via a six-membered transition state and the third is the
loss of CO2 to produce a secondary amine. The three mechanisms are shown in
Figure 3.

Methylene diphenyl diisocyanate (MDI) is a diisocyanate that exists in a pure or
a polymeric form. The pure one is made up of three positional isomers, shown
below (Figure 4):

Figure 1.
GC/MS with a MultiPurpose sampler (MPS), thermal desorption unit (TDU) and pyrolysis module (PYRO).

Figure 2.
Pyrolysis module with platinum filament, transport adapters and sample holders (Gerstel).
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Figure 5 shows some possible products produced in the pyrolysis of a polyure-
thane made with MDI.

The foam was analyzed by py-GC/MS at a pyrolysis temperature of 600°C.
By studying the pyrogram (Figure 6) the following conclusions can be obtained:

the sample is a polyurethane formulated from a polyether with styreneacrylonitrile
(SAN) and MDI, and although none of the three isomers of MDI monomer was
detected, its diamine, 4,40-diaminodiphenylmethane (MDA), is present and also
some other degradation products, such as p-tolyl-isocianate, and a phenyldiurea.
The main identified products are shown in Table 1.

Figure 3.
Three reaction mechanisms proposed for the thermal or pyrolytic degradation of the urethane portion of a poly
(urethane).

Figure 4.
Chemical structures of monomeric and polymeric MDI.
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Some of the products detected were produced during pyrolysis mediated
between the generated radicals, including monomers in the polymer matrix, as well
as acrylonitrile and styrene.

Figure 5.
Possible products structures.

Figure 6.
Py-GC/MS of the PU foam.

RT (min) Compound Match

2,44 propylene 906

2,59 acetaldehyde 803

2,63 2-butene 683

3.00 acetone 870

3,35 acrylonitrile 877

7,34 diisopropyl ether 850

7,72 1-(1-methyletoxi)-2-propanone 928

9,27 styrene 969

12,50 p-tolyl-isocianate 847

23,68 palmitic acid 886

25,62 stearic acid 831

25,77 4,40-diaminodiphenylmethane 963

25,97 1,10-(2-methyl-1,4-phenylen)diurea (proposed compound)

Table 1.
Identified products.

297

Pyrolysis-GC/MS, A Powerful Analytical Tool for Additives and Polymers Characterization
DOI: http://dx.doi.org/10.5772/intechopen.101623



Py-GC/MS provides very relevant information on the monomers used in the
polyurethane formulation.

2.2 Chemical characterization of a paraffin inhibitor additive

A paraffin inhibitor additive was analyzed by py-GC/MS at a pyrolysis temper-
ature of 600°C. The pyrogram is shown in Figure 7.

The following products were detected after the pyrolysis of the sample (See
Tables 2–4):

Figure 7.
Py-GC/MS of the paraffin inhibitor additive.

Compounds Area%

Aromatic fraction 57,4

Methacrylates 15,3

Acrylates 3,2

C3 and C4 olefin fraction 20,7

Methacrylic acid 0,6

Olefins 2,8

Table 2.
Relative composition expressed as area percentage.

Methacrylates fraction RT (min) Area% Match

Octadecyl Methacrylate 27,47 47 933

Eicosanyl Methacrylate 28,42 11 861

Docosanyl Methacrylate 30,24 43 847

Table 3.
Relative composition of the methacrylate fraction expressed as area percentage.

Acrylates fraction RT (min) Area% Match

Dodecyl Acrylate 20,20 61 931

Tetradecyl Acrylate 22,36 39 822

Table 4.
Relative composition of the acrylate fraction expressed as area percentage.
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• Aromatic cut, in the range between the boiling points of benzene and methyl
naphthalenes.

• Methacrylates of C16, C18, C20 and C22 alcohols (even with their olefins,
product of their thermal degradation)

• Acrylates of C12 and C14 alcohols (even with their olefins, product of their
thermal degradation)

• A light C3 and C4 hydrocarbons cut (olefins).

• Traces of methacrylic acid.

2.3 Chemical characterization of lubricity improvers additives

Samples were analyzed by py-GC/MS at a pyrolysis temperature of 600°C. The
pyrograms are shown in Figure 8.

The pyrolysis of the second lubricity improver additive generates a complex
mixture of products mainly with saturated and monounsaturated C16 and C18
hydrocarbon chains, they are generally quite branched, and they are presented in
the following families of products, always in the form of a mixture of isomers:

• Olefins.

• Alkenyl-succinic anhydrides.

Figure 8.
a) Py-GC/MS of lubricity improver additive 1 and b) 2.
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• Esters of palmitic and stearic acids.

• The rest of the detected products are:

◦ Mix of linear mono-olefins C6 to C13.

◦ Palmitic and stearic acids.

◦ Succinic anhydride.

◦ 2-hydroxyethanol acrylate.

◦ C4 fraction (butenes)

◦ Ethylene glycol.

◦ Traces of aromatic fraction (benzene-naphthalene)

The pyrolysis of the second lubricity improver additive produces species similar
to that of the previous one, with the only difference in the length of the hydrocar-
bon chains, which in this case are mostly C14 and C16.

2.4 Chemical characterization of viscosity index improvers additives

Four viscosity index improvers additives were analyzed by Py-GC/MS at a
pyrolysis temperature of 600°C. The pyrograms are shown in Figures 9 and 10.

Figure 9.
Py-GC/MS of two of the viscosity index improvers additives.

Figure 10.
Py-GC/MS of two of the viscosity index improvers additives.
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The obtained chromatograms make it possible to identify the compounds from
the pyrolysis of the polymeric fraction:

• Mono-olefins

• Methacrylates

• A mixture of hydrocarbons of mineral origin.

By normalizing the response of the detected alkyl-methacrylates (Figure 11), the
comparative results that are shown in Tables 5 and 6 are obtained.

Traces of methacrylic acid are also detected in all four samples.
Poly(methylmethacrylate) is formed by a polymerization reaction of methyl

methacrylate.

Figure 11.
Poly(methyl methacrylate) formation.

RT (min) Compound Additive 1 Match Additive 2 Match

5,82 Methyl Methacrylate 43,40 907 51,72 890

10,83 Buthyl Methacrylate 1,51 925 0,31 702

20,65 Decyl Methacrylate 0,30 821 0,00

21,81 Dodecyl Methacrylate 35,67 951 29,00 946

22,83 Tridecyl Methacrylate 0,52 851 0,00 838

23,86 Tetradecyl Methacrylate 14,67 894 15,39 900

24,80 Pentadecyl Methacrylate 0,40 869 0,09 806

25,73 Hexadecyl Methacrylate 2,97 905 3,32 881

27,47 Octadecyl Methacrylate 0,56 840 0,17 781

Mineral Base (on the total) 6,90 3,37

Table 5.
Relative composition expressed as area percentage.

RT (min) Compound Additive 3 Match Additive 4 Match

5,82 Methyl Methacrylate 40,86 905 64,66 904

15,50 2-Ethylhexyl Methacrylate 1,34 787 0,00

21,82 Dodecyl Methacrylate 42,31 947 25,16 943

23,86 Tetradecyl Methacrylate 13,08 894 8,54 887

25,73 Hexadecyl Methacrylate 2,41 899 1,64 854

Mineral base (on the total) 16,77 17,88

Table 6.
Relative composition expressed as area percentage.
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The polymer fraction of the four samples can be described as mixtures of poly-
methyl-methacrylate (PMMA) with poly-alkyl-methacrylates (PAMAs) in an
approximate ratio 1:1, the latter mainly with C12, C14 and C16 radicals.

All samples show signals corresponding to hydrocarbon bases of mineral origin
in the boiling point range between 1-dodecene and 1-octadecene.

Obtained data are based on:
Normalization of areas of the methacrylate fraction, for the distribution of the

alkyl groups.
Signal of themineral base by contribution of areas to the total ionic current diagram.
These data are not quantitative, so they can only be interpreted in comparative terms.

2.5 Determination of maleic anhydride (MAH) in polypropylenes and
ethylene-butyl acrylate (EBA) copolymers to establish the relationship
between free and grafted MAH in the polymeric matrix

Two samples of homopolymer polypropylene and three EBA samples were ana-
lyzed by TD-GC/MS and Py-GC/MS. These are two base resins that have been
subjected to grafting processes with MAH at theoretical contents of around 1%. The
samples have been analyzed with two different methodologies:

• Thermal desorption in two stages: 100°Cand320°C for each sample.Determination
of the volatiles detected in the analysis at 100°C is carried out and the residual
sample is subsequently subjected to a second thermal desorption at 320°C.

• Pyrolysis: samples are subjected to 340°C for a period of time, and then, the
temperature of the pyrolyzer is increased to 800°C. The products are transferred
directly to the chromatographic column without being cryogenically focused, thus
avoiding that various fractions of the same compound emitted at different times
during the heating of the pyrolyzer coexist in the liner.

With the first methodology the chromatograms that were obtained showed
peaks corresponding to the presence of MAH. However, the sum of the two
obtained signals is adjusted to MAH contents two orders of magnitude lower than
the MAH used in the preparation of the samples, consequently, the MAH detected
in the two cases must be assigned to the free MAH. So, the MAH that was detected
in the analysis at 320°C cannot be consider as grafted MAH.

The tests carried out by pyrolysis (see Figure 12) show a single MAH signal per
sample, this leads to think that the grafted MAH has not been detected as such. As it is
part of the polymer chain, the MAH is incorporated by the double bond of its molecule,
that is, as succinic anhydride units (Figure 13), pyrolysis does not make the grafting on

Figure 12.
Py-GC/MS (pyrolysis temperature of 850°C) of one of the grafted EBA samples.

302

Recent Perspectives in Pyrolysis Research



the polymer reversible, derivatives of polymeric matrix and succinic anhydride are
generated, which makes it impossible to directly estimate the fraction of MAH grafted.

Non-destructive spectroscopic (IR, NMR) techniques are recommended for this
purpose.

2.6 Identification of deposits in filters of an Electrodeionization (EDI) unit for
water purification in an industrial complex

In the filters of an EDI unit some deposits have been formed causing unit clogging.
The cause of the obstruction could be a phenolic epoxy paint that had been used

recently. It was thought that over time some components of said paint dissolve in
water and were the deposit formation cause.

A detailed analysis of the paint and the deposit was done in order to identify if
the deposits formed correspond to any of its components and which component
could be the cause.

The samples were analyzed by TD-GC/MS and Py-GC/MS.
Figures 14 and 15 show the thermal desorption (at a temperature of 350°C) and the

subsequent pyrolysis (at a temperature of 650°C), respectively, of the paint sample.
With the analytical conditions that were tested, benzyl alcohol, phenol and

phenolic derivatives were mainly detected. These compounds are compatible with a
phenolic epoxy paint. See Tables 7 and 8.

2.7 Polyethylene and polypropylene artificial weathering

Amethod of analysis of Polyethylene, Polyethylene waxes and Polypropylene by
thermal desorption and pyrolysis in series coupled to GC/MS was developed.

Optimal analysis conditions were sought for each matrix, testing different
temperatures of thermal desorption and pyrolysis.

The objective is twofold. On the one hand, it is about obtaining information on
the products that could be generated during a future biological and/or thermal

Figure 13.
Incorporation of MAH in the polymer.

Figure 14.
DT-GC/MS of the paint sample (350°C).
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degradation of polymers, and on the other hand, having information on the type of
polymer and additives that they might contain.

Sample 1, sample 3 and sample 5 were a virgin polyethylene, a virgin
polyethylenic wax and a virgin polypropylene sample, respectively. They were
oxidized in an oven at 96°C for 28, 21 and 7 days, respectively. The corresponding
oxidized samples were Samples 2, 4 and 6, respectively.

Figure 15.
Py-GC/MS of the paint sample (650°C).

RT(min) Compound Match Area Area%

5,74 Alkylbenzene C9H12 754 3,482,469 1,9

6,15 Alkylbenzene C9H13 803 2,707,299 1,5

6,69 Benzylic alcohol 943 133,976,378 73,2

18,09 Phenol, 2,20-methylenebis- 910 6,308,961 3,4

18,33 Phenol, 2-[(4-hydroxyphenyl)methyl]- 929 15,308,848 8,4

18,94 Phenol, 4,40-methylenebis- 892 11,162,787 6,1

19,95 Phenol, 4,40-(1-methylethylidene)bis- 926 3,338,930 1,8

Table 7.
Identified compounds (DT-GC/MS) with area % > 1.

RT (min) Compound Match Area Area%

18,95 Phenol, 4,40-methylenebis- 897 46,657,339 10,6

6,19 Phenol 929 38,255,006 8,7

3,64 C4 Olefin 744 29,689,766 6,7

18,34 Phenol, 2-[(4-hydroxyphenyl)methyl]- 922 28,302,868 6,4

3,62 Propane 677 26,265,730 6,0

7,13 Methylphenol 920 24,482,943 5,6

7,39 Methylphenol 917 18,073,779 4,1

3,97 Benzene 867 17,241,399 3,9

4,39 Toluene 876 13,477,989 3,1

3,74 Cyclopentadiene 710 11,580,548 2,6

19,58 4,40-Ethylidenediphenol 731 7,498,180 1,7

4,27 Dimethylciclopentene 801 6,978,780 1,6

19,89 9,10-Anthracenedione, 1,4,4a,9a-tetrahydro- 704 6,006,814 1,4

Table 8.
Identified compounds (Py-GC/MS) with area % > 1.
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Figure 16.
a) DT- and b) Py-GC/MS of sample 1.

Figure 17.
a) DT- and b) Py-GC/MS of sample 2.
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Figure 18.
a) DT- and b) Py-GC/MS of sample 3.

Figure 19.
a) DT- and b) Py-GC/MS of sample 4.
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Figure 20.
a) DT- and b) Py-GC/MS of sample 5.

Figure 21.
a) DT- and b) Py-GC/MS of sample 6.
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Figure 22.
Fragmentogram m/z 60 DT-GC/MS of the polyolefin samples a) 1 and b) 2.

Figure 23.
Fragmentogram m/z 60 DT-GC/MS of the polyolefin samples a) 3 and b) 4.
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The six samples were analyzed by TD-GC/MS and the residual of each sample is
subjected to Py-GC/MS.

The following figures show the chromatograms that were obtained for the poly-
olefin samples.

The Polyethylenic wax and Polyethylene pyrograms consists of serial triplets,
corresponding to α, ω-alkadienes, α-alkenes and n-alkanes, respectively, in the
order of increasing n + 1 carbon number in the molecule. See Figures 16b, 17b, 18b
and 19b. Identification of compounds was carried out by comparison of mass
spectra with data in the NIST mass spectral library.

The pyrograms of the Polypropylene samples show branched alkenes (C4 to
C13) as major components. Isobutene, 2-methyl-2-butene, 3-methyl-1-pentene,
dimethylpentadienes, 2,4-dimethyl-1-heptene are the most abundant branched
alkenes. See Figures 20b and 21b.

In the m/z 60 fragmentograms of the oxidized Polyethylene and Polyethylenic
wax samples (See Figures 22b and 23b) carboxylic acids are detected. In the m/z 60
fragmentogram of the oxidized Polypropylene no carboxilic acids are detected (See
Figure 24b). In the TIC of this sample acetone is detected. However, in the
pyrograms, no carboxylic acids, aldehydes or ketones are detected.

3. Conclusions

This chapter is intended for the use of both researchers and chemists who use
GC/MS to analyze materials, and who need to add pyrolysis techniques to their
analysis tools. Py-GC/MS is a practical, cost-effective, reliable, and flexible alterna-
tive for increasingly complex sample analyses, and can be used to analyze different

Figure 24.
Fragmentogram m/z 60 DT-GC/MS of the polyolefin samples a) 5 and b) 6.
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kind of samples for a diversity of fields including industrial research, microbiology,
forensic science, and environmental analysis.

The potential of Py-GC/MS was highlighted through different case studies,
ranging from additives chemical characterization to weathered polyolefins samples.
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Chapter 16

Structural, Morphological and 
Optical Properties of Perfume 
Atomizer Spray Pyrolysis CdO 
Thin Films: Effect of Solution 
Volume
Kasinathan Kasirajan, Karuppasamy Radhi Devi, 
Murugesan Rajini and Marimuthu Karunakaran

Abstract

CdO films have been deposited on glass substrates with different solution 
volume (30, 40 and 50 mL) at 200°C using perfume atomizers spray pyrolysis 
method. X-ray diffraction studies shows that the prepared thin film had cubic and 
polycrystalline nature. Scanning electron microscope shows the influence of solu-
tion volume on surface morphology of the CdO thin film. Optical studies show that 
in these films the electronic transition is of the direct transition type. The optical 
energy gap for the films of as deposited are vary from 2.12 to 2.00 eV with solution 
volume. Photoluminescence results analysis confirmed that the dependence of opti-
cal energy gap on solution volume. The Hall measurements were carried out and the 
results were discussed.

Keywords: Thin films, X-ray diffraction, Thickness, Transmittance, 
Photoluminescence

1. Introduction

Cadmium oxide (CdO) thin films are one of the transparent conducting oxide 
(TCO) materials and have been fascinated the investigators for their remarkable 
properties such as tunable band structure, high extinction coefficient, possible 
multiple exciton generation, electronic and transport properties [1–4]. CdO is 
a degenerate n-type semiconductor with a wide energy gap and high electrical 
conductivity [5]. Its high electrical conductivity is due to the increased grain 
size at high substrate temperature, moderate electron mobility, and high carrier 
concentration. The properties of CdO can be controlled to a suitable value to for 
the suit particular applications by controlling some of the process parameters viz. 
film thickness, the temperature of the substrate, pH value of the solution, Wt.% 
and solution flow rate etc. Though CdO is a first transparent conducting oxide film 
studied by Bedekar in 1907, not many investigations have been done for quite a 
long time. During last few years CdO is being extensively investigated in bulk and 
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thin film form. CdO has interesting properties like large band gap, low electrical 
resistivity and high transmission in the visible region etc. These characteristics 
make it suitable for a variety of applications, including photodiodes, phototransis-
tors, photovoltaic transparent electrodes, liquid crystal displays, IR detectors, and 
anti-reflection coatings [6–10].

For the last few decades various techniques such as chemical vapor deposition, 
sputtering, chemical bath deposition, sol–gel, SILAR, thermal evaporation, layer by 
layer assembly, spin coating, activated reactive evaporation, metal organic chemical 
vapor deposition (MOCVD), pulsed laser deposition and spray pyrolysis techniques 
are employed for the preparation of CdO thin film [11–29]. Among these routes, 
spray pyrolysis technique is a simple and low cost chemical method for the prepara-
tion of thin films with large area of coating. In this work the simplified perfume 
atomizer spray pyrolysis homemade setup is used for prepare a CdO thin films. The 
usage of a perfume atomizer offers a number of advantages over traditional spray 
gun assembly: low cost, no need for carrier gas, fine atomization, better wettability 
between sprayed micro particles, and nearly no loss of the precursor to the envi-
ronment. We recently demonstrated that by effectively synthesizing CdO films, 
this simplified spray process can be a desirable alternative to the standard spray 
technique. The structure, morphology and optical behavior of the film depend on 
molarity, solution pH, substrate temperature, age of solution and solution volume. 
The precursor solution pH affects the hydrolysis and condensation behavior of the 
solution, which, in turn, influences the structure of the resultant film, morphologi-
cal and optical behavior of the films. The role of the solution aging on the properties 
of thin films and interesting photo luminescent characteristics had been already 
reported [30–32]. In general, the properties of coated film depend on pH of the 
precursor solution, substrate temperature, molarity of the starting solution and 
solution volume. In this chapter, the effect of volume of solution on the structural, 
morphological and optical properties of CdO films prepared by perfume atom-
izer spray pyrolysis deposition method were investigated and reported in detail 
(Section 2).

2. Experimental

CdO films have been prepared by using cadmium acetate dihydrate as a source 
material of Cd and double distilled water was used as solvent. The glass substrates 
of 1.5 cm × 1.5 cm were used for the CdO deposition. The substrates were cleaned 
following a well-established methodology consisting on an initial washing step 
with soap and water followed by a washing procedure using acetone and isopropyl 
alcohol in an ultrasonically bath and a final rinsing step with distilled water [33]. 
For the implementation of the perfume atomizer spray pyrolysis method, home-
made system was designed and implemented (Figure 1).

The system consists on a perfume atomizer, a power supply and a heating plate. 
The optimized deposition parameters such as substrate – spray nozzle distance 
(25 cm), spray angle (about 45°), spray time (5 s) and spray interval (30 s) were 
kept constant. The precursor solution was prepared at room temperature and kept 
on a container attached to the atomizer. Once the precursor solution was prepared, 
cleaned glass substrates were positioned onto the heating plate and heated until 
the temperature of the substrates reached to the desired value. The glass substrates 
were positioned at a horizontal separation distance of 25 cm from the perfume 
atomizer. The CdO thin films have been prepared by spraying a solution (30, 40 
and 50 mL) composed of cadmium acetate dissolved in double distilled water and 
when the droplets of sprayed solution reached the preheated substrate, owing to the 
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pyrolytic decomposition of solution, a well adherent, pinhole free, uniform yellow-
ish colored films of cadmium oxide are formed on the substrate surface according to 
the following reaction [34, 35].

 ( )3 2 4 2 22
Cd CH COO 3H O CdO CH 4H 3CO+ → ↓ + ↑ + ↑ + ↑  (1)

After the CdO deposition on the glass substrate, the samples were cooled down 
at room temperature and stored in dry conditions for further characterization. For 
the present study, the appropriate chemical and physical parameters were changed 
to study the effect of solution volume such as 30, 40 and 50 mL on structural, 
morphological and optical properties of CdO thin film.

3. Results and discussions

3.1 X-ray diffraction analysis

X-ray diffraction (XRD) is a versatile, non-destructive analytical technique 
for identification and quantitative determination of the various crystalline com-
pounds, known as ‘phases’, present in solid materials and powders [36–38]. X-ray 
diffraction spectra were recorded using Philips X Pert PRO X-ray diffraction 
system (Cu Kα radiation; K = 1.54056 Å). The average crystallite size (D) of the 
CdO film was calculated from Scherer’s equation for the (111) plane [39].

 0.9
cos

D λ
β θ

=  (2)

Where, λ is the X-ray wavelength, β is the full-width at half-maximum of the 
peak and θ is the reflection angle. Dislocation density (δ) and strain (ε) for (111) 
plane was evaluated using the relations [40, 41].

 
cot
4

β θ
ε =  (3)

Figure 1. 
Perfume atomizer spray setup.
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 2
1
D

δ =  (4)

The number of crystallites per unit area is calculated from the following relation:

 3c
tn
D

=  (5)

The lattice constant ‘a’ of the cubic phase of CdO films was determined by the 
following relations [42].

 
2 2 2

2 2
1 h k l
d a

 + +
=  
 

 (6)

where (hkl) and d have the same meaning as before. Table 1 shows the esti-
mated lattice constants, which are in good agreement with the conventional lattice 
constant (a) value.

Different sets of starting solutions were prepared by dissolving 0.2 M cadmium 
acetate with different volumes such as 30, 40 and 50 mL in doubly deionized water. 
The solutions thus got are sprayed manually by a perfume atomizer on preheated 
glass substrates at 200°C. The recorded XRD spectra of CdO thin film grown from 
different solvent volumes are shown in Figure 2 and show sharp and narrow dif-
fraction peaks at (111), (200), (220), (311) and (222) planes confirms that the films 
coated have good crystallinity and also it reveals that the films are polycrystalline 
in nature with cubic structure. It is also observed that all the films have preferential 
orientation along the (111) plane irrespective of the solvent volume. The intensity of 
the peaks (111), (200) and (220) increases as the solvent volume increases, showing 
the crystalline nature of the samples. The other prominent peaks are also obtained 
in the XRD pattern corresponds to the planes (200), (220), (311) and (222) accord-
ing to the JCPDS Card No. 75-0591. The findings demonstrate that as the solution 
volume increased the intensity of the (111) peak is also increased significantly.

The calculated crystallite size and other crystal parameters are presented in 
Table 1. It is observed that the crystallite size increases with an increase in solution 
volume. This is because a low solution volume allows for the formation of a dense 
film structure with small crystals, whereas a high solution volume allows for a 
slower nucleation process, high agglomeration, and the formation of larger crystals. 
The deviation in the lattice parameter values of the films coated with solutions 
having solvent volumes 30 and 40 mL suggest that the films were under strain. 
The strain may be because of the oxygen vacancies and the interstitial Cd atoms 
incorporated in the CdO lattice. Film coated with 50 mL solvent volume has the 
minimum value of strain and dislocation density (δ) which strongly favors for the 
improved crystallinity of this film. The lesser value of δ obtained for the film coated 
with 50 mL solvent volume shows the degree of crystallization of the film.

Volume of 
the solution 
(mL)

Lattice 
constant ‘a’ 

(Å)

Film 
thickness 

(nm)

Crystallite 
size (nm)

Dislocation 
density (×1015) 

lines.m−2

Strain 
(×10−3)

Number of 
crystallites 
(×1016 m−2)

30 5.049 850 34 0.8800 3.59 2.2192

40 4.666 880 42 0.5633 2.88 1.1767

50 4.670 920 43 0.5633 2.88 1.2304

Table 1. 
Structural parameters of CdO thin films at different solution volume.
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3.2 SEM and EDAX analysis

Scanning electron microscopy (SEM) is a widely used tool for surface analysis 
of thin films. SEM, accompanied by X-ray analysis, is considered a relatively 
rapid, inexpensive and basically nondestructive approach for surface analysis 
[43]. High resolution images of surface topography, with excellent depth of field 
are produced using a highly-focused, scanning (primary) electron beam [43–46]. 
Elemental composition of a specimen can be analyzed using energy dispersive 
X-ray (EDAX) technique. Other than preliminary insight peak of the examined 
sample, EDAX also offers quick and efficient characterization technique that 
acquires elemental information of the prepared samples at high resolutions 
[47, 48].

Figure 3(a–c) shows the SEM image of CdO thin film deposited with different 
solution volumes such as 30, 40 and 50 mL. The surfaces of the coated films are 
and densely packed and homogeneous. It is seen that there are well defined grains 
and it confirms the crystalline nature of the coated film. From the microscope, as 
the solution volume increases small sized grains are fused together and begin to 
for a patch of grain for 40 mL solution volume. The SEM image for 50 mL solution 
volume reveals that the spherically shaped grains with different size are found 
scattered throughout the substrate surface uniformly as reported earlier [49]. This 
study confirms that as solution volume increases, grain size increases, and these 
findings are well consistent with XRD tests. Figure 3(d) show the EDAX spectra 
and it confirms the presence of expected element in the prepared CdO films. 
It is found that the weight percentage of Cd and O atoms are 77.99 and 26.01% 
respectively.

Figure 2. 
XRD spectra of CdO thin film at different solution volume.
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3.3 UV–Visible spectroscopic analysis

The optical transmittance spectrum in the wavelength region 300–800 nm was 
recorded using UV–Vis spectrometer. Figure 4 shows the optical transmittance 
spectra of the CdO film deposited at different solvent volume. The variations 
in the solvent volume affect evidently the optical properties. Film coated with 
30 mL solvent volume show a high transmittance of 68%. The transmittance 
decreases for the films with increase in solvent volume from 40 to 50 mL. The 
high thickness of the films and the optical scattering at the increased number 
of grain boundaries cause the decrease of transmittance. Usually in transparent 
metal oxides, metal or oxygen ratio in the film decides the percentage of optical 
transmittance. Metal rich film usually shows less transparency [50]. Also the 
optical transmittance is known to strongly depend on the grain size of the films. 
A smaller grain size marks to the high transmittance for the films coated with 
less solvent volume. When the grain size increases, the grain boundary scattering 
reduces, which causes a decrement in the transmittance. The sharp absorption 
edges obtained in the spectrum for all volumes clearly show the good crystallinity 
of the films.

The optical band gap (Eg) of the films was estimated from the transmittance 
data where the photon energy (hυ) and absorption coefficient (α) are related by the 
equation [51].

Figure 3. 
SEM image of CdO thin film: (a) 30 mL, (b) 40 mL, (c) 50 mL, and (d) EDAX spectrum.
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 ( )ngh B h Eα ν υ= −  (7)

For allowed direct transition, the value of n = 1/2 and B is constant. Tauc graph is 
plotted between (αhʋ)2 against hʋ to calculate the band gap of prepared CdO films. The 
fundamental absorption which clearly shows itself by a rapid fall in the transmittance 
can be used to find out the band gap of the as deposited samples to decide whether the 
CdO film deposited using the simplified spray technique have direct band gap (αhν)2 
vs. (hν) plot are drawn. Since better linearity is obtained in the (αhν)2 vs. (hν) plot, the 
direct band gap values are determined by extrapolating the linear portion of this plot to 
the energy axis shown in Figure 5. The optical band gap (Eg) is found to be in the range 
of 2.12–2.00 eV for the coated films. As the solvent volume increases, the optical band 
gap is red shifted from 2.12 to 2.00 eV. Thus increased solvent volume reduces the opti-
cal band gap. This decreasing band gap is due Moss–Burstein effect. The Moss–Burstein 
effect is associated with lifting the Fermi level into the conduction band of degenerate 
semiconductors, which leads to decrease the band gap.

Furthermore, using the following relationships, we were able to determine the 
refractive index (n) and optical extinction coefficient (k) of cadmium oxide thin 
films [52, 53].

 ( )
( ) ( )

2
2

1 4
1 1

R Rn k
R R

+
= + −

− −
 (8)

 
4

k αλ
π

=  (9)

where each sign has its own meaning. In general, film transmittance is inversely 
proportional to refractive index (n) and extinction coefficient (k) at the same 

Figure 4. 
Optical transmittance spectra of CdO thin film at different volume of solution.
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wavelength. Similarly, in both (n) and (k) values, we have seen an increase in paral-
lel variation. Table 2 shows the predicted (n) and (k) values. This data value clearly 
shows that both (k) and (n) values are low in all wavelength ranges, indicating that 
all films have good transparency and smooth surface roughness. When the solvent 
volume was increased from 30 mL to 50 mL, the refractive index and extinction 
coefficient both increased. This is due to a decrease in the optical energy gap.

Dielectric nature of CdO films were also quantified using the following 
 equation [54].

 2 2
r n kε = −  (10)

 2i nkε =  (11)

3.4 Photoluminescence spectroscopic analysis

PL spectroscopy is used to determine the optical quality of CdO semiconductor 
films and the common radiative transition in the semiconductor occurs between 
the states at the bottom of the conduction band and the top of the valence band 
in the prepared CdO thin film. Room temperature luminescence spectrum was 
recorded using (SHIMADZU-5301) spectrofluorometer. The PL spectra of dif-
ferent solution volume produced CdO thin films obtained at room temperature 
under the excitation of 325 nm are shown in Figure 6. The peak (ultraviolet light 
emission) about 360 nm was caused by free exciton recombination. The blue emis-
sion due to the passage of electrons from oxygen vacancies to the valence band 
is attributed to the peak centred at 458 nm. The blue emission peak at 494 nm is 
generally attributed to the radiative recombination of a photo-generated hole with 
an electron occupying the oxygen vacancy. This peak is attributed to the excitonic 
transitions which are size-dependent and excitation wavelength independent of 

Figure 5. 
Tauc plot of the CdO thin film at different volume of solution.



321

Structural, Morphological and Optical Properties of Perfume Atomizer Spray Pyrolysis CdO…
DOI: http://dx.doi.org/10.5772/intechopen.99906

the certain wavelength range [55]. The peak at 506 nm arises from the combina-
tion of holes from the valence band and electrons from the conduction band. 
This peak might also be attributed to the electronic transitions from cadmium 
interstitial and oxygen vacancies to the top of the valence band [56]. The green 
emission peak at 520 nm might have originated from the electronic transitions of 
ionized oxygen vacancies from the deep level donor to the valence band [57]. The 
low intensity of this peak indicates a low concentration of surface defects in the 
prepared CdO thin film. The green emission peak at 595 nm might have originated 
from the oxygen vacancies on the surface of CdO. The intensity of the principal 
emission peaks likewise decreases as the solution volume increases, which could 
be due to the creation of more Cd and O vacancies as well as an increase in charge 
carrier recombination.

3.5 Electrical studies

Hall Effect measurements were carried out in a van der Pauw configuration 
(Ecopia HMS-3000) at room temperature. The negative sign of the Hall coefficient 
confirms that the conduction is n-type. The electrical parameters in the CdO films 
were clearly influenced by the solution volume. By increasing the volume of precursor 

Figure 6. 
Photoluminescence spectra of CdO thin film at different solution volume.

Volume of 
the solution 
(mL)

Transmittance 
(%)

Band 
gap 

(eV)

Refractive 
index (n)

Extinction 
coefficient 

(k)

Dielectric 
constant 

(εr)

Dielectric 
constant  

(εi)

30 68 2.12 2.130 0.08 4.56 0.32

40 66 2.08 2.134 0.06 4.55 0.56

50 58 2.00 2.136 0.05 4.55 0.81

Table 2. 
Optical and dielectrical properties of CdO thin films.
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solution, the carrier concentration (n) was increased. For 50 mL of solution, the 
resistivity (ρ) (0.552 × 10−3 Ω cm) is lower and the carrier concentration (6.165 × 
10−3 Ω cm) is higher. Resistivity (ρ) for different solution volumes is 0.835 × 10−3, 
0.665 × 10−3, and 0.552 × 103 cm, carrier concentration (n) is 3.547 × 1020, 4.448 × 1020, 
and 5.369 × 1020 cm−3, and carrier mobility (μ) is 21.11, 17.51, and 16.51, cm2 V−1 s−1.

4. Conclusion

Cadmium oxide thin films have been deposited by perfume atomizer spray pyroly-
sis technique on glass substrate at different solution volume. In this study, the effect of 
volume of solution on structure, morphology and optical properties of prepared CdO 
thin film were reported. X-Ray diffraction studies shows that the preferred growth 
orientation along (111) plane with cubic crystal structure for all solution volume. It is 
evident that the microstructural parameters vary with volume of solution and may be 
useful to enhance the properties of CdO thin film for various applications. An average 
optical transmittance about 55% in the wavelength range 480–800 nm, was obtained. 
The Tauc graphs were plotted and revealed that the band gap of the CdO thin films 
can be altered by changing the appropriate solution volume. Intense PL emission 
peaks were observed at different wavelengths confirms that the presence of oxygen 
vacancies, defect centre and recombination of electron hole.
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Chapter 17

Recent Perspectives in Biochar
Production, Characterization
and Applications
Asfaw Gezae Daful, Meegalla R. Chandraratne
and Marie Loridon

Abstract

This chapter presents the most promising features and applications of biochar
along with their optimal pyrolysis conditions. Biochars have a range of physico-
chemical properties depending on the feedstock and pyrolysis conditions, which
greatly affect their wide applications. The biochar production and its characteris-
tics, including the effect of feedstocks and different process-parameters on the
properties and yield of biochar are thoroughly examined. The higher pyrolysis-
temperature can give higher carbon-contents, pH, and surface-areas of biochars
while volatiles and molar-ratios of O/C, H/C and N/C decrease with pyrolysis-
temperature. Higher carbon-content and neutral-pH biochars have high affinity for
organic pollutants due to high surface areas, making them attractive for adsorption
and catalysis purposes. Biochars with higher-pH are preferred for soil application to
correct soil-acidity. Thus, the pyrolysis temperature should be selected as per the
final application of the biochar. Characterization of biochars of different feedstocks
and pyrolysis conditions is reviewed and presented along with their proximate and
ultimate analysis.

Keywords: biochar, pyrolysis, biomass, characterization, proximate analysis,
ultimate analysis

1. Introduction

Biochar is a porous carbonaceous solid material produced by the thermal
decomposition of biomass from plant or animal waste under oxygen-free or limited
oxygen conditions [1–3]. The International Biochar Initiative [4] defines biochar as
“a solid material obtained from the thermochemical conversion of biomass in an
oxygen-limited environment”. Biochars have a wide range of physicochemical
properties [5], which greatly affect their potential applications in various agronomic
and industrial sectors. The feedstock and the method of biochar production have a
significant impact on the biochar characteristics, such as concentrations of elemen-
tal constituents, density, porosity, and pH, which collectively impact the suitability
of the biochar for various applications [3]. Biochar is used to upgrade the soil quality
[6, 7] in agricultural areas. It slows down the rate of decomposition and release of
nutrients from the soil and hence, enhances the soil quality. In various industries,
biochar is used in waste treatment [8–10] to remove organic contaminants and
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heavy metals. Biochar can be used as a fuel in power generation because it contains
a high carbon percentage in it.

Biomass is a very potential source of renewable energy [11] materials and
chemicals [12, 13]. Agricultural residues, algal biomass, forest residues, manures,
activated sludge, energy crops, digestate, etc. are the main sources of biomass [14]
to be used as a raw material. Biomass can be converted into high-value products
using various physical, thermochemical and biochemical processes. Thermochemi-
cal conversion processes, such as pyrolysis, gasification, torrefaction, and hydro-
thermal carbonization of carbonaceous biomass are used for biochar is production,
at high temperatures ranging from 300–900°C and under O2-free conditions [15].
The physicochemical and mechanical properties of biochars depend on the pyrolysis
operating conditions and feedstock used [16]. The selection of a suitable kind of
feedstock is usually determined by the availability of that material in areas where
the biochar is likely to be produced, as this reduces the cost of transport while
decreasing the carbon footprint of the biochar technology. Biochar production from
the biomass depends upon the thermochemical process used and process parame-
ters considered. The literature on the biomass pyrolysis revealed that the production
of the biochar depends upon several factors such as type of biomass, moisture
content, and particle size, reaction conditions (reaction temperature, reaction time,
heating rate) and surrounding environment (carrier gas type, flow-rate of carrier
gas) and other factors (catalyst, reactor type) [3, 6, 8, 11, 16].

The main objective of this chapter is to show the potential use of waste biomass
for the production of biochar which is an important material with numerous indus-
trial and environmental applications. The biochar characterization is presented to
understand the physical and chemical properties of biochar, including variations of
the biochar properties as a function of production conditions and feedstocks, and to
evaluate the applicability of biochar in desired fields. This chapter exhaustively
describes the possible feedstocks for biochar production, biochar production pro-
cesses particulary slow pyrolysis process, and pyrolysis process conditions, the
properties of biochar such as biochar characterization, proximate and ultimate
analysis of biochars. Some important industrial and environmental biochar applica-
tions are discussed and finally conclusion is presented.

2. Raw materials for biochar production

The main sources of raw material for biochar production include: municipal
waste, agricultural and forest residues, energy crops, and animal waste, which are
grouped as lignocellulosic and non-lignocellulosic biomasses. Lignocellulosic bio-
mass [17–19] are abundant fibrous plant parts, non-food ‘second generation’ feed-
stock, including agro-industrial residues, forest-industrial residues, energy crops,
municipal solid waste, etc. Chemically, biomass is a complex composition of carbon,
hydrogen, oxygen, sulfur, nitrogen, and small quantities of few other elements
which include alkali metals, alkaline earth metals, and heavy metals, depending
upon the species or type of biomass. The proportion of these elements in the
biomass is a function of species of biomass, growing condition, and geographical
situation of the region [20]. Lignocellulosic biomass is mainly composed of cellulose
(38–50%), hemicelluloses (23–32%), lignin (15–25%) and small amounts of extrac-
tives [3, 16, 21, 22]. Among these components, cellulose and hemicelluloses are
linear and chain polysaccharides respectively, while lignin is a cross-linked phenolic
polymer. Biomass with varying contents of hemicellulose, cellulose, and lignin may
yield biochars with distinctive physicochemical properties. The abundant biomass
reserves and its renewability have been the main driving forces for research and
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utilization of biomass. Thus, such agricultural and animal waste disposal can be
reduced and converted into value-added products such as biochars using pyrolysis
processes. A review by Li and Jiang presented on non-lignocellulosic biomass char-
acteristics, thermochemical behaviors of main components (e.g., C, O, N, P, and
metals), characterization methods, conversion process, and the main applications of
non-lignocellulosic biochar [23]. Song and Guo studied the quality variations of
poultry litter biochar generated at different pyrolysis temperatures [24]. Unlike
lignocellulosic biomass, the non-lignocellulosic biomass has a greater threat to the
ecological environment because of its higher contents of heavy metals and hetero-
atom like nitrogen, phosphorus, sulfur [25], which may dissolve in a water systems,
leading to water pollution and accumulation in the food chains [26].

Poultry litter (PL), a solid waste resulting from chicken rearing, is being
explored as a feedstock for biochar production and examined the effect of pyrolysis
temperature on the quality PL biochar and identify the optimal pyrolysis tempera-
ture for converting PL to agricultural-use biochar [24]. Physically, PL is a mixture
of bedding materials (e.g., wood shavings, sawdust, and peanut hull), bird excreta,
feather, feed spills, and chemical treatments like alum and sodium bisulphate.
Through pyrolysis, PL can be readily transformed into biochar [24].

3. Biochar production processes

Biomass-derived biochar production is formed via a complex process, but the
reaction mechanism of biomass pyrolysis can be described as occurring mainly
through three general steps, as depicted in Eq. (1):

Biomass !heat Moistureþ Dryresidues

Dryresidues !heat Volatile&Gases þ Pre� biochar

Pre� biochar !heat Volatile&Gases þ Biochar

(1)

The first step is the removal of available moisture from the biomass, which
becomes dry feedstock by heating. Then pre-biochar and volatile compounds are
formed. In the last step, chemical compounds in the pre-biochar rearrange and form
a carbon-rich solid product known as biochar. Major thermochemical technologies
for biochar production include pyrolysis, gasification, torrefaction, and hydrother-
mal carbonization. Pyrolysis is one of the thermochemical technologies for
converting biomass into energy and chemical products consisting of liquid bio-oil,
solid biochar, and pyrolytic gas [3, 11, 20, 27–29]. Depending on the heating rate,
pyrolysis temperature, and residence time, biomass pyrolysis can be divided into
slow, intermediate, fast and flash pyrolysis mainly aiming at maximizing either the
bio-oil or biochar yields. Operating conditions of various pyrolysis processes and
product distribution (biochar, bio-oil, and gas). Thus, biochar yield greatly depends
on the type of pyrolysis used. Slow pyrolysis conducted at longer residence time and
at a moderate temperature (350–550°C) in the absence of O2 results in a higher yield
of biochar (�30%) than the fast pyrolysis (�12%) or gasification (�10%) [3, 11,
27, 28]. Pyrolysis requires relatively dry feedstock (usually moisture content < 30
wt %, but moisture contents of ≤ 10 wt % are preferred), and grinded to different
particle sizes based on the type of pyrolysis. Feedstock with high moisture content
consumes more energy accounting for increasing heat of vaporization during the
heating of biomass towards the pyrolysis temperature. Additionally, the gases and
vapors produced in pyrolysis using a high moisture feedstock are diluted with steam
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and have a lower calorific value. Wet biomass, typically with 70 wt% or more water
can be converted using hydrothermal carbonization processes. The common pro-
cesses [11, 27, 28] include slow and fast pyrolysis, and the most successful approach
for high-yield biochar production is via slow pyrolysis [3].

Slow pyrolysis is a conventional type of pyrolysis which is operated at moderate
temperatures ranging from 300–550°C, slow heating rates of 0:1 °C

s up to 0:8 °C
s , and

longer residence time of 5 to 30 min or even 25 to 35 h [3, 30] conducted at atmo-
spheric pressure. Slow pyrolysis is commonly used to produce biochar, with bio-oil
and syngas as co-products. The typical yields of biochar, bio-oil, and syngas are 35%,
30%, and 35% of the dry biomass feedstock, respectively [3, 24] by slow pyrolysis.
The main purpose conducting of slow pyrolysis is to maximize the biochar yield. The
longer vapor residence times in slow pyrolsis favors the secondary reactions. Biochar
produced in slow pyrolysis consists of both primary and secondary chars. The slow
heating rate with moderate pyrolysis temperatures also promotes the production of
biochar. Biochar yield usually depends on the raw material type & properties, and
pyrolysis conditions such as processing temperature, heating rate, and pyrolysis
environment [30]. The final biochar yields are decreased by increasing the process
temperature because more volatiles are produced from tars at higher temperatures,
leading to the production of more gases and bio-oils. Biomass containing more min-
erals yields less biochar [3]. The overall slow pyrolysis process can generally be
exothermic due to the extensive occurrence of secondary reactions. Slow pyrolysis
can accept a wide range of particle sizes (5–50 mm).

Pyrolysis of biomass also produces syngas and bio-oil as co-products together
with biochar. The fraction of each that is produced depends on the pyrolysis pro-
cess, but slow heating rates are recommended when biochar is the main product
desired. Furthermore, pyrolysis temperatures above 250°C are recommended for
the conversion of lignocellulosic biomass because decomposition of hemicellulose
and cellulose begins at 250°C and is maximal at around 400°C, whereas changes in
lignin structure only start to occur after heating for long durations or higher tem-
perature pyrolysis reactors. The pyrolysis conditions used for biochar productions
are related to the type of biomass and biochar quality required. Variation of these
reaction parameters finally results in a variety of physicochemical properties of the
biochars and affects their final application types and performances. Thus several
studies have been conducted to determine the suitable raw material and optimal
pyrolysis condition. The challenge is to be able to predict the quality and perfor-
mance of biochars produced from given biomass and a given pyrolysis process via
analysis of its physicochemical properties. Thus, to produce the right type of
biochar for specific applications from certain lignocellulosic biomass, elemental
composition of different biomass resources and produced biochars need to be mea-
sured. A summary of proximate analysis and ultimate analysis along with elemental
composition of different raw materials for biochar production are shown in Table 1.
Conversion of raw biomass to biochars resulted in higher contents of fixed carbon
and ash, and lower contents of moisture and volatiles. Fixed Carbon (FC) of biochar
was calculated as the sum of moisture, ash, and volatile matter subtracted from 100,
(FC %ð Þ ¼ 100�moisture %ð Þ � ash %ð Þ � VM %ð Þ) [41].

4. Biochar quality

The quality of biochar varies with feedstock used and production conditions.
Some of the commonly measured quality parameters of biochar include pH, volatile
compound content, ash content, bulk density, organic carbon content, nutrient
content, elemental composition, surface area, porosity, surface functional groups,
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cation exchange capacity, iodine number, C stability, water holding capacity
(WHC), moisture content, heavy metals, electrical conductivity, polycyclic aro-
matic hydrocarbons (PAH) and sorption properties. The European Biochar
Certificate [42] defines biochar as a “heterogeneous substance rich in aromatic
carbon and minerals. It is produced by pyrolysis of sustainably-obtained biomass
under controlled conditions with clean technology and is used for any purpose that
does not involve its rapid mineralisation to carbon dioxide and may eventually
become a soil amendment.” This definition differentiates biochar from other forms
of carbonaceous materials such as char and charcoal considering the sources of
biomass for the production of biochar need to be renewable and sustainable [3].
The International Biochar Initiative (IBI) [4] considers several parameters
relevant for assessing and comparing different biochars. These include proximate
analysis, elemental composition analysis, pH, porosity, and BET surface area. In
this study, proximate analysis and ultimate analysis of biochars produced from
different feedstock under different pyrolysis reaction conditions are presented
along with other biochar characteristics and component molar ratios of its
constituent elements.

The major constituent components of lignocellulosic biomass [43], cellulose,
hemicellulose, and lignin play important roles for most of the physical and chemical
property modifications during the pyrolysis process. The mechanisms of pyrolysis
of these polymers are chemically different from biomass species to species due to
the differences in their compositions. The thermal decompositions of cellulose and
hemicellulose polymers occur over a narrower temperature range whereas lignin
degrades over a wider temperature range compared to those of cellulose and hemi-
cellulose. The lignocellulosic biomass may contain some minor components other
than the aforementioned polymers including some inorganic compounds and
organic extractives together with substantial quantities of free and bound water
[3, 31, 37, 44]. The inorganic compounds of lignocellulosic biomass which consti-
tute less than 10% by weight of biomass, form ash in the pyrolysis process. The
organic extractives of biomass refer to the nonstructural components that can be
extracted by polar or nonpolar solvents including fats, waxes, proteins, terpenes,
simple sugars, gums, resins, starches, alkaloids, phenolics, pectins, glycosides,
mucilages, saponins, and essential oils [23, 31, 37, 44].

The biochar properties that could affect its final application will depend on the
type of feedstock material characteristics and pyrolysis reaction conditions used for
its production [3]. Pyrolysis temperature is the main process parameter that deter-
mines the degree of devolatilisation of the biomass. Water content of the biomass,
both free and bound, is the first constituent removed in heating of biomass to
temperatures up to 160°C. Thermal decomposition of biomass begins with
devolatilisation or decomposition of extractives at temperatures about ≤ 220°C.
Hemicellulose is the least stable polymer and break down first at temperatures of
220–315°C. Cellulose has a high degree of polymerization and exhibits higher ther-
mal stability and it decomposes in the temperature range 315–400°C. Lignin is the
most difficult component to pyrolyse which decomposes in a wide temperature
range from 160–900°C [45].

Biochar characterization methods are always independent of production feed-
stocks, methods, conditions, and properties of the final product [27]. Several
chemical characterizations of biochar ranging from biochar surface analysis to
elemental composition and physical properties such as the surface area, pore size,
and pore volume are commonly analyzed. The quality of biochar varies with the
feedstock type and pyrolysis process conditions. Pyrolysis parameters such as
heating rate, residence time, and final temperature greatly influence biochar
quality [11]. Pyrolysis temperature has a critical role in biochar properties such as
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elemental composition, particle size, specific surface area, pore size distribution,
thermal capacity, and electrical conductivity.

Certain biochar quality parameters are more important than others depending
on the expected final use or application of the biochar. For agricultural application
in crop production, the important quality parameters of biochar include pH, volatile
compound content, ash content, water holding capacity, bulk density, pore volume,
and specific surface area [24]. Carbon stability of biochar is a critical quality
parameter in carbon sequestration and soil fertility enhancement. The other impor-
tant quality parameters in soil fertility enhancement include surface area and nutri-
ent content. The molar ratio of hydrogen to carbon (H/C) is another important
characterization parameter of biochar which is an indicator of the degree of car-
bonization and the stability of biochar. The higher values of molar H/C ratio greater
than 0.7 indicate the lower biochar quality and pyrolysis deficiencies. Molar oxygen
to carbon (O/C) ratio is also relevant for characterizing biochar and differentiating
it from other carbonization products [42] with values greater than 0.4 indicating
lower biochar stability. Literatures show that the molar H/C and O/C ratios of
lignocellulosic biomass are approximately 1.5 and 0.7, respectively. During pyroly-
sis, the biomass undergoes devolatilization and the solid portion gets enriched in
carbon. The H and O are preferably removed over C and the H/C and O/C ratios
tend to decrease as biomass undergoes its transformation into biochar. The H/C and
O/C ratios are used to assess the degree of aromaticity and maturation [46]. The
characterization of biochar produced from different feedstock and their feedstock
are discussed in the next section.

5. Biochar characterization

A summary of the characterization of raw biomass samples and their biochars
produced at different temperatures and other pyrolysis reaction conditions along
with their values for proximate and ultimate analysis is shown in Table 1. The
carbon and ash contents of biochar increase on increasing pyrolysis temperature
while the contents of volatiles decrease with temperature [1, 37]. Pyrolysis temper-
ature influences the structure of biochar due to the release of volatiles, thus
increasing the pyrolysis temperature leads to a decreased content of volatile matter.
This was observed because the increasing temperature resulted in further cracking
of the volatile fractions into low molecular weight liquids and gases instead of
biochar [1, 31, 34, 37, 40]. The fixed carbon and elemental carbon content of
biochar increase with increasing the pyrolysis temperature, as depicted in Table 1.
Lee et al. [27] studied characteristics of biochar produced from slow pyrolysis of
Geodae-Uksae and showed the increment of the carbon content of biochar at higher
temperatures. The increase in elemental carbon content of biochar at higher pyrol-
ysis temperature implies that the biochar became increasingly carbonaceous at high
temperatures, releasing hydrogen and oxygen contents. A similar trend, an increase
of carbon content with pyrolysis temperature, is obtained for different raw mate-
rials, date palm waste [31], rice husk [33], rice straw [34], beechwood feedstock
[28], hinoki cypress [37], corrugated cardboard [39], chicken manure, Coffee husk,
and sugarcane bagasse [38], pinewood, wheat straw, green waste and dry algae
[40]. As one of the purposes of biochar production is to improve carbon contents in
soil, thus, the high carbon content of biochar is beneficial in terms of maximizing
the amount of carbon storage. Higher temperature pyrolysis is preferred for biochar
production if the biochar application is to improve soil fertility. Several studies
indicate that the yield of biochar is highly dependent on the pyrolysis conditions
such as temperature, heating rate and heating time and is also greatly influenced by
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chemical, physical and biological properties of the biomass. Table 1 shows that the
temperature of pyrolysis plays an important role in the yields of the characteristic
properties of biochar. The physicochemical properties of biochars depend not only
on the nature of the starting biomass but also, to a very large extent, on the
condition of preparation. Pyrolysis at lower temperatures would result in a large
amount of biochar, indicating at high temperature large part of the biomass is lost as
volatile matters.

The proximate analysis of biochar produced at different temperatures shows the
fixed carbon and ash contents increase on increasing pyrolysis temperature, while
the volatile contents decrease with temperature. The proximate analysis of date
palm waste driven biochar [31] shows that the fixed carbon and ash contents
increase from 45.49% to 74.7% and 14.42% to 21.39%, respectively while volatile
contents decrease from 40.08% to 3.91% on increasing pyrolysis reaction tempera-
tures from 300–800°C. Park et al. [34] reported the proximate analysis of biochar
produced from rice straw at different temperatures ranging from 300C to 700. The
volatile contents decrease from 34.54% to 5.88% upon increasing the aforemen-
tioned temperature range, while the fixed carbon and ash contents increase from
28.06% to 39.52% and 37.4% to 54.6%, respectively. A similar trend is also observed
by different authors [27, 32, 33, 37, 40] using different raw material and different
pyrolysis temperatures.

The ultimate analysis indicates that pyrolysis temperature is the most influential
parameter to determine the elemental composition of biochar samples as shown in
Table 1. It is observed that carbon content of date palm waste driven biochar [31]
increases from 57.99% to 74.63% on increasing pyrolysis temperature from 300–
800°C. On the other hand Oxygen and Hydrogen contents decrease from 20.8% to
2.27% and 4.08% to 0.86%, respectively for the same pyrolysis temperature
increase. Similarly, the ultimate analysis for metallic contents of Ca, Mg, K, and Na
increase from 2.53% to 8.08%, from 0.68% to 2.02%, from 1.32% to 2.71% and from
0.28% to 0.58%, respectively for the same increment of pyrolysis temperature.
Vieira et. el. [33] also reported the trend of increasing the carbon contents from
47.15–56%, from 46.14% to 58.4% and from 46.16% to 57.35% on increasing tem-
perature from 300–500°C for pyrolysis reaction times of 60 min, 90 min and
120 min respectively, for biochar produced from rice husk. Moreover, a decrease of
oxygen, hydrogen, and nitrogen contents of the biochar is observed on increasing
the pyrolysis temperature. Lee et al. [27] showed the increment of the carbon
content from 66.19% to 85.93% on increasing temperature from 300–700°C, for
biochars produced from Geodae-Uksae 1. Several other researchers also reported
the increment of carbon content and decrement of hydrogen, oxygen, and nitrogen
contents with temperature for biochars produced from rice straw [34], beech wood
[28], and hinoki cypress [37].

The molar ratios of Hydrogen, Oxygen, nitrogen, and sulfur to carbon are
observed to decrease with temperature, as more volatile components are removed
at higher temperatures making the biochar rich in carbon [31, 38].

pH of biochar is a guiding parameter to define the application of biochar as fuel
or as soil fertility enhancing chemical and is correlated with the formation of
carbonates and the contents of inorganic alkalis. Biochar is used in the soil as an
acidity-correcting agent [47], so it is recommended that the pH conditions of the
biochar should be basic because it can replace CaO due to such features. Soil acidity
neutralization provides the most favorable conditions for microorganism prolifera-
tion and soil fertilization [9, 48]. Thus, the pH of biochar has been associated with
having a liming effect on soil acidity, thus increasing the soil pH following the
addition of biochar. Biochar can also be used as fuel, the use of acid biochar as fuel
can lead to corrosion in the combustion equipment. Biochar having basic pH can
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cause fouling due to its mineral composition and, consequently, higher ash content
than the raw biomass feed. Moreover, the pH of the biochar directly impacts the
adsorption process when the carbon is used in filtration process. Therefore, a
neutral pH is generally preferred [49]. Most of biochar products have alkaline pH.
Some studies have indicated that ash content of feedstock in conjunction with
pyrolysis severity could influence the final pH of biochar samples suggested that a
large proportion of the ash in high-ash feedstock contains carbonates which could
cause a liming effect [15]. The pH values of biochars produced from rice husk [33] is
observed to increase with temperature, ranging from 5.3 to 8.8 for temperature
range from 300–500°C with a reaction time of 60 min, and from 4.2 to 8.3 for the
same temperature range with a reaction time of 120 min. Yu et al. [37] reported the
pH of biochars produced from hinoki cypress at temperatures ranging from
350–600°C and their pH increases from 7.95 to 9.66. Similarly, Domingues et al.
[38] reported the pH of biochars produced from chicken manure at temperatures
ranging from 350–750°C and their pH increases from 9.70 to 11.7. The pH of biochar
produced from different feedstock is observed to increase with temperature [40].

Thus, biochar with desirable properties can be deduced from both its proximate
and ultimate analysis. The lower the O/C and H/C ratios, the higher is the loss of
oxygen and hydrogen during the combustion process producing a product richer in
higher elemental carbon. The International Biochar Initiative (IBI) recommends a
maximum value of 0.7 for the molar H/C ratio [17] to distinguish biochar from
biomass that has not been or only somewhat thermochemically altered. Thus suit-
able working conditions and technologies must be selected in order to produce
biochar of high quality. The pH of biochar from different biomass is around 10 and
the microscopic surface structure of biochars ranges from around 3 m2

g for rice husk

biochar to around 500m2

g for biochar from wood [20]. Biochar produced from
different feedstock showed in increasing surface areas on increasing pyrolysis tem-
perature [27, 34, 39].

6. Biochar applications

Biochar is considered as a multifunctional material related to carbon sequestra-
tion, contaminant immobilization by adsorption, greenhouse gas reduction, soil
fertilization, and waste-water and industrial effluent treatments. Biochar is widely
used in heat and power generation, in soil fertility enhancement to improve the
physical properties of soil, especially in soils with bad soil structure or high bulk
density [3, 47, 50], in adsorption and filtration processes in different industrial
effluent treatments [3] and in catalysis or as a catalyst support [51].

Biochar is an economical adsorbent [10] removing various organic contaminants
such as agrochemicals, antibiotics, polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, volatile organic compounds, and various inorganic con-
taminants like heavy metals, ammonia, nitrate, phosphate, sulfide, etc. The high
adsorption capacity, high specific surface area, microporosity, and ion exchange
capacity of biochar are important characteristics for its applications. The feedstock
types and pyrolysis conditions used during the biochar production greatly change
its physicochemical properties such as surface area, polarity, atomic ratio, elemental
composition and pH, giving the overall surface property of the biochar [8, 9]. These
varieties in biochar qualities have significant implications on its suitability and
efficacy in the remediation of targeted pollutants. Applications of biochar in soil
improves the physicochemical and biological properties of the soils [5], which
contribute to soil carbon sequestration and greenhouse gas emission reduction.
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Biochar produced at low temperatures may be suitable for controlling fertilizer
nutrients release, while high temperatures would yield material similar to activated
carbon [52]. Because of the high aromaticity, the carbon in biochar is highly recal-
citrant in soils with very long residence times. Thus, biochar incorporated in soil
represents a potential terrestrial carbon sink and also a means of mitigating CO2

emissions. In addition, biochar has a significant potential to mitigate greenhouse gas
emissions from agriculture, both by storing carbon in soils and through mitigating
N2O emissions [48]. Furthermore, biochar can reduce the amount of fertilizer
required and the emission of N2O and CH4 from the soil, thus the amount of carbon
emissions prevented by biochar can be significant [27, 34]. Biochar application
significantly reduced the leaching of applied N fertilizers. Biochar would not only
enhance soil fertility but also sequester carbon from the atmosphere further
research findings revealed that biochar has an affinity for organic compounds and
may sorb toxic by-products from the wastewater treatment process. DAP (di-
ammonia phosphate)-based fertilizer is used and studies have shown a large pro-
portion (> 85%) of N applied as NH4

+, N� was lost through NH3 volatilization
within one week after application [53]. Therefore biochar application can increase
nutrient retention capacity and N use efficiency [48, 54, 55]. Several researchers
demonstrated the benefits of biochar for soil, for example, wood biochar applied
into a Colombian savanna Oxisol increased available Ca and Mg concentrations and
pH, and reduced toxicity of Al [56, 57], moreover, biochar improved soil structure
[58], created a carbon sink in soil [59], and reduced CH4 emissions [60].

In addition to being used as a soil conditioner and carbon sequestration regent,
biochar has attracted much attention in wastewater treatment fields. Recent works
of literature show biochar as a highly efficient, environmentally friendly, and low-
cost adsorbent [61–63]. Biochar characteristic or quality plays a critical role in
contaminant removal, which is usually governed by pyrolysis temperature and
feedstock type. Fully carbonized biochar produced at a higher pyrolysis tempera-
ture (> 500 °C) has higher affinity for organic contaminants due to high surface
area [20], microporosity, hydrophobicity carbon-to-nitrogen (C/N) ratio [17, 31,
38], and pH [9, 15, 33, 37, 38, 40]. Partially carbonized biochars that are produced at
lower pyrolysis temperatures have higher content of O-bearing functional groups
like hydroxyl and carboxyl compounds and lower porosity making them more
appropriate for removal of inorganic pollutants [9].

Biochar is used as an electrode as well for various electrochemical devices,
including lithium-ion and Li-S batteries [64], supercapacitors [65], and microbial
fuel cells [66], etc. Such biochar, namely activated biochar, are found to ne more
sustainable than their fuel-based counterparts owing to its high surface area and
porosity, efficient electrical and thermal conductivity, high stability, low economi-
cal cost, and availability [66, 67].

The unique chemical structure of biochar with a large surface area and tailored
surface functional groups can be easily prepared by activation or functionalization
and shows great potential to be used as a versatile catalyst or catalyst support in
many chemical processes [51, 68–70].

7. Conclusion

Biochar is considered as a multifunctional material related to carbon sequestra-
tion, contaminant immobilization by adsorption, greenhouse gas reduction, soil
fertilization, and waste-water and industrial effluent treatments. The most promis-
ing feature of biochar is the fact that it represents a low cost and sustainable
products with a spectrum of applications. Biochars have a tremendous range of
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physical and chemical properties, which greatly affect their wide applications. The
feedstock and the method by which the biochar is produced has a significant impact
on biochar characteristics, including concentrations of elemental constituents, den-
sity, porosity, and pH, which collectively impact the suitability of the biochar for
various applications. This chapter examines in detail the production and character-
istics of biochar resulting from slow pyrolysis process, including the effect of feed-
stock type and different pyrolysis process parameters on the properties and yield of
biochar has been thoroughly studied. The selection of a specific type of feedstock is
to a great extent determined by its in a place where the biochar is likely to be
produced, as this reduces the cost of transport while decreasing the carbon footprint
of the biochar technology. The pyrolysis temperature affects the biochar quality,
higher carbon contents of biochars can be obtained at higher temperature while
volatiles and molar ratios of O/C, H/C and N/C decrease with pyrolysis tempera-
ture. Biochars of higher carbon contents are preferable for most applications.
Biochars produced at low pyrolysis temperature are suitable for controlling fertil-
izer nutrients release, while high temperatures would yield material similar to
activated carbon. The pH of biochar is also another important parameter that
determines its application. More basic, higher pH, biochar is preferred for soil
application usually to correct soil acidity. Neutral pH biochar is also most preferable
for adsorption processes for the removal of pollutants and contaminants from
industrial effluents. Biochars produced at higher pyrolysis temperature have high
affinity for organic pollutants due to high surface areas. In addition, neutral pH
biochar is used as energy sources because acidic biochars cause corrosion and basic
biochars cause fouling problems. Thus, the pyrolysis temperature should be selected
as per the final application of the biochar.
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Chapter 18

Mixed or Contaminated Waste 
Plastic Recycling through 
Microwave - Assisted Pyrolysis
Piero Frediani and Marco Frediani

Abstract

A single type of thermoplastic polymer is easily recycled through a mechanical 
 process, but this way can’t be followed in the presence of mixed or contaminated 
 plastic. In this case, one of the main followed solutions is a thermochemical process 
and among them, microwave-assisted pyrolysis is one of the emerging technologies. 
This chapter offers an update of the microwave-assisted pyrolysis of mixed or contam-
inated waste plastic as a very promising example of chemical recycling. Furthermore, 
some unpublished results in this field will be reported such as the pyrolysis of waste 
lead containing polyethylene coming from end cycle batteries or the pyrolysis of waste 
polypropylene from facemasks used for covid protection. Finally, some examples of 
pilot plants will be described and commented as well as several industrial cooperations.

Keywords: microwave, pyrolysis, waste mixed plastic, waste contaminated plastic, 
waste plastic disposal

1. Introduction

The goal of realizing the conditions for achieving a truly circular economy is one 
of the main challenges in which scientists are involved to solve the problems con-
cerning both global warming and the end of mineral resources. Over the last twenty 
years, the number of companies involved in environmental issues is continuously 
increasing and now almost all companies are, even in a different way, involved to 
solve this problem. These resources also represent a strong driving force for the 
development of sustainable industrial processes.

The world plastic production in 2019 was 368.0x106 tons with an increase of 
2.5% concerning for 2018 [1] while in the same year the European production was 
57.9x106 tons among thermoplastic and thermosetting polymers.

Among them, polyolefins are the most produced and employed materials for 
applications in everyday life for industrial, domestic, and technological applications 
[1]. They are thermoplastic polymers and are mainly used for packaging, whose life 
cycle is very short which means they may be disposed of in a short time after their 
production. A less important part of them is employed to realize furniture, insulat-
ing materials, automotive parts, and so on and their life cycle is considerably longer 
(ten years or more).

Polymeric materials are easily recycled through mechanical processes, as reported 
in Figure 1, for the production of renewed objects prolonging the life of these plastic 
materials, avoiding their disposal through landfilling or combustion, and reducing 
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the use of raw materials. This is a very friendly and economic process, however, it may 
be applied only when a single plastic material is available or when the material is not 
contaminated or strongly deteriorated. In these cases, other routes such as thermo-
chemical processes may be followed as an environmentally friendly procedure avoid-
ing to send these materials to combustion or landfilling, so giving a contribution to 
realizing a circular economy and reducing the emission of greenhouse gases (GHG).

Thermochemical processes may supply fuels and chemicals using recycled or 
renewable feedstock as alternatives to oil-based raw materials [2]. These led to the 
development of new technologies able to carry out the optimal use of such resources 
minimizing the environmental impact and producing a limited amount of second-
ary waste. It means that waste disposal or contaminated plastic materials may be 
transformed into useful products. Among these processes, the microwaves tech-
nologies have taken large attention due to their high efficiency to supply the energy 
required for a plethora of industrial processes. The main performances on the use of 
microwave as correlated to a classical heating system are resumed in Table 1.

Microwave heating Conventional heating

Advantages Volumetric heating Detriments Surface heating

Short reaction time (minutes) Long reaction time (hours)

High heating efficiency Heating efficiency is usually 
low

The low thermal conductivity of 
polymers may be overwhelmed: 
easy heating of polymers

Hard heating of polymers: 
their thermal conductivity 
is low

The gas formed does not contain 
combustion gas

The gas formed is 
contaminated by combustion 
gas (Direct heating)

Detriments Electrical power is required Advantages Every fuel source may be 
employed

Microwave absorber is required Additives are not required, 
some heating carrier are 
sometimes used

Table 1. 
Correlation between microwave and conventional heating.

Figure 1. 
Pathway to recycle thermoplastic materials.
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This chapter aims to offer a comprehensive description of new results reported 
to provide an updated description to the specialist and open this knowledge to a 
greater audience. So our intent is to contribute to extend the application of this 
technology to many other fields.

2. Previous results

Pyrolysis is the thermal decomposition of a material at a relatively elevated tem-
perature under an inert atmosphere. It involves a change of the chemical composi-
tion of the waste polymer that will be converted into a solid, a liquid, and a gaseous 
product. These products will be directly used as solid, liquid, or gaseous fuels to 
produce energy or employed as raw materials for the synthesis of new products [3].

Pyrolysis of end-cycle plastic materials using the microwave as heating technol-
ogy (Microwave-Assisted Pyrolysis: MAP) has been reviewed ten years ago [4–6]. 
The polymeric materials have a low efficiency to convert microwave radiation into 
heat (see Table 1), but if a microwave absorber is added, sometimes erroneously 
called a catalyst, the pyrolysis may run very efficiently. The absorbers are com-
pounds showing a high efficiency to convert microwave into heat and the main types 
employed are silicon carbide, carbon, iron, and so on. Anyway, in the literature, it 
is possible to find a list of many different compounds able to convert MW into heat, 
each one with specific features.

In the previous review [4] was reported some preliminary results on the pyrolysis 
of several waste plastics such as High-Density Polyethylene (HDPE), Polypropylene 
(PP), Polystyrene (PS), Polyvinylchloride (PVC), Polyethylentherephtalate (PET), 
and end cycle tyre but these data were referred to 10 years ago.

3. Update on MAP of plastic waste

This chapter aims to report a comprehensive description of the new results 
obtained to provide an accessible description not only to specialized researchers but 
also to open this knowledge to a greater audience.

MAP of plastic wastes has emerged as a promising chemical method to displace 
waste plastic and generating fuels suitable to produce energy and chemical prod-
ucts. Several parameters such as the plastic origin and its composition, temperature, 
reaction time, MW power, MW absorber and eventually the catalyst present and 
its composition has been reported in the literature in different reviews during 
the last years [3, 7, 8]. The catalyst, if present, rapidly loses its activity due to the 
formation of char on its surface. Energy balance showed that 5 MJ of electric energy 
was required to process 1 kg of HDPE using a continuous MAP system (energy 
efficiency 89.6%). It is interesting to note that the requested energy could be gener-
ated from the gas products formed during pyrolysis (6.1 MJ), making the process 
self-sufficient from an energetic point of view.

Some of the main theoretical and experimental aspects of the microwave-materials 
interactions are reported alongside the issues related to a microwave pyrolytic process 
of materials [9]. Due to several parameters affecting the interactions between materi-
als and microwaves a rigorous detection of the reaction temperature may be a hard 
task during MAP [10] both for its detection and uniformity of the distribution of 
temperature on the material during the overall pyrolytic run.

The MAP is furthermore a promising process available for other industrial 
applications allowing for energy recovery directly from plastic wastes. Moreover, it 
offers some interesting advantages, such as high energy efficiency, absence of waste 



Recent Perspectives in Pyrolysis Research

350

production, lower reaction temperature if correlated to classical heating processes. 
In the following parts are reported the MAP of synthetic plastic produced through 
the polymerization of monomer obtained from mineral oils together with citations 
of MAP of biomasses (polymers from natural source) to produce bio-gas, bio-oil, 
and bio-char.

3.1 Disposal of a single type of plastic

Disposal of a single type of plastic waste through pyrolysis is not the best 
choice when they are clean and not deteriorated, because they can be easily 
reused through mechanical recycling as reported in Figure 1. Mixed plastics 
may be hardly sent to a mechanical process because a large amount of expensive 
compatibilizers are required, due to the low miscibility of different plastics. 
Otherwise, if the plastics, even if of a single type, are contaminated or they have 
lost a large part of their performances, pyrolysis represents one the best choice. 
Waste or contaminated polyolefins were disposed through MAP using tyres or 
carbonaceous char as MW absorber [3, 11–15]. The presence of the absorber 
mixed with the char formed in the course of the pyrolysis process is not a problem 
because it may be easily recycled to the pyrolysis process or(depending on the 
absorber used) employed together with the char formed for several applications 
such as solid fuel, support for catalyst, filler for fiber-reinforced composites and 
so on. The study of MAP on single plastic is however important to understand the 
mechanism of the process, the nature and composition of the products, and the 
interaction among intermediates when pyrolysis of composites or mixed plas-
tics is run.

3.1.1 Polyethylene (PE)

PE is the most common plastic used today, it is produced as High-density 
Polyethylene (HDPE) through Ziegler-Natta catalysis or Low-Density Polyethylene 
(LDPE) from a radical polymerization. Other classes of intermediate products 
(between HDPE and LDPE) are present on the market. PE is a polymer, with 
production over 100.0 x 106 tons/y accounting for 34% of the total plastic market. It 
is a polymer, primarily used for packaging (plastic bags and films), geomembranes 
and containers including bottles, tanks, and so on). Waste or contaminated PE may 
be disposed of through MAP using tyres or carbonaceous char as MW absorber. 
HDPE was converted into waxy products (yield 80.2 -83.9 wt. %) while the yield of 
gas was 15.7-19.2 wt. % and that one of solid was 0.4—0.6 wt. % [9, 10, 14] when 
standard apparatus was employed. However HDPE was converted into a low viscos-
ity liquid by using a very low MW power, but a long time was required to obtain a 
complete conversion. It is possible to use a pyrolytic apparatus containing a system 
able to fractionate the vapor formed, improving the residence time of the waxy 
products in the oven. In these conditions, a low viscosity and density liquid was 
obtained and the overall pyrolysis was improved. In all cases, the time of the process 
was strongly reduced concerning processes using classical thermal heating. The 
liquid fraction from HDPE contained linear alkanes and 1-alkenes with negligible 
formation of branched, cyclic, or aromatic hydrocarbons.

MAP of HDPE was realized also using a bed of activated carbon [11] obtaining a 
liquid containing hydrocarbons with a carbon chain length profile close to that one 
of a diesel. The chain of HDPE was broken, across all operating temperatures, and a 
lighter liquid product with a narrower range of chain lengths was formed if com-
pared to the traditional pyrolysis using a bed of traditional coke. High-temperature 
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pyrolysis of plastic has been also reported by Jang et al. [16] without any correlation 
with other results previously reported in the literature.

The MAP of PE using a mixed catalyst containing cracking active components 
(γ-Al2O3, amorphous aluminum silicate, fly ash, zeolite molecular sieve, natural 
mineral clay, and solid acid) together with an MW absorber (C-containing com-
pounds, Si-containing compounds, Fe-containing compounds, and polymers) 
and coking inhibiting component (alkali metal salt, P-containing compounds, 
B-containing compounds, magnesium sulfate, diethylpolysiloxane and p-tert-Butyl 
catechol) were reported [17]. The use of in-situ or ex-situ catalysts such as NiO and 
HY zeolite is reported to improve the quality of the products formed [18].

3.1.2 Polypropylene (PP)

PP is a thermoplastic polymer obtained through stereospecific polymerization 
with properties close to those of PE, but slightly hard, and resistant to a higher 
temperature. It is white, non-polar, and used in a wide variety of applications. It is 
the second large produced plastic, after PE. PP has been pyrolyzed using tyres or 
carbonaceous char as MW absorber [14] obtaining a low density (0.746-0.760 g/
mL) and viscosity (0.63-0.95 cP) liquid (yield 56.5-74.7 wt. %), a char (yield 9.1-
12.0 wt. %) and a gaseous fraction (yield 13.3 - 34.4 wt. %) containing hydrogen 
and aliphatic hydrocarbons. Liquid from MAP of PP was formed as a mixture of 
methyl-branched alkane and alkenes, and sometimes aromatics. The composition 
was a function of pyrolysis conditions.

Similar results were later reported by Suriapparo et al. [19], using different MW 
absorbers such as graphite, aluminum, silicon carbide, activated carbon, lignin, 
and fly ash. The optimal conditions were an MW power of 450 W and a ratio of PP: 
graphite = 100: 1, but only an oil yield of 48 wt. % was reached. The oil had a heat-
ing value of 44.45 MJ/Kg and contained 50 wt. % of C3-C6 gaseous hydrocarbons. 
The reaction was repeated with 50 g of PP under the same conditions, obtaining an 
83 % of energy recovery in the oil. Alkenes and cycloalkanes were the major com-
pounds in the oil, but their relative yields varied significantly with different absorb-
ers. The catalytic activity of the absorber was hypothesized even if the results may 
be explained with the different efficiency in the conversion of MW into heat and 
the transfer of the heat to the polymer. The MAP was also carried out in the same 
conditions using commercial PE and polyisoprene.

3.1.3 Polystyrene (PS)

PS is an amorphous, colorless, and transparent thermoplastic polymer synthe-
sized from an aromatic alkene (styrene) through radical polymerization. PS can be 
solid or foamed, the PS used for general purpose is clear, hard, and brittle. It have 
a low-density and a high barrier to heat and noise when expanded (EPS) but a low 
barrier to oxygen and water vapor and a relatively low melting point. PS is one of 
the most widely used plastics, after PE and PP, it can be naturally transparent, but 
can be colored. It is employed as protective packaging, containers, lids, bottles, 
trays, tumblers, and so on. Reverse polymerization of waste PS was realized obtain-
ing styrene and other aromatics through MAP, using tyres or carbonaceous char as 
MW absorber [20–25]: Tyres may be employed if the final use of the liquid is as a 
diesel fuel, carbon if the liquid formed (styrene) must be directly used to produce 
new PS. Working at atmospheric pressure a clear and low viscosity liquid contain-
ing styrene as the major product was always collected together with a low amount 
of char and gas. Using a MW power of 3 kW and 100 g of PS together with 47.3 g of 
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carbon, it gave a liquid (yield 86.5 wt. %) containing a higher amount of single-ring 
aromatic compounds, as evaluated by Gas Chromatographic-Mass Spectrometric 
analysis (GC–MS) (aromatics C6–C10 93.9%, among which styrene is 66.0%) a 
char (yield 9.8 wt. %) and a gas (yield 3.7 wt. %). Improvements in residence time, 
by using low MW power or a fractionating system directly inserted over the oven 
and before the collecting system, allowed to obtain a liquid with low viscosity and 
density even if the char yield was increased to 10.0%. If the process was realized at 
reduced pressure (21.3 KPa) the liquid product was formed with a yield of 84.3 wt. 
% containing the monomeric styrene in a concentration of 71.9 % (determined 
by GS-MS).

Waste PS was also pyrolyzed in the presence of aluminum as MW absorber, at 
temperatures as high as the melting point of aluminum, obtaining styrene and other 
substituted aromatic compounds [22]. The rate of MAP and yield of the products 
was found to depend on the size, shape, and form of the aluminum. The reaction 
was faster using the coil, slower for strips, and negligible for the cylindrical form. 
The products of the pyrolysis were found to contain 88 wt. % of liquid (substi-
tuted benzene together with polycyclic aromatics and condensed ring aromatics), 
9–10 wt. % of gas, and a low amount of char.

A pyrolysis process was also run in a batch reactor for MAP using activated 
carbon [21]. The quality of the oil from pyrolysis of PS was assessed for the possible 
applicability of the liquid in fuel production. The best conditions were a MW power 
of 450 W and a polymer/activated carbon ratio of 10:1, resulting in an oil yield of 
93.0 wt. %. The liquid contained alkenes 8.4 wt. %, α-methyl styrene 1.0 wt. %, 
condensed ring aromatics 23.2 wt. %, and benzene derivatives 26.8 wt. %. The 
C9-C12 aromatics were 93.0 wt. % while it was not reported the amount of styrene 
(C8H8) in the liquid.

3.1.4 Poly(vynylchloride) (PVC)

PVC is another largely used polymer obtained through radical polymerization of 
vinyl chloride. It is employed in two basic forms: rigid and flexible. The main uses 
are in construction for pipes, doors, windows, non-food packaging, food-covering 
sheets, and cards. It can be made softer and more flexible by the addition of plas-
ticizers. In this form, it is used in plumbing, electrical cable insulation, imitation 
leather, flooring, signage, phonograph records, inflatable products, and many appli-
cations where it replaces rubber. Together with cotton or linen, it has been used in 
the production of canvas. According to its thermodynamic stability, the pyrolysis of 
PVC was obtained with the initial loss of HCl followed by cracking the hydrocarbon 
chain, so the gas contains HCl and low molecular weight hydrocarbons (ethene and 
propene) while the main compounds present in the liquid fraction were aromatic 
hydrocarbons such as benzene, toluene, dialkylbenzenes and so on, formed through 
Diels Alder reactions involving polyunsaturated compounds formed as intermedi-
ates in the course of the MAP process.

3.1.5 Polyesters

The most widespread synthetic polyester fiber is obtained by polycondensation 
of ethylene glycol and terephthalic acid (Polyethylentherephtalate: PET). It is also 
mainly used to produce bottles devoted to contain sparkling water and carbon-
ated soft drinks due to the low permeability to CO2. PET may be also disposed 
of through pyrolysis with the formation of a gaseous fraction containing carbon 
dioxide (22.7%) and carbon monoxide (13.3%) due to decarboxylation and decar-
bonylation of the ester groups [26] while the liquid product contains aromatic 
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hydrocarbons (benzene and toluene) and oxygenated compounds (benzoic acid, 
acetaldehyde, and benzaldehyde). However, the yield of liquid product was lower 
and PET may be more efficiently recycled through microwave-assisted reverse 
polymerization (hydrolysis) in the presence of methanol obtaining a high yield of 
ethene glycol and dimethyl terephthalate the monomer employed for the synthe-
sis of PET.

The microwave-assisted reverse polymerization (hydrolysis) of polycarbonate 
(PC) in the presence of NaOH using tetrahydrofuran/water as solvent has been 
also reported [27] obtaining bisphenol-A, the main monomer employed for the 
synthesis of PC.

3.1.6 Polylactic acid (PLA)

PLA is a thermoplastic polyester formally obtained by condensation of lactic 
acid. It can be prepared by ring-opening polymerization of lactide, the cyclic dimer 
of the lactic acid. PLA has become a popular material due to its production from a 
renewable resource (lactic acid is industrially produced by fermentation of glucose, 
fructose, or galactose using lactic acid bacteria). Its widespread application has 
been hindered by numerous physical and processing shortcomings. PLA is the most 
widely used plastic filament material in 3D printing.

A reverse polymerization of PLA may be realized through MAP using different 
MW absorbers (tyre, carbon, Fe), apparatus set-up, and MW power [28]. A liquid 
rich in 3,6-dimethyl-1,4-dioxane-2,5-dione (lactide, one of the starting monomer 
for the production of PLA) and other oxygenated organic compounds were formed. 
The pure form of l-lactide was separated from the collected liquid by crystal-
lization, while the meso-form of lactide remained in the mother liquors and was 
identified through GC–MS analysis. Up to 27.7% of lactide was obtained and might 
be recovered. Furthermore, simple acids such as acetic and propionic acids (up to 
17.1 %), carbonyl compounds, and fragments of PLA backbone randomly cleaved 
were present in the liquid collected.

When the pyrolysis of PLA was run in the presence of tyres (used as MW 
absorber) the products showed the presence of cross-reactions between the inter-
mediates formed from PLA and tyres affecting both yield and characteristics of the 
liquid. Aromatic compounds were formed from tyres pyrolysis and they improved 
the solvent properties of the liquid, preventying the crystallization of lactide.

3.2 Mixed plastics

In 2017 a proposal on friendly management of waste/contaminated polymeric 
materials from differentiated municipal solid waste collection through microwave-
assisted pyrolysis [29] was reported to enlighten the properties and possible use of 
the main products formed.

Zou et al. [30] in 2021 reported the pyrolysis of plastic wastes with SiC as an 
MW absorber and it is a new, continuous MAP process for fuel production. Higher 
pyrolysis temperatures promoted the cracking of wax and lighter and more stable 
hydrocarbons were formed. Talc as a filler in commercial polypropylene showed 
high cracking activity. Incorporating ZSM-5 catalysts in the waste using a space 
velocity of 10 h−1 and a pyrolysis temperature of 620°C a yield of liquid of 48.9 % 
was obtained and this product consisted of 73.5 % of gasoline-range hydrocar-
bons rich in aromatics (45.0 %) and isomerized aliphatic hydrocarbons (24.6 %). 
However, the catalyst rapidly lost its activity using a feedstock/catalyst ratio of 5:1.

Microwave-assisted catalytic pyrolysis of municipal solid waste was reported 
by Yu et al. in 2020 [31] using a catalyst able to be regenerated. The catalyst was 
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employed in a fluidized bed pyrolysis furnace with a microwave generator. Data 
were not reported on the summary of the Chinese paper.

An artificial mixture of cellulose, paraffin oil, kitchen waste, and garden waste 
that closely mimic municipal solid wastes (MSW) was pyrolyzed at different 
reaction conditions [32] using MAP. Ten different MW absorbing materials such as 
aluminum, activated carbon, garnet, iron, silica beads, cement, SiC, TiO2, fly ash, 
and graphite was tested. MAP was run up to 600°C, and the effects of MSW/MW 
absorber ratio and composition of the model MSW mixture were reported. The 
MW absorber affected the yields of oil, gas, and char, and played a catalytic role in 
altering the selectivity towards the various components present in the liquid. The 
oil contained oxygenated compounds (furans, phenolics, cyclic-oxygenates) from 
the biomass present in MSW, aliphatic, and aromatic hydrocarbons (mono- and 
polycyclics). Aromatic hydrocarbons were mainly derived from lignin decom-
position while aliphatic hydrocarbons were derived from cellulose and plastic 
pyrolysis. The highest yield of oil (53 wt. %) was achieved with a 1/1 wt./wt. ratio 
of MSW/graphite. The energy in the oil corresponded to energy recovery of nearly 
95 % with an 85 % deoxygenation. Using a high ratio of MW absorber/MSW 
monoaromatics such as benzene, toluene, xylene and styrene, and C8-C20 aliphatic 
hydrocarbons were formed with high selectivity, while polycyclic aromatics were 
obtained with low selectivity. Methane, ethene, propene, isobutene, and hydrogen 
were the major products in the gaseous phase, whose selectivities varied with 
MSW composition.

MSW containing about 40 % of food was treated through MAP at different 
MW power [33]. The maximum oil yield of 30.2 wt. % was obtained under the 
optimized pyrolysis conditions: 400°C, residence time 30 min and a nitrogen 
flow rate of 50 mL/min at the microwave power of 450 W. Surprisingly the liquid 
contained oxygen, sulfur, nitrogen, and phosphorous containing compounds: 
methylphosphine [CH3PH2] (the main compound), 2-ethoxyethylenamine 
(CH3CH2-O-CH2CH2-NH2], 2-methoxyethylenamine [CH3CH2-O-CH2CH2-NH2], 
2-fluoropropane [C3H7F], (2-hydroxyethyl) (trimethylsilylmethylen)sulfide 
[Me3Si-CH2-S-CH2CH2OH], and 1,3-bis(2-hydroxymethylen)urea [OC(NH-
CH2OH)2] were identified and quantified by GC–MS analysis. The heating value of 
the oil was 23.94 MJ/kg.

3.3 Plastic composites

The MAP of some plastic composites such as end cycle tyres [34–39], multilayer 
packaging beverages, corn derived plastic bags, biomasses and so on have also been 
reported.

3.3.1 Tyre

Waste tyres are well known to have relevant disposal or reprocessing problems 
under environmental and economic sustainable conditions and their disposal is a 
challenge for industrial and academic research. Mechanical recycling to produce 
renewed tyres or granular tyres (employed in several fields such as athletics 
track, road paving, and so on) are followed but these processes use only a fraction 
of tyres to be disposed of. In this contest, pyrolysis represents a modern valid 
alternative to generate value-added products. Anyway improvements in the heat 
transfer technology are crucial to optimize the efficiency of the process itself. The 
use of MAP is one of the most promising heating technologies for their pyrolysis, 
due to MAP’s ability to heat quickly and directly any MW absorbing material. 
Tyre contains a high amount of MW absorbing materials such as metal wires, 
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metal oxides, and carbon, and they quickly absorb MW and turn it into heat 
[12–19]. The process was performed in a short time comparing with traditional 
heating techniques [2]. Typical products were a char (yield 40.6-65.0 wt. %), a 
liquid (yield 20.7-44.0 wt. %) and a gas (yield 9.0-27.4 wt. %). MAP variables 
such as MW power, reaction time (15-100 min) and tyre mass, may strongly 
affect the properties of the products. The char was characterized through chemi-
cal (ultimate analysis and ion coupled plasma-mass spectroscopy (ICP-MS)), 
morphological (BET surface area, scanning electron microscopy), and X-ray 
diffraction (XRD) analyses. It contains a large amount of amorphous carbon (up 
to 92.0%) and inorganic compounds formed from additives employed in tyres 
formulation. XRD analyses of crystalline phases of char showed a marked MW 
effect: different crystalline ZnS forms, spharelite or wurtzite were identified. The 
presence of these compounds suggested that tyres were heated to a temperature 
higher than that one usually accounted. The liquid was a low viscosity oil (<2.9 cP, 
with a large amount of single-ring aromatic hydrocarbons) while the gas contains 
light hydrocarbons, hydrogen and only traces of N2. The three products collected 
had a high calorific value, respectively 34 MJ/kg for solid, 45 MJ/kg for liquid, 
and 46 MJ/kg for the gas fraction. The most performing conditions were achieved 
using an MW power of 3 kW per 0.2 kg of tyres even if these conditions were not 
optimized.

The char from MAP of waste tyres contains iron and carbon. The iron may 
be separated using an electromagnet and sold as armonic steel (iron) while 
the carbon can be directly reused to produce new tyres, or used in many other 
production processes: as a pigment for the production of plastics, or textile print-
ing, for printer toners, etc. It was also evaluated for Oxygen Reduction Reaction 
(ORR) in electrocatalysis [40]. The presence of different metals together with 
high carbon in char may produce synergic catalytic effects which are necessary 
for ORR. The char obtained from microwave-assisted pyrolysis of waste tyres 
represents a low-cost and friendly source of metals need for the preparation of 
the cell cathode for ORR.

The liquid is a fuel oil with low sulfur content (< 1%), formed in about 35% 
of the tyre treated. It contains aliphatic and aromatic hydrocarbons and may 
be used as marine diesel fuel or sent to a refining treatment to obtain any kind 
of fuel.

The gas contains hydrogen and low molecular weight hydrocarbons and may 
be employed as fuel gas or directly used to produce the electricity required for the 
process [41].

3.3.2 Multilayer packaging beverage

Multilayer packaging beverages are containers of composite material usu-
ally manufactured using five layers of materials: LDPE, Ink, Board, Aluminiun 
(Al), LDPE [42]. The most famous product is Tetrapack©. At the end of their 
life cycle multilayer packing beverages contaminated by the liquid present in the 
container, may be displaced through MAP using different MW absorbers (none, 
chopped tyre, carbon, and iron powder) and apparatus set-ups. Board was 
pyrolyzed forming water containing bio-oil where alcohols, aldehydes, acids, 
and anhydrosugars were present, according to pyrolysis conditions. LDPE was 
converted as reported in chapter 3.1.1, into a high viscosity liquid (wax), solid at 
room temperature, except when a fractionating system was directly connected 
to the pyrolysis oven. In these last conditions linear alkanes, alkenes, cyclic, and 
aromatic hydrocarbons were formed. Al was always recovered as unscratched 
samples.
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3.3.3 Corn derived plastic bags

Europe introduced measures on the management of waste packaging in 2005 
through the revision of Directive 94/62/EC and the introduction of the norm 
EN13432:2000 where it was specified the characteristics of bio-materials to be 
employed for plastic bags. These directives were adopted in Italy in 2011 and, as a 
consequence, the polyethylene base shopping bags were forbidden and replaced 
by bio-degradable materials. Bio-plastics are materials obtained from a vegetable 
source such as corn and they are largely used, especially those derived from corn 
starch with the aim to reduce world pollution. Their production requires starch 
destructuring, complexation, blending with specific synthetic and/or natural 
polymers, and the addition of compatibilizers, plasticizers, and other additives 
[43, 44]. This great variability of processing methods brings different types and 
grades of bio-polymers with a wide range of properties which allows their use in 
various fields [45].

Corn-derived plastic bags (CDP) are biodegradable and they may be disposed of 
through anaerobic digestion, however their energy and chemical content, required 
for their production, will be largely lost, only biogas was sometimes recovered. 
Furthermore, the biodegradation process is too long with respect to the time required 
for the biodegradation of the biomass present inside the container, usually derived 
from a waste collection. For this reason CDPs must be initially separated and then 
separately bio-degraded. In a greener process, these wastes may be employed for 
energy production with the recovery of their thermal content, but the atom economy 
of the process is very poor because the chemical content of CDP is lost. MAP of 
CDP was performed to evaluate the possibility to efficiently dispose of this waste 
obtaining a liquid useful as a source of chemicals and/or fuels. MAP was performed 
using different MW power, MW absorbers (carbon or Fe), and apparatus obtaining 
a liquid, a char, and a gas in amount depending on the pyrolysis conditions. Liquids 
were always separated into three phases: upper, middle, and bottom and deeply 
characterized. They contained a large amount of aromatic acid, phthalates, and their 
derivatives in the upper fraction; water (70 wt. %), organic acids, alcohols, anhydro-
sugars, and their pyrolysis products were present in this fraction; bottom fraction 
showed close properties and composition than the upper fractions. The same classes 
of compounds were present in upper and bottom phases but in the last ones, these 
compounds were oligomers of those present in the upper fractions. Working with 
more drastic conditions bottom fraction was reduced while char yield was increased. 
MAP converted a waste CDP, even contaminated, obtaining some chemicals or even 
fuel thus avoiding to send them to anaerobic digestion for their transformation into 
carbon dioxide, methane, water, and a residue with a very low recovery of chemicals 
or energy. MAP process may represent a green solution to dispose of CDP recovering 
a liquid useful as a source of chemicals or employed to produce fuels. Furthermore, 
this process avoids the contamination of the soil improvement obtained by an 
anaerobic digestion with the residue of plasticizers present in CDP.

3.3.4 Waste electric and electronic equipment (WEEE)

The collection of waste electric and electronic equipment (WEEE) is largely 
and rapidly increasing, and even if WEEE is recycled today there are still valuable 
residues left after recycling, ending up in landfills. MAP may be a valuable way to 
recycle these components. Six different fractions (from light dust to particles sized 
of 7-12 mm) were pyrolyzed, producing an oil, a gas, and a solid residue [46]. A 
mass reduction was observed as a function of process time, independently on the 
reaction temperature for all of the WEEE treated.
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WEEE from the envelope of end-life computers was pyrolyzed using different 
absorbers and set-ups in a multimode batch reactor [47]. A large amount of the liquid 
fraction (yield 76.6 wt. %) was obtained together with a strong reduction of the 
solid residue (yield 14.2 wt. %). The liquid fraction was characterized using Fourier 
Transform-Infrared Spectroscopy-Attenuated Total Reflection (FT-IR ATR), Nuclear 
Magnetic Resonance Spectroscopy (1H NMR), and quantitative GC–MS analysis. The 
liquid showed a low density, viscosity and contained a high concentration of useful 
chemicals such as styrene (up to 117.7 mg/mL), xylenes (up to 25.6 mg/mL of p-xylene) 
while halogenated compounds were absent or present in undetectable amounts.

Waste printed circuit boards (a fraction of WEEE) were also pyrolyzed using 
carbonaceous absorbers such as graphite or activated carbon [48]. Char was the 
main product (58 wt. %) and the presence of a high amount of absorber reduces the 
yield of tar and gas. Char contained phenolic compounds and phenylphosphates in 
significant amounts. CO2 was the major component in the gas fraction, while the 
concentration of H2 in the gas was increased when activated carbon was used as an 
absorber. The major metal-containing compounds present in char were Cu, Pb, Ti, 
while a lower amount of Bi, Fe, and Ca were present.

MAP of WEEE with bromine-containing compounds as flame retardant was 
also performed with special attention to the fate of these compounds. Conversion 
is increased with increasing temperature, reaching 93.3 wt. % at 650°C [49]. High 
pyrolysis temperature enhanced the transfer of bromine containing compounds to 
pyrolysis gas while the presence of K2CO3, Na2CO3 and NaOH mixed with the WEEE 
formed KBr and NaBr reducing the presence of HBr in the gas. Increasing heating 
time did not exhibit a remarkable influence on pyrolysis conversion: Working at 
350°C, the main compounds in the liquid were phenols (91.1 %) while at 650°C, 
polycyclic and monocyclic aromatic hydrocarbons (except phenols) increased 
to 20.5 % and 19.0 %, respectively. Meanwhile, the non-condensable gases were 
composed of CO2, CO, CH4, and H2 and they improved significantly with increasing 
temperature. Working in the presence of ZSM-5 and kaolin as catalysts, the mono-
cyclic aromatic hydrocarbons (except phenols) and C11-C20 compounds in the oil 
was increased while non-condensable gas was reduced.

A review of existing classical pyrolysis techniques for recycling of plastics in 
WEEE with special attention to the recovery of the products obtained (monomers, 
hydrocarbons, phenols, etc.) was reported [50]. Special attention was devoted to 
the processes to remove bromine containing compounds in the starting materials 
such as solvent extraction, supercritical fluid technology, and so on. Co-pyrolysis 
was also investigated and plastic wastes were displaced without the use of solvents 
or catalysts. The catalysts were employed to affect the distribution of the products 
and to enhance the removal of bromine containing compounds from pyrolysis oils.

4. Metal recovery from waste/contaminated plastics through MAP

Metal containing plastic has been treated with MAP to recover the metal and 
recycle all the other components like a solid, a liquid and a gas.

a. Several metals are present in waste or contaminated plastics, for instance, 
lead is present in the envelope of lead-acid battery realized using HDPE as the 
material of the container. At the end of life of the lead-acid battery the Pb of 
the electrodes and H2SO4 are recovered and recycled while the envelope must 
be disposed of as a contaminated HDPE because it contains Pb. This contami-
nated plastic may be pyrolyzed using a MAP process using carbon as an MW 
absorber. In the course of the process gas is formed (containing hydrogen and 
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low molecular weight hydrocarbons) together with a liquid (containing a small 
amount of water, and aliphatic hydrocarbons close to those reported in para-
graph 3.1.1 on the MAP of HDPE). The char contains the MW absorber, the low 
amount of carbon formed from HDPE, and the lead present as a contaminant 
[51] and this char may be recycled as an MW absorber. For each recycle of 
the char, the concentration of lead is slightly increased every time. When an 
appropriate concentration of lead was reached the MW absorber was sent to 
a process for the extraction of the lead present, for instance through acid or 
metallurgical treatment, then the MW absorber may be recycled or in the case 
of carbon, used as a solid fuel together with the carbon formed from HDPE. In 
Figure 2 is reported a schematic representation of the process.

b. An analogous process was employed to recover precious metals (i.e. Ag) 
present in some painted materials at the end of the life cycle of painted (for 
instance in the painted car bodywork). The plastic painted materials were 
pyrolyzed through MAP collecting a liquid employed as a fuel, a gas that may 
be burned to produce energy while the precious metal remained in the char 
together with the MW absorber. The char was recycled several times, up to an 
appropriate concentration of the precious metals was present in the char. At 
this point, the precious metal was recovered through a metallurgical process.

c. Using an analogous methodology the printed circuit board, a class of WEEE, 
has been treated to pyrolyze the plastic material recovering an oil contain-
ing a large amount of phenols [46] and a residue where are present, in a high 
amount, several metal containing compounds such as Cu, Pb, Ti, and minor 
amounts of other metal containing compounds including Bi, Fe and Ca.

d. Another application of MAP for the recovery of metal containing plastics is rep-
resented by pyrolysis of waste tyres. In this MAP [52], as reported in paragraph 
3.3.1, harmonic steel (iron) present as a reinforcing material in tyre (about 5-10% 
of the tyre), remains in the char, from which it was recovered with an electrical 

Figure 2. 
A schematic representation on the MAP of lead containing HDPE to recover lead. MWA: Microwave absorber.
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magnet and sent to a metallurgical process to enter in a new cycle of utilization. 
The char formed during the pyrolysis of tyre (recycled carbon, rCB) may be used 
to prepare new tyres or may be employed to prepare anode for Oxygen Reduction 
Reaction (ORR) [40] as previously suggested in paragraph 3.3.1.

5. Some industrial applications

a. Environmental Waste International (https://www.ewi.ca/tyre.html):

 This company, since 1992, located in Whitby – Ontario (Canada), designs special-
ized eco-friendly waste reduction solutions and systems, using patented Reverse 
Polymerization processes and proprietary Microwave Delivery Systems. The 
recycle of scrap tyres has been a huge priority for EWI since 1994, demonstrating 
its capabilities. The results show the realization of a continuous feed system and 
its operation. EWI was able to prove the economic tyre recycling projections.

b. Molectra (https://wastemanagementreview.com.
au/a-rubberised-archetype-molectra-technologies/):

 This company developed a series of machines and a technique to process tyres 
extracting rubber in a fine powder format, which is unique (the name of the 
company means MOLECularTRAnsformation). The process comprises mechan-
ical, chemical, and MW treatments. The residual carbon is pure (97.4 %) and 
can be crushed to form carbon black, which is used to manufacture new tyres, 
plastics, paints, inks, and batteries. Alternatively, the carbon can be converted 
into activated carbon for water purification, gold extraction, and air filtration. 
Another clever development is the inclusion of fertilizers and soil microbes into 
the char. The capacities can be 2-10 tons/h of processed tyres.

c. SBC (https://www.sbiofuel.com/downloads.html):

 SBC pursues industrialization and commercialization of its proprietary and 
patented technology; the utilization of MAP of any material of hydrocarbon 
origin, being it any biomass, plastic, or rubber. The product strategies differ as 
a function of the markets and according to the maturity of technologies.

d. Tyrebirth s.r.l. - Italy (https://www.tyrebirth.com/en/):

 Tyrebirth has developed, following proprietary patents [38, 53, 54] a very 
high-efficient recycling process that allows the creation of high-quality 
products through the MAP of end-of-life tyres. The Tyrebirth process produces 
solid, liquid, and gaseous products:

i. Solid - carbon black (rCB) - about 40% of the tyres treated. It has very high 
performances, it is dry, unpolluted and with quality characteristics 95% close 
to virgin carbon black. The rCB can be directly reused to produce new tyres, 
or used in many other production processes: as a pigment for the production 
of plastics, or textile printing, for printer toners, and so on.

ii. Solid - harmonic steel - about 10% of the production. This product has strong 
market demand. The steel is easily separated and delivered to steelwork 
for reuse.
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iii. Liquid - Fuel Oil with low sulfur content (< 1%) - about 35% of the tyres 
treated. The liquid product is a low sulfur diesel marine oil and can be used 
in ships’ diesel engines, in thermal plants for the production of electricity, 
and other specific installations.

iv. The gas – a mixture containing LPG gases and hydrogen. It is about 15% of 
the tyres treated. It may be used to produce more than 70% of the plant’s 
electric energy required through cogeneration. The capacity of the plant is 
540 Kg/h. Some pictures of the plant are reported in the following Figure 3.

e. Techwave s.r.l. - Italy (https://www.techwave.it/)

 Techwave follows an innovative technological solution using proprietary 
patents of the MAP process [35, 39] to recover the material and energy con-
tent of waste plastic obtaining new materials from waste or contaminated 
plastics. The process is innovative, energetically sustainable, and has a low 
environmental impact. The innovation of the process is the use of microwave 
to supply the energy required by the process and a MW absorber, obtaining 
uniform heating of the material avoiding the problems of classical thermal 
heating. Another characteristic of the plant is its compactness because it may 
be installed in two standard containers (Figure 4).

f. Pyrowave - Canada (https://www.pyrowave.com/en/)

 Pyrowave provides a unique technology using a MAP process [55] to regenerate 
post-consumer plastics by breaking them down into intermediate products 
that are used to make new plastics identical to virgin plastics, restoring their 
full value. Pyrowave paves the way to a truly circular economy of plastics. 
The regeneration of plastics allows for infinite recycling and avoids the Green 
House Gases associated with the extraction of virgin material.

g. Industrial co-operations

 Some co-operation has been realized among companies and some important 
firms or institutions for chemical recycling of synthetic polymers, even if some 
of them, at this time, do not plan to use the microwave to supply the energy 

Figure 3. 
A picture of the Tyrebirth plant (by curtesy of Tyrebirth s.r.l.)
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for the process, but the use of MW may lead to a better improvement of the 
process itself.

i. Montreal-based specialty recycling company Polystyvert (for the chemical 
recycling of polystyrene throw solvent dissolution) has closed a round of 
funding to facilitate the development of full-scale PS recycling plant [56]. 
Proceeds will be used to facilitate the development of a full-scale plant – a 
strategic milestone for the company to demonstrate the high level of purity 
reached by their products.

ii. AmSty, the largest PS producer in the Americas, and Agilyx Corporation a 
wholly-owned subsidiary of Agilyx AS (Euronext Growh – Oslo: “AGLX”), 
a pioneer in the advanced recycling of post-use plastics, announced an 
agreement to explore the development of a jointly owned advanced recycling 
facility of a 50–100 tons/ already in use at the parties’ Regenyx joint venture 
where post-use PS products are converted back into virgin-equivalent 
styrene monomer.

iii. Versalis (Eni’s chemical company) and AGR (an Italian company) have 
signed an agreement to develop technological innovations and new products 
and applications with recycled rubber [57].

iv. ReVital Polymers, Pyrowave and INEOS Styrolution are realizing a North 
American PS recycling consortium [58] to launch a closed-loop for recy-
cling single-serve PS packaging using recycling technology pioneered by 
Pyrowave (a MAP process) obtaining styrene monomer used for manufac-
turing new PS products.

v. SABIC and Plastic Energy are set to start construction of world’s first com-
mercial unit to significantly upscale production of certified circular poly-
mers derived from used plastic [59].

vi. BASF, Quantafuel, and REMONDIS have signed a Memorandum of 
Understanding (MoU) to jointly evaluate cooperation in chemical recycling 
including a joint investment into a pyrolysis plant for mixed plastic waste [60].  

Figure 4. 
Some picture of the prototype plant of Techwave s.r.l. (by curtesy of Techwave s.r.l.)
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REMONDIS supplies suitable plastic waste to the plant and BASF uses the 
resulting pyrolysis oil as feedstock in its production.

vii. Neste successfully processed 400 tons of liquefied plastic waste at its 
refinery in Finland this fall (2021), an amount corresponding to the annual 
amount of plastic waste generated by 20,000 average European citizens [61]. 
Neste’s target is to process over 1 x 106 ton of waste plastic annually from 
2030 onwards.

viii. Techwave has evaluated the possibility to pyrolyze facemasks used for 
Covid19 pandemia in one of its microwave ovens using the MAP and a 
microwave absorber [62]. The facemasks were converted into the classical 
three products of a MAP (liquid, small amount of solid, and gas) having 
a composition close to those reported in the pyrolysis of PP. The possible 
contamination was absent in the products formed due to the pyrolysis condi-
tions adopted.

ix. The Fraunhofer Institute UMSICHT, with SABIC and Procter & Gamble 
(P&G) start a collaboration to demonstrate the chemical recycling of 
used facemasks using a dedicated research pyrolysis plant [63]. The masks 
were first automatically shredded and then thermochemically con-
verted to pyrolysis oil. Any residual pollutants or pathogens, such as the 
Coronavirus were absent in the products. The pyrolysis oil was employed 
by SABIC as feedstock for the production of new PP resin obtaining a 
high-quality PP.

x. The Techwave plant may improve the KuWert project [64] because the  
MAP-Techwave plant may be installed in two standard containers, so it may 
be installed on the ocean platform of the KuWert project or, more interest-
ingly, on a ship devoted to collect the plastic present in the ocean [65]. In this 
last option, the ship may sail where a large amount of plastics are present, 
collect them, and immediately introduced into the pyrolysis plant present on 
board. In this way the waste plastics will be converted into useful materials, 
part of them employed to supply the energy required by the plant and the 
ship while the remaining fuel may be sold on the market to obtain the rev-
enue need for the activity. After that the waste plastic may be immediately 
eliminated, avoiding the cost for their transport and only the final products 
may be sent to the market of raw materials.

xi. EEW Energy from Waste together with DSD plans to develop a new plant 
for processing mixed plastics and sorting residues [66] through chemical 
recycling. The process will be developped by the end of this year (2021) to 
process up to 200,000 tons/y of plastic waste.

xii. Borealis starts a new project for an increase on supply of chemically recycled 
feedstock for the production of more circular base chemicals and polyolefin-
based products [67]. This research is carried out with project partner Stena 
Recycling and provided a successful feasibility study and final investment 
decision, operations are expected to begin in 2024.

xiii. Dow a global leader in materials science, and Mura Technology, the global 
pioneer of an advanced plastic recycling solution, announced a partnership 
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to keep plastic waste out of the environment [68]. The collaboration will 
support the rapid scaling of Mura’s new HydroPRS™ (Hydrothermal Plastic 
Recycling Solution). This process can recycle all forms of plastic – including 
multi-layer, flexible plastics with the first 20,000 tons/y line expected to be 
operational in 2022.

xiv. LyondellBasell successfully starts up a new pilot Molecular Recycling Facility 
(MoReTec) at its Ferrara, Italy, site [69]. The pilot plant is capable of process-
ing between 5 and 10 kg/h of household plastic waste.

xv. Repsol, Axens, and IFPEN, have joined forces to develop the pioneering 
and patented Rewind™ Mix process [70]: It purifies the plastics pyrolysis 
oils allowing the direct and undiluted processing in existing petrochemical 
plants for the production of circular plastics. Repsol, Axens, a worldwide 
technology provider and IFPEN, the renowned French research and innova-
tion player in the field of energy, have developed a pioneering and patented 
process to enhance the chemical recycling of plastic waste and boost circular 
materials production. Pyrolysis is one of the most promising pathways for 
the chemical recycling of plastic waste, which otherwise the Rewind™ Mix 
process removes impurities such as silicon, chlorine, diolefins, and metals 
from the plastics pyrolysis oils produced, allowing the direct use as undiluted 
feed to petrochemical units.

xvi. Chemical recycling, has been developed by ExxonMobil to molecularly 
convert difficult-to-recycle plastics into the virgin-quality raw material used 
to make a wide range of valuable new products and potentially repeat the 
process over and over again [71]. The facility will have an initial capacity 
of 25,000 tons/y of plastic waste, with plans to scale up to 33,000 tons/y 
shortly.

xvii. DEMETO project: a Modular, scalable and high-performance 
DE-polymerization by MicrowavE TechnolOgy [72]. Based on an interna-
tionally patented technology, the project foresees to bring at industrial level 
(through a completely functional pilot plant) an innovative process, based 
on applying a new microwave technology to a well-known chemical reaction: 
the reverse polymerization (alkaline hydrolysis depolymerization) of PET.

6. Conclusions

This review shows several MAP processes proposed for friendly and economical 
disposal of waste/contaminated plastics to reduce the carbon footprint and obtain 
valuable products useful to close the cycle of a circular economy.

MAP is a very interesting way because it does not produce waste from chemical 
recycling of plastics but produces three classes of product: a char, an oil and a gas 
every one available as fuel or the source of new materials for the synthesis of new 
products. The process is self-sustainable from an energetic point of view rendering 
the process economically sustainable.

The interest of industrial companies in this field is improving day by day, as 
reported in the last part of the chapter because this is an important aspect for the 
realization of a truly circular economy and the reduction of the Green House Gas in 
the atmosphere.
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Chapter 19

Basic Morphological, Thermal and
Physicochemical Properties of
Sewage Sludge for Its Sustainable
Energy and Material Use in the
Circular Economy
Barbara Novosel, Vesna Mislej and Viktor Grilc

Abstract

The treated sewage sludge is a smart material that provides sustainable use of
energy and material that can be adapted to the needs of modern human life.
Pyrolysis is one of the waste recovery operation that enables the generation of
various useful groups of substances from treated sludge, which can then be utilized
separately by final energy and material recovery processes: (i) solid residue
(pyrogenic material), (ii) liquid fraction (bio-oil), and (iii) non-condensable gas.
Those fractions are the basis for fertilizers and alternative fuel or new chemicals
production. The chapter combines data on the quality of treated sludge as a case
study of an urban wastewater treatment plant (UWWTP) with the capacity of
360,000 population equivalents (PE). The analytical results of dried anaerobically
treated sludge over a 10-year period (from 2010 to 2020) are evaluated with respect
to the limit values from directives, resolutions, guidelines, and national legislation
related to specific processing procedures and quality of the final product. The data
provide a comprehensive insight into the basic properties of treated sludge and
allow thoughtful use of this smart material for WtE processes, organic matter
material conversion, and agricultural use in terms of protecting the environment
and human health.

Keywords: circular economy, fertilizer, incineration, pyrogenic material, pyrolysis,
sewage sludge, solid residue, urban wastewater treatment plant, waste to energy

1. Introduction

The trend for continual improvement in the collection and treatment of
wastewater in Europe’s cities and towns is evident, but full compliance with the
Urban waste water Directive (UWWTD) [1] has not been achieved yet [2]. The
level and intensity of wastewater treatment depend on the sensitivity of the
receiving surface waters according to the UWWTD [1]. In Europe, 3.1% of the load
is treated at the primary level, 28.5% at the secondary level, and 68.4% at the
tertiary level [3]. The EU Commission has also launched an impact assessment to
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evaluate different policy options with the aim of modernizing the UWWTD [2].
Among others, specifically, the UWWTD requires controls of sludge disposal and
reuse [4]. Article 14 of the UWWTD specifies [1]: (i) sludge arising from waste-
water treatment shall be reused whenever appropriate, and (ii) disposal routes
shall minimize the adverse effects on the environment. While approximately
20–25 kg of sludge dry matter (DM) are continuously produced annually per person
per year all across Europe as a result of the wastewater treatment process, the
wastewater operators render the valuable resources found in sewage sludge to be
reusable [5].

The term“sewage sludge”does not clearly define the status of its quality. In the
literature and regulations, the term“sewage sludge” refers to untreated excess
sludge, partially treated sludge, digestate, and pelletized sludge. By Sewage Sludge
Framework Directive (SSD) [6], the term“sludge” refers to untreated sludge
(residual sludge from sewage plants treating domestic or urban waste waters and
from other sewage plants treating waste waters of a composition similar to domestic
and urban waste waters, and residual sludge from septic tanks and other similar
installations for the treatment of sewage), while the term“treated sludge” refers to
sludge which has undergone biological, chemical or heat treatment, long-term
storage or any other appropriate process so as significantly to reduce its
fermentability and the health hazards resulting from its use. Using the appropriate
term in the professional literature helps us to distinguish between the quality of
sludge obtained at different levels of processing.

On the European scale, the most common recovery procedures are agriculture
and incineration [3]. In the latter procedure, it is not clear whether it is incineration
for the purpose of waste to energy (WtE) processes (R 1 recovery operation), or it is
just a matter of reducing the amount of sewage sludge (D 10 disposal operation).
According to the Waste Framework Directive (WFD) the recovery procedure R 1
takes precedence over the disposal operation D 10 [7].

Quality of municipal infrastructure of urban agglomerations and appropriate
pre-treated industrial wastewater has high importance on the stable operation of
municipal wastewater treatment plants, and properties of treated sludge.
Continuous quality control of treated sludge is the starting point for its efficient
recovery processing as a source of raw materials to follow the strategy in the new
Circular Economy Action Plan [8]. Some technical solutions enable the recovery of
materials from treated sludge like phosphorus, nitrogen, biopolymers, biogas,
biochar, biofuel, struvite, and even recovered products from ashes [9]. A market is
not always available for these innovative materials because the recovery costs are
often high compared to primary raw materials. This is because fossil oil based
material or extraction techniques and transportation are cheaper [9]. The chapter
will address three main areas of sludge recovery operations [7], namely the use of
treated sludge for: (i) energy production—waste to energy (WtE), recovery opera-
tion R 1, (ii): the organic matter recovery with pyrolysis, recovery operation R 3,
and (iii) agricultural use, recovery operation R 10. All end-use utilizations have
advantages and disadvantages and are suitable for recovery processes from a
different points of view and engineering approaches, depending on the UWWTP
organic load capacity, level of raw wastewater treatment, and excess sludge
pre-treatment stage (e.g. aerobic or anaerobic stabilization, dehydration,
hygienization, and pelletization). Important are also others conditions such as the
UWWTP geographical site, transport infrastructure, and available facilities for
sewage sludge utilization. National legislation, the national strategic program for
the management program of this specific waste stream, and the national level of
public awareness of the usefulness of the sludge as a raw material for the CE are also
important.
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A case study of the composition of treated sewage sludge, generated at Central
wastewater treatment plant Ljubljana (CWWTPL) has been performed. The
CWWTPL treats the municipal wastewater of the capital city Ljubljana and is the
largest UWWTP in Slovenia [10]. The purpose of the analysis and the research was
to evaluate the feasibility of sewage sludge pre-treatment at the site of origin,
anaerobic stabilization of excess sludge and biogas production, seasonal fluctuations
in the quality of treated sludge, and the comparability of quality of the annual
representative samples. The purpose is also to evaluate the sewage sludge as a smart
material. The obtained results are the basis for sustainable and predictable use of
treated sludge in the CE [11], both in the field of WtE and material utilization. The
most important legal requirements for specific purposes of sewage sludge use are
given. The chapter combines specifications, guidelines, and limit values regarding
WtE processes, pyrolysis, and fertilizing products with real data of treated sludge
quality and its potential. Quality data of the CWWTPL sludge were collected over a
ten-year period of operation, from 2010 to 2020. The last year is also the starting
year for a number of forecasts on improving the environment and preventing
climate change.

1.1 Pyrolysis: recovery operation R 3, thermal conversion of organic matter
into new products

According to WFD [7] the recovery operation R 3 means recycling/reclamation
of organic substances which are not used as solvents (including composting and
other biological transformation processes), gasification and pyrolysis using the
components as chemicals, waste preparing for reuse, and recovery of organic mate-
rials in the form of backfilling.

Pyrolysis is a thermochemical anaerobic decomposition of biomass into a range
of useful products. The process is typically carried out in a temperature range from
300°C through 650°C [12]. During pyrolysis, large, complex hydrocarbon molecules
of biomass break down into relatively smaller and simpler molecules, forming
gaseous (non-condensable volatile compounds) and liquid products (bio-oil), and
solid residue (biochar). Pyrolysis offers the potential of material utilization of
UWWTS. The densified pyrolytic fraction of sewage sludge is suitable for energy
utilization, and on the other hand, the resulting solid residue is potential for mate-
rial utilization on fields or forests. Biochar is by mass the major pyrolytic product or
resideous material. Its characteristics make it promising for application in agricul-
ture due to its high immobilization affinity of heavy metals [13]. Biochar retains the
main part of the carbon in stable solid form [12]. In addition, sewage sludge biochar
contains significant content of phosphorus, potassium, and nitrogen, which further
demonstrates the great potential of its use as a fertilizer [12].

There is no special EU legislation regarding the waste pyrolysis process. Euro-
pean Biochar Foundation (EBC) has launched the guidelines for specification and
certification procedure for biochar evaluation [14]. As a specification for pyrolysis
technology is prescribed: (i) the use of waste heat or the use of liquid and gaseous
pyrolysis products, and (ii) compliance with nationally defined emission limit
values. For the characterization of biochar properties, the limit values in Table 1
must be observed. The biochar for all application classes must be analyzed at least
according to the EBC Basic Analysis Package ([14], Annex 1). The latter reference
also indicates which types of biomass are permissible for each application class.

As both biochar properties and the environmental footprint of its production are
largely dependent on the pyrolysis parameter and the type of feedstock to be used, a
secure control and assessment system for its production and analysis had to be
introduced. According to reference [14], biochar is defined by its quality
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characteristics, the raw materials used, its sustainable production, and the end-use
(Table 1).

The pyrolysis of non-plant biomasses such as treated sludge, livestock manure,
certain digests or bones may also produce valuable raw materials and could be used
in the interests of the bio-economy and climate protection, but these raw materials
have not yet been included in the EBC feedstock list and are therefore not subject of
the EBC guidelines [14].

According to the declaration of biochar properties, the organic carbon or TOC
(Corg) must be defined. By the last version of EBC guidelines [14] the lower limit
value of 50% m/mDM has been reconsidered. All solid pyrolysis products below this
limit value were considered only as pyrogenic carbonaceous materials (PCM).

The EBC certificate guarantees that only climate-positive biochar production
technology is used and does not release unburned pyrolysis gases into the atmo-
sphere. Reference [14] specified the conditions for the safe and harmless operation

EBC—label,
application classes

Parameter EBC—
feed

EBC—
AgroBio

EBC—Agro EBC—
material

EBC—class Class I Class II Class III Class IV

Ultimate analysis TC, Corg, H, N, O, S, ash

Indicator of the degree
of carbonization and
stability

H/Corg <0.7

O/Corg <0.4

Physical properties Water content, dry matter (DM), bulk density, specific surface area (BET),
pH, salt content

Thermogravimetric analysis

Nutrients At least N, P, K, Mg, Ca

Potencially toxic metals
(PTM)

Pb 10 g t�1

(88%DM)
45 g t�1

DM 150 g t�1
DM 250 g t�1

DM

Cd 0.8 g t�1

(88%DM)
0.7 g t�1

DM 1.5 g t�1
DM 5 g t�1

DM

Cu 70 g t�1
DM 100 g t�1

DM 250 g t�1
DM

Ni 25 g t�1
DM 50 g t�1

DM 250 g t�1
DM

Hg 0.1 g t�1

(88%DM)
0.4 g t�1

DM 1 g t1DM

Zn 200 g t�1
DM 400 g t�1

DM 750 g t�1
DM

Cr 70 g t�1
DM 90 g t�1

DM 250 g t�1
DM

As 2 g t�1

(88%DM)
13 g t�1

DM 15 g t�1
DM

Organic contaminants 16 PAH
according to EPA

priority list

4 � 2 g t�1
DM 6.0 � 2.2 g t�1

DM 30 g t�1
DM

Benzo(a)pyren 25 mg t�1

(88%DM)
—

PCB, PCDD/F ([14],
chapter

9)

Once per pyrolysis unit for the first
production batch. For PCB: 0.2 mg kg�1

DM,
for PCDD/F: 20 ng kg�1 (I-TEQ OMS),

respectively.

Table 1.
Limit values for biochar properties.
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of pyrolysis units. Regarding the environment protection and preventing climate
change the most important conditions are: (i) with the exception of the preheating
of the pyrolysis reactor, the use of fossil fuel for heating is prohibited, (ii) if the
pyrolysis reactor is electrically heated, the use of renewable energy source or the use
of surplus electricity is recommended, (iii) the non-condensable pyrolysis gas must
be burned or it can be trapped and used for the chemical industry, (iv) the bio-oil
can also be stored and used for other energy and material purposes, (v) syngas
combustion must comply with national emission thresholds, and (vi) the heat
produced by pyrolysis process must be used.

1.2 EU legislation regarding the energy recovery from waste

The IED Directive [15] shall not apply to pyrolysis and gasification plants
if the gases resulting from this thermal treatment of waste are purified to
such an extent that they are no longer a waste prior to their incineration and
they can cause emissions no higher than those resulting from the burning of
natural gas.

In the EU regulation on waste incineration and co-incineration, the limit values
for polluting substances, related to substances in sludge are presented. There is a
possibility of linking the characteristics of the sludge with environmental pollution
and harm to human health, so the energy recovery from treated sludge must be
provided safely and harmlessly. Data provision and assessment must be made from
a holistic point of view to consider WtE processes. These processes must be evalu-
ated from an economic as well as from the environment point of view regarding the
emissions into the air and into the surface water, and last but not least also regard-
ing the generated residues.

1.2.1 Technical provisions to waste incineration plants and waste co-incineration plants

Technical provisions to the new waste incineration plants and waste co-
incineration plants, according to IED Directive [15] are considered. In Table 2
presented emission limit values of polluting substances into the air according to the
standardized oxygen atmosphere. Limit values for waste incineration plants in
Table 2, footnote a, apply for facilities: (i) that were in operation and have a permit
in accordance with applicable Union law before 28 December 2002, and (ii) that
were authorized or registered for waste incineration and have a permit granted
before 28 December 2002 in accordance with applicable Union law, provided that
the plant was put into operation no later than 28 December 2003. In the view of
the competent authority, these facilities were the subject of a full request for
authorization before 28 December 2002.

Limit value for NOx in Table 2, footnote b, applies for existing waste incinera-
tion plants with a nominal capacity exceeding 6 tonnes per hour or new waste
incineration plants. The limit value for NOx in Table 2, footnote c, applies for
existing waste incineration plants with a nominal capacity of 6 tonnes per hour or
less. A new waste incineration plant means any waste incineration plant not covered
by the existing plant.

Table 3 presents the limits values for polluting substances causing the emissions
into the air according to transitional provisions of the IED Directive. The limit
values shall be applied as follows: (i) in Table 3, footnote a, to combustion plants
that co-incinerate waste from 1 January 2016 referred to the reference ([15],
Article 30 (2)) and (ii) in Table 3, footnote b, to combustion plants that
co-incinerate waste from 7 January 2013 referred to the reference ([15],
Article 30 (3)).
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1.2.2 Technical provisions to technological wastewater from incineration plants and
waste co-incineration plants

In flue gas cleaning technological wastewater is generated, which captures dust
of fly ash and condensed volatile compounds of heavy metals. The generated pro-
cess water must be treated in accordance with the limit values for pollutants in the
generated wastewater, which are uniformly determined for all waste incineration
and co-incineration plants [15]. Limit values for total suspended solids (TSS) in
pre-treated technological wastewater as defined in Annex I of UWWTD [1] are:
(i) 30 mg L�1 by 95% of all results or (ii) 40 mg L�1 by 100% of all results.

In terms of sustainable energy utilization of sewage sludge, in order to prevent
the circulation of already removed polluting substances back to nature, it is neces-
sary to assess the quality of treated technological wastewater and prevent deterio-
ration of the chemical and ecological status of the receiving surface water. Table 4
shows a comparison of the limit values for the discharge of treated technological
wastewater from the incineration and co-incineration plant [15] with the limit
values for good chemical status and very good and good ecological status of receiv-
ing surface water. The chemical status of waters is assessed by the content and
concentration of Environmental quality standards (EQS), expressed as priority
substances (PS) or priority hazardous substances (PHS) [16, 17]. The ecological
status is assessed, among other conditions, by the presence and concentration of
non-synthetic special pollutants (SP) [16]. Since the dilution factor of some pollut-
ing substances in the treated wastewater from the incineration and co-incineration

Polluting substances/standard oxygen
concentration in waste gas

Waste
incineration planta

Cement kilns co-
incinerating waste

Sampling period of waste gas

daily average

11% v/v 10% v/v

Total dust 10 30

TOC 10 (gaseous and vaporous organic substances)

CO 50

HCl 10 10

HF 1 1

SO2 50

NOx as NO2 200b 500

400c

Heavy metals and their compounds A minimum of 30 min and a maximum of 8 h

Cd + Tl
P

tot; 0.05

Hg 0.05

Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V
P

tot; 0.5

Organic pollutants A minimum of 6 h and a maximum of 8 h

Dioxins and furans 0.1

The significance for footnotes a, b and c are provided in the main text of sub-subsection 1.2.1.

Table 2.
Emission limit values for the following polluting substances in mg/Nm3 for heavy metals and in ng/Nm3 in
combination with toxic equivalence factor (TEF) for dioxins and furans in their gaseous and vapor forms.
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Polluting substances/standard oxygen concentration in waste
gas

Total rated thermal input,
MWth

<50 50–
100

100–
300

>300

Sampling period of waste gas

daily average

6% v/v

Total dusta 50 30 25 20

Total dustb 20 10

SO2
a — 400 200

SO2
b 200 150

NOx as NO2
a 300 200

NOx as NO2
b 200 150

Heavy metals and their compounds A minimum of 30 min and a
maximum of 8 h

Cd + Tl
P

tot; 0.05

Hg 0.05

Sb, As, Pb, Cr, Co, Cu, Mn, Ni, V
P

tot; 0.5

Organic pollutants A minimum of 6 h and a
maximum of 8 h

Dioxins and furans 0.1

The significance for footnotes a and b are provided in the main text of sub-subsection 1.2.1.

Table 3.
Emission limit values for combustion plants co-incinerating solid fuels with the exception of biomass for the
following polluting substances in mg/Nm3 and in ng/Nm3 in combination with toxic equivalence factor (TEF)
for dioxins and furans in their gaseous and vapor forms ([15], Articles 30(2) and 30(3)).

Polluting substances IED Directive [15]

Emission limit values for unfiltered samples (mg L�1 except for dioxins
and furans)

Hg 0.03

Cd 0.05

Pb 0.2

Ni 0.5

Dioxins and furans,
TEQ

0.3 ng L�1

As 0.14

Tl 0.05

Cr 0.5

Cu 0.5

Zn 1.5

Table 4.
Emission limit values for discharges of wastewater from the cleaning of waste gases.
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plant into the environment must be around 1000, it is necessary to pay full atten-
tion to this sustainability aspect of the WtE process.

EU Member States may, when assessing the monitoring results against the rele-
vant EQS, take into account: (i) natural background (NB) concentrations for metals
and their compounds where such concentrations prevent compliance with the rele-
vant EQS, (ii) hardness, pH, dissolved organic carbon or (iii) other water quality
parameters that affect the bioavailability of metals, the bioavailable concentrations
being determined using appropriate bioavailability modeling.

Mercury is an atmospheric deposit and is behaving like a ubiquitous persistent,
bioaccumulative and toxic substance (PBT). Due to its volatility mercury is often
present in the environment. Limiting the circulation of mercury in the atmosphere
as much as possible is an important task in establishing the sustainability of sewage
sludge utilization in the CE.

Establishing the sustainable utilization of sewage sludge with WtE processes is
based on a holistic assessment of the environment in which the facility is located.
Sewage sludge is a specific waste stream with a complex composition and only a
good knowledge of all aspects of environmental impact and properties of sewage
sludge allows the design of sustainable WtE technologies from treated sludge.

1.3 EU legislation regarding material recovery from treated waste in the
agriculture

The framework European Sewage sludge Directive (SSD) [6] regulates the use of
sewage sludge in agriculture for the EU Member States. According to reported
quantities on recovery procedures for sewage sludge for the period 2013–2015 in
Europe, 48.5% m/m sewage sludge is used for agriculture [3]. The data in Ref. [3]
show that in many EU Member States this process is still the most topical.

The selection of polluting substances, for which a limit value is set, include
heavy metals, which are potentially toxic and are essential in a small amount for
various biochemical and physiological functions within the plants, animals, and
human [18] (Table 5). A pH limit is additionally prescribed for the quality of the
soil. In adapting its national legislation EU Member States may permit the limit
values they fix to be exceeded in the case of the use of soil and sludge for cultivation
of commercial food crops exclusively for animal consumption (Table 5, footnote a).

Treated sludge
and soil properties

Soila Treated sludgea The maximum annual quantities
of PTM introduced into soilc

pH 6–7 Not relevant —

PTMs mg kg�1
DM kg ha�1 y�1

Cd 1–3 20–40 0.15

Cr Limit value is not defined yet

Cu 50–140b 1000–1750 12

Hg 1–1.5 16–25 0.1

Ni 30–75b 300–400 3

Pb 50–300 750–1200 15

Zn 150–300b 2500–4000 30

The significance for footnotes a, b and c are provided in the main text of the subsection 1.3.

Table 5.
Limit values for use of sewage sludge in agriculture according to SSD [6].
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EU Member States also may permit the limit values they fix to be exceeded in
respect of these parameters on soil with a pH consistently higher than 7 (Table 5,
footnote b). The maximum authorized concentrations of PTMs may not exceed
those values by more than 50%. The EU Member States must also seek to ensure
that there is no resulting hazard to human health or the environment and in partic-
ular to ground water. The amount of PTMs annually spread on soil is calculated on a
10-year average (Table 5, footnote c).

National legislation of the EUMember States regarding the use of sludge in agricul-
ture is not uniform, there are differences in the limit values for the key parameters, and
there is also a difference in the legislation demands between USA and EU [19].

Given the strategic objectives of the CE philosophy and the reduction of waste, it
is necessary to give priority to the use of recovered waste over the depletion of raw
materials. In order to include as much recovered waste as possible in the raw
material cycle, the EU has adopted a Fertilizing Resolution (FR) [20] for the use of
recovered waste in fertilizer, which aims to unify the European fertilizer market.
According to the vision of FR, the ‘EU fertilizing product’ means a fertilizing
product which is labeled with the logo CE (“conformité européenne”) when made
available on the market. It includes fertilizers produced from recovered or organic
materials. The FR, which will not enter full force until 16 July 2022, will not affect
the implementation of SSD [6]. The possibility of using sewage sludge as a fertilizer
product is still ambiguous. From the conditions for the selection of possible treated
waste for use as a fertilizer, it can be understood that this can be all wastes that are
composted or anaerobically stabilized [20].

FR does not prescribe the extent of plant response when applying a particular
fertilizer. Slovenian legislation is more restrictive in this area and prescribes the quan-
tity and quality of the digestate used for the purpose of a fertilizer (Table 6) [21].

1.3.1 Designation of component material categories for the potential EU solid fertilizer

According to FR sewage sludge could be used as input material for the compo-
nent materials categories (CMC) for fertilizer as a blending compost (CMC 3) and
treated digestate (CMC 5), if it does not contain more than 6 mg PAH kgDM

�1.
Tables 7 and 8 provide the basic starting conditions for the quality of the recovered
waste that can be used as input material for the production of a fertilizer.

Biological criteria Unit Quality class 1 Quality
class 2

Plant (Chinese cabbage in pot) germination 15%
m/m or 25% (v/v) granules: fresh vegetable
mass (FVM)

[%
m/m];
[% v/v]

≥ 100% of control substrate;
germination: ≥95%,

germination delay: 0 days

No
limits

Germination rate (Cress in Petri dish) 30% m/m
or 50% v/v granules: FVM

≥90% of control substrate;
germination: ≥90%,

germination delay: 0 days

Green mass (Chinese cabbage), granules: peat
moss 20% m/m

% No limit

Determination of the content of unwanted weed seeds and plant propagules in growing substrates and
soil improvers

Weed seeds and plant propagules, granules: peat
moss 20% m/m

N° L�1 <2

Table 6.
Determination of the plant response. Digestate with >20% m/mDM: Characterization of the effect of digestate
granules as soil improvers and growth substrates on plant germination and growth [21].
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Conditions for use include the content of total MI, polycyclic aromatic hydrocar-
bons (PAHs) as persistent organic pollutant (POPs), adequate stability and content
of pathogens as evidence of hygienic integrity.

According to FR stricter limit values will apply in the future for the presence of
plastics above 2 mm (Table 7, footnote a): (i) from 16 July 2026 the maximum limit
value point shall be no more than 2.5 g/kg dry matter, and (ii) by 16 July 2029 this
limit value shall be re-assessed in order to take into account the progress made with
regards to separate collection of bio-waste.

According to FR, sixteen PAHs have been identified as polluting substances indica-
tive of POPs contamination (Table 7, footnote b): naphthalene, acenaphthylene,
acenaphthene, fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]
anthracene, chrysene, benzo[b]fluoranthene, benzo[k]fluoranthene, benzo[a]pyrene,
indeno[1,2,3-cd]pyrene, dibenzo[a,h]anthracene and benzo[ghi]perylene.

Parameter/
criteria

Unit Compost (CMC 3) Digestate other than fresh crop
digestate (CMC 5)

Macroscopic impurities (MI); Glass, metal, plastics

Particles >5 mm % m/mDM [21] 1thClass, 2sdClass: < 5 1thClass, 2sdClass: < 5

Particles >2 mma 1thClass: < 0.5
2sdClass: < 2

1thClass, 2sdClass: < 2

g kg�1
DM [20] 3 3

MItotal 5 5

POPs

PAHs16
b mg kg�1

DM 6 6

The significance for footnotes a and b are provided in the main text of sub-subsection 1.3.1.

Table 7.
Designation of component material categories (CMCs) for the potential EU solid fertilizer incorporating sewage
sludge [20, 21].

Parameter/criteria Unit Compost
(CMC 3)

Digestate other than fresh
crop digestate (CMC 5)

Stability criteria [20]

Oxygen uptake rate mmol O2 kg
�1

OM h�1 Max 25 Max 25

Residual biogas potential L biogas g�1 VSa — 0.25

Stability criteria [21]

(AT4) mg O2 g
�1

DM < 15 No limit

Acetic acid mg L�1 (mass/volume) < 100 < 300

Propionic acid

Micro-organisms to be tested/pathogens

Salmonella spp. CFU in 25 g Absence

Escherichia colli or
Enterococcaceae

CFU in 1 g 1000b

The significance for footnotes a and b are provided in the main text of sub-subsection 1.3.1.

Table 8.
Designation of component material categories (CMCs) for the potential EU solid fertilizer incorporating sewage
sludge [20, 21].
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Residual biogas potential of digestate (Table 8, footnote a) is an indicator of
mineralization efficiency of excess sludge into the digestate and is expressed as a
produced biogas per unit of material that is lost on ignition of the dry solids at 550°
C. Loss on ignition is expressed as volatile solids (VS). The treatment process of the
digestate must include the hygenization process. It must be free of Salmonella spp.
and the maximum number of Escherichia coli or Enterococcaceae expressed in colony-
forming units (CFU) is 1000 (Table 8, footnote b).

1.3.2 Limit values and declaration for product function categories of the EU fertilizing
products

According to FR the product function categories are: (i) liquid or solid fertilizer
(organic or inorganic straight or compound macro and micronutrients), (ii) liming
material, (iii) organic or inorganic soil improver, (iv) growing medium, (v) non-
microbial plant biostimulant, and (vi) fertilizing product blend [20]. In a solid
organo-mineral fertilizer, each physical unit shall contain organic carbon (Corg) and
all the nutrients in their declared content. A physical unit refers to one of the
component pieces of a product, such as granules or pellets. Inorganic micronutrient
fertilizers shall be made available to the end-user only in packaged form.

If sewage sludge is pre-treated at the site of fertilizer production, the final
product line must be separate from the processing of other input materials, and
there must be a strictly prevented physical contact between the input and output
material during storage.

An organic fertilizer shall contain organic carbon (Corg) and primary nutrients
(PN) (P, K, Ca, Mg, Na, S) of solely biological origin, but no other material which is
fossilized or embedded in geological formations. It shall be derived from plant
residues or livestock manure (Tables 9 and 10).

Table 9 provides the technical specification of product function categories (PFC)
of the EU fertilizing products, which could potentially contain the sewage sludge.

In a solid organo-mineral fertilizer, each physical unit shall contain Corg and all
PN in their declared content (Table 9, footnote a). Limit values shall not apply
where copper or zinc has been intentionally added to an organo-mineral fertilizer
for the purpose of correcting a soil micronutrients (MICN) deficiency and is
declared in accordance with Annex III of FR (Table 9, footnote b).

Straight or compound inorganic fertilizer shall contain one or more primarymacro-
nutrients (PMACN) and one or more secondarymacronutrients (S MACN).Table 10
presents theminimal content for nutrients for those two groups of fertilizer: (i) content
of only one PMACN (Table 10, footnote a), (ii) content of only one PMACN and one
or more SMACN (Table 10, footnote b), (iii) content of more than one PMACN
(Table 10, footnote c), and (iv) content of no PMACN andmore than one SMACN
(Table 10, footnote d). The total sodiumoxide (Na2O) content shall not exceed 40%by
mass (Table 10, footnote e). If an inorganic fertilizer containsmore than 1%bymass of
Corg derivated from chelating or complexing agents, nitrification inhibitors, denitrifi-
cation inhibitors or urease inhibitors, coating agents, urea (CH4N2O), or calcium cyan-
amide (CaCN2) (Table 10, footnote f), shall meet pathogen requirements set out in
Table 8. Limit values shall not apply where copper or zinc has been intentionally added
to an organo-mineral fertilizer for the purpose of correcting a soil micronutrients
deficiency and is declared in accordance with Annex III of FR (Table 10, footnote g).

Declaredminimum content of the total sum of (MICN) boron, cobalt, copper, iron,
manganese, molybdenum, and zinc for compound solid inorganic micronutrient
fertilizer, PFCs 1(C)(II)(b) shall be 5% bymass. That type of fertilizer shall be made
available to the end-user only in packaged form. Contaminants in an inorganic
micronutrient fertilizer must not exceed the limit values presented in Table 11.
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Table 12 presents the limit values and declaration of nutrients for organic soil
improver, inorganic soil improver, growing medium, and non-microbial plant
biostimulant. Declared organic soil improver may contain peat, leonardite, and
lignite, but no other material which is fossilized or embedded in geological forma-
tions. Growing medium could be solid or liquid materials/substrate in which plants
(including algae) grow (Table 12, footnote a).

The plant biostimulant shall be an EU fertilizing product which stimulates plant
nutrition processes independently of the product’s nutrient content with the sole
aim of improving one or more of the following characteristics of the plant or the

Parameter Unit Organic fertilizer, PFC 1(A)(I) Organo-mineral fertilizer, PFC 1
(B)(I)

Content of
only one PN

Content of more
than one PN

Content of
only one PN

Content of more
than one PN

Declaration

Primary nutrients (PN), maximum content

NH4NO3 % N — <16

Primary nutrients (PN), minimal content

Norg % N — 1 0.5

Ntot % N 2.5 1 2.5 2

Ptot % P2O5 2 1 2

Ktot % K2O 2 1 2

Sum of N, P, K % — 4 — 8

Organic carbon

Corg % C 15 7.5a

Limit values

Polluting substances

Cd mg kgDM
�1 1.5 —

Cd (<5% P2O5) — 3

Cd (>5% P2O5) mg Cd
kg�1 of
P2O5

60

CrVI mg kgDM
�1 2

Hg 1

Ni 50

Pb 120

As (in inorganic
compounds)

40

Biuret
(C2H5N3O2)

g kgDM
�1 Not present 12

Potentially toxic metals

Cu mg kgDM
�1 300 600b

Zn 800 1500b

The significance for footnotes a and b are provided in the main text of sub-subsection 1.3.2.

Table 9.
Limit values and declaration for solid PFCs of EU fertilizing products.
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plant rhizosphere: (i) nutrient use efficiency, (ii) tolerance to abiotic stress, (iii)
quality traits, or iv) availability of confined nutrients in the soil or rhizosphere
(Table 12, footnote b). The plant biostimulant shall have the effects that are
claimed on the label for the plants specified thereon (Table 12, footnote c).

Pathogens content of EU fertilizing products declared in Table 12 must not
exceed the limits set out in Table 8. Evaluation of the sewage sludge, its solid
pyrolytic residue (PCM), and its mixture with other treated waste as a fertilizer
according to FR will be a complex procedure. In addition to the physicochemical
evaluation, the EU fertilizer products label will require a number of other adminis-
trative procedures - from packaging to sale.

Parameter Unit Straight inorganic
fertilizer, PFC 1(C)(I)

(a)(i)

Compound inorganic
fertilizer, PFC 1(C)(I)

(a)(ii)

1a 2b 3c 4d

Declaration (% by m/m in the form as available on the market)

Primary macronutrients (P MACN), minimal content

Ntot % N 10 3 —

Ptot % P2O5 12 —

Ktot % K2O 6 —

Secondary macronutrients (S MACN), minimal content

Ca % CaO 12 1.5 — 1.5

Mg % MgO 5 1.5 — 1.5

Nae % Na2O 1 — 1

S % SO3 10 1.5 — 1.5

Sum of P MACN and S MACN % 18

Organic carbon

Corg
f % C <1

Limit values

Polluting substances, maximal content

Cd (>5% P2O5) mg kg�1 of P2O5 60

Cd (<5% P2O5) mg kgDM
�1 3

CrVI 2

Hg 1

Ni 100

Pb 120

As 40

Biuret (C2H5N3O2) g kgDM
�1 12

Perchlorate (ClO4
�) mg kgDM

�1 50

Potentially toxic metals, maximal content

Cu mg kgDM
�1 600g

Zn 1500g

The significance for footnotes a, b, c, d, e, f and g are provided in the main text of sub-subsection 1.3.2.

Table 10.
Limit values and declaration of nutrients for solid inorganic fertilizer declared as a PFCs 1(C)(I).
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2. Materials and methods

In terms of reviewing basic data on morphological, thermal, and physicochemi-
cal properties of sewage sludge, a case study for the CWWTPL was conducted [10].
It is an urban one-stage mechanical-biological wastewater treatment plant aimed at
conventional secondary treatment of municipal wastewater, a small amount of
industrial wastewater, and providing the public service for acceptance and treat-
ment of excess sludge from the small WWTPs and the contents of septic tanks.

Polluting
substance

Fertilizer with more than one MICN, expressed in mg/kg of total
micronutrients content

Cd 200

Hg 100

Ni 2000

Pb 600

As 1000

Table 11.
Upper limit values of polluting substances for compound solid inorganic micronutrient fertilizer, PFCs 1(C)
(II)(b) of EU fertilizing products.

Parameter Unit Organic soil
improver, PFC 3

(A)

Inorganic soil
improver, PFC 3

(B)

Growing
medium,
PFC 4a

Non-microbial
plant

biostimulantb;c

Declaration of nutrients (% by m/m in the form as available on the market)

Biological
origin

% >95 — — —

Dry matter ≥20 — — —

Organic carbon, minimum content

Corg % C 7.5 — — —

Limit values

Polluting substances

Cd mg
kgDM

�1
2 1.5 1.5 1.5

CrVI 2 2 2 2

Hg 1 1 1 1

Ni 50 100 50 50

Pb 120 120 120 120

As (in
inorganic
compounds)

40 40 40 40

Potentially toxic metals

Cu mg
kgDM

�1
300 300 200 600

Zn 800 800 500 1500

The significance for footnotes a, b and c are provided in the main text of sub-subsection 1.3.2.

Table 12.
Limit values and declaration of nutrients for PFCs 3(A), PFCs 3(B), PFCs 4 and non-microbial plant
biostimulant (PFCs 6(B)) of EU fertilizing products.
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The findings of long-term morphology, physicochemical investigations, and
thermal analyses of pelletized dehydrated digestate (granules), produced at
CWWTPL, which were carried out in the period from 2010 to 2020, are presented.
Predominantly accredited methods for physicochemical characterization and
non-accredited methods for morphological properties (bulk density, particle size
distribution, and specific surface area determination) and thermal properties were
applied. Chemical elements that are the basis for WtE processes, the elements that
are important for the use of residues after thermal treatment (combustion or pyrol-
ysis), and elements that are important for the use of granules as a fertilizer or as a
material for soil remediation and improvement of the ecological condition were
determined. Additional research of thermal properties was done with the conven-
tional accredited methods for organic matter content, loss on ignition, and volatile
matter. Enabling more extensive information in the change in weight of granules
under the thermal load was derived with simultaneous thermal analysis of granules
and mass spectroscopy of the released gases.

Confidence in the results of research into the properties of sewage sludge is
based on an appropriate quality control system (including sampling), targeted end-
use, and a list of required parameters. Only high-quality performed analysis enable
credible results and the setting of optimal guidelines for the successful CE.

2.1 Materials

After thickening by mechanical equipment, along with the addition of a strong
cationic polyelectrolyte, the surplus sludge is anaerobically stabilized under
mesophilic conditions at 37–40°C and pH of 7.4 in a digester by a hydraulic reten-
tion time of at least 20 days. The produced digestate is a thick black-gray suspension
of anaerobic biomass with 3.6% m/m of dry matter. Anaerobic stabilization is
followed by centrifugal dehydration (cake production) and granulation in a drum
dryer at 90°C [19]. The drying process is conducted in batch mode. Simultaneously
the digestate cake gets hygenized and granulated. The selection and execution of the
cake drying are in accordance with Technical Standard (TS) from the group CEN/
TC 308, Characterization of sludges, CEN/TR 15473:2007, Good practice for sludge
drying.

Prepared and characterized were also laboratory samples of the basic solid resi-
dues generated after controlled thermal loading of granules in order to simulate
pyrolytic biochar and incineration bottom ash.

2.2 Methods and techniques

Inflow and outflow of water at the CWWTPL are measured continuously with the
Khafagi type venturi meter and an in-line flow meter. The wastewater samples are
prepared, cooled, and stored in accordance with the standards from the group water
quality—sampling: (i) ISO 5667-10:1992, Part 10: Guidance on sampling of waste
waters, and (ii) ISO 5667-3: 2012, Part 3: Preservation and handling of water samples.
The COD in raw and treated wastewater is monitored by measurements of daily
representative 24 h time-proportional composite water samples using method from
the group of standards ISO/TC 14/SC 2 “Physical, chemical and biochemical methods”.

From the composite daily sub-samples, mass-proportional representative batch
and monthly composite samples of dried and pelletized digestate (in granules) are
made, tested, and stored at 5 � 1°C. Similarly, mass-proportional representative
annual composite samples according to monthly delivered amount were prepared
out of the refrigerated monthly samples. For the granules sampling procedure, a
quality system that includes a manual time-proportionate daily sampling in
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accordance to the standard ISO 5667-13:2011, water quality, sampling, Part 13:
Guidance on the sampling of sludge from sewage and water treatment works, and
EN 15002:2015, characterization of waste, preparation of test portions from the
laboratory sample, was established, as well as a routine control of produced granules
as they were shipped to the stakeholder (Table 13). The granules sampling plan
takes into consideration the relevant technical standards (TS): (i) EN 14899:2005,
Characterization of waste, sampling of waste materials, framework for the prepa-
ration and application of a sampling plan, (ii) CEN/TS 15442:2006, Solid recovered
fuels, methods for sampling and (iii) CEN/TR 15310–3:2006, Characterization of
waste, sampling of waste materials, Part 3: Guidance on procedures for sub-
sampling in the field.

Most of the results for the annual representative samples are obtained from official
evaluation prepared for the purpose of conducting a public tender for the transport and
final treatment of granules from the place of origin. The evaluations were prepared by
an authorized contractor [22] and are part of the tender documentation for the imple-
mentation of large value public contracts. Themethods are selected according to the
legal requirements depending on the sample matrix and the scope of the sample under
consideration. Slovenian national legal requirements prescribe the quality of the sewage
sludge used as a bioresource or as amaterial for theWtE, and the range ofmethods and
techniques for quality parameters determination. Standard analytical methods for
characterization of granules as a potential fertilizer (PF) and as a solid recovered fuel
(SRF) were applied as specified by TSs: (i) CEN/TC 223 “Soil improvers and growing
media”, (ii) CEN/TC 292 “Characterization of waste”, (iii) CEN/TC 308
“Characteritation of sludge”, and (iv) CEN/TS 343 “Solid recovered fuels”. In accor-
dance with the CEN/TS 343, TS EN 15402:2011, Determination of the content of
volatile matter (VM), the proportion of VM that causes the granules mass loss in a
covered crucible at a thermal load of 900°C over a period of 7 min is determined.

2.2.1 Sampling pattern for representative samples of granules

Periodicaly, every 3 h, 200 mL samples of granules were manually collected
from the conveyor belt. Preparation of representative composite daily sample for
each shipment is provided by homogenizing and quartering the three-hour sub-
samples. Daily samples are stored in plastic bottles of 1 L at 5°C� 1°C. The sampling
period runs from 1 January to 31 December. At the end of each batch of drying
process preparation of the composite batch sample (sample increment of 400 mL in
volume from each daily sample) is executed by homogenizing and quartering of
sub-samples. Representative batch samples are stored in glass bottles of 0.75 L at
5°C � 1°C. At the end of the calendar month preparation of a composite monthly
sample (sample increment of 400 mL) from each daily sample is provided. Pre-
pared are four composite samples (4 � 1 L) by homogenizing and quartering the
daily sub-samples. The monthly samples are stored at 5°C � 1°C in brown glass
bottles. At the end of the calendar year preparation of a composite mass-
proportional annual sample is prepared from each monthly sample. Four annual
composite samples (4 � 1 L) are obtained by homogenizing and quartering the
monthly sub-samples. Storage is done at 5°C � 1°C in brown glass bottles.

All annual representative samples are still kept properly and are available for
further investigation.

2.2.2 Granules characterization

At CWWTPL the quality control of granules is provided by performing regular
quality control at all levels of sludge pre-treatment. To ensure the stable granules
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quality, dry matter is regularly checked on an hourly and daily basis with moisture
analyzers with a halogen heater. In addition, the quality of representative samples
of batch, monthly and annual samples are checked in the laboratory using standard
analytical methods for characterization of granules: (i) the oven dry method for
moisture content at 103°C (CEN/TC 223, EN 13040:2007, Sample preparation for
chemical and physical tests, determination of dry matter content, moisture content
and laboratory compacted bulk density) and at 105°C (CEN/TC 444, Environmen-
tal characterization, Sludge, treated biowaste, soil and waste, EN 15934:2012,
Calculation of dry matter fraction after determination of dry residue or water
content), (ii) laboratory furnace (LF) for organic matter content (OM) at 450°C
(LF) (CEN/TC 223, EN 13039:2011, Determination of organic matter content and
ash), (iii) LF for loss on ignition (LOI) at 550°C (CEN/TC 292, EN 15169:2017,
Determination of loss on ignition in waste, sludge and sediments), (iv) LF for ash
content at 900°C in LF (CEN/TS 343, EN 15403:2011, Determination of ash con-
tent, modified), and (v) standard laboratory equipment for bulk density (as
received) (CEN/TS 343, CEN/TS 15401:2010, Determination of bulk density, mod-
ified). The content of carbonates (inorganic source of carbon and CO2) is deter-
mined as a mass difference between LOI at 550°C and LOI at 900°C due to the
thermal decomposition of magnesium- and calcium carbonates, predominately
caused by the latter.

Measurements of the specific surface area of granules by gas adsorption are
performed using a Micromeritics ASAP 2020 analyzer according to ISO 9277:2010.
The adsorptive gas was nitrogen, and the specific surface area (SSA) was calculated
using the Brunauer-Emmett-Teller method (BET). A simple method for determining
the ignition temperature in the granules layer was provided by a non-standardized
method in an open LF with flues and with the isothermal temperature program.

To determine the chemical properties of granules the annual composite granular
sample was milled to <1 mm using the Retsch SK1 hammer mill and, when neces-
sary, down to <0.5 mm in the Retsch ZM 200 mill. Microwave-assisted digestion
procedure for preparation of the PF to determine the PTMs content was done with
aqua regia, while microwave-assisted digestion of granules as a SRF was done with a
more invasive acid mixture of concentrated hydrofluoric (HF), nitric (HNO3) and
hydrochloric acid (HCl), and the results obtained are shown in separate tables.

The majority of the methods used for wastewater and granules characterization
are accredited according to the Technical Standard SIST EN ISO/IEC 17025:2017,
General requirements for the competence of testing and calibration laboratories and
performed by authorized contractors.

Simultaneous thermal analysis (STA) with thermogravimetric analysis (TGA),
derivative thermogravimetric analysis (DTG), and differential thermal analysis
(DTA) of granules and mass spectroscopy of released gases are performed in an
oxidative and in an inert atmosphere. STA apparatus (Netzsch’s products were
used) allowed the simultaneous acquisition of mass loss (TGA) and thermal effects
(DTA) during thermal analysis. The DGT curve is obtained by calculating the
derivative of the TG curve. The DTA measurement gives combustion curve or
thermal change curve as a function of thermal load and information on the heat
balance for each stage of thermal decomposition of granules. The DTG analysis
enables a “fingerprint” of the thermal behavior and a thermal decomposition profile
curve (Δm/Δt). Data manipulation and transformation are performed by Netzsch
Proteus 6.1.0 software.

Fingerprint of thermal decomposition of granules for determination of their
behavior at thermal load is carried out on the two representative annual samples
(Table 13): (i) for the year 2010 and (ii) for the year 2012. In 2011 the annual
sample 2010 (labeled as 2010/2011) was characterized with the TGA/DTG/DTA
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analysis in both atmospheres: (i) the inert atmosphere of Ar (purity 99.999%) and
in (ii) the oxidizing atmosphere (80% v/v of Ar and 20% v/v of O2, purity
99.999%). The findings are presented as a short review of the study in Ref. [23]. In
2012 TGA analysis for the annual sample 2012 is performed in both atmospheres
(labeled as 2012/2012), and additional the TGA analysis in both atmospheres for the
sample 2010 (labeled as 2010/2012) for the purpose of comparison was repeated. In
2016 the TGA analysis (inert atmosphere) was repeated on the sample 2012 (labeled
as 2012/2016), and again in 2018 on both samples: (i) the sample 2010 (labeled as
2010/2018), and (b) the sample 2012 (labeled as 2012/2018). Both representative
samples, 2010 and 2012, are still properly stored (closed packaging, in a dark and
cool room). Each time, 100 mg of finelly ground granules were weighed into the
TG/DTA crucible (0.3 mL, Al2O3) and exposed to heating from Troom to 1500°C at
the heating rate of 10 K min�1. Protective and purge gas flows were set to 30 and
50 mL min�1, respectively.

In the year 2017, using a method described by CEN/TS 343, CEN/TR 15716:2008,
Determination of combustion behavior (Combustion behavior), the proximate anal-
ysis was performed on the representative annual sample 2012 (labeled as 2012/2017)
with the TGA technique in the combination with: (i) isothermal and non-isothermal
temperature program in the temperature range from room temperature (Troom) to
900°C in the inert atmosphere, and (ii) the isothermal temperature program in the
oxidative atmosphere at 900°C. The proximate analysis was performed in Netzsch
STA 449 F3 Jupiter. 50.0 � 0.5 mg of the milled granules were used to provide the
analysis. The sample was weighted into the TG/DTA crucible (0.3 mL, Al2O3). The
contents of moisture, volatile matter (VM), fixed carbon (Cfix), and ash were deter-
mined with this single analysis of the granules consisting of several stages. In the first
stage, moisture is determined by sample heating to 110°C with 20 K min�1, keeping
the temperature constant for 15 min in an inert Ar atmosphere (purity 99.999%). VM
is determined by consecutive heating to 900°C at 20 K min�1, followed by an
isothermal hold for 15 min. In the last stage, the purge gas is changed to the oxidizing
atmosphere (80% v/v of Ar and 20% v/v of O2, purity 99.999%), and the temperature
is kept constant at 900°C for 120 min. The mass loss in this stage is attributed to Cfix,
and the residual mass is ascribed as ash.

The year 2012 is chosen also as the reference year for further investigations of
representative annual samples of CWWTPL and comparisons of results obtained in
future research.

Year of operation 2010 2011 2012 2013 2014 2015

No of delivered shipment 165 141 203 165 145 167

No of batch samples 45 60 46 45 42 45

No of monthly samples 12

Annual sample, time period Jan–Oct no s.

Year of operation 2016 2017 2018 2019 2020

No of delivered shipment 176 154 194 194 194

No of batch samples 40 40 37 37 37

No of monthly samples 12

Annual sample, time period Jan–Oct no s. Jan - Dec no s.

no s.—the annual sample was not prepared.

Table 13.
Sampling procedure for granules.
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2.2.3 Characterization of solid residues after thermally treated granules

Two types of techniques for solid residue preparation were used: (i) pyrogenic
residue, prepared with TGA technique using inert atmosphere (pyrolysis, Ar,
99.999 vol%)—2000 mg of granules were isothermally heated for 60 min at 450°C,
in TG crucible 3.4 mL, Al2O3; the procedure was repeated until enough amount of
sample has been achieved, and (ii) simulation of four type of bottom ash - the
ignition (incineration) of granules in the laboratory heating furnace (LF) at 450°C
(240 min), 550°C (180 min), 700°C (120 min) and 900°C (60 min). In the resulting
residues were determined the content of nutrients (TOC, N, P, K, and Mg), the
proportion of volatile part of nutrients due to the thermal treatment, and the
proportion of water-soluble nutrients with the extraction method in accordance
with the TS CEN/TC 223, EN 13652:2002, Extraction of water-soluble nutrients.

3. Results and discussion

3.1 Sewage sludge treatment at the CWWTPL

Because of the mixed sewer system, the amount of treated wastewater over a 10-
year period varies between 1.5 million and 4.045 million m3 per month and 32.6
million m3 in the year 2010 to 24.6 million m3 in 2020. The removed COD varies
between 550 t of O2 to 1770 t of O2 per month and is lower at the higher quantity of
inflow in the period of wet weather.

The average daily amount of excess sludge over a 10-year period is about 17.5
tDM or 51 g PE�1

COD (18.6 kg PE�1
COD year�1). The produced amount of excess

sludge is lower than that reported in the literature (20–25 kg of sludge per one PE
year�1) [5]. Due to the fluctuations of the raw municipal wastewater inflow and
related removed COD (Figure 1), the amount of generated granules, and also their
useful matter content delivered to the stakeholder, varied accordingly (Figure 2).
On average, the daily amount of granules production over a 10-year period is 10.6
tDM or 31 g PE�1

COD (11.3 kg PE�1
COD year�1). Over the year, these values fluctuate

more markedly due to the influence of wastewater temperature on the properties of
activated sludge and consequently on the final quantity and quality of granules.

Dynamics at CWWTPL is very important for the granules stakeholder to be able
to make a risk assessment and adjust his procedures to the quantities and energy

Figure 1.
Dynamics of the amount of treated wastewater and COD removal rate.
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content of granules (Figure 2). The problem for the sustainable use of granules in
agriculture is the seasonal demand for fertilizer, while the granules are generated
over the whole year with the highest production rate in the summer [19]. On
average, 6.380 tDM of excess sludge is produced annually (Figure 3a) with content
of organic matter of 73.0% m/mDM. The anaerobic stabilization reduces the amount
of sludge for 39% m/mDM, yielding about 3880 tDM to be transformed into granules
having average organic matter content of 67.4% m/mDM. By taking over the gran-
ules, the stakeholder gained an average of 55,300 GJ of energy per year in the ten
years period (Figure 3b).

Biogas production in digestor contributes to a double economic benefit. The
amount of sludge is reduced and fuel is obtained for site heat supply (heating the
digester and drying the cake). Biogas production has its seasonal fingerprint as well.
Due to summer conditions at the biological stage of wastewater treatment, the
biogas production (Figure 4a) and the granules NCV (Figure 4b) are lowest. On
average, 17.2 L of biogas per one PECOD was produced at CWWTPL over the
10 years period.

Figure 2.
Dynamics of granules production in their net calorific value (NCV) for the consecutive months in the 10 years
time period.

Figure 3.
Dynamics of 10 years period: (a) excess sludge production and an organic load of inlet wastewater and of excess
sludge, and (b) annual dynamics of granules production, their organic matter content, and calorific value.
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3.2 Granules characterization

3.2.1 Morphologic properties

Table 14 presents data for the morphological characteristics of annual repre-
sentative granules samples. Granules are a dry, homogeneous non-hazardous
hygienized fine-grained waste with a grain size distribution of 2–4 mm (Figure 5a).
No foreign solid particles are observed with the eye. Granules do not contain
macroscopic impurities or solid particles of glass, plastic, and metals exceeding
2 mm in diameter. Also, no other mineral particles exceeding 5 mm in diameter are
present. Granules’ response to mechanical stress expressed as mechanical durability
is 95.6%. Mechanical durability is a measure of the resistance of compressed fuels
toward shocks and/or abrasion during handling and transportation.

Seasonal fluctuations in bulk density in the period from 2017 to 2020 are not
significant, the bulk density of granules is highest in early spring. There is also no
significant fluctuation in bulk density at the annual level. Only the value for the
annual sample 2010 differs significantly (Table 14), and that is also determined for
other quality parameters of that sample, which will be presented below. The volume
of 1m3 granules for the period 2017–2020 has a mass of about 640 kg (Figure 5b).

Granules are slightly basic. Their electrical conductivity is 2.38 mS cm�1, which
means that they contain a small proportion of salts. The granules are compacted,
difficult to break, which is evident in their low value for the specific surface area
(BET) from 0.9 m2 g�1 to 1.4 m2 g�1 (Table 14).

Figure 4.
Seasonal dynamics over the 10 years period: (a) biogas production and (b) NCVar (as received) of granules.

Parameter Unit 2010 2011 2012 2014 2016 2018

Electroconductivity25°C mS cm�1 No a. 3.81 2.38 No a. 2.48 2.71

Specific surface area, BET m2 g�1 0.954 0.934 1.406 No a.

pH — No a. 7.1 7.9 No a. 8.0 7.3

Bulk density kg m�3 704 656 641 683 646 628

Compacted bulk density No a. 683 No a. 702 809

Table 14.
Basic morphologic and physical properties of granules.
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3.2.2 Basic thermal properties of granules: determination with conventional
laboratory methods

Organic matter is the main component of granules, which releases energy during
combustion, rendering steam and CO2. In general, sewage sludge is semi-biomass,
its main constituents being water, organic matter, which is a mixture of residual
decomposition products of excess aerobic biomass and anaerobic decomposition
products, which are mostly denatured proteins (due to cationic polymer addition,
dehydration, and drying of the digestate), carbohydrates, lipids, fatty acids and
inorganic substances (salts and complex natural minerals) are also present. Gran-
ules behavior under thermal load with conventional laboratory methods in the oven
dryer, LF, or combustion chamber (determination of NCV) is an indicator of their
proximate properties: moisture, volatile and organic matter (VM, OM), carbonates,
and ash content (Table 15). The organic fraction or biomass content that can burn
in the presence of oxygen at 450°C is 66.9% m/mDM, the further fraction that can
burn at 550°C is 0.7% m/mDM higher. The share of VM is 53.9% m/mDM, which
means that a high volume of gaseous products is formed during incineration
(Table 15).

Figure 5.
(a) Granules size distribution, and (b) dynamics of granules bulk density.

Parameter Unit 2010 2011 2012 2013 2014 2016 2018

DM, 103°C1 % m/m No a. No a. 91.3 90.8 91.3 90.5 89.9

DM, 105°C2 91.3 90.7 91.5 90.7 91.5 91.0 90.4

OM, 450°C1 % m/mDM No a. 62.7 66.9 65.7 65.7 65.6 66.6

LOI, 550°C2 61.1 67.6 67.6 66.3 67.4 66.3 68.6

Ash, 900°C, modif.3 33.2 31.8 28.5 29.6 29.4 29.8 28.1

VM, 900°C2 No a. No a. 53.9 54.0 53.3 53.0 No a.

Tignition °C 540 560 No a.

Heat content GJ/y 46.58 51.67 55.61 54.50 54.13 57.83 59.27

NCV MJ/kgDM 12.91 13.68 14.90 13.31 14.43 14.16 14.48
1Temperature prescribed for biodegradable waste or biomass.
2Temperature prescribed for treated waste into solid recovered fuel.
3Prescribed temperature is 550°C, but the determination of the residue at 900°C also includes the thermal
decomposition of carbonates.

Table 15.
Basic thermal properties of granules.
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The granules ignition point is determined by a non-standardized method and
apparatus. It means the temperature at which, when heated in an oxidizing atmo-
sphere, the granules spontaneously ignite and immediately continue to burn. The
granules temperature of the ignition (Tignition) is at 550°C on average (Table 15).

Tables 14 and 15 provide the results, which are taken from expert assessments
of granules, which were published in the period from 2010 to 2018 in expert reports
prepared by an authorized waste assessment contractor. Only the results for the
year 2010 differ significantly due to extensive floods on Ljubljana city area and the
inflow of background water to the CWWTPL.

On average, the granules’ dry matter content is at least 90% w/w. Fluctuations in
the results for dry matter content are due to the drier operating conditions, the choice
of analytical method, and determination temperature. It is characteristic of the gran-
ules that they lose most of their mass even at a low temperature of the thermal load,
namely at a temperature of 450°C. With further heating, the weight loss is smaller.

The loss on ignition is often used as an estimate for the content of organic matter
in the sample. Inorganic decomposition products (e.g. H2O, CO2, SO2) are released
and some inorganic substances are volatile under the reaction conditions. Determi-
nation of LOI at 550°C and 900°C allows us to determine the proportion of organic
matter (at 550°C) as well as the proportion of CO2 (at 900°C) resulting from the
thermal decomposition of naturally occurring carbonates that cause CO2 emissions
for which it is not necessary to purchase emission coupons (6a). In 2010, the
contamination of raw wastewater with inorganic impurities led to an increase in the
ash content in the granules (Table 15) and especially an increase in the carbonate
content, which continued in 2011 (Table 15, Figure 6a). Figure 6b also shows the
fluctuation of the calorific value on an annual basis, which is not always logically
related to the fluctuation of the LOI and carbonates.

Granules production at CWWTPL is not a continuous process. Due to the spe-
cific layout of facilities and machine capacity, this process is performed in batch
mode. The quality of representative samples of individual batch series for the year
2020 (Table 13) fluctuates markedly seasonally (Figure 7). The contents of the
biomass (LOI at 450°C) are characterized by the lowest content over the
summer. At that time, the mineral content, determined as the difference between
LOI at 550°C and LOI at 450°C, is also the lowest (Figure 7). The latter mass loss is
probably due to the thermal decomposition of MgCO3 or minerals containing
magnesium, phosphorus, and carbonates.

The summer period is characterized by higher wastewater temperatures, less
precipitation, lower concentration of activated sludge because of more intensive

Figure 6.
(a) Dynamics of LOI of granules at 550°C and carbonates content, and b) comparison of annual dynamics of
LOI of granules at 550°C and NCV.
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removal of excess sludge, and consequently higher granules production, which is
consequently reflected also in their final quality.

At CWWTPL the biogas production is also the lowest during sommer and early
autumn (Figure 4a), the same is true for NCVar (Figure 4b).

3.2.3 Basic thermal properties of granules: determination with the advanced techniques

According to TS Combustion behavior solid fuel combustion consists of three
relatively distinct but overlapping phases: (i) heating phase (time to thermal
decomposition), (ii) pyrolysis, and gas phase combustion (time of gas-phase burn-
ing), and (iii) char combustion (time to char burnout). The STA is the most used
technique in thermal analysis to give us sufficient information about the thermal
behavior of solid fuel.

The results of two techniques of the STA method are provided on granules: (i)
proximate analysis and (ii) fingerprint of thermal decomposition of granules in the
oxidative and inert atmosphere provided by the non-isothermal temperature pro-
gram. The proximate analysis of solid granular fuel executed with the TGA tech-
nique is a standard procedure for the determination of behavior regarding volatile
release and combustion. This technique is comparable with the method as specified
in TS EN 15402:2011 for volatile matter (VM) determination. The proximate analy-
sis was performed according to the prescribed procedure (TS Combustion behav-
ior) on the annual sample 2012/2017.

The obtained results of the performed technique (Figure 8), moisture (8.12%m/
m), VM (51.9% m/mDM), and ash (30.8% m/mDM), are comparable to those
obtained with the conventional methods (Figure 6, Table 15). The proximate
analysis performed with a TGA gives us an additional parameter of solid fuel
properties, and that is a combustible carbon content or fixed carbon (Cfix = 11.8%
m/mDM). When switching an inert atmosphere of thermal loading at 900°C to an
oxidizing atmosphere, further mass loss can be attributed to the carbon remaining
in the sample as elementary carbon, which was bound in substances that were
depolymerized, and thermochemically converted to carbon. 88.2% m/mDM of
granules carbon content is bound in substances which, in an inert atmosphere when
heated to 900°C, are volatile or are thermo-chemically converted into volatile
gaseous compounds. The content of TOC for the annual sample 2012 is 38.4%
m/mDM (Table 15), and only 30.7% m/mDM of carbon as a part of TOC is presented
as a non-volatile matter and is burnout in the third phase of combustion.

The proximate analysis was performed in six stages (Table 16, Figure 8). The
moisture was determined in the first stage, when the sample was heated to 110°C with

Figure 7.
Seasonal dynamics of OM content and LOI of the representative batch samples (Table 13) of the drying process
in the year 2020.
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20 Kmin�1, keeping the temperature constant for 15min in an inert Ar atmosphere. At
the time of 4.8 min, the signal peak for DTG was�1.95% min�1 and the heat balance
was endothermic (Figure 8, Cfix). VMwas determined by consecutive heating to 900°
C at 20 K min�1. This part of proximate analysis consists of three stages: (i) second
stage with two signal peaks for DTG (at 27.0min the first signal peak is�4.34%min�1

and at 30.8 min the second signal peak for DTG is�3.98%min�1), (ii) third stage with
one signal peak for DTG at 51.8 min (�1.01% min�1), and (iii) stage four followed by
the isothermal hold at 900°C in an inert atmosphere for 15 min. In the fifth stage, the
purge gas was changed to the oxidizing atmosphere (80% v/v of Ar and 20% v/v of
O2), and the temperature was kept constant at 900°C for 120 min. In this stage the
carbonized sample was burnout (Cfix), the signal peak for DTG is�1.01 at 80min, and
the heat balance is exothermic. In the sixth stage, only insignificant mass change is
recorded. The residual mass is ascribed as high-temperature ash, and the cumulative
mass loss is 71.8%m/m (Figure 8, Time program). The mass loss followed in 8 steps of
the time program is shown in Figure 8b and Table 16.

The TGA/DTG/DTA granules analysis gives us a useful picture and data on their
behavior, with which we can predict or estimate the course of incineration and

Figure 8.
The proximate analysis of granules (the annual sample 2012/2017) with TGA/DTG/DTA technique: Cfix) the
fingerprint of granules decomposition in an inert atmosphere combined with an oxidative atmosphere in a
sequential mode, and time program) determination of the stages of granules mass loss.

Time program, step Time period, minute Stage Temperature at the
end of time step, °C

Cumulative mass
loss, % m/m

1 0.0–18.0 1 98.5 �8.12

2 18.0–39.0 2 515.1 �50.7

3 39.0–53.4 3 801.8 �57.8

4 53.4–58.4 902.1 �59.0

5 58.4–74.0 4 900.2 �60.0

6 74.0–88.7 5 900.0 �71.7

7 88.7–133.3 6 �71.8

8 133.3–193.3 �71.8

Table 16.
Stages of proximate analysis of the sample 2012/2017—overview of the time program and cumulative mass
loss (Figure 8, time program).
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pyrolysis, the formation of emissions and residues on the full scale [23]. Using the
TGA/DTG/DTA/EGA techniques, we can estimate the temperature range when
substances characteristic of the decomposition of biological macromolecules take
place, formation of the main decomposition gaseous products H2O and CO2, and
determination of the temperature range when biologically inert substances react to
thermal load. The latter allows us to determine the temperature range of CO2 release
resulting from naturally occurring carbonates that cause CO2 emissions for which
no emission coupons need be purchased. Reference [23] conducted a STA study of
the representative annual sample 2010/2011 in an inert (pyrolysis) and oxidative
(incineration) atmosphere. The study shows that in a comparable temperature range
from room temperature to 1000°C the decomposition in an oxidative atmosphere
takes place in at least in two stages, while in an inert atmosphere it takes place in three
stages. Due to the continuous decrease in mass by isothermal temperature program in
an inert atmosphere, the STA was prolonged to 1200°C. In the last temperature range
of the inert atmosphere, the residue mass was further decreased by 4.5%m/m, which
means, that the decomposition in an inert atmosphere takes place in four stages. The
study [23] reveals that the first stage of granules decomposition in the temperature
range from room temperature to 185°C takes place equally regardless of the atmo-
sphere, with the evaporation of H2O. The mass loss in this temperature profile is 6.1%
m/m, while the result for the mass loss for the annual sample 2010, determined with
the conventional oven-dry method (non-isothermal temperature profile), is 8.7% m/
m (Table 15). In both atmospheres, the granules’ thermal behavior in the tempera-
ture range from 185 to 420°C is very dynamic. The highest mass losses are observed:
(i) in an inert atmosphere 32.5% m/m, the signal peak of DTG is �1.97% min�1 at
324°C, and (ii) in an oxidative atmosphere 30.8% m/m, the signal peak of DTG is
�2.14% min�1 at 252°C. This stage in the thermal behavior of granules in both
atmospheres presents the fingerprint for that type of material. It is a result of the
decomposition of a major part of the granules’ biomass. A comparison of the TGA
curves profiles in both atmospheres shows that the TGA curves behave similarly to
the temperature 486°C. At that temperature, the residue mass was 56.0% in the
oxidative atmosphere and 56.4% by mass in the inert atmosphere. The further course
of the TG curves was different.

Slightly different results were obtained in repeated analysis on the newer
aparatous Netzsch STA 449 F3 Jupiter in the year 2012. For the sample 2010/2012
(Figure 9a and b) TGA curves behave similarly to the temperature of 346°C,
whereby the residue mass was 70.1% m/m in the oxidative atmosphere and 71.2%
m/m in the inert atmosphere. To the temperature of 486°C both TGA curves had a
similar slope, with the residue mass being 58.0% m/m in the oxidative atmosphere
and 55.2% m/m in the inert atmosphere. After that temperature TGA curves begin
to behave significantly different.

This means that the presence of oxygen influences mass loss to differ signifi-
cantly only above 486°C, while the dynamics of mass loss (DTG) and changes in
heat balance (DTA) in different atmospheres begin to differ at temperature 185°C,
immediately after the loss of free and bound water [23] (Figure 9). The determined
temperature limit is close to Tignition of granules, which is 550°C (Table 15). The
mass loss for the annual sample 2010 due to decomposition of carbonates
determined with the combination of the two conventional methods in LF (non-
isothermal temperature profile at 550°C and at 900°C) is 5.3% m/mDM (Figure 6a).
Carbonates content evaluated on the basis of the fingerprint for thermal behavior
(isothermal temperature profile) for the sample 2010/2011 is 6.5% m/m, and for the
sample 2010/2012 9.2% m/m (Figure 9a, pyrolysis mass loss from 550 to 900°C).
Similar behavior was confirmed in the sample 2012/2012 analysis (Figure 9c and
d), which had at 346°C the residue mass of 67.1% m/m in the oxidative atmosphere
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and 66.1% m/m in the inert atmosphere, and at 486°C the residue mass was 54.8%
in the oxidative atmosphere and 49.1% m/m in the inert atmosphere.

In order to determine the impact on the stability of annual representative sam-
ples due to longer storage and in order to determine the repeatability of the TGA/
DTA/DTG techniques, repeated thermogravimetric analysis in an inert atmosphere
were performed on annual samples 2010 and 2012 (pyrolysis) (Figure 10). Com-
pared to the analysis in the year 2011 [23] when apparatus Netzsch STA 409 was
used with the temperature range from room temperature to 1200°C, aparatous
Netzsch STA 449 F3 Jupiter was used, which allows the temperature range from
room temperature to 1500°C, and the heating rate was the same. Repeated analysis
were performed in the years (Figure 10): (i) 2012 (sample 2010/2012 and sample
2012/2012), (ii) 2016 (2012/2016), and 2018 (2010/2018 and 2012/2018). The
partial mass loss of samples at individual characteristic temperatures is repeated in
the same way in all samples (Figure 11a), with only a slight upward trend at 400°C.
The same is true for the peaks of the DTG signals (Figure 11b). There were no
significant biological-chemical transformations or a significant change observed in
the quality of granules after the storage period. Some substances became slightly
more thermally stable, suggesting a smaller temperature lag for the DTG signal
peaks toward higher temperatures (Table 17).

Pyrolysis is an anaerobic thermo-chemical decomposition process that enables
the generation of various useful groups of substances from the treated sludge,
which can then be utilized separately in various energy and material recovery

Figure 9.
Comparison of the fingerprint of thermal decomposition in the oxidative and the inert atmosphere for (a) mass
loss for each stage for sample 2010/2012, (b) thermogram for sample 2010/2012, (c) mass loss for each stage
for sample 2012/2012, and d) thermogram for sample 2012/2012.
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Figure 10.
Fingerprint of thermal decomposition in an inert atmosphere for annual samples 2010 and 2012 - analyzed in
2011, 2012, 2016, and 2018.

Figure 11.
Comparison of the fingerprint of thermal decomposition in the inert atmosphere (5 stages of mass loss) for the
annual samples 2010 and 2012 (analyzed in the years 2011, 2012, 2016 in 2018) at the temperature of the
DTGpeak for the sample 2012/2016 (Figure 10, Table 17): (a) Δmass loss (% m/m) and (b) DTG
(% min�1).

Stage of thermal conversion, °C 1st
Troom—190

2nd
191–550

3rd
551–900

4th
901–1230

5th
1231–1500

Sample/year of analysis Tpeak(DTG), °C

2010/2011 121 269 324 758 1114 —

2010/2012 120 277 329 759 1099 1383

2010/2018 121 282 337 768 1116 1393

2012/2012 123 279 332 753 1093 1345

2012/2016 123 278 338 757 1080 1360

2012/2018 127 279 339 763 1094 1366

Table 17.
Comparison of Tpeak(DTG) of the samples 2010 and 2012 analyzed in 2011 (only sample 2010), 2012, 2016
(only sample 2012), and 2018.
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processes. Due to carbonization, part of the carbon remains in the residue (PCM) as
bound carbon, so pyrolysis is useful as a technology that reduces the carbon foot-
print as opposed to the incineration procedure that generates greenhouse gases. The
use of PCM in agriculture actually means carbon sequestration and thus a double
bonus for the environment.

Further pyrolytic experiments were performed on the sample 2012 [13, 24].
Under pyrolytic conditions two main processes were taken place—volatilization
and carbonization. Despite the high temperature (up to 1.500°C) that was reached
in the apparatus Netzsch STA 449 F3 Jupiter (Figure 9d and 10) the sample during
pyrolysis remained solid. Melting of ashes occurs during granules incineration
above temperature 1100°C. The pyrolytic products are [24]: (i) solid residue (pyro-
genic material), (ii) aqueous light oily fraction (water condensate), (iii) pyrolysis
oil as a heavy fraction (bio-oil), and (iv) non-condensable gas (syngas). The latter
product was continuously withdrawn from the reactor and was co-fired (potential
recovery procedure R 1). The semi-pilot scale experiment yielded [24]: 15.1% m/m
syngas, 17.8% m/m water condensate, 16.8% m/m bio-oil and 50.3% m/m of PCM.
Most of the water condensate originating from moisture, chemically or crystalline
bound water, and water produced during thermal decomposition of the sludge was
collected in the light oily fraction and contains a high concentration of condensed
water-soluble substances. The yield of the most valuable product bio-oil was low
due to the low content of macromolecules and their poor quality (oxidized and
degraded organic matter). The bio-oil must be further refined and completely free
of water to make it useful as a fuel. The produced PCM contained 32.4% of carbon
by weight and had a calorific value of 11.1 MJ kg�1.

3.2.4 Characterization of granules according to energy and material recovery operations

Despite anaerobic stabilization and biogas production (Figure 4a), there is still
enough organic matter left in the granules that can be used for WtE process
(Figure 6, Tables 15 and 18). Table 18 provides the chemical properties of repre-
sentative annual samples for the period from 2010 to 2018. In addition to energy
recovery, the WtE processes enable also the material recovery of many inorganic
compounds or elements present in the granules. They also contain some interesting
elements that remain in the ash. These are primarily elements of the lithosphere
(silicon, calcium, sodium, magnesium, aluminum, potassium, and iron, all in the
form of oxides). They are in addition to carbon, nitrogen, hydrogen, sulfur and
phosphorus the major elements in treated sludge (Table 18). Some other elements
presented in Table 18 are also on the list of critical raw materials [25, 26].

Untreated ash may be used in the construction industry. All procedures of
material recovery must be used sensibly because during combustion granules sub-
stances are thermo-chemically converted, most of the elements are converted into
oxides that are insoluble in water and their bioavailability is highly questionable.

Recovery procedures regarding ash utilization on the full scale, which purpose is
to obtain only a certain element, e.g. extraction of phosphorus or other critical raw
materials, are economically still unprofitable. WtE processes have economic bene-
fits, but the facilities are also the source of emission of produced volatile compounds
and particles into the air (Tables 2–4). Table 18 presents the parameters, which are
arranged in different groups: (i) elements relevant to the economic benefits, but are
also the source of emission into the air (C, H, N, and S), (ii) halogens, which can
cause corrosion of mechanical equipment (F and Cl), (iii) the major elements,
which are important for material recovery of the ash (P), and (iv) volatile metals
and their compounds, that are harmful to human health (Cd, Hg). Based on the
given values for all the listed elements (Table 18), it is not possible to accurately
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Parameter Unit 2010* 2011* 2012 2013 2014 2016 2018

Economic benefits, source of green CO2 of biological origin, and natural source of inorganic
CO2/emission into the atmosphere [15]

TC/Ctot % m/mDM No a. No a. 40.4 41.2 39.5 43.0 42.6

TOC/Corg 29.04 33.6 38.4 37.6 39.5 33.1 35.7

H 4.57 5.58 4.38 4.21 5.08 No a.

N % m/mDM NO2 16.1 17.9 20.2 19.4 18.3 18.9 19.7

S % m/mDM SO2 1.52 1.78 2.30 1.86 2.52 2.12 1.60

Corosion potential

F % m/mDM HF 0.011 0.012 0.013 0.012 0.015 No a.

Cl % m/mDM HCl 0.011 0.066 0.088 0.098 0.113 0.123 0.076

Potential resource recovery of inorganic compounds/ash components

TIC % m/mDM No a. No a. 2.0 3.6 <0.1 9.9 6.9

P 1.07 2.18 2.22* 1.92 1.77 1.62* 1.45*

Fe 1.2 1.1 0.92 1.1 1.2 No a.

Al 1.0 0.97 0.88 0.78 0.88 No a.

SiO2 mg kgDM
�1 Si 510 1700 1510 no a. 4700 No a.

Sitot % m/mDM No a. No a. 3.3 5.6 6.1 9.4 7.6

Ca 5.2 5.1 4.6* 4.8 4.7 3.65* 6.4*

Mg 1.0 1.1 0.96* 0.42 No a.

Ti No a. No a. 0.14 0.15

Ktot 0.22 0.23 0.30* 0.36 0.39 0.28* 0.32*

Na No a. No a. 0.12 0.14 No a.

Environmental impact/volatile metals and their compounds (VMs)/emission into the atmosphere
[8, 15].

Sb mg kgDM
�1 < 20 < 20 4.3 3.7 2.6 3.5** 2.7

As < 20 < 20 3.5 3.9 3.8 3.6** 3.3

Co 9.0 9.6 17 8.4 6.7 9.7** 6.8

Cu 310 300 350 410 540 230* 350

Mn 270 280 310 270 300 No a. 250

Cd 1.0 1.1 1.2 1.2 1.1 1.1** 0.80

Cr 84 100 120 110 110 130** 100

Hg 2.6 2.7 1.8 1.7 2.3 1.7** 1.14

Ni 54 60 86 82 80 73** 75

Pb 84 85 93 80 78 85** 66

V <20 <20 17 18 19 No a. 20

Tl <10 <10 <0.5 <0.5 <0.5 0.13
P

VMs <885 <838 <1000 <985 <1264 — 874

Scan of additional parameters with economic or environmental significance

Ba mg kgDM
�1 260 260 320 260 260 No a.

Be No a. <0.50 <0.5 <0.5 <0.5

Br <50 30 <21 <37 62
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predict whether the WtE process will exceed the permitted emissions into the
environment. The latter will certainly occur if the flue gas cleaning system is
inadequate. For the sustainable energy use of granules, in addition to reducing their
amount and economic benefits offered by this recovery procedure, it is very
important that advanced flue gas cleaning and volatile metal removal techniques
prevent the polluting substances their circulation in nature as much as possible. The
granules produced at CWWTPL are a sustainable material for SRF is revealed by
reference [27]. The latter is a case study of the establishment of an integral quality
system for wastewater treatment and sludge management at CWWTPL according
to TS CEN/TS 343, EN 15358:2011, Quality management system, Particular require-
ments for their application to the production of SRFs. For the period from 2012 to
2020, a classification of the granules defines their conformity as an SRF with Class
code NCV 3–4; Cl 1; Hg 3. In Ref. [27] is also pointed out that mercury is one of the
most problematic volatile metals regarding the quality of cleaned flue gases. It is
transmitted to the environment through flue gas emissions [28]. By effectively
cleaning the flue gases generated by WtE processes, we achieve the interruption of
the circulation of substances that cause emissions into the air.

3.2.5 Granules and their solid residues after thermally loading evaluation as a fertilizer

In the EU the use of sewage sludge in agriculture is regulated by the framework
directive SSD [6], which is summarized differently in each EU Member State. The
limit values for soil and sewage sludge quality prescribed by SSD are presented in
Table 5. The set of parameters for which the SSD prescribes limit values is short. It
also does not prescribe a declaration for the content of Corg, primary nutrients,
secondary nutrients, macronutrients, and micronutrients as does the Fertilizing
Resolution (FR) (Tables 9, 10 and 12). In general, the existing European market for
fertilizers, which are produced from treated waste, is non-uniform. The latter will
be addressed by (FR) [20], which will take full effect from 16 July 2022
(Tables 7–12). The use of granules in agriculture should be viewed in terms of soil
quality (heavy metal content, pH, organic content) and in terms of granules quality.
For their application, it is necessary to take into account the seasonal time, the type
of plantation, the purpose of the crop usage, and the period of the plant growth.

Metals in the environment are usually in the form of compounds. Soil pH plays
an important role in the bioavailability of heavy metals into the plant. If the soil is
alkaline, soluble metal ions precipitate into less soluble compounds, e.g. hydroxides,
which are less bioavailable and therefore less harmful. Elements in granules can
have the function of nutrients if they are water-soluble or if they are bioavailable.
This is especially important for phosphorus and potassium.

Table 19 presents the biological properties of representative annual samples for
the years 2016 and 2018. Granules are anaerobically stabilized and hygienized
waste, which therefore has limited biological properties and, depending on the
degree of stabilization, still has the possibility of further self-degradation. In terms

Parameter Unit 2010* 2011* 2012 2013 2014 2016 2018

Se <20 <20 3.4 3.1 4.4

Zn 920 970 1000* 930 920 720* 790*

*Digestion for subsequent determination of aqua regia soluble portion of elements.
**Average of ten representative monthly samples (Jan-Oct.).

Table 18.
Basic physicochemical properties of granules, interesting for WtE processes.
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of the “stability” parameter, the limit value for short-chain fatty acids for 2018 was
slightly exceeded (Tables 8 and 19). There is no limit value for parameter AT4 for
granules as a digestate. The biological properties of the granules are suitable. By
preparing an appropriate substrate, they enable germination and plant growth and
do not introduce weeds into the plantation (Table 19).

In addition to Corg, the granules contain a wide range of other elements, which
are declared as either primary nutrients, secondary nutrients, or macro-and micro-
elements. Table 20 presents the chemical composition of representative annual
samples for the period from 2010 to 2018. The values of the elements are expressed
in units, as prescribed for the declaration and limit values of the elements or their
relevant compounds according to FR [20] (Tables 9–12). Among the polluting
substances in the granules, the most critical is mercury, the value of which exceeds
the limit values for fertilizers (Tables 9, 10 and 12). Mercury is an environmental
pollutant from atmospheric deposition, which enters with precipitations to a
municipal treatment plant. The effect of biological removal of mercury from
wastewater at CWWTPL is 84.6% on average with standard deviation of � 17.0%
[19, 27], so municipal wastewater treatment plants play an important role in
preventing the circulation of mercury in the environment and protecting human
health. The phenomenon of Hg content in Slovenia is historically linked to the
operation of a mercury mine in Idrija, where cinnabarite ore mining was supposed
to begin in the last decade of the 15th century, and ceased in 1977. It was the second-
largest cinnabarite mine in the world. In the period from 2010 to 2018, a decrease in
Hg content in granules produced at CWWTPL is observed (Tables 18 and 20). It is
likely that the Hg content will continue to decline.

The general finding regarding the possible use of granules as compost or
digestate is that these two treated forms of treated sludge are useful primarily as an
additive to other processed waste, which then forms a mixture corresponding to the
quality declaration and limit values set by FR.

Parameter Unit 2016 2018

Stability criteria

(AT4) mg O2 g
�1

DM 43 35

Acetic acid mg L�1

(mass/volume)
236 530

Propionic acid 57.9 38

Soil improvers and growing media/determination of plant response

The effect of granules as a soil improver and growth substrate on plant germination and growth

Plant germination and growth (Chinese cabbage) % m/m 731 874

Germination rate (Cress) 532 475

Green mass (Chinese cabbage) 03 796

Determination of the content of unwanted weed seeds and plant propagules in granules as a growing
substrate and soil improver

Weed seeds and plant propagules, granules: peat moss 20%m/m N° L�1 <2 <2
1Granules: peat moss 30% m/m.
2Granules: peat moss 32% m/m.
3The green part of the plant did not develop.
4Granules: peat moss 15% m/m.
5Granules: peat moss 33% m/m.
6Granules: peat moss 15% m/m.

Table 19.
Biological parameters/stability criteria of CWWTPL granules [21].
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Solid residues generated at thermally treated sludge are an interesting substitute
for phosphorus-potassium fertilizers and, in addition, a good conditioner for acidic,
mineral-poor soils. At the laboratory level, the study was carried out regarding the
water solubility of nutrients in resulting residues from the sample 2012 after its

Parameter Unit 2010 2011 2012 2014 2016 2018

Declaration

PN (Table 9)

Ctot % C No a. No a. 36.6 36.1 35.9 38.5

Corg % C 26.51 30.4. 34.8 36.1 30.1 32.3

NH4-N % N No a. 0.63 No a.

mg kg�1
DM, soluble in water No a. 2271 2260 2600

NO3-N No a. <2.5 16

Norg % N No a. No a. 4.8 No a.

Ntot % N 4.17 4.94 5.57 5.07 5.20 5.49

kg N m�3 26.7 31.7 35.7 34.8 33.6 34.4

P % P2O5 2.25 4.99 4.62 3.72* 3.36 3.01

K % K2O 0.244 0.255 0.326 4.30* 3.09 3.44

S MACN (Table 10)

Ca CaO, % 6.69 6.50 5.80 6.02* 4.64 8.10

Mg MgO, % 1.53 1.64 1.49 1.67* No a.

Na Na2O, % No a. No a. 0.147* 0.109*

S SO3, % 1.72 2.02 2.60 2.88 2.41 1.86

MICN (Table 11)

Fe % 1.10 1.00 0.836* 1.10* No a.

Mn 0.0248 0.0255 0.0281* 0.0274* No a. 0.0226*

Cu 0.0285 0.0273 0.0281 0.0494* 0.0209 0.0325

Zn 0.0846 0.0884 0.0906 0.0842* 0.0655 0.0714

B mg kg�1 No a.

Co 8.3 8.7 15.4* 6.1* 8.8* 6.2*

Mo <50 <50 7.5 8.2* No a.

Environmental aspects

Polluting substances, PTMs

Cd mg kgDM
�1 1.0 1.1 1.1 No a. 0.82 0.88

Cr 84 100 93 90 110

Hg 2.6 2.7 1.6 0.83 1.4

Ni 54 60 73 49 72

Pb 84 85 85 61 66

As <20 <20 3.5* 3.8* 3.6* 3.3*

*Microwave-assisted digestion with hydrofluoric (HF), nitric (HNO3), and hydrochloric (HCl) acid mixture for
subsequent determination of elements.

Table 20.
Basic physicochemical properties of granules, relevant for fertilizing.
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exposure to inert and oxidative thermal treatment (Table 21). PCM is by mass the
major pyrolytic product with the organic carbon content of 29.4% m/mDM, BET
surface area of 6.82 m2 g�1, and bulk density of 820 kg m�3. The study on the water
solubility of generated PCM shows that pyrolysis offers a much greater opportunity
for material recovery from sewage sludge than from incineration ashes. It was
found that the water solubility of phosphorus in treated sludge’s PCM produced at
450°C is higher compared to the residues from the oxidizing atmosphere; in con-
trast, the water solubility of K and Mg is lower (Table 21). According to ashes
properties, it was found that the highest water solubility and the highest BET

Parameter Unit Granules
2012

Technique for residues preparation;
temperature of thermal load (°C)

Pyrolysis,
TGA

Incineration, LF

450 450 550 700 900

PCM 2012 ASH
450

ASH
550

ASH
700

ASH
900

Solid fraction

Shape — Granules

Mass loss by preparation

Mass loss % VolatileDM — 57.3 55.4 68.0 71.5 71.5

Pvolatile % m/mDM of Ptotal No a. <0.001

Mgvolatile % m/mDM of Mgtotal <0.02 77.3

Kvolatile % m/mDM of Ktotal <0.02 16.4 No a. 16.2

Physicochemical properties

BET area m2 g�1 0.934 6.82 52.4 31.6 18.2 8.49

Bulk
density

kg m�3 641 820 590 360 440 530

TOC % m/mDM 38.4 29.4 No a.

TC 40.4 29.4

Ntot 6.15 4.12

P mg kg�1
DM 22,253 40,870 69,150 70,517 76,050 83,155

Mg 9949 18,985 30,270 32,233 34,500 7700

K 2989 4085 6205 7801 7810 8800

Water-soluble nutrients

pH — 7.8 8.0 6.8 9.1 12.4 12.4

P % m/mDM of Ptotal 5.76 5.37 0.16 <0.01

mg kg�1
DM 1282 2195 112 <10

Mg % m/mDM of Mgtotal 1.91 1.30 4.66 4.64 <0.002

mg kg�1
DM 184 246 1411 1496 <2

K % m/mDM of Ktotal 23.6 3.82 26.14 12.1 9.47 3.20

mg kg�1
DM 706 156 1622 943 740 282

Table 21.
Fraction characterization of granules and their solid residues after thermal treatment.
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surface area has the ash generated at 450°C. At higher temperatures of oxidative
thermal treatment, the nutrients are chemically converted to a form that is no
longer water-soluble, reducing the possibility of nutrient recovery of the residue
(Table 21) [29]. The advantage of extracting phosphorus from PCM is also that
pyrolysis does not cause sintering or melting, as happens with incineration at
temperatures above 1000°C. According to the guidelines for sustainable production
of biochar [14], it is potentially useful as a fertilizer for non-agricultural land, for
reclamation of degraded land, and for the preparation of artificial soils. It could be
used to amend depleted soil to increase fertility, porosity, and water retention.
However, the concentration of copper and nickel increases due to the volatile and
decomposed fraction of the pellets, while the concentration of mercury decreases
[13, 19].

To increase the useful bioavailable components new economically viable tech-
nologies need to be developed to liberate the nutrients from sewage sludge ash.
Some materials recovered from the UWWTS are still considered waste even if they
are of good quality and have a market value [9]. At the moment, European legisla-
tion does not favor the recycling of these materials in the economy. The example of
the FR, explicitly defining the conditions or processes under which struvite or ashes
produced from UWWTS could cease to be a waste and become a product, is a good
starting point [9]. Due to the impoverishment of natural sources of phosphorus, it is
especially important to find opportunities for recycling it.

4. Conclusions

Municipal wastewater is a product of human life. With the help of natural
processes, man has created suitable conditions for its biological treatment. Gener-
ated sewage sludge is of biogenic origin, its production is dynamic, and that is
reflected in seasonal fluctuations of its quality and quantity. The results of dried
sludge granules analysis over a 10-year period of operation at the CWWTPL are
presented, as well as the year 2020, which is the starting year for the upcoming new
ten-year period. 2020 is also a control year for many forecasts of improving the
environment and preventing climate change. The data provide a comprehensive
insight into the properties and potentials of treated sludge and allow thoughtful
studies for use of this smart material in WtE, critical raw material recovery, organic
matter recovery with pyrolysis, and agricultural use of the solid pyrolytic product or
as raw granules.

The sewage sludge composition during the period 2010–2020 is similar, only
2010 differs markedly, which was characterized by heavy floods. They did not spare
the capital of Slovenia, when a lot of urban area were under the water. Normal
changes of anthropogenic or meteorological behavior do not have any special effect
on the average annual values of granules. Within a year, these values fluctuate more
markedly due to the influence of wastewater temperature on the properties of
activated sludge and consequently on the final quality of granules.

Knowledge of the sewage sludge properties enables quick adaptation to the
requirements of the revised legislation and, above all, prudent use. The chapter
brings together and comments on existing legislation and also legislation in prepa-
ration. The data make it possible to compare the quality of granules with other
UWWTPs and confirm the feasibility of the drying technology of dehydrated
digestate.

For energy recovery, sewage sludge must be used in technically advanced facil-
ities to prevent harmful emissions of substances into the air and prevent the circu-
lation of harmful substances in nature.
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For the use of sewage sludge in agriculture, it is important to emphasize that this
is a material that would make sense to add to the mixture of components for
fertilizer and not just as a stand-alone substrate, while controlling the quality of the
soil and that the application to the soil is in the form of a dynamic approach. Annual
application amount, soil quality control, seasonal application period, and type of
crop must be planned. With a dynamic approach, it is necessary to prevent the limit
values for polluting substances per hectare of agricultural land from being
exceeded.

Pyrolysis is a specific thermochemical decomposition of biomass into a range of
useful products without oxygen. Pyrogenic carbonaceous materials are by mass the
major pyrolytic product of treated sludge, but it has not yet been included in the
EBC feedstock list and is therefore not subject to the EBC guidelines.

The study on the water solubility of generated residues after thermal treatment
of granules shows that pyrolysis offers a much greater opportunity for material
recovery from sewage sludge. It was found that the water solubility of phosphorus
in biochar produced at 450°C is higher compared to the residues from the oxidizing
atmosphere; in contrast, the water solubility of K and Mg is lower.

Without good sludge quality control, a sustainable strategy for the use of treated
sludge in the CE cannot be achieved. To have confidence in the results of research
into the properties of sewage sludge, it is necessary to have a good sampling proce-
dure, targeted end-use, and a list of required parameters. Only high-quality analysis
enables confidence in the results and the setting of optimal guidelines for a success-
ful CE. Such an approach to sewage sludge quality control improves the public
acceptance of this material in the CE.

The scope of analysis to determine the properties of sewage sludge can be
reduced if the quality of sewage sludge is well known and the technology of
municipal wastewater treatment and its quality does not change significantly.
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Chapter 20

Activated Carbons from Waste 
Tyre Pyrolysis: Application
Mzukisi Matandabuzo and Delford Dovorogwa

Abstract

The development of better and efficient methods of consuming less and/or 
wasting little resource materials is becoming more important. In this study, pyro-
lytic waste tyre carbon black residue and commercial grade activated carbon were 
characterized and evaluated against adsorption of mercury vapor. The performance 
of the raw carbon black residue and the activated carbon against mercury vapor 
generated in the laboratory was determined using a designed reactor system. The 
adsorption of Hg+ was investigated at temperatures ranging from 200 to 280°C 
for 6 hours. Batch experiments were conducted for the different carbon residue 
samples and characterization analysis were done before and after adsorption using 
the spectroscopic, microscopic, and structural techniques to elucidate the structural 
arrangements and properties of the carbonaceous materials. Spectroscopic analysis 
of these carbonaceous residues showed a C=C stretching vibration attributed to the 
lignocellulose aromatic ring at 1657–2000 cm−1. Comparatively, it was also observed 
that the Infrared spectrum of raw carbon black exhibits less functional groups as 
compared to the H2SO4-AC and H2O2-AC carbonaceous residues prepared.

Keywords: Tyre waste, pyrolysis, activated carbon, mercury vapor, adsorption

1. Introduction

The continually growing global economies inevitably results in a steady increase 
of the automobile industry, which unavoidably produces huge amounts of end-of-
life waste tyres. It is estimated that about 1.5 billion waste tyres are produced annu-
ally worldwide [1]. In South Africa, the majority of these waste tyres are landfilled 
and do not readily decompose, contributing to both land and air pollution [2]. The 
carbon black currently produced via pyrolysis has not been put to any significant 
use as to justify its economic/environmental production from the plant operations. 
On the hand, mercury (Hg) is a known neurotoxin and can be dangerous once it 
is released into the environment [3]. It is a toxic heavy metal that bio accumulates 
in organisms and causes brain and liver damage if digested or inhaled by human 
beings. The efficiency and sustainability of control and management of mercury 
vapor release from compact flourescent lamp waste in South Africa, however is not 
adequately documented and therefore specific studies aimed at developing cheaper 
and locally available technology to control this are necessary.

The phenomenon of mercury, (Hg vapor) Hg-vapor sorption is well recognized 
and accepted. However, vapor sorption of many vapors is a well-recognized physi-
cal principle. Gaseous materials such as Hg vapor diffuse into a solid host material 
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because of differences in concentration. This driving force for adsorption continues 
until equilibrium conditions are established between the vapor phase and the solid 
phase. The solubility of one material in another is generally governed by the rule 
“like dissolves like.” Mercury vapor exists as a nonpolar molecule that would likely 
be most soluble in nonpolar substances such as other metals and nonpolar hydro-
carbons [4]. At first glance the new energy efficient lighting technology appears to 
be the better way to reduce energy consumption and protecting the environment. 
However, the serious mercury management concerns associated with use of CFL 
lamps needs to be considered and addressed. Depending on the type of lamp, a 
longitudinal compact fluorescent lamp may contain mercury from greater than 0.1 
up to 100 milligrams (mg). Although cleaning and recovery methods have been 
developed and are implementation stages, efficient levels of the containment of 
the released mercury vapor during the recycling processes are not clearly known. 
Therefore there is a need for the development of a cheaper and locally available 
mercury recovery adsorbent material from waste tyres pyrolytic carbonaceous 
residues for use at recycling facilities in South Africa. This study therefore seeks to 
investigate the use of carbon black residue from waste tyre pyrolysis as an adsorp-
tion agent for the removal of mercury vapor from fluorescent lamp waste recycling, 
yet another waste hurdle, the country is grappling on.

2. Materials and methods

2.1 Preparation of waste tyre carbon materials

Two forms of carbon residues were considered during this research study on the 
characterization and development of a sustainable adsorption material for mercury 
vapor recovery. One form of the carbon residue was sourced from waste tyre pyrolysis 
by-product, the carbon black residue by RECO, a waste to energy Solution Company 
based in Pretoria, Gauteng province. The other carbon residue sample was a com-
mercially available activated carbon collected from RECLITE, a fluorescent lamp 
waste recycling company based in Germiston, Johannesburg, Gauteng Province in 
South Africa. The company, RECLITE, has imported the fluorescent lamp recycling 
plant, including the activated carbon filter cartridges from Sweden. The commercial 
grade Activated Carbon was produced and supplied by MRT Systems, Swedish based 
company specializing in technology and equipment for the safe disposal/recycling of 
mercury containing waste products. All chemicals and reagents were obtained from 
Sigma-Aldrich Merck and used as received unless stated otherwise. Sulfuric acid 
(95–99% H2SO4), hydrogen hydroxide (H2O2), and 32% hydrochloric acid (HCl). The 
experimental materials include the following: Electric Oven (0–300°C), 100 mL volu-
metric flasks, de-ionized water, desiccator, vacuum filter, drying oven (Temperature 
90–120°C for drying Carbon black C\char), and the Carbon black (CB) was collected 
RECOR. The carbon black was taken into the oven (Scientific Oven Series 2000 
Labotec SA) at 120°C to dry. After drying, it was crushed and sieved into smaller 
pieces of about 0.85–0.1 mm internal diameter (Figure 1A and B). The as-prepared 
sieved carbon black material was stored in an Oven at 100°C prior to activation.

2.2 Activation of carbon black

Activated carbon (AC) was prepared from waste tyre pyrolytic carbon black 
using one-step chemical activation method [5]. The two different chemical activat-
ing agents, Sulfuric acid (H2SO4) and hydrogen peroxide (H2O2) were used in this 
study, in a 1:4 ratio (carbon black: agent).
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2.3 Activation of carbon black (CB) using sulfuric acid and hydrogen peroxide

In a typical experiment, approximately 15 g of dried-sieved carbon black was 
impregnated with 100 mL of H2SO4 and the impregnation mixture was kept for 
12 hours in an oven at 100°C as shown in Figure 2. Therefore, the mixture was 
further heated in an oven for 6 hours at temperatures ranging from 200 to 280°C. 
Consequently, a black bubbles-like structure of activated carbon was produced 
and was allowed to cool. Upon cooling, the activated carbon was rinsed with hot 
distilled water to remove acid from the activated carbon until the pH of the result-
ing solution was neutral, that is, pH = 7. The resultant activated carbon was further 
dried in an oven at 120°C overnight. The resultant product was thus named: Sulfuric 
acid-based carbon black-activated carbon (CB-AC 1). On the other hand, the hydro-
gen peroxide-based activated carbon was rinsed with cold distilled water to remove 
hydrogen peroxide residue from the activated carbon. The resultant activated 

Figure 1. 
(A) Grinding of commercial grade AC; (B) prepared raw and commercial AC samples ready for 
characterization.

Figure 2. 
Samples of raw carbon black in an electric oven for chemical activation.
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Figure 3. 
Experimental set up for the extraction generation and adsorption of mercury vapor on the developed AC from 
waste Tyre pyrolysis. (a peristaltic vacuum pump connected to the filter unit to extract the mercury vapor 
under the fume wood cupboard).

carbon was further dried in an oven at 120°C overnight. The resultant product was 
thus named: Hydrogen peroxide-based carbon black-activated carbon (CB-AC 2).

2.4 Characterization of carbon residues

Spectroscopic, microscopic and structural characterization methods were applied 
to determine the qualitative and structural properties of the carbonaceous materials 
in this study. The analytical methods employed have been chosen as the most suit-
able ones considering the instrument, material availability, and cost. The selected 
methods and techniques will then be adapted to enhance the accuracy and precision 
of analysis of the material as far as possible. The as-prepared activated carbons were 
characterized using Fourier transform infrared spectroscopy (Perkin Elmer, System 
2000 FT-IR, USA), scanning electron microscopy/energy dispersive X-ray spectros-
copy (Jeol, JSM-6390 LV SEM with Noran system Six software, USA), powder X-ray 
diffraction (Brker X8 Proteum pXRD), and Brunnauer Emmett–Teller methods.

2.5 Adsorption of Hg using carbon black residues

A sample of liquid mercury (4.89 g) in a 250 mL flask was placed in a water bath 
with controlled water temperature of 50–100°C at atmospheric conditions. The 
determination of the mercury vapor adsorption of the carbon residues was done 
through an experimental set up where the mercury vapor was generated through 
placing liquid mercury contained in a flask on temperature-controlled water bath. 
The flask was connected to a reactor glass column filter packed with the carbon resi-
due samples and connected to an active peristaltic air vacuum pump. The experiment 
was run for 6 hours, Figure 3. This was repeated for all the 4 samples of the carbon 
residues (raw CB; saturated commercial AC; sulfuric acid activated CB; hydrogen 
peroxide activated CB). The same experiment set up was repeated using an electric 
hotplate as a heat source (0–300°C) replacing the water bath. This experiment set up 
was placed and run under an active laboratory fume hood cupboard to ensure safe 
extraction and emission of all potential fugitive mercury vapor.
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3. Results and discussion

3.1 Characterization of carbon black materials

The results of FT-IR analysis (FT-IR spectra) of the carbon black and its acti-
vated carbons are shown in Figure 4 (A-B carbon black-based activated carbons), 
(C Raw carbon black or tyre waste), and (D Saturated commercial carbon black). 
In Figure 4A, absorption bands around 1100 cm−1 with an overtone at 1430 cm−1 
corresponding to Si-O-Si asymmetric stretch [6]. The C=C stretching vibration 
attributed to the lignocellulose aromatic structure appeared at 1657–2000 cm−1 in 
carbon black and in activated carbons [6, 7]. Another vibration bands at 2345 cm−1 
appeared in both carbon black and activated carbons can be assigned to the alkyne 
groups [8]. However, it was also observed that the IR spectrum of raw carbon 
black showed less functional groups as compared to the sulfuric acid and hydrogen 
peroxide-based activated carbons [9]. The latter is due to the fact that, during/after 
activation, various functional groups are formed. The C-O-C stretching vibrations 
in ether, phenol and esters groups appeared around 1041–1248 cm−1. In their study, 
[7] also reported acyclic C-O-C groups around 1300–1000 cm−1 coupled with 
aromatic structures (C=C). The stretching vibration band at 1000 cm−1 attributed 
to C-O group is distinct in sulfuric acid-based activated carbon. It has been reported 
that chemical activation with hydrogen peroxide oxidant normally yield carbo-
naceous structures with oxygen-functionalities on the surface [7]. In this study, 
oxygen-functionalities were observed in the surface of the activated carbon and are 
believed to have participated in the activated carbon-Hg interaction, and subse-
quently influenced the Hg uptake and adsorption rate of Hg by activated carbons.

Figure 4. 
The FT-IR spectra of carbonaceous materials. A, B: Sulfuric acid and hydrogen peroxide-based activated 
carbons, respectively. C-raw carbon black, and D-saturated commercial carbon black.
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BET analysis results revealed that activated carbon prepared via impregnation 
with hydrogen peroxide exhibits high surface area, high micropore volume, and 
average pore volume diameter. However, both activated carbons (CB-AC 1 and 
CB-AC 2) prepared via chemical activation in this study showed improved surface 
area and micropore volume. It is believed that the activating agents were good 
enough to percolates the interior of the waste tyre carbon black, breaks the lateral 
bonds in the cellulose molecules (increases Inter and Intra miscelle voids) and able 
to influence the surface properties [9]. The BET results obtained confirmed the 
successfulness of the chemical activation method and the influence of the chemi-
cal activating agents on the surface of carbon black. Based on the surface area and 
micropore volume results obtained, raw carbon black and the two as-prepared 
activated carbons were further used for the adsorption of Hg vapor. It has been 
reported that the uptake of an gaseous or liquid materials by an adsorbent normally 
rely on the BET surface area and pore volume, which all indicate the degree of 
microporosity in an carbonaceous material [7, 9].

Pyrolytic carbon black and as-prepared activated carbons were also studied 
under pXRD to check the crystalline arrangement of the carbonaceous materials. In 
the untreated carbon black (Figure 5), peaks at 2θ = 27 and 58° corresponds to the 
reflections from (111) and (222) planes for cubic ZnS. Additionally, peaks at 2θ = 51 
and 64° corresponding to the reflections (102) and (110) planes, respectively, are 
of the wurtzite phase of ZnO (F.A. [10]). It has been reported that Zinc Oxides are 
normally added as vulcanization agents/catalysts during tire manufacturing and 
they decompose to different forms of ZnS during pyrolysis [6]. However, as shown 
in Figure 5, the diffraction patterns depict broad bands centered around 2θ = 24, 25 
and 45°, associated or attributed to (002) and (100 and/or 101) planes, respectively 
[11]. These denote the stacking height Lc and the lateral size of the crystallites 
La in the carbonaceous material [12]. The presence of a predominantly porous 
structure, especially in H2O2-AC, is confirmed by the sharp peak around 2θ = 25° 
[12]. Naturally, carbon black is a lignocellulosic material (containing interlinked 
cellulose, hemicellulose, and lignin structures). However, the introduction/use of an 

Figure 5. 
Powder XRD patterns of pyrolytic carbon black and activated carbons.
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activant (i.e. H2O2) normally brings the breakdown and alteration of the 3D link-
ages between the chemical components of carbon black (cellulose, hemicellulose, 
lignin), thereby forming skeletons of fully disorganized carbonaceous materials 
(activated carbon). Furthermore, the X-ray diffraction patterns of saturated 
carbonaceous material (SATU-CB, Figure 5C) shows relatively broad, weak and low 
intensity peaks as compared to raw carbon black or H2O2-AC, confirming the inter-
action of carbonaceous material with adsorbate. In comparison, [6] also studied the 
crystallographic structure of activated carbon prepared via KOH activation. A broad 
hump peak was observed around 2θ = 22°, which was attributed to the amorphous 
nature of the carbon material before activation. After KOH treatment, sharp peaks 
around 2θ = 23° were observed and assigned to the turbostratic structure and cor-
responds to the (002) reflection.

The surface morphology and elemental content of the carbon black and as-
prepared activated carbons were determined using field emission scanning electron 
microscopy-coupled with energy-dispersive X-ray spectroscopy (FESEM/EDX). 
Figure 6A and B shows the SEM image and the EDX of carbon black used in this 
study, respectively. According to Figure 6A, carbon black exhibits a dense and rough 
porous structure with very limited pores. EDX confirms a highly carbon-dominated 
material (carbonaceous), having high carbon content and minimal presence of other 
elements such as sodium (Na), silicon (Si), and Sulfur (S). Upon activation with 
hydrogen peroxide and sulfuric acid, the as-prepared activated carbons were also 
analyzed with FESEM/EDX. Figure 6A and A1 shows the FESEM/EDX results of 
the activated carbon prepared by hydrogen peroxide activation before adsorption 
of Hg. As shown in the image (Figure 6A), the surface morphology of the resultant 
activated carbon is dominated by increased and improved irregular cracks and pores 
with many shapes and sizes [9]. This type of porous morphology confirms that 
activation with hydrogen peroxide was successful and has produced carbonaceous 
material with improved porous structure (as shown in the BET analysis). The advan-
tage of field-emission scanning electron microscope (FESEM) is that, it studies the 
structures of carbonaceous materials to microporous level. After adsorption it was 
expected that some Hg will be spotted and noticed on the surface of the activated 
carbon. As shown in Figure 7B and B1, the surface of the activated carbon is covered 
by dense and light materials of Hg. To that effect, the light spots of Hg infused in 
the pores of the activated carbon were also deeply checked and focused with high 
resolution of the microscopy and EDX (Figure 7). Figure 8 illustrates the round-ball 
like structure of Hg found inside the pores of the activated carbons. Furthermore, 
the backscatter electron technique was applied to further analyze the surface of the 
materials against Hg. Light and heavy Hg was seen and confirmed by EDX analysis 
(Figure 7C and D, respectively). Mercury is known to show dense and lighter spots 
when screened by the backscatter electrons (Figure 9). In the study by [13], it 

Figure 6. 
FESEM/EDX of pyrolytic carbon black.
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Figure 8. 
FESEM/EDX of Hg in the activated carbons prepared.

was revealed through the SEM/EDX analysis that high elementary mercury vapor 
concentration was found in synchronicity with high sulfur content in a mercury-
saturated carbon material as very white spots in the SEM images [13]. In this study, 
it can been concluded that the interactions between Hg and the activated carbons 
were influenced and facilitated by heterogeneous surface (oxygen-functionalities) 
of the adsorbent and its narrow micropores (Figure 9). Due to the heterogeneous 
surface nature of the activated carbons and variety of oxygen-functionalities, the 
adsorption of Hg is believed to have involved both the physisorption and chemisorp-
tion valence forces in both multilayer and monolayer fashion. Recently, reported 
the preparation and subsequent chemical activation of carbon black via pyrolysis of 
waste scrap tyres. In order to achieve complete activated material, they employed 
pyrolysis temperature of 600°C, and further KOH chemical activation at 800°C. 

Figure 7. 
FESEM/EDX of CB-AC 2 before and after adsorption of Hg.
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It was observed that KOH solution chemical activated predominantly affected the 
porous structure of the resultant activated material.

4. Conclusion

The current study presents chemical preparation, characterization and perfor-
mance evaluation of pyrolytic carbon black and its as-prepared activated carbons 
as potential adsorbents for mercury (Hg) vapor. FTIR, BET, SEM/EDX and pXRD 
were employed to elucidate the structural arrangements and properties of the car-
bonaceous materials. FTIR analysis of these carbonaceous materials showed a C=C 
stretching vibration attributed to the lignocellulose aromatic ring at 1657–2000 cm−1. 
Comparatively, it was also observed that the IR spectrum of raw carbon black exhibits 
less functional groups as compared to the H2SO4-AC and H2O2-AC carbonaceous mate-
rials prepared. BET analysis confirmed the effectiveness of the chemical activation 
method and the influence of the chemical activants on the surface of carbon black.

It was observed that the porous morphology of activated carbons prepared via 
hydrogen peroxide activation showed carbonaceous material with improved porous 
structure and was complimented by BET analysis results obtained. However, after 
adsorption it was expected that some Hg will be spotted and noticed on the surface 
of the activated carbon. However, backscatter electron analysis was employed 
and round-ball like structures of Hg were found inside the pores of the activated 
carbons. Additionally, light and heavy Hg was seen and confirmed by EDX analysis. 
Furthermore, the pXRD patterns confirmed that the use of an activant such as H2O2 
normally alter the 3D linkages between the chemical components of carbon black 
(cellulose, hemicellulose, lignin), thereby forming skeletons of fully disorganized 
carbonaceous materials, thus resulting in increased porosity of the carbon residue.
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Chapter 21

Conceptualization and Design 
of a Small Pyrolysis Plant for the 
Sustainable Production of Flexible 
Bricks and Bituminous Concrete 
from Polyethylene Terephthalate 
Waste
Ngonidzashe L. Shangwa, Wilson R. Nyemba, 
Simon Chinguwa and Tien-Chien Jen

Abstract

Polyethylene terephthalate is majorly used for packaging of various products 
because of its resistance to chemical attack and environmental degradation, but 
the proper disposal of this non-biodegradable material has been a major challenge. 
Pyrolysis is the melting of plastic in the absence of oxygen. Currently pyrolysis of 
polyethylene terephthalate is considered as a viable recycling method since it only 
requires 5% of the calorific value of polyethylene terephthalate. This research was 
aimed at designing a pyrolysis plant for the production of construction materials 
with acceptable mechanical properties such as compressive strength and water 
absorption. Sustainable, eco-friendly road construction from bituminous concrete 
with waste polyethylene terephthalate has the capability of reducing carbon emis-
sions. The polyethylene terephthalate bituminous composite has the flexibility of 
plastic but strength of concrete. The bricks have a maximum compressive strength 
of 10 N/mm2 which is within the standard range and have less water absorbing 
tendencies hence have a longer lifespan. Value addition is equally important in the 
pyrolysis plant so as to contribute to sustainable development. This book chapter 
reviews the different products such as polyethylene terephthalate composite bricks 
and flexible pavements which can effectively use polyethylene terephthalate waste 
as a raw material.

Keywords: pyrolysis, bricks, waste, polyethylene terephthalate, recycling, 
bituminous

1. Introduction

The word plastic refers to any material which is made of synthetic or organic 
compound which has malleable properties. Polyethylene Terephthalate (PET) is 
being used for beverage and food packages all over the world, but the problem with 
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the disposal of this non-biodegradable hydrocarbon materials has been a major 
challenge to the world. The major features which play a big role in the usage of 
plastic are malleable, light weight, impervious to water and low cost [1]. Recycling 
of plastic into construction materials can help in providing a cleaner environment. 
Much of the waste generated from this PET has ended up in water drains and 
eventually into the ocean. It is the belief of some school of thoughts that by 2050, 
there will be more plastics than fish in the ocean of the world if this trend is not 
quickly addressed [2]. Concrete bricks are a type of brick that is commonly used in 
low and medium cost housing development in developing countries since it is cheap 
and easy to produce. The conversion of the solid residue remaining after pyrolysis to 
bricks will add to sustainable value addition recycling of waste PET.

During pyrolysis the hydrocarbon bonds are broken down due to the heat 
applied. Figure 1 shows the most common but crude way in which people have been 
disposing of plastic waste in Zimbabwe.

Table 1 shows the different types of plastics and their symbols. The different 
plastic types have different uses affected by their chemical structure.

Waste utilization has become an attractive alternative to disposal given the 
scarcity of space for landfilling and its ever increasing cost; utilization of waste PET 
in concrete bricks is viable. The use of waste products in concrete not only makes 
it economical, but also helps in reducing disposal problems [3]. The three types of 
pyrolysis namely conventional/slow pyrolysis, fast pyrolysis and flash pyrolysis 
differ majorly in terms of temperature, residence time and products made. Table 2 
summarizes the differences in order to understand the process.

Symbol Type of plastic Application

1 Polyethylene terephthalate 
(PET)

Clear transparent plastic

2 High-density polyethylene 
(HDPE)

Opaque plastic bottles

3 Polyvinyl chloride (PVC) Water service pipes, cable insulation, footwear packaging

4 Low density polyethylene 
(LDPE)

Grocery bags, packaging film

5 Polypropylene (PP) Margarine tubs, microwaveable meat trays.

6 Polystyrene Yoghurt pots, fish trays, egg cartons, vending cups, plastic 
cutlery and toys

7 Other Plastics that do not fall into any of the above categories. e.g., 
melamine.

Table 1. 
Types of plastics and typical uses.

Figure 1. 
Disposal of waste in Harare, Zimbabwe.
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Hence from the table, as the temperature increases, the residence time 
decreases and the solid products become less. The amount of solid residue pro-
duced is determined by the type of pyrolysis and mainly affected by the heating 
rate. Figure 2 clearly outlines the effect of heating rate and other pyrolysis factors 
on the products.

Hence from the figure it can be deduced that in order to obtain a higher yield of 
the solid residue or char, the heating rate should be slow.

2. Background and literature

Plastic pyrolysis is a tertiary recycling method for disposing of waste and repur-
posing it in a sustainable manner [5]. Incineration and landfilling are two tradi-
tional methods for disposing of plastic waste in developing countries, both of which 
have shown to be unsustainable. Plastic waste is primarily disposed of in landfills 
or incinerated. Utilization of PET in bricks and flexible pavements has gained 
momentum over the past decade. The general failures linked with basic bituminous 
asphaltic concrete (BAC), which are commonly used in surfacing courses in bricks 
and flexible pavements include rutting, bleeding, polish, cracking and potholes. 
Repurposing of the waste PET plastic in raw BAC used in bricks and pavements will 
be a more sustainable waste management option since flexible pavements constitute 
over 90% of paved roads around the world [6]. Due to various environmental issues 
such as air pollution and soil contamination, as well as economic resistance due 
to space waste and disposal costs, these approaches are encountering significant 
popular resistance [7]. The conversion of PET to bricks would be a more sustainable 
method of recycling plastic waste.

Method Temperature (°C) Residence 
time

Heating rate (°C/s) Major products

Conventional 
pyrolysis

400–500 5–30 min Low 10 Gases, char, bio-oil 
(tar)

Fast pyrolysis 400–650 0.5–2 s High 100 Bio-oil (thinner), 
gases, char

Flash pyrolysis 700–100 < 0.5 s Very high >500 Gases, bio oil

Table 2. 
Differences between types of pyrolysis [4].

Figure 2. 
Illustration of pyrolysis properties on end products [4].
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2.1 Incineration and landfilling (pyrolysis processes waste disposal)

Incineration is a waste treatment process which includes the combustion of 
waste for recovering energy [8]. Landfills occupy space and are therefore unsus-
tainable. Pyrolysis is a tertiary recycling technology because chemical degradation 
results in the creation of products with a higher added value than the raw material 
that undergoes pyrolysis. Pyrolysis is defined as the cracking process in the absence 
or in poor content of oxygen. By mass, 67 percent of plastic waste may be converted 
into fuel, gasoline oil, or diesel [8].

2.2 Advantages of plastic pyrolysis over other recycling methods

Pyrolysis of waste PET plastic is a more sustainable way of waste management 
as it creates value. The residue from the tertiary recycling method can be further 
treated to produce secondary raw material. The advantages of pyrolysis are:

• It is an inexpensive method of processing waste and can be used with a variety 
of feedstock.

• Minimizes the amount of non-biodegradable waste that goes to landfills and 
incinerators, thereby reducing greenhouse gas emission.

• Reduced risk of water pollution.

• Creates jobs for low income earners in developing countries based on the waste 
generated, they collect the waste for recycling.

• In comparison with combustion it has lower process temperatures and has a 
lower emission of pollutants.

• Hence pyrolysis of waste PET plastics will be a more sustainable method of 
waste management rather than the traditional methods.

Figure 3 shows the different stages in the chemical degradation process. It starts 
with the initiation step which involves homolytic breaking down of the carbon to 
carbon bonds either by random or end chain scission. The result is two radicals and 
it leads to propagation which is the hydrogen transfer reaction either by intra or 
intermolecular forming and unzipping leading to unstable free radicals. Then the 
final step termination of the free radicals forming unreactive materials.

3. Methodology

A sustainable alternative was essential in the design due to the issues with non-
biodegradable plastic waste. In the last few decades, the recycling of PET as building 
material has been gaining ground, the properties of the plastic make it most suitable 
[5]. The goal of the study was to simplify existing technologies for value addition 
pyrolysis. Three different options were considered. Careful consideration and 
analysis were conducted in order to determine which of the three concepts provided 
the best solution to the Product Design Specification (PDS). The plant’s primary 
selection criteria were the heat exchanger and the source of heat. Use of the binary 
dominance matrix was essential because it allowed for simultaneous analysis of all 
concepts. SolidWorks was used to model three design possibilities, as illustrated 
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in Figure 3. The heat exchanger in Concept (a), the Double Pipe, was laminar for 
fluid flow hence the rate of heat flow was lower than in the other concepts. Since 
Liquefied Petroleum Gas (LPG) is used as a heat source in Concept (b), the Shell 
and Tube, the target market without electricity may choose LPG. Furthermore, 
a Shell and Tube heat exchanger could be more expensive than a helical coil heat 
exchanger. Due to its helical coiled heat exchanger and coiled heater on the reactor, 
Concept (c), the Helical Pipe Heat Exchanger, dominated the weighted objectives. 
The selection was heavily influenced by the ease of assembly and fabrication. The 
different concepts are shown in Figure 4.

Due to its great strength, formability, and corrosion resistance, stainless steel 
was chosen over mild steel. Table 3 shows the binary dominance matrix that was 
used to choose the most optimal concept based on functionality, efficiency, ease of 
maintenance, reliability, simplicity, cost, quality, and ergonomics. Concept (c) was 
chosen as a result.

Due to the helical heater on the pyrolysis tank there is even heating and the 
molten PET is then combined with the bituminous asphaltic concrete (BAC). 
This mixture is then put into casting bricks and also used in making concrete 
[8]. Recycling of PET and using it in construction will be a great stride since the 
PET is non-biodegradable and its chemical properties will further make the BAC 
durable.

Figure 3. 
Stages of radical degradation reaction.

Figure 4. 
Concepts (a) double pipe; (b) shell and tube; (c) helical pipe heat exchanger.
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3.1 Experimental design development

The pulverized plastic wastes used in this work were collected from disposed 
plastic waste used for packaging water and fruit juices at Petreco Zimbabwe. The 
PET waste (Figure 5) was collected and cleaned with tap water to remove any form 
of contaminants and deleterious materials before sun drying for a minimum of 
three days.

The waste PET was added into the pyrolysis tank with a helical heating coil for 
even heat distribution. Oxygen was eliminated from the chamber by use of oxygen 
scavengers. Weight batching was used to be able to eliminate errors due to size and 
void in the material. Whilst molten the PET was tapped out of the pyrolysis tank 
into the brick cast mold. Mechanical tests were key to ascertain the properties of the 
brick. Hence compression test, water absorption test and flexural strength test were 
carried out. The different mechanical tests are described below.

3.1.1 Compressive strength test

Compressive strength is a mechanical test that measures the amount of com-
pressive load a material can sustain before failure. It is the most accurate indicator 
for measuring the engineering properties of a building material because a higher 
compressive strength indicates a good and strong material. Compressive strength in 
bricks and flexible pavements greatly depends on the amount of compaction, heat 
treatment and the concrete mix ratio.

3.1.2 Water absorption test

Absorption of water is a critical factor for the durability of bricks and flexible 
pavements. When water penetrates brick, it decreases the strength of bricks. Hence 
the brick internal structure must be adequately dense to avoid the leaking of water. 
To increase density and decrease water absorption of clay bricks, the firing tem-
perature must be raised [7]. Generally, the water absorption values decreased with 

Criteria Weight Concept rating/10 Concept weighting/100%

(a) (b) (c) (a) (b) (c)

Function 10 7 5 9 70 50 90

Efficiency 9 6 6 8 54 54 72

Cost 8 4 6 8 32 48 64

Ease of maintenance 6 7 7 9 42 42 54

Reliability 6 5 5 8 30 30 48

Ease of manufacture 4 6 7 9 24 28 36

Lifespan 4 7 8 9 28 32 36

Simplicity of layout 2 5 7 8 10 14 16

Quality 1 8 6 9 8 6 9

Weight 1 8 5 9 8 5 9

Ergonomics 1 6 6 8 6 6 8

Total score 312 315 443

Table 3. 
Concept selection using the binary dominance matrix.
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increasing temperature, and decreased with increasing amounts of waste plastic in 
the mixtures. Hence PET plastic would reduce the water absorption of the pave-
ments and bricks.

3.1.3 Flexural strength

The flexural strength of brick is its ability to resist bending through internal 
stresses generated within the brick or flexible pavement. Elastic stresses are devel-
oped within the brick and pavement material to resist the external load. Resistant 
tensile stress that develop, keep the bricks in shape until the failure of the structure. 
Whenever the material is overloaded the structure will rupture, and flexural cracks 
are developed at the point of highest tensile stress on the brick or flexible pavement 
[5]. It’s an integral test in determining properties of the brick.

4. Results and discussion

The model of choice was the Helical Heat Exchanger. In order to enhance 
mobility and temperature monitoring, wheels and a thermometer also included in 
the frame as shown in Figure 6. In this model electrical energy is used to melt the 
plastic making use of an oxygen scavenger to remove oxygen from the reactor. In 
order to optimize the intended operation, the heat exchanger’s dimension was to be 
calculated. Using Eq. (1) below to calculate the required length of wire, ten turns of 
the helical copper pipe were chosen.

 ( )2 22L N r pπ= +  (1)

 ( )2 2L 10 2 75 20.π= +  

Using Eq. (2), the helical pipe volume was found.

 ( )2
4e oV d Lπ

=  (2)

 ( )2 315 512 90.4 /mm
4eV
π

= × =  

Figure 5. 
Sample pulverized PET.
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4.1 Flexible pavements and bricks experimental results

The pulverized PET was melted in the pyrolysis chamber in the absence of 
oxygen Different amounts of PET were used in the mixture with bituminous 
asphaltic concrete to optimize the best properties from the materials. After testing 
the compressive strength of the bricks at different percentages of PET the results in 
Figure 7 were obtained.

Figure 7 shows that the compressive strength of flexible pavements decreased 
with increase in the percentage of the PET. The results showed a maximum 

Figure 6. 
SolidWorks model of the heat exchanger (a) assembled heat exchanger (b) exploded view (c) parts list.

Figure 7. 
Compressive strength results.
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compressive strength of 10 N/mm2. However, the water absorption properties 
decreased with increase in percentage content of PET that is the brick absorbed less 
water with an increase in the amount of PET.

Since coarse aggregates account for more than 60% of the aggregates, the BAC 
can be defined as coarse dense-graded and it is suited for all pavement layers and 
traffic conditions. The PET reduced the flexible pavement and brick compres-
sive strength whilst increasing its fatigue resistance. In addition, it created better 
mixing between asphalt and the aggregates. During the compressive test the PET 
bricks had a maximum compressive strength of 10 N/mm2 which was within 
the standard range and had less water absorbing tendencies and hence a longer 
lifespan. Generally bigger aggregate sizes give better mechanical properties, as 
well as good permeability and traction, and are typically focused at achieving high 
surface drainage and durability [9]. The flexible pavements with PET as a filler also 
exhibited increased workability and durability, as well as resistance to irreversible 
deformation, stress, and low-temperature cracking, and moisture damage [8]. The 
filler’s purpose was to improve stiffness, workability, moisture resistance, and aging 
properties. The use of waste PET as a flexible pavement is one of the possible uses of 
the plastic waste.

Globally there is growing demand for high-performance pavement due to 
increase in traffic and failure of ordinary pavements. In a bid to increase durabil-
ity of roads especially in developing countries where the roads are deplorable, use 
of PET waste with BAC and cement as a binder. PET wastes in flexible pavement, 
brick construction and road rehabilitations would essentially utilize several million 
metric tons of PET wastes from the waste stream which would have good sustain-
able effects on the environment such as minimization of pollution and greenhouse 
gas emissions. It also encourages ecosystem balance by the limiting of non-biode-
gradable PET wastes from the ecosystem.

5. Conclusion

The concept of employing composite brick and pavement was investigated in 
this research. PET materials melted during the pyrolysis process due to their low 
melting point of 250°C. This research brought about the purpose of eco-friendly 
construction material production in the drive toward achieving sustainable 
development in the fourth industrial revolution. It enlightens on the concept of 
eco-friendly road construction by use of flexible pavements and bricks by utilizing 
waste, non-biodegradable PET plastic. The properties of plastic meant it would not 
be affected by water absorption which weakens the bricks and flexible pavements. 
Further research can be done on exploiting the properties of PET in the manufac-
ture of construction materials, especially its light weight and temperature regula-
tion. As a reference for future work the residue char from pyrolysis can be further 
investigated for use as an activated carbon.
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