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ABSTRACT

The increasing call for clean and sustainable energy has been at the forefront of global efforts
toward the drive for greener economies and sustainable developments amid other parameters.
Problems are being faced in enhancing the quantity and quality of pyrolysis yields due to poor
characterization of biomass and improper parameters mix during experimentation run. This study
utilized response surface methodology (RSM) to model and optimize operating parameters for
pyrolysis. Temperature, reaction time, heating rate, nitrogen, and particle size were chosen to
maximize quantity, energy, and exergy efficiency of bio-oil, biochar, and non-condensable gases
(NCQG) of palm kernel shell (PKS), sugarcane bagasse (SCB), and shea butter wood (SBW) based
on the outcome of experimental runs. A quadratic model was found fit for the optimization and
elucidates the non-linear nature of the model response. The optimum bio-oil, biochar, and NCG
are 47.5, 40.7, and 35.5 wt% for palm kernel shells; 48.4, 40.5, and 33.5 wt% for sugarcane
bagasse; and 46.8, 42.5, and 34.2 wt% for shea butter wood respectively. Also, the optimum
energy and exergy efficiency for bio-oil, biochar, and NCG are 53.3 and 48.2, 28.3 and 23.7, as
well as 15 and 11.6% respectively. The probability value<0.05, high Fischer-value (F-value) for
bio-oil (303.95), biochar (877.64) and NCG (487.74) as well as coefficients of determination (R?)
of 0.98562, 0.9956 and 0.9921 for bio-oil, biochar and NCG respectively make the developed
mathematical model suitable, reliable, responsive, and predicted the experimental data. The
actual and predicted values for quantity, energy, and exergy efficiency of products of pyrolysis
clearly showed that the experimental data are in good agreement with the predicted values. The
Fourier Transform-Infrared Spectroscopy and Gas Chromatography-Mass Spectrometry (GC-
MS) analysis of bio-oils and biochar depicted relatively high percentages of alcohol, oleic acid,
aromatic and aliphatic hydrocarbons, phenol, aldehyde, and ketone. The Scanning Electron
Microscope/Electron Dispersive X-Rays Spectroscopy (SEM/EDX) results for the biochar
showed whitish deposits, cleaves, heterogeneous pores, cloudy and cloggy formations depicting
inorganic materials, rapid volatile emission and efflorescence during pyrolysis processes at
higher temperature. This study has successfully shown that modeling more than three pyrolysis
operating parameters using a Response Surface Methodology (RSM) optimizes the pyrolysis
yields as well as its energy and exergy efficiency. The biochar and bio-oil samples can be utilized
as biofuel for industry applications and additives for waste management strategies, petrochemical
industry, sorbent, and soil enhancers.

Word Count: 389
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CHAPTER ONE

INTRODUCTION

1.1 Background to the Study

Energy plays a vital role in most human activities; it is the premise of industrial
civilization and the bedrock of industrial revolution. Without energy, the modernization of our
life and cities would not have been actualized. Previously, the demand for energy sources was
minimal due to the fact that it was primarily utilized for cooking, heating and transportation. But,
as time went by, coupled with tremendous growth in population and technological advancement
caused the need for more energy demand (Alfa et al., 2021; Owamah et al., 2022). This high
energy demand necessitated the quest by man for a different source of energy and some have a
negative effect. For instance, fossil fuels constitute the primary energy resource used to power
human technological advancement, since the industrial revolution (Suriapparao and Tejasvi, 2022)
However, there were consequences, as studies have shown that the high volume of pollutants
through fossil fuels emissions sequel to its usage is harmful to public health and the environment
(Okonkwo et al., 2018; Ojediran et al., 2020; Ibikunle et al., 2022; Akogun et al., 2022).

Renewable energy is considered an attractive and reliable energy source that is abundantly
available in all parts of the world (Ahmed et al., 2018; Oyeban;ji et al., 2022). The exploit of
renewable energy has continued to be on the rise in contrast with other forms of energy sources
available on earth due to their devastative impacts, one such is hydrocarbons (fossil fuel) which
is one of the most commonly consumed energy which daily poses negative impacts on the
environment and human beings at large. Thus, discussions on global warming, pollution, climate
change, depleting ozone, and others have taken the front burners in recent times (Chukwuneke et
al., 2019; Balogun et al., 2019).

Kan et al. (2016) observed that the most researched source of renewable energy has
remained biomass because it presently contributes about 13% of the world's energy supply, its
composition includes 38-50% of cellulose, 23-32% of hemicellulose, 15-25% of lignin and



different segments (i.e., inorganic species and extractives) with a total percentage of 5-13% in
biomass (Goodman, 2020; Aguiar et al., 2021). The pros of the use of biomass as a source of fuel
is numerous which includes; vast availability; fuel yield optimization; various energy forms that
can be harnessed, cheap in terms of raw materials cost, etc. The production of transport fuel,
electricity, and even heat has been achievable with most of these technologies (anaerobic
digestion, pyrolysis, combustion, gasification, and hydrolysis) through the use of biomass
materials (Kuhe and Aliyu, 2015; Lee et al., 2017; Balogun et al., 2019; Sharma et al., 2022).

The degradation of biomass into bio-oil, biochar, syn-gas, involves complete
thermochemical conversion procedures, such as pyrolysis, liquefaction, gasification, torrefaction,
and carbonization (Chowdhury et al., 2017; Wang et al., 2018). Adeleke et al. (2020) reported
that the quality and quantity of pyrolysis yields can be affected negatively by a poor determination
of the physicochemical, thermal, and structural composition of the biomass prior to its pyrolysis.
Balogun et al. (2021) emphasized the need to investigate the thermal degradation and
decomposition behaviour of biomass before selecting them for thermochemical conversion to
enhanced their yields, while Nwosu et al. (2015) reported a variation of similar lignocellulose
biomass due to geographical location, intrinsic component of the biomass, soil type, and climatic
conditions where the biomass samples are sourced and cultivated.

The ability to decompose biomass via the pyrolysis process into bio-oil, biochar, and non-
condensable gases makes it more efficient for industrial, commercial, and domestic applications.
Therefore, optimization of pyrolysis operating parameters such as temperature, reaction time,
heating rate, nitrogen flow rate, and particle size by maximizing the quantity and quality of
products of pyrolysis have been a great concern to many researchers (Hossain et al., 2017; Kumar
et al., 2019; Laouge et al., 2020; Suriapparao and Tejasvi, 2022). To obtain a higher efficiency
in biomass conversion, a higher temperature is needed. Hence the decomposition of biomass
relies on the quantity of heat supplied during the pyrolysis process. Various researches have
confirmed the role of temperature within the range of 450-550°C was sufficient for bio-oil yield,
although could vary depending on biomass and other process parameters (Guedes et al., 2018).
Biswas et al. (2020) opined that the possibility of obtaining maximum bio-oil yield in pyrolysis
depends on the type and size of the biomass sample, while Bartoli et al. (2016) and Gautam and

Chaurasia et al. (2020) observed that secondary reaction could occur if the reaction time is



prolonged enough thus resulting in repolymerization, recondensation, thermal cracking, and

carbonization processes which might contribute to lower bio-oil yields.

This study focuses on the thermochemical decomposition of biomass via pyrolysis
process to produce bio-oil, biochar, and non-condensable gases (NCG) in the absence of oxygen.
Pyrolysis has become one of the crucial processes practiced in different parts of the world which
aids and makes agricultural practices more modern (Wanga et al, 2019; Varma and Mondal, 2017,
Laouge et al., 2020). It varies across bio-based feeds and fundamentally hydro-carbons in the
conversion to useful products. Till today, challenges are being faced in the maximum utilization
of products from biomasses in terms of energy and other related uses (Daioglou et al., 2016;
Singh et al., 2020). This poses the need for more research in this area as great potential can be

achieved.

In this study, an intermediate pyrolysis process was utilized to convert various biomass
species such as palm oil shells, sugarcane bagasse, shea butter wood to bio-oil, biochar, and NCG
using a fixed bed reactor system. During the thermochemical conversion process, variations of
independent pyrolysis typical parameters namely; temperature, particle sizes, heating rate, and
residence time were utilized to investigate their effects on the quantity of pyrolysis products.
Modelling and optimization were carried out by considering the various independent parameters
used during experimental runs to improve products quality and quantity. Also, ways and manners
to increase the efficiency of the pyrolysis plant during operation would be investigated via energy

and exergy analysis.
1.2 Statement of the Problem

Renewable and clean energy remains a better option in ameliorating the elevated concern
about global warming, climate change, and the decline of fossil fuel reserves (Alatzas et al.,
2019). Energy from fossil fuels constitutes environmental pollution, ozone depletion, and
consequential global warming. Furthermore, energy from fossil and other sources are not enough
to solve our social, commercial and technological requirements. Hence, there is a need for cost-
effective, renewable, sustainable and alternative energy sources that will complement

conventional energy sources (Gupta et al., 2020)



For many years, a lot of works had been carried out on the various processes of converting
biomass into biofuels as sources of energy generation. Nevertheless, problems are being faced in
enhancing the quantity and quality of pyrolysis yields due to the poor characterization of biomass
prior to its pyrolysis (Balogun et al., 2019; Oyebanji et al., 2021). Also, the determination of
heating value which serves as a basis for the design and operation of a thermochemical conversion
process takes time due to the inaccessibility of combustion calorimeter, researchers generally
used an elemental analyzer to obtain the ultimate, and other equipment for proximate or structural
composition analyses discretely (Xing et al., 2019; Gianluca et al., 2020; Ibikunle et al., 2021).

During the production of bio-oil, biochar, and NCG; challenges are being faced with
attaining the right operational conditions for maximum production. Most times, the production
does not follow a linear relationship and thus rigorous experimentation and modelling are
required in quantifying the typical operating parameters such as particles sizes in an inert gas
environment, temperature, reaction time, heating rates and nitrogen flow rate (Guedes et al.,
2018; Kumar et al., 2021). These challenges are centered on combining parameters optimally
and creating a model that best describes the experimental work for future purposes (Suriapparao
and Tejasvi, 2022).

Furthermore, challenges facing optimization of the desired pyrolysis product quality and
quantity have been a major concern for many researchers by taking into consideration, the
reduction of costs and environmental parameters during the production process (Hossain et al.,
2017; Laouge et al., 2020). Also, thermodynamic inefficiencies lead to an energy imbalance in
the pyrolysis process leading to energy loss in the during the process and products of pyrolysis
(Wang et al., 2016; Etika et al., 2019; Ramesh and Murugavelh, 2020; Zhang et al., 2020).

1.3 Justification of the study

This study will help in ameliorating the consequential effects of energy from fossil fuels and
in addition, will generate clean energy (Yosoon et al., 2017). The results of characterization from
this study will aid in the selection of the right biomass that will enhance the quality and quantity

of yields from pyrolysis during thermochemical processes (Gautam and Chaurasia, 2020).

The developed model and optimization in this study will spot out areas that might need

improvements in the existing pyrolysis process, development of new processes, and optimization



of the performance of future pyrolysis plants (Myers and Montgomery 2000; Hossain et al., 2017;
Lee et al., 2017). It will further suggest if more parameters are to be considered for the effective
and efficient production of pyrolysis yields. The determination of the components that will lead
to inefficiency and wasteful processes within the thermodynamic systems via exergy analysis
will also help minimize irreversibilities in the system, enhance adequate utilization of resources,
and performance monitoring of future pyrolysis operation processes (Ramesh and Murugavelh,
2020; Esfandi et al., 2020).

Finally, the Bio-oil and biochar obtained after the thermochemical conversion process via
pyrolysis can be utilized as fuel for automobile vehicle, furnace and boilers as well as agricultural
and pharmaceutical industries (Chukwuneke et al., 2019; Varma and Mondal et al., 2017
Adekiya et al., 2020; Oyebanji et al., 2022).

1.4  Aim and objectives of the study

The aim of this study is to model and optimize the pyrolysis’ operating parameters for renewable

energy generation.
Therefore, the specific objectives of this study are to:

I determine the physico-chemical, structural composition, and thermal properties of
biomass prior to its pyrolysis;

ii. model and optimize the pyrolysis’ operating parameters using response surface
methodology (RSM) to enhance pyrolysis yields;

iii. carry out energy and exergy analysis of the pyrolysis process in order to evaluate the
useful energy, detect energy losses and enhance the efficiency of the system; and

v, investigate the product quality of the bio-oil and biochar yields using Fourier
Transform-Infrared (FT-IR) Spectroscopy, Gas Chromatography-Mass (GC-MS)
Spectrometry, Scanning Electron Microscope (SEM)/Electron dispersive X-Rays

(EDX) Spectroscopy.



1.5 Research Questions

The following research questions was considered in this study:

I What are the effects of pyrolysis’ operating parameters on the quality and quantity of
biochar, bio-oil, and non-condensable gases produced?

ii. How can irreversibility in the pyrolysis plant be reduced?

1.6 Research Hypotheses

I.  Pyrolysis operating parameters do not influence the yield of pyrolysis products.

ii.  Entropy does not influence the efficiency of bio-oil, biochar, and NCG yields.

1.7  Scope and Limitation of the Study

Modelling and optimization of pyrolysis operating parameters such as temperature,
heating rate, reaction time, nitrogen flow rate, and particle size using response surface
methodology would be performed and the influence of the operating parameters on the energy
and exergy efficiency of the products of pyrolysis would be investigated via energy and exergy
analysis. Finally, the quality of the bio-oil and biochar yields would be investigated using Fourier
transform Infra-Red (FT-IR) Spectroscopy, Chromatography-Mass (GC-MS) Spectrometer,
Scanning Electron Microscope/ Energy Dispersive X-Ray Analysis (SEM/EDX) techniques.
Inability to get Elemental Analyzer, GM-MS, FTIR, and SEM/EDX machines due to their high

cost. These setbacks were overcome with time.

1.8  Significance of the study

The desired products being biofuels have several benefits apart from the research achievement
and economic concerns. The pyrolysis yields help in addressing the United Nations sustainable
development goals of SDG 7 (affordable and clean energy), and SDG 13 (climate action) which
are expected to be achieved by 2030 in every country around the world (SDR, 2020; SDG, 2020).



CHAPTER TWO

REVIEW OF RELATED LITERATURE

2.1 Conceptual Issues

Biomass can be used in its natural state to provide heat when combusted and then
converted to energy for power generation. However, it cannot be used as liquid fuel like oil and
gas in its natural state. It has to be converted to a resource that has similar biocharacteristics to
oil and gas. Currently, biomass as a renewable energy source is eco-friendly and its demand is
increasing drastically because it is sustainable when compared to conventional energy sources
such as coal, oil and natural gas (Ojediran et al., 2020; Gautam and Chaurasia, 2020). The rapid
population growth of the world, coupled with increasing demand for energy per capita and the
consequences of global warming, birthed an alternative energy source that is long-lasting
(Bardazzi and Pazienza, 2020). The importance of biomass cannot be overemphasized because
of its ability to be transformed to bio-fuel and activated carbon through physical, biological, and
thermal processes (Jahirul et al., 2012). Biomass can be generally stated as the putting together
of a composite mix of biological materials, for example, proteins, lignin, fats and carbohydrates
in the form of starch, hemicellulose and cellulose. It is vital to recognize that the physical and
chemical features of biomass are different in a distinct manner with respect to the original of the
biomass, for example, lignin and carbohydrates are the major constituents of biological materials
which originate from crops or plants, it also depends on the type of plant (Laouge et al., 2020).
Also, some biomass are obtained as products of waste from plants, residue from forest vegetation,
waste from demolition and construction, waste generated by communities, human and cattle
excretions etc. The use of fuels obtained from biological materials in liquid form is an essential
substitute in order to avoid the effects of direct burning of biological materials in solid form,
which can cause air, pollution and attended health challenges (Heidari et al., 2019; Fahmy et al.,
2020; Ding et al., 2020).



Syngas and Fuel gas

Figure 2.1: Biomass Conversion Process (Sharma, 2015)



The production of gas from coal began in the mid-1600s, particularly in 1665, in England
(IBM Micromedex, 2019). The coal was heated in an airtight furnace i.e., coke oven to produce
coke and then coal gas as a by-product. Towards the end of the eighteenth century, more
gasification processes based on the conversion of coke to carbon monoxide and hydrocarbon
evolved, providing gas in larger quantities (Thengane et al., 2018). In the 1850s, ‘town gas’ which
was gotten from the gasification of coal became widely used for lighting in London (Heidari et
al., 2019). Over time, the use of industrial gas went beyond lighting and cooking. It became useful
for heating and the production of methanol, ammonia, fertilizers etc. (Guedes et al., 2018).
Recently, it is been utilized for the generation of electricity and liquid transport fuel production
(Paykani et al., 2022).

At the same time, more evolution and developments occurred in piping and stream drum
technology. This led to the invention of gastight equipment that had more compact installations
and could operate at pressures above 2 bar (Hejazi et al., 2016). In the 1920s when the cryogenic
separation of air into nitrogen and oxygen went into commercialization, continuous gasification
became possible and the invention like the Lurgi moving bed pressurized gasification process
etc. occurred (Hossain et al., 2017). Producer gas (often used to refer to the product gotten from
gasification) was first used to power a combustion engine in 1881 (Isitan et al., 2019). During
World War 11, the supply of liquid fuel became difficult. This resulted in the search for an
alternative source of fuel and eventually aroused interest in gasification. There were more than a
million small units of gasifiers that ran on wood and charcoal readily available in the 1940s (Jafri
et al., 2018). However, when liquid fuel became available again, the interest in gasification
declined. But research work continued in countries like South Africa, Brazil, Indonesia, the
Philippines and China (Liu et al., 2020).

Also, in 1973 and 1980, the oil crisis created new interest in biomass and coal gasification.
Looking at history, it can be seen that there has been an intermittent interest in biomass
gasification for developed countries. But it has not been the same for developing countries (Junna
et al., 2017). Developing countries have shown a growing interest in the gasification and
pyrolysis of agricultural wastes especially for the supply of energy to remote places. But due to
the growing volume of organic waste and the deterioration in the climate, developed countries
are beginning to see gasification as a resourceful process for the conversion of organic waste to

other energy forms including transport fuels (Aliyu et al., 2021).



The process of thermochemical conversion is highly established and it’s a technology that
was originally developed for the processing of chemical and petroleum products, therefore the
application of agricultural biomass in this procedure makes it challenging as a result of complex
issues such as oxygen, moisture, sulfur, nitrogen and other metal contents (Evangelou et al,
2012). Since biofuels are derived from biomass, the process of conversion: chemical, physical-
biological or a blend of these processes are key to their kind and features, e.g., biodiesel, biogas
and ethanol can be produced employing microbial or enzymatic fermentation without or with the
use of physical and chemical pretreatment stages (Cantrell, 2012). Nevertheless, conversion of
biomass into bio-oil, biochar, NCG, etc. involves completely thermochemical conversion
procedures, such as pyrolysis, liquefaction, gasification, torrefaction, and carbonization (Wang
et al., 2017; Hassan et al., 2017; Laouge et al., 2020). Scientific research and development in
thermochemical conversion of biomass hold a vital part in solving practical and sustainable
energy as a result of the current energy crisis in Nigeria (Muller-Hagedorn and Bockhorn, 2007;
Dideolu et al., 2018).

Thermochemical conversion is one of the most effective ways of converting biomass to
biofuels (Zhang and Zhang, 2019). It deals with the decomposition of biomass under controlled
heating or oxidation at a high temperature above 150°C to produce biofuels such as solid, liquid
and gaseous fuels etc. In all these energy transformation processes, pyrolysis has given rise to
more liquid fuel and biochar production that has its benefits in the environmental and oil and gas
sector for air, water and gas purification. Its usage also extends to agricultural, medical, industrial
sectors in powering equipment like boilers, turbines, compressors, heat exchangers and internal
combustion engines (EIA, 2017; Kumar et al., 2019). Pyrolysis study is also important in solid
biomass and wastes processes. However, the production is costly and challenging. How relevant
recent research focuses on overcoming these technical and economic limitations in order to
contend with fossil fuel (Choi et al., 2015; Mohammed et al., 2017; Oyebaniji et al., 2021).

Pyrolysis is the process in which biomass undergoes decomposition to biofuels, bio-oil
and biochar in the absence of oxygen (Ramesh and Murugavelh, 2021). It also deals with
devolatilization by removing volatile from coal (Wan et al., 2015). The pyrolysis process can be
carried out at a temperature which ranges between 300-700°C. This makes the process to be better
than other biomass decomposition processes such as gasification (>700°C) and combustion
(>900°C).
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2.2 Theoretical Review

2.2.1 Biomass

Renewable energy such as biomass is huge and limitless in existence, its annual
production rate is high and it is geographically widespread throughout the world. According to
Guedes et al. (2018), biomass is a product of the plant, produced through photosynthesis using
sunlight for the conversion of water and carbon dioxide into organic matter. Examples of biomass
are energy crops (miscanllus, switchgrass), food crops and crop residue during processing (corn
cobs, sugar cane, rice husk, wheat straw, bagasse), horticulture (yard waste), wood or forest
residues (dead trees, branches and tree stumps), animal farming (manure, rich in nitrogen and
phosphorous sewage plant), municipal solid waste (paper, grass clippings, food scraps, clothes,

furniture, product packaging) etc. (Goyal et al., 2008; Adeniyi and Ighalo, 2020).

2.2.2 Types of biomass component

It is imperative to understand the feedstock material composition in the production of
fuels and chemicals from biomass (Jafri et al., 2018). Biomass chemical composition in
herbaceous or lignocellulosic can be biocharacterized by the following five main components:
cellulose, hemicellulose, lignin, ash and extractives. Cellulose, a polysacbiocharide of glucose
monomers is the most abundant biopolymer on earth. It has some linkages holding it together,
these linkages enable cellulose to have hydrolysis resistance.

Hemi-cellulose biomass is an amorphous heteropolymer which makes it more prone to
hydrolysis than crystalline cellulose. It is the second main component of biomass and comprising
various types of carbohydrates such as mannose, glucose and xylose (Jafri et al., 2018). The
combination of cellulose, hemicellulose and lignin make up 90% of lignocellulosic biomass and
80% of herbaceous biomass. Lignin is the third major biomass component. It has an intricate
aromatic alcohols array and it’s intertwined with the cellulose and hemicellulose fraction of the
biomass structure. The lignin provides rigidity to lignocellulosic materials due to its interwoven
nature, such as trees as reported by Chowdhury et al. (2017). Biomass minor components which
include extractives/volatiles (water and ethanol soluble) and ash makes up a smaller portion of

the biomass composition (Obuka et al., 2019) as seen in Figure 2.2.
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Figure 2.2: Biomass Component (Chowdhury et al., 2019)
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2.2.3 Biomass conversion process

In the decomposition of biomass species to chemicals and fuel, the physical properties of
the biomass such as the particle size and moisture content are important parameters (Shaheed et
al., 2019). Small amount particle sizes are usually required during the thermochemical method
of biomass conversion, unlike biological conversion that requires a large range of particle sizes
(Maliutina et al., 2017; Yang et al., 2019; Fahmy et al., 2020), while the final size is dependent
on the processing system utilized. Some other physical properties aside particle size and moisture
content include; bulk density which affects the cost of handling and transportation positively
when the density is low, and elastic properties/microstructure which influence the compressibility
and interaction of inter particles when the biomass is introduced into the reactor via the hopper
opening as well as their compressibility, elastic properties, and microstructure (Yosoon et al.,
2017).

In the work of Xiong et al (2016), it was established that the increase in ash content affects
biomass conversion negatively due to its reduction in the efficacy of the dilute acid pretreatment
for biological processes while having an increased biochar yields and fouling in the various
thermochemical processes (Akinola and Fapetu, 2015; Bonfim et al., 2021). However, these ash
contents could be removed through leaching and air classification (Ogunsola et al., 2018;
Onarheim et al., 2020).

2.2.4 Biochemical conversion

Biomass conversion to ethanol involves the use of bacterial, microorganisms and
enzymatic hydrolysis to break down biomass into gaseous or liquid fuels. Anaerobic digestion
is a sequence of decomposition of organic materials such as solid waste, food waste, animal
manure, industrial waste, poultry litter and sewage etcetera in chemical reactions through the
metabolic pathways of naturally occurring microorganisms in an environment free of oxygen to
produce biogas and biofertilizer. During biological conversion, the biomass can be converted to
liquid fuels such as biodiesel, biogas, cellulosic ethanol etc., which serves as a substitute to
petroleum-based fuels (Fontes, 2009; Daioglou et al., 2016; Dahunsi et al., 2019; Daniela et al.,
2020).
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2.2.5 Thermochemical conversion

The conversion of biomass into bio-oil, biochar, syn-gas, and so on involves
thermochemical conversion procedures, such as pyrolysis, liquefaction, gasification, torrefaction,
and carbonization (Liu et al., 2020). Scientific research and development in thermochemical
conversion of biomass hold a vital part in solving practical and sustainable energy as a result of
the current crisis in energy consumption (Adeleke et al., 2020). Thermochemical conversion is
one of the most effective ways of converting biomass to biofuels. It deals with the decomposition
of biomass under controlled heating or oxidation at a high temperature above 150°C to produce
biofuels such as solid, liquid, gaseous fuels, etc. (Salina et al., 2020). These products generated
can be converted directly to energy or chemicals such as bio-diesel, methane gas or carbon (V)

oxide etc.

There are various thermal technologies in harnessing stored biomass energy and are
grouped according to the production of their principal energy carrier during the conversion
process. Depending on the admission of oxygen into the thermochemical conversion process
(usually as air), these carriers include heat, gas, liquid and/or solid products (Abnisa et al., 2011,
Materazzi and Lettieri, 2017).

2.2.5.1 Thermochemical conversion; gasification

Gasification is heat or thermal treatment of biomass at a high temperature of greater than
600.1°C using a measured quantity of gas agents like H>O, Oz, CO- and air, producing a high
proportion of the product mixed with a gas consisting of hydrogen, carbon monoxide, carbon
dioxide, ammonia and nitrogen branded as syngas or gases obtained from synthesis, which is
combustible gases and small quantities of a solid product also called biochar and ash (Kumar et
al., 2020a; Aliyu et al., 2021). There are some kinds of catalytic agents required in this procedure,
The study is, anhydrous carbonate mineral, nickel-based superalloy and alkaline earth metals
(Stegena and Kaparajua, 2020). This process has generally stood on principles of incomplete
oxidation/incomplete combustion, which produces an unclean, high temperature and reduced
energy gas which piped straight into the appropriate equipment (dryers, boilers). Adding to its
limited uses and repeatedly complex ecological challenges, this technology is not an efficient
basis of functional energy. Total appropriation of this process to biological material involves
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various successive and corresponding outcomes, which are energy absorbing and must be made

stable by incomplete burning gas (Aghbashloa et al., 2019).

Furthermore, in recent times biomass gasification has received so much attention.
Biological material is changed to simpler yields, carbon dioxide and hydrogen gas, in an enhanced
quality of oxygen and water which forms steam at high heat application of at least 800.1°C. The
end yields are synthetic gas and ash, its quantity may vary depending on the source of the
biological material. Synthetic gas has several uses some of which include fuels and raw material
to chemical industries. Therefore, this process has a tremendous technique of separating
biological form of energy of nitrogen, phosphorus, sulphur, chlorine, and other metal impurity of
various kinds of biological materials devoid of additional cure (Kuhe and Aliyu, 2015; Kumar et
al., 2020b).

The transformation of wastes into useful gas and fuel is carried out in reacting equipment
known as gasifier, their categorization is based on their interaction with solid wastes, catalytic
and adsorbing agents and measure of the use of gas agents. Types of gasifiers are; entrained flow,

fluidized bed and moving or fixed bed gasifiers as shown in Figure 2.3.

Some issues mitigating against the improved development of this process are high
investment cost, optimistic power productivity, dehydrating of biological materials and crushing,
the contribution of oxygen, repairs and cleaning of the reactors and practicability of the economy.
Also, the produced gas is expensive to store or transport, therefore, demands instant use of the
fuel (Varma and Mondal., 2017; Shi et al., 2019).
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Figure 2.3: Basic Principle of a Gasifier (Liu et al., 2019)
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2.2.5.2 Thermochemical conversion; combustion

Biomass combustion widely practiced in developing countries to provide heat and energy
for industrial and agricultural purposes (Romuli et al., 2019; Ibikunle et al., 2019). Non-
renewable fossil fuels such as oil, coal, and natural gas are mainly utilized as a primary energy
resource in developed countries which could be depleted in the next 40-50 years (Isabel et al.,
2017). Thermal conversion of organic matter with an oxidant (normally oxygen) by combustion
method to produce primarily carbon dioxide and water incomplete oxidation.

Conventional combustion technologies are used to raise steam through biomass
combustion, the steam can be used to produce electricity through the expansion of the steam in a
conventional turbo-alternator. Several combustion technology variants have been developed.
Grate type boilers are one of the technologies used for biomass conversion. The advantage of
grate boilers includes relatively low investment costs, low operating costs and good operation
(Oyejobi et al., 2020).

2.2.5.3 Thermochemical conversion; liquefaction

Liquefaction is a thermochemical conversion process that can occur directly or indirectly.
In direct liquefaction, the biomass species undergoes hydrothermal liquefaction or rapid pyrolysis
to generate oils, liquid tars and condensable gases e.g., bio-oil, while indirect liquefaction deals
with the utilization of catalysts to decompose biomass and convert it to NCG e.g., H2, CO2, CO,
CHa, C2He, and condensable gaseous pyrolysis products e.g., liquid fuels (Khonde et al., 2016).

Liquefaction is a thermo-chemical process requiring a catalyst under high temperature
and pressure in order to change solid biological material to the desired product of liquefied fuels
or other biological chemicals. In this process, large molecule materials are broken down into
smaller compounds in the presence or without the use of a catalytic agent in the substrate or by
the application of a solvent that generates many forms of compounds, generally known as
biological oil or biological crude. The achieved products have tiny molecules which are not stable
and can readily react and undergo another polymerization into products of oily biocharacteristics
with a varying range of molar mass dispersal. Also, in this procedure, water as a solvent

disintegrates the tiny molecules further to micro compounds by the removal of water, hydrogen
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and carbon. Once these micro compounds are produced, The study are reorganized through

polymerization, condensation and cyclization into a fresh compound (Chowdhury et al., 2017).

This process should not be confused with pyrolysis when compared, because both
processes vary in operational data, in the need of a catalyst, and their end products. The products
of this process are primarily liquefied and have little quantity of gas constituents at pressure and
heat variations between 4900-21000 kPa, and 250.1-351°C respectively, using some salts of
alkali metals as a catalytic agent. The liquefaction process sometimes needs additional reactants

like hydrogen and carbon monoxide to speed up the complete operation.

This process does not sufficiently describe the main function of the catalytic agent. Some
long-standing researchers offered procedures for sodium carbonate and potassium carbonate for
liquefying biological material. These agents hydrolyze the large molecules (lignin,
hemicelluloses, cellulose) into smaller molecules, a reaction is done to further it break down into
more tiny molecules by the removal of water, hydrogen, oxygen, and carbon (Kumar et al.,
2020b). This process can produce fuels in liquid form which can be compared to products of
petroleum including some valuable by-products; hence, new developments in this process have
shown that the process may not be fruitful at a marketable level (Khonde et al. 2016; Obuka et
al., 2019). Some aspects controlling the marketing of this process could be the low productivity
of bio-oil which is between 20.2-55.1% and has inferior oil quality in comparison to modern
options like pyrolysis, because of its type of liquid product, stringent operating data, which are
increased heat and pressure reactions, and need of a catalytic agent e.g., Carbon monoxide
C3H70H, C4sH9OH and glycerin.

2.2.5.4 Thermochemical conversion; pyrolysis

Thermal degradation of biomass via pyrolysis method has gained more popularity because
it is an efficient, low operational cost, reduced feedstock transportation from point of production
to consumption destination, and capable of producing liquid, solid and gaseous fuel in the absence
of oxygen unlike torrefaction to yield mainly solid fuel (Xueyong et al., 2017; Gautam and
Chaurasia, 2020). The term “Pyrolysis”, can be defined as the thermal treatment or decomposition

of biomass or organic matters in the absence of oxygen, to produce solid, liquid and gaseous
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products (Morgano et al., 2018; Liu et al., 2020). The resources for biomass include wood and
their wastes, agricultural produce, their wastes and byproducts, urban solid wastes, excretion
from livestock, wastes obtained after treatment of food items and aquatic life. The main biological
constituents of these biological wastes are categorized into lignin, celluloses, and hemicelluloses.
Pyrolysis is the application of high temperature or thermal degradation of biological wastes
known as biomass without air (oxygen), or it can also be defined as a thermo-chemical process
in which these biological substances are decayed in the presence of heat under a non-reactive
environment, these process stages are: fragmentation, the formation of product and dehydration,
these products are fuel gas products, charcoal, and bio-oil. The process of heat degradation of
cellulose ensures the following reaction: a slow decomposition, and ash formation on heating at
lower temperatures; and a rapid decomposition at increased temperatures (Eke et al., 2019; Soka
et al., 2020).

According to Jaffar et al. (2020), pyrolysis product includes; gases, bio-biochar, and bio-
oil. The major purpose of pyrolysis is to produce liquids for fuel or chemical production. During
pyrolysis processing, breakdown of large compound hydrocarbon molecules of biomass into
comparatively smaller and simpler molecules occurs, such as; gas, liquid, and biochar as shown

in Figure. 2.4.
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Figure 2.4: Schematic diagram for Pyrolysis Process (Guedes et al, 2018)
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2.2.6 Basic principles of pyrolysis

Pyrolysis process involves the use of heat to break down lignocellulosic biomass which
takes place under an inert atmosphere where the flow of nitrogen or argon is normally required
devoid of oxygen. There are various complex procedures involved in the chemical reaction of
pyrolysis, producing gases (methane, hydrogen, CO and CO3) biochar and bio-oil (Isitan et al.,
2019; Kazawadi et al., 2021). Pyrolysis is known as an antecedent of gasification or combustion
processes that do not require agents like oxygen and steam (Gautam and Chaurasia, 2020). It has
similarity to processes like cracking, devolatilization, carbonization, torrefaction, dry distillation,
destructive distillation, and thermolysis, but having no comparison with gasification (Imam and
Capareda, 2012; Ferreira et al., 2020).

Pyrolysis is known as an antecedent of gasification or combustion processes that do not
require agents like oxygen and steam (Gautam and Chaurasia, 2020). It has similarity to processes
like cracking, devolatilization, carbonization, torrefaction, dry distillation, destructive
distillation, and thermolysis, but having no comparison with gasification (Imam and Capareda,
2012; Ferreira et al., 2020). During the process, decomposition of the substrate of biomass
commences at about 349-549°C and can continue to 699-799°C in the absence of air or oxygen
(Bridgwater, 2012; Varma and Mondal, 2017; Chukwuneke et al., 2019; Hu et al., 2020),
compared to 800 — 1000°C for gasification and combustion which is above 900-1500°C (Yueshi
et al., 2014; Arni et al., 2018). Incomplete pyrolysis processes are known as torrefaction,
whereby, the biomass undergoes thermal pretreatment in the absence of oxygen at a temperature
range of 200-300°C to produce carbon (Balogun et al., 2018; Zhang et al., 2018; Abdenacer and
Djalal, 2020), while carbonization is extreme pyrolysis or slow pyrolysis process whereby carbon
is mostly left behind as its residue when the biomass is heated at a temperature range 200-300°C
(Narzari et al., 2017; Guedes et al, 2018). The constituents of biomass are hemicellulose, lignin,
cellulose, pectin etc., these large molecules of biological material begin to break down into small
molecules which are mainly composed of a long polymeric chain of cellulose, lignin,
hemicellulose, pectin and others (Jaffar et al., 2020). The larger molecules of organic materials
start to decompose to yield smaller molecules, which leaves the pyrolysis process as gases,
condensable vapours and biochar. The fraction of product obtained from the process is based on

some parameters which are, pressure, temperature, time, rate of heating, kinds of precursors,
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configuration and design of the reactor, and moisture content of biomass which should be less
than or equal to 10.1% (Kumar et al., 2020c).

For higher moisture content in biomass, there’s also a high probability of end products
becoming liquids than when biomass contains a low quantity of moisture which produces a large
quantity of dust instead of oil. At temperatures less than 449°C and slower heating rate, biochar
is produced, for higher temperatures of more than 799°C and high heating rate gaseous product
and ash are produced while bio-oil is produced by the addition of intermediate temperatures and
moderately high heating rate. At the first process of pyrolysis, at a temperature range of 249 —
300°C, hot smoke is released at ten times faster than the later stage (Shi et al., 2019; Sekar et al.,
2022). Biocharcoal is produced from wood as biomass, it produces a tiny quantity of smoke,
before now, it was used in the extraction of iron during the melting of its ore which had a lot of
challenges giving rise to the development of extracting energy from biomass by this process of
pyrolysis, gasification and combustion (Magdziarza et al., 2020). The process of combustion
involves the burning of biological material in the presence of oxygen to generate heat, however,
the proficiency of this exercise is not suitable. The process of gasification is conducted in the
presence of an atmosphere of oxygen to produce gaseous products like fuels, while pyrolysis
which leads the stage can be taken as a part of gasification and combustion which will yield

gaseous fuels (Magdziarza et al., 2020; Numes et al., 2022).

2.2.7 Type of pyrolysis
2.2.7.1 Fast pyrolysis

Fast pyrolysis is a direct thermochemical technique. During this process, the feed material
or biomass is heated at an increased temperature range of 400-600°C at a faster heating rate of
10-200 °C/s, with a short solid resistance time of 0.5-10 sec and with fine particle size less than
1mm feedstock without oxygen (Paenpong and Pattiya, 2016; Pattiya, 2018; Zhong et al., 2022).
With reference to the original mass of the feed material, this process can generate between the
ranges of 61-74.9% of biofuels in liquid form, biochar deposits of biomass of 15.5 — 24.9%.
Oyebanji et al. (2018), reported that fast pyrolysis favours high production of bio-oil at a yield of

about 70% with a high presence of complex organic compounds such as aromatic hydrocarbons,
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ether, alcohol, organic acid, sugars, phenols, etc., which can be utilized for chemical production.
More so, it has the potential of generating about 10.5 — 20.5% gas, these depend on the original
feedstock utilized (Pattiya, 2018).

Some merits of this procedure are:

It is possible and economical to scale up this process.

The feed stock for this process is easily obtainable as it can use wastes from forests,
manufacturing and urban communities.

Logistics surrounding transportation and storage of the liquid products (fuel) is easily obtainable.

Products from this process can be further transformed into other usable products.

The demerit of this process is that it cannot retain vapour for a long time, but if the obtained
vapour and aerosol are cooled down immediately after the process, this can provide for increased
yield of the bio-oil. Some applied uses of this process are electricity generation for industries,
provision of fuel in the form of liquid biofuel for industrial turbines, boilers, and engines (Obuka
et al., 2019). Fast pyrolysis is divided into two namely; Garret pyrolysis and Georgia Tech bed

process,
Garret pyrolysis

Before now coal has been the raw material for pyrolysis this is known as pyrolysis of coal but
recently the use of biological materials also called biomass as a raw material is a novel in the
process of pyrolysis. The main objective of this procedure is the production of biological fuel. In
this process, the waste biological material is allowed to mix with biochar at high temperature and
recycle gas which is also at a high temperature. It is then followed up by the pyrolysis process
which is also at a high temperature and a short holding time within the range of 801-802°C and
9.8 — 10.1 seconds respectively (Foong et al., 2020). The products are then collected and

separated (liquid and biochar).
Georgia Tech entrained bed process

During this procedure, the raw material/feed or the biomass is properly grinded and sifted to
obtain a grain size of about 0.9 mm, moisture is then removed to about 9.9% before being used

as a feedstock to the reactor where the process of pyrolysis occurs in the presence of an inert gas
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e.g., nitrogen. The temperature of the process is about 501°C and a product yield of approximately

50.1% and 30.1% gaseous matter is anticipated (Foong et al., 2020).

2.2.7.2 Flash pyrolysis

Solid, liquid and gas can be obtained from the flash pyrolysis process as products. During this
process, the production of bio-oil can be enhanced to an average of 75.1%. This is done by quickly
removing the volatility of the product in the presence of a non-reactive environment, with a rapid
heating rate above 1000°C and high reaction temperatures within the range of 900-1300°C. The
process has low gas retention or residence time of less than 0.5sec. The major demerit of the
process is that it has reduced the balance of heat energy. This is as a result of biochar who acts as
a catalyst, the product (oil), turns out to be thick and it retains some solid matter. Also, the high
heating and heat transfer rates can only be attained when the biomass particle sizes are very small
around (60-140 mesh size). Another classification of this process is ultra-rapid pyrolysis, with a
very low retention time of 0.49 seconds and a very high rate of heating, this procedure is utilized
basically for the manufacture of bio-oil and biochar (Palumbo et al., 2019; Tokmurzin et al.,
2022).

2.2.7.3 Intermediate pyrolysis

Intermediate pyrolysis among the pyrolysis methods has been mentioned to ensure high
bio-oil and moderate biochar and NCG vyields. It is the most suitable route to optimize co-
pyrolysis yields by fully utilizing all the pyrolysis product yields and improving the bio-oil yield
when compared to fast pyrolysis. It also tends to treat high moisture content present in the
biomass. Hence, making the biochar yield attain activated carbon due to comprehensive
interaction with steam (Yang et al., 2017; Yang et al., 2018; Kazawadi et al., 2021).
Intermediate pyrolysis is a direct thermochemical technique, in which the feed material is heated
at an increased temperature range 450-650°C at a heating rate of 10-100 ‘C/min, with a
resistance time of 5-30min and with fine particle size less than 2mm feedstock without oxygen
(Bertero and Sedran, 2015; Morgano et al., 2018).
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2.2.7.4 Slow pyrolysis

The main purpose of this process is the production of biocharcoal which can be obtained by the
addition of a reduced temperature range of 150-300°C and a rate of heating less than 10°C/min.
Vapour in this procedure has a long residence time of about 5.1 — 30.2 mins with a particle size
range of 1-2 mm. Organic substances at a gaseous state will keep reacting with themselves to
produce a little quantity of liquid and biochar. Bio-oil has low quality in this process (Arni, 2018;
Mortari et al., 2021). The main cause of the reduction in the generation of bio-oil during this
process is the long residence time which causes a continuous breakdown. Low heat transfer and
longer retention times in the process causes a need to increase the addition of energy (Halder et
al., 2019). In addition, slow pyrolysis can be categorized into conventional and carbonization

pyrolysis with increased retention time and a very low rate of heating.

2.2.8 Products of pyrolysis

Pyrolysis solely involves the breaking down of large complex molecules into several smaller

molecules. In view of these its product can be classified into three principal types:

Liquid products
Solid products

Gas products
2.2.8.1 Pyrolysis liquid product

The pyrolysis’ liquid products are known as; bio-oil, tar or bio-crude, which is a black
tarry fluid that holds up approximately 20% moisture content. It consists of homologous phenolic
compounds. The bio-oil product of liquid biomass is a mixture of complex hydrocarbons having
large oxygen and water contents. Bio-oil could be further categorized into five broad categories

considering compounds formed in it (Aziz et al., 2018; Gautam and Chaurasia, 2020)

2.2.8.2 Pyrolysis solid product

Biochar is the solid form yield of pyrolysis. Biochar contains primarily carbon
approximately 85%, but could also contain some percentage of oxygen, hydrogen and some
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inorganic ash if it is present in the parent biomass. Biochar heating value ranges from 25 MJ/kg
to 32 MJ/kg dry basis, as a result of these it is considered to be substantially higher than that of
the parent biomass or its liquid product (Jafri et al., 2017). Considering biomass being carbon-
neutral, the combustion of biochar could also be accepted to be more environmentally friendly
than coal (Lee et al., 2017).

2.2.8.3 Gas

Gases (condensable vapour) and non-condensable (primary gas) are produced in the
decomposition of biomass. Biomass containing heavier molecules, undergoes condensation upon
cooling, adding to the liquid yield of pyrolysis. The NCG mixture, however, is made up of lower-
molecular-weight gases which include; carbon dioxide, carbon monoxide, methane, ethane, and

ethylene. These gases do not undergo condensation on cooling (Mohammed et al., 2017).

2.2.9 Pyrolysis reactor

Reactor importance in any pyrolysis processes cannot be underestimated. Biomass
reactors are aimed to satisfy specific conditions such as; heating temperature, vapour product
residence time and required pressure for a high bio-oil yield. The following are types of biomass

reactors:
2.2.9.1 Fixed bed reactor

It is a simple method that produces bio-oils that are largely homogeneous in size and have
a low fines content (Qian et al., 2019; Inayat et al., 2022). It consists of the gas cooling
compartment and the cleaning system that uses dry filters, wet scrubbers, and cyclones to filter
out debris. The solid sample is permitted to move through a vertical shaft during the reaction
where it comes into contact with an ascending counter-current gas stream product. Important
components of these reactors, such as a feeding unit (fuel), a device for removing the ash, and

the gas escape unit, are made of steel, firebricks, or concrete (Aziz et al., 2018).
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2.2.9.2 Fluidized bed reactor

The solid phase and the liquid phase coexist in a fluidized bed reactor, which is renowned
for its simple design and operation technology. The technology is accomplished by forcing
pressurized fluid via the solid substance. A fluid bed reactor is appropriate for intermediate and
fast pyrolysis (Treedet and Suntivarkorn, 2018; Cao et al., 2018).

2.2.9.3 Circulating fluid bed (CFB) reactor

Circulating fluid bed (CFB) is reactor type suitable for high throughputs, as a reality of
this is used at petroleum and petrochemical industries in demand for high throughputs. The Heat
transfer method involved in CFB involves recirculation of heat from heated sand in the chat
combustion chamber. CFB reactor has some similarities with bubbling and twin fluid bed
gasifier, the system gives good performance and high liquid yield. This can be achieved in a
variety of ways, but the major difference includes that the biochar residence time can be said to
be almost the same as for the vapour residue time. More also the gas and biochar are more affected
as a result of higher gas velocities which can result in higher biochar contents in the collected
bio-oil (Treedet and Suntivarkorn, 2018).

2.2.9.4 Vacuum pyrolysis reactor

The vacuum pyrolysis reactor is a slow pyrolysis reactor due to the relatively low heat
transfer rate. Vacuum pyrolysis reactor utilizes the vacuum system technology to produce bio-oil
in a range of 35-50 wt% (Dusso et al., 2022). The vacuum is a lower pressure region compared
to the atmospheric pressure located inside the reactor. The boiling point of substances obtained
within the reactor is less compared to that reached atmospheric pressure. In lieu, carbon
conversion in this pyrolysis type is far more easily reached. The technology has a short residence
time during chemical processes due to its low operating pressure more also it had larger biomass
particle size processing ability but requires special solids feeds and discharging devices in order

to have an effective seal all the time (Carrasco et al., 2017; Abomohra et al., 2021).

2.2.9.5 Rotating cone reactor

A rotating cone reactor is a type of thermochemical technology which converts biomass
into usable fuel in the presence of inert gas. This method utilizes the mechanical mixing of
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biomass and sand as against the mixing of the biomass in hot sand driven by an inert gas. Major
parts of this reactor are; a sand circulating system having a riser, a fluid bed biochar combustor.
Biochar is combusted to generate the required heat for the pyrolysis process by reheating the inert
sand that is already re-circulated in the reactor. Though the setbacks of the design of this reactor
is its complexity. Also, its oil remains the only product of this technology while the high bio-oil

yield high makes it highly considerable, and gases were flared (Gonzalez-Quirog et al., 2017).

2.2.9.6 Auger reactor

Auger reactor is an environmentally friendly technology that uses a screw to transfer the
biomass through a heated cylindrical tube depleted of oxygen (Campuzano et al., 2019). During
this process, the thermochemical conversion of the feedstock takes place while devolatilized and
gasified at a temperature range of 400°C to 800°C. These led to the production of biochar and
condensation of gases into bio-oil (Ding et al., 2019; Jalalifar et al., 2020).

2.2.9.7 Plasma reactor

A plasma reactor is a thermal conversion process that uses plasma (charged particles) for
biomass (organic matter) conversion into fuel (synthetic gas). According to Tang and Huang
(2005) and Serov et al. (2019), plasma reactors comprise a cylindrical quartz tube, fitted with two
electrodes made of copper or tungsten for ionization of gases. The thermal conversion takes place
as a result of a very high-temperature ionization of the gases to produce syngas and slag. The
thermochemical dissociation of the organic matter is known as plasmolysis. Products of this
thermochemical conversion are syngas and slag. The syngas obtained is pure calorific mainly
carbon monoxide and hydrogen. Some of the advantages of this method include; safe means of
destroying chemical and wastes, prevention of hazardous waste from reaching the landfills,
recovery of ashes and particulates and production of syngas. Some of the disadvantages include;
high capital cost, need for regular maintenance, high operational cost, low energy production and
high energy consumption (Serov et al., 2019).
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2.2.9.8 Microwave reactor

In this technology, there is high energy transfer due to molecules and atoms interaction
using the microwave. This a new technology of pyrolysis which can be used effectively on an
industrial basis (Ethaib et al., 2020; Ge et al., 2021). The whole pyrolysis and drying processes
are carried out in a microwave oven chamber operating on an electricity source. In the time past,

this reactor has shown to be very effective in the recovery of chemical from biomass.

2.2.9.9 Solar reactor

In this technology, solar energy is stored as chemical energy. The mechanism consists of
a quartz tube having an external opaque wall, exposed to high solar radiation capable of high
temperature (>700°C) generation in the reactor (Sobek et al., 2019). Having these technology
help to reduce pollution and it’s never tampered with during the heating process. The reactor

start-up and shut downtime are also very fast.

Table 2.1: Merits and Demerits of Types of Reactors

Reactor type Merit Demerit References

Fixed bed 1. The design is simple 1. High carbon conservation Chowdhury et al.
2. Dependable results 2. Long solid residence time (2017); Aziz et al.
3. Independent biomass 3. Low ash formed (2018)
size
4, Easy mode of
operational procedures
5. High heat transfer rate

6. Effective temperature

control
Bubbling 1. Simple in design 1. Mainly utilized for large- Laouge et al. (2019);
fluidized bed 2. Easy mode of scale application and small Cao et al. (2018)

operational procedures biomass sizes
3. The temperature can 2. Operating costs is high
be regulated easily

4. High heat transfer rate
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Vacuum

Auger

compact

Plasma

Microwave

Solar

1. Pure bio-oil

2. Processes large
particles

3. Requires no inert gas
4. Low temperature

5.  Condense liquid
product

1. Inert gas not required

2. High heat transfer

1. Higher energy density
3. Higher rate of heat
transfer

3. Easy process control
4. Higher consumption
of electrical power

1. Heat transfer rate is
high

2. Effective temperature
control

3. Compact structure

4. Higher heating rate

5. Large-size biomass

temperature distribution

1. Dependent on
renewable energy
2. A high Heating rate is

obtained

1. Slow operating process

2. Requires high solid
residence time

3. Mainly utilized for large-
scale application

4. Poor heat and mass transfer
rate

5. More water generated

1. Lower process temperature
2. Moving parts in a hot zone

3. Low Heat transfer rate

1. Operating costs is high
2. Requires small biomass

sizes

1. Involves high temperature
2. Electrical power
consumption is high

3. Higher cost of operation

1. High temperature

2. Dependent on weather

Menendez et al.
(2004); Carrasco et al.
(2017)

Campuzano et al. (2019);
Jalalifar et al. (2020)

Serov et al. (2017)

Ethaib et al. (2021);
Ge et al. (2021)

Sobek et al. (2019)

30



Rotating 1. Hot sand and biomass 1. Difficult to operate and Gonzalex-Quirog et al.
cone substrate is circulated by required small biomass sizes  (2017)

centrifugal force 2. Difficult large-scale

2. Requires no carrier gas application

2.3 Empirical Review
2.3.1 Biomass characterization

Augustine et al. (2015) evaluated the structural compositional of woody and non-woody
biomass. Gravimetric, spectroscopic, and chromatography were employed. Results showed that
cellulose and hemicellulose contents greatly influenced the emission of volatile matter.

Ayeni et al. (2015) studied the structural modification of siam weed via alkaline oxidative
periodic treatment [NaOH-H202- with Ca (OH)2-H202], as well as the enzymatic conversion
of siam weed into bioenergy. Also, pretreatment of the siam weed was performed to obtain the
optimum targets at 70°C for 3 hr. Results showed that the raw cellulose content of 44.29%
increased to 47.18% while the lignin of 24.2% dropped to 21.09%. Finally, the pretreatment led

to disruption in the biomass.

In the work of Aladin et al. (2017), an empirical study on the importance of selecting
approximate material and design conducted. The result showed that the utilization of a suitable
reactor for the pyrolysis process helps to minimize cost and enhance the quality of bio-oil
production. The study was limited to the effect of reactor types on biomass fuel products.

Ogunsola et al. (2018) performed an empirical study on the analysis of wood fuel (Fuel
properties and characterization) of different selected wood wastes (Saw Dust) such as Afara,
Arere, Iroko, Ayin and Obeche wood. The fuel rating of the selected wood is 1.75 (Obeche), 2.6
(Ayin), 3.13 (Masonia), 3.25 (Iroko), 3.25 (Afara) and 2.0 (Arere). It was observed that Iroko and
Afara wood had the worst fuel properties while obeche had the best fuelwood properties. The
work was limited to the fuel rating of several biomass materials, but no mention of any
optimization of the process.

Echeverria et al. (2018) evaluated the macro structural effect of a corncob. The chemical
composition showed that the cellulose, hemicellulose, and lignin contents were 40.95, 38.94, and

16.54 wt%, respectively. An upgrade of cellulose content (64.12 wt%) was observed after
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pretreatment. Also, the hemicellulose and lignin contents decreased to 19.76 and 10.16 wt%. The
study also recorded high amount of glucose of 40.90 g L™

Baruah et al. (2018) investigated products formed in oil shale pyrolysis and used TGA
coupled with TGA-FTIR to establish the decomposition zones. Their work applied GTA-FTIR
in the shale oil characterization at optimum conduction and observed that the shale oil showed an
abundance of high energy density aliphatic compounds.

Romuli et al. (2019), worked on “Thermo-Gravimetric Analysis” (TGA) utilizing a fixed-
bed quartz reactor to obtain a suitable degradation model and investigate the effect of operating
conditions on product distribution. In their work, it was observed that at a temperature range of
250.15 to 450.15°C, thermal decomposition occurred which could be described by the three-
parallel reactions model. The study noted that yields of gas, liquid and biochar influenced by the
temperature and hold time within the fixed-bed quartz reactor.

Asibor et al. (2019) investigated the physicochemical and thermal properties of Obeche,
Albizia, Bombax, Apa, Acacia, Okwen, Ohian, Ukpe, Otu, Ekhimi, and Ohain. The results
observed that the samples' heating value ranged between 87.51 — 90.94%, ash content ranged
between 0.2 — 2.76%, and moisture content ranged from 8.62 — 10.53%. The ultimate results
showed the average carbon, hydrogen, oxygen, nitrogen, and sulphur contents for the samples are
52.03, 5.41, 42.31, 0.23, and 0.023 wt% respectively. This work concluded that the physical and
chemical properties of the biomass samples were within the desired ranges. Also, the
experimental calorific values of the samples range from 0.8666 < x < 0.929. Finally, Apa was
found to be the most suitable among the sample for energy generation while obeche was noted to
be the least suited.

Mansor et al. (2019) studied pineapple biomass characterization to determine the quantity
of lignocellulose content and its effect on heating value. Their result shows that the biomass leave
recorded cellulose (30 wt%), hemicellulose (37 wt%), and lignin (22 wt%) when compared to
stem and root due non-wooden nature of the leave. The findings also indicated that pineapple
biomass has more hemicellulose and cellulose content and possesses different thermal stability
when compared to stem and root due to their varying chemical structure.

Umar et al. (2020) investigated palm kernel shell for potential syngas production by
exploring the proximate, elemental and higher heating value. The elemental components and

structural composition were determined using X-ray fluorescence and scanning electron
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microscopy (FESEM) techniques. Results showed that palm kernel shell recorded carbon of
48.4%, hydrogen of 5.85%, and oxygen of 45% for the ultimate analysis, while the proximate
analysis recorded a volatile matter, fixed carbon, ash and moisture contents of 73.4, 29.4, 6.0 and
5.8 wt% respectively. Also, the calorific value was 18.84 MJ/kg.

2.3.2 Influence of pyrolysis parameters

Bridgwater et al. (1999) carried out a detailed comparison of the various types of reactors
used for the pyrolysis process by putting into consideration, the cost, merit, and demerit of each
reactor and their criterion for design and material selection. The study opined that the ablative
reactor generally is very difficult to design and scaled up due to its complexity and multiple
moving parts when compared to another reactor. Also, Kostas et al. (2020) deduced that the
reactor is mainly utilized when the biomass particle sizes are large and the volume of gas carriers
is low during the production of condensable and non-condensable gases. Modelling and
optimization of the operating parameters were not carried out. The study only compared various
reactors for optimum biomass yield production.

Ruiz et al. (2013) designed and fabricated a fixed bed reactor for the decomposition of
biomass to biofuel using the pyrolysis process. The reactor consists mainly of a fixed bed reactor,
liquid collectors and liquid fuel. During the test, the temperature of the reactor bed, feed particle
size and running time was altered and a higher heating value of devdaru seeds of 24.22 MJ/kg
was obtained. In this work, design and fabrication were fine, operating parameters were altered
as stated but only liquid yields were noted during the pyrolysis process.

Olagbende et al. (2016) carried out a modification of a fixed bed reactor for the pyrolytic
decomposition of royal Poinciana (Delonix Regia) pods, seed and husk to biofuel and biochar.
The samples were heated at various temperatures ranged 300-500°C at 50°C interval, each lasting
for about 7hours. It was deduced that the yield of bio-oil from seed was higher than that of the
husk and pods. Also, biochar and biofuel were generated in a significant amount. The study
proposed that other parameters such as residence time and heating rates should be investigated.

A fixed-bed batch type pyrolysis reactor for the production of oil was designed and
fabricated by Aziz et al. (2016). The operation temperatures ranged from 430 to 500°C. Results
showed that biochar, pyrolytic gas and pyrolytic oil yields were 38.3, 12.7 and 49% respectively.
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This report only used a fixed bed reactor type within a temperature range in their investigation.
No optimization of the process was also mentioned.

An investigation of the effects of the pyrolysis residence time and temperature on various
biochar yields were carried out by Junna et al. (2017), it was observed that an increase in
residence time at about 8 hours at 300°C reduce the yield of biochar generated while the residence
time had little effects on the biochar yield at 600°C, instead, it led to a change in the surface and
internal structure of the biochar.

Carrasco et al. (2017), studied “the techno-economic for producing liquid fuels from
forest residues” for their work, laboratory experiment was performed via pyrolysis process to
obtain product yields and composition. Aspen Plus process simulation for a feed rate of 2000 dry
metric tons per day was utilized to determine the energy requirements and equipment sizes
estimation. The research was restricted to forest residues and results showed that the forest
residue yielded 24% biochar by weight. Similarly, bio-fuel yields were 16% by mass and 40%
by energy. From their results, it was observed that the material stream could be used to produce
hydrogen sufficiently for the hydrotreatment without requiring external natural gas. Their work
demonstrated that the oil yields from forest residues, in comparison to other pyrolysis oil yield
through catalytic hydrocracking and then gasification of pyrolysis biochar to generate syngas.
Limitations include a type of biomass investigated which is forest residues, pyrolysis method was
not stated while hydro treating was involved. But from their result, it was deduced that the
simulation of the process revealed a high chance of obtaining sufficient bio-oil.

The thermochemical conversion of carbonaceous biomass species such as sawdust, empty
fruit bunch, and giant miscanthu into bio-oil and biochar using a pilot-scale circulating fluidized
bed reactor was carried out by Yong et al. (2018). The study proposed that additional units for
metal and biochar removal should be provided during pyrolysis plant design so that the required
amount of bio-energy could be collected during the operation process. The result showed that
heating value, moisture; and ash contents influenced the yield of bio-oil. Also, during the fast
pyrolysis process, the optimum bio-oil yield was recorded when the biomass was heated at 500°C.

Piloto-Rodriguez et al. (2020) investigated the parametric study of flash pyrolysis of
Jatropha oil cake using nitrogen (N2) in an electrically heated fluidized bed reactor. From their
result, the pyrolysis oil had a calorific value of 19.66 MJ/kg and could be upgraded to a higher

quality bio-fuel or serve as a source of low-grade fuel directly. In this work, a parametric study
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was carried out in an electrical operate fixed bed reactor. No optimization of the parameters was
mentioned and nitrogen and reaction temperatures were only investigated during the pyrolysis
process.

Gautam and Chaurasia (2020) investigated the effects of kinetic parameters such as
temperature, residence time of volatile, and reactor length on the yield pyrolysis products using
neem bark, bamboo, rice husk, rice straw. Results showed that maximum clean syngas was
generated for neem bark (52.61 vol%), while the optimum yield of bio-oil of 46.93% was
generated for bamboo at 450°C.

Magdziarz et al. (2020) adopted a hydrothermal carbonization (HTC) process to
investigate the effect of temperature, residence time, and physiochemical properties on the yield
of the pyrolysis products such as biochar and liquid fuel using energy crop (sida hermaphrodita),
wood biomass (pine) and agricultural waste. The HTC was carried out in the reactor at a
temperature of 220°C at 4 hours residence time. Consequently, Py-GC-MS apparatus was used
to investigate the pyrolysis process of the hydrobiochars. After the biomass had been pyrolyzed
at 400, 500, and 600°C, it was deduced that rapid temperature heating, short residence time as
well as the physiochemical components of the biomass influenced the yield of bio-oil and biochar
with short residence time. The study was unable to convert the heat loss from the reactor to

another form of energy e.g., electricity.

2.3.3 Energy and exergy analysis of pyrolysis process

A chemical thermodynamic model was developed by Yueshi et al. (2014) to predict the
product composition of a biomass gasification system. Preheated air and steam were used during
the process while the ratio of steam to mass as well as temperature was also analyzed. It was
observed that the chemical energy output of the produced syngas was at its peak level when the
S/B ratio was 1.83. However, it was stated that continuous increase in S/B ratios above the
recommended limit greatly affect the energy and exergy efficiencies negatively while a rapid
increase in preheating temperature enhanced the chemical energy of the energy and exergy
efficiencies as well the syngas produced (Moshi et al., 2020). Finally, peak values of 81.5 and
76.2% were obtained for the energy and exergy efficiencies respectively. Modelling was
mentioned, exergy and energy analysis was carried out, but no optimization, conversion of fuel

into power was mentioned.
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Peters et al. (2015a) carried an exergetic analysis of biofuel generation using a fast
pyrolysis process and hydro-upgrading. The results showed that stream reforming reactor greatly
reduces the efficiencies in the process. The research was unable to point out the component that
led to instability in energy and exergy efficiencies. The study only considered the effect of
temperature and residence time. In the work of Nyazika et al. (2019), the effects of heating rate,
residual time, structural parameter, and temperature on physical and chemical modelling of
biomass were investigated and their results showed that the models were able to reproduce the
experimental results. Optimization of the operating parameters was not performed in this
research.

Peters et al. (2015a), in their work, presented an assessment of bio-refinery process
exergetic performance. Their analysis was based on catalytic hydro upgrading of bio-oil using
fast pyrolysis and then upgraded to synthetic fuels in a catalytic hydrotreating process.
Commercial software was used to simulate the biorefinery process and then analyzed using
exergetic analysis. From their work the following analysis was carried out; definition of exergy
balances for each component of the plant and the calculations of the exergetic efficiencies and
exergy destruction rates at the component, section, and plant level, identified the thermodynamic
inefficiencies, and reveals the process improvements. From their results, 60.1% was the exergetic
efficiency obtained for the overall biofuel process while 77.7% exergetic efficiency was obtained
for the biorefinery upgrading process. The study concluded that the steam reforming process
contributed the highest overall exergy destruction taking place within the biorefinery as a result
of the steam-reforming reactor and the associated heat exchangers. Their work didn’t carry out
modelling and optimization of the system, a simulator was used to analyze the energy and exergy.
The heat exchanger was mentioned in their work and the efficiency of the bioenergy was reported.

In the study of Rupesh et al. (2016), gasification was explained as a thermo-chemical
reaction for converting biomass into fuel gases in a reactor while noting that the efficiency of
conversion depends on the effective working of the gasifier. The study used energy and exergy
analysis to analyze various performances of different biomasses during gasification in a quasi-
equilibrium model. The feasibility of different biomass materials as a feedstock gasifier was
compared. It was also inferred that low ash and increase moisture contents led to an appreciable

increase in the energy and exergy efficiencies. Their work didn't consider optimization and
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modeling of the system used, exergy and energy analysis was carried out by considering the only
temperature.

Gonzalez et al. (2019) investigated biomass thermochemical conversion into energy by
carrying out energetic and exergetic analysis for syngas production from biomass gasification
along with its potential use for heat and power generation was carried out using air as the
gasifying agent. From the results, cold-gas and hot-gas efficiencies of 74.5 and 84.6% were stated
achievable by considering an ER ratio of 0.34, it was also noted that energy loss represented
about 15.3% of the total energy input to the gasifier. In this work, the air was used as the gasifying
absent in the thermochemical conversion, no modelling optimization of the process was
mentioned. Energy and exergy analysis carried out in their study only investigated the effect of
temperature on the energy and exergy efficiencies.

Yan et al. (2019) researched biomass-fueled power plant energy, exergy, and economic
analyses, with carbon capture and sequestration. The study firstly validated the sequestration
(BFP-CCS) models before building the integrated model of BFP-CCS. Next was a
characterization of the BFP-CCS and analysis of the energy, exergy and economics, and the
optimum operating condition of BFP-CCS. The study obliged that steam turbines and solid oxide
fuel cells are the biggest contributors to the energy and exergy losses in any BFP-CCS. No
modelling and optimization of the process were carried out.

Singh et al. (2020) carried out work on pigeon pea stalk and eucalyptus Torrefaction in a
tubular quartz reactor in the presence of nitrogen at a constant residue time and heating rate of
about 200 °C. The study observed that under a moderate torrefaction (250 °C), the two biomass
(feedstocks) in review recorded solid yield of 63-64% with by-products obtained in the range of
19-29% (liquid) and NCG at 8-18%. The study noted that from their analysis, the energy and
exergy value of the solid product decreased while there was an increment in the NCG and liquid
when the temperature increases. It was further noted that CO has a major effect on energy and
exergy and solid recorded the highest Energy and exergy followed by liquid and then NCG.
Exergy efficiency of a solid product derived was at the Range of 52 - 54% in moderate
torrefaction condition. Finally, the study noted that recuperation of energy from by-products
(liquid and NCG) could increase the energy recovery in solid by 8-9%. The only temperature was
altered during the pyrolysis process while other operating parameters were kept constant. Also,

no modelling and optimization were carried out, exergy and energy analysis were reported.
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2.3.4 Modelling and optimization of thermochemical conversion process

In the works of Sharma et al. (2015), a comprehensive particle scale model for biomass
pyrolysis process using the phenomenological approach was developed. Particle shrinkage and
drying were considered and results showed that the rate of biomass decomposition to end
products increased as moisture content increase. The optimization of the process parameters on
the yield of bio-oil was not carried out.

Panneerselvam and Sai (2016) formulated a computational fluid dynamic model of
biomass fast pyrolysis in a fluidized bed to investigate the effect of biomass particle type, density
and size, and temperature. The research was limited to kinetic models. It was observed that this
effect has a great impact on the generation of biochar and biofuels.

Hejazi et al. (2016) developed a reactor and particle model to predict the drying and
biochar and biofuel yield from the pyrolysis of biomass. Results showed that a decrease in particle
size and increase in reactor enhanced the time take to complete the conversion and heat-up
process of the biomass. The energy and exergy efficiency of the power plant developed were not
investigated.

Xiong et al. (2016) carried out a multi-scale computational fluid dynamic model to predict
the effect of bubbling bed hydrodynamic in a reactor. It was observed that the production of mean
tar increases as the fluidization velocity increased. Also, the yield of mean tar increases with a
decrease in the size of the sand particle. The research carried out hydrodynamic model in the
reactor.

Crespo et al. (2017) performed optimization of production bio-oil from Acacia mangium
wild wood. The effects on temperature, particle size, and heating rate on the bio-oil yield were
investigated using a two-level parametrial design while response surface methodology was
utilized to obtain the optimum conditions for the generation of bio-oil. The study did not consider
residence time which affects the yield of pyrolysis products. Also, the quality of the bio-oil yield
was not tested. Results showed that the optimal values for temperature, heating rate, and particle
size were 499.5°C, 120°C/min, and 0.46 mm respectively. Also, results obtained from gas
chromatography-mass spectrometry (GC-MS) showed that the percentage of phenol produced
was higher when compared to other components.

Pattiya et al. (2018) reported higher bio-oil yield in an increased gas flow from 1 L/min

to 1.5 L/min. The study further noted no significant increase in the liquid yield from 1.5 L/min
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to 3 L/min. The optimum bio-oil yield was achieved at a temperature and residence time of 550°C
and 0.5 sec respectively.

Hameed et al. (2019) review biomass pyrolysis models such as kinetic, network, and
mechanistic models. The study concluded that further work should be done on energy and exergy
analysis as well as multiscale models such as phenomenological and hydrodynamic model by
considering reactions of all biomass components and potential interactions.

Saleh et al. (2019), intending to optimize gasification systems, used municipal waste for
air gasification and experimentally investigated it using a fluidized-bed reactor. Equivalence ratio
(ER) and temperature parameters were considered, energy and exergy analyses were performed.
Results obtained revealed that the produced gas energy and exergy contents increased sharply
then declined when the temperature exceeded 650°C. The research was restricted to the
gasification of biomass. Also, only equivalent ratio and temperature parameters were
investigated.

Moshi et al. (2020) worked on a biomass gasification system, a model was developed to
predict the product composition with the aid of highly preheated air and steam. In their work, it
was stated that industrial-scale gasifiers constituted a huge financial investment hence the need
to develop a model. The study developed a five-step equilibrium model using ASPEN PLUS
software for the gasifier. It was found that the model could predict accurately the performance of
the system by a close comparison of the simulation and experimental results. A thermodynamic
analysis was carried out based on the achieved model while relying on the first and second laws
to obtain various S/B ratios and preheating temperatures of the gasifying agent. From their results,
S/B ratio was obtained as 1.83 highest syngas was produced. The study also noted that higher
S/B ratios had energy and exergy efficiencies negative effect, nothing that the produced syngas
chemical energy and the two efficiencies increases by preheating temperatures. 81.5 and 76.2%,
respectively represented the peak values for the energy and exergy efficiencies. Relying on the
peak values calculated. The study suggested a thermodynamically and practically possible
operating region was determined for industrial applications. The study was based on biomass
decomposition via the gasification process only.
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2.32.5 Response surface methodology (RSM)

Some researchers proposed the utilization of response surface methodology (RSM) to
optimize the operating parameters of the various systems (Absina et al., 2011; Hossain et al.,
2019; Laouge et al., 2020). RSM combines statistical and numerical optimization techniques to
create empirical equations and ascertain how given conditions affect targeted responses. It was
initially created for the improvement of industrial processes with several input parameters. The
input parameters are the independent parameters, whereas the performance measures are regarded
as response (Mohammed et al., 2017).

Kilic et al. (2014) implemented RSM to study Euphorbia rigida fast pyrolysis
optimization conditions. The maximum bio-oil yield of 35.3 wt% was obtained at corresponding
optimum parameters of temperature (600°C), heating rate (200°C min1), and nitrogen flow rate
(100 mL min?).

Kumar et al. (2019) employed RSM using centre composite design (CCD) to optimize
kinetic parameters of pyrolysis of Saccharun munja. Results showed that optimum bio-oil yield
(46 wt%) was recorded at a temperature of 525°C and time of 60 min.

In the work of Hossain et al. (2019), RSM method was used to optimize the operating
parameters such as N flow rate, temperature, and microwave power to optimize the yield of
biochar and hydrogen gas yields during the pyrolysis process. The software proposed three
optimized operating parameters for enhanced the yield of Hy, biochar, and the combination of H»
and biochar. Statistical tests conducted using ANOVA showed that RSM method is very reliable
for the optimization of biomass pyrolysis process’ parameters. The research only investigated
biochar yield from the pyrolysis products. Also, residence time and heating rate were kept
constant throughout the process.

Kadlimatti et al. (2019) optimized pyrolysis operating parameters such as temperature,
residence time and nitrogen flow rate from fast pyrolysis food waste using RSM. An optimum
bio-oil yield (30.24 %) was recorded at a temperature, residence time and nitrogen flowrate of
400°C, 30 min and 50 mL/min respectively.

Laougé et al. (2020) utilized RSM with central composite design to model and optimize
pyrolysis operating conditions to enhance the performance of pyrolysis of palm oil shells. Results
showed that optimum bio-oil generated was 46.4 wt% when the temperature, particle size,
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reaction time, and nitrogen flowrate was 500°C, 2 mm, 60 min and 2 ml/min respectively. Their
work carried out modelling and optimization of the system, no report on energy and exergy and

generated bio-oil yields was reported.

2.4  Gaps ldentified in the Literature

Recognizing the dearth of information regarding modelling and optimization of pyrolysis
operating process, the best of available knowledge in literature revealed paucity or no information
on the utilization of more than four operating parameters. However, the best available model to
optimize pyrolysis for enhanced yields are experimental runs carried out using fast pyrolysis

process which were limited to a temperature range of 350-600°C.

This study therefore focuses on the modelling and optimization of the intermediate
pyrolysis process putting into consideration five operating parameters such as temperature,
heating rate, residence time, and particle sizes to avoid error that might occur due to insufficient
consideration of pertinent parameters. Also, the experimental runs will be carried out using a

temperature range of 320-720°C.

In exergy and energy analysis, most researchers only investigated the influence of two
pyrolysis operating parameters on the energy and exergy efficiency of bio-oil, biochar and NCG,
while in this study five parameters would be investigated. Also, the parameters that are

responsible for energy loss within the system would be detected.

The response surface methodology (RSM) based on central composite design (CCD)
would be utilized to manipulate these operating parameters. The optimized value of these
parameters will be determined to ensure quality and improve the quantity of pyrolysis products
to minimize waste and production costs. This essentially requires accurate modelling to enhance
the effect on the pyrolysis process. Reaction temperature, heating rate, particle sizes, and
residence time play a vital role in the production process showing often a linear relationship with

the production but at some desired set-point.

The modelling and optimization of the biomass pyrolysis process are crucial for
developing new processes, optimize the performance of the processes, enhance the design and

formulate new products (Myers and Montgomery, 2000; Guedes et al., 2018; Ferreira et al.,
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2020). Also, the functional group and chemical composition of the bio-oil and biochar would be
determined using FT-IR and GC-MS techniques, while the morphology, image resolution and
phases of the would be investigated Scanning Electron Microscope (SEM)/ Electron dispersive
X-Rays Spectroscopy (EDX).
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CHAPTER THREE
MATERIALS AND METHODS

The graphical representation of methodology shown in Figure 3.1, is the summary of the

processes utilized in achieving the objectives of this research.
3.1 Source of Materials

Lignocellulose biomass samples, namely shea butter wood, baobab wood, melina wood,
obeche wood, bamboo, palm kernel shell, rice husk, coconut shell, corn cobs, siam weed, moringe
oleifera, lemon grass and mexican sunflower were sourced from the sawmill, palm oil mill, and
local farms in Omu-Aran, Kwara State, Nigeria (Latitude 8°08'18.85"N and Longitude
5°06'9.36"E), while the sugarcane bagasse and the sugarcane straw were obtained from Ajasse
Ipo, Kwara State, Nigeria (8°13'60"N Latitude and 4°49'0"E Longitude). Plate 3.1 depicts the

raw biomass samples prior to pretreatment.
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Plate 3.1: The pictorial representation of methodology
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Plate 3.2: Raw biomass prior to pretreatment (a) Bamboo (b) Baobab wood (c) Meliana wood (d) Obeche wood

(e) Shea butter wood (f) Corn cob (g) Rice husk (h) Palm kernel shell (i) Coconut shell (j) Sugarcane bagasse

(k) Sugarcane straw (I) Lemon grass (m) Moringa oleifera (n) Mexican sunflower (0) Siam weed
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3.2 Pretreatment of Raw Biomass

The biomass samples were sorted and rinsed with distilled water to remove contaminants
such as stones and other foreign objects and sun-dried for five days (5 h/day) to remove surface
and residual water impurities to enhance grindability (Adeleke et al., 2021). The sun-dried
biomass samples were milled with a ball milling machine and sieved to various particle sizes with
a diameter (dp) of 0.1-0.2 mm, 0.2-0.4 mm, 0.4-0.6 mm, 0.6-0.8 mm, and 0.8-1.0 mm in
Geotechnics laboratory, Civil Engineering Department, Landmark University, Omu-Aran, Kwara
State to enhance densification (Kshirsagar and Kalamkar, 2020). Thereafter, the biomass samples
were oven-dried by placing them in a muffle furnace at 105 +2°C for 7 hours in the Microbiology
Laboratory, Landmark University, Omu-Aran for the samples to be dried. This method was
adopted, because previous studies reported that the biomass samples under investigation do not
have volatile compound at standard temperature and pressure. Hence, leading to an increase in
surface area, heating value, and average molecular weight of the bio-oil and biochar yields (Wang
et al., 2008; Adegoke et al., 2014; Acevedo et al., 2019; Quan et al., 2019). Finally, the oven-
dried biomass samples were stored in a zip-lock polyethylene bags at ambient temperature for
characterization and pyrolysis experiment. Plate 3.2 shows the pretreatment process, while Plate

3.3 presents the biomass samples after pretreatment.
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Plate 3.3: (a) Grinding (b) Oven drying of biomass samples in Civil Engineering Laboratory of Landmark University, Omu-Aran
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Plate 3.4: Treated Powdered biomass for characterization (a) Bamboo (b) Baobab wood (c) Meliana wood (d) Obeche wood
(e) Shea butter wood (f) Corn cob (g) Rice husk (h) Palm kernel shell (i) Coconut shell (j) Sugarcane bagasse (k) Sugarcane
straw (I) Lemon grass (m) Moringa oleifera (n) Mexican sunflower (0) Siam weed
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3.3 Physicochemical Analysis
3.3.1 Proximate analysis of oven-dried powdered biomass

Carbolite muffle furnace (Model: CWF1223-230SN+and02-3216P1) in the Biochemistry
Laboratory, Landmark University, Omu-Aran (Plate 3.4a-b) was used to determine the proximate
analysis such as moisture content (MC), fixed carbon (FC), volatile matter (VM) and ash content.
According to ASTM E 1358 — 97 standards, the moisture content was determined, whereby, 0.5
g of the oven-dried biomass samples were transferred into an empty crucible. The mass of the
crucible plus biomass was weighed and recorded. The samples were heated in a muffle furnace
at 105°C for 2h. The Volatile matter (VM) was determined using the ASTM E872-82 by
weighing an empty crucible and then placing 1 g of each biomass in a muffle furnace, maintained
at 900°C for 8 min all through. Finally, the weight was measured and recorded. Deploring ASTM
standard ASTM D1102-84, the biomass ash content was evaluated using a muffle furnace. 1 g of
biomass sample was measured into a silica crucible and later transferred into a muffle furnace,
maintained at 105°C for an hour. The crucible was transferred into the desiccator to cool down
to room temperature. After that, the crucible was transferred into a muffle furnace charged at
585°C for 3 hours. The FC was determined by difference using equation 3.1 as suggested by
(ASTM E 1358 — 97, 2006; ASTM D1102-84, 2007; ASTM E872-82, 2006)
FC =100 — (MC% + VM% + Ash%) 3.1

3.3.2 Ultimate analysis of oven-dried powdered biomass

The carbon (C), hydrogen (H), and nitrogen (N) contents were determined using LECO CHN
2000 Elemental Analyzer (Plate 3.4c) based on ASTM D5373-21 standard. Whereby 0.5 g of the
sample was measured into a crucible charged into a GenLab oven maintained at 105°C for 1 h
and encapsulated in a thin foil to fit into the LECO CHN 2000 Elemental Analyzer. After that,
the sample was transferred into the purge chamber of the furnace, maintained at 1300°C for 7
min. While the sulphur content (S) was determined using ASTM D4239-11 by placing 2 g of the
biomass in a flame photometer and maintaining it at a temperature greater than 1000°C, after that,
the sulphur detector detected the sulphur present (3.4f). Finally, the oxygen component was
determined by difference as shown in equation 3.2 as proposed by (ASTM D5373-21, 2016;
ASTM D4239-11, 2011)

Oxygen = 100 — (C% + H% + N% + S%) 3.2
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3.4  Structural Composition Analysis Oven-Dried Powdered Biomass

The extractive content in the biomass was determined by first adding 100 mL of acetone used as
a solvent for extraction into a 2 g of oven-dried raw biomass (A) placed into a cellulose thimble.
The boiling and rising of the mixture were carried out at 70°C for about 20 min. The sample was
dried in a Genlab oven for 2 hour and maintained at a temperature range of 105-110°C until a
constant weight was attained (B). The number of extractives was determined using Eqn. (3.3) as
proposed by (Mansor et al., 2019). The hemicellulose content was obtained by adding 150 mL of
500 mol/m? sodium hydroxide (NaOH) into an extractive free (B) biomass sample. The mixture
was boiled with distilled water at a temperature of 80°C for 3.5 hours. After that, the sample was
filtered via vacuum filtration and then washed with deionized water until neutral pH was attained,
freeing the sample from Na+. The sample was finally oven-dried to a constant weight (C) at 105-
110°C. The amount of hemicellulose content was determined using Eqn. (3.4) as proposed by
Adeleke et al. (2020). The lignin content was determined by adding 3mL of 72% sulphuric acid
(H2SOg4) into an extractive free (B) biomass sample. The sample was kept at atmospheric
temperature for 6 h, then stirred very well at 30 min intervals to ensure complete hydrolysis, then
boiled at a temperature of 100°C for 1 hour. After that, the sample was filtered via vacuum using
a filtering crucible and then washed with deionized water until there was no more detection of
SO* via titration process with 10% of BaCl solution. The sample was finally oven-dried to a
constant weight (D) at 105-110°C. The final weight is recorded as lignin content. The cellulose
content is obtained by difference, assuming that the biomass sample consists of extractives,
hemicellulose, lignin, and cellulose only

Amount of Extractive (g) =A-B (3.3)
Amount of Hemicellulose (g) =B -C (3.4)

3.5 Heating Value Analysis of Oven-Dried Powdered Biomass

The higher heating value (HHV) was obtained using the ASTM D2015-00 standard. About 2
g of pellet biomass sample was measured into a crucible and then placed in a high-pressure
oxygen atmosphere metallic cylinder (bomb) at a current temperature (25°C) under a pressure of
20 bars. The bomb was immersed in the adiabatic equipment filled with water and the sample

ignited electrically. The results were then displayed on the Mohan Brothers bomb calorimeter
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(Plate 3.4g). The LHV was calculated from HHV using eqn. (3.5) as proposed by (ASTM D2015-
00, 2000; Merdun and Laouge, 2020).
LHV (MJ/kg) = HHV- (0.218 x H) (3.5)

Where, H = weight % of hydrogen obtained via ultimate analysis

3.6  Thermogravimetric Analyses (TGA) of Oven-dried Powdered Biomass

After performing the proximate, ultimate, structural composition, and heating value analysis,
TGA analysis was performed only on the seven best samples out of fifteen lignocellulose biomass
samples, based on their high energy potential. The thermal degradation and decomposition
behaviour of the selected biomass samples were investigated using a Perkin EImer TGA 4000
analyzer (Plate 3.4e). About 3 mg of each biomass was loaded into the crucible. The samples
were heated in the TGA analyzer from 30 to 850°C at a steady heating rate of 10°C/min under an
inert environment of a continuous nitrogen flow rate of 80ml/min (Merdun and Laouge, 2020).
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Plate 3.5: (a)Weighing of the sample (b) Placing of the samples in a carbolite muffle furnace for proximate analysis (c) PerkinElmer
LECO CHN 2000 Elemental Analyzer for carbon, hydrogen, and nitrogen analysis (d) Mohan Brothers bomb calorimeter (e) Perkin

Elmer, USA TGA 4000 analyzer (f) 2TS 6000 for total Sulphur analysis (flame photometer) (g) Display and printing of the HHV results
using a bomb calorimeter
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3.7 Evaluation of Ignitability index (I)

The pretreatment of the biomas processes and it characterization schmatically is presented
in Figure 3.1. The ignitability index of the oven-dried biomass samples were determined using

Eqn. (3.6) respectively, as reported by Adeleke et al. (2020).

I :(HHV—81FC)/(VM MO) (3.6)

Where, HHV = Higher heating value; FC = Fixed carbon; VM = volatile matter; MC = Moisture

contents, I = Ignitability index
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Figure 3.1: Pretreatment and Characterization of Biomass Processes
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3.8 Research Design

The method adopted was based on the outcome of the experimental design. The
first phase of the experiment commenced with a design matrix layout for the explanatory
parameters and the scalar response(s) by adapting design of experiment (DOE) framework
(Lee et al., 2017; Laouge et al., 2020). The type of experimental design used was central
composite design. Though methods such as Central Composite design (CCD) and Box-
Behnken Design (BBD) are utilized to perform RSM, CCD was adopted in this study
because it is a widely used statistical method for fitting second-order model and
optimization independent parameters of pyrolysis yields as well as energy and exergy
efficiency of the yield of biochar, bio-oil and non-condensable gases (Singh et al., 2020).
CCD is also more reliable, save time and raw materials, determine the regression model
equations operating conditions from the appropriate experiments, investigates the
interactions between independent parameters affecting the pyrolysis process, and is
efficient when the effects of several operating conditions on the final output are considered
by suggesting the minimum number of test runs (Tsai et al., 2006; Abnisa et al., 2011;
Laougé et al., 2020). This study comprises of 5 independent parameters with 3 major
responses (with sub-responses), so instead of performing multiple analyses, the RSM
reduces the time for analysis due to increased computational ability (by reducing numerical
data into coded parameters in its black box and recalculating it back to numerical) and
majorly by grouping analysis together for multi-objective functions (Lee et al., 2017).
Depending on statistical judgments like P-value and F-values, RSM aids in explaining
whether to stick to FRACTIONAL PARAMETERIAL DESIGN-=> for 1%-degree
polynomials relationships or CENTRAL COMPOSITE DESIGN-> for 2"-degree
polynomial relationships for all independent parameters and responses (Dhanavath et al.,
2019). Interestingly, RSM also aids interaction between independent parameters and
responses which can be maximized, minimized, or set at a specific target (Hossain et al.,
2017). Since the interactions are only in the 2" order, the CENTRAL COMPOSITE
DESIGN (CCD) does a good job (Kumar et al., 2019).

The experiments were conducted with six responses in CCD (biochar, bio-oil,
NCG, energy and exergy efficiencies of bio-oil, biochar and NCG) using five independent
parameters (temperature, N> flow rate, reaction time, heating rate, and particle and each
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considered at five levels namely; —1,+1,0,—a and+a (Alipanahpour et al., 2017; Lee et

al., 2019). The alpha value depends on a number of parameters in the parameterial part of

the design and was determined using Eqgn. (3.7).
=[] 3.7)

a= [25]% = 2.3 approximately 2.0

Where n is the number of independent parameters (Abnisa et al., 2011; Savasari et al.,
2015). The value of alpha is presented at -2 and +2. The modeling and optimization of the
operating parameters involved three steps, the first step was utilized to determine a
mathematical relationship between the response and independent parameters using Eqgn.
(3.8) (Absina et al., 2011; Laougé et al., 2020; Samuel et al, 2021).

y = F(X,, Xy, Xgrerrrirons X,) (3.8)

Where y is the response, f is the unknown function of response, X, X,, X5,........... X, is

known as independent parameters and n is the number of independent parameters. It was
assumed that the independent parameters are quantitative and not qualitative as well as

controllable by experiments as proposed by Laougé et al. (2020) and Hossain et al. (2017).

The second step would be utilized to estimate the coefficients (e.g., constant, linear,
quadratic, and interactive) in a mathematical model using a second-order model (quadratic
equation) as shown in Eqn. (3.9). The criterion for selecting the second-order model was
based on the significance of the model relative to alpha (P-value) constraint and coefficient
of determination (R?). Finally, predicting the responses and checking for the adequacy of
the model by obtaining its significance and lack-of-fit which is a degree of the failure of
the model in representing data in an experimental domain (Hossain et al., 2017; Laouge et
al., 2020). The performance of the model was ascertained by analyzing its results with
ANOVA to determine the significance of the model (P-value) and R?. Also, the response
plots linking the input and output parameters such as one parameter, the main interaction
parameters, contour and surface plot, desirability plot are generated and as well as the
optimized value of the independent parameters such as temperature, particle sizes, heating
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rate, reaction time and nitrogen flowrate and energy and exergy efficiency of the biochar,

bio-oil, and NCG are determined from the desirability analysis as shown in Figure 3.2

k Kk k k
y=LBy+ D B+ Bixt + DD Bixx; +& Ean. (3.9) (Myers and Montgomery, 2000;
i=1 i=1

i=1l j>1

Lee et al., 2019; Onokwai et al., 2022)

Where, X;and X; are coded independent parameters such as reaction temperature, particle

sizes, heating rate, and residence time.

The interactions of the x; and x; are automatically computed by the design expert
version 7.0.3 software (Stat-Ease) via a backend algorithm based on hierarchical order of
preference. y is pyrolysis yields known as dependent parameters (responses) as reported
by Savasari et al. (2015), Lee et al. (2017), and Laougé et al. (2020). Where f, is the
constant coefficient, g;, ;; and B;; are the coefficients for linear, quadratic, and
interaction effects, k is the number of independent parameters, ¢; is the random error in the

experiment.

The experiments were carried out using predefined independent parameters such as
reaction temperature, particle sizes, heating rates, and residence time. These parameters
were selected due to their influences on the yield of bio-oil, biochar, and condensable gases
such as CO, CO», H2 and CH4 from pyrolysis plants as reported by Gautam and Chaurasia.
(2017); Varma and Mondal et al. (2017); Lee et al. (2017); Guedes et al. (2018); Laouge
et al. (2020). Fifty (50) experimental runs were conducted to support the data obtained
from the RSM using centre composite design (CCD) as shown in Eqn. (3.11) as used by
(Leeetal., 2017; Kumar et al., 2019; Laougé et al., 2020; Kshirsagar, and Kalamkar, 2020).

N=2k+2n+n.=2+2(5)+8= 50 (3.10)

Where, N is the actual experimental runs, n. = 8 and it is the repeated number of identical
runs at the centre points of the centre composite design. This value (8) of n. is chosen in
order to better estimate the experimental error for the quadratic effect as reported by Kumar
et al. (2019); Kshirsagar and Kalamkar (2020); Youcai and Tao (2021). k is the number of

independent parameters such as temperature, particle sizes, reaction time, nitrogen flow
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rate, and heating rate; n is the number of levels e.g., temperature (320, 420, 520, 620, and
720°C). The temperature ranging from 320 to 720°C was chosen because what is
obtainable in all the literature at my disposal revealed that optimum biochar, bio-oil, and
NCG vyields were attained at a temperature of 350-400, 400-600, and 600-700°C,
respectively (Lee et al., 2017; Mohammed et al., 2017; Varmal and Mondal et al., 2018;
Kumar et al., 2019; Chukwuneke et al., 2019; Oyebanji et al., 2021). The number includes
the standard 2% parameterial with its origin at the center, so that a quadratic number of
independent parameters can be generated as reported by Abnisa (2011); Kumar et al.
(2019); and Laougé et al. (2020)

The results of design of experiment (DOE) based on central composite design (CCD) are
shown in Table 3.1. Column (3-7) shows the real level of the parameters (independent
parameters) such as temperature (T), particle sizes (Ps), heating rate (HR), reaction time
(R), and nitrogen flowrate (N2), column (8-12) show the coded parameters, while column
(8-16) depicts the responses (dependent parameters) such as biochar (Y¢), bio-oil (Y,) and
non-condensable gases (Yr) as well as energy and exergy efficiency of bio-oi, biochar, and
NCG. The flow chat for the modelling and optimization of the operating parameters are
shown in Figure 3.3, while the variability between the experimental and predicted data was

determined using coefficient of variation (Eqn. 3.11).

Standard deviation (s)

Coefficient of variation (CV%) = x 100 (3.11)

mean(x)
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Table 3.1 Design of Experiment (DOE) using central composite design (CCD)

Independent Parameters Responses
std |Run | T(® : 0 /i f 0 i HR(°C/ | Na(L/mi o o o o 9 o 9 9 o
(°C) [R(min)[HR(°C/min) |Ny(L/min) [Ps(mm) | T(°C) | R(min) min) n) Ps(mm) | Yo(w%) | Yd(W%) [Yn(w%)| Eng(Ww%) | En(W%) | Eny(W%) |Exo(W%) | Ex(W%) |Exn(W%)
36 1 520 10 17.5 125 0.5 0 0 0 0 0
48 2 520 15 17.5 125 0.5 0 0 0 2 0
35 3 520 20 17.5 125 0.5 1 -1 1 -1 -1
16 4 | 720 25 27.5 225 0.1 1 -1 -1 1 -1
17 5 320 5 7.5 25 0.9 0 0 0 0 2
47 6 | 520 15 17.5 125 0.5 -1 1 1 -1 -1
37 7 520 15 12.5 125 0.5 -1 -1 1 1 1
18 8 720 5 7.5 25 0.9 0 0 0 0 0
22 9 720 5 27.5 25 0.9 1 -1 1 -1 1
23 10 | 320 25 27.5 25 0.9 0 0 0 0 0
7 11 | 320 25 27.5 25 0.1 1 -1 -1 -1 1
34 | 12 | 420 15 17.5 125 0.5 0 0 0 0 0
43 | 13 | 520 15 17.5 125 0.5 1 -1 -1 -1 -1
1 14 | 320 5 7.5 25 0.1 1 1 1 1 1
3 15 | 320 25 7.5 25 0.1 1 1 -1 1 1
39 16 | 520 15 17.5 75 0.5 1 1 -1 -1 1
32 17 | 720 25 27.5 225 0.9 0 -2 0 0 0
12 18 | 720 25 7.5 225 0.1 2 0 0 0 0
5 19 | 320 5 27.5 25 0.1 -1 -1 -1 1 -1
31 20 | 320 25 27.5 225 0.9 -1 1 1 -1 1
44 | 21 | 520 15 17.5 125 0.5 0 0 =2 0 0
21 | 22 | 320 5 27.5 25 0.9 -1 1 -1 -1 1
30 | 23 | 720 5 27.5 225 0.9 1 1 1 -1 1
19 | 24 | 320 25 7.5 25 0.9 0 0 0 0 0
42 | 25 | 520 15 17.5 125 0.3 1 -1 -1 1 1
14 | 26 | 720 5 27.5 225 0.1 0 0 0 -2 0
25 | 27 | 320 5 7.5 225 0.9 -1 -1 1 -1 1
41 | 28 | 520 15 17.5 125 0.7 -1 1 -1 -1 -1
38 29 | 520 15 22.5 125 0.5 -1 1 1 1 -1
6 30 | 720 5 27.5 25 0.1 -1 -1 -1 1 1
20 31 | 720 25 7.5 25 0.9 -1 -1 -1 -1 -1
46 | 32 | 520 15 17.5 125 0.5 -1 -1 1 1 -1
9 33 | 320 5 7.5 225 0.1 0 2 0 0 0
50 | 34 | 520 15 17.5 125 0.5 0 0 2 0 0
8 35 | 720 25 27.5 25 0.1 0 0 0 0 0
11 | 36 | 320 25 7.5 225 0.1 1 1 1 -1 -1
33 | 37 | 620 15 17.5 125 0.5 -1 1 -1 1 -1
4 38 | 720 25 7.5 25 0.1 1 -1 1 1 1
49 | 39 | 520 15 17.5 125 0.5 -1 -1 1 -1 -1
10 40 | 720 5 7.5 225 0.1 1 -1 1 1 -1
40 41 | 520 15 17.5 225 0.5 -1 1 -1 1 1
2 42 | 720 5 7.5 25 0.1 1 1 -1 1 -1
13 | 43 | 320 5 27.5 225 0.1 0 0 0 0 -2
29 | 44 | 320 5 27.5 225 0.9 -1 -1 -1 -1 1
27 | 45 | 320 25 7.5 225 0.9 -2 0 0 0 0
28 | 46 | 720 25 7.5 225 0.9 1 1 1 1 -1
26 | 47 | 720 5 7.5 225 0.9 -1 1 1 1 1
24 | 48 | 720 25 27.5 25 0.9 0 0 0 0 0
45 | 49 | 520 15 17.5 125 0.5 0 0 0 0 0
15 | 50 | 320 25 27.5 225 0.1 1 1 -1 -1 -1
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3.9  Pyrolysis Experimental Setup

The pyrolysis set-up comprised of a cylindrically insulated reactor, gas collector,
condenser, ice bath, PID temperature controller, inert gas flow system, and electric heater of 4
kW capacities (Plate 3.6). An experimental run was performed using a fixed-bed reactor (Figures.
3.4) by varying the temperature, reaction time, heating rate and particle size, and nitrogen flow

rate to maintain an inert environment in the reactor.

e Description of the Reactor

The reactor (Figure 3.4), which is one of the major components of the pyrolysis plant was made
of stainless steel of grade AISI 316 because it can withstand the operating temperature of 300-
750°C, high resistance to corrosion resistance, low maintenance cost, and affordable (Heidari et
al., 2019). The maximum capacity of the reactor is 1000 g, maximum power rating of the furnace
is TkW-hr operating at 1000°C, a height of 2140 mm and diameter of 1700 mm similar to the
work of (Aziz et al., 2018; Adnisa et al., 2011). The inert atmosphere in the reactor during the
pyrolysis process was maintained using nitrogen gas in accordance with the procedure stated by
Heidari et al. (2019). The gas pressure from the cylinder was controlled and regulated using a
multi-stage nitrogen gas pressure regulated of model MUREX-10 with a variable control valve
of capacity 6-40 I/min (Hossain, 2020; Uddin et al., 2012). Hot gases flow via the inner tube and
condense as water circulates within the tube. The reactor temperature was measured using a k-
type thermocouple with a range between 100 — 850°C which was inserted into the rector
(Pourkarimi et al. 2019).
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Plate 3.6: Pyrolysis plant experimental set-up
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Figure 3.3: Pyrolysis setup exploded in 2D
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3.10 Experimental Procedure

An experimental run was performed using three lignocellulose biomass samples such as palm
kernel shell (PKS), sugarcane bagasse (SCB), and shea butter wood (SBW) due to their high
energy potential obtained after the characterization of the biomass samples. The biomass samples
were fed into the reactor, covered, and properly fastened for a run at a pre-set furnace temperature
range of 320, 420, 520, 620, and 720 "C nitrogen flow rate of 25, 75, 125, 175, 225 mL/min, a
heating rate of 7.5, 12.5, 17.5, 22.5, 27.5 °C/min with various particle sizes with a diameter (dp)
of 0.1-0.2, 0.2-0.4, 0.4-0.6, 0.6-0.8, and 0.8-1.0 mm for a residence time of 5, 10, 15, 20, 25 min
at 5 runs each for each pyrolysis process. The bio-water mixture which was automatically
separated into bio-oil and water were generated by passing the gas through a condenser. The
weight of product yield was determined (bio-oil and bio-biochar) by obtaining the mass balance

(bio-gas) (Gupta et al., 2020). The flowchart for the experimental runs is shown in Figure 3.5

After the fixed bed reactor has been heated to the desired temperature, the biomass species of
various sizes weigh 100 g was feed into the fixed bed 304 stainless steel tubular reactor chamber
via a 10L feed hopper (Carrasco et al., 2017; Lin et al., 2019) at approximately holding time of
about 15min as reported by Gautam and Chaurasia (2020); Aziz et al. (2018); Olagbende et al.
(2016); and Uddin, et al. (2012). The reactor was equipped with an inert (nitrogen gas) supply.
The vertical furnace was heated via electric heating element and the temperature was measured

using a k-type thermocouple that was fixed inside the reactor.
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Figure 3.5: Flowchart for experimental runs
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3.11 Energy and Exergy Analysis

The influence of pyrolysis operating parameters on total energy and exergy output as well
as energy and exergy efficiency of the pyrolysis products was investigated in order to enhance
the efficiency of the pyrolysis yield (Wang et al., 2016). The energy analysis was based on the
first law of thermodynamics, while the concept exergy analysis was based on the second law of
thermodynamics. Exergy does not obey the principle of conservation of energy due to
irreversibility in the system (Peters et al., 2015b). It is the maximum available energy or the
quality of energy in terms of work that is obtainable when a pyrolysis process is in thermal
equilibrium with its surroundings. Exergy analysis enables useful parts of energy to be identified
and to determine the thermodynamic inefficiencies that the pyrolysis process would be able to
detect. The pyrolysis process was done as the three (3) products are channeled into three (3) bomb
calorimeters. This was done to reduce experimental error and quickly ascertain the exergies of
the 3 components. Once the energies were attained, the exergies were also calculated (Peters et
al., 2015b; Wang et al., 2020).

3.11.1 Energy analysis

The energy and exergy analysis of the pyrolysis plant was analyzed according to Wang et al.
(2016); Yan et al. (2019); Singh et al. (2020). The summation of energy from the electric heating
furnace and raw biomass is referred to as input energy, while the output energy is the summation
of energy generated from the biochar, bio-oil, and non-condensable gases obtained after the
pyrolysis process. Other energies such as heat loss, heat retained and electric energy generated as
photons are negligible because they are infinitesimally small during the pyrolysis process as
reported by Wang et al. (2016); Singh et al. (2020) as shown in Figure 3.6.
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Figure 3.6: Pyrolysis System
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Total energy input
The energy of electric heating furnace
During pyrolysis process, the total energy consumption in kJ for 1kg raw biomass (Figure 3.7) in

the fixed bed reactor can be determined using Eqn. (3.12)

Final Temperature (Not used)

Expected Final temp. 720°C

Temp. of 320°c a20°c

Biomass 520°C 620°C
720°C

Heating Element

Figure 3.7: Energy generated from the electric heating element (Singh et al., 2020)

E _ PR, x3600 %25 ¢ =
Netectric = peak X X 10000C X heating Xm (3-12)
Where, Eng., is total electric energy consumption in kJ/kg raw biomass, PR, (1kW-hour)

is the maximum power rating of an electric furnace at 1000°C, T is the pyrolysis

pyrolysis

temperature ranged (320, 420, 520, 620, 720°C), t is the total duration in hours when heating

heating
is on.

ENg.ceic 1S taken as the energy of the energy consumption in kJ to 1kg raw biomass and it is
assumed that there is no heat/power loss from the electric heating furnace, that power is converted
into energy per mass of the biomass. So power is multiplied by the temperature of the pyrolysis

process per mass multiple by the time taken to perform the experimental runs. The 1000°C is
released per 1000°C of the element (Singh et al., 2020).
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The energy of raw biomass

The potential and kinetic energy of raw biomass are negligible during pyrolysis process.
Also, the physical energy of raw biomass during pyrolysis is very small when compared to
chemical energy at a lower temperature range (below 50°C) as reported by Parvez et al. (2016);
Wang et al. (2016); Singh et al. (2020); Zhang et al. (2020) and therefore, the total energy of raw
biomass is equal to the chemical energy as shown in Egn. (3.13).
ENomae = ENGC™ = M x HHV,, . ) (3.13)

biomass
Prior to experimentation, the fresh biomass samples were pretreated via cleaning, drying,
crushing, sieving and sorting and then store in a sterilized stainless container. The biomass
samples were characterized to determine their physicochemical properties and the best third
biomass with negligible impurities were utilized for experimental runs. Hence, there is a
negligible impact of impurities. Also, the reason impurities are avoided by taking into
consideration the equipment and biomass is to ensure that the experiment best fits theoretical
models like energy and entropy as reported by Singh et al. (2020).
Energy of biochar

Just as considered in the energy of biomass during the pyrolysis process, the same effect of
negligible energies (potential, kinetic, and physical) was also considered due to the lower
temperature range of 200-350°C. Hence, the total energy of biochar which is equal to the chemical
energy is determined using Eqgns. (3.14a) - (3.14b) as reported by Singh et al. (2020) and Tang et
al. (2019).
Engat - = ENjioonar (3.142)
Entt;itc;clhar = Myiochar X HAVGiochar (3.14b)
biochar

Where Enﬁﬂmhar is the chemical energy of biochar, En .~ is the total energy of biochar, and

HHV,iocnar 1S the higher heating value of biochar in MJ/kg which can be determined via bomb

calorimeter and the potentiality of the biochar of being a fuel from the elemental analysis of its

component.
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The energy of bio-oil products

Just as presented for the energy of biochar, the kinetic and potential are negligible during
pyrolysis process. Also, the physical energy of bio-oil is very small in comparison with the
chemical energy of bio-oil because the temperature is in the lower range (less than 500°C).
Therefore, the total energy of bio-oil is equal the chemical energy which can be calculated using
Eqgn. (3.15a-3.15b) as reported by Peters et al. (2015b); Ramesh and Murugavelh (2020), and
Singh et al. (2020).

Endocher — EnSt (3.15a)
Engt:ml = Moo X HH V6 (3.15b)
Where EnS . is the chemical energy of bio-oil, HMVaio-oil is the higher heating value of bio-oil

in MJ/kg which can be determined via bomb calorimeter and the potentiality of the bio-oil of
being a fuel from the elemental analysis of its component.

The energy of NCG

The total energy obtained from the NCG equals the sum of individual energy values as shown in
Eqgn. (3.16)

En\C = En™ + En* + En®™ + En®" (Tang et al., 2019; Wang et al., 2016) (3.16)
Where Enlc< is the total energy, En™ is the physical energy of NCG, En"'is the Kinetic energy

of NCG, En" is the potential energy of NCG, En®is the chemical energy of NCG.

The potential and kinetic energy of NCG is negligible since both values are very small during
pyrolysis process. The physical energy of NCG is considered because their values are not
negligible due to their high-temperature range of 500 -720°C during the pyrolysis process, unlike
the physical energy of raw biomass, biochar, and bio-oil which is negligible due to their very low
values as a result of their lower temperatures range (<500°C) during the pyrolysis process (Singh
et al., 2020). Also, apart from the chemical energy, the gases perform work physically by the
number of moles, n, gas constant, R, and the temperature (T) utilized to decompose the biomass
(Peters et al., 2015a; Wang et al. 2016). Once the gas has a potential energy of n, R, and T in the
ideal state, it can have a certain volume depending on the pressure it moves (Singh et al., 2020).

Hence Eqgn. (3.16) will become;
Enc® = Enfi, + Eni, (Khan et al., 2020; Singh et al., 2020) (3.17)
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Chemical energy of NCG is given by
Enges = Y MHHV  (Wang et al., 2016; Ramesh and Murugavelh, 2020) (3.18a)

Where EnSi. is the chemical energy of NCG during pyrolysis process, HHV is the higher
heating value of the constituent gas, kJ/kmol, n; is the mole number of flue gas

Physical energy of NCG is given by

Enfes =Y _nh (Tang etal., 2019; Singh et al., 2020) (3.18b)
Where Enfl. is the physical energy of bio-oil, h is the specific enthalpy value, ki/kmol, n, is the

mole number of flue gas
Specific enthalpy (ho) and higher heating value (HHV) of selected individual NCG components

(NCG) were obtained under a standard condition of some gases shown in Table. 3.2.
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Table 3.2: Specific enthalpy (ho), entropy (So), and higher heating value (HHV) of selected

compounds of the pyrolysis gas constituents

Gas ho (kJ/kmol) So (kJ/kmolK) HHYV (kJ/kmol)
CO2 9364 213.685 -

Ha 8468 130.574 285,840

CHas - 186.16 890,360

CO 8669 187.543 282,990

(Singh et al., 2020; Khan et al., 2020)
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The enthalpy change of formation of methane (CH4) was not captioned in Table 3.2 because CH4
cannot be measured directly which makes the enthalpy of methane hard and expensive to attain
(Peters et al., 2015b). Also, the HHV value of CO, cannot be included in the energy budget
because it is not a fuel, it is already in a saturated state and cannot combust. The energy
efficiencies of the pyrolysis products were determined from Eqn. (3.19a) -(3.19d) as reported by
Wang et al. (2020) and Zhang et al. (2020).

Useful energy output

Energy efficiency (%) = x 100 (3.19a)

Total Energy input

_ Engar %100% (3.19Db)
Thviochar Enbiomass +En '

electric

_ Enge " %100% (3.19¢)
nb'°*°'| Enbiomass + En .

electric

e = — M 1000 (3.19d)
Enbiomass + En

electric

Where, Myiochar » Moio—oil » nca » are energy efficiencies of pyrolysis of biochar, bio-oil, and NCG

during pyrolysis process respectively.
En™  Ent® and EnYoC  are total energy of biochar, bio-oil, and NCG during pyrolysis

process respectively.

3.11.2 Exergy analysis

Prior to the determination of energy balance, four (4) assumptions were considered as
reported by Singh et al. (2020)
I. The pyrolysis reaction was performed in a laboratory scaled plant within a control-volume unit.
ii. Input exergy is from raw biomass and electric heating furnace.
iii. Output exergy is from product biochar, bio-oil, and NCG during the pyrolysis process.
iv. The internal exergy loss (irreversibility) is from the lost part.

The energy balance will be calculated using Eqgn. (3.20)

Ex + Exbiomass = Ex NCG + Exbi0—0i| + Exbiochar L Ex

electric total total total irreversibility (3 . 20)
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Where, EX;eqiicr is the total exergy value of electrical power consumption of the furnace and is

equivalent to electrical energy as given in Eqgn. (3.21) (Ramesh and Murugavelh, 2021), EXbiomass

is the total exergy value of raw biomass, Exbo , Exer® and EX™ are the exergy of NCG, bio-

oil, and biochar respectively during pyrolysis process, EXirreversibimy is the energy loss during

pyrolysis process.

Exergy of raw biomass
The physical, kinetic, and potential exergy is negligible since their values are very small in

comparison to chemical exergy as explained in the energy of raw biomass.

Exbiomass = EXCh = ﬁbiomass M biomass LHVbiomass (Zhang et al" 2020) (321&)

Where M is the mass of biomass, Boiomass is the correlation parameter for raw biomass, and
can be calculated via Eqgn. (3.21b) postulated by Gourmelon et al. (2015) and Wang et al. (2016).
LHVbiomass is lower heating value in kJ/kg for raw biomass and can be determined using Eqns.

(2.21c) respectively as used by Singh et al. (2020). The LHVhiomass accounts for exergy and not
HHVpiomass. HHVbiomass IS the heating value for the total energy while LHVopmass iS the useful
heating value as postulated by Abnisa et al. (2011) and Wang et al. (2016).

1.0412 + 0.216E —-0.2499 0 1+ 0.7884ﬂ + 0.0450E
C C C C

ﬂbiomass = o) (321b)
1-0.3035—
C

LHVpiomass = HHVpigmass — (0.218 — H) (3.21c)

Where H, C, O, and N are the hydrogen, carbon, oxygen, and nitrogen contents in wt%, The
physicochemical properties were determined during the characterization of the biomass via
ultimate and proximate analysis. The characterization was carried out prior to experimentation as

explained during the biomass characterization process (ultimate and proximate analysis).

HHVbiomass is higher heating value of raw biomass in kJ/kg. LHV is only used to correlate to

exergy using a correction parameter, Siochar -
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Exergy of Non-condensable gases (NCG)

The total exergy value of the EXTNij equals the sum of all kinds of exergy values

associated with the NCG at a given condition and can be determined as shown in Eqn. (3.22a) as
suggested by Etika et al. (2019) and Snoussi et al. (2020)

XT’\(‘)(t:a(? EXIEI + EXNCG + EXIS + EXNCG (3.22a)

Where EX,SEG, EXﬂ‘CG, Exfes and EXNCG are physical, chemical, potential, and kinetic

exergy of non-condensable gases during pyrolysis process respectively. If the kinetic energy and
potential exergy of NCG are negligible during pyrolysis process as discussed during the energy

of NCG, the equation will become

EXfo = EX{cs + EXues (Singh et al., 2020) (3.22h)

The physical exergy of NCG can be obtained using Eqgn. (3.22c)
ExP. =n,(h—h,)—T,(s — S, ) (Wang et al., 2020; Singh et al., 2020)  (3.22c)

Where n is the mole flow rate (Number of moles = Mass of the substance / Molar weight) of
NCG, soand ho are specific entropy and enthalpy of gas (NCG) under ambient condition s and h
are the specific entropy and enthalpy of gas under operating condition.

The change of specific enthalpy (h - ho) and change in specific entropy (S - SO) are denoted as

:
(h—h,)= IdeT (Al-Weshahi et al., 2013; Singh et al., 2020) (3.23a)

To

(s—s,)= J’_d'r R|n_ (Wang et al., 2016) (3.23h)
The empirical formula was utilized to calculate the specific enthalpy C, for the NCG components

as shown in Eqn. (3.24a)- (3.24b).
C,=a+bT +cT?+dT°  (Petersetal., 2015a; Tang et al., 2019) (3.24a)
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Where, R? is the general gas constant; C p Is the specific heat capacity at a constant pressure of

NCG, while a, b, ¢, and d are the constant coefficients (independent of temperature) which are
shown in Table 3.3.
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Table 3.3: Coefficients for constant pressure specific heat of NCG
NCG H> CO CO2 CH4
A 29.11 28.16 22.26 19.89
b*10? -0.192 0.168 5.981 5.024
c*10° 0.4 0.533 -3.501 1.269
d*10° -0.87 -2.222 7.469 -11.01
Temperature range, (°C) 0-1500 0-1500 0-1500 0-1500

(Wang et al., 2016; Singh et al., 2020)
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The chemical exergy of NCG (Ex®") can be obtained using Eqn. (3.24b) as suggested by (Wang
et al., 2016)

EXS::G = nzxi (eXiCh + RTyIny;x) (3.24b)
Where, X; is the mole fraction of the i-th component (individual gases) in the NCG; 7; the

activity coefficient of individual gases in the NCG, is unity for ideal mixture; eXiCh is the specific

chemical exergy of i-th component (individual gases) under a standard condition in NCG, as
shown in Tables 3.4
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Table 3.4: Standard chemical exergy of selected NCG at 25°C, 0.1MPa

Gas H2 6{0) CO; CH4 CoH4
EXSQ 236,100 275,100 19,870 831,650 1,317,680
(kJ/kmol)

(Singh et al., 2020; Wang et al., 2016)
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Exergy of biochar products

The kinetic, potential, and physical exergy of the biochar during pyrolysis process are negligible
because the values are very small in comparison to the chemical exergy of biochar as postulated
by Peters et al. (2015b) and Singh et al. (2020).

The total exergy which is equal to the chemical exergy can be determined using Eqn. (3.25a-d)

EX™ = Ex (Peters et al., 2015a) (3.25a)

The chemical exergy of pyrolyzed biomass can be calculated using Eqn. (19)

Ext(J:ir:)Char = ﬁbiocharMbiocharLHVbiochar (Slngh et al’ 2020) (325b)
Where Ethihochar is the chemical exergy of biochar products, Biiscnar is the correlation parameter for

a bio-oil product, My, is the mass of biochar and LHV,,.s is lower heating value in MJ/kg
for biochar products generated during the pyrolysis process, which can be determined using Eqgns.

(3.22¢) and (3.22d) respectively

Brinar =1.0437 +0.1896 % 10.0617 % 10.0428 % (Zhang et al., 2020) (3.25¢)

LHVyiomass = HHViomass — (0.218 — H) (Abnisa et al., 2011; Khan et al., 2020) (3.25d)
Where, C is carbon, H is hydrogen, O is oxygen, N is nitrogen content of pyrolyzed biomass

(biochar) in wt.% and W is moisture content of pyrolyzed biomass (biochar) in w%.

Exergy of bio-oil products

As stated earlier during the exergy analysis of biochar products, the kinetic, potential, and
physical exergy is negligible, therefore, the total exergy of bio-oil products is equal to the
chemical exergy of liquid products. The chemical exergy of the bio-oil products can be calculated
using Eqn. (3.26) according to Singh et al. (2020)

h
EXoio—oit = Bhio—oit M bio—oit LHVhio_oit (3.26)
Where Ex;iho_o" is the chemical exergy of bio-oil, :Bbio-on is correlation parameter for a bio-oil

product, My, ,; is the mass of bio-oil and LHV,,, ; is lower heating value in ki/kg for bio-oil

product generated during the pyrolysis process, which can be determined using Eqgns. (3.27a) and
(3.27b) respectively according to Wang et al. (2016); Gourmelon et al. (2016)
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Biooy =1.0401+ 0.1728% + 0.0432%+ 0.2169%[1— 2.0628 %) (3.27b)

LHV,, ; = HHV,, ., - M, xh, (3.27¢)

io—oil —
Where h; is the latent heat of vaporization (2260 kJ/kg) and M, is mass of moisture content
(wt%) in a bio-oil product which can be obtained via Karl Fischer titrimetric method?

The exergy efficiencies of non-condensable gases, biochar, and bio-oil are the ratio of the exergy

value to the total exergy value input into the pyrolysis as suggested by Parvez et al. (2016); Singh
et al. (2020), and Zhang et al. (2020) as shown in Eqgns. 3.28a-3.28¢c

EXINCG
— otal X 1000 328&
V/NCG Exbiomas + EXeIectric A ( )
Extbitoclhar
iochar = ol X 1009 3.28b
l//b'OCha" Exbiomas + Exelectric A ( )
Exbio—oil
Wiio-oil = = X 100% (3.28¢)

Exbiomas + EX

electric

Viess = 100% - ('//NCG * Whiochar T Whio—oil ) (3.29)

Where, E)(t':tilG , E)(f;ifac,har and Exf;‘;;.*"" are exergy of NCG, biochar, and bio-oil respectively;

Wnce Whiochar @aNd Wiio_oii are exergy efficiencies of non-condensable gases, biochar, and bio-

oil, respectively; V¥, represents the loss exergy efficiency.

3.12 Fourier Transfer Infrared (FT-IR) Spectroscopy Analysis

The FTIR analysis was determined using Agilent technology cary 630 FTIR model (Plate
3.5a) installed at the central Laboratory, Ahmadu Bello University, Zaria. 12 mg of the biochar
samples were closed and pressed to the pellet placed on top of a crystal, while the bio-oil samples
were open and allowed to smear on top of the crystal. After that, the samples were identified for
coding by checking a blue line from red and green regions. Finally, the peaks of the samples were
determined by dragging the samples to obtain a wavelength as well as transmittance or

absorbance (Gautam and Chaurasia, 2020).

82



3.13 Gas Chromatography Mass Spectrometry (GC-MS)

The sample was analyzed using Agilent Technologies 7890A GC and 5977B MSD (Plate
3.5b), while the GC-MS system's experimental settings were as follows: Hp 5-MS standard non-
polar capillary column, 30 M in length, 0.25 mm ID, and 0.25 um film thickness. The flow rate
of the mobile phase (carrier gas: He) was fixed at 1.0 ml/min. The temperature program (oven
temperature) for the gas chromatography portion was 40°C elevated to 250 °C at 5 °C/min, and
the injection volume was 1 pl. the samples that had been dissolved in methanol were totally
scanned at a range of 40-650 m/z, and the findings were compared by using Nist Mass Spectral

Library search program as proposed by Laouge et al. (2020) and Mohammed et al. (2017).

3.14 Scanning Electron Microscopy (SEM)/Energy Dispersion X-ray (EDX)
Spectroscopy Analysis

Scanning electron microscopy (SEM) was used to determine the quality, image resolution, and
morphology of the biochar yield. A variety of signals on the biochar surface was generated by
scanning the biochar surface with a finely focused high-energy electrons beam. Afterward,
electron bombardment resulted in the emission of low-energy secondary electrons, the
backscattering of high-energy primary electrons, and the emission of element-specific X-
radiation. The elemental analysis of SEM surfaces was determined using EDX as shown in Figure
3.8. The EDX detectors split the characteristics X-rays of various elements present in the biochar
samples into an energy spectrum to determine the abundance of specific elements via EDX

software as postulated by Lee et al. (2017).
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Plate 3.7: (@) FTIR machine (b) GC-CM machine (c) SEM/EDX Machine
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3.15 Research Instruments/Tools

The list of equipment utilized in this study and their uses are shown in Table 3.5

Table 3.5: Research Instruments/ Tools

SIN Tools Functions

1 Ansys software Determined the functionality of the plant with
different specifications.

2 Design-Expert Software package by Stat-ease Inc. that is mostly
utilized to perform the design of experiment.

3 k-type thermocouple Measured the temperatures inside the reactor

4 Perkin Elmer STA 600 Employed to obtain proximate analysis such as,
moisture content, volatile matters, ash, pH, fixed
carbon, corrosive, etc.

5 Elemental Analyzer Employed to obtain ultimate analysis such as carbon,

hydrogen, oxygen, nitrogen, Sulphur.

6 Chromatography-Mass Identified the chemical compounds in the bio-oil
Spectrometer samples
7 FTIR Machine Determined the functional groups in the bio-oil and

biochar samples
8 Scanning Electron Examined the morphology (structure), phases, and
Microscope  (SEM) and high-resolution image or biochar surface.
Surface Area Analysis (BET)
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CHAPTER FOUR

RESULTS AND DISCUSSIONS OF FINDINGS

4.1  Proximate Analysis

The average values of the proximate analysis of the oven-dried lignocellulose biomass
samples are presented in Table 4.1. The percentage of the MC ranged from 0.12 to 0.49 wt%, the
VM ranged from 34.73 to 88.82 wt%, the FC varied between 9.08 to 44.70 wt%, and ash contents
varied between 0.9 to 20.00 wt%. The values obtained for bamboo, rice husk and sugarcane
bagasse (Table 4.1) are in close agreement with the findings of Gautam and Chaurasia (2020).
The value of FC (9.08 wt%) and Ash (2.51 wt%) presented for obeche wood (Table 1) in this
study is in close agreement with the findings of Ogunsola et al. (2018) who reported FC and Ash
as 10.23 and 11.89 wt% respectively. The VM (84.80 wt%) obtained for meliana wood (Table
4.1) in this study is moderately higher than the 81.42 wt% reported by (Adeleke et al., 2020) for
woody biomass. The proximate analysis obtained from corncob (Table 4.1) shows that the VM
(79.87 wit%) is approximately equal to 77.14 wt%, as reported by (Kartal and Ozveren, 2021).
Likewise, the value FC (15.39 wt%) in this study is within the same range reported by Quan et
al. (2018) whose value is 14.37 wt%. The results presented for siam weed are similar to the values
reported by Ayeni et al. (2018) whose VM, FC, and Ash contents are 71.2, 18.4, and 4.67 wt%
respectively. Similarly, the values of VM (34.73 wt%) and FC (44.70 wt%) followed the same
trend as the findings of Bello et al. (2017) who reported 36.45 and 42.76 wt% for VM and FC
respectively.

The MC in all the lignocellulose biomass (Table 4.1) are less than 0.5% due to excessive drying
of the biomass in an oven at a temperature of 105°C for 1h before characterization. These results
are similar to those reported by others (Ayeni et al., 2018; Gautam and Chaurasia, 2020) who
reported approximately zero percent for the MC on an oven-dried basis. The low MC were
recorded to make them suitable for the pyrolysis process since less energy would be needed to
vaporize the biomass in the reactor and enhance the thermal energy generated and conversion

efficiency during the process. Obeche wood (88.04 wt%) has the highest VM, closely followed
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by sugarcane bagasse (84.82%) and shea butter wood (82.92 wt%). At the same time, moringa
oleifera (35.64 wt%) and rice husk (64.80 wt%) possess the lowest volatile matter. The high VM
of obeche wood, sugarcane bagasse, and shea butter wood would increase the heating value,
devolatilization reactivity, ignitability, and burn gases in the reactor, thereby leading to a high
bio-oil and non-condensable gases yields (Kpalo et al., 2021). Moringa oleifera (19.24 wt%),
lemon grass (9.98 wt%) and sugarcane straw (9.60 wt%) have the highest ash content, making
them unsuitable for pyrolysis. An increase in the percentage of ash content would reduce the
amount of bio-oil yield due to catalytic cracking of the bio-oil into NCG and low biochar yield.
Also, the low ash contents in shea butter wood, sugarcane bagasse and palm kernel shell help
reduce harmful substance (e.g., slag) which may lead to fouling, corrosion, etc. during the
pyrolysis process, thereby minimizing extensive maintenance of the pyrolysis plant (Nagarajan
and Prakash, 2021). Hence, making them favourable for the pyrolysis process. The high FC
present in siam weed, palm kernel shell and lemon grass would enhance the time to yield biochar
and bio-oil due to the high energy released. The variations in the results, when compared with
previous studies, are due to geographical location, the intrinsic composition of the biomass, soil
type where the biomass is sourced and cultivated (Acevedo et al., 2019).
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Table 4.1: Proximate Analysis of Oven-Dried Biomass

SAMPLE MC (wt%o) VM (Wt%) FC (wt%o) Ash (wt%)
Woody/Forestry

Bamboo 0.41+0.04 80.40+0.90 15.04+0.12 3.52+0.02
Baobab wood 0.33+0.04 83.16 +0.90 15.14+042 1.15+0.02
Melina wood 0.35+0.05 82.80+1.25 14.79+0.08 2.06 +0.01
Obeche wood 0.37 +0.07 88.04 +1.20  9.08+ 0.42 2.51+0.01
Shea butter wood 0.29 +0.03 8292+1.17 1589+045 0.90+0.01
Agro-wastes

Corncob 0.44 + 0.06 79.87+0.90 16.19+0.43 3.50+0.02
Rice husk 0.49 + 0.05 64.80+1.15 16.44+0.11 20.00+0.01
Palm kernel shell 0.30 +0.02 73.70+050 2250+0.25 3.50+0.01
Fruits

Coconut shell 0.40 +0.02 7766+1.25 20.10+0.89 1.85+0.02
Sugarcane bagasse 0.28 +0.03 84.82+1.05 13.60+0.23 1.30+0.02
Sugarcane straw 0.48 + 0.05 7725+1.18 1331+0.64 9.60 +0.06
Grass/Leaves

Lemon grass 0.46 + 0.07 66.87+ 0.90 23.95+0.97 9.98+0.05
Moringa oleifera 0.42 +0.03 35.64+0.92 4470+0.14 19.24+0.02
Mexican sunflower 0.39 +0.02 7796 +1.03 13.13+0.33 8.47+0.02
Siam weed 0.12 +0.08 78.48+1.11 20.10+0.10 1.30+0.02

**MC-Moisture contents; Volatile matter; FC-Fixed carbon; HHV: Higher heating value;
LHV: Lower heating value
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4.2 Ultimate Analysis

Table 4.2 shows the average values of the ultimate analysis of lignocellulose biomass, whose
carbon contents ranged from 40.35 to 50.00 wt%; hydrogen contents ranged from 5.02 to 6.45
wt%. The nitrogen contents varied between 0.15 to 1.75 wt%, the oxygen contents from 43.13 to
51.68 wt% and the sulphur contents varied between 0.04 to 0.43 wt%. The biomass carbon,
hydrogen, nitrogen, oxygen, and sulphur contents of each biomass sample are presented in Table
4.2. Comparing this study with various research, the results present for meliana wood and shea
butter wood fall within the range of values for hardwood reported by Vassilev (2010) who
reported (C:49.6 wt%, H: 6.1 wt%, N: 0.1% wt, O: 44.1 wt% and S: 0.06 wt%) and (C: 52.3 wt%,
H: 6.1 wt%, N: 0.3 wt%, O: 41.2 wt% and S: 0.10 wt%), while the carbon contents (45.11 wt%)
of bamboo obtained in this study closely agreed with 45.9-46.3 and 48.76 wt% reported by Posom
and Sirisomboom (2017) and Gautam and Chaurasia (2020) respectively. The value obtained
from corncobs (Table 4.2) is very close to the values reported by Quan et al. (2018) whose carbon,
hydrogen, nitrogen, oxygen and sulphur contents are 47.18, 6.03, 0.22 46.34 and 0.23 wt%
respectively. Similarly, the value obtained for rice husk (Table 2) compared very well with the
values of Efomah and Gbabo (2015), Gautam and Chaurasia (2020), Fauzan et al. (2018) and
Vassilev et al. (2010) whose values are (C: 45.20 wt%, H: 5.80 wt%, N: 1.02 wt%, O: 47.60 wt%,
S: 0.21 wt%), (C: 35.92 wt%, H: 5.05 wt%, N: 0.26 wt%, O: 58.77 wt%), (C: 40.87 wt%, H: 5.59
wit%, N: 0.45 wt%, O: 53.09 wt%, S: 0.03 wt%) and (C: 49.3 wt%, H: 6.1 wt%, N: 0.8 wt%, O:
43.70 wt%, S: 0.08 wt%).

Shea butter wood, palm kernel shell, Sugarcane bagasse and baobab wood have the highest
carbon and low oxygen, nitrogen, and sulphur contents, making them more useable for the
pyrolysis process. Their low sulphur and nitrogen contents make them more suitable for pyrolysis
due to their low tendency to emit harmful gases that lead to the formation of NOx and SOx into
the atmosphere when burnt (Nagarajan and Prakash, 2021). Hence, The study can produce
environmentally friendly fuel due to their low emission of SOx and NOx gases that plants can

utilize during photosynthesis.
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Table 4.2: Ultimate Analysis of Oven-Dried Biomass

SAMPLE C (wt%o) H (wt%) N (Wt%) O (Wt%) S (Wt%o)
Woody/Forestry

Bamboo wood 4511+0.36 591+0.03 028+0.01 4851+028 0.19+0.001
Baobab wood 49.61+0.17 561+0.02 105+0.01 43.13+0.11 0.60+0.06
Melina wood 4744 +0.16 5.65+0.02 021+0.01 46.70+0.16 0.11+0.01
Obeche wood 4769+0.23 570+0.01 057+0.01 46.00+0.12 0.04 +0.003
Shea butter wood 50.00+0.82 6.00+0.03 0.20+0.02 43.79+0.24 0.01+0.001
Agro-wastes

Corncob 47904091 6.10+0.02 051+0.01 4530+023 0.19+0.01
Rice husk 40.35+0.19 5254+40.03 031+0.02 54.08+0.15 0.01+0.001
Palm kernel shell 4890+1.12 538+0.02 0.22+0.01 4503+0.15 0.02+0.001
Coconut shell 4859+0.30 599+0.03 020+0.01 4521+0.27 0.01+0.006
Fruit residues

Sugarcane bagasse 4731+020 645+4006 0.15+001 4599+0.19 0.10+0.01
Sugarcane straw 44094046 5944001 050+0.01 49.10+0.17 0.27+0.01
Grass/Leaves

Lemon grass 4112+0.15 529+0.03 1.75+0.01 51.68+0.19 0.06+0.001
Mexican Sunflower 4534+0.16 532+0.03 249+0.02 46.83+0.12 0.02+0.003
Moringe oleifera 4542+024 5024004 295+0.01 4497+0.12 043+0.05
Siam weed 4563+0.16 576+001 124+001 46.27+041 0.10+0.01

**C: Carbon; H: Hydrogen; N: Nitrogen; O: Oxygen; S: Sulphur
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4.3 Structural composition analysis

The average structural composition analysis (Table. 4.3) shows that the biomass species'
cellulose, hemicellulose, and lignin contents ranged from 12.95 to 45.80 wt%, 11.72 to 36.72 wt%
and 7.12 to 45.41 wt%, respectively. The results presented for woody/forestry biomass samples
(Table 3) fall within the range of values for hardwood reported by (Roger et al., 2021), whose
values are (Ce: 45.4 wt%, He: 26.0 wt%, Li: 23 wt%). The cellulose (Ce) contents obtained from
sugarcane bagasse (Table 3) agreed well with the report of (Nwosu and Muzakir, 2015). Similarly,
the hemicellulose and lignin contents correlated very well. The cellulose contents for moringa
oleifera (Table 3) is moderately lower than 13.7 wt% reported from Mishra and Sinha (2020).
The values for sugarcane bagasse (Table 4.3) agreed well with the findings of Varma and Mondal
(2017) who reported 47.6, 39 and 11.2 wt% for cellulose, hemicellulose and lignin contents
respectively.

All the biomass samples considered exhibit higher cellulose and hemicellulose over lignin
composition, except siam weed, coconut shell and palm kernel shell, whose lignin contents are
slightly higher than their cellulose and hemicellulose contents. This implies that the biomass is
suitable for the pyrolysis process because increased cellulose and hemicellulose contents increase
the pyrolysis rate. Hence, it degrades mostly volatile products, e.g., bio-oil and NCG vyields. At
the same time, the palm kernel shell is more suitable for biochar yields since an increase in lignin
contents reduces the pyrolysis rate, which retard the decomposition of volatile products. Hence,

it favours the yield of biochar production.
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Table 4.3: Structural Composition Analysis of Oven-Dried Biomass

SAMPLE Cellulose % Hemicellulose % Lignin %
Woody/Forest

Bamboo wood 40.96 + 0.92 25.83 +0.52 21.96 +0.24
Baobab wood 4435 + 0.17 27.75+ 0.51 22.35+0.31
Melina wood 42.61 + 0.97 29.63 + 0.45 26.30+ 0.32
Obeche wood 44.14 + 0.18 26.86 + 0.25 24.78 +0.24
Shea butter wood 45.80 +0.14 30.43+0.23 23.42+0.32
Agro-waste

Corncob 4162 +0.14 34.01 +0.41 17.45 +0.48
Rice husk 36.31+0.83 20.20 + 0.17 19.50 +0.45
Palm kernel shell 28.92+0.14 25.01 +0.10 45.41 +0.40
Fruits

Coconut shell 35.06+0.12 25.55 +0.24 37.86 +0.24
Sugarcane bagasse 43.99 + 0.93 29.49 + 0.12 27.80 +0.45
Sugarcane straw 40.81+ 0.15 29.97 + 0.35 20.42 +0.23
Grass/Leaves

Lemon grass 40.14 +0.16 25.78 + 0.14 20.65 +0.42
Mexican sunflower 47.71+0.15 36.72 +0.42 15.54 +0.36
Moringe oleifera 12.95+0.12 11.72 +0.65 7.12 +0.13
Siam weed 27.82+0.10 26.21+0.11 29.64 +0.34

**Ce-Cellulose; He-Hemicellulose; Li-Lignin
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4.4  Heating Value Analysis

The higher heating value (HHV) and lower heating value (LHV) varied from biomass to
biomass because their fuel characteristics differed (Table 4.4). The highest HHV and LHV
recorded were 21.80 and 20.49 MJ/kg for shea butter wood, while corncob has the lowest HHV
and LHV at about 16.97 and 15.60 MJ/kg.

Results obtained from Palm kernel shell (Table 4.4) show that the HHV closely agreed with
the report the 18.84 MJ/kg reported Umar et al. (2020) but moderately lower than 20.71 MJ/kg
reported by Torsosa-Masia et al. (2007). In the case of sugarcane bagasse, the HHV is slightly
higher than 17.70, 17.70 and 17.32 MJ/kg reported by Channiwala et al. (2002), Munir et al.
(2000) and Suarez et al. (2000), respectively. Similarly, the HHV and LHV reported for bamboo,
obeche wood, and shea butter wood in this study, as shown in Table 4.4, are in consonant with
what Chukwuneke et al. (2019) and Oyebanji et al. (2022) reported for Mahagany wood (HHV:
21.26MJ/kg and LHV: 20.27MJ/kg). Lophira alota wood (HHV: 21.20MJ/kg and LHV:
18.08MJ/Kg), respectively. Results obtained from lemon grass is fairly higher than 17.7MJ/kg
reported by Gravalos et al. (2016) for plant leaves/weeds. The increase in the HHV and LHV of
shea butter wood, obeche wood and palm kernel shell were attributed to their high fixed carbon
(FC) and carbon contents which is the primary source of heat (Kpala et al., 2021; Umar and
Sulaiman et al., 2021; Sawadogo et al., 2018), while the decrease in HHV and LHV recorded for
corncobs resulted from their high ash and moisture contents (Akinola and Fapetu, 2015; Oladejo
et al., 2020).

Furthermore, shea butter wood, baobab wood and siam weed are more suitable for the
pyrolysis process as its low ash. Moisture contents and high fixed carbon and carbon contents
would enhance their hydrocarbon contents, increasing their heating value and rapid
decomposition of the biomass in the reactor.
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Table 4.4: HHV and LHV of Oven-dried Biomass

SAMPLE HHV(MJ/Kg) LHV(MJ/Kg)
Woody/Forestry

Bamboo wood 19.80 + 0.37 18.51 +0.73
Baobab wood 21.40 + 0.47 20.18 + 0.24
Melina wood 20.50 + 0.47 19.21 + 0.34
Obeche wood 20.10+0.76 18.85 + 0.16
Shea butter wood 21.80 + 0.69 20.49+0.44
Agro-wastes

Corncob 18.11 +0.24 16.78 + 0.14
Rice husk 16.63 + 0.79 15.49 + 0.45
Palm kernel shell 19.98 + 0.44 18.70 + 0.25
Coconut shell 19.97 + 0.52 18.63 + 0.34
Fruit residues

Sugarcane bagasse 18.60 + 0.57 17.31 +0.52
Sugarcane straw 17.01 + 0.08 15.58 + 0.05
Grass/Leaves

Lemon grass 17.23+0.35 16.08 + 0.25
Mexican Sunflower 17.45 + 0.83 16.30 + 0.45
Moringe oleifera 16.97 + 0.24 15.60 + 0.66
Siam weed 20.60 +0.14 19.54 + 0.26

HHV: Higher heating value; LHV: Lower heating value
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4.5 Thermogravimetry analysis (TGA)

Figure 4.1 depicts the thermogravimetry analysis (TGA) profile from the thermal reaction
of bamboo, corncobs, sugarcane bagasse, obeche wood, palm kernel shell, and shea butter wood
and lemon grass under an inert environment (nitrogen flow rate, 1 ml/min) at a steady heating
rate of 10°C/min in the temperature range of 30 to 850°C. The TGA curve (Figure 4.1) helps
determine the purity, thermal stability, drying, thermal degradation, weight loss, and structural
composition of the biomass when subjected to heating at different temperatures. This is necessary
because cellulosic, hemicellulosic, and lignin contents in the biomass exhibit various
decomposition behaviour (Ozsina and Piitiin, 2019; Gajeraa et al., 2020). TGA, also known as
pyrolytic decomposition of biomass, undergoes three phases over a broad temperature range
preheating phase (moisture evaporation), volatile devolatilization, and carbonization (Balogun et
al., 2017; Ozyuguran and Yaman, 2018; Mishra and Mohanty, 2018; Menares et al., 2020; Rasool
and Kumar, 2020)

In the first stage, known as the preheating stage (moisture evaporation phase), passive
pyrolysis of the biomass occurred at about 42-110°C, resulting in drying and decomposition of a
low guantity of volatile components due to the emission of free water and chemically bonded
water known as the water of constitution (Merdun and Laouge, 2020), which was extended up to
atemperature of 180°C. Approximately 5.2 wt% weight loss was recorded, similar to what Halder
et al., (2019) and Umar et al., (2021) reported for lignocellulose biomass. The fluctuations of the
TG curve were due to the biomass utilized to carry out the experimental runs, which had been
oven-dried and possessed low MC (Akinola and Fapetu, 2015). During the second stage, known
as the volatile devolatilization stage (180-580°C), thermal degradation of hemicellosic and
cellulosic polymers coincided, leading to the formation of an excessive number of small-molecule
gas and liquids phase components with a relatively large molecular weight (Dwivedi et al., 2019).
A greater percentage of tar was precipitated (Menares et al., 2020). Active pyrolysis occurred
during this process. Also, the highest weight loss was recorded for sugarcane bagasse at about 60
wit% (180- 470°C), while bamboo possessed the lowest weight loss of 27 wt% (180-480°C). These
losses in weight were attributed to the degradation of light volatile compounds below 100°C. The
last phase, known as the carbonization stage, begins at the end of the second stage up to an
asymptotic value of thermogravimetry (TG) shows no significant weight loss was recorded
during this stage due to secondary reactions such as cracking and repolymerization, leading to
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slow decomposition (conservative minor devolatilization) of the lignin contents at a temperature
of about 470-850°C (Merdun and Laouge, 2021). Hence, this leads to the formation of solid
residues (Biochar). During this process, the passive pyrolysis process occurred. The overall
weight losses are ANB (25 wt%), ANC (38 wt%), ANG (98 wt%), ANM (60 wt%), ANP (95
wit%), ANW (80 wt%). These results are supported by the works done by Baffour-Awuah et al.
(2021); Okokpujie et al. (2019) and Isah et al. (2020). Sugarcane bagasse (ANG) possessed the
highest weight loss after undergoing exothermic thermal decomposition at different pyrolysis
temperatures, closely followed by Palm kernel shell. At the same time, bamboo had the least
weight loss percentage. Hence, Sugarcane bagasse is more suitable for the pyrolysis process
among the samples examined next to palm kernel shell, shea butter wood, and lemon grass,
respectively, as the rate of weight loss, is proportional to the energy released (Balogun et al.,
2021).
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Figure 4.1. TGA of weight loss at a heating rate 10°C/min for Bamboo (ANB 2580);
Corncobs (ANC 9582); Lemon grass (ANW 4354); Obeche wood (ANM 3123);
Shea butter wood (ANS 3643); Palm kernel shell (ANP 1421); Sugarcane bagasse (ANG 3283)
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4.6 Ignitability Index

The ignitability index (i) is essential in rating a biomass's quality. It helps to evaluate the
tendency of the biomass to burn or ignite during the pyrolysis process. Biomass with high 11
enhances rapid decomposition of the biomass in the pyrolysis plants. The error bar indicates the
variation of the data obtained from repeated numbe of experimental runs, and the average
ignitability values ranged from 0.26 for corn cob to 0.33 for palm kernel (Figure 4.2). Palm kernel
shell possessed the highest ignitability index, closely followed by sugarcane bagasse, while corn
cob had the lowest ignitibility index. The increase in ignitability index recorded for palm kernel
shell, sugarcane bagasse, Siam weed and shea butter was due to their high HHV and low moisture

content. Hence, palm kernel shea, shea butter wood, and sugarcane bagasse are more suitable for

pyrolysis.
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4.7  Statistical Design format for Bio-oil, Biochar, and NCG yields

Tables 4.5- 4.7 present the products of pyrolysis based on the combination of pyrolysis
operating parameters such as temperature, reaction time, heating rate, nitrogen flow rate, and
particle sizes each at five (5) levels provided to the Design Expert Version 13.0. Fifty (50)
experimental runs were suggested by the Design-Expert Software. The experiments were
performed by utilizing the same operating parameters proposed by the software and the complete
set of the experiments via the combination of operating parameters and the results of the pyrolysis
products’ yields which served as input parameters to the software for further analysis and

prediction.

The optimum bio-oil yield (46.5 wt%) for PKS (Table 4.5) was attained at the temperature
(T) of 520°C, reaction time (R) of 15 min, heating rate (H) of 17.5°C/min, nitrogen flow rate (N)
of 125 cm®/min, and particle size (P) of 0.5 mm. In the case of SCB, the optimum bio-oil yield
(47.1 wt%) was recorded at T, R, H, N, P of 520°C, 15 min, 22.5 "C/min, 175 cm®min and 0.7
mm respectively. Considering SBW, optimum bio-oil yield (47.9 wt%) obtained at T of 520 °C,
R of 15 min, H of 22.5°C/min, N of 175 C/min and P of 0.7 mm. SBW is more suitable for bio-
oil yield closely followed by SCB due to their high quantity of bio-oil yield. The bio-oil yields
increased as temperature increased from 320 to 520°C. Further increase in temperature above 520
°C decreased the bio-oil yield due to secondary cracking of the bio-oil leading to a high yield of
NCG from 22.5 wt% to 34.7 wt% NCG (Varma and Mondal, 2020). Minimum bio-oil yield (36
wit%) for PKS was found at the T, R, H, N, and P of 320 °C, 5 min, 27.5 "C/min, 25 cm®min, and
0.9 mm respectively. In the case of SCB, minimum bio-oil yield (40.1 wt%) was obtained ata T
of 720°C, R of 25 min, H of 27.5°C/min, N of 225 cm®/min and P of 0.1 mm. Similarly, the
minimum bio-oil yield (38.5 wt%) for SBW was attained ata T, R, H, N, and P of 720°C, 5 min,
7.5°C/min, 25 cm®min, and 0.9 mm respectively. The results of the bio-oil yields for the biomass
under investigation closely agreed with the report of Laouge et al. (2020), Gautam and Chaurasia
(2019), Hossain et al. (2017), Varma and Mondal (2017), and Paenpong et al. (2016) who
reported optimum bio-oil yields of 48.27 wt% at a T of 400°C, N of 200 mL/min of 1.5 mm for
fast pyrolysis of Pearl Millet, 46.93 wt% at a T of 450°C fast pyrolysis of Bamboo, and 48.26
wt% at a T of 450°C, R of 1 mm, N of 200 cm®min for fast pyrolysis of Oil palm fibre, 45.23
wt% at the T of 500°C, H of 300°C/min, N of 100 cm®/min, and P of 0.5 mm for fast pyrolysis
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of Sugarcane bagasse and 45.9 wt% at the T of 550°C, P of 0.325 mm, and N of 7.75 L/min for
fast pyrolysis of Cassava rhizome respectively. The optimum values are higher than 32.2 wt% at
400°C and 30.5 wt% at the T of 400°C, R of 5min, and P of 0.3mm reported by Sahoo et al.
(2021) for slow pyrolysis of Pigeon pearl stalk and Ahmad et al. (2017) for co-pyrolysis of
Lemongrass and residual cooking oil respectively, but slightly less than 50.5 wt% at 600°C, H of
50 °C/min, and N of 5 L/min reported by Mohammed et al. (2017) for intermediate pyrolysis of
Napier grass.

The optimum values of biochar yields (41.1 wt%) for PKS was found at the T of 320°C,
R of 5 min, H of 7.5°C/min, N of 25 cm®/min, and P of 0.9 mm. In the case of SCB, the optimum
biochar yield (40 wt%) was attained at a T, R, H, N, and P of 320°C, 5 min, 7.5°C/min, 25
cm®min, and 0.9 mm respectively. Likewise, for SBW, the optimum biochar yield (40.8 wt%)
was obtained at a T of 320°C, R of 5 min, H of 7.5°C/min, N of 25 cm®min, and P of 0.9 mm.
These values (biochar yields) agreed well with Sahoo et al. (2021) and Mohammed et al. (2017)
who reported optimum biochar yields (43.66 wt%) at the T of 750°C, N of 25 L/min, and H of 50
°C/min for slow pyrolysis of Bamboo and 46.41 wt% at the T of 450°C, N of 25 L/min, and H of
10°C/min for intermediate pyrolysis of Napier grass. This optimal value recorded is higher than
26.2 wt% at the T of 450°C reported by Guatam and Chaurasia, 2020 (2021) for fast pyrolysis of
Bamboo. The biochar yield decreased with increasing temperature due to complete pyrolysis
process caused by rapid emission of volatile matters and thermal decomposition of the biomass,
thereby, enhancing the yields of aromatic compounds (Zhang et al., 2017; VVarma and Mondal,
2017; Guedes et al., 2018; Guatam and Chaurasia, 2020, Sahoo et al., 2021). The minimum
biochar yields of 25.6 wt% and 24.1 wt% was obtained for PKS and SBW respectively at the T
of 720°C, R of 25 min, H of 7.5°C/min, N of 225 cm®min, and P of 0.1 mm, while in the case of
SCB, minimum biochar yields (26.6 wt%) was recorded ata T, R, H, N, and P of 720°C, 25 min,

27.5°C/min, 225 cm®/min, and 0.1 mm respectively.
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Table 4.5: Experimental Design Matrix and the Corresponding Pyrolysis Products Yields from Palm Kernel Shell

std Run Factor A: Factor B: Reaction ~ Factor C: Heating Factor D: Nitrogen flow Factor E: Particle Response 1:  Response 2: Rezz:;:ii;\::n-
Temperature(°C) time(min) rate(°C/min) rate(cm®/min) size(mm) Bio-oil(w%)  Biochar(w%)
gases(w%)
36 1 520 10 17.5 125 0.5 43.1 33.3 23.6
48 2 520 15 17.5 125 0.5 46.5 33.3 20.2
35 3 520 5 17.5 125 0.5 43.2 324 24.4
16 4 720 25 27.5 225 0.1 38.6 28.4 33
17 5 320 5 7.5 25 0.9 36.9 41.1 22
47 6 520 15 17.5 125 0.5 46.1 33.2 20.7
37 7 520 15 12.5 125 0.5 43.3 334 23.3
18 8 720 5 7.5 25 0.9 38.5 29.4 32.1
22 9 720 5 27.5 25 0.9 40 28.4 31.6
23 10 320 25 27.5 25 0.9 38.1 38.3 23.6
7 11 320 25 27.5 25 0.1 37.1 37.2 25.7
34 12 420 15 17.5 125 0.5 39.9 35.8 24.3
43 13 520 15 17.5 125 0.5 46.3 333 20.4
1 14 320 5 7.5 25 0.1 36.9 40.6 225
3 15 320 25 7.5 25 0.1 37.4 38.6 24
39 16 520 15 17.5 75 0.5 43.1 34.2 22.7
32 17 720 25 27.5 225 0.9 40.2 27.4 32.4
12 18 720 25 7.5 225 0.1 36.5 25.6 33.3
5 19 320 5 27.5 25 0.1 37.1 38.8 24.1
31 20 320 25 27.5 225 0.9 37.1 39.1 23.8
44 21 520 15 17.5 125 0.5 46.2 329 20.9
21 22 320 5 27.5 25 0.9 36 40.1 239
30 23 720 5 27.5 225 0.9 39.6 29.6 30.8
19 24 320 25 7.5 25 0.9 36.3 40.3 23.4
42 25 520 15 17.5 125 0.3 43.2 32.7 24.1
14 26 720 5 27.5 225 0.1 39.6 28.5 31.9
25 27 320 5 7.5 225 0.9 36.8 40 23.2
41 28 520 15 17.5 125 0.5 46.4 33.6 20
38 29 520 15 22.5 175 0.7 44.4 32.4 23.2
6 30 720 5 27.5 25 0.1 40 27.6 32.4
20 31 720 25 7.5 25 0.9 40.8 28.5 30.7
46 32 520 15 17.5 125 0.5 43.5 329 23.6
9 33 320 5 7.5 225 0.1 36.2 38.9 24.9
50 34 520 15 17.5 25 0.5 43.7 33.6 22.7
8 35 720 25 27.5 25 0.1 39.6 27.4 33
11 36 320 25 7.5 225 0.1 37.2 37.3 25.5
33 37 620 15 17.5 125 0.5 38.7 33.1 28.2
4 38 720 25 7.5 25 0.1 38.6 29.5 31.9
49 39 520 15 17.5 125 0.5 43.4 324 24.2
10 40 720 5 7.5 225 0.1 39.9 27.1 33
40 41 520 15 17.5 225 0.5 44.2 321 23.7
2 42 720 5 7.5 25 0.1 39.7 29.6 30.7
13 43 320 5 27.5 225 0.1 36.5 37.7 25.8
29 44 320 5 27.5 225 0.9 36.2 37.7 26.1
27 45 320 25 7.5 225 0.9 36.4 38.6 25
28 46 720 25 7.5 225 0.9 40.8 26.1 33.1
26 47 720 20 7.5 225 0.9 40.1 28.5 31.4
24 48 720 25 27.5 25 0.9 39.5 27.5 33
45 49 520 15 17.5 125 0.5 43.6 33.1 23.3
15 50 320 25 27.5 225 0.1 36.9 36.8 26.3
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Table 4.6: Experimental Design Matrix and the Corresponding Pyrolysis Products Yields from Sugarcane bagasse

RUR Factor A: Factor B: Reaction Factor C: Heating Factor D: Nitrogen Factor E: Particle | Response 1: Response 2: Response 3: Non-
Temperature(°C) time(min) rate(°C/min) flow rate(cm®/min) size(mm) Bio-oil(w%) Biochar(w%) condensable gases(w%)
1 520 10 17.5 125 0.5 45.1 34.5 20.4
2 520 15 17.5 125 0.5 46.8 33.9 19.3
3 520 5 17.5 125 0.5 45.6 33.4 21
4 720 25 27.5 225 0.1 42.1 26.6 31.3
5 320 5 7.5 25 0.9 41.1 40 18.9
6 520 15 17.5 125 0.5 46.7 335 19.8
7 520 15 12.5 125 0.5 45.2 33.8 21
8 720 5 7.5 25 0.9 40.5 29.3 30.2
9 720 5 27.5 25 0.9 42.8 28.4 28.8
10 320 25 27.5 25 0.9 42.7 39.6 17.7
11 320 25 27.5 25 0.1 42.3 39.6 18.1
12 420 15 17.5 125 0.5 43.9 38.5 17.6
13 520 15 17.5 125 0.5 46.6 335 19.9
14 320 5 7.5 25 0.1 41.5 39.1 19.4
15 320 25 7.5 25 0.1 42.4 39.4 18.2
16 520 15 17.5 75 0.5 45.9 34.2 19.9
17 720 25 27.5 225 0.9 41.8 26.8 31.4
18 720 25 7.5 225 0.1 40.5 26.9 32.6
19 320 5 27.5 25 0.1 42.1 39.8 18.1
20 320 25 27.5 225 0.9 42.1 39.7 18.2
21 520 15 17.5 125 0.5 46.9 33.9 19.2
22 320 5 27.5 25 0.9 41.6 40.3 18.1
23 720 5 27.5 225 0.9 40.9 27.6 31.5
24 320 25 7.5 25 0.9 41.8 40 18.2
25 520 15 17.5 125 0.3 47.1 32.8 20.1
26 720 5 27.5 225 0.1 41.5 26.9 31.6
27 320 5 7.5 225 0.9 42 40.4 17.6
28 520 15 17.5 125 0.5 45.8 34.4 19.8
29 520 15 22.5 175 0.7 47.2 32.8 20
30 720 5 27.5 25 0.1 41.7 27.8 30.5
31 720 25 7.5 25 0.9 40.7 28.5 30.8
32 520 15 17.5 125 0.5 46.7 33.3 20
33 320 5 7.5 225 0.1 41 39.3 19.7
34 520 15 17.5 25 0.5 46.9 33.2 19.9
35 720 25 27.5 25 0.1 41.6 26.7 35.9
36 320 25 7.5 225 0.1 42 39.9 18.1
37 620 15 17.5 125 0.5 42.2 30.5 27.3
38 720 25 7.5 25 0.1 40.2 27.1 32.7
39 520 15 17.5 125 0.5 46.6 33.8 19.6
40 720 5 7.5 225 0.1 40.7 27.4 31.9
41 520 15 17.5 225 0.5 47.1 33.2 19.7
42 720 5 7.5 25 0.1 40.1 28.2 31.7
43 320 5 27.5 225 0.1 41.7 39.7 18.6
44 320 5 27.5 225 0.9 41.5 38.5 20
45 320 25 7.5 225 0.9 41.7 35.7 22.6
46 720 25 7.5 225 0.9 40.5 27.8 31.7
47 720 20 7.5 225 0.9 40.5 28.5 31
48 720 25 27.5 25 0.9 40.6 28.3 31.1
49 520 15 17.5 125 0.5 46.8 34.2 19
50 320 25 27.5 225 0.1 41.9 39.5 18.6
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Table 4.7: Experimental Design Matrix and the Corresponding Pyrolysis Products Yields from Shell Buter Wood

std Run Factor A: Factor B: Reaction Factor C: Heating  Factor D: Nitrogen Factor E: Particle Response 1: Response 2: Response 3: Non-
Temperature(°C) time(min) rate(°C/min) flow rate(cm3/min) size(mm) Bio-oil(w%) Biochar(w%) condensable gases(w%)
36 1 520 10 17.5 125 0.5 45.2 33 21.8
48 2 520 15 17.5 125 0.5 46.3 32.1 21.6
35 3 520 5 17.5 125 0.5 45.1 31 23.9
16 4 720 25 27.5 225 0.1 41.1 25 33.9
17 5 320 5 7.5 25 0.9 39.1 40.8 20.1
47 6 520 15 17.5 125 0.5 46.2 32 21.8
37 7 520 15 12.5 125 0.5 46 32.8 21.2
18 8 720 5 7.5 25 0.9 38.5 27 34.5
22 9 720 5 27.5 25 0.9 40.8 26.3 32.9
23 10 320 25 27.5 25 0.9 40.7 39.6 19.7
7 11 320 25 27.5 25 0.1 40.3 39.2 20.5
34 12 420 15 17.5 125 0.5 44.5 38 17.5
43 13 520 15 17.5 125 0.5 46.1 32.1 21.8
1 14 320 5 7.5 25 0.1 39.5 40.1 20.4
3 15 320 25 7.5 25 0.1 40.4 39.6 20
39 16 520 15 17.5 75 0.5 45.3 33 21.7
32 17 720 25 27.5 225 0.9 41.7 25.4 32.9
12 18 720 25 7.5 225 0.1 41.2 24.1 34.7
5 19 320 5 27.5 25 0.1 40.1 39.8 20.1
31 20 320 25 27.5 225 0.9 41 394 19.6
44 21 520 15 17.5 125 0.5 45.8 325 21.7
21 22 320 5 27.5 25 0.9 40 40.3 19.7
30 23 720 5 27.5 225 0.9 40.1 25.5 34.4
19 24 320 25 7.5 25 0.9 40.2 40.4 19.4
42 25 520 15 17.5 125 0.3 45 31.9 23.1
14 26 720 5 27.5 225 0.1 41.8 25.1 33.1
25 27 320 5 7.5 225 0.9 39.3 40.2 20.5
41 28 520 15 17.5 125 0.5 45.9 32.3 21.8
38 29 520 15 22.5 175 0.7 47.9 31.8 20.3
6 30 720 5 27.5 25 0.1 41.5 25.8 32.7
20 31 720 25 7.5 25 0.9 39.4 26.1 34.5
46 32 520 15 17.5 125 0.5 46.3 32.2 21.5
9 33 320 5 7.5 225 0.1 40.3 39.9 19.8
50 34 520 15 17.5 25 0.5 46 32.4 21.6
8 35 720 25 27.5 25 0.1 41.8 25.4 32.8
11 36 320 25 7.5 225 0.1 40.2 39.1 20.7
33 37 620 15 17.5 125 0.5 43 30 27
4 38 720 25 7.5 25 0.1 40 25.8 34.2
49 39 520 15 17.5 125 0.5 46.1 32.2 21.7
10 40 720 5 7.5 225 0.1 39.7 25.6 34.7
40 41 520 15 17.5 225 0.5 45.7 31.8 22.5
2 42 720 5 7.5 25 0.1 41 26.5 32.5
13 43 320 5 27.5 225 0.1 40.5 36.4 23.1
29 44 320 5 27.5 225 0.9 40.9 39.4 19.7
27 45 320 25 7.5 225 0.9 40.5 39.7 19.8
28 46 720 25 7.5 225 0.9 40 25.7 34.3
26 47 720 20 7.5 225 0.9 41.1 26.3 32.6
24 48 720 25 27.5 25 0.9 42 25.6 32.4
45 49 520 15 17.5 125 0.5 46.2 325 21.3
15 50 320 25 27.5 225 0.1 40.9 39 20.1
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4.8  Statistical Model Development

The products of pyrolysis were investigated using analysis of variance (ANOVA) by
considering the quadratic model in the CCD technique. The quadratic model was selected as it
has been adjudged to be fit for the optimization technique (Hossain et al., 2017; Laouge et al.,
2020).

4.8.1 Statistical models for bio-oil yield

Equations (4.1 - 4.3) present the mathematical model used to predict the bio-oil yield using
PKS, SCB, and SBW respectively, while appendices 1 — 3 summarized the results obtained via
ANOVA analysis for the response of bio-oil using PKS, SCB, and SBW.

Yeopks) = 44.034 + 1.3024 — 0.103D + 0.165E — 12.024% + 6.12C? + 0.266A X E
4.2)

Yso(scr) = 46.099 — 0.417A + 0.387C — 8.8942 + 3.19C? + 1.032D% + 0.2164 X C
4.2)

Yospwy = 46.119 — 0.42384 + 0.1498B + 0.3720C — 10.324% — 1.06C* + 0.884D* +
5.80E2 + 0.2226A X C (4.3)

Where, Ygorks), YBosua), YBosHea) are the responses of the bio-oil yield (wt%) for palm
kernel shell, sugarcane bagasse, and shea butter wood respectively, A, B, C, D, E refers to the
coded value of T (°C), R (min), H (°C/min), N (cm®min) and P (mm) respectively. The positive
(+) sign in the mathematical model represents a synergic effect and the negative (-) sign
indicates antagonistic effects on bio-oil yield.

Fischer test (F-value) and probability value (p-value) were found to be accepted for an
analysis of regression models (Arvindekar et al., 2016; Kumar et al., 2019). F-value indicates
how the mean square value of a developed regression model is compared to the mean square
value of residuals (i.e., error). The higher the F-value, the more responsive, reproductive, and
reliable is the regression model. Also, the p-value should be low in order for the model to hold

a higher significance (Nizamuddin et al., 2016; Lee et al., 2017).
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The ANOVA analysis for bio-oil yield obtained via intermediate pyrolysis show a
higher F-value of 31.43, 73.37, 88.01 for palm kernel shell, sugarcane bagasse, and shea butter
wood, and a low p-value (less than 0.05) recorded for all the biomass under investigation
showed that the developed regression model is significant. PKS is more significant closely
followed by SCB, while SBW is the least significant based on the F-value and p-value recorded.
There is only a small chance (0.01%) that a model F-value this large might take place due to
noise (Hassain et al., 2017, Hassan et al., 2017). In the case of PKS, it can be observed that
temperature (A), nitrogen flow rate (D), particle sizes (E), the interaction of temperatures (A?),
the interaction of heating rates (C2), and interaction of temperature and particle sizes (AE) are
significant model terms. Considering SCB, temperature (A), heating rate (C), the interaction of
temperatures (A?), the interaction of heating rates (C?), interaction of nitrogen flow rate (D?),
and the interaction of temperatures and heating rates (AC) are significant model terms. In the
case of SBW, it can be deduced that temperature (A), reaction time (B), heating rate (C), the
interaction of temperatures (A?), the interaction of heating rates (C?), the interaction of nitrogen
flow rate (D?), the interaction of particle sizes (E?), and the interaction between temperatures
and heating rates (AC) are significant model terms. Hence, The study positively influenced bio-
oil yields. The lack of fit of 0.818, 0.056, and 0.082 (p>0.05) for bio-oil yield using PKS, SCB,
and SBW means that the developed mathematical model can predict and reproduce the
experimental data as opined by Mohammed et al. (2017) and Laouge et al. (2020).

The coefficient of variation (CV%) is the overall experimental error expressed as a percentage
of the overall mean. It is a measure of the reliability of the experimental. Generally, a low CV%
(§:10%) is considered to be a good indicator of the reproducibility of the models. The R? value
which is the coefficient of determination for the regression model should be close to 1 which
satisfies the criteria for a good model (Hossain et al., 2017; Hassan et al., 2017). In this present
study, the CV% for bio-oil yield using PKS, SCB, and SBW are found to be 5.04%, 5.29%, and
5.63% respectively which are relatively low. This indicates good reproducibility and reliability
of the experiment and investigated model. Similarly, the R? value of bio-oil yields using PKS,
SCB, and SBW are 0.9800, 0.9801, and 0.9862 respectively which are very close to 1. Hence,
the mathematical model under investigation is good and can replicate the experimental data for

bio-oil yield.
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The adjusted R? specifies the amount of variation which can be described by the model, that
is, the R? value after adjusting the number of terms in the regression model relative to the
number of design points. The predicted R? shows the amount of variation in the new data
explained by the model. The difference between the adjusted and predicted R? should be within
approximately 0.20 to be in reasonable agreement (Hossain et al., 2017; Lee et al., 2017; Laouge
et al., 2020). Considering bio-oil yield using PKS, the difference between the adjusted R?
(0.9842) and predicted R? (0.8487) is 0.136. Hence, the study is in reasonable agreement,
thereby making the experimental data reproducible. For SCB, the predicted R? of 0.9651 is in
reasonable agreement (difference of 0.16) with an adjusted R? of 0.8051. Similarly, for SBW,
the difference between the adjusted R? (0.9744) and predicted R? (0.8263) is 0.148. The study
is in reasonable agreement, which make the model responsive, reliable and can replicate the

experimental data.

4.8.2 Statistical models for biochar yield
The mathematical model used to predict the biochar yield using PKS, SCB and SBW are
presented in Eqns. 4.4, 4.5 and 4.6 respectively.
Yec(pksy = 50.16 — 0.03474A — 0.0478B — 0.0320C — 0.00489D + 2.30E +

0.000094% — 0.002684 x E — 0.000007B x D (4.4)

Yse(scey = 58.56 — 0.094 — 0.0256B8 + 0.839C — 0.00317D — 1.565E + 0.000056A4% —
0.0242C? + 0.00394A X E (4.5)

Yec(spwy = 60.34 — 0.08064 + 0.416B — 0.0584C — 0.004143D + 0.834E +
0.000044A4% — 0.01568B% + 0.00192B x C (4.6)

Where, Yecpks), Yecscr), Yacsaw) are the responses of the biochar yield (wt%) for PKS,
SCB, and SBW respectively.

Th results show a higher F-value of 340.53, 877.64, 661.08 for PKS SCB and SBW
respectively and a low p-value (less than 0.05) was recorded for all the biomass under
investigation showing that the developed regression model is significant as opined by Hossain
et al. (2017) and Lee et al. (2017). SBW is more significant closely followed by SCB, while
PKS possessed the least significance based on the F-value and p-value recorded. There is only

a small chance (0.01%) that a model F-value this large might take place due to noise (Hassain
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et al., 2017). The results showed that temperature, reaction time, heating rate, nitrogen flow
rate, particle size, the interaction of temperatures, the interaction between temperature and
particle size, the interaction between reaction time and particle size are significant model terms
for PKS. In the case of SCB, it was observed that temperature, reaction time, heating rate,
nitrogen flow rate, particle size, the interaction of temperatures, and interaction of heating rates
are significant model terms. Also, considering SBW, it was deduced that temperature, reaction
time, heating rate, nitrogen flow rate, particle size, the interaction of temperatures, the
interaction of reaction time, the interaction between reaction time and heating rate, the
interaction between reaction time and nitrogen flow rate are significant model terms. Hence, the
study positively influenced biochar yields. The lack of Fit of 0.051, 0.071 and 0.39 (p>0.05)
for biochar yield using PKS, SCB and SBW means that the developed mathematical model can
predict and reproduce the experimental data.

In the study, the CV% for biochar yield using PKS, SCB, SBW is found to be 5.46%, 6.38%,
and 5.37% respectively which are relatively low compared to what Kumar et al. (2019) reported.
Hence, the investigated model can be reproduced. Likewise, the R? value of biochar yields using
PKS, SCB, SBW is 0.9887, 0.9956, and 0.9901 respectively which are also very close to 1.
Thus, the mathematical model under investigation is good and can replicate the experimental
data for biochar yield. Considering biochar yield using PKS, the difference between the adjusted
R?(0.9781) and the predicted R? (0.8518) is 0.13. Hence, the study are in reasonable agreement.
Thereby making the predicted model responsive and reliable. For SCB, the predicted R? of
0.9899 is in reasonable agreement (difference of 0.10) with an adjusted R? of 0.8899. Similarly,
for SBW, the difference between the adjusted R? (0.9868) and predicted R? (0.8656) is 0.12.
Hence, The study are in reasonable agreement. Thereby making the experimental value data
reproducible.

4.8.3 Statistical models for NCG yield

The results of the ANOVA analysis for NCG obtained from the intermediate pyrolysis of
PKS, SCB, and SBW showed a higher F-value of 487.74, 418.66, 303.95 for PKS, SCB, and
SBW respectively and a low p-value (less than 0.05) was recorded for all the biomass under
investigation showed that the developed regression model is significant as postulated by Lee et

al. (2017). PKS is more significant closely followed by SCB, while SBW is the least significant
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based on the F-value and p-value recorded. There is only a small chance (0.01%) that a model
F-value this large might take place due to noise (Hassain et al., 2017). Considering PKS, it was
observed that temperature, reaction time, heating rate, nitrogen flow rate, the interaction of
temperatures, combined effects of temperature and heating rate, the interaction between
temperature and nitrogen flow rate, and interaction between temperature and particle size are
significant model terms. In the case of SCB, temperature, nitrogen flow rate, particle size, the
interaction of temperatures, the interaction between temperature and reaction time are
significant model terms. Likewise, for SBW, temperature, nitrogen flow rate, the interaction of
reaction time, the interaction between temperature and heating rate, and interaction between
temperature and particle size are significant model terms. Thus, the study positively influenced
NCG yields.

Equations 4.7 - 4.9 depict the mathematical model used to predict the NCG yield using
PKS, SCB, and SBW respectively

Yncepks) = 22.782 + 3.884 + 0.243B + 0.335C + 0.455D + 5.4934% — 0.2044 X C —

0.2584 x D + 0.1044 X E 4.7)

Yycocscs = 20.02 + 6.429A4 + 0.215D — 0.301E + 5.1334% + 0.3284 x B
(4.8)

Ycosew) = 21.795 + 6.8444 + 0.333D + 5.057B2 — 0.3904 + 0.081D x E
(4.9)

Where Yncoprks), Yncascr), YNncasaw) 1S the response of the biochar yield (wt%) for PKS,
SCB, and SBW respectively.

Lack of Fit of 1.35, 0.06 and 0.09 (p>0.05) for NCG yield using PKS, SCB and SBW means
that the developed mathematical model can predict and reproduce the experimental data. The
CV% for using NCG yield, PKS, SCB, SBW is found at 6.13%, 5.36%, and 5.42% respectively
which are relatively low. Hence, the investigated model can be reproduced. Also, the R? value
of NCG yields for PKS, SCB, SBW are 0.9921, 0.9905, and 0.9856 respectively, which are very
close to 1. Therefore, the mathematical model under investigation is good and can replicate the
experimental data for NCG yield. In the case of NCG yield using PKS, the difference between
the adjusted R? (0.9880) and the predicted R? (0.8780) is 0.11. Hence, The study are in
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reasonable agreement. For SCB, the predicted R? of 0.8660 is in reasonable agreement
(difference of 0.12) with the adjusted R? of 0.9860 Similarly, for SBW, the difference between
the adjusted R? (0.9723) and predicted R? (0.8323) is 0.14. Hence, they are in reasonable
agreement and the predicted model can reproduce the experimental data accurately (Lee et al.,
2017).

4.9 Influence of Individual Parameters on the Products of Pyrolysis

4.9.1 Influence of temperature on the products of pyrolysis

The influence of variation in temperatures through the range 320°C, 420°C, 520°C, 620°C,
720°C on bio-oil, biochar, and NCG yields a constant reaction time, heating rate, nitrogen flow
rate and particle size from PKS, SCB, and SBW respectively are shown in Figure 4.3.
Temperature appears to be the most important parameter that influences products of pyrolysis
as it provides the amount of heat needed to degrade the biomass bonds in the reactor from

pyrolysis products (Guedes et al., 2018).

At the initial stage (Figure 4.3a), the bio-oil yields (40.7 wt%) and NCG (23.2 wt%) from
SBW, SCB, and PKS are low due to incomplete pyrolysis process (Varma and Mondal, 2017),
thereby leading to a high yield of biochar of 41.0 wt%. Further increase in pyrolysis temperature
from 420 to 520°C increased the bio-oil yield until it attained an optimum value of 47.7 wt% at
520°C. An increase in temperature above 520°C (between 520-720°C) reduced the yield of bio-
oil from 47.7 to 41.1 wt%. This is attributed to secondary cracking of the bio-oil leading to a
high yield of NCG from 22.5 to 34.7 wt% as well as secondary decomposition of the biochar to
produce NCG. Hence, decrease in bio-oil yield. This study followed the same trend as the report
of Tsai et al. (2006); Lazzari et al. (2016); Varma and Mondal (2017); Guedes et al. (2018);
and Chukwuneke et al. (2019) who reported maximum value of bio-oil yield at a temperature

of 450 — 525 °C. Hence, the experimental results are relatively accurate and reliable.

The SBW possessed the optimum bio-oil yield of 47.9 wt%, closely followed by SCB (47.1
wit%), while PKS (44.4 wt%) had the least value of bio-oil yield as shown in Figure 4.7b.
Similarly, for biochar yield (Figure 4.3c), the optimum value of 39.2, 40.9 and 40.5 wt% were
recorded for PKS, SBW, and SCB respectively. In the case of NCG (Figure 4.3d), it was
observed that PKS (37.9 wt%), closely followed by SBW (34.7 wt%), and SCB (32.6 wt%)
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recorded the peak, medium, and least values. SCB is more suitable for bio-oil production,
closely followed by SBW at varied temperatures (320-720°C) due to the quantity of bio-oil yield
when compared with other biomass samples at constant reaction time, heating rate, nitrogen
flow rate, and particle size are kept constant. In the case of biochar yield, SCB is more preferable
for biochar yield, closely followed by SBW under the same operating parameters. Similarly,
PKS is more preferable for NCG yields next to SBW. The suitability of biomass for bio-oil,
biochar and NCG is attributed to the high quantity of pyrolysis’ yields relative to the biomass
when subjected to the same operating conditions.

The optimum values obtained at varied operating parameters correlated with the findings
of Guatam and Chaurasia (2020), Varma and Mondal (2017), and Kumar et al (2019) who
reported the maximum value of bio-oil yield as 46.93, 45.23, and 46.00 wt% respectively
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4.9.2 Influence of particle size on the products of pyrolysis

Figure (4.4) depicts the influence of the variation of particle sizes on products of pyrolysis
at a constant temperature, heating rate, reaction time and nitrogen flow rate. An increase in the
particle size from 0.4 to 0.6 mm showed no major influence on the bio-oil yield as the variation
for bio-oil yields was approximately 3 wt% which is 42.3 to 45.4 wt%. An increase in particle
size, increased the temperature gradient inside the biomass particle, thereby increasing the
distance between the biomass particle surfaces to its center. This resulted in an incomplete
pyrolysis process due to the low heat transfer between the hot and cold material as well as a
decrease in volatile matter formation (Guedes et al., 2018; Varma and Mondal, 2017). Hence,
this led to high biochar from 32.5 to 40.5 wt% (Figure 4.4c) and lower yields of bio-oil from
45.4 to 39.3 wt%. At a low particle size of less than 0.4-0.6 mm, uniform heat transfer was
achieved which increased bio-oil yield (Figure 4.4b). Hence, a low particle size of less than 0.5
mm will be suitable for bio-oil yield as it ensures faster and uniform heat transfer as well as
high volatile matter production. These findings are in consonant with the reports of Stefanidis
et al. (2014); Bartoli et al. (2016); Madhu et al. (2018) and Varma and Mondal (2017) who

postulated that low particle size results in high bio-oil and low biochar yields.

The optimum, medium and least values of bio-oil yields were 46.5, 45.6, and 43.2 wt%
(Figure 4.4b) as recorded for SCB, SBW, and PKS respectively. In the case of biochar yields
(Figure 4.4c), SBW possessed the peak value (40.9 wt%), next to PKS (39.3 wt%) while SCB
(37.6 wt%) had the lowest value. Furthermore, the PKS (25.6 wt%) recorded the peak value
NCG vyield (Figure 4.8c), while SBW (22.4 wt%) and SCB (20.1 wt%) recorded the medium
and lowest values respectively. Hence SCB, SBW, and PKS are more suitable for bio-oil,
biochar and NCG Yyields at varied particle sizes (0-1 mm) with constant temperature, reaction

time, heating rate and nitrogen flow rate

113



50 Variable
*— Yo-SBW(w3t) (a )

-
—me Ye-SBW(wi) —_— w. Variable ( b)
as| ~—* ¥Yn-SBW(w%) e I *— Yo-SBW(w%)
7 - . — - Yo-PKS(W¥%) 4 __ — e
_— T *-- Yo-SCB(w) - T R—4
a0 ~ 45.0 ) 9— -
~ - - . 4 -'._. —— e ] e — m -\\_--
= 3 o 425 A A ™, t
~ o I a— g M .
Qn - m-—" . - - ‘ 3 l ," b ™, ’
= » g ) \
30 - ’
40.0
' !
i I i | ..
25 L s
! . : "/ | s
I i - 375 "
20 ] ' 3 !
: s |
-
. . . . . . . . . . 35.0- ) ) ) ) )
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 08 0.9 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 03
P({mm) Pimm)
425 40 ;
Variable Variable
—&—  Yc-SBW(w3) C I *— Yn-SBW(w) (d )
40,0 — W= Yc-PKS(w3) — W= ¥n-PKS(w%)
N, T *--  Yc-SCB{w%) P 35 - %= ¥n-SCB(wa)
37.5 S ¥ !
3\
% [ ¥
W,
35,0 T 30 T
= 5 . - =
= e S a
2 g s S
> 325 Sl — =
- i
-+ 25 [T
[ ] W — - I
200 ® py P o -——
- T —
— - —
275 20 ' ) - -
25.0 l ;
-o.n iR ] 0.2 0.3 0.4 0.5 0.6 o7 0.8 0.9 0.0 o 0.2 0.3 0.4 0.5 0.6 [+ .8 0.9

P{mm) P(mm)

Figure 4.4: Influence of particle size on (a) products of pyrolysis from SBW (b) Bio-oil yield from PKS, SCB, SBW (c) Biochar
yield from PKS, SCB, SBW (d) NCG yield from PKS, SCB, SBW

114



4.9.3 Influence of heating rate on the products of pyrolysis

The heating rate is paramount in an intermediate pyrolysis process as it enhances the
thermal decomposition of the biomass in the reactor, leading to an increase in bio-oil yields.
The utilization of suitable biomass particle size for the pyrolysis process helps to reduce the
bottleneck of poor heat transfer because biomass is a poor conductor of heat (Guedes et al.,
2018). Figure (4.5) depicts the influence of variation in heating rate on the yield of pyrolysis’
products at a constant temperature, reaction time, nitrogen flow rate and particle size. An
increase in the heating rate increased bio-oil yield from 38.4 to 47.1 wt% (Figure 4.5a) due to
rapid devolatilization of the biomass in the reactor resulting in complete pyrolysis process
(Guedes et al., 2018). The NCG yield (Figure 4.9a) decreased initially from 35.3 to 22.5 wt%
at a heating rate of 5 to 17.5°C/min and then increased continuously from 22.4 to 34.0 wt% as
the heating rate increased. The biochar yield increased due to low heating rate at the beginning
of pyrolysis process from 25.3 to 33.4 wt% leading to incomplete pyrolysis process and then
decreased continuously from 33.4 to 25.6 wt% as the heating rate increased leading to an
increase in bio-oil yields at a high heating rate. These findings agreed with the reports of Guedes

et al. (2018), who reported maximum bio-oil yield with an increase in heating rate.

The optimum bio-oil yield of 47.4 wt% was obtained from SBW, closely followed by
47.1wt% recorded for SCB while PKS had the least bio-oil yield of 43.8 wt% at a varying
heating rate of 5 to 17.5°C/min while other operating parameters were kept constant (Figure
4.9b). Considering biochar, the peak, medium, and minimum values were recorded for SCB,
(33.4 wt%), PKS (32.5 wt%), and SBW (31.8 wt%) respectively, while PKS, SBW, and SCB
have peak, medium, and least values of 37.4, 34.7 and 33.1 wt% respectively. Hence, SBW is
preferable for bio-oil yield, while SCB and PKS are more suitable for biochar and NCG yields
respectively at a varied heating rate (7.5-27.5°C/min) with constant temperature, reaction time,

nitrogen flow rate, and particle size.
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4.9.4 Influence of Reaction Rate on the Products of Pyrolysis

Reaction time is the amount of time that the biomass sample is sustained in the reactor at a
particular temperature. The influence of varying the reaction time on the yield of bio-oil,
biochar, and NCG at a constant temperature of 520 ‘C, a heating rate of 17.5°C/min, nitrogen
flow rate of 125 cm®/min, and particle size of 0.4-0.6 mm are shown in Figure 4.6. An increase
in the reaction time from 5 to 15 min increased the bio-oil yield from 40.3 to 46.1 wt% (Figure
4.6a). However, a further increase in reaction time above 15 min resulted in a decrease in bio-
oil yield from 46.1 to 40.9 wt%. The NCG increased (20 to 24 wt%) as the reaction time
increased from 5 to 20 mins due to secondary reaction of the vapours which reduced the yield
of bio-oil and then decreased slightly with further increase in reaction time. The biochar yield
decreased from 32.1 to 20.5 wt% as the reaction time increased from 5 to 20 mins and then
increased slightly as the reaction time increased further due to carbonization and re-
polymerization. A constant value of bio-oil (45.2 wt%) and biochar (31.4 wt%) yields were
recorded at a reaction time of 10 to 20 min indicating that the pyrolysis process was complete
even at 10 mm reaction time. These trends agreed well with the report of Bartoli et al. (2016);
Hassan et al. (2017) and Oyebaniji et al. (2021).

The lowest, medium and maximum values of bio-oil yield are 43.1, 45.8, and 46.7 wt%
recorded for PKS, SBW, and SCB respectively. In the case of biochar yield, SBW, recorded the
maximum value (40.0 wt%), closely followed by SBW (39.6 wt%), while PKS (38.2 wt%) has
the least value. Furthermore, the PKS (25.0 wt%) recorded the maximum value for NCG yield,
while SBW (23.6 wt%) and SCB (19.4 wt%) recorded the medium and least value of NCG yield

at a reaction time of 5 to 25 min.

Hence SCB, SBW, and PKS are more suitable for bio-oil, biochar, and NCG yields
respectively at varied reaction time (5-25 min), while other parameters are kept constant.
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4.9.5 Influence of nitrogen flow rate on the products of pyrolysis

Nitrogen gas is a crucial parameter in the pyrolysis process because it helps to purge the
vapours produced during the pyrolysis (Tripathi et al., 2020). The influence of the variation of
nitrogen flow rate on bio-oil, biochar, and NCG yields at a constant temperature of 520°C, a
heating rate of 17.5 °C/min, a reaction time of 15min, and particle size of 0.4-0.6 mm are shown
in Figure (4.7).

An increase in nitrogen flow rate from 25 to 125 cm®min shortened the vapour residence
time which reduced secondary reactions such as thermal cracking, re-polymerization, and re-
condensation of vapour, enhancing heat transfer and causing the volatile vapour removal from
the hot pyrolysis zone to become volatile (Guedes et al., 2018; Varma and Mondal, 2017).
Hence, increased bio-oil yield from 42.9 to 46.1 wt%, while the NCG decreased continuously
(Figure 4.7a). Further increase in nitrogen flow rate above 125 cm®/min resulted in bio-oil yield
decrease from 46.1 to 43.8 wt% as biochar yield increased (Figure 4.7a). This may be attributed
to incomplete condensation which caused more volatile components emitting from the reactor
as part of NCG due to the short residence time in the condenser (Mohammed et al., 2017; Morali
and Sensoz, 2015).

SCB recorded the optimum bio-oil yield (46.2 wt%) closely followed by SBW (45.0 wt%),
while PKS had the lowest bio-oil yield (43.3 wt%) as shown in Figure 4.11b. In the case of
biochar yield, the lowest, medium, and maximum values of biochar yields were 39.9, 39.7, and
39.2 wt% recorded for SBW, SCB, and PKS respectively. SBW, recorded the maximum value
(40.0 wt%), closely followed by SBW (39.6 wt%), while PKS (38.2 wt%) has the least value as
shown in Figure 4. 11c. Furthermore, the PKS (37.5 wt%) recorded the maximum value for
NCG yield, while SBW (32.7 wt%) and SCB (31.4 wt%) recorded the medium and least values
of NCG yields (Figure 4.7d). Hence SCB, SBW, and PKS are more suitable for bio-oil, biochar,
and NCG vyields respectively at a varied nitrogen flow rate (25-225 cm3/min), while other

parameters are kept constant.
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4.10 Influence of Two Most Significant Parameters on the Products of

Pyrolysis

Figures (4.8a-4.8d) present a three-dimensional (3D) response surface graph of the combined
effects of the two most important parameters that are significant for the optimum yield of bio-
oil when other parameters are kept constant. Figure 4.8a shows the interaction between the
temperature and heating rate on bio-oil conversion when R (15min), N (125 cm®/min), and P
(0.5 mm) are kept constant. The bio-oil yield increased continuously with an increase in T (320-
520°C) and H (7.5-12.5°C/min) due to complete pyrolysis during the thermochemical
conversion process (Singh et al., 2020; Kumar et al., 2019). A decrease in bio-oil yield was
noticed at a T (520-720°C) and H (22.5-27.5°C/min) due to secondary cracking that might
enhance the yield of NCG and biochar (Guatam and Chaurasia, 2020; Varma and Mondal,
2017). The maximum bio-oil yield was of 46.6 wt% was obtained at constants R (15 min), N
(125 cm®/min), and P (0.5 mm). Similar trend was obtained using sugarcane bagasse biomass
sample. These findings are supported by Laouge et al. (2020), and Kumar et al. (2019) who
obtained an optimum bio-oil yield of 47.6 and 46.1 wt% respectively. Figure 4.8b depicts the
combined effects of nitrogen flow rate and reaction time on bio-oil conversion in 3D response
surface by keeping T (520°C), H (17.5°C/min), and P (0.5 mm) constant. It can be deduced that
an increase in N (25 to 175 cm®/min) and R (5-15 min) caused the bio-oil yield to increase from
43.4 to 44.4 wt% due to non-proliferation of secondary reactions such as thermal cracking, re-
polymerization, and re-condensation of vapour that enhanced heat transfer and rapid de-
volatilization of the biomass in the reactor (Dhanavath et al., 2019). The yield for bio-oil
decreased from 44.5 to 33 wt% at a N (175-225 cm®/min) and R (15-25 min) due to incomplete
condensation leading to the emission of some uncondensed volatile components from the
reactor with nitrogen stream (Morali and Sensoz, 2015; Varma and Mondal, 2017; Mohammed
et al., 2017). The optimum bio-oil yield of 44.5 wt% was obtained at constant T (520°C), H
(17.5°C/min), and P (0.5 mm). These findings and trends correlate very well with the report of
Laouge et al. (2020), Kumar et al. (2019), and Varma and Mondal (2017) who obtained an
optimum bio-oil yield of 48.27, 46.0, and 42 wt% respectively from various lignocellulose
biomass via pyrolysis process at a T (400-550°C), R (60 min), and N (200 ml/min). The bio-oil

increased with an increase in T (320 — 520°C) and nitrogen flow rate (25 to 125 cm®min) due
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to complete pyrolysis process (Figure 4.8c). Further increase in temperature and nitrogen flow
rate decreased the bio-oil yield due to an increase in secondary reactions such as thermal
cracking, re-polymerization, and re-condensation of vapour (Laouge et al., 2020). Figure 4.8d
depicts the 3D response surface showing the two most important parameters (interaction of
temperature and particle size) at constant N (min), H (°C/min) and N (cm®min). At a
temperature of 520°C, where the optimum bio-oil yield was recorded, it was found that the yield
decreased with the increase in particle size due to incomplete pyrolysis process caused by low
rate of heat transfer (Laouge et al. 2020; Varma and Mondal, 2017).
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The combined effects of the two most important operating parameters that are significant
to biochar conversion based on the results obtained via ANOVA are shown in Figure 4.9. At
the initial stage, optimum biochar yield (32.1 wt%) was obtained (Figure 4.9a) with constant T
(520°C), H (17.5°C/min), and P (0.5 mm). This increase was due to an incomplete pyrolysis
process. The biochar conversion declined from 32.2 to 29 wt% with a continuous increase in
the R (5 to 25 min) and N (25 to 225 cm®min) due to the existence of secondary cracking
reactions of the biomass samples leading to degradation of the biochar residues or large primary
decomposition of the biomass samples (Varma and Mondal, 2017). The combined effect of
temperature and particle size on biochar yield are presented in Figure (4.13b). An increase in
particle size coupled with a decrease in temperature favoured biochar yield due to the
incomplete pyrolysis process, lower thermal cracking, and low heat transfer caused by a wider
temperature gradient in the biomass (Chukwuneke et al., 2019). An optimum biochar
conversion (41.3 wt%) was recorded when the R (15 min), heating rate (17.5°C/min), and N
(125 cm®min) are kept constant. This study is in consonant with the finding of Gautam and
Chaurasia (2020); Chukwuneke et al., (2019), and Hassain et al. (2017) who reported optimum
biochar yield of 46.93, 38, and 48.26 wt% respectively for lignocellulose biomass samples at a
T (350-450°C), N (200 cm®/min) and R (7 min).
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The response surface of the combined effects of operating parameters based on their
significant to NCG conversion are shown in Figure 4.10. It can be observed that the NCG yield
increased as the N increased from 25 — 75 cm®/min with a decrease in P from 45.5 to 43.6 wt%.
The increase in the NCG may be attributed to thermal cracking, repolymerization, and
recondensation of vapour, enhance heat transfer leading to volatile vapour removal from hot
pyrolysis zone (Gautam and Chaurasia., 2020; Varma and Mondal, 2017). An optimum NCG
conversion (34.8 wt%) was obtained at a constant T (520°C), R (15 min), H (17.5°C/min).
Figure 4.10b depicts the two most important two parameters (T and H) on the NCG conversion
at a constant R (15 min), P (0.5 mm), and N (125 cm®/min) are kept constant. The NCG yield
increased continuously with the simultaneous increase in temperature and heating rate. The
increase in the NCG conversion was due to secondary cracking as well as secondary
decomposition of the biochar at a high temperature and heating rate (Guatam and Chaurasia,
2020; Varma and Mondal (2017). An optimum NCG vyield (33.8 wt%) was attained at a constant
R (15 min), P (0.5 mm), and N (125 cm®min). Similarly, the NCG conversion increased
continuously with a simultaneous increase in temperature and N (Figure 4.10c) due to
incomplete condensation at a high temperature and nitrogen flow rate causing some amount of
volatile components to be emitted from the reactor with nitrogen stream (Morali and Sensoz,
2015). An optimum NCG conversion (33.1 wt%) was obtained at a constant R (15 min), P
(0.5mm), and H (17.5°C/min). At a temperature of 620°C, where the optimum NCG vyield (35.7
wit%) was attained, it was deduced that the NCG yield decreased with an increase in P (0.9 mm)
due to incomplete condensation, incomplete pyrolysis process, and repolymerization leading to
a high yield of biochar at a low nitrogen and heating rate as shown in Figure 4.10d. This trend
closely agreed with the report of Gautam and Chaurasia (2020) and Varma and Mondal (2017)
was recorded optimum NCG conversion of 27.6 and 39 wt% respectively at a temperature of
650°C
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4.11 Optimized Value of Pyrolysis Operating Parameters for Bio-Oil,
Biochar and NCG Yields

The optimization plot obtained from the response surface model (Figures. 4.11-4.13)
determines the values of the operating parameters (T, R, H, N, P) required for an optimal yield
of bio-oil, biochar, and non-condensable gases. The plots generate the maximum, minimum,
and optimal production of products of pyrolysis via the interaction of all the parameters. Results
showed that varying the T, R, H, N, and P had a great effect on products of pyrolysis. It can be
deduced that for optimum bio-oil yield using PKS (46.80 wt%), the optimal values of the
operating parameters must be set simultaneously ata T, R, H, N, and P of 493.7 °C, 15.5 min,
24.5 °C/min, 225 cm®min, and 0.1 mm (Figure 4.11a). In the case SCB, the optimum bio-oil
yield (47.5 wt%) was recorded at optimal values are 487.5 °C, 15.7 min, 24.7°C/min, 25.0
cm®/min, and 0.1 mm as shown in Figure (4.11b). Likewise, for SBW, the optimum bio-oil yield
(48.4 wt%) was attained at optimal values are 517.4 °C, 14.3 min, 24.7 °C/min, 119.5 cm®min,
and 0.7 mm (Figure 4.11c), any values below and above these values would reduce the yield of
bio-oil as an increase in T above 520°C resulted to secondary cracking leading to a reduction in
bio-oil yield. The bio-oil yield for SBW was more when compared with PKS and SCB due to
their high volatile matter, cellulose and hemicellulose contents (Mohammed et al., 2017). The
quantity of bio-oil yields correlated very well with the findings of Gautam and Chaurasia
(2020), Laouge et al. (2020), Kumar et al. (2019), Varma and Mondal (2017) and Muhammed
et al. (2017), who reported optimum bio-oil yield of 42 wt% for the pyrolysis of rice husk at T
of 450°C; 48.27 wt% for fast pyrolysis of pear millet at T of 400°C, P of 1.5 mm and N of 200
mL/min; 46 wt% for pyrolysis of sachiocharum munja at T of 525°C and R of 60 min; 45.5 wt%
for fast pyrolysis of sugarcane bagasse at T of 500°C and H of 50°C/min and 50.27 wt% for
intermediate pyrolysis of Napier grass at T of 600°C, N of 50°C/min and 5 L/min respectively.

For an optimum yield of biochar using PKS (40.7 wt%), the optimal values of T, R, H, N and
P are 330°C, 6.5 min, 7.5°C/min, 25 cm®/min, and 0.9 mm (Figure 4.12a). Considering biochar
yield for SCB (40.5 wt%), the optimal values are 357°C, 6.5 min, 12.8°C/min, 25 cm*/min, and
0.9 mm (Figure 4.12b), while in the case of SBW (40.5 wt%), the optimal values are 346.4°C,
8.9 min, 7.5°C/min, 25 cm®/min, and 0.9 mm for T, R, H, N and P respectively (Figure 4.12c).

The biochar yield decreased with increasing temperature due to complete pyrolysis process
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caused by rapid emission of volatile matters and thermal decomposition of the biomass from
320 to 720°C, thereby enhancing the yields of aromatic compounds (Sahoo et al., 2021). The
optimum value of biochar yield for PKS was higher when compared to SCB and SBW due to
their low volatile matter and higher mass fraction of lignin. The results presented in this study
closely agreed with the report of Gautam and Chaurasia (2020) with an optimum biochar (46.2
wt%) for the pyrolysis of rice husk at T of 450°C, Guedes et al. (2018) with an optimum biochar
yield (46 wt%) for the pyrolysis of cassava rhizome at T of 450°C and N of 7.75 L/min, Hossain
et al. (2017) with an optimum biochar yield (48.26 wt%) for slow pyrolysis of oil palm fibre at
T of 450°C, N of 200 cm®/min and microwave power of 400 Watts.

Furthermore, to attain optimum NCG vyield using PKS (33.32 wt%), the optimal values
must be setata T, R, H, N, and P respectively are 720°C, 25 min, 7.5 °C/min, 138.1 cm®min,
and 0.1 mm (Figure 4.13a). In the case of SCB (35.5 wt%), the optimal values are 700°C, 24
min, 25.9°C/min, 25 cm®min, and 0.1 mm (Figure 4.13b). Likewise, the NCG for SBW (34.2
Wt%), was obtained at optimal values are 720°C, 20 min, 7.5 °C/min, 225 cm®min, and 0.1 mm
T, R, H, N, and P (Figure 4.13c). Any values below and above this range will reduce the yield
of bio-oil, biochar, and NCG. An increase in T from 320 to 720°C caused the volatile matters
to decomposed slowly to form more aromatic compounds. Hence, an increase in NCG. These
values are similar to the findings of Gautam and Chaurasia (2020), Mohammed et al. (2017)
and Varma and Mondal (2017) who reported an optimum NCG yields of 27.6 wt% at T of 650°C
for the pyrolysis of rice husk, 31.5 wt% for intermediate pyrolysis of Napier grass at T of 600°C,
N of 5 L/min and H of 50°C/min and 31 wt% fast pyrolysis of sugarcane bagasse at T of 650°C.
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Figure 4.11: Response Optimization for (a) Bio-oil using PKS (b) Bio-oil using SCB (c) Bio-oil using SBW
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Figure 4.13: Response Optimization for NCG (wt%) using (a) PKS (b) SCB (c) SBW
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Table 4.8 depicts the optimized value of pyrolysis operating parameters as well the
actual and predicted optimum pyrolysis yields. The optimum yields for bio-oil are 46.80, 47.50,
and 48.4 wt% for PKS, SCB, and SBW respectively. In the case of biochar yield, the optimum
yields are 40.7, 40.5, and 40.5 wt% for PKS, SCB, and SBW. Lastly, PKS, SCB, and SBW
recorded an optimum yield for NCG as 33.3, 35.5, and 34.2 wt% respectively. These values
closely correlate with the experimental data as shown in Table 4.8. Hence, the mathematical

model was able to predict the optimum yields of bio-oil, biochar and NCG accurately.
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Table 4.8: Summary of optimization of operating parameters for bio-oil, biochar, and NCG vyields

BiomaSS YleldS T R H N P Yexperiment Yoptimized
YBo(rks) 487.5 15.7 24.7 25 0.1 46.5 46.8
Yecpks) 330 6.5 7.5 25 0.9 41.1 40.7

Y neeks) 700 24 25.9 25 0.1 33.3 33.3
YBo(sca) 517.4 14.3 24.7 119.5 0.7 47.2 47.5
Yacscn) 357 6.5 12.8 25 0.9 40 40.5
Y'n(scB) 720 25 75 138.1 0.1 35.9 35.5
YBo(sBw) 493.7 15.5 24.5 225 0.1 47.9 48.4
Y scsew) 346.4 89 75 25 0.9 40.8 40.5

Yn(sBw) 720 20 75 225 0.1 34.7 34.2
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It can be seen (Figure 4.14) that the predicted values are closely packed around the regression
line similar to the report of Hossain et al. (2017). The predicted values for the bio-oil, biochar,
and NCG vyields (Figure 4.14a-4.14c) are in tandem with their experimental values. The
selected quadratic response surface model for the products of pyrolysis appropriately describes
the experimental data within the selected operating conditions. The regression model showed a
strong correlation between the model prediction and its actual results for bio-oil, biochar, and
NCG vyields. Hence, the developed regression model is dependable and usable to predict
products of pyrolysis from lignocellulose biomass samples.
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Table 4.9 shows the results obtained from the statistical analysis between the values of pyrolysis
yields obtained at the optimal condition and previous studies. The results showed no significant
difference between the two values at p>0.05, making the optimum parameters responsive,
accurate, reliable, and validated. Also, the operating parameters gave pyrolysis yields that are

better and significantly different from what is obtainable in all the literature at my disposal.
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Table 4.9: Optimum values of pyrolysis products obtained from this study and previous works.

, Bio-oil Biochar Non-Condensable Gases
Biomass

Yo Yo Yy YAO(Ave) Yooy %49 Y, Y, Y, YAClAve] Yoo %Ac | Yy Yy Yy YaNlAve] Yniopy | %Dy

PKS 462 384% 4749 44 | 468 6% | 3489 38® 39" | 373 | 407 9% | 205" 1529 5" | 2023 | 3332 | 65%
S8 (4529 45 3927 431 | 475 10% | 333" 36® 397" | 363 | 405 1% | 3149 37 o750 | 3197 | 355 | 11%
BW | 50¢ 468" a0 | 456 | 484 6% | 38° 389" 3869 | 386 | 405 5% | 33" 1Y 3659 | 3027 | 353 | 17%

(@) Abnisa et al. (2011); (b) Ahmad et al. (2017); (c) Sukiran et al. (2016); (d) Varma and Mondal (2017); (e) Saif et al. (2020); (f)
Gautam and Chaurasia (2020); (g) Oyebanji et al. (2021); (h) Kumagai et al. (2015); (i) Lyu et al (2015); (j) Haung et al. (2020) (k)
Zainal et al. (2016); (I) Waluyo et al. (2018); (m) Gautam and Chaurasia (2020); (n) Guida and Hannioui (2017); (0) Mazlan et al.
(2015); (p) Chukwuneke et al. (2019); (q) Alverez-Biocharez (2019); (r) Ihoharudin et al. (2020); (j) Huang et al. (2020); (I) Waluyo
etal. (2018); (s) Gao et al. (2019); Y= Y% =Y3, = Bio-oil Yields from Literatures; Y= Y2 =Y3; = Biochar Yields from Literatures;
Yiv= Y2 = Y3 = NCG Yields from Literatures; Yonave) = Ycave) = Ynave) = Average Bio-oil, Biochar and NCG Yields from

Literatures; %Ao = %Ac = %An = Percentage change between the optimum yields from this study and that of literatures.

138



Table 4.10: Statistical Analysis of optimum values of pyrolysis products obtained from this

study and previous works.

Bio-Oil Yields
Anova: Single
Parameter
SUMMARY
Groups Count Sum Average Variance
Column 1 3 142.7 4756667 0.643333
Column 2 3 1414 47.13333 6.413333
Column 3 3 130.2 43.4 19.56
Column 4 3 126.6 42.2 20.44
ANOVA
Source of Variation SS df MS F P-value  Fcrit
Between Groups 64.54917 3 21.51639 1.828977 0.219965 4.066181
Within Groups 94.11333 8 11.76417
Total 158.6625 11
Biochar Yields
Anova: Single
Parameter
SUMMARY
Groups Count Sum Average Variance
Column 1 3 121.7 40.56667 0.013333
Column 2 3 108.8 36.26667 2.613333
Column 3 3 110.5 36.83333 9.723333
Column 4 3 117.31  39.10333 0.305033
ANOVA
Source of Variation SS df MS F P-value  F crit
Between Groups 36.06736 3 12.02245 3.800054 0.058182 4.066181
Within Groups 25.31007 8 3.163758
Total 61.37743 11
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NCG Yields

Anova: Single

Parameter

SUMMARY

Groups Count Sum Average Variance

33.32 2 70.8 35.4 0.02

20.5 2 64.7 32.35 1.805

15.2 2 58 29 128

25 2 64.04 32.02 40.5

ANOVA

Source of Variation SS df MS F P-value F crit
Between Groups 41.06935 3 13.68978 8.321498 0.0310874 6.591382
Within Groups 170.325 4 42.58125

Total 211.39435 7
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4.12 Design of Experiment (DOE) for Energy, Exergy Efficiency and Exergy
Destruction of Bio-oil, Biochar, and NCG vyields

The results obtained from experimental runs were used to calculate the energy and
exergy efficiency of bio-oil, biochar and NCG yields and their exergy destruction shown in
Tables 4.11-4.13. The exergy of pyrolysis products was influence by two thermodynamic

properties known as enthalpy and entropy controlled directly by temperature.

An increasing the temperature from 320 to 520°C increased the energy and exergy
efficiency of bio-oil yield from 28.9 to 52.8 % and 25.7 to 47.8 % respectively. The energy and
exergy efficiency of bio-oil yield decreased from 52.8 to 31.6 % and 40.7 to 28.5 % respectively
(Table 4.11), with increasing particle size from 0.1 to 0.9 mm due to low heat transfer and
incomplete pyrolysis process (Ramesh and Murugavelh, 2020). Hence, increasing the energy
and exergy efficiency of biochar yield from 9.3 to 33.5 % and 4.7 to 30.3 % respectively. Also,
nitrogen flow rate from 125 to 225 cm®/min reduced the energy and exergy efficiency of bio-
oil yield due to large energy and exergy escaping from the non-condensed volatile components
with the NCG caused by short residence time in the condensation (Youcai and Tao, 2021; Etika
et al., 2019). Hence, leading to an increase in energy and exergy efficiency of NCG yield from
3.51t0 10.1 % and 1.6 to 8.9 % respectively. Continuous increase in the operating parameters
for pyrolysis operating results in high volatile emission, unstrained expansion and spontaneous
chemical reaction leading to energy and exergy destruction within the pyrolysis plant from 3.1
to 7.9 % (Singh et al., 2020; Wang et al., 2016). Similar trends for the energy and exergy
efficiency of bio-oil, biochar and NCG yields occurred in Table 4.12-4.13.

Optimum energy (46.9 %) and exergy (44.6 %) efficiency of bio-oil yield for PKS were
attained at T of 520°C, R of 15 min, H of 17.5°C/min, N of 125 cm3/min and P of 0.5 mm (Table
4.11). in the case of SCB, optimum energy (51.3 %) and exergy (46.3 %) efficiency of bio-oil
yield was found at T, R, H, N and P of 520°C, 10 min, 17.5 °C/min, 125 cm®min and 0.5 mm
respectively (Table 4.12). Similarly, the optimum energy and exergy efficiency of bio-oil yields
from SBW was 52.8 and 47.8 % respectively. This optimal value was obtained at T of 520°C,
R of 15 min, H of 22.5 ‘C/min, N of 175 cm®/min and P of 0.7 mm (Table 4.13). Considering
the energy and exergy efficiency of biochar yields, PKS attained an optimal value of 33.5 and
30.6 % at T, R, H, N, P of 320°C, 5 min, 7.5 °C/min, 25 cm®/min and 0.9 mm respectively
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(Table 4.11). SCB recorded an optimal yield of 29.5 and 25.7% at T of 320°C, R of 5 min, H of
7.5°C/min, N of 225 cm®/min and P of 0.9 mm (Table 4.12), while SBW possessed an optimal
yield of 28.4 and 22.5% at T of 320°C, R of 5 min, H of 7.5°C/min, N of 225 cm®/min and P of
0.9 mm (Table 4.13). In the case of energy (15.6 %) and exergy (13.8 %) efficiency of NCG
yields, PKS was found at T, R, H, N, P of 720°C, 25 min, 7.5 °C/min, 225 cm®min and 0.1 mm
respectively (Table 4.11). SCB recorded an optimal yield of 15.7 and 11.5 % respectively at
720°C, 25 min, 27.5°C/min, 25 cm®/min and 0.1 mm (Table 4.12) Likewise, for SBW, the
optimal yield of 14.6 and 10.3 was recorded at T, R, H, N, P of 720°C, 25 min, 27.5°C/min, 25
cm®min and 0.1 mm respectively (Table 4.13). SBW possessed the highest energy and exergy
efficiency of bi-oil yield closely followed by SCB, while PKS had the least energy and exergy
efficiency of bio-oil yields. Also, PKS is more suitable for bio-oil yields due to its high energy
and exergy efficiency, next to SCW, while SBW had the least energy and exergy efficiency.
These trends correlate very well with the report of Wang et al. (2016); Ramesh and Murugavelh
(2020); Singh et al. (2020), and Zhang et al. (2020).

PKS recorded an optimum exergy destruction for Bio-oil (7.9%), biochar (6.1 %) and
NCG (6.3 %) (Table 4.11). The optimal value was SCB 6.4 % for bio-oil, 8.3% for biochar and
6.8 % for NCG yields ((Table 4.11). In the case of SBW, the optimal exergy destruction for bio-
oil, biochar and NCG was 9.9, 7.3 and 5.7% respectively (Table 4.11).
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Table 4.11: Experimental design matrix and the corresponding response results for palm kernel shell

Factor A: Factor B: Reaction Factor C: Heating  Factor D: Nitrogen  Factor E: Particle
std Run . oo e o S0 > Eno(%) EXo(%) Encl%) Exc%) Eny(%) Exy(%) Edo(%) Edc(%) Edy (%)
Temperature(°C) time(min) rate(°C/min) flow rate(cm”/min) size(mm)
36 1 520 10 17.5 125 0.5 43.6 39.6 20.6 16.4 7.5 4.5 4 4.2 3
48 2 520 15 17.5 125 0.5 47.4 44.6 225 17.5 5.3 4.2 2.8 5 11
35 3 520 5 17.5 125 0.5 44.6 40.5 19.5 125 4.6 3.6 4.1 7 1
16 4 720 25 27.5 225 0.1 39.7 35.7 135 10.5 10.6 6.4 4 3 4.2
17 5 320 5 7.5 25 0.9 327 28.5 335 30.2 13 0.7 4.2 33 0.6
47 6 520 15 17.5 125 0.5 46.1 44.2 229 17.4 5.6 25 1.9 5.5 3.1
37 7 520 15 125 125 0.5 46.1 40.6 215 15.7 5.3 2.5 5.5 5.8 2.8
18 8 720 5 7.5 25 0.1 38.6 34.6 9.5 5.3 134 10.6 4 4.2 2.8
22 9 720 5 27.5 25 0.9 35.7 30.6 7.6 4.7 10.5 5.7 5.1 2.9 4.8
23 10 320 25 27.5 25 0.9 29.6 25.4 24.7 20.5 35 2.6 4.2 4.2 0.9
7 11 320 25 27.5 25 0.1 28.9 25.7 29.5 215 2.6 15 3.2 8 11
34 12 420 15 17.5 125 0.5 40 34.6 28.9 235 6.4 4.3 5.4 5.4 2.1
43 13 520 15 17.5 125 0.5 46.3 44.5 22.7 17.1 53 15 1.8 5.6 3.8
1 14 320 5 7.5 25 0.1 30.6 26.4 305 24.6 4.3 2.5 4.2 5.9 18
3 15 320 25 7.5 25 0.1 326 26.5 29.6 24.6 35 16 6.1 5 19
39 16 520 15 17.5 75 0.5 44.6 375 224 17.4 6.6 3.6 7.1 5 3
32 17 720 25 27.5 225 0.9 357 315 10.4 53 13.6 10 4.2 5.1 3.6
12 18 720 25 7.5 225 0.1 36.5 30.6 9.4 53 13.8 10.1 5.9 4.1 37
5 19 320 5 27.5 25 0.1 30.2 24.6 29.6 21.6 4.3 35 5.6 8 0.8
31 20 320 25 27.5 225 0.9 336 295 27.4 23.6 4.1 2.5 4.1 3.8 16
44 21 520 15 17.5 125 0.5 46.3 44.1 229 17.3 5.4 4.2 22 5.6 12
21 22 320 5 27.5 25 0.9 30.6 27.4 325 27.5 3.8 15 3.2 5 23
30 23 720 5 27.5 225 0.9 37.4 32.6 9.6 4.7 11.4 8.4 4.8 4.9 3
19 24 320 25 7.5 25 0.9 29.7 235 28.4 225 2.5 0.3 6.2 5.9 2.2
42 25 520 15 17.5 125 0.3 44.7 38.6 253 20.5 5.4 3.4 6.1 4.8 2
14 26 720 5 27.5 225 0.1 39.5 334 135 11.4 135 8.4 6.1 2.1 5.1
25 27 320 5 7.5 225 0.9 30.7 25.7 28.5 215 36 25 5 7 11
41 28 520 15 17.5 125 0.5 453 44.5 22.7 17.9 5.6 21 0.8 4.8 3.5
38 29 520 15 225 175 0.7 43.7 36.8 18.4 16.4 12.7 6.4 6.9 2 6.3
6 30 720 5 275 25 0.1 38.6 336 10.6 6.3 10.7 8.4 5 43 2.3
20 31 720 25 7.5 25 0.9 41.6 375 5.7 26 9.6 53 4.1 31 43
46 32 520 15 17.5 125 0.5 46.1 44.1 22.4 17.5 53 2.7 2 4.9 2.6
9 33 320 5 7.5 225 0.1 28.5 2255 28.6 225 3.7 25 6 6.1 12
50 34 520 15 17.5 25 0.5 43.7 39.6 17.4 12.6 7.4 43 4.1 4.8 31
8 35 720 25 27.5 25 0.1 39.7 35.7 10.4 6.3 125 9.4 4 4.1 31
1 36 320 25 7.5 225 0.1 32,6 28.5 26.7 20.6 36 15 4.1 6.1 2.1
33 37 620 15 175 125 0.5 45.3 426 14.7 115 6.5 4.6 2.7 3.2 19
4 38 720 25 7.5 25 0.1 41.4 37.5 116 8.4 124 85 39 3.2 3.9
49 39 520 15 175 125 0.5 46.2 44.3 22,6 175 5.6 2.7 1.9 5.1 29
10 40 720 5 7.5 225 0.1 415 37.5 10.6 7.4 12.6 10.2 4 3.2 2.4
40 41 520 15 175 225 0.5 46.2 416 18.4 129 8.4 4.6 4.6 5.5 3.8
2 42 720 5 7.5 25 0.1 40.7 36.5 143 10.8 10.8 8.4 4.2 35 2.4
13 43 320 5 27.5 225 0.1 317 27.4 28.6 23.6 3.6 25 4.3 5 11
29 44 320 5 27.5 225 0.9 33.6 25.7 30.4 25.6 1.4 0.4 79 4.8 1
27 45 320 25 7.5 225 0.9 35.2 30.6 33 30.5 2.8 17 4.6 2.5 11
28 46 720 25 7.5 225 0.9 40.6 337 132 7.4 9.6 6.3 6.9 5.8 33
26 47 720 20 7.5 225 0.9 413 35.9 15.3 10.7 9.4 6.8 5.4 4.6 2.6
24 48 720 25 27.5 25 0.9 42.5 36.4 8.5 5.3 12.7 9.5 6.1 3.2 3.2
45 49 520 15 17.5 125 0.5 46.3 44 22,5 17.4 5.5 2.6 23 5.1 2.9
15 50 320 25 27.5 225 0.1 34.5 30.6 27.4 24.2 4.5 3.2 3.9 3.2 13

En, = Energy efficiency of Bio-oil yields; En. = Energy efficiency of Biochar yields; En, = Energy efficiency of NCG yields; Ex, = Exergy
efficiency of Bio-oil yields; Ex. = Exergy efficiency of Biochar yields; Ex, = Exergy efficiency of NCG yields; Ed, = Exergy destruction of
Bio-oil yields; Ed. = Exergy destruction of Biochar yields; Ed, = Exergy destruction of NCG yields
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Table 4.12: Experimental design matrix and the corresponding response results for Sugarcane bagasse

std R Factor A: Factor B: Reaction  Factor C: Heating Factor D: Nitrogen  Factor E: Particle Response 1:  Response2:  Response3: Response4: Response5: Response6: Response7: Response8:  Response 9:
! un Temperature(°C) time(min) rate(°C/min)  flow rate(cm®/min) size(mm) Eny(%) En,(%) Enc(%) Exc(%) Eny(%) Exn(%) Edo(%) Edc(%) Edc(%)
36 1 520 10 17.5 125 0.5 513 46.4 17.5 147 57 35 49 2.8 22
48 2 520 15 17.5 125 0.5 50.2 45.7 18.5 15.3 6.3 37 45 32 26
35 3 520 5 17.5 125 0.5 49.5 436 18.9 136 53 2.6 5.9 53 27
16 4 720 25 21.5 225 0.1 45.7 416 10.4 6.8 14.6 10.5 4.1 36 41
17 5 320 5 75 25 0.9 396 336 27.3 22.7 15 03 6 46 12
47 6 520 15 17.5 125 0.5 50.7 459 183 15.8 6.3 37 4.8 25 2.6
37 7 520 15 12.5 125 0.5 503 453 205 174 84 53 5 31 31
18 8 720 5 7.5 25 0.1 453 39.5 113 53 153 11.5 58 6 38
22 9 720 5 275 25 0.9 458 385 10.6 6.8 12.4 9.4 73 3.8 3
23 10 320 25 275 25 0.9 357 30.5 26.7 232 4.6 16 5.2 35 3
7 11 320 25 275 25 0.1 36.4 315 274 214 13 0.6 49 6 0.7
34 12 420 15 175 125 0.5 40.7 36.7 24.7 17.9 4.8 13 4 6.8 35
43 13 520 15 17.5 125 0.5 503 475 18.6 15.8 6.5 36 28 2.8 29
1 14 320 5 75 25 0.1 375 315 285 224 25 05 6 6.1 2
3 15 320 25 75 25 0.1 37.1 335 274 215 41 2.7 36 5.9 14
39 16 520 15 17.5 75 0.5 485 425 205 16.3 83 53 6 42 3
32 17 720 25 275 225 0.9 436 389 12.7 73 11.4 9.4 47 5.4 2
12 18 720 25 75 225 0.1 413 37.5 115 84 12.5 86 338 31 39
5 19 320 5 275 25 0.1 40.6 34.2 274 225 31 15 6.4 49 16
31 20 320 25 275 225 0.9 376 315 25.7 215 46 19 6.1 42 27
44 21 520 15 17.5 125 0.5 50.8 459 183 15.6 6.1 34 4.9 2.7 2.7
21 22 320 5 275 25 0.9 374 32.7 294 225 11 0.2 47 6.9 0.9
30 23 720 5 275 225 0.9 437 39.7 85 6.3 13.2 6.4 4 22 6.8
19 24 320 25 75 25 0.9 384 331 264 25.7 42 2.6 53 0.7 16
42 25 520 15 175 125 03 50 47 23.6 153 8.4 4.2 3 83 4.2
14 26 720 5 275 225 0.1 457 40.2 11.6 84 12.4 74 55 32 5
25 27 320 5 75 225 0.9 40.1 34.6 29.5 246 2.4 1 55 49 14
41 28 520 15 17.5 125 0.5 50.6 45.4 18.4 114 6.3 37 5.2 7 26
38 29 520 15 225 175 0.7 485 437 173 135 11.7 84 48 3.8 33
6 30 720 5 275 25 0.1 453 40.7 12.6 85 15.2 11.5 46 41 37
20 31 720 25 75 25 0.9 46.5 403 89 6.7 10.3 6.7 6.2 22 36
46 32 520 15 17.5 125 0.5 50.5 45.8 183 15.3 6.7 35 47 3 32
9 33 320 5 75 225 0.1 385 336 278 25.7 2.6 14 49 21 12
50 34 520 15 17.5 25 0.5 49.6 436 18.5 15.3 6.3 38 6 32 25
8 35 720 25 275 25 0.1 458 40.2 9.6 6.7 15.7 11.4 5.6 29 43
11 36 320 25 75 225 0.1 338 29.4 284 253 24 1 44 3.1 14
33 37 620 15 17.5 125 0.5 50 45.2 16.4 10.6 10.5 73 48 5.8 32
4 38 720 25 7.5 25 0.1 44.6 39.6 10.2 7.6 14.6 10.4 5 2.6 4.2
49 39 520 15 17.5 125 0.5 50.7 453 18.6 15.7 6.4 36 5.4 29 28
10 40 720 5 75 225 01 48.4 427 124 5.7 14.2 9.4 5.7 6.7 4.8
40 41 520 15 17.5 225 0.5 484 40.7 206 15.7 53 25 77 49 28
2 42 720 5 7.5 25 0.1 457 414 125 74 124 9.7 43 5.1 27
13 43 320 5 275 225 0.1 36.4 33.6 26.3 20.6 24 0.7 2.8 5.7 17
29 44 320 5 275 225 0.9 351 30.6 26.7 235 17 1 45 32 0.7
27 45 320 25 75 225 0.9 386 34.6 25.7 20.6 0.8 0.2 4 5.1 0.6
28 46 720 25 75 225 0.9 46.5 424 11.4 47 12.6 6.4 41 6.7 6.2
26 47 720 20 75 225 0.9 474 426 12.7 74 13.5 6.8 48 53 6.7
24 48 720 25 275 25 0.9 485 437 10.7 74 11.6 73 48 33 43
45 49 520 15 17.5 125 0.5 50.7 43.7 18.4 15.7 6.8 37 7 2.7 31
15 50 320 25 275 225 0.1 377 32.7 25.7 20.5 2.6 1 5 5.2 1.6
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Table 4.13: Experimental design matrix and the corresponding response results for SBW

Factor A:

Factor B: Reaction

Factor C: Heating

Factor D: Nitrogen flow

Factor E: Particle

Sud Run Temperature(°C) time(min) rate(°C/min) rate(cm®/min) size(mm) Eno(%)  EXo(%)  Encl%)  Exc(%) Eny(%)  Ex(%) Edo(%) Edc(%) Edy(%)
36 1 520 10 17.5 125 0.5 46.6 44.5 20.6 18.1 7.5 5 2.1 25 2.5
48 2 520 15 17.5 125 0.5 47.6 44.8 19.2 15.3 7.9 4.5 2.8 39 3.4
35 3 520 5 17.5 125 0.5 47.4 44.9 19.1 14.2 8 5 2.5 4.9 3
16 4 720 25 27.5 225 0.1 43.2 41 10 5.7 13.6 9.6 2.2 43 4
17 5 320 5 7.5 25 0.9 40.1 35.1 289 233 2.5 0.6 5 5.6 1.9
47 6 520 15 17.5 125 0.5 47.4 45 19.5 15.8 7.5 43 2.4 37 3.2
37 7 520 15 12,5 125 0.5 47.9 44.2 19.8 14.8 7.3 4.2 37 5 3.1
18 8 720 5 7.5 25 0.1 41.4 41.5 10.6 6.3 13.7 10.6 0.1 43 3.1
22 9 720 5 27.5 25 0.9 45.5 41.8 11.5 5.7 13.1 113 37 5.8 1.8
23 10 320 25 27.5 25 0.9 40.7 36.2 25.8 22,5 3 1.1 4.5 33 1.9
7 11 320 25 27.5 25 0.1 40.8 35.8 26.8 23.6 2.8 0.7 5 32 2.1
34 12 420 15 17.5 125 0.5 44 39.7 23 15.3 4.9 2.1 4.3 7.7 2.8
43 13 520 15 17.5 125 0.5 47.9 44.6 19.6 15.4 7.8 4.6 33 4.2 3.2
1 14 320 5 7.5 25 0.1 41.4 35.1 27.4 22.4 2.9 1 6.3 5 1.9
3 15 320 25 7.5 25 0.1 41.8 35.8 28 24.7 3 1.4 6 33 1.6
39 16 520 15 17.5 75 0.5 46.5 44.6 19.4 15.6 7.8 4.6 19 3.8 3.2
32 17 720 25 27.5 225 0.9 45.7 42.8 11.3 6.3 12.4 10.6 29 5 1.8
12 18 720 25 7.5 225 0.1 45.8 43 10.8 6.6 14.9 10.7 2.8 4.2 4.2
5 19 320 5 27.5 25 0.1 41.2 38 283 21.7 2.5 0.5 3.2 6.6 2
31 20 320 25 27.5 225 0.9 42 36.2 27.5 25.8 23 0.9 5.8 1.7 1.4
44 21 520 15 17.5 125 0.5 47.5 44.9 19.3 15.6 7.8 4.1 2.6 37 3.7
21 22 320 5 27.5 25 0.9 41 347 27.5 24.4 2.1 1 6.3 31 11
30 23 720 5 27.5 225 0.9 453 45.1 10.5 51 11.7 9.5 0.2 54 22
19 24 320 25 7.5 25 0.9 40 36.8 28.5 235 3 17 32 5 13
42 25 520 15 17.5 125 0.3 473 44.6 21 14.6 7 5 2.7 6.4 2
14 26 720 5 27.5 225 0.1 453 415 12 6.8 125 8.9 3.8 52 3.6
25 27 320 5 7.5 225 0.9 42.7 36.1 27.8 211 3 1.6 6.6 6.7 5.7
41 28 520 15 17.5 125 0.5 47.9 44.6 19.7 14.1 7.9 4.5 33 5.6 3.4
38 29 520 15 225 175 0.7 52.8 47.8 20.6 16.3 115 9.3 5 43 22
6 30 720 5 27.5 25 0.1 45.1 435 10.8 6 13.6 9.6 1.6 4.8 4
20 31 720 25 7.5 25 0.9 45.6 43.8 10.3 53 14 10.4 1.8 5 3.6
46 32 520 15 17.5 125 0.5 47.5 44.8 19.3 143 7.5 4.6 2.7 5 29
9 33 320 5 7.5 225 0.1 40.8 34.8 28.4 22.4 3 0.8 6 6 22
50 34 520 15 17.5 25 0.5 47.4 441 18.5 17.4 7.4 4.7 33 11 2.7
8 35 720 25 27.5 25 0.1 45.6 41.6 10.6 5.6 14.3 10.3 4 5 4
11 36 320 25 7.5 225 0.1 40.6 331 28 235 1.6 0.2 7.5 45 1.4
33 37 620 15 17.5 125 0.5 50.5 42.7 14.6 11.4 9.4 5.8 9.9 32 3.6
4 38 720 25 7.5 25 0.1 45.7 40.7 10.7 5.4 13.6 9.7 5 53 3.9
49 39 520 15 17.5 125 0.5 47.6 44.8 19.5 15.7 7.3 43 2.8 3.8 3
10 40 720 5 7.5 225 0.1 45.6 40.9 11.5 6.4 12,5 10.5 4.7 5.1 2
40 41 520 15 17.5 225 0.5 46.9 41.4 19.2 14.8 6.8 43 5.5 4.4 25
2 42 720 5 7.5 25 0.1 45.7 41.5 12 5.1 13.6 10.1 4.2 73 3.5
13 43 320 5 27.5 225 0.1 413 34.8 27.5 24 3 1 6.5 35 2
29 44 320 5 27.5 225 0.9 40.3 35.2 28.4 225 2.3 0.1 5.1 5.9 2.2
27 45 320 25 7.5 225 0.9 41.8 385 28.2 23.6 2.6 1.5 33 4.6 11
28 46 720 25 7.5 225 0.9 45.6 45.2 10.4 5.2 11.7 9.4 0.4 5.2 23
26 47 720 20 7.5 225 0.9 45.8 45.5 11.6 6 12.7 10.3 6.4 5.6 24
24 48 720 25 27.5 25 0.9 45.1 413 12 6.5 14 10.5 3.8 5.5 3.5
45 49 520 15 17.5 125 0.5 47.5 37.7 19.6 15.6 7.6 4.5 9.8 4 3.1
15 50 320 25 27.5 225 0.1 40.7 35.9 28.3 23.7 1.7 0.8 4.8 4.6 0.9
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4.13 Statistical Modelling for Energy Efficiency of Products of Pyrolysis

The data obtained from the experimental runs was utilize to calculate the energy and exergy
efficiency of the bio-oil, biochar and NCG. The mathematical model of the energy and exergy
analysis of the products of pyrolysis were investigated using analysis of variance (ANOVA) by
considering the quadratic model in the CCD technique. Quadratic model was selected as it has
been adjudged to be fit for the optimization technique similar to the method adopted in obtaining
the mathematical model and optimization of pyrolysis yields as shown in Figure 3.2.

Equations 4.10, 4.11, and 4.12 present the mathematical model used to predict the energy
efficiency for bio-oil, biochar and NCG respectively.

Engo = 45.476 + 3.9484 — 0.443C + 0.048E — 0.9314% — 0.67D? — 0.421AC —
0.323AE — 0.019BC (4.10)

Enge = 21.563 — 9.3144 — 0.402B — 0.467C — 0.309E — 1.48842% — 0.703AF +
0.734BD (4.11)

Enyce = 3.515 + 3.1214 + 0.208C — 0.384E + 1.59942 + 0.145BE + 0.063DE
(4.12)

Where Engo, Ensc, Ennce is the response of the energy efficiency bio-oil, biochar and NCG
yield (wt%).

The results show a higher F-value 167.49, 45.15, 16.32 for energy efficiency of the bio-oil,
biochar and NCG yields respectively and a low p-value (less than 0.05) was recorded for all the
biomass under investigation showed that the developed regression model is significant. There
is only a small chance (0.01%) that a model F-value this large might take place due to noise
(Hassain et al., 2017; Laouge et al., 2020). The energy efficiency for bio-oil yield showed that,
temperature, heating rate, particle size, interaction of temperatures, interaction of nitrogen flow
rate, interaction of temperatures and heating rate, interaction of temperature and particle size,
and interaction of reaction time and particle size positively are significant model terms. In the
case of energy efficiency for biochar yield, temperature, reaction time, heating rate, nitrogen
flow rate, particle size, interaction of temperatures, interaction of temperature and particle size,

interaction of reaction time and nitrogen flow rate, interaction of nitrogen flow rate and particle
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size. Also, for energy efficiency of NCG yield, temperature, reaction time, heating rate, nitrogen
flow rate, particle size, interaction between temperatures, interaction between reaction time and
particle size, and interaction between nitrogen flow rate and particle size are significant model
terms. The significant parameters positively influence the energy efficiency of bio-oil, biochar
and NCG vyields. These findings are similar to the report of Wang et al. (2016); Ramesh and
Murugavelh (2020), and Singh et al. (2020).

The lack of fit of 0.085 and 0.08 (p<0.05) for energy efficiency for bio-oil and NCG vyield
means that the developed mathematical model can predict and reproduce the experimental data.
Also, in the study, the CV% for energy efficiency of bio-oil, biochar and NCG vyields are 6.29,
3.12, and 3.76 % respectively which are relatively low. Hence, the investigated model can be
reproduced. Likewise, the R? value of energy efficiency of bio-oil, biochar, and NCG yields are
0.9922, 0.9863, and 0.9892 respectively which are very close to 1. Hence, the mathematical
model under investigation is good and can replicate the experimental data for energy efficiency
of bio-oil, biochar and NCG yields. For energy efficiency of bio-oil yield the difference between
the adjusted R? (0.9786) and predicted R? (0.8756) is 0.1. Hence, The study are in reasonable
agreement. For biochar yield, the predicted R? of 0.8415 is in reasonable agreement (difference
of 0.13) with adjusted R? of 0.9711 Similarly, for NCG vyields the difference between the
adjusted R? (0.9621) and predicted R? (0.8521) is 0.11. Hence, they are in reasonable agreement.

4.14 Statistical Modelling for Exergy Efficiency of Products of Pyrolysis

The mathematical model utilized to predict the exergy efficiency of bio-oil, biochar and

NCG vyields are presented in Egns. 4.13, 4.14 and 4.15 respectively.

Exgo = 41.863 + 3.9374 — 9.634% — 1.5982 — 0.2194B — 0.019BE (4.13)
Exgc = 31.97 — 0.01614 — 0.000026A2 (4.14)
Exyce = 6.330 + 4.1494 + 1.19942 — 0.013AE — 0.169DE (4.15)

Where Exgo, EXsc, EXnce iS the response to the exergy efficiency bio-oil, biochar, and NCG
yield (wt%).

A higher F-value of 45.55, 21.72, 15.06 for exergy efficiency of bio-oil, biochar, and NCG
yields respectively, and a low p-value (less than 0.05) was recorded for all the biomass under
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investigation showed that the developed regression model is significant. There is only a small
chance (0.01%) that a model F-value this large might take place due to noise (Hassain et al.,
2017; Laouge et al., 2020).

The exergy efficiency for bio-oil yield showed that temperature, the interaction of
temperatures, interaction between reaction time, interaction of temperatures and reaction time,
interaction of reaction time and nitrogen flow rate, and interaction of reaction time and particle
size positively are significant model terms. In the case of exergy efficiency for biochar yield,
temperature, the interaction of temperature, and reaction time are significant model terms. Also,
for the exergy efficiency of NCG yield, temperature, the interaction between temperatures, the
interaction between reaction time and particle size, and the interaction between nitrogen flow
rate and particle size are significant model terms. Lack of Fit of 0.117 and 0.08 (p<0.05) for
exergy efficiency of NCG yield means the developed mathematical model can predict and
reproduce the experimental data. Also, the CV% for exergy efficiency of bio-oil, biochar, and
NCG yields (Appendix 3.5a-3.5¢) are 2.45, 1.56, and 4.56% respectively which are relatively
low. Hence, the investigated model can be reproduced. Likewise, the R? value of exergy
efficiency of bio-oil, biochar, and NCG vyields are 0.9890, 0.9834, and 0.9818 respectively
which are very close to 1. Hence, the mathematical model under investigation is good and can
replicate the experimental data for energy efficiency of bio-oil, biochar, and NCG yields. For
energy efficiency of bio-oil yield the difference between the adjusted R? (0.9641) and predicted
R? (0.8441) is 0.12. Hence, they are in reasonable agreement. For biochar yield, the predicted
R? of 0.8115 is in reasonable agreement (difference of 0.15) with the adjusted R? of 0.9615
Similarly, NCG vyields the difference between the adjusted R? (0.9601) and predicted R?

(0.8001) is 0.12. Hence, they are in reasonable agreement.

4.15 Influence of Operating Parameters on Energy and Exergy Efficiency

of Products of Pyrolysis

It can be deduced (Figure 4.15a) that the exergy efficiency of individual gases such as CO,
CHa, CO2, H2 increased as temperature increased due to rapid devolatilization of the biomass
samples to NCG at high temperature. CH4 recorded the highest exergy efficiency closely

followed by CO gas. Also, a rapid change increase in exergy efficiency was observed in CHs
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and H. gases because the bio-oil decomposes to CH4 and Hz gas at high temperatures (Wang et
al., 2016), while that of CO, was constant with temperature increase as observed in Figure
4.19a. This trend is similar to what Singh et al. (2020) and Wang et al (2016) reported for energy
and exergy analysis for torrefaction of pigeon pea stalk and pyrolysis of rice husk respectively.
Figure 4.15b embodies the energy and exergy of pyrolysis yields and irreversibility against
varying temperatures. The energy and exergy efficiency of bio-oil ranged from 40.6 to 53.6 and
34.2 to 47.9% respectively. For biochar yield, the energy and exergy efficiency ranged from
9.3-28.7 and 5.3-24.2% respectively. In the case of NCG vyield, the energy and exergy
efficiency ranged from 1.5-15.5 and 0.3-12% respectively. An increase in temperature (320-
520°C), increased the energy and exergy efficiency of bio-oil and NCG, while the energy and
exergy efficiency of the biochar yield decreased due to an increase in the total energy and exergy
input needed to decompose the biomass sample to condensable and non-condensable gases. An
increase in temperature above 520°C results in a moderate decrease in energy and exergy
efficiency of bio-oil and a sharp drop in the energy and exergy efficiency of biochar due to
secondary reactions of uncondensed volatile components that favour NCG vyield. Also, an
increase in temperature above 520°C results in thermal cracking of the bio-oil yield to NCG.
Hence, favour the energy and exergy of NCG. Irreversibilities in the pyrolysis plant increased
from 32.4 to about 42.7% due to entropy such as spontaneous chemical reaction, high volatile
emission, a mixture of the biochar and vapour, and unrestrained expansion (Peters et al., 2015a;
Ramesh and Murugavelh, 2020; Singh et al., 2020; The energy and exergy of biochar dropped
as temperature increased due to the complete pyrolysis process and non-attainment of secondary
reactions such as thermal cracking, repolymerization, and recondensation which supports the
report of Wang et al. (2016); Dincer and Rosen (2021), and Singh et al. (2020). The energy
efficiency is relatively higher than the exergy efficiency due to loss of inertia thermal effect,
low heat transfer in the pyrolysis plant, large exergy of the escaping vapour from the pyrolysis
plant, and additional thermal degradation of the pyrolysis plants (Dincer et al., 2013; Peters et
al., 2015b).

An increase in temperature from 320 to 720°C (Figure 4.15¢) increased the total exergy at
the inlet sharply from 13800 — 18500 kJ/kg, due to the increase in the input electric exergy by
the pyrolysis plant. The total exergy outlet initially increased from 11200 to 12600 kJ/kg at a
temperature range of 320 to 420°C, but later decreased due to a severe pyrolysis process at a
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temperature above 420°C. This is due to irreversibilities built up in the pyrolysis plant caused
by high volatile emission, spontaneous chemical reactions, a mixture of the biochar and vapour,
and unrestrained expansion (Wang et al. 2016; Ramesh and Murugarelh, 2020). Hence, the
severe pyrolysis process is not suitable until the exergy lost can be recycled for biomass
preheating as also reported by Boateng et al. (2012); Granados et al. (2014) and Singh et al.
(2020). The irreversibilities in the plant can be minimized by reducing heat loss in the plant,
better reactor design, and recirculation of the heat lost via pyrolysis products yields to reduce
the energy and exergy input required to power the plant.
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Figure 4.15: (a) Exergy efficiency of individual gases (b) Energy and exergy efficiency of pyrolysis products and irreversibilities
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The energy efficiency increased (Figures. 4.16a-4.16¢) at a temperature of 320°C and
particle size of 0.1 mm. The efficiency of the bio-oil slightly reduced as the particle size and
heating rate increased (Figures. 4.16a-4.16b) despite the continuous increase in temperature.
Hence, an increase in energy efficiency occurred with an increase in temperature, but lesser
particle size. The decrease in efficiency with a continuous increase in temperature and particle
size is attributed to an increase in particle size above 0.5 mm (Figure 4.16a) which leads to
incomplete heat transfer and low volatile component formation (Ramesh and Murugavelh,
2020), as well as a secondary reaction caused by a rapid increase in heating rate (Sensoz and
Angin, 2008; Youcai and Tao, 2021) An increase in reaction time (5 to 15 min), heating rate
(7.5t0 12.5°C/min), and particle size (0.1 to 0.3 mm) increased the energy and exergy efficiency
of bio-oil yield (Figures. 4.16¢c-4.16d) due to faster and uniform heat transfer as well as large
volatile formation, and complete pyrolysis process. Thereby leading to an increase in the energy
efficiency of bio-oil yield (Peters et al., 2015a; Wang et al., 2020; Ramesh and Murugavelh,
202). Further increase in these operating parameters leads to a sharp decrease in energy and
exergy efficiency of bio-oil yield due to thermal resistance built up in the biomass at high
particle size, which widens the temperature gradient inside the biomass and reduces heat transfer
between the hot and cold material (Guedes et al., 2018; Etika et al., 2019). The exergy efficiency
of the bio-oil increased at the beginning with a low reaction time and temperature (Figure
4.16e). The efficiency dropped with an increase in reaction time and temperature due to large

vapour escaping from the reactor (Singh et al., 2020).
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An increase in reaction time (5-20 min) and a slight decrease in nitrogen flow rate positively
influence the energy efficiency of biochar yield from 32.8- 34 % (Figure 4.17a) due to
secondary reaction that resulted in repolymerization and recondensation of the vapour. In Figure
4.17b, a decrease in particle size (> 0.3mm) coupled with an increase in nitrogen flow rate (25
- 125 cm®/min), enhanced the energy efficiency of biochar yield (33 - 34.8%). This increase
was due to the high heat transfer and complete reaction during the pyrolysis process caused by
lower particle size (Youcai and Tao, 2021). A decrease in particle size and increase in reaction
time and nitrogen flow rate increased the energy and exergy efficiency of NCG yields. An
increase in particle size caused the energy and exergy efficiency to decrease due to incomplete
pyrolysis and low devolatilization (Dincer et al., 2021). Likewise, the interaction of nitrogen

flow rate and particle size (Figures. 4.17¢c-4.17f).
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Figure 4.17: Influence of (a) reaction time and nitrogen flow rate on the energy efficiency of biochar yield (b) nitrogen flow rate and

particle size on the energy efficiency of biochar yield (c) reaction time and nitrogen flow rate on the energy efficiency of NCG vyield

(d) nitrogen flow rate and particle size on the energy efficiency of NCG yield () reaction time and particle size on exergy efficiency

of NCG yield (f) nitrogen flow rate and particle size on exergy efficiency of NCG vyield.
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4.16 Optimization of operating parameters on energy and exergy efficiency

of products of pyrolysis

Figures 4.18-4.20 present the results of the optimization of the pyrolysis operating
parameters for bio-oil, biochar and NCG vyields. The optimum value of energy and exergy
efficiency of bio-oil yields are is 46.9 and 44.2 % at temperature, reaction time, heating rate,
nitrogen flow rate, and particle size of 623.0°C, 15 min, 10.7 °C/min, 117.9 cm®/min, and 0.5
mm respectively (Figure 4.18). In the case of energy and exergy efficiency of biochar yield, the
optimum is 33.34 and 30.56 % at a temperature, reaction time, heating rate, nitrogen flow rate,
and particle size of 320°C, 20.4 min, 24.9°C/min, 25 cm*/min and 0.9 mm respectively (Figure
4.19), while that of NCG yield are 13.4 and 9.5% at a temperature, reaction time, heating rate,
nitrogen flow rate and particle size of 691.7°C, 5 min, 7.5 °C/min, 225 cm®min and 0.1 mm
respectively (Figure 4.20). Table 4.10 depicts the summary of the optimized value of the
operating parameters as well the pyrolysis yields obtained from experimental runs and design
expert software (RSM). The optimized value obtained from the response surface methodology
(RSM) closely correlates with the experimental data (Table 4.14). Hence, the mathematical
model can be utilized to predict the energy and exergy efficiency of pyrolysis yields accurately.
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Figure 4.18: Optimization of energy and exergy efficiency of bio-oil yield
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Figure 4.19: Optimization of energy and exergy efficiency of biochar yield
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Table 4.14: Summary of optimization of operating parameters for energy and
exergy efficiency of product of pyrolysis

Efficiency P

(%) T(oC) R(m | n) H (OC/m | n) N (Cm3/m | n) (m m) Yieldexperimental Yieldoptimization
Ensgo 623.1 15 10.7 117.9 0.5 47.4 46.9

EXso 720 5 7.5 126 0.1 44.6 442

Ensc 631.1 25 27.5 225 0.3 33.5 33.3

EXsc 631.1 25 27.5 225 0.3 30.2 30.6

Ennce 320 9.2 21 1111 0.9 13.8 13.4

EXnce 320 9.2 21 1111 0.9 10.1 9.5
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4.17 Physicochemical Properties of the Bio-oil Samples

Table 4.15 depicts the physicochemical properties of the bio-oil produced from PKS,
SCB and SBW at optimum operating conditions. The HHV for PKS was 21.23MJ/kg which is
slightly close to 19.11 and 16.21 MJ/kg reported by Asadullah et al. (2013) and Abnisa et al.
(2011). In the case of SCB, the HHV (29.99 MJ/kg) agreed well with 27.84 MJ/Kg reported
Varma and Mondal et al. (2017). Similarly, the HHV of 30.02 MJ/kg recorded for SBW in this
study is in consonant with 29.52 and 29.60 MJ/kg reported by Chukwuneke et al. (2019) and
Oyebanji et al. (2020) for fast pyrolysis of Mahogany and Ironwood. The HHV obtained in this
study is lesser than the HHV of diesel (42-44 MJ/kg) and gasoline (44-46 MJ/kg) due to the
increase in moisture contents in the bio-oil samples (Mohammed et al., 2017: Chukwuneke et
al., 2019). This high moisture content was attributed to saponification and hydrolysis in the bio-
oil yield (Joseph et al., 2014). SBW possessed the peak HHV, next to SCB, while PKS has the
least HHV due to their low carbon content (41.2 wt%) and high oxygen content (49.83 wt%).
The density of the bio-oil at 40°C for PKS, SCB and SBW are 1.04, 0.915 and 0.96 g/cm?®
respectively. These values correlate very well with the density specification of fuel oil (0.91
g/cm?), furnace oil (0.92 g/cm?) and heavy fuel oil (0.99 g/cm?®) as reported by Oyebanji et al.
(2018). The density of the bio-oil obtained from PKS is higher than that of SBW, while SCB
has the least density. Hence, bio-oil yields from PKS and SBW are heavy crude oil for
transformers due to their high density greater than 0.92 g/cm?, while SCB are furnace and fuel
oil for automobile vehicles, ships, compressors, turbines, boilers, and machines, etc. The pH
level of PKS (2.6), SCB (3.52) and SBW (5.93). The bio-oil is acidic due to the presence of free
fatty acids such as phenolic, oleic, carboxylic, octadecanoic acids, etc., in the bio-oil (Varma
and Mondal, 20217; Chukwuneke et al., 2019; Laouge et al., 2020). It is advisable to neutralize
the bio-oil with alkaline via esterification or saponification process prior to their usage for
automobile parts, fuel tanks and fuel for vehicle engines and boilers in other to prevent corrosion
and other reactions of the bio-oil (Asadullah et al., 2007; Onal et al., 2017; Gautam and
Chaurasia et al. (2020). Furthermore, the bio-oil obtained from SBW is a better fuel compared
to SCB and PKS because the low acidic value. The viscosity of the bio-oil @ 40°C are 2.6, 7.7
and 5.4 for PKS, SCB and SBW. The moderate viscosity of the bio-oil helps to prevent poor
atomization, partial ignition of the oil, contamination of the lubricating oil with an unbiocharred

deposit during their utilization of fuel for vehicle engine and formation of extreme carbon
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residue on the injection nozzles and ignition chamber (Sensoz and Angin, et al., 2008; Oyebanji
et al., 2022). The flash and pour points are 78 and -8 for PKS, 67 and -10 for SCB and 72 and
+7 for SBW. The values recorded for PKS and SBW are close to diesel engines whose flash and
pour points are 72 and -4 respectively. Similarly, the flash and pour points for SCB agreed very
well with furnace oil whose values are 68 and +6. The lower the flash points the more flammable
and bio-oil is the bio-oil samples (Oyebanji et al., 2021). Hence, SCB is more flammable and

volatile, followed by SWB, while PKS is least flammable and volatile.
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Table 4.15: Physico-chemical Properties of the bio-oil produced from PKS, SCB and SBW at
Optimum Operating Condition

Properties PKS SCB SBW
Appearance Dark brown Dark brown Pale brown
pH 2.6 3.52 5.93
Water content (wt%) 45 37 24.5
Density (g/cm®) 1.04 0.915 0.96
lodine value (mgKOH/mg) 98.80 118.3 136.5
Viscosity @ 40°C (cst) 2.6 7.7 5.4
Carbon (wt%) 41.2 66.8 52.63
Hydrogen (wt%) 8.61 6.44 6.51
Nitrogen (wt%) 0.3 0.54 0.38
Sulphur (wt%) 0.06 0.06 0.08
Oxygen (Wt%) 49.83 26.16 40.48
HHV (MJ/kg) 21.32 29.64 29.19
Flash point 78 68 72
Pour point -8 +7 -4
Cetane index 34.1 35.8 37.7
Conradson carbon residue (%) 241 4.64 4.06
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4.18 Fourier Transform Infrared Spectroscopy (FTIR) of Bio-oil Yields

Figures. 4.21 depicts the spectra of Fourier Transform Infrared Spectroscopy (FTIR) of
bio-oil yields from intermediate pyrolysis of PKS, SCB, and SBW at optimum operating
condition over a wavenumber range between 500-4000 cm™ in the spectrum analysis, while Table
4.16 present the functional group, molecular weight, transmittance and appearance extracted from
Figure 4.21 through the aid of FT-IR biochar. FT-IR is a chemical analysis technique that detect
the different functional group and chemical bonds presence in the samples via the use of infrared
rays (Gautam and Chaurasia, 2020). The FTIR comprises different peaks with strong, medium
and weak intensity corresponding to various bonds levels in the bio-oil samples. The strong broad
peak in the range of wavelength 2900-3700 cm™ is attributed to O-H stretching of Alcohol. The
strong bond peak between 2050 and 2150 is ascribed N=C=S stretching indicating the presence
of Isothiocyanate, while the peak at 831.2 cm™ is attributed to C-Cl stretching due to the presence
of Halo compound. The medium peak at 1416.4 is assigned to O-H stretching vibration of
hydroxy!l group due to the presence of carboxylic acid and water impurities (Kumar et al.., 2019).
The weak broad peak at 1636.3 indicates the presence of C-H bending containing aromatic
compound. The peak at 1274.7 cm-! is due to C-O bending of aromatic ester. The peak at 1017.6
cm™ is due to C-F stretching of fluoro compound. The functional groups presence is similar to
what Abnisa et al. (2011) reported. The function group presence in the bio-oil makes it useful as
fuel in automobile vehicle, furnace and marine equipment. It can also be utilized as catalyst for

the production of drugs and plastic.
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Figure 4.21: FT-IR spectrum of bio-oil yield from pyrolysis of PKS
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Table 4.16: Functional group composition of bio-oil yield from pyrolysis of PKS

Functional Wavelength (cm™?) Molecular % Transmittance Appearance
Group Motion
Range Actual
Alcohols 2900-3700 3339.7 O-H stretch 48.715 Strong broad
Isothiocyanate 2050-2150 2083.6 N=C=S 94.694 Strong broad
stretch
Aromatic 1590-1730 1636.3 C-H bend 64.368 Weak broad
compounds
Carboxylic acids  1350-1450 1416.4 O-H bend 79.955 Medium
broad
Aromatic Ester 1220-1320 1274.7 C-O stretch 85.246 Strong broad
Fluoro compound 980-1060 1017.6 C-F stretch 82.857 Strong broad
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The FT-IR spectra of bio-oil yield obtained from intermediate pyrolysis of SCB indicates
the amount of peaks with low, medium and high intensity as shown in Figure 4.22, this represents
the complex nature of bio-biochar produced from PKS over a wavelength of 500 — 4000 cm™,
while Table 4.17 presents the functional group, molecular weight, transmittance and appearance
extracted from Figure 4.22 through the via FT-IR chart. The presence of oxygen-containing
functional groups of the O-H bending bond, such as alcohol and carboxylic acid was confirmed
by the broad peaks at 45.997 and 32.10 cm respectively. The strong broad peak at 1274.7 cm™
indicates the presence of C-O stretching and it is attributed to aromatic ester. The medium broad
peak at 63.620 cm™ indicates C=C of Alkene. These results are in consonance with the report of
Varma and Mondal et al (2017); Guatam and Chaurasis et al. (2020). The presence of alkene,
alcohol and ester are applicable for energy generation to power heavy equipment, ships,
compressor and boilers, while the aromatic ester can be used as sweeteners and in production of

perfumes.
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Figure 4.22: FT-IR spectrum of bio-oil yield from pyrolysis of SCB

168




Table 4.17: Functional group composition of bio-oil yield from pyrolysis of SCB

Functional Wavelength (cm™?) Molecular % Appearance
Group Range Actual Motion Transmittance

Alcohols 2800-3700 3339.7 O-H stretching  45.997 Strong broad
Alkene 1500-1730 1636.3 C=C stretching 63.620 Medium broad
Carboxylic acid  1350-1450 1438.8 O-H bending 32.10 Medium broad
Aromatic Ester  1250-1300 1274.7 C-O stretching  86.01 Strong broad
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Figure 4.23 shows the FT-IR spectrum chart, while Table 4.18 depicts the functional
group compositions present in the bio-oil obtained from intermediate pyrolysis of SBW. The C-
O stretching of strong absorbance range between 1080-1150 cm™ indicates the presence of
secondary alcohol. The peak at 1639.8 is ascribed to N-H bending due to the presence of amine.
Isothiocyanate is present when strong broad peaks in the range of 2050-2150 cm are caused by
C=H=S stretching vibration. A strong peak at 3389.2 cm™ and 1349.3 cm™ with a O-H symmetry
was seen, suggesting the presence of Alcohol and phenol respectively, whereas wave number
2400.4 cm™ with a O=C=0 stretching was discovered, indicating the presence of carbon (iv)
oxide. Aromatic compound C-H is attributed to a very low intensity peak between 1750-1790
cmt, while a halo compound with C-Cl bending vibrations was found with a wavenumber of
831.2 cm™. The functional group present in the bio-oil agreed well with the report Chukwuneke
et al. (2019) and Oyebaniji et al. (2022) reported for woody biomass, sugarcane bagasse and Palm
kernel shell. The presence of alcohols in the bio-oil samples is due to thermal degradation of
cellulose and hemicellulose content of the biomass samples, while the presence of alkene, phenol
and aromatic compound are attributed to the decomposition of lignin content of the biomass
samples (Sun et al., 2011; Yorgun and Yildiz, 2015). The presence of alcohol, phenol and Esters
present in the constituents are used for the production of biodiesel and raw materials for
petrochemical industries, while the carbon (iv) is used for food preservation (Varma and Mondal,
2017).
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Figure 4.23: FT-IR spectrum of bio-oil yield from pyrolysis of SBW
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Table 4.18: Functional group composition of bio-oil yield from pyrolysis of SBW

Functional Group ~ Wavenumber (cm™*) Molecular Motion % Transmittance  Appearance
Range Actual
Alcohol 2900-3700 3389.2  O-H stretching 59.385 Strong broad
Carbon dioxide 2350-2450 2400.4  O=C=O0 stretching 98.482 Strong broad
Isothiocyanate 2050-2150 2079.9  N=C=S stretching 98.224 Strong broad
Aromatic compound  1750-1790 1766.8  C-H bending 93.866 Weak broad
Amine 1550-1750 1638.8  N-H bending 73.091 Medium broad
Phenol 1150-1570 1349.3  O-H bending 44.939 Medium broad
Secondary Alcohol 1080-1150 1107.0  C-O stretching 83.839 Strong broad
Alkene 950-1060 961.7 C=C bending 59.289 Strong broad
Alkene 900-950 931.8 C=C bending 60.597 Strong broad
Halo compound 800-850 831.2 C-Cl stretching 58.739 Strong broad
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4.19 Fourier Transform Infrared Spectroscopy (FTIR) Spectrum Analysis

for Biochar Yields

The various functional groups and chemical bonds present in the biochar samples were
determined using Fourier transform infrared spectroscopy (FTIR). The FTIR analytical technique
was used to determine infrared spectrum of absorption, emission, and photoconductivity of the
biochar samples (Sun et al., 2017). This helps to detect the functional group and chemical bond
such as organic, polymeric and inorganic materials, etc. presence in the biochar samples
(Mohammed et al., 2017; Gautam and Chaurasia, 2020).

FTIR spectra of bio-biochar, as shown in Figure 4.24, displays the number of peaks with
low, medium and high intensity, which indicate the complex nature of bio-biochar produced from
PKS over a wavelength of 500 — 4000cm™, while Table 4.19 depicts the functional group,
molecular weight, transmittance and appearance extracted from Figure 4. 24, through the aid of
FT-IR chart. The most prominent peaks at 3906.3, 3809.3, 3749.7, 3649.7, 3678.9 and 3600.6
cm are originated due to O-H stretching vibrations confirm the presence of alcohol (Yang et al.,
2007; Mohammed et al., 2017; Varma and Mondal, 2017). Alcohol can be used as fuels for engine
and boilers (Gautam and Chaurasia, 2020). The low intensity peaks in the range of 2740-2750
cm™ arise due to C-H stretching vibration indicate the presence of aldehyde (Saikia et al., 2015).
High intensity peak at 2113.4 and 19904.4 cm™ attributes to C=C stretching vibration, which
signifies the presence of alkynes and alkenes in bio-biochar, while the medium intensity peak at
1703.4 and 1871.1 cm™ are originated from the aliphatic ketones and aromatic due to C=0 and
C-H functional groups (Morali and Sensdz, 2015). Low intensity peaks between 1520 and 1320
cm! confirm the presence of oxygen containing functional groups of O-H bending bond indicate
the presence of carbon dioxide, carboxylic acid, phenol, ester (Saikia et al., 2015). The medium
and strong peak at 1025 and 1524.5 cm™ indicates C-N and N-O due to the presence of amines
and nitro compound. The very low intensity peaks between 770 and 870 cm™ are ascribed to
alkene C=C and halo compound with C-CI bending vibrations. Phenols are used in nylon and
synthetic fiber, plywood, adhesives as well as automobile appliance industries (Ficci, 2012;
Lazzari et al., 2016). The presence of alcohol such as methanol, ethanol, propanol and butanol
present in the biochar make them useful as oxygenated fuel additives in fossil-based fuels for

diesel engines as alternative energy source (Sun et al., 2017; Chen et al., 2019). The biochar
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sample can be applied in petrochemical industry and liquid transportation fuel due to the present
of alkene, alkyne, carboxylic acids and aliphatic hydrocarbons (Morali and Senséz, 2015; Guatam
and Chaurasia, 2020). Also, the alkene is utilized in the synthesis of fuels (gasoline, diesel and
kerosene), butadiene, detergent, plastic and alcohol (Stauffer et al., 2008).
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Figure 4.24: FT-IR spectrum of biochar yield from pyrolysis of PKS
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Table 4.19: Functional group composition of biochar yield from pyrolysis of PKS

Functional Wave Length (cm™) Molecular %

Group Range Actual Motion Transmittance Appearance
O-H Medium

Alcohol 3900-3920 3906.3 stretch 85.695 Sharp
O-H Medium

Alcohol 3800-3820 3809.3 stretch 86.017 Sharp
O-H Medium

Alcohol 3750-3780 3749.7 stretch 85.717 Sharp
O-H Medium

Alcohol 3670-3710 3678.9 stretch 85.868 Sharp
O-H Medium

Alcohol 3595-3610 3600.6 stretch 86.038 Sharp

Aliphatic N-H

Primary Amine  3350-3400 3380.7 stretch 85.94 Medium

Carboxylic O-H Strong

Acid 2880-2900 2885 stretch 86.417 Broad
C-H

Aldehyde 2740-2750 2743.3 stretch 86.288 Medium
0=C=0

Carbon dioxide  2365-2380 2370.6 stretch 86.727 Strong
C=C

Alkyne 2110-2120 21134 stretch 87.31 Weak
Cc=C

Alkene 1990-2000 1990.4 stretch 88.321 Medium

Aromatic C-H

Compound 1865-1875 1871.1 bending 87.275 Weak

Vinyl/phenyl C=0

Ester 1770-1785 1774.2 stretch 87.244 Strong

Aliphatic C=0

Ketone 1695-1710 1703.4 stretch 86.975 Strong
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Figure 4.25 and Table 4.20 showed the FTIR spectra of functional group in the biochar
samples. the medium broad peak at 1341.8, 2996.8, and between 3680 and 3910 cm™ indicates
that the biochar contained a chemical compound with a hydroxy! group (O- H), such as phenol,
carboxylic acids, and alcohol, which are used as fuels and by-products for industrial applications
(Laougé, et al., 2020). The peak at 3600.6 cm™ suggests the existence of N-H stretch containing
compounds as aliphatic primary amine are applied in petrochemical industry (Morali and
Sensz, 2015). The peak range from 2365 to 2320 cm™ is ascribed to the O=C=0 functional
group, while the peak at a frequency in 3168.2 cm™ is due to C-H stretching vibration, which
also exit at peak level 2773.1 cm™ showing the existence of aldehyde and alkene (Guo et al.,
2015; Bordoloi et al., 2015). The alkynes presence in the biochar is ascribed to the C=C
vibration at 2190.7 cm, which exists in an organic phase. The presence of a broadband
corresponding to 1994.1 cm™ was assigned to N=C=S stretching. The vibration around 1893.5
cm® present in the organic phase is ascribed C-H bending indicating the presence of aromatic
compounds while the peak between 790 and 800 cm™ indicates the presence of 1,2,3-
trisubstituted in both cases is due to C-H bending vibrations (Mohammad et al., 2017; Pan et
al., 2012). The strong band around 1848.8, 1796.6, 1751.8, 1703.4 cm™ are due to C=0
vibration indicating the presence of anhydride, acid halides, esters and aliphatic ketones.
Vibration observed around 1561.8 cm™ and 872.2 cm™ in both phases is attributed to C=C
stretching and it indicates the presence of cyclic alkenes and alkenes while the peak value at
745.4cm™* was assigned to C-C bending also indicate the presence of alkenes. The fingerprint
between 1400 and 1450 cm™ are ascribed to fluoro compound C-F stretching vibrations while
1215.1 cm™ with C-N stretching indicate the presence of amines. The various chemical
compounds in the biochar such as alkenes, alkynes, alcohol, Cylolic Alkene, phenol, ether,
ketones and aliphatic can be used in pharmaceutical industries and as fuel for engine, furnaces,
turbines, compressors and boilers. Also, the ester content is used to determine oil conversion
into biodiesel (Kim et al., 2011; Varma and Modal, 2017).
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Figure 4.25: FT-IR spectrum of biochar yield from pyrolysis of SCB
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Table 4.20: Functional group composition of biochar yield from pyrolysis of SCB

Functional Wave Length (cm™) Molecular %
) ) Appearance
Group Range Actual Motion Transmittance
Medium
Alcohol 3900-3910 3906.3 O-H stretch  73.933 Sharp
Medium
Alcohol 3800-3810 3805.6 O-H stretch  73.89 Sharp
Medium
Alcohol 3750-3760 3753.4 O-H stretch  73.885 Sharp
Medium
Alcohol 3715-3720 3716.2 O-H stretch  74.167 Sharp
Medium
Alcohol 3680-3660 3652.8 O-H stretch  74.167 Sharp
Aliphatic Medium
Primary Amine  3600-3615 3600.6 N-H stretch  74.281 Sharp
Strong
Alcohol 3425-3430 3429.2 O-H stretch 74,272 Broad
Medium
Alkene 3165-3170 3168.2 C-H stretch  74.15 Broad
Strong
Carboxylic Acid 2995-3010 2996.8 O-H stretch  74.002 Broad
Aldehyde 2760-2775 2773.1 C-H stretch  74.037 Medium
0=C=0
Carbon dioxide  2365-2375 2370.6 stretch 74.727 Strong
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1400-1415
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1994.1
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0=C=0
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N=C=S
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C-H
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C=0 stretch

C=0 stretch
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C-O stretch
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C-H
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74.646

76.555

78.796

77.089

76.864

77.249

77.168

74.742

72.99

72.815

72.196

71.207

69.692

69.442

69.145

68.143

Strong

Weak

Strong

Weak
Strong
Strong

Strong

Strong

Medium

Strong

Medium
Strong
Strong

Strong

Strong

Strong
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The functional group compositions present in the bio-biochar from SBW were identified
at the wavelength range between 500— 4000 cm™ in the FT-IR Spectrum analysis as shown in
Figure 4.26. The possible functional group compositions and possible compounds are tabulated
in Table 4.21. The presence of a broadband corresponding to 3842.9 cm™ was assigned to O—H
stretching. A broad absorption band observed between 3840-3590 cm™ is credited to the O—H
stretching vibrations of alcohol and a strong broad with the range of 2870-2890 cm™ which
indicate the presence of carboxylic acid. The peak value between 3150 and the 2970 cm™ region
is assigned as stretching of C—H saturated bonds suggesting the presence of alkanes and alkenes.
The band absorbance at 2762 cm™ could be caused by C-H stretching groups probably from
aldehydes. The band in the region from 2370-2390 cm™ shows the presence of carbon dioxide in
the O=C=0 stretching group. The peak at 2113.4 cm™ indicates the presence of alkyne with a
C=C stretch. The peak at 1990.4 cm™ indicates the presence of isotriocyanate with N=C=S
stretch. The observed peak at 1871.1 cm™ shows the presence of C-H bending vibration form of
aromatic compounds, while the deformation vibration at 745.5 cm™ indicates the presence of 1,2-
disubstituted. The band in the region from 1780-1705 cm™ shows the possible presence of
conjugated acid halide, esters and conjugated aldehyde in the C=0 stretching group. The peak at
1561.8 cm™ indicates the presence of N-O stretch containing compounds as Nitro compound
while the peak at 1401.5cm indicates the presence of C-F stretch containing compound as Fluro
Compound and the peak at 1341.8cm™ indicates the presence of C—N stretch (alkyl) containing
compounds as compound amines. The bands in the region from 1200-1090cm™ shows the
possible presence of vinyl ether, aliphatic ether, esters and in the C-O stretching group are used
in dye industries (Kim et al., 2011). The absorbance peak at 1036.2 cm™ could be assigned to the
Sulfoxide S=0 stretching, while the peak at 872.2 cm™ corresponds to the stretching of alkenes
C=0. The band between 670-810 cm™ indicates the presence of halo compounds with the C—Cl
stretch and C-Br stretch group which is a substitute for one or one hydrogen atom in the
hydrocarbon are application in automobile and petrochemical industries such as dry-cleaning
solvents and coolants in refrigerators and air conditioners (Guatam and Chaurasis, 2020). The
functional groups reported in this study have been detected by (Ogunsanwo et al., 2014; Pinto et
al., 2018; Chukwuneke et al., 2019; Oyebanji et al., 2022) for woody biomass samples.
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Figure 4.26: FT-IR spectrum of biochar yield from pyrolysis of SBW
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Table 4.21: Functional group composition of biochar yield from pyrolysis of SBW

Wave Length (cm™)

Functional Molecular %
) ) Appearance

Group Range Actual Motion Transmittance

Medium
Alcohol 3840-3850 3842.9 O-H stretch  64.875 Sharp

Medium
Alcohol 3775-3810 3805.6 O-H stretch  64.046 Sharp

Medium
Alcohol 3750-3760 3753.4 O-H stretch  69.957 Sharp

Medium
Alcohol 3715-3725 3716.2 O-H stretch  69.4 Sharp

Medium
Alcohol 3650-3665 3652.8 O-H stretch  63.883 Sharp

Strong
Alcohol 3590-3600 3593.2 O-H stretch  64.924 Broad
Alkene 3150-3170 3168.2 C-H stretch  63.84 Medium
Alkane 2970-2990 2981.9 C-H stretch  63.666 Medium
Carboxylic Strong
Acid 2870-2890 2888.7 O-H stretch  63.682 Broad
Aldehyde 2755-2770 2762 C-H stretch  63.261 Medium

0=C=0
Carbon dioxide 2370-2390 2370.6 stretch 63.673 Strong
Alkyne 2110-2115 2113.4 C=Cstretch 65.754 Weak
N=C=S

Isothiocyanate ~ 1990-2000 1990.4 stretch 68.736 Strong
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4.20 Gas Chromatography and Mass Spectrometry (GC-MS) Analysis for Bio-oil Yields

The chemical composition of the bio-oil obtained from PKS, SCB and SBW was evaluated
using GC-MS at Multi-user Science Research laboratory. The GC-MS spectrum of the bio-oil
from OBW, SCB and PKS is presented in Figures 4.27-4.29. Bio-oil consists of over 300
compounds (Lok et al., 2019; Laouge et al., 2020). In this study, over 200 different compounds
were detected during the GC-MC analysis which is in consonant with what Laouge et al. (2020)
reported, while the list of components presence in the bio-oil samples that possessed a percentage
area peak greater than 0.5 %, with their retention time was tabulated in Table 4.22-4.24, those
with lesser percentage peak area were not examined. The bio-oils consists of phenol, oleic acid,
9,17-octadecadienal, undecanoic acid, octadecadienoic acid, methyl esters, butenal and ketones.
The most important element present in the bio-oil samples are phenol, oleic acids, 9, 17 —
octadecadienoyl, (2), 9, 12 - octadecadienoyl chloride, 9-oxabicyclo (6, 1, 0) nonane with their
relative percentage area of 23.82, 32.22, 25.72, 7.09, 27.46, 28.84% respectively. The phenol
presence in the bio-oil is also visible during the FTIR analysis. Alkanes and esters compounds
are very useful sources of energy which can be used to improve the quality of fuel to power
turbines. Furthermore, the present of by-products such as oleic acids, methyl ester, 9,17-
octadecdienal, 9-12- octadecadienoyl chloride in the sample makes it useful as fuel for high-
speed diesel engines, powering heavy machines, vehicles locomotion, marine equipment, mining
types of machinery and manufacturing industries etc. (Mohammed et al., 2017) due to
physicochemical properties of the bio-oil presented in section 4.17. The organic phase consisted
of phenols and oleic acids which are vital in human health, The study act as defense response
such as anti-aging, anti-inflammatory and antioxidant. Also, the derivative of phenol such as
bisphenol-A, phenolic resins and caprolactam are utilized in plywood adhesives, nylon, synthetic
fiber and automobile appliance industries (Varma and Mondal, 2017). Other compounds like the
oleic acids, 7-octanoic acids, cyclopentane undecanoic acids and Octanoid acids possessed some
impurities which might corrode and attack automobile engine components. These acids can
further be upgraded to other chemicals via esterification and saponification methods etc. to
enhance their usefulness for petrochemical and pharmaceutical industries to prevent heart disease,
reducing cholesterol, antibacterial and antifungal agent to treat bacterial infections, candidiasis,
ringworm, athlete’s foot. Also, the oleic acid and tetradecanoic acid can be used in

pharmaceutical and dyes industries Hydrocarbons found in the chromatography such as Butenal
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are used in manufacture of rubber accelerators, synthetic resins, solvents and plasticizers. The
methy| esters present are widely used to replace mineral spirits in the textile screen ink industry
and graphics arts industries. Ketones are one of the compounds found in the composition of PKS,
this compound are used in the medicine, textile, plastics and nail removers’ industries. The
presence of hydrocarbons fatty acids, alcohol, esters, phenolic and ketone compounds represents
that it can be effectively used as biodiesel (Chukwuneke et al., 2019). The phenol, pentaethylene
glycol monododecyl ether and methy ester are obtained from the decomposition of lignin in the
biomass sample. An innovative replacement for the phenols made from fossil fuels that can be
utilized to make adhesives, fire-resistance foams, and resins. The results agreed very well with
the report of Varma and Mondal (2017); Laouge et al. (2020); and Oyebanji et al. (2022).
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Figure 4.27: GC-MS of bio-oil compound produced from pyrolysis of PKS
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Table 4.22: Chemical composition of bio-oil yield from PKS using GC-MS analysis

S/IN  Retention Compound Name Molecular Formula  Molecular Area %
Time Weight

1 5.327 2-cyclopenten-1-one, 2- CgHgO 96.0 2.67
methyl

2 6.036 Phenol CsHsO 94.0 6.04

3 6.675 Phenol, 2-methoxy- C10H120, 124.0 0.75

4 16.796 11-Octadecenoic acid, CigH360- 264.0 1.26
methyl ester

5 22.154 15-crown-5 C10H200s 133.0 1.15

6 27.241 Pentaethylene glycol  Cz2H160s 363.0 3.97
monododecyl ether

7 34.112 Oleic acid C18H3402 264.0 23.97

8 34.489 Oleic acid C18H3402 264.0 0.71

9 35.010 9,17-Octadecdienal, (Z) CisH320 235.0 25.72

10 35.781 9,12-Octadecadienoyl CisH3:CIO 264.0 1.44
chloride, (Z, 2)

11 36.243 Oleic acid CisH340- 264.0 32.22
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Figure 4.28: GC-MS of bio-oil compound produced from pyrolysis of SCB
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Table 4.23: Chemical composition of bio-oil yield from SCB using GC-MS analysis

S/IN Retention Compound Name Molecular Formula Molecular  Area %
Time Weight

1 5.360 2-Butenal,2-ethenyl CsHsO 96.0 3.41

2 6.075 Phenol CeHse0 94.0 4.54

3 14.232 Hexadecanoic acid, Ci7Hz0 227.0 1.26

methy| ester

4 16.835 9,12-Octadecadienal Ci1gH3z0 147.0 7.09

5 34.023 Oleic Acid CisH340, (CH3(CH,),CH-  264.0 23.82
CH(CH),COOH)

6 34.952 Oleic Acid C18H3402 (CH3(CH2),CH-  264.0 21.58
CH(CH3);COOH)

7 36.220 Oleic Acid C18H3402 (CH3(CH2),CH-  264.0 22.79
CH(CH3);COOH)

8 36.729 9,12-Octadecadienoyl CisHs:Cl1O 264.0 13.30

chloride
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Table 4.24: Chemical composition of bio-oil yield from SBW using GC-MS analysis

S/IN  Retention time Compound Name Formula Molecular  Area %
(min) Weight
1 6.060 Phenol CsHsO 94.0 6.060
2 30.142 Oleic acid CisH340- 264.0 0.62
3 30.315 11 (2-Cyclopenten-1-yl) CigH250; 147.0 0.83
undecanoic acid

4 30.378 Cyclopentaneundecanoic acid C16H3002 211.0 1.11
5 30.474 7-Octanoic acid CsH1603 142.0 0.80
6 30.589 Cyclopentaneundecanoic acid C16H3002 211.0 1.74
7 30.626 Cyclopentaneundecanoic acid C16H3002 211.0 0.89
8 30.690 Oleic acid CisH340- 264.0 2.76
9 32.748 Oleic acid CisH340- 264.0 0.65
10 32.875 Oleic acid C18H3402 264.0 1.14
11 33.042 9-Octadecenal C1gH340 248.0 1.49
12 33.156 Cyclopentaneundecanoic acid C16H3002 211.0 3.22
13 33.217 Oleic acid C18H3402 264.0 2.66
14 33.251 Oleic acid CisH340- 264.0 0.91
15 33.270 Oleic acid CisH340- 264.0 1.46
16 33.317 Oleic acid CisH3402 264.0 6.05
17 34.334 9,12-octadecadienoyl chloride C1gH3:CIO 264.0 0.63
18 34.408 Oleic acid CisH3402 264.0 0.61
19 34.560 Oleic acid CisH3402 264.0 1.77
20 34.789 Oleic acid CisH3402 264.0 6.01
21 34.957 9-Oxabicyclo (6,1,0) nonane CsH1:.0 126.0 28.84
22 35.185 9,12-octadecadienoyl chloride C1gH3:CIO 264.0 2.02
23 35.650 9,12-octadecadienoyl chloride CisH3:CIO 264.0 27.46
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4.21 SEM Analysis for Biochar Yields

Figures 4.30, 4.31 and 4.32 depicts the surface morphology of PKS (300x, 500x, 1000x,
1500x), SCB (300x, 500x, 1000x, 1500x) and SBW (300x, 500x, 1000x, 1500x) obtained at
optimized conditions each possessing three colorations. The SEM analysis helps to determine the
product quality, high resolution, and potential failure analysis during their usage as fuel as listed
in objective four (4) in this study. The whitish deposits on the surfaces of the biochars was
attributed to the inorganic materials such as potassium that were volatilized during the pyrolysis
process (Mary et al., 2016; Lee et al., 2017). The biochar samples were observed to exhibited a
better microstructure and good morphology. However, biochar obtained from PKS (Figure 4.30)
possessed some cleaves, which could be attributed to recondensation and repolymerization during
pyrolysis process (Hossain et al., 2017). The cloudy and cloggy formation was noticed in bio-
biochar micrographs and rapid efflorescence was noticed during the pyrolysis process which the
rapid transfer of heat within the biochars pore (Varma and Mondal, 2017). A heterogeneous
porosity and rough texture were noticed in all the biochars due to the emission of volatile matters
caused by temperature at 520°C (Pradhan et al., 2016; Varma and Mondal, 2017; Hossain et al.,
2017). The present of pores with difference sizes and shape within the biochar surfaces is
attributed to the emission of volatile matter during pyrolysis process. Hence, the biochars are
applicable as catalyst for energy generation such as dry methane reforming to produce clean fuels
e.g., syngas and hydrogen (Foong et al., 2020). Also, the pore in the biochar indicates that the
pyrolysis temperature did not lead to total collapse or destruction of the cell walls of the biochars.
The high porosity indicates an increase in surface area at adsorptive capacity of the biochar.
Thereby, increasing the space for water, pollutant and nutrient retention as reported by Hossain
et al. (2016) and VVarma and Mondal (2017).

The biochar surface exhibited a structural deformation and a change of cell structure was
noticed due to the influence of temperature, nitrogen flow rate and reaction time. This finding
confirms with what Hossain et al., (2017) reported on microwave pyrolysis of oil palm fiber
(OPF). The biochar obtained from SCB, SBW and PKS possess a high, medium and least surface
morphology respectively. Hence, SCB is more suitable for energy generation when compared
with SBW and PKS due to high surface area and morphology.
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Figure 4.30: SEM Analysis of PKS (a) 300x (b) 500x (c) 1000x (d)1500x
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Figure 4.31: SEM Analysis of SCB (a) 300x (b) 500x (c) 1000x (d)1500x
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Figure 4.32: SEM Analysis of SBW (a) 300x (b) 500x (c) 1000x (d)1500x
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4.22 SEM/EDX Analysis for Biochar Yields

The SEM/EDX images of palm kernel shell (PKS), shea butter wood (SBW) and
sugarcane bagasse (SCB) are depicted in Figures. 4.33, Figure 4.34 and Figure 4.35 respectively.
The SEM/EDX helps to determine the quality, image morphology, and qualitative and
quantitative chemical composition, distribution, crystalline structure and crystal orientations in

SEM/EDX analysis in the biochar yield to ascertain their usage as fuel and industrial application.

The SEM image indicated that the sample possessed a unique morphology, good surface
texture, and better microstructure (Figures 4.33-4.35). The refined microstructure of the biochar
samples was attributed to their high energy potential for use as solid fuel (Tripathi et al., 2020;
Foong et al., 2020). The biochar samples possessed two well-defined phases. The whitish and
dark grey for PKS sample (Figure 4.33) was noticed to be oval and circular shaped, while those
of SBW and SCB samples were in form of stripes or lines along the samples. The samples
possessed an abundant pore on the surface with distinct grain size and grain boundaries,
indicating their suitability to be utilized as catalysts support for energy application and also as
absorbent for use in adsorption-related process such as dye and heavy metal removal in water
treatment or nutrient retention in crops cultivation (Foong et al., 2020). The EDS image of the
samples further showed the presence of elements such as carbon, calcium, oxygen, silicon, cobalt,
nickel, copper, zinc, potassium, aluminum, magnesium, chromium, manganese titanium, sodium,
gallium, copper, iron, scandium, phosphorus, titanium. The presence of the sodium, copper,
carbon, oxygen, manganese and cobalt present in the biochar would be utilized for energy
generation such as fuel cells, electric cables, super capacitors and batteries and for agricultural
purposes (Beguin et al., 2009; Xiong et al., 2016; Haggstrom et al., 2018; Kumar et al., 2020b;
Adekiya et al., 2020; Sahoo et al., 2021). The EDS image of the biochar obtained from SCB
(Figure 4.34) possessed high energy content for potential use as solid fuel relative to PKS (Figure
4.33) and SBW (Figure 4.35) due to its high percentage weight of carbon. Also, the biochar
obtained from SCB would exhibit a better mechanical property such as hardness, toughness,
tensile strength when compared to PKS and SBW due to their high carbon contents. Hence, it can
burn easily without irregular deformation (Foong et al., 2020).
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Element Element Element Atomic Weight

Number Symbol Name Conc. Conc.
52 Te Tellurium 6.55 32.87
6 C Carbon 57.70  27.25
20 Ca Calcium 11.99 18.89
8 (o] Oxygen 15.65 9.85
14 Si Silicon 3.72 4.11
27 Co Cobalt 1.05 2.44
19 K Potassium 0.89 1.37
13 Al Aluminium 0.89 0.94
12 Mg Magnesium  0.87 0.83
24 Cr Chromium 0.37 0.77
25 Mn Manganese  0.32 0.69

FOV: 179 um, Mode: 15kV - Image, Detector: BSD Full, Time: MAY 8 2022 17:30

I N I |
10 1 12 13

0
1,231 counts in 30 seconds

Figure 4.33: SEM/EDX Analysis of PKS.
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Element Element Element Atomic Weight

Number Symbol Name Conc. Conc.
6 C Carbon 98.10 91.75
31 Ga Gallium 0.41 2.22
29 Cu Copper 0.32 1.57
27 Co Cobalt 0.26 1.20
26 Fe Iron 0.22 0.94
25 Mn Manganese 0.13 0.58
21 Sc Scandium  0.16 0.54
15 P Phosphorus  0.19 0.47
22 Ti Titanium 0.12 0.44
20 Ca Calcium 0.10 0.30

FOV: 537 um, Mode: 15kV - Image, Detector: BSD Full, Time: MAY 8 2022 17:10

0 1 2 3 4 ] 1 8 9 10

]

1,509 counts in 30 seconds

Figure 4.34: SEM/EDS Analysis of SCB.
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Element Element Element Atomic Weight

Number Symbol Name Conc. Conc.
6 C Carbon 95.45 89.04
8 0 Oxygen 2.27 2.82

27 Co Cobalt 0.35 1.62
19 K Potassium 0.34 1.04
30 Zn Zinc 0.19 0.98
24 Cr Chromium 0.21 0.83
28 Ni Nickel 0.17 0.76
29 Cu Copper 0.14 0.71
20 Ca Calcium 0.23 0.71
13 Al Aluminium 0.23 0.49
22 Ti Titanium 0.12 0.44
12 Mg Magnesium 0.12 0.23
11 Na Sodium 0.12 0.22
14 Si Silicon 0.05 0.11

FOV: 179 pum, Mode: 15kV - Image, Detector: BSD Full, Time: MAY 8 2022 17:37
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2,309 counts in 30 seconds

Figure 4.35: SEM/EDS of SBW sample
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Table 4.25: Products of Pyrolysis and their Applications

Pyrolysis Areas of Application Reasons References

Products

Bio-ail 1. Energy generation to Due to the presence of Mohammed et al.
power vehicles, ships, phenol, alcohol, alkane, (2017); Varma and
transformers, ester, carboxylic acid, Mondal, (2017);
compressors,  furnaces, oleic acid, aromatic, Chukwuneke et al.
marine equipment, and etc. (2019); Laouge et al.
heavy machine (2020); Oyebanji et al.

(2022)
2. Oxygenated fuel Due to the presence of Sun et al. (2017); Chen
additive in fossil fuel- alcohol, phenol, and etal. (2019)
based fuel for diesel aromatic compound.
engine.
3. An additive in the Due to the presence of Stauffer et al. (2008);
petrochemical industry amine, halo-compound, Ficci (2012); Lazzari et
for the production of alcohol, phenol, ester, al. (2016); Morah and
detergent, plastic, primary amine, Carbon Sensoz (2015); Gautam
perfumes, dry-cleaning, (iv) oxide, aldehyde, and Chaurasis (2020)
solvent, and coolant in air  etc.
conditioning and
refrigerator.
4. Pharmaceutical Ketone, Isothiocyanate Kim etal. (2017)
industry for drug phenol, alcohol
production. (Methanol, ethanol,
propanol, butanol, etc.
Biochar 1. Catalysts for energy Due to the presence of Hossain et al. (2017);

generation such as dry

methane

reforming

to

heterogeneous  pore,

cleaves, and rapid

Varma and Mndal
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produce clean fuels e.g.,
syngas and hydrogen,
Solid fuel for cooking and
fuel

heating, cell,

supercapacitor, electric

cables, and batteries.

2. Industrial sectors for
water treatment for dye
and heavy metal removal
and agricultural sectors
for nutrients retention in

crops cultivation.

effervescence as well as
a chemical compound

such as phenol, alcohol,

alkynes, alkene,
aromatic ester, acids
halides, nitro

compound, ester, etc.
Due to their adsorption
related process (pores
with different shapes
and sizes)

(2017); Haggstrom et
al. (2018)

Foong et al. (2020);
Sahoo et al. (2021)
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CHAPTER FIVE
SUMMARY, CONCLUSION AND RECOMMENDATIONS

5.1 Summary

The efficient conversion of biomass via the pyrolysis process to bio-oil, biochar, and NCG
had been a major concern to many researchers due to improper selection of biomass prior to
experimentation as a result of paucity of information on the geographical location, the intrinsic
composition of the biomass, soil type, and climatic conditions where the biomass samples are
sourced and cultivated. Also, inability to attain the right operating conditions and optimization of
the desired product quality and quantity.

This study determined the physicochemical, structural, and thermal properties of fifteen
lignocellulosic biomass samples to aid the appropriate selection of three biomass that possessed
the highest energy potential to be used as fuel for pyrolysis operation and to reduce environmental
pollution during the pyrolysis process. After that, mathematical models and optimization of
biomass operating parameters (temperature, reaction time, heating rate, nitrogen flow rate, and
particle sizes) were performed using a RSM based on the outcome of experimental runs to
enhance the quantity of pyrolysis yields. The study also optimized the pyrolysis’ yields and the
outcomes were used to calculate the energy and exergy efficiency of the pyrolysis process to
determine the useful energy and detect the energy losses.

The type of experimental design used was the CCD and a RSM was utilized to generate
a design matrix. Thereafter, experimental runs were performed to obtain the quantity of bio-oil,
biochar, and NCG vyield, as well as the energy and exergy efficiency of the pyrolysis products
were determined. The results obtained from the experimental runs served as input parameters in
the modelling and optimization of pyrolysis’ operating parameters to improve the quantity of the
products of pyrolysis as well as the energy and exergy efficiency of bio-oil, biochar, and non-
condensable gases (NCG). Also, the influence of individual parameters in addition to the two
most important combined effects (interaction) of the operating parameters on the quantity of
products of pyrolysis as well as the energy and exergy efficiency were investigated.

The results obtained during a preliminary investigation of biomass samples such as

physicochemical, structural composition, and thermal properties to aid the appropriate selection
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of biomass for pyrolysis operation showed that shea butter wood was best suited for biofuel
generation, closely followed by sugarcane bagasse and palm kernel shell due to their high energy
potential. At the same time, moringa oleifera possessed the least properties for the pyrolysis
process. The high percentage of VM, carbon, hydrogen, HHV, ignitability index, cellulose, and
hemicellulose content recorded in the selected biomass enhanced devolatilization reactivity,
ignitability, and burn gases in the reactor, as well as a good production of hydrocarbons content
during the pyrolysis process. Also, the low ash content prevented harmful chemical deposits in
the reactor during the pyrolysis process.

It was observed that all the operating parameters and their interaction influenced, to an
extent, pyrolysis yields. Reduce particle size of biomass (< 0.5 mm) was be suitable for bio-oil
yield as it ensures faster and uniform heat transfer as well as high volatile matter production
leading to a high yield of bio-oil and NCG.

An increase in the nitrogen dosage regime (25 to 175 cm®/min) and reaction time (5-
15min) caused the bio-oil yield to increase due to the non-proliferation of secondary reactions
such as thermal cracking, re-polymerization, and re-condensation of vapour that enhanced heat
transfer and rapid de-volatilization of the biomass in the reactor. An increase in temperature from
320 to 720°C enhanced pyrolysis yields and the total exergy at the inlet sharply from 13800 —
18500 kJ/kg. This increase was attributed to an increase in input electric exergy in the pyrolysis
plant. The energy and exergy of biochar dropped as temperature increased due to the complete
pyrolysis process and non-attainment of secondary reactions such as thermal cracking. It can be
deduced that the exergy efficiency of individual gases such as CO, CHa4, CO2, H> increased as
temperature increased due to the rapid devolatilization of the biomass samples to NCG at high
temperatures. Also, irreversibilities in the pyrolysis plant were caused by high volatile emission,
spontaneous chemical reactions, a mixture of the biochar and vapour, and unrestrained expansion.
The predicted values obtained from the developed mathematical model was similar to the actual
values going by the manner of the dots pattern cluster around the regression line. The regression
models also showed a strong similarity between the predicted model and the experimental results.
Statistical analysis (ANOVA) showed that the model was significant (low P-value < 0.0001 and
high F-value). This implies that the mathematical model is responsive, accurate, and reliable in

predicting the quantity of pyrolysis yields and the energy and exergy of the products of pyrolysis.
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The optimum bio-oil yields recorded for PKS is 46.8 wt% at (T: 493.7°C, R: 15.5 min, H:
24.5°C/min, P N: 255 cm®min, P: 0.1 mm), SCB was 47.5 wt% at (T: 487.5°C, R: 15.7 min, H:
24.7°C/min, P N: 25 cm®/min, P: 0.1 mm), while that of SBW was 48.4 wt% at (T: 517.4°C, R:
14.3 min, H: 24.7°C/min, N: 119.5 cm®min, P: 0.1 mm). Considering biochar yields, the
optimum values for PKS (40.7 wt%) was attained at T (330°C), R (6.5 min), H (7.5°C/min), N
(25 cm®/min) and P (0.9 mm). In the case of SCB, the optimum value was 40.5 wt% at T, R, H,
N, P of 357°C, 6.5 min, 12.8°C/min, 25 cm®/min and 0.9 mm respectively. Likewise, for SBW,
the optimum value of 40.5 wt% was obtained at T (346.4°C), R (8.9 min), H (7.5°C/min), N (25
cm®min) and P (0.9 mm). The optimum yields of NCG for PKS was 33.32 wt% at (T: 720°C, R:
25 min, H: 7.5 °C/min, N: 138.1 cm®/min, P: 0.1 mm), SCB was 35.5 wt% (T: 720°C, R: 24 min,
H: 25.9 °C/min, N: 25 cm®min, P: 0.1 mm), and SBW was 34.2 wt% at (T: 720 °C, R: 20 min,
H: 7.5 °C/min, N: 255 cm®/min, P: 0.1 mm). Hence, SBW, PKS and SCB are more suitable for
bio-oil, biochar and NCG yields respectively.

The optimum value of energy and exergy efficiency of bio-oil yields are is 46.9 and 44.2%
at a temperature, reaction time, heating rate, nitrogen flow rate, and particle size of 623.0 °C, 15
min, 10.7°C/min, 117.9 cm®min, and 0.5 mm respectively. In the case of energy and exergy
efficiency of biochar yield, the optimum is 33.34 and 30.56 % at a temperature, reaction time,
heating rate, nitrogen flow rate, and particle size of 320°C, 20.4 min, 24.9°C/min, 25 cm®/min
and 0.9 mm respectively, while that of NCG yield are 13.4 and 9.5 % at a temperature, reaction
time, heating rate, nitrogen flow rate and particle size of 691.7°C, 5 min, 7.5 °C/min, 225 cm3/min
and 0.1 mm respectively.

The bio-oil yields from PKS and SCB are heavy crude oil due to their high density
greater than 0.92 g/cm3, while SCB are furnace and fuel oil for transformer, and ship etc. The
pH level is PKS (2.6), SCB (3.52) and SBW (5.93). Hence, the bio-oil is acidic in nature due to
the presence of organic acids, phenolic and aldehyde in the bio-oil. The bio-oil obtained from
SBW is a better fuel compared to SCB and PKS because the low acidic value. It is advisable to
neutralize prior to their usage for automobile parts, fuel tanks and fuel for vehicle engines and
boilers in other to prevent corrosion and other reactions of the bio-oil. The viscosity of the bio-
oil @ 40°C are 2.6, 7.7 and 5.4 cst for PKS, SCB and SBW. The low viscosity of the bio-oil
helps to prevent poor atomization, partial ignition of the oil, contamination of the lubricating

oil with an uncharred deposit during their utilization of fuel for vehicle engine and formation of
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extreme carbon residue on the injection nozzles and ignition chamber. SCB is more flammable
and volatile due to their low flash point, followed by SWB, while PKS is least flammable and

volatile.

The results obtained from FTIR and GCMS showed the presence of alcohols in the bio-
oil samples is due to thermal degradation of cellulose and hemicellulose content of the biomass
samples, while the presence of phenol and aromatic compound are attributed to the
decomposition of lignin content of the biomass samples. The presence of Alkene, Alcohol,
Alkynes, Aromatic compounds, Phenol, Halo compound and Esters present in the bio-oil and
biochar samples make them useful as fuel for vehicles, ships, aircraft etc., furnace, turbine,
compressor, boiler, Aliphatic primary amine, production of biodiesel, and raw materials for
petrochemical industries.

The SEM image depicts the presence of pores with difference sizes and shape within the
biochar surfaces is attributed to the emission of volatile matter during pyrolysis process. Hence,
the biochars are applicable as catalyst for energy generation such as dry methane reforming to
produce clean fuels e.g., syngas and hydrogen as well as absorbent for use in adsorption-related
process such as dye and heavy metal removal in water treatment or nutrient retention in crops
cultivation.

The EDX image of the biochar obtained from SCB possessed high energy content for
potential use as solid fuel relative to PKS and SBW due to its high percentage weight of carbon.
Also, the biochar obtained from SCB would exhibit a better mechanical property such as
hardness, toughness, tensile strength when compared to PKS and SBW due to their high carbon

contents. Hence, it can burn easily without irregular deformation.

5.2  Conclusion

This study modelled and optimized the pyrolysis’ operating parameters using RSM to
enhance the quantity, quality, energy, and exergy efficiency of pyrolysis yields. The results
showed that the operating parameters under investigation as well as their interaction greatly
influenced pyrolysis yields. Also, an increase in temperature increases the energy and exergy
efficiency of bio-oil and NCG, but decreases the energy and exergy for biochar yield The
ANOVA analysis indicated that there is no significant difference between the experimental and

predicted results as P-value < 0.001 and a high F-value. Hence, the model is dependable and

207



usable to predict products of bio-oil, biochar, and NCG yields as well as energy and exergy
efficiency of pyrolysis yields from lignocellulose biomass samples.

The optimum bio-oil (46.5 wt%), biochar (40.7 wt%), and NCG (33.3 wt%) yields were
recorded using PKS. In the case of SCB, 47.1, 40.0, and 35.9 wt% were obtained for bio-oil,
biochar, and NCG yields respectively. Considering SBW, the bio-oil, biochar, and NCG yields
were 47.9, 40.8, and 34.6 wt% respectively. Hence, SBW, PKS, and SCB are more suitable for
bio-oil, biochar, and NCG yields.

SBW possessed the peak HHV (30.02 MJ/kg), next to SCB whose HHV is 29.99 MJ/kg,
while PKS has the least HHV (21.23 MJ/kg) due to their low carbon content (41.2%) and high
oxygen content (49.23%). The presence of fuel properties in the bio-oil and biochar samples
such as phenolic compounds, alcohol, oleic acids, aromatic hydrocarbons, ketone, furfural and
nitrogen-containing compounds make the pyrolysis products useful as fuel for internal
combustion engines, ships, furnace, compressor, boilers, raw material for the production of
biodiesel, chemical additive and pharmaceutical industries.

This study has been able to achieved the set objectives such as physicochemical,
structural and thermal properties of the biomass, modelling and optimization of pyrolysis
operating parameters, energy and exergy analysis as well as characterization of the pyrolysis
yields to investigate their quality.

This study has successfully demonstrated the application of RSM based on CCD to
model and optimize pyrolysis yields as well as the energy and exergy the efficiency of bio-oil,
biochar, and NCG.

5.3 Recommendations

The results obtained from the characterization of the biomass samples showed that SBW,
SCB, and PKS are recommended for pyrolysis process due to their high energy potential. The
EDS spectra of the biochar obtained from SCB possessed high energy content for potential use
as solid fuel relative to PKS and SBW due to its high percentage weight of carbon. Also, the
biochar obtained from SCB would exhibit a better mechanical property such as hardness,
toughness, tensile strength when compared to PKS and SBW due to their high carbon contents.

Hence, it can burn easily without irregular deformation.
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An upgrade of the fuel is necessary to enhance their quality for renewable energy
applications. It is advisable to neutralize acidity and further converts the bio-oil prior to their
usage for automobile parts, fuel tanks and fuel for vehicle engines and boilers in other to prevent
corrosion and other reactions of the bio-oil. Also, the optimum vyield of co-pyrolysis of the
different biomass samples used in this study should be performed, and the results should be

compared with the single pyrolysis process.

5.4 Contribution to Knowledge

In this study, five operating parameters were utilized to generate fifteen (15) models to
predict the products of pyrolysis and the energy, and exergy efficiency of bio-oil, biochar and
NCG using PKS, SBW, and SCB. The models were found reliable to predict experimental data
required to optimize the products of pyrolysis as well as their energy and exergy efficiency
which probably, is the first of its kind. Also, the predicted models and the optimized values of
the operating parameters can be utilized for the present and future pyrolysis process.
Furthermore, the optimized operating parameters that gave a yield that are better and
significantly different from what is obtainable in all the literatures at my disposal.

This study was able to carry out complete characterization of the pyrolysis yields and it
was established that SCB, SBW, and PKS are more suitable for optimum vyield of bio-oil,
biochar, and NCG vyields discretely. It deduced from this study that SBW is a better fuel
compared to SCB and PKS because the low acidic value. Also, the bio-oil obtained from SCB
was more flammable and volatile followed by SWB, while PKS is least flammable and volatile.
It is also established that the optimum values of the operating parameters predicted will ensure
reduction in the cost, materials, time and bottleneck involved when performing the experiments

to investigate the pyrolysis yield.

Four (4) journal articles have been published while three (3) journal articles have been
accepted for publication in Mathematical Modelling of Engineering Problems, portugaliae
electrochimica acta and Revue des Composites et des Materiaux Avances-Journal of Composite

and Advanced Materials. Also, six (6) manuscripts are at present under review.
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APPENDICES

Appendix la: Analysis of Variance (ANOVA) for the bio-oil yields using PKS

Source Sum of Squares | Dgree of freedom (df) Mean Squares F-value | P-vale probability >F Remark
Model 479.719 10 47.97 31.43 <0.0001 Significant
A-Temperature 53.751 1 53.751 36.05 <0.0001 Significant
B-Reaction time 0.327 1 0.327 0.22 0.642 Not Significant
C-Heating rate 0.487 1 0.487 0.33 0.571 Not Significant
D-N, flow rate 8.42 1 8.42 5.24 0.022 Significant
E-Particle size 0.864 1 0.864 4.07 0.051 Significant
A 35.905 1 35.905 24.08 <0.0001 Significant
c? 9.274 1 9.274 6.22 0.017 Significant
AB 0.992 1 0.992 0.67 0.42 Not Significant
AE 9.136 1 9.136 6.03 0.019 Significant
BE 3.034 1 3.034 2.03 0.162 Not Significant
Residual 58.154 39 1.491
Lack of fit 43.334 32 1.354 0.64 0.818 Not Significant
Pure error 14.82 7 2.117
Cor Total 537.873 49

R? =98.00%; Adjusted R=96.42%; Predicted R*= 82.87%;C\V% = 5.04

Appendix 1b: Analysis of Variance (ANOVA) for the bio-oil yields using SCB

Source Sum of Squares | Dgree of freedom (df) | Mean Squares | F-value | P-vale probability >F Remark
Model 269.927 10 26.993 73.37 <0.0001 Significant
A-Temperature 5.649 1 5.649 15.36 <0.0001 Significant
B-Reaction time 0.48 1 0.48 1.31 0.26 Not Significant
C-Heating rate 4.963 1 4.963 13.49 0.001 Significant
D-N, flow rate 0.051 1 0.051 0.14 0.712 Not Significant
E-Particle size 0.011 1 0.011 0.03 0.863 Not Significant
A2 20.294 1 20.294 55.17 <0.0001 Significant
c? 2.617 1 2.617 7.11 0.011 Significant
D’ 1.724 1 1.724 4.69 0.037 Significant
AB 0.813 1 0.813 2.21 0.145 Not Significant
AC 1.488 1 1.488 4.04 0.049 Significant
Residual 4.347 39 0.368
Lack of fit 14.247 32 0.445 3.96 0.056 Not Significant
Pure error 0.1 7 0.0143
Cor Total 284.274 49

R?=98.01%; Adjusted R?=96.51%; Predicted R>= 80.51%; CV% = 5.29
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Appendix 1c: Analysis of Variance (ANOVA) for the bio-oil yields using SB

Source Sum of Squares| Dgree of freedom (df) Mean Squares F-value P-vale probability >F Remark
Model 291.151 11 27.627 88.01 <0.0001 Significant
A-Temperature 5.615 1 5.615 19.35 <0.0001 Significant
B-Reaction time 1.448 1 1.448 5.051 0.031 Significant
C-Heating rate 4.291 1 4.291 14.79 <0.0001 Significant
D-N, flow rate 0.036 1 0.036 0.13 0.726 Not Significant
E-Particle size 0.008 1 0.008 0.03 0.871 Not Significant
A 23.201 1 23.201 79.97 <0.0001 Significant
c? 1.451 1 1.451 5.01 <0.0001 Significant
D’ 1.444 1 1.444 4.98 0.032 Significant
£ 3.622 1 3.622 12.49 0.001 Significant
AB 0.733 1 0.733 2.53 0.1 Not Significant
AC 1.476 1 1.476 5.09 0.03 Significant
Residual 11.024 38 0.29
Lack of fit 10.195 31 0.329 2.78 0.082 Not Significant
Pure error 0.829 7 0.118
Cor Total 302.175 49
R’ =98.62%; Adjusted R’=97.44%; Predicted R’= 82.63%;CV% = 5.63

Appendix 2a: Analysis of Variance (ANOVA) for the biochar yield using PKS

Source Sum of Squares| Dgree of freedom (df) Mean Squares F-value |P-vale probability >F Remark
Model 1298.16 10 129.66 340.53 <0.0001 Significant
A-Temperature 1261.11 1 1261.11 3312.07 <0.0001 Significant
B-Reaction time 6.34 1 6.34 16.64 <0.0001 Significant
C-Heating rate 7.49 1 7.49 19.67 <0.0001 Significant
D-N, flow rate 6.87 1 6.87 18.04 <0.0001 Significant
E-Particle size 4.39 1 4.39 11.54 0.002 Significant
A2 2.94 1 2.94 7.72 0.0008 Significant
B2 1.11 1 1.11 2.92 0.095 Not Significant
c? 0.94 1 0.94 2.46 0.125 Not Significant
AE 1.32 1 1.32 3.47 0.07 Significant
BD 2 1 2 4.14 0.048 Significant
Residual 14.85 39 0.38
Lack of fit 13.94 32 0.44 3.36 0.051 Not Significant
Pure error 0.91 7 0.13
Cor Total 1313.01 49
R?=98.87%; Adjusted R*=97.81%; Predicted R>= 85.18%;CV% = 5.46

Appendix 2b: Analysis of Variance (ANOVA) for the biochar yield using SCB

Source |Sum of Squares| Dgree of freedom (df) | Mean Squares | F-value | P-vale probability >F Remark
Model 1266.92 10 126.69 877.64 <0.0001 Significant
Temperaty 1254.26 1 1254.26 8688.69 <0.0001 Significant
Reaction ti 2.2 1 2.2 15.22 <0.0001 Significant
Heating ra 1.78 1 1.78 12.31 0.001 Significant
N, flow ra 2.16 1 2.16 14.95 <0.0001 Significant
Particle si 3.02 1 3.02 20.89 <0.0001 Significant
IS 1.5 1 1.5 10.41 0.003 Significant
c? 1.36 1 1.36 9.44 0.004 Significant
AB 0.26 1 0.26 1.82 0.185 Not Significant
AD 0.48 1 0.48 3.29 0.077 Not Significant
AE 1.16 1 1.16 8.06 0.007 Significant
Residual 5.63 39 0.14
Lack of fit 4.81 32 0.15 1.29 0.39 Not Significant
Pure error| 0.82 7 0.12
Cor Total 1272.55 49
R%=99.56%; Adjusted R*=98.99%; Predicted R®= 88.99%;CV% = 6.38
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Appendix 2c: Analysis of Variance (ANOVA) for the biochar yield using shea butter wood

Source Sum of Squares Dgree of freedom (df) | Mean Squares | F-value | P-vale probability >F Remark
Model 1576.26 9 175.14 661.08 <0.0001 Significant
A-Temperature 1556.31 1 1556.31 5874.38 <0.0001 Significant
B-Reaction time 1.14 1 1.14 4.32 0.044 Significant
C-Heating rate 4 1 4 15.09 <0.0001 Significant
D-N, flow rate 4.79 1 4.79 18.09 <0.0001 Significant
E-Particle size 3.79 1 3.79 14.31 0.001 Significant
A’ 4.2 1 4.2 15.86 <0.0001 Significant
B 3.76 1 3.76 14.19 0.001 Significant
BC 0.81 1 0.81 3.07 0.088 Significant
BD 1.15 1 1.15 4.33 0.044 Not Significant
Residual 10.6 40 0.24
Lack of fit 10.22 33 0.31 5.72 0.011 Significant
Pure error 0.38 7 0.05
Cor Total 1586.86 49
R®=99.01%; Adjusted R’=98.58%; Predicted R”= 86.58%;CV% = 5.37

Appendix 3a: Analysis of Variance (ANOVA) for the NCG yield using PKS

Source | Sum of Squares | Dgree of freedom (df) Mean Squares F-value | P-vale probability >F Remark
Model 1922.99 10 192.3 487.74 <0.0001 Significant
Temperaty 1324.17 1 1324.17 3358.57 <0.0001 Significant
Reaction ti 2.22 1 2.22 5.64 0.023 Significant
Heating ra 2.63 1 2.63 6.68 0.014 Significant
N, flow ra 5.63 1 5.63 14.24 0.001 Significant
Particle si{ 1.36 1 1.36 3.45 0.071 Not Significant
A2 23 1 23 58.34 <0.0001 Significant
c? 1.41 1 1.41 3.57 0.066 Not Significant
AC 1.85 1 1.85 4.7 0.002 Significant
AD 2.59 1 2.59 6.56 0.036 Significant
AE 23.7 1 23.7 6 0.014 Significant
Residual 15.38 39 0.39
Lack of fit 13.23 32 0.41 1.35 0.362 Not Significant
Pure error| 2.15 7 0.31
Cor Total 1938.37 49
R’ =99.21%; Adjusted R’=98.80%; Predicted R’= 87.80%;CV% = 6.13

Appendix 3b: Analysis of Variance (ANOVA) for the NCG yield using SCB

Source | Sum of Squares |Dgree of freedom (df) Mean Squares F-value P-vale probability >F Remark
Model 1673.36 8 209.17 418.66 <0.0001 Significant
Temperaty 1428.27 1 1428.27 2858.72 <0.0001 Significant
Reaction ti 0.62 1 0.62 1.25 0.271 Not Significant
Heating ra 0.8 1 0.8 1.6 0.213 Not Significant
N, flow ra 2.76 1 2.76 5.51 0.024 Significant
Particle siz 2.66 1 2.66 5.33 0.026 Significant
A2 36.58 1 36.58 73.21 <0.0001 Significant
D2 1.43 1 1.43 2.86 0.099 Not Significant
AB 2 1 2 4.22 0.047 Significant
Residual 20.48 41 0.5
Lack of fit 19.5 34 0.57 3.06 0.06 Not Significant
Pure error| 0.99 7 0.14
Cor Total 1693.04 49
R®=99.05%; Adjusted R°=98.60%; Predicted R’= 86.60%; CV% = 5.36
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Appendix 3c: Analysis of Variance (ANOVA) for the NCG vyield using SBW

Source | Sum of Squares | Dgree of freedom (df) Mean Squares F-value | P-vale probability >F Remark
Model 1756.8 9 194.28 303.95 <0.0001 Significant
Temperaty 1456.25 1 1456.25 2278.3 <0.0001 Significant
Reaction ti 0.06 1 0.06 0.09 0.769 Not Significant
Heating ra 0.48 1 0.48 0.75 0.391 Not Significant
N, flow ra 3.16 1 3.16 6.34 0.044 Significant
Particle si{ 1.09 1 1.09 1.7 0.199 Not Significant
B’ 285.42 1 285.42 446.54 <0.0001 Significant
AC 3.82 1 3.82 6.03 0.033 Significant
AE 1.8 1 1.8 2.84 0.101 Not Significant
DE 4.72 1 4.72 7.13 0.03 Significant
Residual 25.57 40 0.64
Lack of fit 25.31 33 0.77 20.75 0.001 Significant
Pure error 0.26 7 0.04
Cor Total 1761.39 49
R?=98.56%; Adjusted R*=97.23%; Predicted R’= 83.23%;CV% = 5.42

Appendix 4a: Analysis of Variance (ANOVA) of energy efficiency of bio-oil yield

Source Sum of Squares| Dgree of freedom (df) | Mean Squares | F-value P-vale probability >F Remark
Model 717.82 10 71.78 167.49 <0.0001 Significant
A-Temperature 644.25 1 644.25 1503.16 <0.0001 Significant
B-Reaction time 0.089 1 0.089 0.21 0.651 Not Significant
C-Heating rate 3.62 1 3.62 8.45 0.006 Significant
D-N, flow rate 1.63 1 1.63 3.81 0.058 Not Significant
E-Particle size 10.19 1 10.19 23.78 <0.0001 Significant
A2 15.13 1 15.13 35.3 <0.0001 Significant
D? 3.19 1 3.19 7.44 0.01 Significant
AC 3.25 1 3.25 7.59 0.009 Significant
AE 2.53 1 2.53 5.91 0.02 Significant
BC 2.65 1 2.65 6.17 0.017 Significant
Residual 16.72 39 0.43
Lack of fit 15.48 32 0.45 2.73 0.085 Not Significant
Pure error 1.24 7 0.19
Cor Total 734.54 49
R?=99.22%; Adjusted R*=97.86%; Predicted R’ = 87.86%; CV% = 6.29
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Appendix 4b: Analysis of Variance (ANOVA) of energy efficiency of biochar yield

Source Sum of Squares Dgree of freedom (df) Mean Squares F-value P-vale probability >F Remark
Model 565.06 9 62.78 45.15 <0.0001 Significant
A-Temperature 499.41 1 499.41 359.15 <0.0001 Significant
B-Reaction time 5.08 1 5.08 3.65 0.003 Significant
C-Heating rate 7.98 1 7.98 5.74 0.021 Significant
D-N, flow rate 9.54 1 9.54 6.86 0.198 Not Significant
E-Particle size 2.38 1 2.38 1.71 <0.0001 Significant
A2 22.43 1 22.43 16.31 0.011 Significant
AE 7.32 1 7.32 4.25 0.027 Significant
BD 5.69 1 5.69 5.26 0.05 Significant
DE 4.73 1 4.73 4.1 0.078 Not Significant
Residual 55.62 40 1.39 3.4
Lack of fit 53.87 33 1.63 6.51 0.008 Significant
Pure error 1.76 7 0.25
Cor Total 620.68 49
R?=98.63.%; Adjusted R?=97.11%; Predicted R*= 84.11 %; CV% = 3.12
Appendix 4c: Analysis of Variance (ANOVA) of energy efficiency of NCG yield
Source Sum of Squares | Dgree of freedom (df) | Mean Squares | F-value | P-vale probability >F Remark
Model 169.67 8 169.67 16.32 <0.0001 Significant
A-Temperature 9.21 1 9.21 7.08 0.011 Significant
B-Reaction time 3.83 1 3.83 2.94 0.094 Not Significant
C-Heating rate 0.85 1 0.85 0.65 0.424 Not Significant
D-N, flow rate 4.19 1 4.19 3.22 0.08 Not Significant
E-Particle size 2.72 1 2.72 2.9 0.156 Not Significant
A 134.71 1 134.71 103.64 <0.0001 Significant
BE 6.39 1 6.39 4.92 0.032 Significant
DE 6.94 1 6.94 5.34 0.026 Significant
Residual 53.29 41 1.3
Lack of fit 49.14 34 4.22 3.26 0.08 Not Significant
Pure error 4.16 7 0.59
Cor Total 222.97 49

R?=98.92%; Adjusted R®=96.21%; Predicted R*= 85.21%; CV% = 3.76

Appendix 5a: Analysis of Variance (ANOVA) of exergy efficiency of Bio-oil yield

Source Sum of Squares Dgree of freedom (df) | Mean Squares | F-value |P-vale probability >F Remark
Model 674.61 10 67.46 45.55 <0.0001 Significant
A-Temperature 514.42 1 514.42 347.32 <0.0001 Significant
B-Reaction time 0.09 1 0.09 0.06 0.808 Not Significant
C-Heating rate 0.008 1 0.008 0.01 0.943 Not Significant
D-N, flow rate 1.72 1 1.72 1.16 0.29 Not Significant
E-Particle size 1.62 1 1.62 1.09 0.302 Not Significant
A 20.59 1 20.59 13.9 0.001 Significant
B> 8.07 1 8.07 5.45 0.025 Significant
AB 8.1 1 8.1 5.47 0.025 Significant
BD 1.16 1 1.16 0.79 0.38 Not Significant
BE 6.57 1 6.57 4.44 0.042 Significant
Residual 57.76 39 1.48
Lack of fit 55.51 32 1.74 5.4 0.03 Significant
Pure error 2.25 7 0.32
Cor Total 732.37 49

R? =98.90%; Adjusted R?=96.41%; Predicted R’ = 84.41%; CV% = 2.45
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Appendix 5b: Analysis of Variance (ANOVA) of exergy efficiency of Biochar yield

Source Sum of Squares | Dgree of freedom (df) | Mean Squares | F-value | P-vale probability >F Remark
Model 505.58 9 56.17 21.72 <0.0001 Significant
A-Temperature 460.22 1 460.22 177.91 <0.0001 Significant
B-Reaction time 2.33 1 2.33 0.9 0.348 Not Significant
C-Heating rate 3.89 1 3.89 1.51 0.227 Not Significant
D-N, flow rate 3.78 1 3.78 1.46 0.234 Not Significant
E-Particle size 2.02 1 2.02 0.78 0.382 Not Significant
A2 18.48 1 18.48 7.14 0.011 Significant
AE 5.78 1 5.78 2.23 0.143 Not Significant
BE 3 1 3 1.16 0.288 Not Significant
DE 5.78 1 5.78 2.23 0.143 Not Significant
Residual 103.48 40 2.23
Lack of fit 101.54 33 3 11.16 0.001 Significant
Pure error 1.94 7 0.28
Cor Total 609.06 49
R% =98.34%; Adjusted R°=96.05%; Predicted R”*= 81.15%; CV% = 1.56
Appendix 5c¢: Analysis of Variance (ANOVA) of exergy efficiency of Biochar yield
Source Sum of Squares | Dgree of freedom (df) | Mean Squares | F-value | P-vale probability >F Remark
Model 172.15 9 19.13 15.06 <0.0001 Significant
A-Temperature 9.21 1 9.21 7.25 0.01 Significant
B-Reaction time 3.83 1 3.83 3.01 0.09 Not Significant
C-Heating rate 0.85 1 0.85 0.67 0.42 Significant
D-N, flow rate 4.19 1 4.19 3.3 0.08 Not Significant
E-Particle size 2.72 1 2.72 2.14 0.15 Significant
A2 134.71 1 134.71 106.03 <0.0001 Significant
BD 2.48 1 2.48 1.95 0.17 Not Significant
BE 6.38 1 6.38 5.03 0.031 Significant
DE 6.94 1 6.94 5.46 0.025 Significant
Residual 50.82 40 1.27
Lack of fit 46.66 33 1.41 2.38 0.117 Significant
Pure error 4.16 7 0.59
Cor Total 222.97 49

R?=99.12%; Adjusted R®=97.01%; Predicted R*= 85 .01%; CV% = 4.56
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Appendices 6: Budget Proposal of the Research

SIN Activities Quantities AMOUNT(N) TOTALMK)
1 Collection and Preparation Lump sum 80,000 80,000
of Biomass Feedstock
2 Characterization of Lump sum 550,000 650,000
Feedstock and Pyro Products
3 Software for Data Analysis Lump sum 100,000 100,000
and Validation
4 Miscellaneous Lump sum 150,000 150,000
Total N 980,000
Grand Total N 980,000
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