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ABSTRACT

Increasing population in global and living standards have risen the consumption of
global energy. Thermochemical conversion approaches hold great potential for the
biomass conversion into energy applications. Among these approaches, torrefaction is a
promising technique to enhance the biomass properties, making it more practical and
suitable in biofuel applications. In this study, two different species of microalgae (third-
generation biofuel feedstock) including Chlorella vulgaris ESP-31 and FSP-E were used
as feedstocks for dry and wet torrefaction. Dry torrefaction of microalgae was performed
at temperatures of 200, 250 and 300 °C, and holding times of 15, 30, 45 and 60 min,
respectively. Next, wet torrefaction of microalgae were conducted in water and dilute
acidic solutions with the aid of microwaves irradiation at 160 °C and 10 min. The effects
of sulfuric, phosphorus, and succinic acids on the microalgae with different percentages
of chemical composition were investigated. The biochar produced from dry and wet
torrefaction was performed fuel properties analysis and characterisation. In addition, TG-
FTIR and double-shot Py-GC/MS approaches were executed to investigate the effects of
torrefaction pre-treatment on microalgae pyrolysis. Furthermore, the kinetic modelling of
microalgal biochar pyrolysis was carried out by using an independent parallel reaction
model. As a result, dry torrefaction enhanced the HHV of microalga ESP-31 biochar
(high-carbohydrate) by 45% with energy yield of 80% at 300 °C and 60 min. Torrefaction
performance was highly affected by torrefaction temperature compared with holding time
for microalgae and Jatropha biomass, but the solid yield of microalga ESP-31
significantly decreased with holding time at mild torrefaction (250 °C) due to the high
reactivity of the microalgae components (carbohydrates) at that temperature. For the wet
torrefaction, the disruption of the microalga FSP-E (high-protein) was not notable in the
acidic solutions. The HHV of microalga ESP-31 biochar produced by succinic acid wet

torrefaction pre-treatment was enhanced by 40% with at least 45% of energy yield.



Thermogravimetric analysis revealed that the carbohydrate content of microalga ESP-31
has the highest degradation in sulfuric acid solution. For the evolved gas analysis, the
microalgae pre-treated with sulfuric acid solution generated highest C—H absorption band
in the pyrolysis gas. In the combustion TG-FTIR analysis, the intensity of O—H
absorption band was removed in the first stage, indicating deoxygenation and dehydration
process occurred in the wet torrefaction. In addition, the Py-GC/MS analysis revealed that
only carbohydrate-derived products were decreased in the pyrolytic bio-oil of the
microalgae pre-treated by the acidic solutions wet torrefaction. In contrast, carbohydrate-
and lipid-derived products were decreased in the pyrolytic bio-oil of the microalgae pre-
treated by the dry torrefaction. Lastly, the independent parallel reaction with four pseudo-
components model successfully predicted the kinetic behaviours of carbohydrates,
proteins, lipids and other components in microalgae. The results revealed the thermal
degradation curve with a fit quality of at least 98% were predicted for microalgae
pyrolysis kinetics. In short, wet torrefaction successfully enhanced the fuel properties of

the microalgal biochar for biofuel applications.

Keywords: microalgae Chlorella vulgaris; biomass thermochemical conversion; dry

and wet torrefaction; TG-FTIR and Py-GC/MS; kinetic modelling



ABSTRAK

Peningkatan populasi dalam global dan taraf hidup meningkatkan penggunaan tenaga
global. Penukaran termokimia mendekati potensi yang besar untuk menukar biomas
menjadi aplikasi tenaga. Antara pendekatan ini, torrefaction merupakan teknik yang
menjanjikan untuk meningkatkan sifat biomas, menjadikannya lebih praktikal dan sesuai
dalam aplikasi biofuel. Dalam kajian ini, dua spesies mikroalgae yang berlainan (bahan
bakar biofuel generasi ketiga) termasuk Chlorella vulgaris ESP-31 dan FSP-E telah
digunakan sebagai bahan bakar untuk torrefaction kering dan basah. Torrefaction kering
mikroalgae dilakukan pada suhu 200, 250 dan 300 °C, dan memegang masa 15, 30, 45
dan 60 min. Seterusnya, torrefaction basah mikroalgae dilakukan di dalam air atau larutan
asid cair dengan bantuan penyinaran gelombang mikro pada 160 °C dan 10 minit. Kesan
daripada asid sulfur, fosforus, dan succinic kepada mikroalgae yang mempunyai
peratusan komposisi kimia yang berbeza telah disiasatkan. TG-FTIR dan double-shot Py-
GC/MS telah dilaksanakan untuk menyiasatkan kesan pra-rawatan torrefaction kepada
mikroalga pyrolysis. Tambahan pula, pemodelan kinetik pyrolysis mikroalgae dilakukan
dengan menggunakan model reaksi selari bebas. Akibatnya, torrefaction kering
meningkatkan HHV microalga ESP-31 (karbohidrat yang tinggi) sebanyak 45% dengan
hasil tenaga 80% pada 300 °C dan 60 min. Prestasi torrefaction sangat terjejas oleh suhu
torrefaction berbanding dengan memegang masa bagi mikroalgae dan kernel binih
Jatropha, tetapi hasil pepejal mikroalga ESP-31 berkurangan dengan memegang masa
pada torrefaction ringan (250 °C) disebatkan oleh kereaktifan komponen-komponen
mikroalgae (karbohidrat) yang tinggi pada suhu tersebut. Bagi torrefaction basah,
gangguan mikroalga FSP-E (protein yang tinggi) tidak ketara dalam larutan berasid. HHV
bagi biochar mikroalga ESP-31 yang merawat dengan torrefaction basah dalam asid
succinic meningkat sebanyak 40% dengan sekurang-kurangnya 45% hasil tenaga.

Analisis termogravimetrik mendedahkan bahawa kandungan karbohidrat mikroalga ESP-



31 mempunyai degradasi tertinggi dalam larutan asid sulfurik. Bagi analisis gas yang
berkembang, mikroalga yang dirawat dengan asid sulfuric menghasilkan gas dengan
generasi penyerapan C—H tertinggi semasa pyrolysis. Dalam analisis TG-FTIR
pembakaran, keamatan band penyerapan O—H telah dihapuskan di peringkat pertama,
menunjukkan bahawa proses deoxygenation dan dehidrasi berlaku dalam torrefaction
basah. Di samping itu, analisis Py-GC/MS menunjukkan bahawa hanya produk yang
dihasilkan daripada karbohidrat telah berkurang dalam bio-minyak pyrolysis mikroalga
yang dirawat sebelumnya oleh larutan berasid torrefaction basah. Sebaliknya, produk
yang dihasilkan daripada karbohidrat dan lipid telah berkurang dalam bio-minyak
pyrolysis mikroalga yang dirawat sebelumnya oleh torrefaction kering. Akhir sekali,
tindak balas selari bebas dengan model yang mempunyai empat komponen pseudo
berjaya meramalkan kelakuan Kkinetik karbohidrat, protein, lipid dan komponen lain
dalam mikroalgae. Hasilnya telah berjaya menunjukkan lengkung degradasi haba dengan
kualiti yang susuai sekurang-kurangnya 98% telah diramalkan untuk kinetik mikroalgae
pyrolysis. Singkatnya, torrefaction basah berjaya meningkatkan sifat-sifat bahan api

biochar mikroalgae untuk aplikasi biofuel.

Kata kunci: mikroalgae Chlorella vulgaris; penukaran termokimia biomas;

torrefaction kering dan basah; TG-FTIR dan Py-GC/MS; pemodelan kinetik
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INTRODUCTION

1.1 Research background

In the era of globalization, the demand of energy is increasing but fossil fuels are
becoming limited. Thus, shortage supply of fossil fuel is the critical issue in this coming
year due to the global increase in population. Combustion of fossil fuels produced carbon
dioxide, that expected to change the climate (Li et al., 2013). The climate change will
make the weather hotter and colder, as the consumption of electricity and energy
increased. Among the fossil fuel, combustion of coal releases the highest carbon emission
(Matter & Supply, 2012). The demand of energy supply can be overcome by using
biomass renewable energy. In Malaysia, the biomass is not fully utilised for the energy
production, while approximately 168 million tons of biomass produced every year. The
biomass estimated produces more than 2400 MW of power, but only 773 MW is harvested

(Ozturk et al., 2017).

Microalgal biomass is known as the third-generation biofuel feedstock and a potential
resource for bioenergy industry due to fast growing organism (Ullah et al., 2015).
Microalgal biomass is rich in nutritional contents such as carbohydrates, proteins, and
lipids, which are suitable for biofuel production (Shuba & Kifle, 2018), foods (Smetana
et al., 2017), soil additives (Fenton & O hUallachéin, 2012), livestock feeds (Madeira et
al., 2017), pigments (Hu et al., 2017), nutraceuticals (Barba et al., 2015), and cosmetics
(Wang et al., 2015a). After extraction of useful components, microalgal biomass has low
heating value, high moisture and ash content, as well as hygroscopic nature. Direct
combustion of microalgal biomass will contribute to greenhouse gases that will pollute
the environment. These problems can be solved by converting the biomass into biochar

through thermochemical conversion (Chang et al., 2015).



Biochar is a carbon-rich material from a biomass which is produced by
thermochemical conversion process under limited of oxygen supply (Chang et al., 2015).
In the past, biomass thermochemical conversion technologies have been neglected for
energy generation due to low cost of fossil fuels. However, the increase in energy
demands and environmental concerns related to fossil fuel energy generation caused these
technologies revisit again. Hence, the use of renewable energy is increasing to replace the

high pollutant non-renewable fossil fuel (Bujang et al., 2016).

The fundamental thermochemical conversion technologies involve torrefaction,
pyrolysis, hydrothermal carbonization. Torrefaction is a thermal treatment process for
improving the energy quality of solid biomass or pre-treatment of biomass for
combustion, pyrolysis, gasification, and liquefaction. The temperature and holding time
for torrefaction are normally in the ranges of 200—300 °C and 15—60 min (da Silva et al.,
2017a). Pyrolysis of biomass is normally operated at temperature range of 300—700 °C,
and the products are divided into 3 main categories: biochar, bio-oil, and bio-syngas (Kan
et al., 2016). Hydrothermal carbonization is the heating of biomass in water at subcritical
with temperatures of 180—250 °C and self-produced pressure up to 2 MPa to produce
hydrochar as main output. Water acts as catalyst, medium and reactant during the
carbonization process. Pyrolysis requires drying; however, hydrothermal carbonization

can skip the drying process (Biller P, 2012).

Nevertheless, the researches on biochar production from the torrefaction are gaining
attentions due to the high quality of solid biofuel obtained compared to pyrolysis (Sukiran
et al., 2017). Torrefied biomass gives higher calorific value and carbon content, better
grindability and hydrophobic, as well as low atomic ratio, ash and moisture contents
compared to raw biomass (Wilk et al., 2015). Torrefaction changes biomass properties

and increases energy quality of biomass, making it more practical and suitable to apply



in biofuel applications. The milder treatment condition of torrefaction gives higher solid
mass yield and productivity compared to conventional pyrolysis with higher temperature
(van der Stelt et al., 2011). Other than that, wet torrefaction or hydrothermal pre-treatment
has gained attention as an efficient way to convert biomass of high moisture (Bach et al.,
2017b; Shakya et al., 2017), which takes place in hot compressed water, where the
pressure will be slightly higher than saturated vapor pressure of the torrefaction
temperature (Bach & Skreiberg, 2016). Besides, wet torrefaction is a favourable pre-
treatment method of pyrolysis for high quality of bio-oil (Triyono et al., 2019), while

improving the combustion behaviour of biomass (Bach et al., 2017d).

Currently, several researches are focused in finding the effective technique to convert
the high moisture microalgae into the biofuels and explore more new variations of
microalgae species that can be employed as feedstock for bioenergy conversion process.
The current research has showed that the technologies to produce energy from microalgae
are still expensive and can cost more than the fossil fuel. Wet torrefaction was found to
be an effective method to convert the high moisture biomass into biofuel by skipping the
drying process. To date, the study on wet torrefaction technique using microalgae is still
limited. Therefore, the sustainability of this research seems necessary to overcome these
problems and improve the microalgal biochar quality that is expected to compete with

fossil-based fuel.

1.2 Problem statement

Energy crisis is a growing problem in the country due to the volatile fuel prices and
the limited amount of fossil fuel. Generally, Malaysia is still lack of literature study on
torrefaction technique for solid biofuel production. Microalgae is recognized as

favourable substitute for bioenergy production due to rapid growth, high biomass



production and carbon fixing efficiency compared to lignocellulosic biomass. Microalgae
composition highly affected by the cultivation conditions and species, which will directly
influence on the microalgae torrefaction performance. For this reason, the study of

microalgae with different species and composition is important for torrefaction industry.

The third-generation biofuel feedstock, microalgal biomass on the torrefaction is still
limited in the literature due to the high moisture content. The high moisture content of
microalgae requires the large amount of energy to convert microalgae into biofuel. Wet
torrefaction has been proven to convert the high-moisture biomass into the biofuel by
skipping the drying step with a lower temperature. To date, the literature studies of
microwave-assisted wet torrefaction of microalgae is still limited, whereas wet
torrefaction in the various acidic solutions have not been reported. The current stage of
converting microalgae into biochar is facing several challenges. Hence, wet torrefaction
is potential to upgrade the microalgae into high quality renewable energy using lower

temperature input.

Pyrolysis is a promising technique to convert microalgae into bio-oil at high
temperatures (400-650 °C) and an inert condition. A variety of chemicals contained in
the pyrolytic products including alkanes, hydrocarbons, aromatics, phenol derivatives,
ketones, ethers, esters, sugars, water, and other substances. However, bio-oil produced
from biomass pyrolysis exhibits disadvantages including low chemical and thermal
stability, high oxygen and water content, and strong acidity which limit the use in energy
applications and development. It is important to understand the biomass pyrolysis
mechanism, as it can provide the fundamental knowledges on the selective pyrolysis
process for obtaining a high-quality bio-oil. Thus, a new pre-treatment approach is

necessary to overcome the microalgae bio-oil disadvantages.



In addition, it is important to study the microalgae pyrolysis characteristics and
kinetics as its related to the products, reactions, and modelling processes at an industrial
scale. Microalgae pyrolysis involves complex reactions and mechanism, which requires
appropriate kinetic studies to understand the biomass reaction for reactor design.
Although many studies concerning the microalgae pyrolysis kinetics have been carried
out, the literature studies on the microalgae pyrolysis kinetic study of every single
component are still limited. Moreover, the study on the wet torrefaction followed by
microalgae pyrolysis Kinetics is still absent. For this reason, the study wet torrefaction
followed by pyrolysis behaviour and kinetic modelling of microalgae could be useful
insights into the wet torrefaction pre-treatment on microalgae pyrolysis applications, as

well as the reactor design for the biomass-to-energy process using Aspen Plus.

1.3 Research objectives

This research aims to investigate the biochar production from microalgae using
advanced torrefaction techniques. Besides, this research attempts to obtain scientific
overview of the microalgae biochar produced from both dry and wet torrefaction. The

four main objectives of this research are as follows:

1. To investigate the dry torrefaction performance and torrefaction severity of
microalgae.

2. To investigate the effect of advanced wet torrefaction technique on microalgal
biomass in acidic solutions for co-production of biochar and sugar.

3. To evaluate the effect of torrefaction for biofuel production using advanced TG-
FTIR and Py-GC/MS approaches.

4. To evaluate the effect of wet torrefaction on kinetic modelling of microalgae using

independent parallel reaction.



1.4 Research hypothesis

Microalgae contributed by carbohydrates, proteins, lipids and other minor
components. Different in the chemical composition in microalgae highly affected on the
torrefaction performance. The high content of carbohydrates in microalgae will result in
high enhancement of higher heating value (HHV) using low temperature torrefaction
technique. Furthermore, the carbohydrates and proteins in the microalgae could be easily
hydrolysed by acidic solutions. The high-pressure wet torrefaction technique will
effectively hydrolyse carbohydrates and proteins in the microalgae and produced high
HHYV biochar. In addition, the complex structure of microalgae produced variety of
chemicals contained in the bio-oil during pyrolysis. Dry and wet torrefaction can
effectively remove the unwanted components to produce high quality bio-oil. Lastly,
pyrolysis of microalgae involves complex reaction mechanism. Kinetic study using
independent parallel reaction will provide useful insight to the pre-treatment operation

and reactor design for biomass-to-energy industry.

1.5 Scope of the research

The research scope for this thesis is to investigate the biochar production from third-
generation biofuel feedstock, microalgae as bioenergy using advanced torrefaction
technique. The overall scope was divided in four main section based on the given
objectives, which included experimental study of dry torrefaction, advanced wet
torrefaction conversion technique, analysis of the effect of dry and wet torrefied biochar
using TG-FTIR and Py-GC/MS approaches, and lastly the kinetics modelling of

microalgae pyrolysis before and after wet torrefaction.

The research started with the conversion of microalgae to biochar using the dry

torrefaction process. Two different microalga species, Chlorella vulgaris ESP-31 (high-



carbohydrate) and Chlorella vulgaris FSP-E (high-protein) were used as feedstocks for
both dry and wet torrefaction. These microalgae were cultivated and collected from an
open pond in southern of Taiwan. For the dry torrefaction, three different torrefaction
temperatures of 200, 250 and 300 °C were applied, which is defined as light (200 °C),
mild (250 °C) and severe (300 °C) torrefaction, respectively (Zhang et al., 2018a). Four
different holding time, namely, 15, 30, 45 and 60 min, were conducted for each dry
torrefaction temperature. Next, the torrefaction performance using torrefaction severity
index was implemented. Second-generation biofuel feedstock, Jatropha biomass was
employed as comparison with the third-generation biofuel feedstock. Subsequently, wet
torrefaction of the microalgae was carried out in a modified household microwave oven
with maximum power of 800 W (Tatung TMO-231) with a hole on the roof of the oven
to insert the reactor. In this study, four different solutions, namely, water, H2SO4, H3PO4
and succinic acid with concentration of 0.05 and 0.1 M were applied as wet torrefaction
working fluids. Meanwhile, the basic characterisation on biochar fuel properties were

carried out to analyse the torrefaction performance.

In order to further analyse the torrefied microalgae, thermogravimetric analysis (TGA)
was performed by using a thermogravimetric analyser (Diamond TG/DTA, Perkin Elmer)
coupled with Fourier transform infrared (FTIR) spectrometer (Perkin Elmer Spectrum
100) to evaluate the thermal behaviour and evolved gases analysis during the pyrolysis
and combustion. A group of microalgae with the best torrefaction performance was
selected for further analysis. The Py-GC/MS was implemented by using a pyrolyser
(EGA/EY3030D) coupled with a gas chromatography-mass spectrometer (GC/MS,
Agilent Technologies 7890A/5975C) to separate and identify the volatiles released during
the pyrolysis. A two-stage thermal degradation (dry torrefaction as the first stage) of
microalgae was applied by using a double-shot pyrolyser. Lastly, the obtained TGA and

its derivative results were employed to conduct the kinetic modelling using an



independent parallel reaction (IPR) model. In addition, activation energy and pre-
exponential factors of every single microalgae component were determined from the
kinetic modelling data, together with the fit quality. The obtained results could be useful
insights into the effect of wet torrefaction on microalgae pyrolysis applications, as well

as the reactor design for the biomass-to-energy process.

1.6 Thesis outline

The format of this thesis follows the conventional format as mentioned in the
University of Malaya guidelines. The overall outlines, as well as the organizational
pattern of every chapter in this thesis are discussed in this section. The thesis comprises

five chapters and each chapter is introduced as follows:

Chapter 1: This chapter defines the general background regarding biomass
thermochemical conversion technique for biochar production, problem statement,

research objectives, scope of the research and thesis outline.

Chapter 2: In this chapter, a literature review regarding the introduction on conversion
process for biochar production, thermochemical conversion process of biomass especially
on the torrefaction, and the quality of microalgal biochar produced under various
torrefaction are presented, as well as the thermal analysis of the biochar using TG-FTIR
and Py-GC/MS are summarised. Additionally, the kinetic modelling study of the

microalgae pyrolysis using various techniques are discussed as well.

Chapter 3: The methodology of the research is presented in this chapter, which starts
from the selection of the biomass, followed by the detailed explanation on the torrefaction

process used in this study. Furthermore, the description on the characterisation and



analysis of the biochar produced from torrefaction are discussed, as well as the calculation

of kinetic modelling.

Chapter 4: The results obtained from the research are presented in this chapter, together
with the discussion and comparison with the results from the literature. First, the basic
properties of biomass used in this study are discussed, following by the results and
discussion on the dry and wet torrefaction process. Next, the in-depth analysis of the
produced biochar using TG-FTIR and Py-GC/MS are included and explained, as well as

the results of the kinetic modelling in the last section.

Chapter 5: This chapter contains a summary of the results and main conclusions
associated with the research objectives. In addition, several future recommendations are

provided in this chapter.



LITERATURE REVIEW

2.1 Introduction

Energy crisis is a growing problem in the country due to the volatile fuel prices and
the limited fossil deposited. The usage of fossil fuel or non-renewable energy emits vast
volume of pollution gas and carbon dioxide during combustion, which is expected causes
climate change. Besides, the continuous usage of fossil fuels for industry and
transportation in the world have created the air pollutants. These phenomena increase
weather hotness or coldness, thereby leading to increase consumption of energy and
electricity. Hence, the development of renewable energy has rapidly increased due to
these problems. The demand of energy supply can be overcome by using biomass
renewable energy. Biomass energy is renewable in nature, which can replace the use of

fossil fuels and reduce the environmental pollution.

Microalgae are an outstanding source of renewable energy due to its fast growth rate,
short breeding cycle, and do not compete with second generation biofuel source for land
(Goh et al., 2019). It is known as the third-generation biofuel source and a potential
resource for bioenergy industry due to fast growing organism (Ullah et al., 2015).
Generally, carbohydrates, proteins, and lipids are the main components in microalgae.
The mass contents of these components are depending on the microalgae species, which
will be directly affected on the biofuel characteristics. However, microalgae are not
suitable to use as energy sources due to the high moisture content and low energy density.
A proper treatment including thermochemical or biochemical conversion is required for

converting the biomass into biofuel (Goyal et al., 2008; Pang, 2019).

Thermochemical conversion including torrefaction, pyrolysis, liquefaction and
gasification have been successfully converted the microalgae into many energy

applications (Chen et al., 2015f). Among these techniques, biomass pyrolysis is one of

10



the promising techniques for biofuel production in the form of char, oil and gas. High
surface area of microalgal biochar produced by pyrolysis is suitable to use as bio-
adsorbent for removing the contaminant in aqueous solution. Pyrolysis can produce
biochar as solid biofuel, but the increased in calorific value of biochar is lower than
torrefaction process. High quality of solid biofuel can be obtained from torrefaction of
biomass as compared to pyrolysis (Sukiran et al., 2017). Torrefaction is a thermochemical
conversion technique for production of coal fuel from biomass (da Silva et al., 2017b).
The research of torrefaction of biomass has increased drastically to upgrade biomass as
solid biofuel that can partly replace fossil fuel in industry (Chen et al., 2012b; Sukiran et
al., 2017). Torrefied biomass gives high calorific value and carbon content, better
grindability and hydrophobic, as well as low atomic ratio, ash and moisture content
compared to raw biomass (Wilk et al., 2015). Torrefaction changes biomass properties
and increases energy quality of biomass, making it more practical and suitable to be use
as solid biofuel. The milder treatment condition of torrefaction gives higher solid mass
yield and productivity compared to conventional pyrolysis with higher temperature (van

der Stelt et al., 2011).

Recently, wet or hydrothermal torrefaction has gained attention as an efficient way to
convert high moisture biomass (Bach et al., 2017b; Shakya et al., 2017). Wet torrefaction
takes place in hot compressed water where the pressure will be slightly higher than
saturated vapor pressure of the torrefaction temperature (Bach & Skreiberg, 2016). In
addition, the latent heat of energy loss due to water vaporization can be avoided when the
water remains in liquid phase. It is a promising technique for converting biomass into
biochar with higher calorific values, energy yields and better hydrophobicity (Bach et al.,
2013). Furthermore, wet torrefaction can work well with wet or even extremely wet
biomass and enhance the removal of ash from biomass. Biochar is the main product after

the wet torrefaction process while other side products such as sugar and sugar-based
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derivatives will be produced as well (Yan et al., 2010). Besides, wet torrefaction is a
favourable pre-treatment method of pyrolysis for high quality of bio-oil (Triyono et al.,

2019), while improving the combustion behaviour of biomass (Bach et al., 2017d).

Thermal decomposition of microalgae components in the pyrolysis process can be
divided into the degradation of carbohydrates, proteins, and lipids. The pyrolysis
characteristic of every single component in the microalgae has been investigated through
the TGA (Chen et al., 2018c). During the microalgae pyrolysis, pyrolysis gas is originated
due to the degradation of microalgae components. The utilisation of TGA individually
can only indicate the mass loss of biomass, and no evidence on the pyrolysis gas is
revealed. The composition of pyrolysis gas in each weight loss step can be analysed by
coupling the thermogravimetric analyser with Fourier-transform infrared spectroscopy
(TG-FTIR) (Chen et al., 2019a; Lin et al., 2019). The information of the pyrolysis gas
composition such as COz, CO, Hz, and CHacan be identified by FTIR. TG-FTIR has been
applied to analyse the thermal behaviour and evolved gas on the torrefaction process and
torrefied biomass (Chen et al., 2014b). The highest release of volatiles during torrefaction
can be observed using DTG curves, and the functional groups of volatiles can be
simultaneously determined using FTIR (Pahla et al., 2017). Meanwhile, the analytical
pyrolyser coupling with gas chromatography and mass spectrometer (Py-GC/MS) has
been successfully applied to evaluate the bio-oil composition of biomass fast pyrolysis.
Py-GC/MS is an important analyser for biomass characterisation, it can effectively detect
the pyrolytic products by comparing the total chromatographic peak areas obtained during
the pyrolysis process at different conditions (Chen et al., 2018e; Chen et al., 2019c; Gao

etal., 2013).

The study of the microalgae pyrolysis characteristics and Kinetics is important as it is

related to the products, reactions, and modelling processes at industrial scale (Lopez-
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Gonzaélez et al., 2014). Kinetics analysis is also known as an essential point in the thermal
analysis to identify the mechanisms of biomass pyrolysis. Thermogravimetric analysis
(TGA) has been widely applied to analyse the pyrolysis characteristics and kinetics of
microalgae by identifying the weight loss of samples with the change of temperature
precisely (Bach & Chen, 2017b). The data obtained from the TGA can be applied to
determine the derivative thermogravimetric (DTG) analysis, which can evaluate the
thermal behaviour of biomass. In general, the pyrolysis kinetics of biomass is expressed
by the Arrhenius equation, which can determine the two important parameters including
activation energy and pre-exponential factor to build the pyrolysis model. Pyrolysis
kinetics of microalgae with different species have been studied in two different Kinetic
models including kinetic free and kinetic fitting (Gai et al., 2013), as well as catalytic
pyrolysis Kinetics (Xu et al., 2020). Kinetic fitting model is divided into single and
multiple reaction models (Bach & Chen, 2017b). The single reaction model is very simple
where microalgae are directly transformed into char and volatiles, providing a low fit
quality to describe the microalgae pyrolysis. A modification of the multiple parallel
reaction models based on the three main components of microalgae has been successfully

used to describe the microalgae pyrolysis (Bach & Chen, 2017a).

To date, torrefaction process has received a lot of attention to convert the
lignocellulosic biomass into biochar because of the significant increase in calorific value
of biomass. However, the study on torrefaction technique using microalgae is still limited,
especially on wet torrefaction. In this study, production process of microalgal biochar
such as pyrolysis, hydrothermal carbonization and torrefaction are reviewed. This
literature study aims to summarise and discuss the torrefaction process of microalgae
biomass such as dry torrefaction and wet torrefaction. The fuel characteristics of torrefied

microalgal biochar from previous studies are compiled. Lastly, the literatures related to
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the in-depth biomass analysis using TG-FTIR and Py-GC/MS analytical techniques are

reviewed, as well as the kinetic modelling study.

2.2 Thermochemical conversion

Biomass required some pre-treatment for better char yield and quality. Biochar is
generally produced through thermochemical conversions including pyrolysis,
torrefaction, and hydrothermal carbonization as shown in Figure 2.1. Pyrolysis mainly
refers to slow pyrolysis, is a conventional way to produce biochar with high yield. As
indicated in Figure 2.1, pyrolysis can be divided in slow and fast pyrolysis based on the
different in heating rate and holding time. There are other recent development of biochar
production including microwave-assisted pyrolysis, hydrothermal carbonization or
torrefaction. Hydrothermal carbonization also produced a final carbonaceous material as
the main product. Torrefaction is a method to upgrade the biomass with low energy

content, whereas a high-quality solid biofuel is produced.

Slow Pyrolysis
Temperature: 350-800 °C
Time: >30min

Pyrolysis 4
Fast Pyrolysis
Temperature: 450-800 °C
Time: ~1s
. J/
Biomass r g

thermochemical

conversion Temperature: 200-300 °C

Torrefaction ) .
Time: 15-60 min

Hydrothermal Temperature: 180-250 °C
carbonization Pressure: up to 20 bar

. J/

Figure 2.1: Biomass thermochemical conversion process

14



Second- and third-generation biofuels produced through the thermochemical
conversion of biomass are important renewable sources for replacing fossil fuel (Chen et
al., 2015f; Nicodeme et al., 2018). Second-generation biofuel is produced using by-
products of agricultural industries, but several disadvantages hinder the commercial
application of this biomass (Yang et al., 2019b). Biofuel produced from algal biomass is
categorised as third-generation biofuel, which can grow rapidly to produce high capacity
of lipids for fuel synthesis (Adeniyi et al., 2018). Algae can be grown in nonarable lands
and wastewater and do not compete for food production. In the upcoming years, algae are
believed to be a future energy resource and be utilized in many industrial sectors

(Mathimani et al., 2019).

2.2.1 Pyrolysis

Pyrolysis is an important thermochemical conversion process in which biomass is
thermally degraded in the absence of oxygen, normally operated at atmospheric pressure
(Bach & Chen, 2017b; Chen & Lin, 2016). After undergoing thermal decomposition, the
products of pyrolysis include biochar, bio-oil, and non-condensable gases such as
hydrogen, methane, syngas (a mixture of CO and H2), carbon dioxide and other
hydrocarbon gas. The yield of products mainly depends on the pyrolysis conditions. For
example, biochar is the main product when the reaction temperature is under 450 °C,
whereas bio-oil is the prime product in the range of 450—800 °C. High temperature
beyond 800 °C lead to the formation of gases (Jahirul et al., 2012). Based on the
experimental conditions (temperature, residence time, heating rate, and particle size), the
pyrolysis processes have been divided into three types, including slow, fast and flash

pyrolysis (Chen et al., 2015f).
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The three major components in the lignocellulosic biomass are unevenly distributed in
the cell wall. The hemicelluloses, cellulose, and lignin contents of the different types of
lignocellulosic biomass can reach 15-30%, 40-60%, and 10-25%, respectively (Wang et
al., 2017a). The interaction among the major components in biomass makes the biomass
pyrolysis characterisation prediction simple based on the thermal behaviour of the
individual components (Kan et al., 2016). However, hemicellulose is an amorphous
structure with a low degree of polymerization. Hemicellulose degrades in two stages,
which are the cracking of side unit within 100 °C and the centre wall decomposition at
temperatures of 240-290 °C (Werner et al., 2014). Large-chain molecular-weight
polymers that exist in crystalline cellulose require a higher decomposition temperature
(320-360 °C) than hemicelluloses (Giudicianni et al., 2014). Lignin is a complex
aromatic polymer structure that requires more than 500 °C to produce abundant
oxygenated compounds (Zabeti et al., 2016). Meanwhile, microalgal biomass pyrolysis
is also divided into three different reaction stages. The first stage occurs at temperatures
below 200 °C, which separates water from microalgae. The second stage (200-600 °C)
is the most reactive stage of the microalgal pyrolysis. Most of the microalgal components
(carbohydrates, proteins, and lipids) are degraded completely to form chars and volatiles.
The last stage of the microalgal pyrolysis starts from 600 °C, mainly due to the
degradation of carbonaceous matters in the remaining solid residues (Bach & Chen,

2017h).

A complex biomass structure with different pyrolysis reaction conditions produces
hundred types of oxygenated compounds with various properties. Bio-oil produced from
biomass pyrolysis has high oxygen, water, and acid contents, which is unsuitable in
petroleum infrastructure. Several studies have been conducted on the catalytic effects of
thermochemical conversion processes, and positive effects have been reported. Catalytic

pyrolysis is a process in which catalysts are utilized to enhance product yields based on
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the need. Various catalysts, such as alkali and alkaline earth metals (AAEMs)
(Trendewicz et al., 2015), zeolites (Williams & Nugranad, 2000), quartz sand (Aho et al.,
2008), and iron (Fe) and Fe-based zeolites (Aho et al., 2010) have been employed to
perform catalytic pyrolysis. Alkali and alkaline earth metals (AAEMS) in the pyrolysis of
biomass generally generate encouraging results, which is effective catalysts in enhancing
the biochar yield (Putun, 2010; Wang et al., 2010), whereas zeolites in pyrolysis have

been proven to enhance bio-oil yield and quality (Sebestyén et al., 2017).

Additionally, microwave-assisted pyrolysis has becoming a promising technique to
produce high quality biochar, bio-oil and syngas. The use of microwave-assisted biomass
conversion has successfully upgraded the agricultural biomass (Bundhoo, 2018; Lei et
al., 2011). The advantages of microwave pyrolysis included high product yields,
reduction of harmful chemical in bio-oil, energy and cost-saving. An electromagnetic
wave is used in microwave technology to cause the oscillation between material
molecules in order to generate heat. The technical advantages of microwave-assisted
pyrolysis over conventional pyrolysis are as (1) a uniform microwave heating can be
applied on larger biomass particles, (2) production of syngas with higher HHV, as it can
be used for in-situ electricity for microwave generation, (3) cleaner products due to no
agitation and fluidization in the process, and lastly, (4) mature technology with scale-up
feasibility (Du etal., 2011). In addition, the biochar undergoes further chemical or thermal
processing can be transformed into activated carbon (Spokas et al., 2011). During the
pyrolysis, the release of volatiles in the biomass decreased the functional groups in
biochar, making it a challenge as an effective adsorbent (Wang et al., 2015b).
Nevertheless, the aid of microwave for pyrolysis can also be up-scaling in the future to
convert agricultural biomass into biochar for applications such as soil fertilizer based on

its economic production process.

17



Chemical treatment is one of the common reported methods to modify and improve
the functionality, pore structure and surface area of biochar. The treatment involves one-
step and two-step treatment procedures. Treatment of biochar after pyrolysis is proven to
improve the performance of biochar as adsorbent (Wahi et al., 2017). Acid and alkaline
treatment is suitable method to improve surface of biochar (Ahmed et al., 2016). Acid
treatment is conducted to enhance the hydrophilicity of the materials, remove the mineral
elements and also increase the acidic properties of the biochar (Ahmed et al., 2016).
Phosphoric acid, nitric acid, hydrochloric acid and sulphuric acid are the common
reagents used to modify the biochar surface properties (Nair & Vinu, 2016). In contrast,
base treatment is applied to enhance the positively charges surface which may help in the
adsorption of negatively charged pollutant (Ahmed et al., 2016). The common chemicals
used for base treatment are potassium hydroxide and sodium hydroxide which able to
increase the oxygen content and surface basicity of biochar (Wahi et al., 2017). Heavy
metals can be absorbed by the organs in human and animal body, causing potentially
damaging effects. Thus discharge of heavy metals into water supplies threatens ecosystem
and human health (Bogusz et al., 2015). Recently, researchers found that modified
biochar has improved the removal of contaminant and heavy metal from waste water

(Ahmed et al., 2016).

2.2.2 Torrefaction

Torrefaction is divided into dry and wet torrefaction. Dry torrefaction converts raw
biomass into biochar by heating at temperatures between 200 to 300 °C, under
atmospheric pressure with the absent of oxygen. Hydroxyl groups of the biomass are
removed during torrefaction and producing hydrophobic groups. The major benefits of

torrefied biomass are increased in HHV, energy density and carbon content while
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decreased in atomic ratio and moisture content compared to raw biomass (Wilk et al.,
2015). The biochar is the main product during the torrefaction, while bio-oil and biogas
produced as by-products (Li et al., 2017b). Meanwhile, wet torrefaction used lower
temperature and holding time to produce high energy dense biochar compared to dry
torrefaction. Sub-critical water is used as reaction medium for wet torrefaction. The
disadvantages of using wet torrefaction is high cost for setup and maintenance due to high

pressure torrefaction process (Acharya et al., 2015).

During the torrefaction, the main constituents (hemicelluloses, cellulose and lignin)
contained in lignocellulosic biomass will be thermally decomposed, especially the
hemicellulose content (Chen & Kuo, 2011a). Chew and Doshi (2011) stated that the HHV
of the woody and nonwoody biomass are increased up to 26 and 25 MJ/kg at torrefaction
temperature of 300 °C, whereas the mass yield decreased to 24% for empty fruit bunches
of palm oil. The increase in torrefaction temperature decreased the solid yield due to the
chemical reactions, wherein the carbon retained in the biochar increased the HHV (Li et
al., 2012). HHV enhancement cannot prevent the biomass weight loss. To clearly
understand the weight loss and energy analysis of torrefaction, Chen et al. (2015d) and
Zhang et al. (2018a) introduced the torrefaction severity index (TSI) to analyse the impact

of torrefaction severity on the biomass torrefaction performance.

The knowledge of catalytic effect on biomass torrefaction is still limited recently. In
recent studies, effect of catalysts has shown a positive effect on dry torrefaction (He et
al., 2018). Na, K, Ca, and Mn metals bounded organically in biomass enhanced the
biomass reactivity during torrefaction. Nonetheless, the effect of catalyst on the solid
yield has been successful studied using TGA. The pine and spruce biomass with K and
Na bounded organically resulted in more mass loss at temperatures of 240—280 °C when

compared with their raw counterparts. It was shown that biomass organically bounded K
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could provide shorter retention time (Shoulaifar et al., 2016). Saddawi et al. (2012)
established that the mass loss decreases after removal of catalytic minerals (AAEMS)
from biomass. The catalytic mineral contents (K, Na, Mg, and Ca) were removed by
washing using water, hydrochloric acid and ammonium acetate. After pre-treatment and
removal of AAEMSs, biomass became less reactive to thermal degradation where increase
in mass and energy yield were observed. Chen et al. (2016) studied the transformation
and release features of Cl and K during biomass torrefaction at different particle sizes,
temperatures, and holding times, and found that the high release of Cl and K increased
the weight loss of the biomass. The release ratio of Cl was significantly affected by the

particle size at 350 °C.

2.2.3 Hydrothermal carbonization

Hydrothermal carbonization is the heating of biomass in water at subcritical with
temperature (180—250 °C) and self-produced pressure up to 20 bar to produce hydrochar
as main output. Water acts as catalyst, medium and reactant during the carbonization
process. Biomass with high moisture content is suitable to use hydrothermal
carbonization compare to conventional pyrolysis (Alvarez-Murillo et al., 2016). Its
dehydrated water content of biomass using pressure by saving time and energy to dry the
biomass. Fuel properties of the biomass can be improved through this process and the
hydrochar produced can be used as fertilizer to improve the soil properties (Kim et al.,
2017). Hydrothermal carbonization has been widely used to improve the physical and
chemical properties of wet biomass for the agriculture applications (Dai et al., 2017;

Fakkaew et al., 2017).

In this process, biomass can be converted into high quality biofuel products, by

controlling the process variables such as reaction temperature, holding time, pressure,
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biomass feedstocks and the aid of catalysts (Tekin et al., 2014). In term of these process
variables, temperature plays the most important factor in the hydrothermal carbonization
process followed by holding time and biomass feedstocks (Nizamuddin et al., 2017). A
high yield of solid product can be obtained by using lower reaction temperature, but the
physical and chemical characteristics differ with the change in temperature. For a high
reaction temperature carbonization, a biochar with high carbon content and low hydrogen
and oxygen content is produced, as well as high HHV. Moreover, biochar produced from
this process has a unique composition which is comparable with bituminous coal quality
(Heilmann et al., 2010). The biochar produced has the properties of uniform spherical
particles, controlled porosity, functional surfaces (—OH, C=0, —COOH), easily controlled
surface chemistry and electronic properties, and can bind CO2 from the plant precursor if

the carbon is negative (Titirici et al., 2012).

2.3 Torrefaction of microalgae
2.3.1 Dry torrefaction

Dry torrefaction, or in another word mild pyrolysis or low temperature pyrolysis.
Torrefaction is a process to improve the characteristic of biochar close to coal fuel. The
process destroys the structure of biomass but upgraded the biomass calorific value and
energy density (Sukiran et al., 2017). The general process of microalgae dry torrefaction
is shown in Figure 2.2 (Chen et al., 2015e) and the literature survey of torrefaction of
microalgae and others biomass is presented in Table 2.1. Torrefaction of biomass is
classified into light, mild and severe torrefaction with temperatures of 200—235, 235—-275
and 275-300 °C, respectively. This significantly affects the carbon, oxygen and hydrogen
contents, ash content, calorific values, hydrophobicity, moisture, and biochar yield (Wu

et al., 2012). Today, dry torrefaction is facing economic challenges to produce high
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quality microalgal biochar. The high moisture content of microalgae is required to pre-
drying before the torrefaction. The moisture content of biomass should be less than 10
wit% to achieve high performance torrefaction (Bach & Skreiberg, 2016). For biomass
with moisture content of 50—60 wt%, 3—5 MJ of energy is required to reduce the moisture
content to 10—15 wt%. Thus, the overall performance of dry torrefaction is low due to

high operating cost in thermal drying (Fagernas et al., 2010).

Microalgal
cultivation

Microalgal
biomass
(MB)

Drying MB and Loading MB and
Loading water, and
pressurizing

~~ =~

Wet torrefaction
(160-250°C,

Dry torrefaction

(200-300°C, :
15-60 min) 10-60 min,
up to 7MPa)
Biochar
collection and
analysis

Figure 2.2: General process of dry and wet torrefaction of microalgae
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Table 2.1: Dry torrefaction of microalgal biomass and others biomass under different conditions

Biomass feedstock Media Temperature (°C) Holding Time (min) Solid yield (%) References
Microalgae
Chlamydomonas Nitrogen 200 30 93.9 (Chen et al., 2016)
sp. JSC4 250 15 92.7

250 30 82.3

250 60 64.2

300 30 51.3
Scenedesmus obliquus CNW-N  Nitrogen 200 60 86.37 (Chen et al., 2014q)

225 82.74

250 76.45

275 67.19

300 63.23
Chlamydomonas Nitrogen 200 60 86.87 (Chen et al., 2014e)
sp. JSC4 225 77.31

250 59.57

275 47.07

300 40.57
Chlorella sorokiniana CY'1 Nitrogen 200 60 85.76

225 77.22

250 55.67

275 45.65

300 38.33
Chlamydomonas sp. JSC4 Nitrogen 200-300 15-60 50.8-95.7 (Chen et al., 2015¢)
Chlorella vulgaris ESP-31 Nitrogen 200-300 15-60 53.0-96.8 (Chen et al., 2015d)

Chlorella vulgaris ESP-31 CO2 200-300 15-60 - (Chen et al., 2015d)
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Table 2.1, continued

Biomass feedstock Media Temperature (°C) Holding Time (min) Solid yield (%) References
Others Biomass
Energy Sorghum Nitrogen 250-300 30 43—-65 (Yue etal., 2017)
Sweet Sorghum 51-70
Sugarcane bagasses Nitrogen 230 180 75 (Granados et al.,
250 66 2017)
270 53
290 47
Jatropha-seed residue Nitrogen 260-300 10-60 - (Hsu et al., 2017)
Empty Fruit Bunch Nitrogen 200 30 72.0 (Uemura et al., 2017)
Combustion gas 200 30 67.0
Corncob Nitrogen 220-300 30 69.38—95.03 (Lietal., 2017b)
67.20-94.99
CO2 220-300 30
Leucaena with microwave Nitrogen 100-250 W 15-30 17.25-72.30 (Huang et al., 2017a)
Cymbopogon citrates residue Nitrogen 200 30-40 81.50 (Tan et al., 2017)
with microwave 250 74.30
300 61.20
Sewage sludge with microwave Nitrogen 100W 30 ~72 (Huang et al., 2017b)
150—200W ~40
400W ~9
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The torrefaction characteristic of microalgae has been studied by several researchers
under torrefaction temperatures of 200—300 °C and holding times of 15—60 min (Chen et
al., 2015e; Chen et al., 2016; Wu et al., 2012). Nitrogen gas is one of the commonly used
torrefaction gas to prevent oxidation of the biochar. Chen et al. (2014e) investigated the
thermal degradation of raw microalgal biomass, which includes the dehydration (25—-200
°C), decomposition of carbohydrates and proteins (200—350 °C), lipid decomposition
(350-550 °C), and other microalgae components (550—800 °C). Thus, torrefaction must
be carried out at above 200 °C to upgrade the biomass. Carbohydrates, proteins and lipids
are retained in the microalgae for torrefaction at 200 to 250 °C because a higher
temperature is required to initiate the thermal degradation of carbohydrates (Chen et al.,
2016). Increasing torrefaction temperature significantly affects the decomposition of
microalgal biomass. Hence, torrefaction has an obvious impact on decomposition of

carbohydrates, proteins and lipids at severe temperature (300 °C) (Chen et al., 2016)

Recently, torrefaction using non-inert gas is being implemented to save inert nitrogen
gas and energy (Uemura et al., 2017). Oxidative reactions will occur for non-inert gas
(combustion gas or CO2) due to the oxygen content, hence upgrades the biomass in
oxidative torrefaction (Rousset et al., 2012). The end products of torrefaction using
combustion gas are CO2 and CO in gas phase, whereas water, pheno and acetic acid in
liquid phase. This process can be further improved with the assistance of microwave due
to higher heating efficiency and power density, better heat transfer and process control,
faster internal heating, and more uniform heat distribution (Huang et al., 2016; Huang et
al., 2017b; Ren et al., 2014). Researchers have depicted interest in microwave torrefaction
compared with conventional torrefaction. The feedstock properties of torrefied municipal
solid waste biomass such as grindability, energy density, lessened moisture adsorption
and energy yield are improved with the aid of microwave torrefaction at microwave

power 250 to 750W, with lesser holding time. Microwave torrefaction of biomass
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produces biochar which is similar to coal and carbon-neutral fuel (Iroba et al., 2017). The
properties such as calorific value and fuel ratio of Leucaena biochar derived from
microwave torrefaction are increased with raising microwave power and processing time,

however, the mass and energy yield of the biochar declined (Huang et al., 2017a).

2.3.2  Wet torrefaction

Wet torrefaction or hydrothermal torrefaction is another type of thermochemical
conversion of biomass. The process takes place in an inert condition with temperatures
of 160—250 °C, which is relatively low compared to dry torrefaction (Bach & Skreiberg,
2016). Water is the most important solvent with plenty of attractive properties as a
reaction medium and solvent for extraction, where the properties of water can be changed
by varying the temperature and pressure. Water in subcritical condition acts as a reaction
medium in wet torrefaction. In comparison with ambient water, subcritical water
possesses attractive physical and chemical properties. The low dielectric constant of
subcritical water enhanced the ionic reaction (Yu et al., 2008). Subcritical water
effectively solubilises most of the biomass elements and suitable for biomass degradation
reaction. The subcritical water is kept in liquid phase during wet torrefaction process to
avoid loss of energy in the form of latent vaporization heat. Temperature of subcritical
water is below critical temperature of water (374 °C) and higher than saturated vapor
pressure of water at wet torrefaction temperature (Bach & Skreiberg, 2016). Overly
elevated pressure did not further promote the reaction rate but risen the cost immensely.
The pressure of the wet torrefaction is raised by water vapor, which highly depends on
volume of reactor and water (Inagaki et al., 2010). Wet torrefaction is an attractive method
to produce high quality biochar using low temperature and holding time. The ash

components can be removed during wet torrefaction for a better quality biochar (Bach et
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al., 2013). In accordance to review, the concept of wet torrefaction is identical to
hydrothermal carbonization, still, there exists a major difference between them. The wet
torrefaction aims to produce higher quality biochar for energy while hydrothermal
carbonization aims to produce charcoal with high carbon content to use as fuel, soil

fertilizer and adsorbent (Bach et al., 2014).

Recently, wet torrefaction is a promising method for biochar production due to its
ability to convert wet biomass into biochar without drying process (Bach et al., 2016).
Wet biomass sample with water is placed in pressurise reactor chamber to upgrade
biomass and remove the moisture content of biomass. The main reaction of dry
torrefaction will only occur when the moisture content in the biomass is lessen. The
advantage of wet torrefaction is to reduce the cost of drying wet biomass. This is because
high pressure dewatering is more efficient than thermal drying in dry torrefaction (Laurila
et al., 2014). Besides, energy consumption is a highlighted issue for wet torrefaction to
produce biochar. Large amount of energy is consumed to heat the voluminous water in
the process of wet torrefaction. Low solid loaded to reactor offers fast conversion, but
high energy consumed. It can be achieve economically by loading 15—20 wt% of biomass
in water (Peterson et al., 2008). Generally, it needs 7-20% of the biochar energy to
produce this biochar (Bach & Skreiberg, 2016). Thus, strategic control to recover the heat
and mass during wet torrefaction process can effectively reduce the cost compared to dry

torrefaction.

The mechanism of wet torrefaction differs from thermal treatment mechanism of dry
torrefaction  which involves decarboxylation, dehydration, decarbonylation,
demethoxylation, condensation, and aromatization chemical reactions (Acharya et al.,
2015). Hydrolysis is the first process in wet torrefaction due to the reaction of biomass

with subcritical water. The hydrogen bonds in subcritical water split-up the ether and ester
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bonds between monomeric sugars and cause biomass polymer’s activation energy to

decrease (Libra et al., 2011). Thus, degradation of hemicelluloses is higher in wet

torrefaction compared to dry torrefaction. For lignocellulosic biomass, hemicellulose is

depolymerized to oligomers and monomers through hydrolysis while the cellulose and

lignin are partly depolymerized depend on the experimental condition of wet torrefaction

(He et al., 2018). Table 2.2 shows the biomass undergoing wet torrefaction. After the wet

torrefaction of biomass, biochar can be obtained by separating the water with a filter. In

addition, the biochar produced can be used directly as solid biofuel.

Table 2.2: Wet torrefaction of microalgal biomass and others biomass under

different conditions

Biomass Media Temperature Holding Solid Reference(s)
feedstock (°C)/ Pressure  Time (min) yield (%0)
Microalgae
Chorella vulgaris ~ Nitrogen ~ 160—180 °C 5-30 51.84-62 (Bachetal.,
ESP-31 with 2-3 bar 92 2017b)
microwave
Others biomass
Sugarcane Nitrogen 180 °C 5 70.4 (Chenetal.,
bagasses with 15 66.1 2012d)
microwave 30 60.8
Norwegian forest  Nitrogen  175—225 °C, 30 - (Bachetal.,
residue CO; 70 bar 2015a)
Corncobs Nitrogen 175°C 5 77.68-53 (Zhengetal.,
185 °C .03 2015)
195 °C
Norway spruce Nitrogen 175225 °C 10-60  58.02—88 (Bachetal.,
and birch wood 70 bar 27 2015b)
Rice husk Nitrogen  150—240 °C 60 47.9—-86. (Zhangetal.,
7 2017a)
Humulus lupulus, - 260 °C 10 26.5-50. (Yangetal,
Plumeria alba and 9 2015b)
Calophyllum
inophyllum
Filtered multiple — 120—190 °C 30,60 — (Mu'min et al.,
solid waste 2—12 bar 2017)
Duckweed Nitrogen  130—250 °C 60 30.4—64. (Zhangetal.,
8 2016a)
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2.3.3  Factor affecting biochar quality and yield

The solid yield of the biochar is mainly affected by torrefaction temperature and
holding time (Chen et al., 2014e; Yang et al., 2015b). The increase in torrefaction
temperature and holding time produce low solid yield of microalgal biochar during dry
torrefaction. This is due to high degradation of carbohydrates and proteins at high
temperature and holding time (Chen et al., 2014e). The solid yield of microalgal biochar
decreases to around 50% corresponding to high torrefaction severity at temperatures of
275-300 °C for dry torrefaction (Chen et al., 2016). The solid yield of biomass for wet
torrefaction gives the same respond as dry torrefaction that also decrease dramatically at
severe temperature and high holding time (Zhang et al., 2017a; Zheng et al., 2015). For
non-isothermal dry torrefaction, different heat rates were used for same mean temperature
(250 °C), solid yield decreases with increasing heat rate (Chen et al., 2014g). The weight
loss of microalgae at high heating rate is low at initial torrefaction period but the weight
loss increases substantially at the final torrefaction period due to high temperature (Chen
et al., 2014g). Thus, this shows that thermal degradation of non-isothermal torrefaction

microalgae is faster than isothermal torrefaction.

As discussed before by Bach and Skreiberg (2016), wet torrefaction requires relatively
low temperature and holding time to produce the same solid yield compared to dry
torrefaction. Reaction medium used by wet torrefaction (hydrothermal treatment) is more
reactive than inert media in dry torrefaction. Chen et al. (2015d) and Bach et al. (2017b),
who work on dry torrefaction and wet torrefaction of Chlorella vulgaris ESP-31, proved
that solid yield of microalgae can be achieved approximately 52% via dry torrefaction at
300 °C for 60 min or via wet torrefaction at 180 °C for 10 min or 170 °C for 30 min. Yan
et al. (2009) investigated that solid yields of Loblolly pine via wet torrefaction at 260 °C

for 5 min were approximately same as solid yields via dry torrefaction at 300 °C for 80
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min. The results indicated that wet torrefaction produces the same amount of solid yield

at low torrefaction temperature and holding time compared to dry torrefaction.

Furthermore, torrefaction using non-inert gas results in different solid yield compared
to inert gas (Chen et al., 2015d; Eseltine et al., 2013). Dry torrefaction of microalgal
biomass by using non-inert gas, CO2 atmospheres independently as torrefaction gas
shows that the solid yield is lesser than using inert nitrogen gas (Chen et al., 2015d). This
may results from CO:2 reaction with the carbon in the biochar known as Boudouard
reaction (Eseltine et al., 2013), therefore producing low yield in solid. The results are
corresponding to the torrefaction of other biomass using non-inert gas that produces low
solid yield in comparison to inert nitrogen gas (Chen et al., 2014f; Uemura et al., 2015;
Uemura et al., 2017). The results are similar to wet torrefaction of forest residues that
produce lesser solid yield using CO2 torrefaction gas (Bach et al., 2015a). Up to now, the
study of wet torrefaction of microalgal biomass using non-inert gas is still absent. The
effects of CO2 for wet torrefaction of Norwegian forest residues show up faster than N2
gas. It produces less solid product with low HHV while improving the volume to remove
the ash elements in the biochar (Bach et al., 2015a). The CO: also gives better grindability
and hydrophobicity compared to N2. Meanwhile, the ash content o