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ABSTRACT
Biodiesel has recently gained popularity as an alternative biofuel to substitute fossil fuel.
Biodiesel’s global demand has increased significantly over the last decade. The continuous rise
in demand requires new technology to produce biodiesel more efficiently and environmentally.
Current biodiesel technology mainly produces biodiesel from the transesterification of edible
crop oils. Due to ethical issues related to the utilization of edible oils, inedible oil is deemed as
a promising feedstock because it will eliminate the ‘food versus fuel feedstock’ problem
created by edible plant oils. In order to eliminate the need for cultivation for inedible oil plants,
waste oil such as used cooking oil (UCOQ) is seen as an attractive feedstock for biodiesel
production. The usage of UCO as feedstock is also an environmental way to dispose of waste.
A catalyst is usually used to expedite the biodiesel transesterification reaction. Turning oil palm
waste such as palm kernel shell (PKS), an oil palm frond (OPF), and empty fruit bunch (EFB)
into biochar catalyst for biodiesel production is both economically and environmentally
attractive. Oil palm solid wastes have high carbon content and usually dispose of in a landfill
or turned into boiler fuel. The usage of oil palm waste as a biodiesel transesterification catalyst
reduces the amount of oil palm waste disposed of in the landfill, at the same time it creates
another value-added product from the waste. In transesterification of biodiesel, heterogeneous
catalyst separation through centrifugation and filtration requires high energy and long time.
Sulfonated magnetic biochar catalyst (SMBC) utilization can enhance the catalyst separation
process and reusability. As SMBC utilization is still on the laboratory scale and studies on the
utilization of SMBC in biodiesel production are still limited, many aspects are still unknown.
Knowing the kinetics of biodiesel production using SMBC is beneficial for designing and
scaling up biodiesel production on an industrial scale. Hence, this study includes the kinetic
studies specifically designed for the magnetic catalyst. This research is addressing the
abovementioned research gaps. In this research, SMBC was synthesized from PKS, OPF, and
EFB and then characterized via FESEM, EDX, BET, TGA, FTIR, neutralization titration, and
VVSM. Based on these characterization results, the most suitable biomass for SMBC synthesis
is EFB. The optimum SMBC synthesis parameters were acquired using the Taguchi method.
The optimum parameters for the SMBC synthesis are at FeCls-6H20 concentration of 1.5M,
carbonization temperature of 800 °C and H2SO4 concentration of 2.5M. The synthesized
catalyst was used to produce biodiesel from UCO. Biodiesel production parameters were
studied using the central composite design-based response surface method (RSM-CCD). The
optimized reaction parameters which are at a catalyst loading of 10.12 wt%, methanol to oil

molar ratio of 28, reaction temperature of 70°C, and reaction time of 8 h gave a maximum yield



of 95.87%. The catalyst was reused for five cycles to determine its reusability. After five cycles,
the biodiesel yield dropped to 70.16%. Biodiesel production via transesterification of UCO
using SMBC synthesized from EFB at the optimized condition is reported to conform to the
pseudo-irreversible first-order kinetic with an activation energy of 31.77 kJ mol™. Finally, this
research has successfully investigated the optimized SMBC synthesis, reaction and mechanism

of producing biodiesel from UCO, as well as its reaction kinetics.
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CHAPTER 1
INTRODUCTION

1.1 Background
1.1.1 Fossil Fuel Detriment

The current global consumption of fossil fuels is increasing steadily as a result of the
growing global population and energy demand (Zohuri and McDaniel 2021). Petroleum plays
a huge role in powering our accommodation and transportation. The modern exploitation of
petroleum began as early as the 19" century (Chisholm 2018). The adverse environmental
effect was constantly associated with petroleum use. The carbon dioxide (CO>), carbon
monoxide (CO), nitrogen oxides (NOx), and sulfur oxide (SOx) gases, which are produced
from the combustion of fossil fuels, are termed ‘greenhouse gases’ because of their effect on
global warming (Ljupkovic et al. 2014). These gases are toxic and will form acid rain when
reacted with atmospheric water (Mat Yasin et al. 2017). Acid rain can cause damage to
buildings and reduce the pH value of soil and small bodies of water, disrupting the natural
vegetation and living organisms in the vicinity (Hughes 2017). Unsustainable petroleum
consumption and non-renewability intensified the progress of various alternative modes of fuel
transportation. Biofuel, energy produced from renewable sources, can reduce the dependability
towards petroleum and at the same time tackle the environmental problem possessed by
petroleum combustion. According to the International Energy Agency, transportation fueled
by petroleum accounted for 92.16% in 2015. However, biofuel only fueled 2.81% of the
world’s transportation (International Energy Agency 2017).

Our dependence on ever-depleting fossil fuels is alarming. It became evident when the
oil glut hit the world in 2012, the production of biodiesel keeps on increasing despite the falling
crude oil price, where biodiesel’s price previously more favorable when the price of crude oil
was high (Naylor and Higgins 2017). Biodiesel is one of the most popular and promising
alternative energy in reducing our dependence on fossil fuels. The environmentally friendly
aspect of biodiesel makes it an excellent choice for an alternative source of energy. Biodiesel
produces cleaner exhaust emissions in the form of lower soot, hydrocarbon, and CO compared
to petrodiesel (Y. Zhang et al. 2022; J. Liu et al. 2023). Biodiesel has become one of the most
preferred biofuels for the transportation sector due to its biodegradability and less toxicity
exhaust gas emission (Y.-A. Chen et al. 2019; Wong et al. 2022). However, the major drawback
of biodiesel is its cost (Kirubakaran and Arul Mozhi Selvan 2018).



1.1.2 Biodiesel in Malaysia

Biodiesel is primarily produced from palm oil in Malaysia (Nambiappan 2018).
Biodiesel development in Malaysia began as early as 1981. Malaysian Palm Oil Board (MPOB)
is the main driver behind all palm oil based biodiesel research and development all around
Malaysia (Malaysian Biodiesel Association 2023). In 2007, the Biofuel Industry Act was
passed by the Malaysian parliament. The act provides legislation over the biodiesel blending
mandate and the licensing of downstream activities. The Biofuel Industry Act 2007 dictates the
compulsory blending of biodiesel blending for commercial diesel. B5 blending was planned to
be implemented in 2008 but was delayed until 2011 due to high crude palm oil prices (Naylor
and Higgins 2017). The production of biodiesel prior to the 2011 introduction of the B5
mandate was mainly for export (including re-export) and non-road use (Malaysian Biodiesel
Association 2018). The mandatory blending ratio for biodiesel in Malaysia has been increasing
steadily since 2011. With this increment, domestic biodiesel production also increases. The
Malaysian annual biodiesel production in 2011 was 173 kilo-metric-tons (KMT) increased
significantly to 1,423 kMT in 2019 (Unnithan 2022). Biodiesel production was significantly
increased from 2011 onwards due to the introduction of the biodiesel blending mandate in 2011
(Mahayuddin et al. 2022). The Malaysian biodiesel blending mandate has increased steadily
from B5 in 2011 to the current B10 in 2019 (Attorney General’s Chambers of Malaysia 2019).
The proposed B20 blending mandate nationwide from the year 2020 was postponed
indeterminately. On the other hand, Langkawi, Labuan, and Sarawak have adopted the B20
blending from the year 2020 (Unnithan 2022). The export of biodiesel was somewhat
inconsistent due to the varying demand by the importing countries such as China, the United
Kingdom (UK), and Japan, especially from countries in the European Union (EU), which are
the major export destination of Malaysian biodiesel (Wahab 2022).

1.1.3 Biodiesel Production

Biodiesel is a fuel consisting of long-chain fatty acids and mono-alkyl esters produced
from vegetable oils or animal fats (ASTM International 2020). There are various ways to
produce biodiesel, such as esterification (Rokhum et al. 2022), interesterification
(Akkarawatkhoosith et al. 2020), and transesterification (Hazrat et al. 2022). Esterification is
usually used to produce biodiesel from high acid-value oil feedstock (Rokhum et al. 2022).
Interesterification can produce biodiesel as well as other high-value by-products instead of
glycerol (Akkarawatkhoosith et al. 2020). However, transesterification is the most common

and preferred method to produce biodiesel. This process produces biodiesel of excellent
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quality. Its overall operation cost is relatively lower compared to other biodiesel production
methods, owing to the simplicity of the production reaction (Atabani et al. 2012; D. Singh et
al. 2020).

Biodiesel production needs triglyceride from oil or fat feedstock and alcohol feedstock.
Biodiesel is conventionally produced from edible vegetable oil and animal fat (Mathew et al.
2021). These high-quality feedstocks comprise most of biodiesel production cost. One of the
reasons for such a high price is the competition for edible oil between biofuel producers and
the food industry. This situation creates food security as a result of the increase in the non-food
usage of agricultural products (Dey et al. 2021). A non-edible and inexpensive alternative
feedstock for biodiesel production has been the focus of a number of studies in recent times
including non-edible fats, oils and grease (FOG) such as animal fats (Yari et al. 2022), used
cooking oil (UCO) (Takase 2022), yellow or brown grease (Bashir et al. 2020), and sludge oil
(Abdulhussein Alsaedi et al. 2022) that can absolutely become the feedstock of choices in order
to avoid competition for feedstock with the food industry. These types of waste are readily
available from municipal and industrial waste (N. P. L. Tran et al. 2019). UCO may contain up
to 20% FFA. However, 1% to 9% content of FFA is normally observed. Meanwhile, waste
yellow or brown grease contains up to 80% FFA (Ghosh and Halder 2022). Low FFA content
is vital in order to increasing the biodiesel production rate and reducing unwanted soap
formation. In this case, UCO is a much better biodiesel feedstock due to its low content of FFA
(J. Zhang 2017). Alcohol is another feedstock needed for biodiesel production. The types of
alcohol used for biodiesel production can influence its properties. Although longer-chain
alcohols such as butanol (Musil et al. 2018), tert-butanol, and isopropanol (Likozar and Levec
2014) usage as biodiesel alcohol feedstock has been studied, their low conversion rate keeps
researchers interest in short-chain alcohol such as methanol and ethanol (Mahdi et al. 2023).
The lower cost of methanol production is also one of the factors making it a favorable choice
for industrial biodiesel production.

Catalysts for biodiesel production are categorized into three types: homogeneous,
heterogeneous, and enzyme (Karmakar and Halder 2019). Homogeneous catalysts can be
further classified into two types: homogeneous base catalysts (Al-Humairi et al. 2022) and
homogeneous acid catalysts (Guldhe et al. 2017). Homogeneously catalyzed transesterification
is the most favorable process for producing biodiesel due to its low energy consumption and
simplicity (Al-Humairi et al. 2022). However, it does have a number of drawbacks.
Homogeneous catalysts are almost impossible to recover after the reaction. This has led to the

disposal of the catalysts and by-product problems as most conventional homogeneous catalysts
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are not biodegradable (Ghosh and Halder 2022). Reusing a homogeneous catalyst is impossible
in this sense. The solution to these problems can be overcome by using a heterogeneous
catalyst. Heterogeneous catalysis has been widely studied for the reason that it is easier to
separate and reuse if needed (Ghosh and Halder 2022). The heterogeneous catalyst can be
produced from a renewable source, such as industrial waste materials (Mardhiah et al. 2017).
Similar to homogeneous catalysts, heterogeneous catalysts can be further classified into two
categories; heterogeneous base catalysts (Bargole et al. 2021) and heterogeneous acid catalysts
(Yu et al. 2021). Heterogeneous catalysts can be synthesized from various material sources
such as waste shells (Mohd Nurfirdaus Mohiddin et al. 2020), biomass ash (Gouran et al. 2021),
biochar (Yameen et al. 2023), and activated carbon (S. H. Y. S. Abdullah et al. 2017). In recent
times, biomass-derived heterogeneous catalysts have caught the interest of researchers around
the globe. The idea of turning industrial by-products into a catalyst for biodiesel production is
economically and environmentally attractive (Cheng and Li 2018). One such material used for
a catalyst precursor is biochar. Biochar is naturally extremely porous and has a high specific
surface area (Yameen et al. 2023). Both of these characteristics make biochar a suitable
material for a catalyst precursor (Kastner et al. 2012). The abundance of alkali and alkali earth
metal elements in biochar and its ash was also reported as giving good catalytic activity for
biodiesel transesterification (Shan et al. 2018). Biochar has been impregnated with ferrite ions
in order to make it ferromagnetic and enhance the catalyst separation process and reusability
(Rahimi et al. 2021). Magnetic catalyst requires lower energy for catalyst-product separation
compared to other non-magnetic catalysts (H. Li et al. 2021). In addition, conventional
heterogeneous catalyst also is harder to separate in high viscosity product and takes longer time
compared to magnetic catalyst (F. Zhang et al. 2016). The amount of magnetic catalyst that
could be recovered after a reaction is higher compared to non-magnetic catalysts. As high as
96% of used catalyst can be recovered when a magnetic catalyst is employed (F. Zhang et al.
2015). A magnetic catalyst also yielded more than 90% biodiesel after 7 cycles of reaction (P.
Guo et al. 2012). All in all, sulfonated magnetic biochar catalyst (SMBC) is still in the
laboratory research stage. The industrialization of this technology will need more studies,
especially in the area of reaction mechanisms and process optimization (Tamjidi et al. 2021).
This can be achieved by studying the relationship between the physicochemical properties of

the catalyst and its catalytic activity.



1.2 Research Problem Statement

Biodiesel has received great demand all over the world due to its benefits for the
environment. It also reduces the overall consumption of fossil fuels. Most conventional
biodiesels are produced from edible vegetable oil. This makes biodiesel economically
unattractive as competition is induced between biodiesel producers and the edible oil industry.
Therefore, studies have searched for some alternative inexpensive and sustainable feedstocks
(Ambat et al. 2018). Inedible plant oil has been studied as an oil feedstock for biodiesel
production. However, this oil source needs cultivation and extraction processes (B. Abdullah
et al. 2019). Another inedible oil source, UCO, is readily available as a waste. Its application
as an oil feedstock for biodiesel production is environmental and economic (Nahas et al. 2023).

A catalyst is used in order to expedite the biodiesel-producing transesterification
reaction. Homogeneous catalysts such as NaOH and potassium hydroxide (KOH) are typically
used. However, this type of catalyst has limitations. A homogeneous catalyst cannot be
separated post-reaction, which means it can only be used once. Soap formation due to water
washing after the reaction is also a problem associated with the homogeneous catalyst. On the
other hand, a heterogeneous catalyst can overcome these limitations. The major difference
between a homogeneous catalyst and a heterogeneous catalyst is a heterogeneous catalyst can
be separated from other reactants or products, while a homogeneous catalyst cannot be
separated. This means a heterogeneous catalyst can be easily separated and reused to minimize
soap formation, and some studies suggested that it eliminated saponification altogether
(Mardhiah et al. 2017). Nonetheless, the time and energy used for heterogeneous catalyst
separation through centrifugation and filtration after transesterification can be decreased
further by impregnating ferrite ions onto the catalyst. This impregnation resulted in the catalyst
becoming ferromagnetic and can be separated easily by attracting it with an external magnetic
field. This attribute is very useful for separating the catalyst from a viscous fluid. In an
industrial sense, magnetizing the catalyst will simplify the separation process and reduce the
biodiesel separation cost (P. Guo et al. 2012). Nevertheless, no study has investigated the
optimum synthesis parameters for magnetic catalyst, and only few have conducted kinetic
study using magnetic catalyst in biodiesel production.

Oil palm plantations generate a considerable amount of waste. Palm kernel shells
(PKYS), oil palm fronds (OPF), and empty fruit bunches (EFB) are examples of biomass wastes
that are usually disposed of in a landfill or burned as boiler fuel (Prasertsan and Prasertsan
1996). When exposed to water in the landfill, PKS, OPF, and EFB react with water and bacteria

to produce methane gas, which is one of the greenhouse gases (Liew et al. 2018). The landfill
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disposal cost for oil palm waste is also astronomical in some countries owing to the fact that
this type of waste is difficult to decompose (Prasertsan and Prasertsan 1996). PKS, OPF, and
EFB have a high content of carbon (Liew et al. 2018). For this, it usually undergoes pyrolysis
or gasification and turns into biochar (Sadhukhan et al. 2018). Biochar and its ash have one of
the best physical properties in terms of catalytic activity and highly specific surface area
(Cheng and Li 2018). The abundance of alkali and alkali earth metal elements in biochar and
its ash was also reported as giving good catalytic activity for biodiesel transesterification (Shan
et al. 2018). Catalyst synthesized from biochar costs relatively lower compared to
homogeneous catalyst. At the same time, it is also a sustainable source of catalyst as the
synthesis converts industrial waste into a functional catalyst (Cheng and Li 2018).

Additionally, the reaction mechanism and kinetics of biodiesel transesterification from
UCO catalyzed by SMBC have not been studied yet. Knowing the reaction’s kinetic model is
important to select the best parameters for the reaction process and forecasting the product
yield in order to increase the energy process and cost efficiency (Opara and Oh 2022). This
step is crucial in order to translate the biodiesel production process from laboratory-scale to
industrial scale (Tien Thanh et al. 2022). Therefore, this research investigates the synthesis of
PKS, OPF, and EFB into SMBC and its employment in producing biodiesel from UCO.

1.3 Research Questions
The following research questions are addressed in order to deal with the research gaps:

i. What are the characteristics and the synthesis parameters of the magnetic catalyst
synthesized from biochar?

ii. What are the optimum synthesis parameters of the magnetic catalyst synthesized from
biochar?

iii. What is the relationship between the reaction parameters of SMBC-catalyzed
transesterification and the biodiesel yield, and how reusable and regenerative is the
SMBC?

iv. What are the characteristics of the biodiesel produced from UCO using SMBC?

v. How do the reaction mechanism and kinetics of the transesterification using SMBC?

1.4 Aim and Objectives
This study aims to understand the SMBC synthesis, reaction, and separation mechanism
in producing biodiesel from used cooking oil. This can be achieved through several specific

objectives, as follow:



i. To synthesize and characterize the sulfonated magnetic biochar catalyst from PKS,
OPF, and EFB.

ii. To optimize the synthesis of the sulfonated magnetic biochar catalyst from PKS, OPF,
and EFB.

iii. To study the catalytic activity, regeneration, and reusability of the sulfonated magnetic
biochar catalyst in optimized biodiesel production from used cooking oil.

iv. To characterize the biodiesel produced from used cooking oil using sulfonated magnetic
biochar catalyst.

v. To investigate the mechanism and kinetics of magnetic biochar-catalyzed biodiesel

production.

1.5  Significances

The results and outcomes of this research will contribute to society and green catalysis
research. This research provides a better understanding of the synthesis and characteristics of
SMBC produced from different biomass materials. The optimization of the SMBC synthesis
gives further insight into the best parameters to produce SMBC of the highest quality. Besides
that, by studying the catalytic activity and reusability of SMBC in biodiesel production from
UCO, the integration of SMBC for industrial biodiesel production can be realized. The
characterization of the biodiesel produced using SMBC ensures that the biodiesel meets
industrial standards. Moreover, this research also investigates the kinetics of UCO biodiesel
production using SMBC. The kinetics study is important for designing the scale-up.

The outcomes of this research will benefit the biofuel and oil palm industry in several
ways. The usage of UCO as biodiesel feedstock will create an alternative solution for this type
of waste instead of being disposed of. The utilization of oil palm biomass-based biochar
reduces the amount of biomass waste from the agriculture industry going to landfill. The
employment of a magnetic catalyst will reduce energy consumption during the catalyst-
biodiesel separation and wastewater generation for biodiesel production. All this will translate
into lower capital and production expenditure for the biofuel and oil palm industries and better
waste management practices.

From the social point of view, this research will create more job opportunities as a direct
effect of the technological advancement of biodiesel production. Apart from that, this
advancement will also improve the economic standards of current workers by benefiting from

the increased productivity of the industry.



1.6

Scope of Study

In this research, PKS, OPF, and EFB were converted into SMBC. The produced catalyst
was characterized. SMBC was synthesized using a series of processes, i.e. impregnation
— pyrolysis — sulfonation. The characterization of SMBC was carried out using field
emission scanning electron microscope (FESEM), energy dispersive X-ray (EDX),
Brunauer — Emmett — Teller (BET), thermogravimetric analysis (TGA), Fourier
transform infrared (FTIR), neutralization titration, and vibrating sample magnetometer
(VSM).

. The optimum parameters of SMBC synthesis were obtained via process optimization

using Taguchi method. Three parameters or the factors studied in this method are the
concentration of ferric chloride hexahydrate (FeClz-6H.0) used for biomass
impregnation, the carbonization temperature for pyrolysis, and the concentration of
sulfuric acid (H2SOs) for the catalyst sulfonation. Based on published literature, the
concentration of FeClz-6H20 and H2SO4 investigated in this method was between 1.5M
and 2.5M. While the carbonization temperature of the biomass was between 600°C and
800°C. The responses considered for the Taguchi method are SMBC’s BET specific
surface area, acid density, and mass saturation magnetization.

Transesterification process parameters to convert UCO into biodiesel were studied. The
parameters that were studied are catalyst loading, methanol-oil molar ratio, reaction
temperature, and reaction period. The optimization of these parameters was carried out
using the response surface methodology — central composite design (RSM — CCD)
module of Design-Expert version 12 software. The range on which the parameters were
studied was based on the values of optimized transesterification parameters of
published literature. The catalyst concentration was studied between 4 and 16 wt%,
methanol-oil molar ratio was studied between 10 and 30, reaction temperature was
studied between 50 and 70 °C, and reaction period was studied between 2 and 10 hours.
The response used for this method was the biodiesel yield. The reusability of the SMBC
without regeneration was studied for five cycles. Other parameters that might influence
the biodiesel yield, such as reaction pressure, stirring rate, and stirring mode, were not
studied but kept constant.

The characterization of the biodiesel produced was done and compared based on
methods designated by ASTM D6751 and EN 14214 biodiesel standards. The studied
properties were flash point, density at 15°C, specific gravity, API gravity at 60°C,
kinematic viscosity at 40°C, cetane index, cloud point, and pour point. In addition, the
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fatty acid profile of the biodiesel was acquired using gas chromatograph (GC) fitted
with mass spectrometer detector (MSD).

v. Kinetic study was carried out on the transesterification reaction by investigating the
effect of reaction temperature and time. Three reaction kinetic models were proposed
based on mostly reported kinetic models from published literature, i.e. pseudo-
irreversible first order kinetic, pseudo-irreversible second order Kinetic, and pseudo-
reversible second order kinetic. The reaction temperature investigated in this study
ranged between 50°C and 70°C. Meanwhile, the reaction time was investigated
between 5 and 480 min. The kinetic study carried out in this research only limited to

the transesterification step in biodiesel production.

1.7 Thesis Layout

Chapter 1 (Introduction) lays the background of the research along with the research
problem statement, aim and objectives of the research, significance, and the scope of the
research.

Chapter 2 (Literature Review) assesses published literature and basic principle, which
are related to the current research. The results and outcomes of these works of literature are
reviewed. This chapter ends with the research gap for this research.

Chapter 3 (Methodology) describes the experimental procedures and methods for
catalyst and biodiesel synthesis, catalyst and biodiesel characterization, catalyst reusability
study, and the reaction mechanism study.

Chapter 4 (Results and Discussion) shows and discusses results from the synthesis and
characterization of catalyst and biodiesel.

Chapter 5 (Conclusion) presents the conclusion of this research. Future
recommendations are also included in this chapter.



CHAPTER 2
LITERATURE REVIEW

2.1  Overview

This chapter presents the published literature that was viewed and discussed in this
research. Section 2.2 introduces biodiesel as an alternative biofuel. Section 2.3 discusses the
literature on the subject of biodiesel production by transesterification. Section 2.4 presents the
literature regarding the feedstock for biodiesel production. Section 2.5 presents the literature
on the subject of the catalysts for biodiesel production. Section 2.6 presents the literature
regarding process modeling and optimization. Section 2.7 presents the literature with respect
to the effect of transesterification parameters on biodiesel yield. Section 2.8 discusses the
literature that performed Kinetic studies on transesterification. Finally, Section 2.9 presents the
summary and research gap.

2.2  Biodiesel as Fuel

The term “biodiesel” had been used prior to 1988, and the first use of the word
“biodiesel” as an article keyword was by Wang in the Taiyangneng Xuebao, a Chinese
technical paper in 1988 (Knothe et al. 2010). The work on biodiesel started in 1937 through a
Belgian patent by C. G. Chavanne (University of Brussels). The Belgian patent 422,877 was
granted on 31% August 1937. The patent describes the acid-catalyzed transesterification of palm
oil into ethyl esters, which are then used as diesel fuel. The patent also mentioned other oils
and methyl esters (Knothe et al. 2010). In modern times, biodiesel is one of the many biofuels
commonly used in the world. It is comprised of vegetable oils or animal fats derived from
mono-alkyl esters of long chain fatty acids (ASTM International 2020). Biodiesel can be
produced from various types of plant oils and animal fats; Thus, the physical and chemical
properties of biodiesel vary from one feedstock to another (Tamjidi et al. 2021). Currently,
two industrial standards are commonly referred to and abided by biodiesel producers to ensure
the biodiesel produced meets the market quality. The standards are ASTM International
(ASTM) D6751 (ASTM International 2020), which is mainly used in the USA, and EN 14214
(European Committee for Standardization 2010), which is mainly used in the EU (Mat Yasin
etal. 2017). Apart from these two standards, Malaysian biodiesel manufacturers must abide by
the Malaysian standard for biodiesel, MS 2008:2014 (Department of Standards Malaysia
2014). The summary of the property requirement by all three of the standards is shown in Table
2.1.
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Table 2.1: B100 biodiesel property requirements by various international standards.

Property ASTM D6751 EN 14214 MS 2008:2014
Flash point min 130.0°C min 101°C min 120°C

Water and sediment max 0.050 % vol n/a n/a

Kinematic viscosity, 1.9 - 6.0 mm?/s 3.50-5.00mm?%s  3.50 — 5.00 mm?/s

40°C
Sulfated ash content

Sulfur content

Copper strip corrosion
Cetane number

Cloud point

Carbon residue

Acid number

Free glycerin

Total glycerin
Phosphorus content
Distillation
temperature

FAME content
Density at 15°C
Water content

Total contamination
Oxidation stability

lodine value

Linolenic acid methyl
ester
Polyunsaturated

methyl esters

max 0.020 % mass
max 0.0015 % mass
(Grade S15)

max 0.05 % mass
(Grade S500)

max No.3

min 47

-3-12°C

max 0.050 % mass
max 0.80 mg
KOH/g

0.020 % mass
0.240 % mass

max 0.001 % mass
max 360°C

n/a
n/a
n/a
n/a
n/a

n/a

n/a

n/a

11

max 0.020 % mass

max 10.0 mg/kg

Class 1

min 51

n/a

max 0.30 % mass
max 0.50 mg
KOH/g

max 0.02 % mass
max 0.25 % mass
max 4.0 mg/kg

n/a

min 96.5 % mass
860 — 900°C

max 500 mg/kg
max 24 mg/kg
min 6.0 hours
max 120 g
iodine/100 g

max 12.0 % mass

max 1.00 % mass

max 0.020 % mass

max 10.0 mg/kg

Class 1

min 51

n/a

n/a

max 0.50 mg
KOH/g

max 0.02 % mass
max 0.25 % mass
max 4.0 mg/kg

n/a

min 96.5 % mass
860 — 900°C

max 500 mg/kg
max 24 mg/kg
min 10.0 hours
max 110 g
iodine/100 g

max 12.0 % mass

max 1 % mass



Table 2.1 continued.

Methanol content n/a max 0.20 % mass max 0.20 % mass
Monoglyceride content n/a max 0.80 % mass max 0.70 % mass
Diglyceride content n/a max 0.20 % mass max 0.20 % mass
Triglyceride content n/a max 0.20 % mass max 0.20 % mass
Group | metals (Na+K) n/a max 5.0 mg/kg max 5.0 mg/kg
Group Il metals n/a max 5.0 mg/kg max 5.0 mg/kg
(Ca+Mg)
Cold filter plugging n/a n/a max 15°C
point
References (ASTM (European (Department of
International 2010)  Committee for Standards Malaysia
Standardization 2014)
2010)

Biodiesel generally has a higher density than petrodiesel (Hanif et al. 2018). The long
carbon chains of biodiesel give an attribute to its density. The greater the carbon number, the
denser the biodiesel will be. The higher density of biodiesel could cause an increase in ignition
delay and inferior fuel atomization (D. Singh et al. 2021). High-density biodiesel is also
reported to emit a high amount of particulate matter and have incomplete hydrocarbon
combustion. Nevertheless, these problems can be reduced by blending biodiesel with
petrodiesel before using it to fuel a diesel engine in order to bring down the density value
(Abdalla 2018).

The flammability of a fuel is defined by its flash point. The flash point is the minimum
temperature at which a fuel starts to ignite. Flash point requirement doubles as a means to limit
the amount of alcohol unreacted in a finished biodiesel fuel (ASTM International 2010). The
flash point value of biodiesel has no effect on its combustion quality. Nonetheless, a flash point
is regarded as vital in order to consider the storage, transportation, and handling methods of
biodiesel fuel (Kolobeng et al. 2022; Zaharin et al. 2017).

Biodiesel acid value can be used as an indicator to quantify biodiesel quality (Changmai
et al. 2021). The acid value of biodiesel is usually obtained and reported from the amount of
KOH needed to neutralize the biodiesel sample, commonly in terms of mg KOH/g of sample.
The acid value can indicate the quality of biodiesel by way of the value rises when the biodiesel
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quality drops (Saluja et al. 2016). Another reason why a lower acid value is much preferred is
that it lowers the chances of corrosion of the fuel supply line in a vehicle (Sakthivel et al. 2018).

The heating value of a fuel is a characteristic that corresponds directly to the amount of
energy contained within the fuel. It is also known as the calorific value or heat of combustion
(Abdalla 2018; Fassinou et al. 2010). The heating value is the quantity of heat discharged for
the combustion of one gram of fuel to give off CO2 and H-O at its initial temperature and
pressure (Fassinou et al. 2011). The heating value of biodiesel is commonly lower than that of
petrodiesel. Biodiesel is usually blended with petrodiesel to increase the heating value to meet
the requirement for vehicle use. The heating value of the biodiesel-petrodiesel blend falls
between biodiesel and petrodiesel (M. M. Hasan and Rahman 2017). High percentage biodiesel
blends with low heating value have been studied to have higher fuel consumption and lower
power output (Ismail et al. 2014; Reddy et al. 2018; E. S. Tan et al. 2017).

Biodiesel has a high potential to become fully sustainable and renewable if the
feedstock from which it is produced is managed appropriately and environmentally. Biodiesel
is also biodegradable and non-toxic to both terrain and aquatic environments. The high flash
point and low volatility of biodiesel make it safer to handle. Because its features are similar to
petrodiesel, it can be used for the current infrastructure with little to no modification. The usage
of biodiesel was reported to give little harmful gas emissions and improve engine lubricity
(Mahmudul et al. 2017).

2.3  Biodiesel Production

Although biodiesel is a remarkable fuel, it still has some shortcomings. Improper usage
and management of land in obtaining feedstocks might defeat biodiesel’s status as a sustainable
fuel. Biodiesel renewability can be challenged through the energy input required for production
During engine tests in several studies, biodiesel was reported to increase fuel consumption,
decrease overall power output, raise NOx emission, and show corrosion potential in the
engine’s fuel system. Above all, the largest obstacle for biodiesel is its overall production cost.
The highest proportion of its production cost is for the feedstock (Firth 2014; Mat Yasin et al.
2017). Most conventional biodiesel produced from edible vegetable oil drives the high price of
feedstock and disrupts food security (Abdulhussein Alsaedi et al. 2022; Hredzak and Le 2012).

2.3.1 Esterification
Esterification is usually used to produce biodiesel from high acid value oil feedstock
(Rokhum et al. 2022). One mole of free fatty acid interacts with one mole of alcohol to create
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one mole of biodiesel and one mole of water in the comparatively simple esterification reaction,
as shown in Figure 2.1, where Ry is a long-chain hydrocarbon, sometimes called fatty acid
chains. As an endothermic process, the esterification process can be strongly impacted by
certain operational factors, such as the temperature of the reaction, the amount of catalyst, and
the oil-to-alcohol ratio. Mass transfer resistance, which refers to the immiscibility characteristic
of glycerides and alcohol, may be overcome using a variety of techniques, including arduous
mechanical agitation, supercritical conditions, microwave, ultrasonic, and hydrodynamic
cavitation (Ahmed and Huddersman 2022).

(Catalyst)

OH-CO-R, + ROH ——> R-0-CO-R, + H,0

(Free fatty acid) (Alcohol) (Fatty acid ester) (Water)

Figure 2.1: Esterification of free fatty acid.

2.3.2 Interesterification

Interesterification of triglycerides uses methyl acetate instead of methanol. It offers a
possible substitute for transesterification since triacetin is produced instead of glycerol. During
interesterification, one mole of triglyceride needs three moles of methyl acetate to synthesize
one mole of triacetin and three moles of alkyl esters, as shown in Figure 2.2, where Ry, Rz, and
Rs are long-chain hydrocarbons, sometimes called fatty acid chains (Estevez et al. 2019).
Triacetin, a valuable medicinal and cosmetic component, which also functions as an anti-
knocking fuel additive that enhances combustion qualities in biodiesel blends, is created as a
byproduct of using methyl acetate for interesterification (Akkarawatkhoosith et al. 2020). As a
result, the FAME/triacetin combination may be utilized directly as fuel (Esan, Olabemiwo, et

al. 2021).

CH,- 0-CO-R, CH;=0-CO=R, CH, - 0—CO-CH,
| (Catalyst) |
CH-0-CO-R, + 3 CH;-CO-0-CH; ——— C(CH;-0-CO-R, + CH=-0-CO-CH,

CH,=0=C0 =R,

(Triglyceride)

(Methyl acetate)

CH;—0—-CO-R,

(Methyl esters)

CH, =0—=CO —CH,

(Triacetin)

Figure 2.2: Interesterification of triglyceride and methyl acetate.
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2.3.3 Transesterification

Transesterification, known as alcoholysis, is the most prominent and commonly used
process to produce biodiesel. The transformation of vegetable oils and animal fats into
biodiesel is aided by an appropriate catalyst in the presence of alcohol (Hazrat et al. 2022), and
methanol is very widely used (Kirubakaran and Arul Mozhi Selvan 2018). Transesterification
can be further categorized by the type of catalyst used in the process: homogeneous catalyst,
heterogeneous catalyst, and enzymatic catalyst (Kirubakaran and Arul Mozhi Selvan 2018).
Each catalyst used for biodiesel production has its own advantages and disadvantages, which
are discussed in Section 2.5. Figure 2.3 shows a simplified overall reaction of

transesterification (Leung et al. 2010).

CH,— 0—CO-R, R-0-CO-R, CH,— OH

I (Catalyst) I
CH -=0-CO-R, + 3ROH —> R-0-CO-R, + CH - OH

CH,~0-CO-R,4 R—0-CO—-R,; CH,— OH

(Triglyceride) (Alcohol) (Fatty acid esters) (Glycerol)

Figure 2.3: Transesterification of triglycerides.

Transesterification is generally favored by the industry due to its simplicity. The overall
biodiesel production cost through transesterification also relatively lower than other production
methods (Tamjidi et al. 2021). Transesterification needs low energy input and is very versatile
in terms of feedstock types. Its reaction time is also relatively lower than other production
methods (Ganesan et al. 2021). Some of the drawbacks of producing biodiesel through
transesterification relative to other production methods are lower conversion rate, high
likelihood of soap formation as shown in Figure 2.4 (Williams 2015), sensitivity to water and
free fatty acid (FFA) content of the feedstock, and a large amount of wastewater production
depending on the type of catalyst used (Ganesan et al. 2021; Y. H. Tan et al. 2015). Table 2.2
shows the summary of the advantages and disadvantages of each biodiesel producing process.
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CH,— 0—CO-R CH,— OH

| NaOH . |
CH —0-CO-R — 3 Na O—-CO-R + CH - OH

CH,—0—-CO-R CH,— OH

(Triglyceride) (Soap) (Glycerol)

Figure 2.4: Saponification of triglycerides.

2.3.4 Other Reactions

Various different techniques for producing biodiesel have been developed in recent
times. They are pyrolysis (Teoh et al. 2022), microemulsion (Shen et al. 2020), dilution
(Tamjidi et al. 2021), and catalytic cracking (Laksmono et al. 2013). Pyrolysis, known as
thermal cracking, is a conversion process through which heat is applied to reactants and catalyst
without the use of oxygen (Teoh et al. 2022). The microemulsion process uses an immiscible
liquid in the range of 0.001 — 0.15 pum that is mixed with a solvent such as methanol and
vegetable oil resulting in a reduced viscosity mixture (Shen et al. 2020). Dilution or direct
blending is a process of mixing petrodiesel directly with highly viscous vegetable oils and
animal fats, which decrease once they are blended with petrodiesel resulting in improved spray
characteristics of the fuel (Tamjidi et al. 2021). Catalytic cracking combines a chemical
reaction and product separation in a single-step process, throughout which methanol is in a
state of vapor, resulting in separated products through distillation due to the difference in their
volatility. This process has been reported as consuming less energy and producing a high yield
(Laksmono et al. 2013). Nonetheless, most of these techniques do not produce fatty acid alkyl

esters (FAAE), which is the recognized form of biodiesel by all biodiesel standards.
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Table 2.2: Advantages and disadvantages of various biodiesel production methods. Source:

Data from (Ambat et al. 2018).

Methods

Advantage

Disadvantage

Esterification

Interesterification

Transesterification

Pyrolysis

Microemulsion

Dilution

Catalytic
distillation

e Suitable for industrialized
production

e Fuel properties are
comparable to diesel

e High valued by-product

e Fuel properties are
comparable to diesel

e Suitable for industrialized
production

e Fuel properties are
comparable to diesel

e Simple
e Pollution free process

e Simple process

e Simple process

e Easy product separation

Lengthy reaction time
High reaction parameters are
required

Relatively higher cost
feedstock instead of alcohol
is required

Conversion efficiency

High cost

Catalyst reusability
Applicability for feedstocks
with water and high free
fatty acid content depends on
the type of catalyst used

High temperature is required
Expensive apparatus are
required

Low purity due to intolerable
amount of carbon residues
Does not produce FAAE
High viscosity

Poor volatility

Poor stability

Incomplete combustion
Carbon formation in engine
Does not produce FAAE

Conversion rate as well as
solvent usage for post-
treatment depends on
catalyst recovery

Does not produce FAAE

2.4 Feedstock for Biodiesel Production

Biodiesel is produced from natural and organic matter, whereby the oil or lipid from
either plants or animals is the source for biodiesel production in the presence of alcohol. The

commonly used oil feedstocks for biodiesel production are plant oil from soybean, rapeseed,
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and palm oil (Ambat et al. 2018). These oil feedstocks are categorized as the first generation
feedstock. Four generations of oil feedstock for biodiesel production are first, second, third,
and fourth generations feedstocks (R. A. Lee and Lavoie 2013; D. Singh et al. 2020). The
alcohol feedstock for biodiesel production can be categorized into three; primary alcohol,
secondary alcohol, and tertiary alcohol. The category of alcohol dictates by the number of

carbon atoms bonded to the carbon atom bonded with a hydroxyl group (Reusch 2023).

2.4.1 First Generation Oil Feedstock

The first generation feedstocks are mainly extracted from edible crop oil or biomass (D.
Singh et al. 2020). Some examples of first generation feedstocks are rapeseed, palm, sunflower,
and soybean oil. The first generation feedstocks are widely used feedstock because of their
availability to support the biodiesel demand sufficiently (Kirubakaran and Arul Mozhi Selvan
2018). The extensive use of first generation feedstocks has a negative impact on the food price.
The competition between the food industry and the fuel industry drives a price war for
feedstocks and can cause food insecurity (Gaurav et al. 2019). Edible oil markets are generally
more profitable than the fuel market, making the production of biodiesel from first generation
feedstocks, to some extent, cost-ineffective. The need for intensive plantation of feedstock
crops results in environmental problems. Food insecurity, water scarcity, soil degradation,
deforestation, and biodiversity loss are some examples of environmental problems created by
the first generation feedstock plantations (Jayakumar et al. 2017; Shah et al. 2018). Table 2.3
shows studies that employed first generation feedstocks for biodiesel production.
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Table 2.3: Biodiesel production from first generation feedstock.

FFA content

CC

RT

Yield

Feedstock (mg KOH/g) Catalyst (Wt%) M:O °C) RP (Wt%) Reference
Canola oil n/a Ca0-MgO 5 0:1 65 2h 99.1 (Temur Ergan et .
2022)
. . (Jaroszewska et al.
Canola oil n/a H2S04 5 10:1 150 6h 84.6
2022)

Canola ol n/a KOH 1.05 275:1 60 6h 80 (Haagenson et al. 2010)

Canola oil n/a Na-CaO/MgO dolomites 6 12:1 65 7h 97.46 (M“rg“'zao'zolr)t'z etal.

Canola oil n/a Na-K doped CaO 9:1 50 3h 97.6 (Khatibi et al.)

Canola ol 3.07 NaOH 6.5:1 70 2h 85 (Hariprasath et al. 2019)

Canola oil n/a ZnO/BiFeOs 4 15:1 65 6h 95.43 (Salimi and Hosseini

2019)

Cashew oil 5.4 NaOH 3 6.5:1 70 2h 55 (Hariprasath et al. 2019)
Crude palm oil 6.9 H2SO04 5 40:1 95 9h 97 (Crabbe et al. 2001)
Palm kernel oil 1.23 CaOo 4 8:1 65 3h 86 (Tarigan et al. 2017)

Palm oil n/a Cu-TiO2 3 20:1 45 45 min. 90.93 (De and Boxi 2020)
. Grafted polypropylene- 200:1 .
Palm oil n/a NaOH 0.5 (Ethanol) 66 3h 91.6 (Maleki et al. 2022)
Palm oil 0.957 KOH 2.5 40:1 65 1h 80 (Soly Peter et al. 2021)
Palm oil n/a Solid mixed rare earth 3 201 200  3h 99.57  (Duangdee et al. 2022)
catalysts
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Palm oil

Palm oil

Palm-sesame
oil blend

Palm-sesame
oil blend

Rapeseed oil

Rapeseed oil

Rapeseed oil

Rapeseed oil
Rapeseed oil
Sesame oil
Soybean oil
Soybean oil

Soybean oil
Soybean oil

n/a
n/a

n/a

n/a

n/a

n/a

n/a

n/a
0.2
n/a
n/a
n/a

n/a
n/a

Table 2.3 continued.

TiO2—ZnO 0.92 6:1 60
Zn-Ce/Al,03 8.19 18.53:1 66.12
KOH 1 9:1 25
60:1
KOH g 2
O 0 (v/v) >
Activated carbon 2 12:1 130
Calcined dolomite 5.24 13.71:1 110
(Butanol)
Calcined waste filter 91 91 592
cake
Calcined waste filter 10 91 50
cake
Guanidine catalyst 1.8 6.2:1 60
KAISiO4 5 6:1 75
Al>03/ZrO2/WO03 4 40:1 175
Co doped Fe203eCaO 3 161 20
nanocatalyst
Mo-KIT-6 catalyst 3 20:1 150
Nano-MgO on TiO> 0.1 18:1 225

5h

3h

40 min.

38.96
min.

24 h

8h

47 min.

1h

80 min.

3h

60 min.

25h

3h

60 min.

92.2

99.44

96.14

96.61

80

94.55

96.5

97.9

96.5

97.6

100

98.2

68.51
95

(Madhuvilakku and
Piraman 2013)

(T. Quetal. 2021)

(Mujtaba et al. 2021)

(Mujtaba et al. 2020)

(Rechnia-Goracy et al.
2020)

(Gaide et al. 2022)

(Njezi¢ et al. 2023)

(Krsti¢ et al. 2022)

(Racar et al. 2023)

(Mahloujifar and
Mansournia 2021)

(Rezaei et al. 2013)
(Xia et al. 2022)

(Cardoso et al. 2022)
(Mguni et al. 2012)
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Soybean oil
Soybean oil

Soybean oil
Soybean oil
Sunflower oil
Sunflower oil
Sunflower oil

Sunflower oil
Sunflower oil

Sunflower oil

0.4

n/a

n/a

0.9762

0.06

n/a

0.11

n/a
n/a

n/a

Sr3Al06

Tetraethylammonium
arginine
Zn Al hydrotalcite
catalyst
Zr02/C4H406HK

Calcined waste scallop
seashells

Ca-Mg-Al
CaO Nanoparticles/NaX
Zeolite
ChOH
KI/Al,O3

MgO

Table 2.3 continued.

1.3

20

10

10

2
2.5

5

25:1

10:1

4:1

16:1

12:1

15:1

6:1

10:1
15:1

9:1

60

100

140

60

65

60

60

65
65

70

61 min.

1h

2h

2h

4 h

6h

6h

30 min.
4h

6h

95.7

98.4

77

98.03

97

95

93.5

95
99.99

94.3

(Rashtizadeh et al.
2014)

(X. Wang et al. 2022)

(Shrivastava et al. 2023)
(Qiu et al. 2011)
(Nahas et al. 2023)

(Dahdah et al. 2020)

(Luz Martinez et al.
2011)

(Lima et al. 2022)
(Marinkovi¢ et al. 2022)

(Dehghani and
Haghighi 2019)

CC = Catalyst Concentration, M:O = Methanol to oil ratio, RT = Reaction Temperature, RP = Reaction Period
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2.4.2 Second Generation Oil Feedstock

Most non-edible second generation feedstocks come from various sources (R. A. Lee
and Lavoie 2013). Some of them are derived from waste cooking oil, grease, waste animal fats,
and non-edible plant oil. Less plantation land is required by the non-edible plant crops, and it
can be cultivated through mixed crop cultivation. According to Hums, Cairncross, and Spatari
(2016), the usability of waste as the source of second-generation feedstock is capable to solve
two problems: reduction of landfill area and reduction of toxic gases emission from petrodiesel.
Compared to the first-generation feedstocks, there are significantly cheaper prices recorded by
these feedstocks. Yang et al. (2012) and Sakthivel et al. (2018) reported that better fuel quality
(relative to the first-generation feedstocks), for example, cleaner, non-corrosive, and higher
cetane numbers, were produced from biodiesel of the second-generation feedstocks. Despite
that, past scholars outlined a few shortcomings in the biodiesel produced from the second-
generation feedstocks. First, low yield and substandard fuel quality of the produced biodiesel
are recorded (Alptekin and Canakci 2011). Second, Shah et al. (2018) reported problems such
as poor cold flow fuel properties, bio-security concerns on feedstocks from animals and
insufficient technologies for commercial-scale production.

Some species of oil-bearing plants, such as Azadirachta indica (Neem), Calophyllum
inophyllum (Bintangor), Jatropha curcas (Jatropha), and Pongamia pinnata (Karanja), are
suitable for use as biodiesel feedstocks (Mohibbe Azam et al. 2005). Since these oil plants are
cultivated in their natural habitat, their oil will be present all year. This would ensure that
biodiesel feedstock is available at all times (Wan Ghazali et al. 2015; Arumugam and
Ponnusami 2019). Biodiesel made from the oil of non-edible plants is said to have properties
identical to biodiesel made from the first-generation feedstock. Furthermore, biodiesel made
from non-edible plant oil is low in sulfur and aromatics. This contributes to dropping the
amount of toxic exhaust gases emitted into the atmosphere (No 2011). Despite the fact that
non-edible plants like jatropha, neem, and karanja provide a large amount of oil, they still fall
short of the first generation feedstock. Jatropha, neem, and karanja produce 1590, 2670, and
2250 kg oil/ha, respectively. Oil palm and coconut, on the other hand, produce 5000 and 2670
kg oil/ha, respectively (Wan Ghazali et al. 2015). Biodiesel made from non-edible plant oil has
high density, viscosity, and carbon residue while having good pollution characteristics. Due to
incomplete combustion, these properties have led the biodiesel to emit more particulate matter
and NOx. (D. S. Kim et al. 2018; No 2011). Nevertheless, more studies have been conducted

in recent years on genetically engineered oil plants. The modification made to the plant’s major
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genes by its expression, overexpression, or suppression improved the plant’s oil content,
quality, and composition ( Salehi Jouzani et al. 2018; Yangt et al. 2016; Y. Chen et al. 2015; J.
Qu et al. 2012).

Waste oil (FOG) is usually found in the form of used cooking oil (UCO), yellow or
brown grease, animal fat, and soapstock (a by-product of vegetable oil refining) (Math et al.
2010). They can be acquired from the waste produced domestically and industrially. According
to Math, Kumar, and Chetty (2010), the production of global FOG amasses approximately
millions of tons annually. However, the disposition of FOG through domestic and stormwater
drains presents huge health and environmental problems. Oxygen dissolution is prevented by
the presence of an oil layer on top of river water (Jafari 2010). This poses a threat to the lives
of aquatic flora and fauna. According to Jafari (2010), oxygen demand in a specific body of
water is increased by the mixture of chemical, oil and water. This causes it to become poisonous
to marine life. Furthermore, there is a fear that aquatic animals and plants ingested or absorbed
the carcinogenic compounds yielded by the FOG. As a consequence, these aquatic lives can
potentially transmit the compounds to humans through the food chain process, thus creating
serious health problems (Marjadi and Dharaiya 2010). These problems can be mitigated
through the utilization of FOG as a feedstock for biodiesel. Compared to the much more
expensive vegetable oil, the low cost of FOG is favorable to the feedstock for biodiesel.
Generally, feedstock for biodiesel production uses higher quality food-grade vegetable oil i.e.
palm oil, rapeseed oil, and soybean oil. This creates a food security problem because the
producers of vegetable oil have to choose the option of using the vegetable oil for food supply
or biodiesel production (N. P. L. Tran et al. 2019). The problem can be potentially avoided
through the utilization of FOG as a biodiesel feedstock. Khan et al. (2019) suggest that the
lower cost of biodiesel feedstocks is preferred to the petrodiesel in the market. However, the
FOG contains a high percentage of FFA. This causes the formation of soap (or saponification)
during the production process via base catalysis. Saponification inhibits biodiesel production
and also reduces its yield. Furthermore, it prevents biodiesel, glycerol, and wash water from
being easily separated (Yaakob et al. 2013). To mitigate this problem, a two-step process is
usually conducted in producing biodiesel from high FFA feedstock. The first step is to convert
FFA into esters through acid catalysis. The second step is transesterification through base
catalysis (Yaakob et al. 2013). Table 2.4 shows past research that employed waste and non-
edible oil as a biodiesel feedstock.
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Table 2.4: Studies utilizing waste and non-edible oil as a feedstock for biodiesel.

FFA
content CC RT Yield
F tock talyst M: RP Ref
eedstoc (mg Catalys (Wto%6) @) °C) (Wt%) eference
KOH/g)
Waste cooking La**/ZnO-TiO; (M. Guo et al.
. 13. 4 12:1 h 14
oil 3.58 photocatalyst 35 3 % 2021)
Waste c.ooklng a Calcined waste scallop 10 121 65 an 97 (Nahas et al.
oil seashells 2023)
Waste frying . . . 90 (Rezania et al.
ol 3.9 Magnetic graphene oxide 10 8:1 60 min. 94 2021)
Waste Waste cooking . 1:2.25 (Mohadesi et al.
Cooking Oil ol n/a Calcined cow bone 8.5 (vol-vol) 63.1 60s. 99.24 2021)
Waste c.ooklng 97 Sulfqnated carbon 10 101 110 10h 89.6 (T.T. V. Tran et
oil microsphere al. 2016)
Waste c_ooklng 1.23 Calcined scallop shell 5 6:1 65 2h 86 (Sirisomboonchal
oil et al. 2015)
Waste cooking . (Tahvildari et al.
ol n/a CaO-MgO 3 7:1 75 6h 98.95 2015)
Montefrio et al.
| Grease 19.9 Fe2(SOu)s 1 201 50 48h 93  (Montefrioeta
interceptor 2010)
Grease 1:1.44 (Bashir et al
1. ashir et al.
Brown grease n/a H2SO4 5.95 (wewi) 2h 99.7 2020)
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Table 2.4 continued.

Phosphotungstic acid-

Grease 42.4 poly(glycidylmethacrylate)- 4 33:1 122 24 h 96 (ZIHIZI(I)?Z; tal.
magnetic nano particles
Scum of grease _ (J. P. Oliveira
trap 167.4 H2S04 15 9:1 70 3h 95.3 et al. 2017)
- [Methyl imidazolium- . (Olkiewicz et
Sludge lipid 129.5 C4SOsH][SOSCF] 7 10:1 100 5h 90 al. 2016)
. . (Odetoye et al.
Chicken fat 5.33 H2S04 35 30:1 65 3.41h 90.2
2021)
(M. N.
Chicken fat 1.72 KOH 0.5 4:1 60 60 min. 96 Mohiddin et al.
2018)
(Mohd
. Turritella terebra shell . . Nurfirdaus
Chicken fat n/a Ca0 4 12:1 60 90 min. 94.03 Mohiddin et al.
Animal Fats 2020)
_ (da Cunha et
Beef tallow 1.8 KOH 1.5 6:1 65 3h 96.4 al. 2009)
Pork lard 0.67 KOH 126 751 65 20min. oge  ccongetal
2009)
_ (Chung et al.
Duck fat 0.56 KOH 0.5 6:1 65 3h 97 2009)
Heckel fish oil 1.9 KOH 05 &1 32 60min. 96 (Fadzg fg)d All
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Table 2.4 continued.

150 (Chakraborty
Goat tallow 8.4 H2SO04 59.93 31.88:1 69.97 . 96.7 and Sahu
min.
2014)
Soybean . _ (Ferrero et
soapstock 153.72 Lipase enzyme 04 4:1 37 48 h 76 al. 2020)
Soapstock oil 81.9 Lipase enzyme 4 5:1 45 10 h 95.2 (E. Suand
P ' P y ' C \Wei 2014)
Soybean Lignin-derived _ (F. Guo et al.
Soapstock soapstock 1118 carbonaceous catalyst ! o1 70 Sh o 2012)
Soybean . : _ (Soares et al.
soapstock 194.62 Burkholderia cepacia 12 3:1 50 31lh 93 2013)
Soybean . . (Haas and
soapstock 19.9 KOH 0.1 20:1 25 60 min. 81 Scott 1996)
. Lithium ion impregnated . (Kaur and
Jatropha oil 16.52 Ca0 5 12:1 65 2h >99 Ali 2011)
. Lithium ion impregnated . . (Kaur and
Karanja oil 6.77 Ca0 5 12:1 65 60 min. >99 Ali 2011)
. . . - ] . (Roschat et
Non edible Rubber seed oil 10.35 Sodium metasilicate 9 9:1 65 40 min. 97 al. 2017)
oils '
(Gurunathan
Neem oil n/a Copper doped zinc oxide 10 10:1 55  60min. 97.18 and Ravi
2015)
i . (Teo et al.
Jatropha oil 13.6 CaO/La203 4 24:1 65 6h 86.51 2015)
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Table 2.4 continued.

(Rabiah
Jatropha oil 27.86 Bi2O3-La>03 2 15:1 150 4 h 93 Nizah et
al. 2014)
(Hashmi
Jatropha oil 29.85 CaO-Al03 0.1 5:1 100 3h 82.3 et al.
2016)
Pongamia oil n/a Fe/ZnO 12 10:1 55 55 min. 93 (;észléirg;t
. . (R.B.da
Atta'eaosirec'osa 0.6 Coll ')C'r?i':(s);‘ilsorbed 164 51 70 3h 8665 Silvaetal
2008)
- (B. Singh
Madh“gﬁ indica 559 Ca0 25 81 65 iﬁ’g 97 etal.
' 2011)

CC = Catalyst Concentration, M:O =Methanol to oil ratio, RT = Reaction Temperature, RP = Reaction Period
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2.4.3 Third Generation Oil Feedstock

Third generation feedstocks originate from algal biomass. Two types of algae are
macroalgae and microalgae (Shah et al. 2018). Algae need less area to grow and are
environmentally friendly. They only need ample sunlight, water, CO,, and sometimes,
nutrients, to grow. As they consume CO- to grow, they can become one way to mitigate air
pollution by reducing greenhouse gas. It was estimated that 1.8 kg of CO; is consumed in order
to produce 1 kg of algal biomass (Zhou et al. 2014). Some algae have productivity in terms of
oil content. Chlorella species can produce oil as much as 70% of their dry weight (Liang et al.
2009). Some microalgae contain oil of more than 80% of their dry weight. To put it into
perspective, sunflower contains 55% of oil, and oil palm contains only 50% of oil per dry
weight. As with the feedstock from the previous generations, third generation feedstocks also
come with some drawbacks. The production of algae needs a large amount of water. In some
countries, water is scarce or in a frozen state for the most part of the year. Thus, algae
cultivation is challenging in those countries (R. A. Lee and Lavoie 2013). Also, the technology
required to cultivate algae is relatively new. Scaling up and industrializing algae biodiesel
currently is difficult, and existing technology is very expensive (Shah et al. 2018). Table 2.5
shows studies that employed third generation feedstock in biodiesel production. Figure 2.5
shows the types, advantages, and disadvantages of each feedstock generation (Hajjari et al.
2017; Shah et al. 2018; D. Singh et al. 2020). By taking into consideration all the requirements,
advantages, and disadvantages of all feedstock types, the future of biodiesel production is
perceived as not fully relying on a single type of feedstock only but rather a combination of all
generations of feedstocks. The selection process for a biodiesel feedstock might include
climate, plant availability, technology, market stability, and government policy (Varkkey et al.
2018).
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Table 2.5: Biodiesel production from third generation feedstock.

FFA content CcC RT Yield

Feedstock (mg KOH/g) Catalyst (Wt%) M:O °C) RP (Wt%) Reference
Algae biomass 69.85 H2S04 79.7  220:1 65 2h 83 (Haas and Wagner 2011)
- 150
Algal lipid n/a Ca(OCHs3): 3 30:1 80 min 99 (Teo et al. 2016)
Algal oil n/a CaOo 1.25 9:1 55 60 min. 96.3 (Siva and Marimuthu 2015)
Lipase enzyme
Aurantiochytrium 96.3 (Novozyme 30 5:1 50 12 h 90 (K. H. Kim et al. 2016)
435)
Chaetoceros gracilis n/a H2S04 158  988:1 80 20 min. 82 (Wahlen et al. 2011)
Chlorella microalgae n/a NaOH 1 12:1 75 6 min. 96 (Martme;;)(iz;:rra etal
Chlorella pyrenoidosa n/a H2S04 234 1541 90 2h 95 (P. Lietal. 2011)
Lipase enzyme . .
. Al-A Al-Zuh
Chlorella sp. n/a (Novozyme 30 6:1 35 60 min.  47.5 ( meri and uhair
2019)
435)
Chlorella vulgaris 6.37 H2S04 35 600:1 60 20 h 97 (Velasquez-Orta et al. 2012)
Chlorella vulgaris 3.8 KF/CaO 12 8:1 60 45 min.  93.07 (Ma et al. 2015)
Rh idi :
odosporidium na H2S04 93 8681 70  20h 08 (B. Liu and Zhao 2007)
toruloides
Scenedesmus sp. 30 WO3/ZrO> 4 60:1 50 20 min. 71 (Guldhe et al. 2014)
Spirulina microalgae n/a KOH 4.85 2:1 25 60 min. 86 (Xu and Mi 2011)

CC = Catalyst Concentration, M:O = Methanol to oil ratio, RT = Reaction Temperature, RP = Reaction Period
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| « Environmentally friendly

FIRST GENERATION

(Advantage

« Higher cost than second generation
L Economic and social security

J

(Limitation A

« First-generation biofuels are directly
related to a biomass that is generally
edible

« Limited feed stocks (food versus
fuel crises)

« Blended partially with petroleum

| *They are fast growing and can

\_ diesel )

SECOND GENERATION

(Advantage \

» Not competing with food
» Reduced cost of conversion (low)
« They are perennial and so energy

for planting need only be invested
once

« Environmentally friendly

usually be harvested a few times
per year

« They have relatively low fertilizer
needs

» Waste oil can decrease engine life
if not properly refined
« They work well as direct biomass

&They grow on marginal land j

Limitation )

e Low yield

« Fuel properties not conforming to
international standards

« Low cold flow fuel properties

« Bio-safety issues with animal

\_ sourced feedstocks Y,

| « Ease of scale up

THIRD GENERATION

(Advantage \

* Algae can use a diverse array of
carbon sources

« Total carbon emissions would be
reduced substantially

* Technology readily available

« High flexibility to strain selection
(closed system cultivation)

» Low water use

« No caustic chemicals needed in oil

Kseparation from algal biomass

(imitation \

« A minor drawback regarding algae
is that biofuel produced from them
tends to be less stable than
biodiesel produced from other
sources

« The oil found in algae tends to be
highly unsaturated. Unsaturated
oils are more volatile, particularly
at high temperatures, and thus more
prone to degradation

« The cost of algae-base biofuel is
much higher than fuel from other
sources.

« Scalability

« Technology not demonstrated on

uarge-scale j

al. 2018; D. Singh et al. 2020).
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FOURTH GENERATION

(Advantage

« More lipid content.

| * More CO, absorbing ability.
« High energy content.

\*» Rapid growth rate.

N

'Limitation
—+ High initial investment.
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Figure 2.5: Biodiesel feedstocks classification, its advantages, and disadvantages. Sources: Figure reproduced from (Hajjari et al. 2017; Shah et



2.4.4  Fourth Generation Oil Feedstock

The recent development of synthetic biology has opened the path for the fourth
generation feedstock. A renewable and economic biodiesel feedstock may be developed by
incorporating the purpose-designed biological system and solar energy (D. Singh et al. 2020;
Dutta et al. 2014). The fourth generation biodiesel feedstock can be produced through one or a
combination of three means; (i) purpose-designed photosynthetic microorganisms, (ii) the
production combination of photovoltaics and microbial fuel, and/or (iii) synthetic cell
production (Ambaye et al. 2021; Aro 2016). A recent development in genetic engineering
opens up the possibility of designing a crop plant or any microorganism with increased yield
output or increased robustness so that it can grow in adverse conditions which it had never
withstood before (Chellamuthu et al. 2022). However, the industrialization of fourth generation
feedstock is not yet feasible due to its relatively higher intricacy and capital investment
(Shokravi et al. 2021). There are also apprehensions about its possibility to affect the
environment and health negatively since the technology is relatively recent (B. Abdullah et al.
2019).

2.4.5 Alcohol Feedstock

Methanol, ethanol, propanol, and butanol are among the several types of alcohols used
in the manufacturing of biodiesel (Gotovu$a et al. 2022; Gaide et al. 2022; Likozar and Levec
2014). Alcohol can be categorized into primary alcohol, secondary alcohol, and tertiary
alcohol. The terminology denotes the number of carbon atoms attached to the saturated carbon
bearing the hydroxyl group (Reusch 2023).

Methanol and ethanol are two examples of primary alcohol with shorter hydrocarbon
chains that are frequently used in the process of biodiesel production because they are more
reactive, environmentally friendly, and less expensive than other types of alcohol (Mahdi et al.
2023). In contrast, longer hydrocarbon chains (propanol and butanol), secondary alcohol
(isobutanol and sec-butanol), and tertiary alcohol (tert-butanol) produce less biodiesel despite
having a higher rate of reaction (Musil et al. 2018; Y. Sun et al. 2014; Giinay et al. 2019).

Although methanol is relatively less expensive compared to ethanol, it is more
dangerous and harmful to humans than ethanol (Y. Sun et al. 2014). Furthermore, ethanol is a
more ecologically friendly alcohol made from renewable resources and is less toxic than
methanol. Methanol can be detrimental to the active sites of enzymes and may quickly
deactivate the performance of enzyme catalysts (Andrade et al. 2019). However, one of the

31



drawbacks of utilizing ethanol is the creation of emulsion during the separation from the
product (Danane et al. 2022).

The synthesis of biodiesel utilizing methanol as the reactant offers improved activity,
higher stability, and a simpler separation procedure (Mahdi et al. 2023). Nevertheless, the
proper methanol concentration for biodiesel synthesis is vital for improved catalytic activity
and yields since too much methanol has a detrimental impact on catalyst function (Lokman et
al. 2014).

2.5  Catalyst for Biodiesel Production

Biodiesel can be produced with or without the aid of a catalyst. Non-catalytic biodiesel
production usually requires a longer reaction period and higher reaction temperature and
pressure than a catalytic biodiesel production reaction (Azad et al. 2016). A catalyst’s purpose
is to expedite the rate of conversion in a certain reaction. Three types of catalysts for biodiesel
production are acid, base, and enzyme (Boey et al. 2011). Figure 2.6 shows the classification
of catalysts for biodiesel production (Chouhan and Sarma 2011). Acid and base types of
catalysts can be further distinguished through either their homogeneity or heterogeneity. A
homogeneous catalyst is a catalyst that dissolves and forms a mixture of uniform appearance
with the reactants. A heterogeneous catalyst, on the other hand, forms either a suspension or
visible physical phases with other reactants. The biggest difference between a homogeneous
and a heterogeneous catalyst is that a heterogeneous catalyst can be mechanically separated
from other reactants or the finished product through filtration or centrifugation, while a
homogeneous catalyst cannot (Ophardt 2003). This property makes heterogeneous catalysts
reusable and, to some extent, unaffected by the high FFA content of a feedstock. Nonetheless,
the reaction rate of heterogeneously-catalyzed biodiesel production is relatively lower
compared to a homogeneously-catalyzed one.
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Figure 2.6: Biodiesel production catalyst classification. Source: Figure reproduced from
(Chouhan and Sarma 2011).

2.5.1 Homogeneous Catalysts

Base homogeneous catalyst is the most used catalyst for industrial biodiesel production.
This owes to the high reaction rate of the process catalyzed by this catalyst. Some examples of
base catalysts are sodium hydroxide, potassium hydroxide, sodium methoxide, and potassium
methoxide (Boey et al. 2011). Base-catalyzed transesterification is approximately 4,000 times
faster than acid-catalyzed transesterification (Williams 2015). However, a base catalyst is
relatively more expensive and prone to produce soap in the presence of FFA and water. Acid
homogeneous catalyst is widely used for a process prior to transesterification in order to reduce
the FFA content of a feedstock. This process is usually termed as feedstock pre-treatment. The
process is insensitive to FFA and water content (Mardhiah et al. 2017). Thus, an acid catalyst
is usually used in conjunction with a base catalyst. Both organic and inorganic acids can be
used for transesterification. Sulfuric acid is the most used acid catalyst for transesterification.
An acid catalyst is relatively inexpensive and very reactive compared to a base catalyst. It can
convert low-cost feedstock that usually contains high FFA and water content without any
saponification problem. Nevertheless, the acid catalyst is corrosive to the equipment. As
highly-concentrated acid is dangerous, catalyst storage and handling are difficult and risky.
Acid catalyst also produces biodiesel at a slower rate compared to base catalyst. This is the

main reason why it is seldom used by the industry for transesterification (Williams 2015).
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2.5.2 Heterogeneous Catalyst

Heterogeneous catalysts have captivated researchers because of their potential in saving
chemical and time consumption, which can be accomplished because the catalysts and the final
products are easily separable because of their high selectivity (Al-Jammal et al. 2016). A
heterogeneous catalyst is also non-corrosive, reusable (Molaei Dehkordi and Ghasemi 2012),
and less susceptible to water and FFA, compared to a homogeneous catalyst (Uprety et al.
2016). Both acidic heterogeneous catalysts and basic heterogeneous catalysts can be used for
transesterification. The choice of using a suitable type of catalyst may depend on the value of
the FFA contents of the feedstock used (Mansir et al. 2018). Since a heterogeneous catalyst is
reusable, it can be adopted for batch and continuous reaction systems (Chopade et al. 2013).
Some examples of acidic heterogeneous catalysts are ZnO/l2, ZrO2/SO2*, TiO2/SO2™, niobic
acid, sulfated zirconia, Amberlyst-15, and Nafion-NR50. While some examples of basic
heterogeneous catalysts are CaO, CaTiOs, CaZrOs, CaO-CeOz, CaMnOs, CazFe20s,
KOH/AILOs, KOH/NaY. AlOs/Kl, ETS-10 zeolite, and alumina/silica supported K>COs
(Leung et al. 2010).

A heterogeneous catalyst has a limitation on the mass transfer as a result of the solid-
liquid two-phase reaction. Reaction parameters are usually higher for heterogeneous catalysts
compared to homogeneous catalysts for the purpose of obtaining a high biodiesel yield
(Thitsartarn and Kawi 2011). Contrasted to a homogeneous catalyst, a heterogeneous catalyst
has fewer active catalytic sites, resulting in a lower biodiesel yield (Mansir et al. 2018).
Presently, researchers are turning towards bifunctional heterogeneous catalysts that can
perform both esterification and transesterification at the same time. This type of catalyst could

save time, material, and production costs (Farooq et al. 2013).

2.5.2.1 Biochar Catalyst

Biochar is solid formed from a thermochemical reaction of biomass and any organic
carbonaceous materials under limited oxygen condition (X. Sun et al. 2020). Biochar has
porous structure and was reported to have high surface area (64 to 795 m? g!) (Babinszki et al.
2021; X. Sun et al. 2020). These properties made it the perfect material as a catalyst for
biodiesel production. Biochar can be produced from any biomass (Awogbemi and Kallon
2023). However, the biomass composition and the biochar synthesis method dictates the final
biochar yield and properties (Chi et al. 2021). Biochar has been synthesized from various raw
materials, mostly derived from agricultural waste such as shell (Zama et al. 2017), straw
(Kavindi and Lei 2019), bagasse (J. S. Silva et al. 2018), husk (Vieira et al. 2020), peels
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(Awogbemi et al. 2022), and oil palm waste (OPW) (Lawal et al. 2021). More than 60% of
biochar is made of carbon, between 10 and 35% from oxygen, an average of 10% of hydrogen
and nitrogen, and a trace amount of sulfur (Awogbemi and Kallon 2023). Depending on the
type of biomass, these elemental contents may vary.

The biochar production method also influences the biochar properties. Generally,
biochar can be produced through either pyrolysis, gasification or hydrothermal carbonization
(HTC) as the main product or by-product. Pyrolysis is the most favored method to produce
biochar as it produce higher biochar yield compared to other methods (Chi et al. 2021). In
pyrolysis, biomass is heated at high temperatures while being subjected to minimal oxygen or
an inert gas environment (such as nitrogen) in order to cause its thermal decomposition.
Biomass undergoes pyrolysis, when its organic components are thermally broken down into a
vapor phase and a residue solid phase (i.e., biochar) is left behind. In the vapor phase, polar
and high-molecular-weight molecules are cooled to form bio-oil, while non-condensable gases
like H2, CH4, C2H2, CO, and CO; remain gaseous (J. Lee et al. 2019). Depending on the
operational conditions, most notably the heating rate, pyrolysis may be broken down into two
broad categories: fast and slow pyrolysis (G. Su et al. 2022). The temperatures required for fast
pyrolysis range from 400 to 600 °C, and the heating rates must be greater than 300 °C min™.
Additionally, the vapor residence time must be less than 10 seconds. In addition to producing
biochar with a yield ranging from 15 to 30 wt%, fast pyrolysis primarily creates bio-oil. Biochar
IS most commonly made using slow pyrolysis due to its higher solid product yield of 35 to 50
wit%. The temperatures and heating rates for this method range from 300 to 800 °C at 5 to 10
°C min*. The residence period during slow pyrolysis varies from a few minutes to several
hours (Safarian 2023).

Syngas, biochar, biohydrogen, CHas, value-added chemicals like ammonia, methanol,
and other byproducts like CO, and CO. are all compounds that can be produced through
gasification. Gasification is amethod for breaking down carbonaceous materials
and lignocellulosic biomass into simpler and more useful compounds (Ajorloo et al. 2022).
Utilizing this method is a practical approach to waste management and conversion for the
creation of biochar, biohydrogen, syngas, biomethane, and other valuable compounds
(Dafiqurrohman et al. 2022). The method requires a reaction temperature of above 700 °C and
a controlled environment with a suitable gasifying agent. There are four distinct reaction stages
that constitute gasification, which are drying, pyrolysis, combustion, and reduction (You et al.
2018). It is common for there to be no clear demarcation points between these stages, as they

frequently run concurrently. Steam, air, oxygen, carbon dioxide, and combinations of these are
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all commonly used as gasifying agents (Yepes Maya et al. 2021). Nevertheless, due to its low
price and abundant supply, air is utilized in most cases. There is an improvement in biomass
conversion rate, product composition, heating value, and physicochemical qualities of the
biochar and other produced gases when gasifying agents are used (You et al. 2018).

When compared to other thermochemical processes used to make biochar,
hydrothermal carbonization, also known as wet torrefaction, has a high conversion efficiency,
needs no pre-drying stage of feedstock, and operates at lower temperatures (lwuozor et al.
2023). It takes place in water at a temperature ranging from 180 to 300 °C for anywhere
between five minutes and 12 hours (Qin et al. 2022). The process is carried out in a subcritical
water environment, where the vapor pressure of water varies with the reaction temperature. In
its subcritical state, water remains liquid despite being under pressure, and it functions as a
nonpolar solvent. The organic components of biochar's feedstock are water-soluble under these
circumstances (Ponnusamy et al. 2020; Pauline and Joseph 2020). Biochar (the solid phase),
bio-oil (the liquid phase), and minor amounts of gases are the three primary products of
hydrothermal carbonization (Pauline and Joseph 2020). Process operating parameters are
strongly correlated with the distribution of the three phases and the qualities of each product.
Biochar may be produced at a yield of 40 — 70 wt% using hydrothermal carbonization (Safarian
2023). Nevertheless, freshly created biochar is a two-phase slurry, which means that it must
first go through a number of procedures to remove excess water before it can be put to use.
These steps include mechanically compressing the biochar, sifting it, and drying it with heat or
the sun (J. Lee et al. 2019).

Several studies investigating the usage of heterogeneous acid catalysts synthesized
from biochar have been carried out on biodiesel production using biochar. Dehkhoda, West,
and Ellis (2010) used biochar pretreated with sulfuric acid as a catalyst for rapeseed oil
biodiesel. Biodiesel yield and catalyst reusability capacity are highly-dependent on the
biochar’s surface area and acid density. High acid density and catalyst surface area resulted in
a higher biodiesel yield. Acid density can be increased by elongating the sulfonation time
during the catalyst synthesis (Dehkhoda et al. 2010). The effectiveness of a biochar catalyst
has also been related to the particle strength, hydrophobicity, and density of the sulfonic acid
groups on the biochar surface. As biochar is considered a type of heterogeneous catalyst, it is
easily separable from the biodiesel product and reusable. This trait is desirable for cost-saving
reasons (Kastner et al. 2012). Dong et al. (2015) have studied biodiesel production from
microalgae using a sulfonated biochar catalyst. The study has discovered that catalyst

degradation can be avoided by removing chlorophyll and phospholipids from the biodiesel
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feedstock of crude microalgal oil. The biochar catalyst also showed excellent catalyst-product
separation and reusability. It was reported to have high reactivity for up to ten production cycles

(T. Dong et al. 2015). Table 2.6 shows some of the research using biochar as a catalyst for
biodiesel production.
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Table 2.6: Biodiesel production from biochar catalyst.

Catalyst Catalyst synthesis Biodiesel CC ) RT - Yield
precursor parameters feedstock (Wt%) M:O (°C) RP Reusability (wt%0) Reference
Carbonized at 450°C, 15h, 0 th
Peanut shell sulfonated with H2SO4 at Cottonseed oil 2 9:1 85 2h 50.3% on’5 90.2 (D. Zeng etal.
200°C. 10h. cycle 2014)
Activated with KOH at Canola oil and 29% on 2" (Dehkhoda
Biochar 675°C, sulfonated with SO3 oleic acid 5 10:1 150 3h 48.1 and Ellis
at 150°C, 15h. mixture cycle 2013)
Carbonized Sulfonated with Cottonseed oil 0 th
vegetable oil concentrated H2SO; at and oleic acid 0.2 16.8:1 220 4.5h 97? 2{;5 94.8 (Srzwgleé)al.
asphalt 210°C, 10h. mixture Y
Carbonized at 400°C, 5h, 0 th
Glucose sulfonated with H2SO4 at irg::kr)\pnﬁlrlr?r:il 7.5 30:1 180 5h So'iﬁc?en > 99 (Zﬁv;gciz)et
150°C, 10h. Py y '
Carbonized at 600°C, 3h,
sulfonated with H2SO4 at Waste cooking , 30 33% on 6™ (Gonzélez et
Oat hull 140°C, 30min, microwave oil 10 101 140 min. cycle ~ al. 2017)
assisted.
Carbonized at 422°C, 4h, (Endut et al
Coconut shell  sulfonated with concentrated Palm oil 6 30:1 60 6h n/a 88.15 2017) '
H2SO4at 100°C, 15h.
Palrsnhlglelrnel Calcined at 800°C, 2h. Sunflower oil 3 9:1 65 6h 3 cycles 99 (Kozsgfg)t al.
(r:nha:gtfg Carbonized at 350°C. Wasteoc;?oklng n/a 201 350 nla n/a 95 (Juznglgt) al.
Pig meat and Carbonized at 650°C, KOH . . 150  84% on 10% (S. Wang et
bone meal activated, KoCOs3 alkalized. Palm oil S 1 65 min. cycle %82 al. 2017)

CC = Catalyst Concentration, M:O = Methanol to oil ratio, RT = Reaction Temperature, RP = Reaction Period
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2.5.2.2 Magnetic Catalyst

A heterogeneous catalyst requires less energy and hassle for its separation from any
reaction products compared to a homogeneous catalyst. This fact has captured the interest of
many studies nowadays. Nonetheless, ordinary techniques of separation for heterogeneous
catalysts, such as filtration and centrifugation, still proved to be problematic due to the
difficulty and sluggish recovery (F. Zhang et al. 2016; P. Guo et al. 2012). To overcome this
problem, ferromagnetism was introduced with the heterogeneous catalyst. This magnetic
catalyst can be separated by attracting it to a magnetic force, which is usually induced by an
external magnetic field (Krishnan et al. 2021). Ferromagnetism can become magnetic in the
presence of a magnetic field and maintain its magnetic properties after the magnetic field is
removed. Some examples of ferromagnetic materials are iron and nickel. A magnetic field
refers to the area in which the effect of the magnetic force can be observed (H. R. Khan 2003;
Givord and Takabatake 2016). Magnetic separation was reported to recover more catalysts and
has better separation between catalyst and product, especially with a highly viscous product.
The magnetic catalyst was recorded to be 70% faster in catalyst recovery compared to the non-
magnetic catalyst. For an iron-doped magnetic catalyst, the addition of the ferrite ions assisted
in increasing the porosity and surface area of the catalyst (P. Guo et al. 2012; W. J. Liu et al.
2013).

The synthesis of magnetic catalysts mostly involves multiple combinations of
processes. Generally, a reagent containing ferrite ions was used for impregnation prior to
catalyst carbonization and functionalization. In a typical synthesis process, iron (I11) oxide-
hydroxide was formed via ferric chloride hydrolyzation prior to its transformation into
FeO(OH). Carbonization was then carried out towards the FeCls-impregnated catalyst
precursor at a high temperature. FeO(OH) was reduced during carbonization due to the
production of reducing agents, such as hydrogen, carbon, and carbon monoxide during the
process. The resulting compound was magnetite or iron (I1, I11) oxide, Fe3Oa4, which gave the
catalyst its ferromagnetism (Hu et al. 2015; W. J. Liu et al. 2013). Ferrite ion compounds were
also reported to assist in pore formation during the carbonization process. In some cases, they
also escalate the pore formation significantly due to the dehydration or decomposition of said
compounds, such as FeCls, FesO4, and FeO(OH) (Atkinson et al. 2011).

A magnetic catalyst for biodiesel production was successfully synthesized from glucose
in a study by F. Zhang, Fang, and Wang (2015). They began by preparing Fe/C magnetic core

through hydrothermal precipitation. The precursor for the catalyst was then recoated
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hydrothermally to prevent FesOas/Fe leaching during the sulfonation process. Pyrolysis of the
catalyst precursor was carried out prior to the sulfonation using H.SO4. The magnetic catalyst
showed great magnetism at 14.4 Am?/kg and a significantly high acid density of 2.79 mmol/g.
Biodiesel production from jatropha oil was tested using the magnetic catalyst. A maximum
biodiesel yield of 90.5% was reported when optimized reaction parameters of 24:1 methanol-
to-oil molar ratio, 10 wt% catalyst loading, 200 °C reaction temperature, and 10 hours reaction
period were used. The biodiesel yield remained high even after three cycles, with 96.3% of the
catalyst amount successfully recovered (F. Zhang et al. 2015).

In another study by F. Zhang et al. (2016), a magnetic base catalyst was synthesized
from bamboo-derived biochar and nickel supported NaSiOsz. The ferromagnetism of the
catalyst was provided by the nickel embedded into the bamboo biochar. The catalyst was
synthesized by, firstly, impregnating the support precursor. Then, calcination was done to the
support precursor before it was subjected to activation by the catalyst solution. The catalyst
precursor was then calcined again into the finished magnetic catalyst. The mass saturation
magnetization of the catalyst was reported to be 15.7 Am?/kg, while its basicity was reported
to be 3.18 mmol/g. The magnetic catalyst demonstrated good catalytic activity. The biodiesel
yield from soybean oil was reported to be optimized at 98.1%. Optimized biodiesel production
parameters were 7 wt% catalyst loading, 9:1 methanol to oil ratio, reaction temperature of
65°C, and reaction period of 100 minutes. The magnetic catalyst was successfully reused for
five cycles, with 85.6% of the magnetic catalyst recovered by the end of the fifth cycle (F.
Zhang et al. 2016).

Han et al. (2016) carried out a study on the production of the heteropolyacid catalyst
supported with a magnetic cellulose microsphere. The cellulose microsphere was created from
cotton and given its ferromagnetism by FesO4 particles via co-precipitation. The magnetic
heteropolyacid catalyst was then synthesized by immobilizing H3PW12040. The immobilization
of the heteropolyacid has increased thermal stability, specific surface area, and ease of
separation (Han et al. 2016; Ferreira et al. 2009). The production of biodiesel from Pistacia
chinensis seed oil was done through microwave-assisted transesterification catalyzed by the
magnetic heteropolyacid catalyst. An optimal condition of 15 wt% catalyst loading, 10:1
methanol to oil ratio, 60 °C reaction temperature, and 80 minutes of reaction period has
produced the highest biodiesel yield of 93.1%. The magnetic heteropolyacid catalyst's ability
to yield 80.7% biodiesel on the fourth cycle has proved that the catalyst is hydrothermally
stable and environmentally friendly (Han et al. 2016).
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As can be seen from these works of literature, magnetic catalysts produce significant
yields of biodiesel production. The usage of magnetic catalysts, especially those with biochar
as the main catalyst or support for biodiesel production, is full of potential. Magnetic catalysts
offer high-catalyst recovery rate, shorter separation time, and lower energy consumption. All
these are financially favorable from the industrial viewpoint (F. Zhang et al. 2015; Atkinson et
al. 2011). Table 2.7 shows a number of studies investigating magnetic catalysts for biodiesel

production.
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Table 2.7: Biodiesel production from magnetic catalyst.

Catalyst Magnetic Catalyst synthesis Biodiesel CC ) RT - Yield
precursor component parameters feedstock  (wt%o) M:0 ({®)] RP Reusability (wt%o) Reference
Precursor Fe-loaded via
adsorption, carbonized at . . ~90% on (W.J. Liu et
Sawdust FesO4 600°C. 1h sulfonated with Aceticacid 345 51 88 nla 5% cycle 3 al. 2013)
H2SO4 at 150°C, 10h
Precursor Fe-loaded via
adsorption, carbonized at Jatropha _ (F. Zhang et
Glucose FesO4 700°C, 1.5h, sulfonated ol 10 24:1 200 10h  3cycles 90.5 al. 2015)
with H2SO4 at 150°C, 16h
Precursor Ni-loaded via
adsorption, carbonized at
Bamboo Ni 700°C, 2h, doped with ~ “OP®N g5 gq g5 102 80%on g0, (F. Zhang et
N2,SiOs, calcined at oil min. 5" cycle al. 2016)
400°C, 2h
Precursor sulfonated with .
CSa, 10h, Fe ions co- PI.StaCI?I 78 80.7% on (Han et al.
Cotton FesOs R o chinensis 15  10:1 60 : " 93.1
precipitated, immobilized seed oil min. 4" cycle 2016)
phosphotungstic acid
Fe ions co-precipitated, 85.6% on (Kazemifard

AI(NO3)3.9H20 FesO4 doped onto precursor, Microalgae 4 1221 65 6h

95.6
th
calcined at 700°C, 2h 6™ cycle et al. 2019)

42



Chitosan

Bamboo

Jatropha hull

Jatropha hull

Na20.3Si0O2

FesOq4

v-Fe203

FesOq4

Ni

FesOq4

Table 2.7 continued.

Fe ions co-precipitated,
doped onto precursor,
sulfonated with p-
toluenesulfonic acid
monohydrate
Fe ions co-precipitated,
impregnated onto precursor
along with KNOs, calcined at
500°C, 3h
Precursor Fe-loaded via
adsorption, carbonized at
700°C, 1.5h, sulfonated with
H>SO4 at 150°C, 16h
Precursor Ni-loaded via
adsorption, calcined at
700°C, 2h, impregnated with
NazSiOs, calcined at 400°C,
2h
Fe ions co-precipitated,
Na20-3Si0, impregnated
onto Fes3Os, calcined at
350°C, 2.5h

Oleic acid

Soybean
oil

Jatropha
oil

Jatropha
oil

Cottonseed

oil

4

2.5

10

15:1

8:1

12:1

9:1

6:1

80

60

90

65

60

3h

60

min.

2h

2h

100

min.

84.3% on
51 cycle

94% on 4%
cycle

92.4% on
3" cycle

75.3% on
5t cycle

90% on 71
cycle

96.7

98

92.44

96.7

99.6

(A. Wang
et al.
2018)

(K. Liu et
al. 2018)

(F. Zhang
et al.
2017)

(F. Zhang
et al.
2017)

(P. Guo et
al. 2012)

CC = Catalyst Concentration, M:O = Methanol to oil ratio, RT = Reaction Temperature, RP = Reaction Period
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2.5.3 Enzyme Catalyst

Enzyme catalyst, also known as biocatalyst, is developed to counter production
problems caused by base and acid catalysts. It is usually produced via fermentation and
originated from microbial (Semwal et al. 2011). Three main types of enzyme catalysts, namely
extracellular lipases, intracellular lipases, and free enzymes, are used for biodiesel-producing
applications (Bohlouli and Mahdavian 2019; Yan et al. 2014). Extracellular lipases, usually
known as immobilization, are extracted and purified lipase enzymes from host microorganisms,
immobilized on a carrier support material, and then used directly for transesterification
(Ganesan et al. 2021). This type of enzyme catalyst offers high reaction stability and selectivity
although it is costly to produce mainly due to its complicated synthesis process (Yan et al.
2014). Candida rugosa lipase is conjugated with magnetic nanoparticles and used as a catalyst
for biodiesel transesterification from UCO and brown grease. The study managed to obtain
100% brown grease to biodiesel conversion under an optimum condition of 1:3 lipid-to-alcohol
molar ratio, 1:0.1 lipid-to-enzyme weight ratio, 30 °C reaction temperature, and 35 h reaction
time. In addition, due to the magnetic property of the catalyst, it can be reused up to five times
while being stable operationally (R. K. Sharma et al. 2019). On the other hand, intracellular
lipases, known as whole-cell lipases, are used directly as a catalyst for biodiesel
transesterification from their lipases-producing microbial cells (Ganesan et al. 2021; Guldhe et
al. 2016). Unlike extracellular lipases, this type of enzyme omits the need to perform extra
steps, such as enzyme extraction and purification. This makes its production cost relatively
lower than extracellular lipases. The simpler intracellular lipase synthesis also means that they
can be produced in large amounts for a larger biodiesel production scale (Guldhe et al. 2016).
Both extracellular lipases and intracellular lipases are limited by their mass transfer capability
(J. Guo et al. 2020). Extracellular lipases also have a high affinity with glycerol (Pollardo et al.
2018). Free enzymes or liquid enzymes are reported to overcome these problems. At a
relatively lower cost, free enzymes offer better miscibility and mass transfer compared to both
extracellular lipases and intracellular lipases (Andrade et al. 2019). Genetically modified
Aspergillus oryzae, a type of free liquid lipase, was reported to successfully yield 97% biodiesel
from high FFA content low-quality feedstock (Chang et al. 2021). However, free liquid
enzymes lack the ability to be reused (Yan et al. 2014).

Compared to heterogeneous and homogeneous catalysts, enzyme catalysts generally do
not require high energy, have a simple process, and are reusable. Also, they are less susceptible

to high FFA and moisture content. These traits can eliminate the saponification problem, which
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usually occurs when the common base or acid catalysts are used. The biodiesel produced
through enzymatically catalyzed transesterification is rather simpler to purify (Meher et al.
2006). However, the production cost for the enzyme is high. Also, the reaction parameters
needed for the enzyme catalyst to produce an optimum amount of biodiesel are inflexible and
generally have a long reaction time (Boey et al. 2011). Furthermore, the deactivation of enzyme
catalyst triggered by methanol has caused the biodiesel yield to decline, as only a limited
amount of methanol is allowed to exist during the reaction (Magner 2013). Table 2.8 shows

the advantages and disadvantages of a common transesterification catalyst.
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Table 2.8: Advantages and disadvantages of common transesterification catalyst.

Catalyst Examples Advantages Limitations References
Basic NaOH, KOH e Fast reaction e Low FFA feedstock requirement  (J. Zeng et al.
Homogeneous e Inexpensive e Needs more water for 2009; M. N.
e Moderate condition requirement purification Mohiddin et al.
e Non-reusable 2018)
Acidic H2S04, C2HF302 e Suitable for feedstock with high e Corrosive (Haas and
Homogeneous FFA e Non-reusable Wagner 2011;
e Simultaneous esterification and e Slow reaction Miao et al.
transesterification 2009)
e Moderate condition requirement
Basic CaO, Ca0/ZnO0, e Fast reaction e Hygroscopic (Mohd
Heterogeneous CaO/Al>O3z, Sodium e Noncorrosive e Low FFA feedstock requirement  Nurfirdaus
silicate e Easy separation e Needs more water for Mohiddin et al.
e Reusable purification 2020; Alba-
e Functional species leaching Rubio et al.
2010; Zabeti et
al. 2010; F.
Guo et al.
2010)
Acidic ZS/8Si, e Suitable for feedstock with e Slow reaction (Ramos et al.
Heterogeneous Zr0.7H0.2PW12040, high FFA e Functional species leaching 2008; X.
Zeolite-X e Simultaneous esterification e High condition requirement Zhang et al.
and transesterification 2009; Jacobson
e Easy separation et al. 2008)

e Reusable
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Table 2.8 continued.

Enzyme

Immobilized Candida
antarctica lipase,
Rhizomucor mieheilipase,
Immobilized Burkholderia
cepacia lipase

Suitable for feedstock with
high FFA

Easy purification
Moderate condition
requirement

Expensive
Susceptible to alcohol
denaturation

(X. Lietal.
2007; A. C.
Oliveira and
Rosa 2006;
Jegannathan et
al. 2010)
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2.6 Modelling and Process Optimization

In a number of experimental settings, the design of the experiment (DOE) is a helpful
technique for gathering and analyzing data to assess the connection between process
parameters (factors) and their output (response). With the use of DOE, it is possible to examine
the interactions between various factors and their effects on the response. By only conducting
a limited amount of organized experiments, DOE also makes it possible to express the process
factors mathematically (Rakic et al. 2014). Numerous statistical optimization methodologies,
including the univariate, factorial, the Taguchi method, and response surface methodology
(RSM), have been utilized in past literature in order to choose the optimal combination of most
or all of the optimized process parameters (Okolie et al. 2021).

The Taguchi method is an eight-step process/product optimization method that involves
designing, performing, and analyzing matrix experiment data to identify the optimal values of
control variables. It is a factorial-based approach that assigns the factors (variables) chosen for
an experiment using an orthogonal array (a sequence of trials in different conditions) (S. Salam
et al. 2020). To evaluate the discrepancy between the experimental and intended values, the
Taguchi method suggests using a loss function, which is then converted into a signal-to-noise
(SN) ratio (Alavi-Borazjani et al. 2021). The main aim is to maintain the output variance as
low as possible even though noise inputs exist. As a result, the processes/products are created
to be impervious to all changes. The Taguchi method is often applied as an experimental design
method for process optimization research and high-quality system design (Ahangari et al.
2021).

One of the benefits of utilizing the Taguchi method in an experimental design is it
requires significantly fewer experimental runs. A reduction in the number of experiments also
reduces the time taken for the whole analysis and the overall cost associated with it (Okolie et
al. 2021). Compared to other experimental designs, such as RSM and genetic algorithm, the
Taguchi method requires relatively fewer experimental runs due to it disregarding any
interaction between factors (Patience and Bérard 2018). The Taguchi method has a comparable
capability in process optimization compared to RSM. Studies by Awogbemi, Inambao, and
Onuh (2019) reported the comparison study between the Taguchi method and RSM for the
optimization of transesterification of waste sunflower oil to FAME. In this study, the Taguchi
method was proven to perform comparably with RSM. Although RSM produced a more precise
result, the Taguchi method can effectively optimize a model with fewer experimental runs

(Awogbemi et al. 2019). Another study by Mia (2018) investigated the parametric optimization
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of the machining process using RSM and the Taguchi method. The study concluded that both
methods have justified adequacy for the process optimization (Mia 2018).

Optimal conditions for a combination of factors can be acquired via the Taguchi method
by combined utilization of SN ratio and analysis of variance (ANOVA) (Alavi-Borazjani et al.
2021). Studies by Esan et al. (2021) and Helmi et al. (2021) investigated the optimization study
of biodiesel production. The literatures reported successful biodiesel conversion optimization.
Among the parameters studied are catalyst weight, methanol-to-oil ratio, reaction time, and
reaction temperature (Esan, Olalere, et al. 2021; Helmi et al. 2021).

Nevertheless, one of the Taguchi method’s limitations is the true optimal values for the
factors are very hard to define. The pre-defined factorial levels in the Taguchi method are not
necessarily the true optimal level. The method only considers the pre-defined factorial levels
for the analysis and comparison (Okolie et al. 2021; Ravuri et al. 2021). One way to increase
the accuracy of the optimization is to combine the Taguchi method with another method, such
as RSM. W.-H. Chen et al. (2021) have acquired the optimized combination of reaction
parameters of syngas production by applying two-stage optimization of the Taguchi method
and RSM. Another study by T. S. Singh and Verma (2019) studied the conversion of waste
cooking oil into methyl esters. The study also applied a combination of the Taguchi method
and RSM to determine the optimized reaction parameters for the conversion reaction. In the
literature, the combined optimization method was proven to be more efficient and increase the
accuracy of the analysis (W.-H. Chen et al. 2021; T. S. Singh and Verma 2019).

2.7  Effect of Transesterification Parameters on Biodiesel Yield
2.7.1 Catalyst Concentration

Catalyst type and concentration are important parameters in transesterification. Acid
catalyst tends to work better with high FFA content feedstocks, while base catalyst works better
with low FFA content feedstocks. Regardless of its type, a catalyst speeds up a reaction by the
mean of lowering the reaction’s activation energy (Mansir et al. 2018). Different catalyst
concentration is needed for a different type of catalyst. Though a catalyst is chemically similar
to another catalyst, other factors may cause the biodiesel production reaction to take place in
different catalyst concentrations in order to produce the same amount of biodiesel yield
(Gondra 2010). Catalyst concentration is among the most influential parameters which affect
biodiesel yield (Karmakar and Halder 2019). Therefore, most literature in catalytic studies
includes catalyst concentration as one of the experimental parameters (Kirubakaran and Arul
Mozhi Selvan 2018; Leung et al. 2010; Mardhiah et al. 2017; Niju et al. 2016).
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Lower catalyst concentration usually yields less amount of biodiesel. One of the causes
for the low vyield is less amount of catalyst, leading to a less catalytic surface for the
transesterification process to occur (Korkut and Bayramoglu 2018; Y. H. Tan, Abdullah,
Nolasco-Hipolito, et al. 2015). Another basis for the yield reduction because of lower catalyst
concentration is methanol solubility with the glycerol by-product of the reaction. Insufficient
catalyst concentration creates a surplus amount of unreacted methanol, which dissolves into
glycerol and hinders the overall biodiesel production process (Reddy, Saleh, et al. 2017b).
Yield typically peaks and drops as the catalyst concentration increases. An increased amount
of catalyst reduces biodiesel yield as it usually forms slurry, increases viscosity, and then
increases soap formation (Reddy, Ahmed, et al. 2017; Mata et al. 2011; Korkut and
Bayramoglu 2018). Increased soap formation causes the reduction of overall biodiesel yield
(G. Chen et al. 2014; Tang, Gu, and Chen 2013). Therefore, an optimum amount of catalyst is
usually studied in catalytic studies on the subject of biodiesel production via transesterification
(Fayyazi et al. 2015).

2.7.2 Oil to Methanol Ratio

One of the most influential transesterification parameters is the oil-to-methanol molar
ratio (Bankovi¢-Ili¢ et al. 2014). Other types of alcohol can also be used in order to produce
biodiesel, such as ethanol, propanol, isopropyl alcohol, butanol, and pentanol (Rehan et al.
2018; Mansir et al. 2018; Alonzo 2007). However, methanol remains highly preferred for
biodiesel production because its commercial significance is lower than other longer-chain
alcohols, making it a cheaper option for the transesterification of biodiesel (Gopal and Sajitha
2013). Methanol also does not form an azeotrope with water. Therefore, it can be simply
recycled for biodiesel production (Gerpen 2005). Hypothetically, three moles of triglycerides
and one mole of methanol are needed to produce three moles of methyl esters and one mole of
glycerin (Maneerung et al. 2016). However, a higher methanol portion is needed in order for
the reaction to be optimal and produce the maximum quantity of biodiesel. The amount of
methanol needed for optimized transesterification is vital to ensure biodiesel production is cost-
effective (Gebremariam and Marchetti 2018).

The ratio of oil to methanol is linked to the type of catalyst used in the transesterification
process. Acid catalysts generally require a higher oil-to-methanol ratio compared to base
catalysts. As high as the 1:15 oil-to-methanol ratio is needed for acid-catalyzed
transesterification, while base catalysts mostly only require a 1:6 oil-to-methanol ratio (Leung

et al. 2010). Syazwani et al. (2017) successfully produced palm oil biodiesel from CaO catalyst
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obtained from waste venus clamshells with an oil-to-methanol ratio of 1:15. Maneerung et al.
(2016) also reported an optimum oil-to-methanol ratio of 1:15 on producing waste cooking oil
biodiesel using CaO from calcined chicken manure. Wei et al. (2009) studied the production
of soybean biodiesel from waste eggshell CaO and found that the optimized oil-to-methanol
ratio for the production process to be 1:9. A study by Venkat Reddy et al. (2006) reported an
optimum oil-to-methanol ratio of 3:10 on producing biodiesel from poultry fat at room
temperature using neat CaO catalyst. Goli and Sahu (2018) reported an optimum oil-to-
methanol ratio to be 1:10 in their study, which investigated the waste eggshell CaO catalyst for
biodiesel production from soybean oil. From the literature, it was observed that though CaO
catalyst is a type of base catalyst; thus, its requirement for the oil-to-methanol ratio usually
exceeds 1:6 and is roughly within the range of 1:10 to 1:15.

Too little or too much methanol in a reaction produces a low biodiesel yield. If the oil-
to-methanol ratio is too low, the reaction will not shift toward product formation. The
transesterification reaction will reverse towards the reactants instead of producing biodiesel.
This is a result of the reversible nature of the transesterification process (Reddy, Saleh, et al.
2017b; Cetinkaya and Karaosmanoglu 2004). The lack amount of methanol also caused an
incomplete reaction, where there was an excess of feedstock with an absence of methanol to
produce more biodiesel (Rad et al. 2018).

Nonetheless, when too high of an oil-to-methanol ratio is utilized, the active sites of the
catalyst are flooded by methanol, which decreases the chances for the catalyst-oil interaction
(Lokman et al. 2014). Excessive use of methanol also has been associated with difficulty during
glycerol separation (Ahmad et al. 2014). The overall density of glycerol is reduced when
excessive methanol is used in a reaction; thus, this hinders its separation from the excess
methanol (S. Sharma et al. 2018). Eventually, these two main causes result in a decrease in
biodiesel yield. In addition, the cost of methanol recovery is higher when a higher oil-to-
methanol ratio is used (Yan Li et al. 2010).

2.7.3 Reaction Temperature

Transesterification is an endothermic reaction (Baskar et al. 2018). Temperature
evidently influences the amount of biodiesel produced in a transesterification reaction.
Elevated temperature supports the feedstock to rise over the activation energy barrier (Hanif et
al. 2018). The biodiesel yield generally increases as the reaction temperature rises as a result
of the decrease in the viscosity of oil or fat (Encinar et al. 2010). Another reason why

temperature affects biodiesel yield is that the transesterification reaction rate is controlled by
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kinetic (Brucato et al. 2010). The lack of reaction temperature results in poor mixing between
the reactants as the viscosity of the oil remains thick at a lower temperature (Takase et al. 2014).

Nevertheless, an increase in reaction temperature beyond the optimum temperature
decreases the biodiesel yield (Abbah et al. 2016). Reaction temperature higher than the boiling
point of the alcohol used for the transesterification causes the evaporation of the alcohol,
reducing its availability; thus, this further decreases the methanol-oil contact time and
eventually decreases the overall biodiesel yield (Dhawane et al. 2017; Zhao et al. 2013). A
higher reaction temperature also expedites saponification between a base catalyst and FFA
from the oil (Eevera et al. 2009; Leung et al. 2010). Baskar et al. (2018) discovered a decrease
in the methanol polarity due to overheating the reactants of a transesterification process, which
is one of the reasons for the lack of biodiesel yield for a higher reaction temperature.

Sharma and Singh (2010) reported an optimum reaction temperature of 55 °C for a
biodiesel transesterification of Karanja oil with H.SO4. Another similar study by Ghadge and
Raheman (2005) using the same catalyst, H2SO4, reported an optimum reaction temperature of
60 °C in producing biodiesel from Mahua oil. Gandhi et al. (2011) also reported an optimum
reaction temperature of 60 °C. They studied the production of biodiesel from crude Jatropha
curcas oil using KOH as a catalyst. Sirisomboonchai et al. (2015) studied biodiesel production
from waste cooking oil via CaO synthesized from scallop shells. This study determined the
reaction’s optimum temperature to be 65 °C. Kabbashi et al. (2015) successfully produced
biodiesel from Jatropha curcas oil using immobilized Candida cylindracea lipase, an enzyme
catalyst. They recorded an optimum reaction temperature of 40°C. Another study by Suwanno
et al. (2017) investigated biodiesel production using oil extracted from palm oil mill effluent.
They also utilized an enzyme catalyst, crude lipase, and recorded an optimum reaction
temperature of 35 °C. The range and optimum temperature of a reaction depend on the type of
catalyst. Acid and base catalysts record an optimum temperature between 50 °C and 60 °C,
while enzyme catalysts usually record an optimum temperature between 30 °C and 50 °C (K.
A. Salam et al. 2016). Enzyme catalyst loses biodiesel yield beyond the reaction temperature
of 50 °C because of lower enzymatic activity (Dhawane et al. 2018). Nevertheless, the reaction
temperature also slightly depends on other factors, such as reaction time, type of oil used, and

reaction pressure (Datta and Mandal 2016).

2.7.4 Reaction Period
In general, biodiesel yield increases with reaction time. However, the optimum reaction

period for a transesterification process depends on the type of feedstock, the catalyst used, and
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its concentration (Sharma et al., 2018). Base catalysts generally produced the maximum
amount of biodiesel at 4000 times faster compared to acid catalysts. This is one of the reasons
why acid catalysts are usually used as a pretreatment prior to and not in transesterification (K.
A. Salam et al. 2016). Enzyme catalysts, on the other hand, need a relatively longer reaction
time (Dhawane et al. 2018).

Mata et al. (2011) studied waste chicken fat biodiesel production using KOH as a
catalyst. They successfully converted 76.8% of waste chicken fat into biodiesel for a reaction
time of two hours. Another study by Felizardo et al. (2006) investigated biodiesel production
from waste frying oil using a NaOH catalyst. They converted 98% of the waste frying oil into
biodiesel under a reaction time of 40 minutes. Zhu et al. (2006) reported a biodiesel yield of
93% by transesterification of Jatropha curcas oil using a solid superbase CaO catalyst. They
managed to do the reaction under a reaction time of 2.5 hours. Ramadhas et al. (2005)
successfully produced biodiesel from rubber seed oil using a H.SO4 catalyst. Patil and Deng
(2009) also utilized the same type of catalyst in producing biodiesel from Karanja oil. Both
studies concluded that the optimum reaction time needed for a maximum biodiesel yield to be
two hours. Naranjo et al. (2010) successfully converted palm oil into biodiesel using Candida
antarctica B lipase, an enzyme catalyst with a 100% yield. However, the reaction time required
to achieve this high yield was relatively longer, at 40 hours. Similarly, a study by Giraldo and
Moreno-Pirajdn (2012) investigated biodiesel production via Candida antarctica B lipase
catalyst with avocado oil as feedstock, and reported a biodiesel yield of 100% with the expense
of a reaction time of 32 hours. From the literature, it is observed that the optimum reaction time
for base and acid catalyst are generally within the range of 1-2 hours, while enzyme catalyst
commonly requires more than 24 hours to obtain the maximum biodiesel yield.

Short reaction time resulted in the feedstock and methanol not mixing and dispersing
properly (Tang, Gu, and Chen 2013). Syazwani et al. (2017) reported a low biodiesel yield at
the beginning of a reaction. With time, the feedstock was converted to two main derivatives of
triglyceride, namely monoglyceride and diglyceride, which facilitate biodiesel production.
With enough amount of mono and diglycerides, the production reaction took off and achieved
equilibrium at its optimum reaction time. However, when the reaction time was too long, the
reaction was forced to maintain its equilibrium. Hydrolysis of ester then occurred, and so did
saponification. Both of these situations eventually resulted in low biodiesel yield (Eevera et al.
2009). These situations happened because of the reversible nature of the transesterification

reaction (Leung et al. 2010; Cetinkaya and Karaosmanoglu 2004).
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2.8 Kinetic Studies on Biodiesel Production
2.8.1 Mechanism for Transesterification

Transesterification is a series of three reversible reactions that convert triglycerides into
diglycerides in the beginning in the presence of a catalyst and alcohol. Then, diglycerides are
further converted into monoglycerides. Finally, monoglycerides are converted into glycerol. In
each step of the reactions, one mole of fatty acid esters, known as biodiesel, is produced (Meher
et al. 2006). This intermediate three-step mechanism is shown in Equations 2.1 — 2.3 using
methanol as the alcohol. Transesterification can be catalyzed by either acidic or basic catalyst.
Nonetheless, the chemical reactions of transesterification for producing biodiesel is the same
for both types of catalyst (Koberg and Gedanken 2013). In terms of stoichiometry, one mole
of triglyceride will react with three moles of alcohol to produce three moles of fatty acid esters
and one mole of glycerol. This overall equation is shown in Equation 2.4 (Bashiri and
Pourbeiram 2017).

TG + CH;0H 2 DG + ME (2.1)
DG + CH;0H 2 MG + ME (2.2)
MG + CH;O0H 2 GL + ME (2.3)
TG + 3 CH;0H 2 3 ME + GL (2.4)

where TG is the triglyceride, DG is the diglyceride, MG is the monoglyceride, ME is the methyl
ester, and GL is the glycerol.

A limited amount of research has addressed kinetic studies for biodiesel production.
Specific reaction conditions are needed for developing kinetic models and rate equations. For
this reason, most studies made assumptions about some of the parameters of the reaction. The
intermediate three steps reactions of diglyceride and monoglyceride are usually combined into
a single step (Kusdiana and Saka 2001). Other than that, methanol was always used in excess;
thus, its concentration was negligible. The amount of catalyst was sufficient in order to favor
biodiesel production by shifting the equilibrium towards the product.

Booramurthy et al. (2020) investigated the optimization and kinetics of biodiesel
production from tannery waste-derived fat using a magnetic nano-catalyst. The study revealed
that the transesterification reaction obeyed the pseudo first-order kinetics. Another study by
Deshmane and Adewuyi (2013) also reported a pseudo first-order kinetic mechanism for their
two-step ultrasound-assisted transesterification. They studied biodiesel production from
soybean oil using sodium methoxide as a base catalyst. In a study by Gurunathan and Ravi
(2015), first-order kinetics was more fitting compared to pseudo first-order. In this study, neem
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oil was converted to biodiesel through copper-doped zinc oxide-catalyzed transesterification.
Nautiyal, Subramanian, and Dastidar (2014) also reported a transesterification reaction obeying
first-order reaction kinetic in their research. They successfully converted Spirulina platensis
algae biomass oil into biodiesel through an H2SO4 acid catalyst extraction-transesterification
reaction. K. Singh, Kumar, and Blimich (2019) investigated biodiesel production from
sunflower oil through a NaOH-catalyzed transesterification reaction. In their research, they
concluded that the reaction obeyed second-order kinetics. They also reported the reaction rate
increased with the catalyst loading, methanol ratio, and reaction temperature. Another study by
Neeharika et al. (2017) also recorded a second-order reaction kinetic for their biodiesel
production reaction. They converted jatropha oil into biodiesel using sulfonic acid as a catalyst.
From the review of these past studies, it can be established that not all transesterification
reaction obeys a single type of reaction kinetics.

2.8.2 Activation Energy

The minimum amount of kinetic energy needed for a reaction to take place is known as
the activation energy. The frequency factor, also known as a pre-exponential factor, signifies
the frequency at which the reactants molecules collide with one another. Arrhenius equation
can show the relationship between activation energy, pre-exponential factor, and rate constant

in a temperature-dependent formula, as shown in Equation 2.5.

—E,
k = AeRT (2.5)

where K is the rate constant, A is the pre-exponential factor, E, is the activation energy, R is
the universal gas constant, and T is the absolute temperature.

Ali, Elkatory, and Hamad (2020) reported an Ea and A value of 37.64 kJ mol™ and
6.75x10% min, respectively, for a transesterification reaction of waste frying oil catalyzed by
magnetic CuFe2O4. Another study by Booramurthy et al. (2020) investigated biodiesel
production from tannery waste-derived fat using a magnetic nano-catalyst. In their work, they
recorded an E, and A value of 43.8 kJ mol™* and 7.5x10* min™t. However, L. Zhang et al.
(2010) recorded a higher E, and A value of 79.1 k mo1* and 1.26x10° min, respectively, for
a biodiesel transesterification of palm oil using KOH. The dissimilarities in the values of Ea
and A in the literature show the different capabilities of catalysts in reducing the Ea and
increasing the A during the transesterification reaction (Tang et al. 2018). Table 2.9 shows a

lot of research work that carried out kinetic studies on the transesterification of biodiesel.
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Table 2.9: Kinetic studies on transesterification of biodiesel.

Feedstock Catalyst Kinetic Model (kJ Irzrilol'l) (m/ibr\rl) References
. . Pseudo first- 3 (Ali et al.
Waste frying oil CuFe204 order 37.64  6.75x10 2020)
Magnetic Pseudo first- 4+ (Booramurthy
Tannery waste nano-catalyst order 438 7.5x10 et al. 2020)
. Pseudo first- 9 (L. Zhang et
Palm oil KOH order 79.1 1.26x10 al. 2010)
. Irreversible- (Mercy Nisha
WasteO(;(I)oklng NaOH pseudo 27.24 n/a Pauline et al.
second-order 2021)
. Calcined .
Waste gooklng periwinkle Pseudo first- 16.47 n/a (Okoye et al.
oil order 2020)
shells
Solid acidic
. ionic liquid . (Panchal et al.
Tung nut oil polymer First-order 72.81 n/a 2020)
catalyst
Non-edible oils Vggtsit\?attggs Pseudo first- 19.01 410 (Ayoob and
blend carbon order ' ' Fadhil 2019)
Waste cooking . Pseudo first- g (Putraetal.
ol CaO/SiO> order 66.27  5.44x10 2018)
Sovbean oil Na-pumice Pseudo first- n/a n/a (de Luna et al.
y catalyst order 2017)
Sunflower oil MgO-La,O3  Second-order 77.6 3.5x10’ (Feggll% al.
_— (Feyzi and
sunflower oil Al-Sr Pse‘é?ge‘;' 'St 7286 338x107  Shahbazi
2017)
Nannochloropsis Pseudo first- (Teo et al.
sp. algae Ca(OCH). order 58.62 n/a 2016)
Second-order (Yeetal
Palm oil Ca0o irreversible n/a n/a 2016) '
(conventional)
Second-order (Ye et al
Palm oil Ca0o reversible n/a n/a 2016)

(microwave)
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2.9  Summary and Research Gap

Despite the commonly flooded biodiesel market with biodiesel based on edible oils, a
lot of recent studies are focusing on making the transition from edible to non-edible biodiesel
feedstocks. Biodiesel produced from edible oil sources has received great scrutiny due to its
likelihood to cause environmental, social, economic, and in some countries, political problems.

For this research, transesterification has been chosen as the process to produce
biodiesel. This choice was made due to the simplicity, energy efficiency, and the versatility of
transesterification to accept wide range of oil feedstock. Feedstocks from waste UCO are both
economic and ecological. The abundance and the ease of procurement of UCO made it a perfect
choice as an oil feedstock for producing biodiesel with in this research. Additionally, this is
also due to its utilization as a biodiesel feedstock reduced waste disposal landfill area, and it is
readily available with low to no cost. The cost of biodiesel production can be reduced by
sourcing the reactants and catalysts from inexpensive materials. From the reviewed literature,
methanol has been recognized and used as an alcohol feedstock for biodiesel production in this
research because of its superior reactivity and lower cost relative to other alcohol. A reusable
catalyst further drives the production cost down and increases the sustainability of biodiesel
production. Catalysts synthesized from biomass have been proven economic and sustainable.
The mild FFA level of UCO that can cause saponification problem from the usage of basic
catalyst can be avoided by utilizing acidic catalyst. The acidic sulfonated magnetic biochar
catalyst (SMBC), made from PKS, EFB, and OPF, has great potential as catalysts for one step
biodiesel production. However, the synthesis and the separation mechanism for this SMBC
have not been widely studied. The optimum synthesis parameter of SMBC synthesized from
PKS, EFB, and OPF biomass is still rarely studied.

The optimum reaction parameters for producing biodiesel from SMBC and its
reusability are not widely studied. In addition, the mechanism and kinetics of biodiesel
production using SMBC have not been studied.

The lack of research literature on the subject of magnetic catalysts has been realized.
Therefore, this research addresses the research gap as follows:

i. The optimized reaction parameters for SMBC synthesis.

ii. The reaction mechanism and kinetic for transesterification of biodiesel using SMBC.
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CHAPTER 3
METHODOLOGY

3.1  Overview

This research methodology started with the synthesis of sulfonated magnetic biochar
catalyst (SMBC). The catalyst was then characterized in order to investigate its
physicochemical properties. The SMBC was then utilized for biodiesel production through
transesterification to investigate its catalytic performance. The results from these investigations
were used to conduct a kinetic study of biodiesel production using SMBC. A general overview

of the methodology is shown in Figure 3.1.

1. MBC synthesis & characterization Objective 1
2. MBC synthesis optimization Objective 2

N\

3. Biodiesel production optimization

</ Objective 3

4. Catalyst reusability study

N\

5. Biodiesel characterization Objective 4
6. Mechanism & kinetic study of biodiesel production Objective 5

Figure 3.1: General overview of the methodology.

This chapter details the experimental methods, instrumentation, and materials used in
this research. Section 3.2 describes the materials used in this research. Section 3.3 presents the
method used to synthesize the SMBC. Section 3.4 describes in detail the methods for
characterizing the SMBC. Section 3.5 describes the method for SMBC synthesis optimization.
Section 3.6 presents the method of biodiesel production and optimization. Section 3.7 describes
the SMBC reusability study method. Section 3.8 describes the methods to analyze the

58



physicochemical properties and the characteristics of biodiesel. Lastly, Section 3.9 describes

the method for studying the kinetic of biodiesel production from SMBC.

3.2 Materials and Chemicals

Oil palm biomass, such as PKS, EFB, and OPF, were provided by Sarawak Oil Palms
Berhad. Used cooking oil (UCO) was collected from a local restaurant in Miri, Sarawak,
Malaysia. Laboratory grade chemicals, such as iron (I1l) chloride, sulfuric acid, methanol,
ethanol, n-hexane, and methyl heptadecanoate, were supplied from Jaya Chemical Supplier.

Table 3.1 shows the materials and chemicals used in this research.

Table 3.1: Materials and chemicals used in this research.

Materials / Chemicals
(Purity)

Manufacturer (Supplier)

Purpose

Oil palm biomass (PKS,
OPF, and EFB)

Iron (111) chloride (97%)

Sodium chloride (99.99%)

Sodium hydroxide (97%)

Sulfuric acid (95 — 98%)

Used cooking oil (FFA
<1.5%)

Methanol (>99.9%)

Ethanol (99.98%)

n-hexane (99%)

Methyl heptadecanoate
(>99%)

Sarawak Oil Palms Berhad

Sigma-Aldrich (Jaya
Chemical Supplier)
Merck (Jaya Chemical
Supplier)
Merck (Jaya Chemical
Supplier)
Sigma-Aldrich (Jaya
Chemical Supplier)

Local restaurant in Miri,
Sarawak

Merck (Jaya Chemical
Supplier)
Hmbg Chemicals (Jaya
Chemical Supplier)
Merck (Jaya Chemical
Supplier)

Merck (Jaya Chemical
Supplier)

Catalyst raw material

Catalyst iron impregnation

Catalyst characterization

Catalyst characterization

Catalyst sulfonation

Biodiesel feedstock

Biodiesel production

Biodiesel feedstock testing

Biodiesel feedstock testing

Gas chromatography
standard

3.3 Synthesis of Sulfonated Sulfonated Magnetic Biochar Catalyst
The synthesis method of the SMBC was modified from Mubarak et al. (2014) by

utilizing a tube furnace for higher carbonization temperature instead of a microwave muffle
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system oven. Some of the SMBC synthesis parameters, such as the type of oil palm biomass,
the FeClz-6H20 solution molarity, the carbonization temperature, and the sulfuric acid (H2SOa)
molarity, were varied according to the experimental design, as shown in more detail in Section

3.5. The overview of the SMBC synthesis method is illustrated in Figure 3.2.

Wash + Dry +
Crush + Grind + )
Sieve -
| Impregnated |

\ biomass

FeCl;-6H,0 for
5h

Pyrolysis ’—‘

Sulfonation

—

H,S0, at 150 °C
for 10 h

Tube furnace .g-.v.';f;‘
HHHN

ARARAARNNANNANAANAAN

Figure 3.2: SMBC synthesis method.

The oil palm biomass (PKS, EFB, and OPF) was washed and dried. Then, they were
impregnated with iron (I11) chloride hexahydrate (FeClz-6H20) solution. The FeCls-6H20
solution molarity was varied from 1.5 M to 2.5 M. The ferrite ion-impregnated biomass was
dried in an oven overnight at 110 °C using a lab drying oven (Binder ED240). The dried
impregnated biomass was then carbonized by pyrolysis between 600 °C and 800 °C for 1 hour
in argon gas flow with a flow rate of 200 mL min using a high-temperature tube furnace
(Thermconcept). The biochar then underwent sulfonation by immersion into 1.5M to 2.5M
H>SO4 for 10 hours with constant stirring at 150 °C. The sulfonated magnetic biochar was dried
in alab drying oven (Binder ED240) at 80 °C overnight. After drying, the newly formed SMBC
was stored in an airtight container prior to its usage.
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3.4  Characterization of Sulfonated Magnetic Biochar Catalyst
3.4.1 Surface Morphology Determination

A surface morphology study was conducted to investigate the surface porosity of the
SMBC. A field emission scanning electron microscope (FESEM) (FEI Quanta 400F) was
utilized to study the morphology of the SMBC. The study was done between 100 and 100,000
times magnification and 20kV of accelerating voltage. The samples were tested one at a time.
Prior to the test, a sample was mixed with ethanol to form a suspension. The suspension was
dropped onto the sample holder and let sit for it to evaporate. The sample holder was then

carefully put inside the FESEM for the analysis to begin.

3.4.2 Elemental Composition Determination

An Energy Dispersive X-Ray (EDX) analysis was done to study the elemental
composition of SMBC. The target elements for the analysis were carbon, iron, and sulfur.
Carbon was targeted for the comparison between the different types of oil palm biomass (PKS,
OPF, and EFB). Iron was targeted for the confirmation of iron impregnation onto SMBC and
the comparison of the impregnation ability of the different types of oil palm biomass. Similarly,
sulfur was targeted for the confirmation of sulfonation of SMBC and the comparison of the
sulfonation ability of the different types of oil palm biochar. This elemental analysis was done
via an EDX analyzer (Oxford-Instruments INCA 400 with X-Max Detector) attached to a
FESEM (FEI Quanta 400F). Each of the samples for the analysis was taken out at a time from
its storing containers and then directly tested on the sample holder.

3.4.3 Specific Surface Area Determination

A specific surface area analysis was done to analyze the surface porosity and area
availability for catalytic activity. The analysis was done using a gas sorption analyzer (TriStar
Il Plus). The Brunauer- Emmett-Teller (BET) equation was utilized to acquire the specific
surface area. The samples were tested one at a time. Before each test, the samples had gone
through degassing at 200 °C under vacuum for 12 hours and -195.8 °C for nitrogen gas
adsorption.

3.4.4 Thermal Stability Determination

The thermal stability analysis of the oil palm biomass was analyzed to compare the
lignocellulosic materials composition of the biomass. Raw PKS, raw OPF, and raw EFB were
analyzed using a thermogravimetric analyzer (Mettler Toledo TGA/DSC1) under a flow of

nitrogen at the flow rate of 50 mL min™ and a temperature ramp from room temperature until
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700 °C at 10 °C min’*. From literature, oil palm biomass decomposition plateaued after 700 °C
(Liew etal. 2018). As there was no significant weight reduction observed beyond 700 °C during
the TGA analysis of the biomass, this research only investigated the thermal stability of the oil
palm biomass until 700 °C.

3.4.5 Functional Group Determination

The functional groups’ presence on the SMBC was studied via Fourier transform
infrared (FTIR) spectroscopy analysis. The chemical analysis was done via an FTIR
spectrophotometer (Perkin Elmer) using Attenuated Total Reflectance (ATR) sampling

technique for a region of 4000 cm™ to 400 cm™. The analysis was done in transmittance mode.

3.4.6 Acidity Determination

The acid density of SMBC, studied to evaluate the ability of the oil palm biochar to
adsorb the sulfonic group during sulfonation, was calculated by performing neutralization
titration. A fixed amount of SMBC was weighed and mixed with 0.1M NaCl solution. The
mixture was left for 12 hours before it was filtered. Then, the filtrate was titrated with 0.01M
NaOH solution with phenolphthalein as an indicator. The amount of 0.01M NaOH solution
needed to turn the mixture pink for at least 10 seconds was noted for the calculation of the acid
density of SMBC, as shown in Equation 3.1.

Vi M
Acid density (mmol g~1) = 200 "NaOH (3.1)

Wsmac
where Vnaon = volume of NaOH solution needed for titration (mL), Mnaon = molarity of

NaOH solution (mol L), Wsmec = mass of SMBC (g). The experiment was repeated for every
SMBC two more times, and the average acid density values were calculated and reported in

terms of mmol g,

3.4.7 Magnetic Properties Determination

The magnetic property of SMBC was studied using a vibrating sample magnetometer
(VSM) (Lake Shore 7400 Series). The mass saturation magnetization (cs) was studied to
investigate the ability of SMBC to be magnetically attracted for the product-catalyst separation
during biodiesel production. The study was made at Sunway University Malaysia. The
magnetic field was generated between -8000 Oe and 8000 Oe, and points were acquired

continuously to generate a hysteresis loop.
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3.5  Sulfonated Magnetic Biochar Catalyst Synthesis Optimization by the Taguchi
Method

The Taguchi method was adopted to determine the optimized parameters for SMBC
synthesis. This method was employed to reduce the number of experimental runs needed in
order to find the optimal parameters for SMBC synthesis. Compared to other optimization
methods, such as the full factorial method and response surface method, the Taguchi method
requires significantly fewer experimental runs. Only four experimental runs were needed by
this design to investigate three factors. A similar 3-factor design using the full factorial method
will need eight runs, while the response surface method will need 20 runs. Therefore, the
Taguchi method was chosen for the SMBC synthesis optimization analysis in this research in
order to save the time and cost of running the catalyst characterization. In this research, each
of the three parameters, also known as factors, was studied at two different levels. Therefore,
the L4 Taguchi design (2-level, 3-factor) was used. The factors that were investigated are
FeCls-6H20 concentration, carbonization temperature, and H.SO4 concentration. Based on the
studies by Santos et al. (2020), Quah et al. (2020), K. Liu, Wang, and Yu (2018), and Mubarak
et al. (2014), the optimum levels for biochar synthesis were obtained. For FeCls-6H>O and
H>S0O4 concentration, both of these factors were studied at 1.5M for level 1 and 2.5M for level
2. Meanwhile, the carbonization temperature was studied at 600 °C for level 1 and 800 °C for
level 2. The responses that were considered for this analysis were the BET surface area, acid
density, and the mass saturation magnetization of the produced catalyst. All of the factors and

responses are shown in Table 3.2.

Table 3.2: The factors and responses for the Taguchi method optimization.

Factors Responses
FeCls-6H2O Carbonization H2S04 BET Ci Mass.
. . |Surface ) saturation
Concentration Temperature Concentration Density .
Area magnetization
Symbol FC CT HC SA AD MM
Unit M °C M m?g? mmolg? Am?kg?
Level 1 1.5 600 15
Level 2 25 800 2.5
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The computation for the Taguchi method was done on the MINITAB statistical
software version 19. The software generated an experimental design matrix, as shown in Table
3.3, based on the L4 Taguchi design (2-level, 3-factor). The SMBC produce from PKS using
the parameters from run 1 was denoted PKS1, run 2 was denoted PKS2, run 3 was denoted
PKS3, and run 4 was denoted PKS4. The same denotation was done on the SMBC produced
from OPF and EFB. From these experiments, the responses were analyzed through the SN ratio
‘the larger is better’ as the maximum value of responses was desired. The SN ratio was
calculated, as shown in Equation 3.2.

Table 3.3: The design matrix for the Taguchi method optimization.

Design matrix

Run FeCls-6H20 Calcination (°C) H250
Concentration (M) Concentration (M)
1 15 800 2.5
2 2.5 800 15
3 15 600 15
4 2.5 600 2.5
1 1
SN ratio (the larger is better) = —101log,, HZ =z (3.2)
i

where n = experiment count, aj = response value.

3.6  Biodiesel Production

The reaction to produce fatty acid methyl ester (FAME), or generally known as
biodiesel, was carried out, and the production began by mixing a fixed amount of methanol and
SMBC in a 250 mL conical flask. The mixture was heated and shaken by a shaking incubator
(LABNET-USA) at 200 rpm (Guldhe et al. 2017). UCO to be used in the reaction was filtered
to remove any solid residue, and then used directly for the biodiesel production reaction.
Transesterification was started by mixing filtered UCO with the heated and premixed
methanol-SMBC mixture. The reaction parameters, such as the catalyst loading, oil to methanol
molar ratio, reaction temperature, and reaction period, were determined by the values inserted
into the response surface methodology - central composite design (RSM-CCD) module of the

Design-Expert version 12 software. The response for the analysis is the biodiesel yield. Table
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3.4 shows the actual levels of the parameters with respect to their coded values. The data for
the design of experiment are shown in Appendix A. Figure 3.3 shows the overview of biodiesel
synthesis. The biodiesel yield was determined through a gas chromatograph (GC) (Agilent
8890) equipped with a flame ionization detector (FID). The GC was fitted with a ZEBRON
ZB-FAME capillary column (30 meters, 0.25 mm ID, 0.20 um FT). Table 3.5 shows the oven
program of the GC for the biodiesel yield analysis used for this study, as suggested by the
capillary column manufacturer (Trass et al. 2017). The biodiesel sample was directly tested by
the GC with n-hexane as a solvent and methyl heptadacenoate as an internal standard. Equation
3.3 was used to calculate the biodiesel yield using the data obtained from the GC biodiesel
analysis (Patil et al. 2012). The biodiesel yield is the percentage of concentration of pure FAME
in a crude biodiesel sample. Sample graph and yield calculation of GC result are shown in

Appendix B.

Table 3.4: RSM factors and their respective levels with alpha value = 2.

Levels

Uncoded variables Symbol
-2 -1 0 1 2

4 7 10 13 16
10 15 20 25 30
50 55 60 65 70

2 4 6 8 10

Catalyst loading (wt%)
Methanol-oil molar ratio
Temperature (°C)
Time (h)

o O w >
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.

Methanol + MBC + UCO

Permanent

Recovered
MBC

Transesterification Reuse

Figure 3.3: Biodiesel synthesis method.

Table 3.5: Gas chromatograph oven program for biodiesel analysis.

Event Rate (°C min') Value (°C) Hold Time (min) Total Time (min)

Initial - 100 2 2
Ramp 1 10 140 0 6
Ramp 2 3 190 0 22.67
Ramp 3

(End) 30 260 2 27

(XA - A 9 Cis X Vi

Y
Ass w

x 100 (3.3)

where Y = biodiesel yield (%), YA = total peak area, Ajs = peak area of internal standard, Cis
= concentration of internal standard (mg mL™), Vis = volume of internal standard injected

(mL), W = weight of crude biodiesel sample injected (mg).

3.7  Catalyst Reusability
After the optimum reaction parameters for biodiesel production were obtained from the
previous experiments, the experiment was repeated using the optimum reaction parameters.

The reaction was repeated for five cycles only as most literature that used a similar catalyst to
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SMBC for biodiesel production reported significant deactivation of catalyst active sites after
five cycles and needed to be reactivated (Roy et al. 2021). The SMBC was washed with n-
hexane in a 250 mL conical flask, stirred at 200 rpm using an orbital shaker (IKA KS501) at
room temperature in between cycles. The biodiesel yield was recorded in each cycle. The whole
experiment was carried out in triplicate, and the average yield value was calculated and
reported. The standard deviation (SD) of the data was calculated and served as an uncertainty

level of the data. The error was represented by +/- one SD.

3.8  Characterization of Used Cooking Oil and Biodiesel
3.8.1 Physicochemical Properties Determination

The physicochemical properties of UCO and biodiesel, such as flash point, density at
15°C, specific gravity, API gravity at 60°C, kinematic viscosity at 40°C, cetane index, cloud
point, and pour points, were determined by standard methods. The determination methods for

each property are tabulated in Table 3.6.

Table 3.6: Biodiesel physicochemical properties determination standards.

Properties Test method Equipment

SYP1002B-1V
Flash point ASTM D93 Closed end flash point tester of petroleum
products
DMA4500 M
Laboratory Density Meter
DMA4500 M
Laboratory Density Meter
DMA4500 M
Laboratory Density Meter

Density at 15°C ASTM D4052
Specific gravity ASTM D4052

API gravity at 60°C ASTM D4052

Kinematic viscosity at

40°C ASTM D445 Cannon Viscometer
. Anton Paar ADU5
Cetane index ASTM D976 Automatic Distillation Unit
Cloud point ASTM D2500 Manual apparatus for Cloud Point Test
Pour point ASTM D97 Manual apparatus for Pour Point Test

3.8.2 Fatty Acid Profile Determination
The fatty acid profile of the biodiesel was determined through a gas chromatograph
(GC) (Perkin Elmer Clarus 690 GC) equipped with a mass spectrometer detector (MSD). The
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GC was fitted with a Perkin Elmer Elite-5MS capillary column (30 meters, 0.25 mm ID, 0.25
pum FT). The biodiesel sample was tested by the gas chromatograph diluted to 10 ng/mL with

n-Hexane as a solvent.

3.9 Kinetic Study of Biodiesel Production

In this study, the Kinetics of transesterification was studied. The effects of reaction
temperature and time were investigated to establish the reaction's kinetics. The UCO was
presumed mainly made up of triglyceride, as the FFA content of the UCO was less than 1.5%.
Transesterification is a reversible reaction. This reaction may be divided into an intermediate
three-step transesterification mechanism, as indicated in Equations 3.4 through 3.6. The overall
transesterification process is shown in Equation 3.7 (Takase 2022).

kq
TG + ROH 2 DG + ME (3.4)
ky

k3
DG + ROH 2 MG + ME (3.5)
Ky

Ks
MG + ROH 2 GL + ME (3.6)
Ke

TG + 3 ROH 1;7 3 ME + GL 3.7)
kg
where TG is the triglyceride, DG is the diglyceride, MG is the monoglyceride, ROH is the
methanol, ME is the methyl ester, and GL is the glycerol. k1, k3, k5, k7 are the rate constants
for forward reaction, while k2, k4, k6, k8 are the rate constants for backward reaction. The
differential rate of reaction can be developed from Equations 3.4 — 3.6, as shown in Equations
3.8-3.13.

% = —k,[TG][ROH] + k,[DG][ROH] (3.8)
d[(?tG] = k,[TG][ROH] — k,[DG][ROH] — k;[DG][ROH] + k,[MG][ME] (3.9)
% = k3 [DG][ROH] — k,[MG][ROH] — ks[MG][ROH] + k¢[GL][ME] (3.10)
% = ks [MG][ROH] — k¢ [GL][ME] (3.11)
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dIME] | [TGI[ROH] — k,[DGI[ME] + ky[DG][ROH] — k,[MG][ME
— = Ka[TG][ROH] — k; [DG][ME] + k3[DG][ROH] — k4 [MG][ME] (3.12)

+ ks [MG][ROH] — k¢[GL][ME]
d[ROH]  d[ME]

= 3.13
dt dt (3.13)
From Equation 3.7, the overall rate of reaction can be written as in Equation 3.14.
d[TG
—Ipg = — [ e I —k,[TG][ROH]3 + kg[GL][ME]3 (3.14)

where the bracketed species denote its molar concentration.

3.9.1 Pseudo-Irreversible First-Order Kinetic Model

The pseudo-irreversible first-order kinetic model assumes a sufficient catalyst is used
with respect to the oil to tip the balance of the reaction in the direction of the synthesis of fatty
acid methyl esters. As a result, it is possible to ignore the reverse reaction and consider the
catalyst's concentration change to be negligible (Mercy Nisha Pauline et al. 2021). Considering
the reaction is a single-step transesterification, Equation 3.15 may be used to express the rate

law of the transesterification reaction for forward reactions.

d[TG ,
—rpg = — L = K'[TG][ROHT? (3.15)

where k' is the equilibrium rate constant. This reaction is governed by a fourth-order reaction
rate law. The excess molar ratio of methanol to oil enables us to consider that the decrease in
methanol concentration during the reaction is constant. The reaction can be assumed to exhibit
as pseudo-irreversible first-order kinetics when methanol is reacted in excess. Its concentration
behaves as a first-order reaction and does not change the order of the chemical reaction. The

rate expression can finally be expressed, as shown in Equation 3.16.

d[TG
—Trg = — [dt 1 ky[TG] (3.16)

where K is the modified rate constant for pseudo-irreversible first-order reaction and k) =
k’[ROH]3. At time t = 0, the initial triglyceride concentration was [TGg], and at time t, it
reduced to [TG]. The integration of Equation 3.15 gives us Equation 3.17.

[TGol
In [TG(E] = k(l)t + C1 (318)

From mass balance,
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_ . I1q]
Xup =1~ e (3.19)

where C; is the integration constant and Xwme is the methyl ester's production. Substituting
Equation 3.19 for Equation 3.18 gives us Equation 3.20.

In—— = kgt + C; (3.20)

1_XME -

By simplifying Equation 3.20, we get the pseudo-irreversible first-order kinetic model
Equation 3.21.

f(Xl) = - ln(l - XME) = k(l)t + Cl (321)

The rate constant k(1) is acquired by plotting f(x1) versus t based on the optimum
reaction parameters obtained from the biodiesel production optimization. The study was carried
out at five different temperature readings, ranging from 50 °C - 70 °C. The gradient of the plot

is the value of the rate constant at a respective temperature.

3.9.2 Pseudo-Irreversible Second-Order Kinetic Model

A transesterification of second-order reaction involves both of the reactants i.e. the
methanol and oil. This ends up relatively hampering the reaction more compared to a first-
order reaction. Nonetheless, for a pseudo-irreversible second-order reaction, the overall
reaction is modelled with only the triglyceride as the methanol amount is assumed to be
stoichiometrically in excess. As such, the rate law of the reaction is shown in Equation 3.22

(Stamenkovi¢ et al. 2008).

d[TG]
—Irq = ——5— = k) [TG]? (3.22)

where k() is the pseudo-irreversible second-order reaction rate constant. Substituting Equation
3.22 for Equation 3.19, and assuming the chemical reaction is faster than the mass transfer

[TGo] =1, we can turn the equation in terms of Xve as shown in Equation 3.23.

d[TG -X
— SRR = k) [TGo 2 (1 — X (3.29)

_d[1-XmEl
(1-XmE)?

Integrating Equation 3.24 gives us the pseudo-irreversible second-order kinetic model
Equation 3.25.

= K(pydt (3.24)

f00) = s = kot +Coy (3.25)

(1-XME
where Cy) is the integration constant. The rate constant k() is acquired by plotting f(x2) versus

t based on the optimum reaction parameters obtained from the biodiesel production
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optimization. The study was carried out at five different temperature readings, ranging from 50

°C - 70 °C. The gradient of the plot is the value of the rate constant at a respective temperature.

3.9.3 Pseudo-Reversible Second-Order Kinetic Model

The Langmuir-Hinshelwood-Hougen-Watson (LHHW) reaction mechanism was
proposed for a heterogeneously catalyzed reaction. This mechanism states that the reactants
molecule in this study, methanol, and triglyceride, are reacted at different catalytic sites on the
catalyst surface through chemisorption (Sulaiman et al. 2020). For transesterification, nine
steps of stepwise reactions are needed. Three steps involved are adsorption, reaction, and
desorption (Feyzi et al. 2017). The stepwise reactions also describe the intermediate reactions
that occur during transesterification. The stepwise reactions according to the LHHW

mechanism are shown in Equations 3.26-3.34.

kq
2 % +TG + ROH2TG*ROH* (3.26)
k;
k3
TG*ROH* 2DG*ME* (3.27)
Ky
Ks
DG*ME*2DG* + ME + * (3.28)
K
k7
+ +DG* + ROH2DG*ROH* (3.29)
kg
kg
DG*ROH* 2 MG*ME* (3.30)
k10
kll
MG*ME* 2 MG* + ME + * (3.31)
k12
k13
MG* + ROH + * 2 MG*ROH* (3.32)
k14-
Kys
MG*ROH* 2 GL*ME* (3.33)
k16
k17
GL*ME* 2 GL + ME + 2 (3.34)
k18
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where *, ROH*, TG*, DG*, MG*, GL*, and ME* are reaction intermediates between the
catalyst surface and adsorbed ROH, TG, DG, MG, and ME.

Based on the stepwise reactions, Equations 3.26 and 3.27 are the rate limiting steps.
From Equation 3.26, the rate law is shown in Equation 3.35.

rr = ki [TGI[ROH][]? (3.35)

where [*] is the catalytic active sites concentration. From Equation 3.27, the rate law is shown

in Equation 3.36.
rrg = k3[TG"ROH"] (3.36)

From Equation 3.26, we can derive Equation 3.37.

k; _ [TG*ROH]
k,  [TGI[ROH][*]2 (3.37)

Substituting Equation 3.37 for Equation 3.36, we get Equation 3.38.

rpg = % [TG][ROH][*]? (3.38)
Let, K == (3.39)
2

The resulting rate law is shown in Equation 3.40.
rr = k'[TG][ROH][]? (3.40)

As both rate law derived from Equations 3.26 and 3.27 are similar, both are considered

as rate determining step.

where k) is the pseudo-reversible second-order reaction rate constant. Substituting Equation

3.41 for Equation 3.40, the resulting rate law is shown in Equation 3.42,
From Equation 3.42, the overall chemical equation is shown in Equation 3.43.

k
TG + ROH -3 Product (3.43)

From Equation 3.43, only one mole from each reactant is needed for production. After
substituting in Equation 3.19, the concentrations of reactants at any given time are calculated
with Equations 3.44 and 3.45.
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[TG] = [TGo] — XME (3-44)

[ROH] = [ROH,] — Xyg (3.45)

where [ROHo] is the methanol concentration at time t=0. By differentiating Equation 3.42 and
substituting Equation 3.45 and Equation 3.44 for Equation 3.42, we get Equation 3.46.

2 = k) ([TGo] — Xue) ((ROH,] — Xyp) (3.46)

Integrating Equation 3.46 gives us the pseudo-reversible second-order kinetic model
Equation 3.47.

1 [TGol([ROHg]-XmE) _
ROH,]—[TGol) In [ROHol([TGol-XmE) ket (3.47)

f(x3) = a

The rate constant k) is acquired by plotting f(xz) versus t based on the optimum
reaction parameters obtained from the biodiesel production optimization. The study was carried
out at five different temperature readings, ranging from 50 °C - 70 °C. The gradient of the plot

is the value of the rate constant at a respective temperature.

3.9.4 Determination of Activation Energy and Reaction Kinetic

The Arrhenius equation was utilized as a tool to study the activation energy of the
transesterification reaction to produce biodiesel. Equation 3.48 shows the Arrhenius equation
in exponential form.

_Ea

k = AeRT (3.48)

where K is the rate constant (min), A is the pre-exponential factor or frequency factor, Ea is
the activation energy of reaction (J mol?), R is the gas constant (8.314 J mol™* K1), and T is
the absolute temperature (K). By linearizing Equation 3.48, taking a natural log at both sides,

the transformed and rearranged linear form is shown in Equation 3.49.
Ink =InA—22 (3.49)
RT

By linear regression and plotting In k versus 1/T based on the rate constant obtained
through the kinetic modeling in Section 3.9.3, the Ea is derived from the gradient of the plot.
The coefficient of determination (R?) of the plot correlates the reaction rate with temperature
(Gholipour Zanjani et al. 2020; Mani et al. 2020). In this study, this indicates that biodiesel
transesterification fits to the proposed kinetic model, respectively (Putra et al. 2018;
Gurunathan and Ravi 2015).
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CHAPTER 4
RESULTS AND DISCUSSION

41  Overview

This chapter presents and discusses the findings of this research. First, the
characterization of the sulfonated magnetic biochar catalyst (SMBC) via SEM, EDX, BET,
TGA, FTIR, Neutralization Titration, and VSM is discussed in Section 4.2. In addition, the
optimization of SMBC synthesis using the Taguchi method is discussed in Section 4.3. Section
4.4 presents the results from the biodiesel optimization. Section 4.5 presents the results from
the catalyst reusability analysis. Section 4.6 discusses the physicochemical and fatty acid
profile characterization of used cooking oil (UCQ) biodiesel. The results from the kinetic study
of the UCO biodiesel production are presented in Section 4.7. Lastly, Section 4.8 presents the
summary of this chapter.

4.2  Characterization of Sulfonated Magnetic Biochar Catalyst
4.2.1 Surface Morphology of Sulfonated Magnetic Biochar Catalyst

As the performance of a catalyst can be generally defined by its surface morphology,
the surface morphology of SMBC was analyzed using a FESEM. The SEM images shown in
Figures 4.1 to 4.3 are for PKS, EFB, and OPF, respectively. Figure 4.1 (a) shows raw PKS and
Figure 4.1 (b) shows PKS derived SMBC. From Figure 4.1, it can be observed that the surface
of the PKS is smooth prior to carbonization. After carbonization, a porous surface is developed.
Similarly, for EFB, in Figure 4.2, the smooth surface of EFB is turned to porous after the
carbonization process. Figure 4.3 shows a similar trend for the OPF, in which its surface turns
from smooth to porous. Figures 4.1 to 4.3 indicate that the smooth surface areas of the biomass
are shown to have transformed as pores can be seen forming at the surface of the carbonized
SMBC. Pore formation is one of the results of the production of volatile gas by biomass during
the carbonization process. The remainder of the biomass that is non-volatile forms porous
biochar, as can be observed from the SEM images (Liew et al. 2018). These results are also
reported by Lim et al. (2020), in which EFB was carbonized, and rough surfaces with porosity
were formed from the smooth-surfaced biomass. This study utilized EFB biochar as a catalyst
for biodiesel production (Lim et al. 2020). Y. Wei et al. (2020) also reported pores formation
and higher specific surface area for carbonized bamboo biochar. The study then utilized biochar

as a catalyst for cellulose hydrolysis (Y. Wei et al. 2020).
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Furthermore, it can be observed that the pore size developed on PKS is less apparent
compared to EFB and OPF. The pores and channels developed on EFB and OPF are wider
compared to PKS. The sulfonation treatment of the SMBC can also be acknowledged as
another factor for the formation of the pores on the SMBC (Cheng and Li 2018). As the surface
of the biochar exposed to the strong acid during sulfonation, more surface area was subjected
to oxidation by the sulfonating agent. This gives the biochar a more open pore structure and at
the same time increased the specific surface area (da Luz Corréa et al. 2020; Ohra-aho et al.
2020).

40 pm
EFB2

Figure 4.2: SEM images of (a) raw EFB, (b) EFB derived SMBC.
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Figure 4.3: SEM images of (a) raw OPF, (b) OPF derived SMBC.

4.2.2 Energy Dispersive X-Ray Analysis of Sulfonated Magnetic Biochar Catalyst

EDX analysis was conducted to analyze the elemental composition of the SMBC.
Figures 4.4, 4.5, and 4.6 show the spectra of PKS, EFB, and OPF, respectively. Table 4.1
summarizes the elemental composition of the analyzed samples. The iron peaks can be
observed in all SMBC spectra with the exception of the raw biomass spectra, which is an
indication of the magnetic iron impregnation to the SMBC. J. Dong et al. (2021) investigated
a magnetic biochar catalyst for the adsorption of lead ions from an aqueous solution. The study
reported an increase in iron content for an iron-impregnated catalyst compared to a non-
impregnated catalyst (J. Dong et al. 2022). The relatively higher sulfur content on the other
hand indicated the successful sulfonation of the SMBC. Q. Xie et al. (2020) prepared a
sulfonated biochar catalyst for spiramycin hydrolysis. In this study, the elemental sulfur content
of the sulfonated catalyst increased compared to the raw form of the biochar (Q. Xie et al.
2020).

As can be seen in Table 4.1, the composition of carbon in SMBC from PKS on average
is higher compared to OPF and EFB. This can be attributed to the lower ability of PKS to be
impregnated with iron and sulfur from the sulfonation process. The variation of iron and sulfur
content between the biomass also indicates the variation of bonding strength of the functional
group onto the biochar (W. Xie and Wang 2020). For PKS, less iron to sulfur content ratio was
recorded compared to OPF and EFB. This is a result of the leaching of iron content during
sulfonation (Quah et al. 2020). For OPF and EFB, this circumstance was less observed. The
iron oxides formed during carbonation might be leached out through sulfuric acid solvation
later during sulfonation. The severity of the leaching, however, depends on the capability of
the biochar to bond with the functional groups (J. Lee et al. 2019). The leaching severity differs

between the biomass, as each biomass was made from different lignocellulosic material
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component and having different surface structure as discussed in much detailed in Section
4.2.4.
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Figure 4.4: EDX spectra of (a) raw PKS, (b) PKS1, (c) PKS2, (d) PKS3, and (e) PKSA4.
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Figure 4.5: EDX spectra of (a) raw OPF, (b) OPF1, (c) OPF2, (d) OPF3, and (e) OPF4.
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Figure 4.6: EDX spectra of (a) raw EFB, (b) EFB1, (c) EFB2, (d) EFB3, and (e) EFBA4.
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Table 4.1: Summary of elemental composition of raw biomass and SMBC.

Weight%
Element C @] Si S Cl K Fe
Raw PKS 51.76 39.29 5.49 0.24 0 0.43 2.04

PKS1 68.11 17.91 0.21 7.25 0.23 0 6.29
PKS2 7355  12.75 0 0.42 5.90 0 6.86
PKS3 51.64  20.06 0.12 9.98 0.31 0 17.89

PKS4 7226  15.78 0.25 1.96 1.75 0 7.99
Raw OPF  51.65  41.47 4.85 0.07 0.99 0.97 0

OPF1 2483 27.34 0 2.70 7.44 0.78 36.09

OPF2 35.07 16.90 0 1.38 14.98 1.02 29.74

OPF3 45.04  22.67 6.77 0.59 8.81 0.56 15.22
OPF4 3351 27.46 0.18 4.75 10.02 1.28 21.94

Raw EFB  56.83  39.73 1.88 0.20 0.32 0.52 0.07
EFB1 36.00 15.85 1.06 1.13 14.43 0.63 30.90
EFB2 35.97  33.99 2.16 1.35 8.50 0.76 16.87
EFB3 26.89  29.17 6.32 6.64 0.43 0.29 29.59
EFB4 2594  34.83 0.50 5.85 5.72 0.48 26.30

4.2.3 Surface Area Analysis of Sulfonated Magnetic Biochar Catalyst

The surface and pore features of the SMBC are summarized in Table 4.2. The BET
surface areas for PKS range from 0.94 m? g to 74.16 m? g*. Meanwhile, the BET surface
areas for OPF range from 5.96 m? g to 23.27 m? g%, and the BET surface areas for EFB range
from 6.58 m? g to 46.74 m? g*. Yunchao Li et al. (2020) reported a value of BET surface area
between 19.1 m? gt and 40.3 m2 g for a biochar catalyst made from PKS and used in biodiesel
production (Yunchao Li et al. 2020). This value is within the range of the current SMBC made
from PKS. Lawal et al. (2021) prepared a PKS biochar catalyst with a higher BET surface area
value at 377 m? g (Lawal et al. 2021). The higher BET surface area is caused by the difference
in the biochar preparation method. The catalyst prepared in the literature was not impregnated
with iron or treated chemically. Thus, the surface is free from any pore obstruction (Jenie et al.
2020). Another study by Lim et al. (2020) reported a BET surface area value of 2.851 m? g
for a sulfonated EFB biochar catalyst. The study also highlighted the reduction of BET surface
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area when comparing the sulfonated biochar catalyst to the non-sulfonated biochar catalyst.
The surface area difference can also be associated with the different carbon feedstock for the
catalyst synthesis (Lim et al. 2020).

On average, the BET surface area of EFB is higher than OPF and PKS. Meanwhile, the
BET surface area of OPF is higher than PKS, except for PKS4. The high BET surface area for
PKS4 is due to the formation of micropores, which can be observed from its average pore
diameter of 2.83 nm. The average pore diameter of PKS4 is on the borderline between
microporous and mesoporous structures. A mesoporous structure has an average pore diameter
between 2 nm and 50 nm, while a microporous structure has an average pore diameter of less
than 2 nm (Anto et al. 2019). Nevertheless, all of the SMBCs can be categorized as mesoporous

based on their average pore diameters between 2.83 nm and 29.44 nm.
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Table 4.2: BET surface area and porosity of SMBC.

BET Surface Area Pore Volume Average Pore

Catalyst (m? g1) (cm® g) Di?r:r:ﬁ)ter
PKS1 1.74 0.006 13.87
PKS2 1.45 0.011 29.44
PKS3 0.94 0.004 18.57
PKS4 74.16 0.053 2.83
OPF1 23.27 0.026 4.45
OPF2 8.10 0.024 11.95
OPF3 1.24 0.024 13.48
OPF4 5.96 0.018 12.48
EFB1 44.42 0.038 3.46
EFB2 46.74 0.040 3.44
EFB3 8.08 0.019 9.36
EFB4 6.58 0.016 9.48

4.2.4 Thermogravimetric Analysis of Sulfonated Magnetic Biochar Catalyst

TGA and differential thermal analysis (DTA) were done on the raw PKS, raw OPF, and
raw EFB. Figure 4.7 show the thermograms of raw PKS, raw OPF, and raw EFB. Figures 4.7
(@) and 4.7 (b) represent the thermal decomposition of raw PKS and raw OPF, respectively.
Both raw PKS and raw OPF show three decomposition peaks in both of their thermograms.
The first peak that occurred around 80 °C represented the evaporation of moisture from the
biomass (Dayang et al. 2017). The second peak that occurred around 280 °C represented the
decomposition of hemicellulose to form biochar. The third peak that occurred around 350 °C
represented the decomposition of cellulose to form biochar (Babinszki et al. 2021). Figure 4.7
(c) shows the thermograms for the thermal decomposition of raw EFB. For raw EFB, only two
decomposition peaks can be observed. The first peak that occurred around 76 °C represented
the evaporation of moisture from the raw EFB (Dayang et al. 2017). Meanwhile, the second
peak that occurred around 320 °C represented the decomposition of cellulose to form biochar
(Babinszki et al. 2021). The lignin component of the biomass decomposed from 150 °C to 600

°C at a slower rate compared to hemicellulose and cellulose (Y. Wei et al. 2020). From these
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results, it can be concluded that raw EFB is mainly made up of cellulose and lignin. Meanwhile,
both raw PKS and raw OPF have lignin and cellulose contents with a higher content of
hemicellulose compared to raw EFB. The carbonization temperature of 600 °C and 800 °C
chosen for SMBC synthesis was sufficient to form biochar from the oil palm biomass based on
the observed weight change that plateaued after 500 °C. As there was no significant weight
reduction that was observed beyond 500 °C during the TGA analysis of the biomass, the same
is assumed for the catalyst. In addition, the reaction temperature for biodiesel production did

not exceed 100 °C; thus, there is no concern about the stability of the catalyst.
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Figure 4.7: TGA- DTA curve of (a) raw PKS, (b) raw OPF, and (c) raw EFB at 10 °C min™
heating rate.

4.25 FTIR Analysis of Sulfonated Magnetic Biochar Catalyst

FTIR was employed to study the functional groups present on the SMBC. Figures 4.8,
4.9, and 4.10 show the spectra of raw biomass and its respective SMBC. From Figures 4.8 to
4.10, it can be observed that the peaks in each spectrum between wavenumbers 3381 cm™ and
3423 cm correspond to O-H due to the hydration of the biomass and SMBC (Mateo et al.
2020). The peaks between 1569 cm™ and 1597 cm™ correspond to aromatic C=C bonds. The
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peaks between 1081 cm™ and 1136 cm™ correspond to C-O group stretching, and the peaks
between 1000 cm™ and 1040 cm™ corresponding to S=0O bonds appeared after the sulfonation
process of SMBC (Rocha et al. 2019). The peaks between 783 cm™ and 808 cm™ are attributed
to the bending of aromatic C-H bonds (Jiang et al. 2020). The absorption peaks between 400
cm™ and 600 cm™ correspond to the Fe-O bonds as a result of the ferric ion impregnation on
the SMBC (A. Wang et al. 2018). The peaks between 400 cm™ and 600 cm™ for all SMBC
spectra are relatively higher than the raw biomass as a result of iron impregnation on the
SMBC. Figure 4.11 shows the comparison of SMBC spectra synthesized from PKS, OPF, and
EFB. Among the SMBC, OPF shows more significant S=O group peaks and higher Fe-O group
peaks compared to EFB and PKS. From the EDX analysis in Section 4.2.2, the Fe and S content
of OPF and EFB are comparable, and significantly higher than that of PKS. Table 4.3 shows
the respective functional group of the biomass and SMBC.
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Figure 4.8: FTIR spectroscopy of raw PKS, PKS1, PKS2, PKS3, and PKS4.
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Figure 4.9: FTIR spectroscopy of raw OPF, OPF1, OPF2, OPF3, and OPF4.
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Figure 4.10: FTIR spectroscopy of raw EFB, EFB1, EFB2, EFB3, and EFB4.
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Figure 4.11: FTIR spectroscopy of PKS4, OPF4, and EFBA4.

Table 4.3: Functional groups present on raw biomass and SMBC from FTIR analysis.

Functional O-H C=C C-O S=0 C-H Fe-O
Group (cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
RAW

PKS 3423 1569 1136 1040 808 -
PKS1-4 3423 1569 1136 1040 808 400-600
RAW
OPF 3390 1597 1082 1000 783 -
OPF1-4 3390 1597 1082 1000 783 400-600
RAW
EFB 3381 1594 1081 1012 794 -
EFB1-4 3381 1594 1081 1012 794 400-600

4.2.6 Acid Density of Sulfonated Magnetic Biochar Catalyst

The acid density of SMBC was calculated from the neutralization titration using
Equation 4.1. Table 4.4 shows the calculated average acid density of SMBC and past literature
for comparison. The acid density of the catalyst corresponds directly to its catalytic reactivity.
The higher the acid density, the more active sites are available for the reactants to react with
each other (Farabi et al. 2019). The values of the average acid density for SMBC from PKS
range from 0.17 mmol g to 0.74 mmol g*. For SMBC made from OPF, the average acid
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density values range from 2.90 mmol g* to 4.41 mmol g*. Average acid values between 2.35
mmol g and 4.55 mmol g were recorded for SMBC made from EFB. Both OPF and EFB
have comparable values of average acid density. However, PKS recorded significantly lower
average acid density values. Farabi et al. (2019) studied the production of biodiesel from palm
fatty acid distillate using sulfonated PKS biochar and reported a high catalyst acid density value
of 14.4 mmol g (Farabi et al. 2019). The significant difference in acid density value between
the study by Farabi et al. (2019) and this current research was mainly due to the difference in
sulfonating acid and its molarity. Farabi et al. (2019) used concentrated chlorosulfonic acid,
while this research used 1.5M and 2.5M sulfuric acid as a sulfonating acid. Another study
(Tang et al. 2020) investigated the use of sulfonated EFB biochar as a catalyst for biodiesel
production, in which the catalyst’s acid density value recorded was 2.24 mmol g (Tang et al.
2020). This value is slightly lower compared to the ones of the SMBC from this current
research.

The difference in the average acid values between the SMBC in this current research
can be related to the surface porosity and the carbonization temperature of the biomass (D. Lee
2013; Y. W. Wang et al. 2021). Apart from that, the ability of the biochar to interact with the
sulfonic group during the sulfonation process also plays a part in determining the acid density
of a catalyst (Dawodu et al. 2014). From the SEM images in Figures 4.1 to 4.3 in Section 4.2.1
and the low specific surface area but high pore diameter of PKS in Section 4.2.3, we can deduce
that PKS has less surface structure than EFB and OPF that can aid in the reaction with the
sulfonating agent. This, combined with the higher carbon content for PKS from the EDX
analysis in Section 4.2.2, proves that PKS is not as favorable as OPF and EFB in terms of
sulfonation.

VNaouMnaon

Acid density (mmol g™1) = (4.1)

Wsmac
where Vnaon = VVolume of NaOH solution needed for titration in mL

Mnaon = Molarity of NaOH solution in mol Lt
Wsmec = Mass of SMBC in g
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Table 4.4: Average acid density of SMBC and past studies.

Average acid density

Catalyst / Precursor References

(mmol g1)

PKS1 0.52

PKS2 0.17 This study

PKS3 0.56

PKS4 0.74

OPF1 2.90

OPF2 441 This study

OPF3 4.32

OPF4 4.14

EFB1 3.85

EFB2 2.35 This study

EFB3 3.38

EFB4 4.55

PKS 14.40 (Farabi et al. 2019)

Palm seed cake 12.08 (Akinfalabi et al. 2017)

EFB 2.24 (Tang et al. 2020)
Bamboo 1.50 (B. Zhang et al. 2021)
Chitosan 1.20 (A. Wang et al. 2018)

4.2.7 Magnetic Analysis of Sulfonated Magnetic Biochar Catalyst

Figures 4.12, 4.13, and 4.14 illustrate the magnetic hysteresis loops of SMBC from
PKS, OPF, and EFB, respectively. Similar to a past study, all SMBCs observed the
ferromagnetic behavior at room temperature (Eltaweil et al. 2020). The mass saturation
magnetization (os) values of the SMBC indicate the capacity of the catalyst to be attracted
toward a magnetic force. The higher the value of s, the least magnetic force is needed in order
to attract the catalyst (H. R. Khan 2003; Willard and Daniil 2013).

The o5 values of PKS are between 0.25 Am? kg and 0.69 Am? kg with coercivity
value (Hc) between 2.29 kA m™ and 9.63 kA m™. For OPF, the os values are between 2.99 Am?
kg™ and 6.88 Am? kg'!, with Hc values between 2.92 kA m™ and 10.93 kA m™. Meanwhile, the
os values for EFB are between 1.88 Am? kgt and 4.40 Am? kg™, with H. values between 3.28
kKA m? and 9.79 kKA m™. Table 4.5 shows the os value of SMBC and past literature for
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comparison. A prior study by Hazmi et al. (2021) investigated the employment of magnetic
rice husk biochar catalyst for biodiesel production. In this study, the os value of the magnetic
catalyst was found to be 3.779 Am? kg™ (Hazmi et al. 2021). Another study by Yi et al. (2021)
used rice straw as a precursor of a magnetic biochar catalyst as an adsorbent. The study reported
an os value of 8.84 Am? kg™ for the magnetic biochar catalyst (Yi et al. 2021). In both studies,
the magnetic components of the catalysts were different. The catalyst from Hazmi et al. (2021)
had a nickel-based magnetic component, while the catalyst from Yi et al. (2021) had the iron-
based magnetic component. The magnetic component of SMBC was presumed to be Fe3O4
based on past literature that synthesized magnetic biochar using similar method to this research
(F. Zhang et al. 2017). The iron-based magnetic component were reported to demonstrate better
magnetic quality than other magnetic metals. A study by H. Li et al. (2021) reported an o5 value
as high as 22 Am? kg* for the iron-based magnetic catalyst used for biodiesel production (H.
Li et al. 2021). os values of PKS in this study are significantly lower than those in past studies.
Meanwhile, the os values of OPF and EFB correlate with the os values of catalyst from the prior
studies.

On average, SMBC from OPF showed better mass saturation magnetization compared
to PKS and EFB. This result can be confirmed from the EDX analysis in Section 4.2.2, in which
the iron content of OPF was observed to be higher than EFB and PKS. The same can be said
for the FTIR analysis in Section 4.2.5, in which the spectra of OPF showed higher Fe-O peaks
compared to EFB and PKS. The high pore diameter of OPF also helped with iron impregnation.
Although PKS also had a high pore diameter as has been observed in Section 4.2.3, the same
cannot be said regarding its ability for iron impregnation. The results from EDX showed that
the ratio of iron to sulfur for PKS was lower than for OPF and EFB. This was due to the iron
leaching during the sulfonation process.
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Figure 4.12: Magnetic hysteresis loops of PKS1, PKS2, PKS3, and PKS4.
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Figure 4.13: Magnetic hysteresis loops of OPF1, OPF2, OPF3, and OPF4.

89



Moment/Mass (Am?/kg)

Raw EFB
—— EFB1
—— EFB2
o —— EFB3
{— EFB4

T T T T T T T g T T T T
-600 -400 -200 0 200 400 600
Field (kA/m)

Figure 4.14: Magnetic hysteresis loops of EFB1, EFB2, EFB3, and EFBA4.

Table 4.5: Mass saturation magnetization values of SMBC and past studies.

Mass saturation

Catalyst / Magnetic .
Precursor component magnetlza_tlon References
(Am?* kg)
PKS1 FesOy 0.2547
PKS2 FesOy 0.6931 This study
PKS3 FesO4 0.5303
PKS4 FesO4 0.3453
OPF1 FesO4 6.8729
OPF2 FesOy 2.9907 This study
OPF3 FesOq 5.5133
OPF4 FesO4 3.5304
EFB1 FesO4 3.1931
EFB2 FesOy 3.0267 This study
EFB3 FesOy 1.8774
EFB4 FesO4 4.3985
Chitosan FesOq 18.9 (A Vgggg)a al.
Rice husk NiO 3.779 (Hazmi et al. 2021)
Rice straw FesOy 8.84 (Yietal. 2021)
MIL-100(Fe) FesO4 22 (H. Li et al. 2021)
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4.3  Sulfonated Magnetic Biochar Catalyst Synthesis Optimization

The best parameters to produce the SMBC were analyzed using the Taguchi
experimental design method. This experimental design method was chosen because it requires
relatively fewer experimental runs compared to other experimental design approaches. By
having less experimental load, less time and less cost were needed for the analysis (Okolie et
al. 2021). The analysis was carried out using the SN ratio criteria of ‘the larger, the better’. The
factors that were studied in this method were the FeCls-6H2O concentration (FC), the
carbonization temperature (CT), and the H2SO4 concentration (HC). These factors were studied
at two levels which values based on prior literature. FC and HC were studied at 1.5 M and 2.5
M. Meanwhile, CT was studied at 600 °C and 800 °C. The responses that were considered for
this method were the BET surface area (SA), the acid density (AD), and the mass saturation
magnetization (MM). These responses were obtained from the characterization of the SMBC.
Table 4.6 summarizes the factors and responses that were considered for the Taguchi analysis.

Table 4.7 summarizes the SN ratio calculated from the responses of each SMBC.

Table 4.6: Summary of factors and responses for the Taguchi analysis on SMBC synthesis.

Factors Responses
FeCls:6H20 Carbonization H2S04 BET Ci Mass'
Concentration Temperature Concentration Surface Density saturr?ltlorl
Area magnetization
Symbol FC CT HC SA AD MM
Unit M °C M m?2g! mmolg! Am?kg!
PKS1 1.5 800 2.5 1.74 0.52 0.25
PKS2 2.5 800 15 1.45 0.17 0.69
PKS3 1.5 600 1.5 0.94 0.56 0.53
PKS4 2.5 600 2.5 74.16 0.74 0.34
OPF1 1.5 800 2.5 23.27 2.90 6.88
OPF2 2.5 800 15 8.10 4.41 2.99
OPF3 1.5 600 1.5 7.24 4.32 5.51
OPF4 25 600 25 5.96 4.14 3.53
EFB1 15 800 2.5 44.42 3.85 3.19
EFB2 2.5 800 1.5 46.74 2.35 3.03
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Table 4.6 continued.
EFB3 15 600 15 8.08 3.38 1.88
EFB4 25 600 25 6.58 4,55 4.40

Table 4.7: Summary of factors and SN ratios for the Taguchi analysis on SMBC synthesis.

Factors SN ratio
FeCla-6H,O Carbonization  HzS0: | .00 Acid Mass
Concentration Temperature Concentration Surface Density Sat”r"?‘“of‘
Area magnetization
Symbol FC CT HC SA AD MM
Unit M °C M - - -

PKS1 1.5 800 2.5 4.79 -5.71 -11.88
PKS2 2.5 800 15 3.24 -15.20 -3.18
PKS3 1.5 600 1.5 -0.51 -4.97 -5.51
PKS4 2.5 600 2.5 37.40 -2.61 -9.24
OPF1 1.5 800 2.5 27.34 9.25 16.74
OPF2 2.5 800 1.5 18.17 12.89 9.52
OPF3 1.5 600 15 17.19 12.70 14.89
OPF4 2.5 600 2.5 1551 12.34 10.96
EFB1 1.5 800 2.5 32.95 11.71 10.08
EFB2 2.5 800 1.5 33.39 7.42 9.62
EFB3 1.5 600 15 18.15 10.58 5.47
EFB4 2.5 600 2.5 16.37 13.17 12.87

Based on Table 4.8, the effect of all factors on the responses of PKS can be analyzed.
The optimum parameters are given by the highest SN ratio for each factor. The optimum
parameters to produce the SMBC from PKS with the best SA are at 2.5 M of FC, 600 °C of
CT, and 2.5 M of HC. Table 4.8 also shows the ranking for the influence of the parameters on
the responses for PKS. The most influential SMBC synthesis parameter on SA for PKS is HC,
followed by FC and then CT. The optimum parameters to produce SMBC from PKS with the
best AD are at 1.5 M of FC, 600 °C of CT, and 2.5 M of HC. The most influential SMBC
synthesis parameter on AD for PKS is CT, followed by HC and then FC. The optimum
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parameters to produce SMBC from PKS with the best MM are at 2.5 M of FC, 600 °C of CT,
and 1.5 M of HC. The most influential SMBC synthesis parameter on MM for PKS is HC,
followed by FC and then CT. Based on the literature review in Section 2.4, the predicted most
influential factor for SA is CT; for AD, it was predicted to be HC, and for MM, it was predicted
to be FC. Based on these predictions and the influential factors of PKS, PKS did not act as
predicted. This is mainly due to the formation of micropores and the hard structure of PKS, as

discussed in the EDX analysis in Section 4.2.2 and the VSM analysis in Section 4.2.7.

Table 4.8: The response table for SN ratios (larger is better) for PKS.

FeCls-6H20 Carbonization H2S04
Response Level Concentration Temperature Concentration
(FC) (CT) (HC)
2.14 18.45 1.37
BET Surface 2 20.32 4.02 21.10
’(Asr:;‘ Delta 18.18 14.43 19.73
Rank 2 3 1
1 -5.34 -3.79 -10.09
Acid Density 2 -8.91 -10.46 -4.16
(AD) Delta 3.57 6.66 5.93
Rank 3 1 2
Mass saturation ! 8.69 131 435
magnetization 2 6.2l 153 -10.56
Delta 2.48 0.16 6.21
(MM)
Rank 2 3 1

Table 4.9 shows the optimum parameters for the production of SMBC from OPF with
the best SA are at 1.5 M of FC, 800 °C of CT, and 2.5 M of HC. The most influential SMBC
synthesis parameter on SA for OPF is CT, followed by FC and then HC. The optimum
parameters to produce SMBC from OPF with the best AD are at 2.5 M of FC, 600 °C of CT,
and 1.5 M of HC. The most influential SMBC synthesis parameter on AD for OPF is HC,
followed by FC and then CT. The optimum parameters to produce SMBC from OPF with the
best MM are at 1.5 M of FC, 800 °C of CT, and 2.5 M of HC. The most influential SMBC
synthesis parameter on MM for OPF is FC, followed by HC and then CT. Based on the previous
predictions about the most influential factors, OPF behaves more predictably than PKS.

Based on Table 4.10, the optimum parameters to produce SMBC from EFB with the
best SA are at 1.5 M of FC, 800 °C of CT, and 1.5 M of HC. The most influential SMBC
synthesis parameter on SA for EFB is CT, followed by HC and then FC. The optimum
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parameters to produce SMBC from EFB with the best AD are at 1.5 M of FC, 600 °C of CT,
and 2.5 M of HC. The most influential SMBC synthesis parameter on AD for EFB is HC,
followed by CT and then FC. The optimum parameters to produce SMBC from EFB with the
best MM are at 2.5 M of FC, 800 °C of CT, and 2.5 M of HC. The most influential SMBC
synthesis parameter on MM for EFB is HC, followed by FC and then CT. Based on the previous
predictions about the most influential factors, EFB behaved not as predictable as OPF. The
responses on SA and AD behaved as predicted but not the response on MM. MM is not as
predictable because the EFB was susceptible to the leaching problems, as discussed in the EDX

analysis Section 4.2.2.

Table 4.9: The response table for SN ratios on SA (larger is better) for OPF.

FeCls-6H20 Carbonization H2SO4
Response Level Concentration Temperature Concentration
(FC) (CT) (HC)
1 22.26 16.35 17.68
BETA?‘;:&CE 2 16.84 22.75 21.42
(SA) Delta 5.42 6.41 3.74
Rank 2 1 3
1 10.98 12.52 12.80
Acid Density 2 12.62 11.07 10.79
(AD) Delta 1.64 1.45 2.01
Rank 2 3 1
. 1 15.79 12.89 12.17
I\:Ina:; r?z‘tt;;i‘lt(')?]” 2 10.24 13.13 13.85
(MM) Delta 5.55 0.24 1.68
Rank 1 3 2
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Table 4.10: The response table for SN ratios on SA (larger is better) for EFB.

FeCls-6H20 Carbonization H2SO4
Response Level Concentration Temperature Concentration
(FC) (CT) (HC)
1 25.55 17.26 25.77
BET Surface 2 24.88 33.17 24.66
Area Delta 0.67 15.91 1.11
(SA)
Rank 3 1 2
1 11.145 11.874 8.998
Acid Density 2 10.291 9.563 12.439
(AD) Delta 0.854 2.311 3.441
Rank 3 2 1
. 1 7.778 9.169 7.545
Mass saturation 11.243 9.852 11.475
magnetization 3.465 0.683 3.93
(MM)
Rank 2 3 1

By considering all three responses, the overall optimum parameters for SMBC
synthesis were obtained by assigning all responses with importance weighting. In this research,
all responses were assigned with equal importance. The overall optimum parameters for SMBC
synthesis from PKS, OPF, and EFB from the analysis software are shown in Table 4.11. The
overall optimum parameters for PKS are 2.5 M of FC, 600 °C of CT, and 2.5 M of HC. For
OPF, the overall optimum SMBC synthesis parameters are 1.5 M of FC, 800 °C of CT, and 2.5
M of HC. Meanwhile, the overall optimum SMBC synthesis parameters for EFB are 1.5 M of
FC, 800 °C of CT, and 2.5 M of HC. At the optimum synthesis parameter, the values of SA
and AD of EFB are greater than that of OPF and PKS. Therefore, EFB1 has been chosen and
utilized in the biodiesel optimization and kinetic study of this research. As a part of the Taguchi
analysis’ characteristics, one of the limitations of this method is the lack of precision. The
optimum parameters established in this analysis rely on pre-determined values from prior
literature (W.-H. Chen et al. 2021; T. S. Singh and Verma 2019). Thus, the value of the
optimized parameters might not be exactly the same as the reported values, but it is still
accurate enough for the purpose of the analysis of the pre-determined values which were
chosen properly. Prior studies have proven that the ability of the Taguchi method is comparable
to other optimization methods, such as RSM (Odiaka et al. 2021; W.-H. Chen et al. 2021). The

studies have managed to identify the optimum parameters for their studies.
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Table 4.11: The optimum parameters for SMBC synthesis by response and overall.

FeCl3-6H20O  Carbonization H2S04
Biomass Response Concentration Temperature Concentration
(M) (°C) (M)
BET Surface
Area 2.5 600 25
(SA)
Acid Density
15 600 25
PKS (AD)
Mass saturation
magnetization 2.5 600 1.5
(MM)
Overall 2.5 600 2.5
BET Surface
Area 15 800 2.5
(SA)
Acid Density
25 600 15
OPF (AD)
Mass saturation
magnetization 15 800 25
(MM)
Overall 15 800 2.5
BET Surface
Area 15 800 15
(SA)
Acid Density
15 600 2.5
EFB (AD)
Mass saturation
magnetization 2.5 800 25
(MM)
Overall 15 800 25

4.4 Biodiesel Production Optimization Analysis

The best parameters for biodiesel production were analyzed using the RSM based on
the CCD design. Four factors were studied in this method: the catalyst loading (A), methanol
to oil molar ratio (B), reaction temperature (C), and reaction time (D). Table 4.12 summarizes

the uncoded factors and responses that were considered for the analysis.
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Table 4.12: The CCD design matrix for biodiesel production optimization.

Parameters Biodiesel Yield (%)

Run A:Catalyst B: Methanol- C:
loading oil molar ~ Temperature D: Time (h) Prediction Actual

(Wt%0o) ratio (°C)
1 10 20 60 10 84.98 84.22
2 10 20 60 6 89.00 90.19
3 7 15 55 4 76.20 74.79
4 10 10 60 6 73.36 74.02
5 7 15 55 8 76.20 77.17
6 10 20 60 6 89.00 90.68
7 13 25 65 8 88.62 90.06
8 10 20 50 6 79.24 78.47
9 10 20 70 6 91.44 91.74
10 10 20 60 6 89.00 91.30
11 13 15 65 8 75.24 76.08
12 10 20 60 6 89.00 88.87
13 10 20 60 6 89.00 85.47
14 10 30 60 6 91.70 90.57
15 25 55 4 81.17 80.77
16 15 65 8 82.71 82.31
17 16 20 60 6 62.71 61.55
18 13 15 55 8 67.59 66.29
19 13 15 65 4 73.56 72.67
20 25 65 4 85.72 87.05
21 25 65 8 90.08 88.67
22 4 20 60 6 72.61 73.31
23 25 55 8 83.68 84.59
24 13 15 55 4 67.77 69.62
25 10 20 60 6 89.00 87.51
26 13 25 65 4 84.43 83.90
27 13 25 55 8 81.08 82.03
28 7 15 65 4 80.86 80.35
29 13 25 95 4 78.74 79.17
30 10 20 60 2 80.79 81.08
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4.4.1 Regression Analysis

A regression model was produced by the RSM analysis, and a quadratic model was
suggested by the Design-Expert software. The developed equation fitting to the biodiesel yield
from the parameters of transesterification is shown in Equation 4.2. The equation is presented

in terms of the actual value of the parameters.

Y =-137.79944 + 7.93472 A + 2.192 B + 4.56158 C + 1.1475 D + 0.100167 AB
+0.018917 AC - 0.007083 AD - 0.00105 BC + 0.06275 BD + 0.046375 CD  (4.2)
- 0.592778 A2 - 0.06475 B2 - 0.03665 C2 - 0.3825 D2

where Y is the biodiesel yield (%). The sign preceding each term dictates its influence on the
biodiesel yield (Reddy et al. 2017a). A positive term has a synergistic effect on the reaction,
while a negative term has an antagonistic effect on the reaction. From Equation 4.2, all linear
terms have a synergistic effect on the reaction. The other interaction terms have mixed effects
on the reaction.

An analysis of variance (ANOVA) was also conducted through the Design-Expert
software. Table 4.13 shows the data from the ANOVA on the developed model. From the
ANOVA data, the developed model for this study is significant, which can be observed from
the model’s F-value of 39.90. From the F-value of the model terms, the importance of each
model term can be shown as B, C, and A, in the order of importance. From the analyzed p-
value, the model terms A, B, C, and Az? are significant model terms as their p-values are less
than 0.0001. The R? value of the model of 0.9739 indicates the fit of the model for associating
the factors and response with the experimental response. The adequate precision value of
23.0811, which is a signal-to-noise ratio, is greater than 4, indicating that this model is fit for

analysis.
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Table 4.13: ANOVA for biodiesel production optimization.

Source SS;L?;gs df Sl\tgljg?e F-value p-value
Model 1762.22 14 125.87 39.90 <0.0001 Significant
A-Catalyst 147.02 1 14702 4661 <00001  Significant
loading
B-Me;cgggol-oil 50472 1 50472 16001 <0.0001  Significant
C-Temperature 223.26 1 223.26 70.78 <0.0001 Significant
D-Time 26.38 1 26.38 8.36 0.0112 Not significant
AB 36.12 1 36.12 11.45 0.0041 Not significant
AC 1.29 1 1.29 0.4084 0.5324 Not significant
AD 0.0289 1 0.0289 0.0092 0.925 Not significant
BC 0.011 1 0.011 0.0035 0.9536 Not significant
BD 6.30 1 6.30 2 0.178 Not significant
CD 3.44 1 3.44 1.09 0.3128 Not significant
A2 780.68 1 780.68 247.49 <0.0001 Significant
B2 71.87 1 71.87 22.79 0.0002 Not significant
C2 23.03 1 23.03 7.30 0.0164 Not significant
D2 64.21 1 6421 20.36 0.0004 Not significant
Residual 47.32 15 315
Lack of Fit 23.09 10 231 0.4765 0.8509 Not significant
Std. Dev. 1.78
Mean 81.48
CV.% 2.18
R2 0.9739
Adjusted R? 0.9494
Predicted R? 0.9072
pleaste  gaoen
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4.4.2 Effect of Catalyst Loading on Biodiesel Yield

Transesterification of UCO was carried out at catalyst loading value of between 4 wt%
and 16 wt%. Figures 4.15 (a), 4.15 (b), and 4.15 (c) show the response surface contour plots of
the interaction of catalyst loading with methanol to oil ratio, reaction temperature, and reaction
time, respectively. In general, the highest biodiesel yield can be observed around 10 wt%
catalyst loading. The biodiesel yield decreases by decreasing the catalyst amount away from
this value. Insufficient use of a catalyst will decrease the sites for reactants to react, thus
decreasing the biodiesel yield (Syazwani et al. 2017). Excessive use of catalyst increases the
amount of by-product glycerol. In turn, this causes the viscosity of the reactants mixture to
increase, thus hampering the mixing and mass transfer, decreasing the biodiesel yield (Bhatia
et al. 2020). From Equation 4.2, we can observe a positive interaction between catalyst loading
and methanol to oil molar ratio and temperature. However, catalyst loading has a negative
effect on its interaction with reaction time. Among factors interaction, the interaction between
catalyst loading and methanol to oil ratio highly influences biodiesel production. The increased
amount of methanol in the reaction may also alleviate or increase the viscosity caused by higher
catalyst loading. Thus, to some extent, this is beneficial to biodiesel production.

4.4.3 Effect of Methanol to Oil Ratio on Biodiesel Yield

The influence of methanol to oil molar ratio on biodiesel yield is shown in Figures 4.15
(@), 4.15 (d), and 4.15 (e). The methanol to oil molar ratios used for the transesterification
varied from 10 to 30. The molar ratio of methanol to oil that worked best was approximately
30. Extra methanol has to be used in transesterification to achieve a thorough feedstock
conversion (Helmi et al. 2021). On the other hand, if methanol is supplied to the
transesterification reaction after it has reached its maximum level, it causes biodiesel to
emulsify and byproduct glycerol to dissolve in methanol, blocking the reaction (Shankar and
Jambulingam 2017).
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Figure 4.15: 2D contour plots of transesterification parameter’s interaction between (a)
catalyst loading and methanol to oil ratio, (b) catalyst loading and reaction temperature, (c)
catalyst loading and reaction time, (d) methanol to oil ratio and reaction temperature, (e)

methanol to oil ratio and reaction time, and (f) reaction temperature and reaction time.
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The positive interaction of methanol to oil ratio with catalyst loading has been discussed
in Section 4.4.2. The interaction of methanol to oil ratio with reaction time was observed to be
positive, according to Equation 4.2. The increase in both the methanol to oil molar ratio and
the reaction time enabled more biodiesel production reactions to occur. The methanol to oil
molar ratio had a negative interaction with reaction temperature. This was caused by the
evaporation of methanol at a higher reaction temperature that eventually hindered the

transesterification forward reaction and decreased the biodiesel yield.

4.4.4 Effect of Reaction Temperature on Biodiesel Yield

UCO was converted to biodiesel at a reaction temperature between 50 °C and 70 °C.
According to Figures 4.15 (b), 4.15 (d), and 4.15 (f), the reaction temperature of around 66 °C
was when biodiesel production was at its peak. A lower or higher reaction temperature than 66
°C resulted in lower biodiesel yields. It has been demonstrated that raising the reaction
temperature over the ideal temperature does not enhance the output of biodiesel (Kirubakaran
and Arul Mozhi Selvan 2018). Higher reaction temperature accelerates the saponification of
triglycerides, reducing biodiesel production (Ngige et al. 2023). As discussed in Section 4.4.2,
reaction temperature has a positive interaction with catalyst loading. The negative interaction
between reaction temperature and the methanol to oil molar ratio was discussed in Section
4.4.3. Reaction temperature has a positive interaction with reaction time. In an ideal setting, a
higher reaction temperature and longer reaction time produce a greater amount of product.
However, higher temperature doesn’t lead to the reactant loss because the entire experiment is
conducted in closed system, the evaporated methanol will recirculate and dissolve in the

biodiesel mixture.

445 Effect of Reaction Time on Biodiesel Yield

The transesterification of biodiesel from UCO was carried out at a reaction time
between 2 h and 10 h. Figures 4.15 (c), 4.15 (e), and 4.15 (f) show the interaction of reaction
time with catalyst loading, methanol to oil ratio, and reaction temperature, respectively. From
these figures, the highest amount of biodiesel was produced at a reaction time of around 8 h.
Transesterification must be allowed enough time to finish its reaction. Nevertheless, a longer
reaction time reduces the output of biodiesel. This is consistent with the notion that

transesterification is a reversible process (Baskar et al. 2018).
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4.4.6 Biodiesel Yield Optimization

Combinations of reaction parameters were obtained through the optimization module
in the Design-Expert software. These parameters were produced within the range of the value
of factors that were studied while aiming to maximize the biodiesel yield. Figure 4.16 shows
the criteria for each factor and the response, which is the biodiesel yield. Three sets of
parameters were selected for validation. Table 4.14 shows the data sets from the optimization
analysis along with the predicted biodiesel yield from the analysis and the actual biodiesel yield
from the validation. The optimum biodiesel yield was produced at conditions catalyst loading
(10.12 wt%), methanol to oil molar ratio (28), reaction temperature (70°C), and reaction time
(8 h). The predicted optimal biodiesel yield was at 96.02%. Between the three optimization
data sets, set 1 produced the highest biodiesel yield at 95.87%, with the least difference from
the predicted yield of 0.16%.

F. Zhang, Fang, and Wang (2015) reported a maximum yield of 90.5% for biodiesel
production from jatropha oil using magnetic catalyst synthesized from glucose. This study
obtained the maximum biodiesel yield by using a catalyst loading of 10 wt%, methanol — oil
ratio of 24:1, reaction temperature of 200°C, and a reaction time of 10 h. Another study by
Kosti¢ et al. (2016) obtained a maximum biodiesel yield of 99% from sunflower oil using palm
kernel shell biochar catalyst with reaction parameters of 3 wt% catalyst loading, methanol —
oil ratio of 9:1, reaction temperature of 65°C, and a reaction time of 6 h. Comparing with the
published literature, the optimal transesterification parameters obtained in this research
apparently conform to most studies utilizing similar type of catalyst. In the optimum reaction
temperature of 70 °C in this research exceeds the boiling point of methanol at atmospheric
pressure (64.7°C). This high temperature may cause the methanol to boil and reduce the
reaction between the reactants and SMBC. However, higher temperature can lead to the
increase in the biodiesel yield. This might have been due to decrease in oil viscosity with an
elevation of reaction temperature, which resulted in an increase in the solubility of the oil in
the methanol, leading to an improvement in the contact between the oil and the methanol.
Therefore, with the combination of other reaction parameters such as the stirring rate, excess
amount of methanol, and optimum amount of SMBC, the number reaction sites producing

biodiesel can be kept optimum (Rahimi et al. 2021).
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Figure 4.16: Optimized reaction parameters for biodiesel transesterification.

Table 4.14: Data sets for the validation of optimal reaction parameters for biodiesel

transesterification.

Parameters Biodiesel Yield (%)
set A:Catalyst o\ ihanol- c: b: - Error
loading oil molar ratio Temperature  Time Prediction Actual %
(Wt%) (°C) (h)
1 10.12 28 70 8 96.02 95.87 0.16
2 10.12 28 70 8 96.02 95.82 0.21
3 10.12 28 70 8 96.02 95.80 0.23

45  Catalyst Reusability

The transesterification of biodiesel with SMBC while utilizing the ideal reaction
conditions discovered from prior experiments allowed the reusability of SMBC to be
investigated. The conditions were: 10.12 wt% catalyst loading, a methanol to oil molar ratio of
28, a reaction temperature of 70 °C, and a reaction duration of 8 h. Five cycles of
transesterification using SMBC were performed. Biodiesel production for each cycle of
transesterification with SMBC is shown in Figure 4.17. In the first cycle, SMBC displays a
biodiesel production of 95.84%. In the fifth cycle, the biodiesel output gradually decreased to
70.16%. Between the first cycle and the fifth cycle, the biodiesel yield decreased by 25.68%.
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The depletion of active catalytic sites led to a rapid drop in biodiesel production cycle after
cycle. The catalyst's surface morphology underwent structural alteration, which led to the
depletion of SMBC's catalytic sites (Rahimi et al. 2021). Through repeated calcination or
sintering, the catalyst surface deteriorated (Syazwani et al. 2017). lon leaching into the
biodiesel, which results in soap formation, is another factor affecting biodiesel production
(Mazaheri et al. 2018). The blockage of catalytic active sites by absorbed glycerol and free
fatty acids that cannot be dissolved by the solvent is also a reason for the loss of catalytic
activity of the catalyst (Bhatia et al. 2020).
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Figure 4.17: SMBC reusability after five reaction cycles.

4.6  Characterization of Used Cooking Oil and Used Cooking Oil Biodiesel
4.6.1 Physicochemical Properties of Used Cooking Oil and Used Cooking Oil Biodiesel
The physicochemical characteristics of UCO and the biodiesel produced from it are
presented in Table 4.15, together with the biodiesel standards EN 14214 and ASTM D6751
(European Committee for Standardization 2010; ASTM International 2020). Biodiesel has the
necessary physicochemical properties to be utilized as a vehicle diesel fuel. The density and
specific gravity of biodiesel, 883.6 kg m= and 0.8841, respectively, are significantly within the
limit. If the density of the diesel fuel is not within specifications, issues with fuel injection and
thermal efficiency may occur in the engine (Sakthivel et al. 2018). The kinematic viscosity of
biodiesel met the ASTM D6751 requirement but not the EN 14214 requirement.
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The lowest limit defined by EN 14214 is greater than the flash point of biodiesel. In
actuality, the biodiesel's flash point is greater than that of petrodiesel, which is often the case
for biodiesel. High flash point fuel is less dangerous to handle, move, and store (Mat Yasin et
al. 2017; Boey et al. 2011). Both the cloud and pour points of the biodiesel exceed the
maximum limit required by both EN 14214 and ASTM D6751 standards. High pour point and
cloud point values are characteristics of biodiesel produced from feedstock with high content
of saturated fatty acids. Biodiesel with a high pour point and cloud point is unsuitable for use
in low-temperature climates (Alptekin and Canakci 2011). The cetane index for UCO biodiesel
slightly falls below the minimum requirement for both standards. A fuel's cetane number is a
crucial factor in determining how well it will ignite. Better engine performance and emissions
are made possible by higher cetane numbers, allowing for quieter and better engine operation.
Lower cetane fuel requires more time to ignite and produces more HC and PM emissions
(Mahmudul et al. 2017). The low cetane index of UCO biodiesel may be caused by its high
density. The fatty acid profile of the biodiesel in Section 4.6.2 shows the biodiesel is mostly
comprised of saturated fatty acid. Past literature has reported that biodiesel with higher content
of saturated fatty acid tends to have a high cetane index (Senthur Prabu et al. 2017). However,

this is not the case for UCO biodiesel.

Table 4.15: Physicochemical properties of UCO and produced biodiesel.

Property EN 14214 ASTM D6751 UCO Biodiesel
Density at 15 °C (kg m3) 860 — 900 870 - 900 922.7 883.6
Specific Gravity n/a 0.86-0.90 0.9233 0.8841
API Gravity at 60 °F n/a n/a 31.8 28.6
Kinematic Viscosity at 40 °C (cSt) 3.5-5.0 1.9-6.0 54.53 5.149
Flash Point (°C) >101 >130 238 156
Cloud Point (°C) n/a -3-12 14 15
Pour Point (°C) n/a -15-10 9 12
Cetane Index >51 48 - 65 n/a 46.7

4.6.2 Fatty Acid Profile of Used Cooking Oil Biodiesel

The chromatography of biodiesel produced from UCO with respect to its component
peaks is shown in Figure 4.18. Table 4.16 shows the fatty acid profile of biodiesel produced
from UCO. Biodiesel consists of long-chain fatty acids, having between 13 and 21 carbons.
Biodiesel with long-chain fatty acids was reported as having a high calorific value (Muhammed

Niyas and Shaija 2022b). Both saturated and unsaturated fats are observed in the UCO
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biodiesel. Saturated fatty acid molecules include palmitic acid (C16:0), stearic acid (C18:0),
and eicosanoic acid (C20:0) comprised 62.15wt% of the UCO biodiesel. Unsaturated fatty
acids such as linoleic acid (C18:2) and oleic acid (C18:1) made up only 34.75 wt% of the UCO
biodiesel while 3.10 wt% of biodiesel is made from traces of other fatty acids. The
physicochemical properties of biodiesel are influenced by the amount of saturated and
unsaturated fatty acids. It has been reported that biodiesel with a higher oxidation stability was
generated from a feedstock with a greater concentration of saturated fat (S. S. Kulkarni 2022;
Reddy et al. 2018). Nevertheless, biodiesel with higher content of saturated fatty acid is linked
to higher cloud and pour points (Muhammed Niyas and Shaija 2022a). This can be observed
from the high cloud and pour points of UCO biodiesel reported in Section 4.6.1.
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Figure 4.18: Chromatograph of biodiesel produced from UCO.

Table 4.16: Fatty acid profile of biodiesel produced from UCO.

Retention time Normalized
(min.) Area concentration Fatty acid
' (Wt%o)
20.007 827,594,368 21.67 C16:0
Palmitic acid
21.695 183,541,520 481  Cle2
Linoleic acid
21.765 1,143,294,848 29.94 C18:1
Oleic acid
21.969 128,521,000 3.37 C18:0
Stearic acid
29.682 1,417,041,664 37.11 . C20:0
Eicosanoic acid
Others 118,270,549 3.10
Total 3818263949  100.00

107



4.7  Biodiesel Synthesis Mechanism and Kinetic Study

In heterogeneously catalyzed transesterification, the reaction took place on the catalyst
surface’s active sites. Carbocation was formed when triglyceride linked with the proton present
on the heterogeneous catalyst’s surface. Oxygen from the methanol molecule attacked the
nucleus of the carbocation and formed an unstable tetrahedral intermediate. The unstable
tetrahedral intermediate simply disintegrated, resulting in a molecule of fatty acid methyl ester
and a molecule of diglyceride (M. G. Kulkarni et al. 2006). The heterogeneous catalyst was
also freed and ready for the following reaction. In a similar fashion, diglyceride went through
the same process to produce a molecule of monoglyceride and a molecule of fatty acid methyl
ester. The monoglyceride then also went through the same process to produce a molecule of
glycerol and a molecule of fatty acid methyl ester. The proposed reaction mechanism of
transesterification using SMBC is shown in Figure 4.19. The transesterification of triglyceride

ultimately produced three molecules of fatty acid methyl esters and a molecule of glycerol.
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Figure 4.19: The proposed reaction mechanism of transesterification using SMBC.

Based on the optimum transesterification parameters obtained from Section 4.4.6,
which are at catalyst loading (10.12 wt%), methanol to oil molar ratio (28), and reaction time
(8 h), the kinetic study was carried out at five different reaction temperatures (50°C, 55°C,
60°C, 65°C, and 70°C) catalyzed by SMBC synthesized from EFB. Figure 4.20 shows the
biodiesel yield at each temperature for the duration of the reaction. For each reaction, samples
were collected at a pre-determined interval. Table 4.17 shows the biodiesel yield in decimal

terms with respect to the reaction temperature.
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Figure 4.20: Biodiesel yield with respect to the reaction temperature at catalyst loading
(10.12 wt%) and methanol to oil molar ratio (28).

Table 4.17: Biodiesel yield at catalyst loading (10.12 wt%) and methanol to oil molar ratio

(28).
XME
Temperature (°C)
t (min) 50 55 60 65 70

5 0.4978 0.5610 0.6289 0.6151 0.5991
10 0.5518 0.6022 0.6529 0.6449 0.6197
15 0.5899 0.6249 0.6721 0.6635 0.6642
20 0.6463 0.6879 0.7118 0.7256 0.706
25 0.6701 0.7139 0.7397 0.7469 0.7331
30 0.6844 0.7268 0.7539 0.7584 0.7476
60 0.7062 0.7508 0.7766 0.7846 0.7743
90 0.7244 0.7708 0.7985 0.8104 0.8011
120 0.7424 0.7891 0.8185 0.8282 0.8215
240 0.7781 0.8262 0.8583 0.8698 0.8614
360 0.8033 0.8559 0.8925 0.9057 0.9066
480 0.8177 0.8743 0.9141 0.9361 0.9363
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4.7.1 Pseudo-Irreversible First-Order Kinetic Model

Table 4.18 shows the calculated value for the pseudo-irreversible first-order kinetic
model. Figure 4.21 shows the plot of this data along with the linear equation fitting of the plot.
The gradients from the linear fitting are tabulated in Table 4.19 and derived into its natural
logarithm (In k). Figure 4.22 shows the plot of In k versus 1/T. By linearizing this plot, the
resulting gradient and intercept were used to calculate the Ea and A, respectively, using
Equations 4.3 and 4.4.

Table 4.18: Derived biodiesel yield data for pseudo-irreversible first-order kinetic model at

catalyst loading (10.12 wt%) and methanol to oil molar ratio (28).

f(x1) = —In(1 — Xug)

Temperature (°C)

t (min) 50 55 60 65 70

5 0.6888 0.8233 0.9913 0.9548 0.9140
10 0.8025 0.9218 1.0581 1.0354 0.9668
15 0.8914 0.9806 1.1150 1.0892 1.0912
20 1.0393 1.1644 1.2441 1.2932 1.2242
25 1.1090 1.2514 1.3459 1.3740 1.3209
30 1.1533 1.2976 1.402 1.4205 1.3767
60 1.2249 1.3895 1.4988 15353 1.4885
90 1.2888 1.4732 1.602 1.6628 1.6150
120 1.3563 1.5564 1.7065 1.7614 1.7232
240 1.5055 1.7499 1.9540 2.0387 1.9762
360 1.6261 1.9372 2.2303 2.3613 2.3709
480 1.7021 2.0739 2.4546 2.7504 2.7536
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Figure 4.21: Pseudo-irreversible first-order kinetic model, f(x1) against reaction time plot

with linearization.

Table 4.19: Kinetic data for pseudo-irreversible first-order kinetic model.

T (K) UT (K1) k) In kq
323.15 0.003095 0.0018 -6.32
328.15 0.003047 0.0023 -6.07
333.15 0.003002 0.0028 -5.88
338.15 0.002957 0.0034 -5.68
343.15 0.002914 0.0035 -5.65
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Figure 4.22: Plot of In k1) versus 1/T for pseudo-irreversible first-order kinetic model.

From Arrhenius equation, Equations 4.3 and 4.4 can be derived.
Ea=-Rm (4.3)
A=e (4.4)
where R is the gas constant, m is the gradient of the slope value, and c is the intercept value
from the linearization of In k vs. 1/T plot. From Equations 4.3 and 4.4, the values of Ea and A
for the pseudo-irreversible first-order kinetic model are 31.77 kJ mol? and 257.83,
respectively. The R? value of the linearization of In k vs. 1/T plot, 0.9576, shows good

conformity of the transesterification reaction to the pseudo-irreversible first-order Kkinetic

model.

4.7.2 Pseudo-Irreversible Second-Order Kinetic Model

The computed value for the pseudo-irreversible second-order kinetic model is shown
in Table 4.20. The plot of this data and the linear equation fitting of the plot are shown in Figure
4.23. The linear fitting's gradients are listed in Table 4.21 and converted to their natural
logarithm (In k). The In k versus 1/T figure is shown in Figure 4.24. Equations 4.3 and 4.4 were
used to determine the gradient and intercept after linearizing this plot in order to determine the

Eaand A, respectively.
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Table 4.20: Derived biodiesel yield data for the pseudo-irreversible second-order kinetic

model at catalyst loading (10.12 wt%) and methanol to oil molar ratio (28).

1
) = 4 X
Temperature (°C)
t (min) 50 55 60 65 70

5 1.9912 2.2779 2.6947 2.5981 2.4944
10 2.2311 2.5138 2.8810 2.8161 2.6295
15 2.4384 2.666 3.0497 2.9718 2.9780
20 2.8273 3.2041 3.4698 3.6443 3.4014
25 3.0312 3.4953 3.8417 3.9510 3.7467
30 3.1686 3.6603 4.0634 4.1391 3.9620
60 3.4037 4.0128 4.4763 4.6425 4.4307
90 3.6284 4.3630 4.9628 5.2743 5.0277
120 3.8820 4.7416 5.5096 5.8207 5.6022
240 4.5065 5.7537 7.0572 7.6805 7.2150
360 5.0839 6.9396 9.3023 10.6045 10.7066
480 5.4855 7.9554 11.6414 15.6495 15.6986
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Figure 4.23: Pseudo-irreversible second-order kinetic model, f(x2) against reaction time plot

with linearization.

Table 4.21: Kinetic data for pseudo-irreversible second-order kinetic model.

T (K) 1T (K1) Ke) In ke
323.15 0.003095 0.0066 -5.02
328.15 0.003047 0.0111 -4.50
333.15 0.003002 0.0176 -4.04
338.15 0.002957 0.0243 -3.72
343.15 0.002914 0.0246 -3.71
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Figure 4.24: Plot of In k() versus 1/T for pseudo-irreversible second-order kinetic model.

According to Equations 4.3 and 4.4, the values of E, and A for the pseudo-irreversible
second-order kinetic model are 63.12 kJ mol™ and 1.20x108, respectively. The linearization of
In k vs. 1/T plot's R? value of 0.9292 demonstrates the transesterification reaction's agreement

with the pseudo-irreversible second-order kinetic model.

4.7.3 Pseudo-Reversible Second-Order Kinetic Model

The computed value for the pseudo-reversible second-order kinetic model is shown in
Table 4.22. Figure 4.25 displays the data plot and the linear equation fitting of the data. Table
4.23 lists and converts the gradients of the linear fitting to their natural logarithm (In k). Figure
4.26 displays the In k versus 1/T graph. After linearizing this figure, the gradient and intercept
were considered for Ea and A calculation using equations 4.3 and 4.4, respectively.
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Table 4.22: Derived biodiesel yield data for the pseudo-reversible second-order kinetic model
at catalyst loading (10.12 wt%) and the methanol to oil molar ratio (28).

f(xg) = 1 N [TGo]([ROH,] — Xpg)
([ROHy] — [TGo])  [ROH]([TGo] — XpmE)
Temperature (°C)
t (min) 50 55 60 65 70

5 0.0248 0.0297 0.0359 0.0345 0.0330
10 0.0290 0.0333 0.0383 0.0375 0.0350
15 0.0322 0.0355 0.0404 0.0394 0.0395
20 0.0376 0.0422 0.0451 0.0469 0.0444
25 0.0402 0.0454 0.0488 0.0499 0.0479
30 0.0418 0.0471 0.0509 0.0516 0.0500
60 0.0444 0.0504 0.0545 0.0558 0.0541
90 0.0467 0.0535 0.0582 0.0605 0.0587
120 0.0492 0.0566 0.0621 0.0641 0.0627
240 0.0547 0.0637 0.0712 0.0743 0.0720
360 0.0591 0.0706 0.0814 0.0862 0.0866
480 0.0619 0.0756 0.0897 0.1006 0.1007
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Figure 4.25: Pseudo-reversible second-order kinetic model, f(x3) against reaction time plot

with linearization.

Table 4.23: Kinetic data for pseudo-reversible second-order kinetic model.

T (K) UT (K1) k@) In k)
323.15 0.003095 0.00007 -9.57
328.15 0.003047 0.00008 -9.43
333.15 0.003002 0.00010 -9.21
338.15 0.002957 0.00010 -9.21
343.15 0.002914 0.00010 -9.21
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Figure 4.26: Plot of In k) versus 1/T for pseudo-reversible second-order kinetic model.

From Equations 4.3 and 4.4, the values of E, and A for the pseudo-reversible second-
order kinetic model are 17.34 kJ mol! and 0.0467, respectively. The R? value of the
linearization of In k vs. 1/T plot, 0.8101, shows fair conformity of the transesterification

reaction to the pseudo-reversible second-order kinetic model.

4.7.4 Kinetic Models Comparison

Table 4.24 summarizes the kinetic data for the three kinetic models investigated in this
study. From these data, the presumed reaction kinetic for transesterification was mostly the
pseudo-irreversible first-order kinetic based on its R? value, which is the closest to one. The Ea
value for the pseudo-reversible second-order is lower than the pseudo-irreversible first-order
and the pseudo-irreversible second-order kinetic models. However, this model is considered
less suitable for the transesterification reaction kinetic modeling in this study due to its low R?
value.

In this study, the E. of the pseudo-irreversible first-order kinetic agrees with most
literature. The typical Ea value for a first-order reaction ranges from as low as 21.47 kJ mol*
for sulfonic acid catalyzed biodiesel production from jatropha oil (Neeharika et al. 2017) to as
high as 77.6 kJ mol™* for MgO-La,03 catalyzed biodiesel production from sunflower oil (Feyzi

et al. 2017). A reaction using a homogeneous catalyst typically requires a lower Ea compared
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to the ones using a heterogeneous catalyst. A. Wang et al. (2018) reported Ea value of 37.5 kJ
mol* for biodiesel production from oleic acid using sulfonated magnetic catalyst from chitosan.
Another study by Putra et al. (2018) reported E, value of 66.27 kJ mol™ for biodiesel production
from waste cooking oil using CaO/SiO; catalyst. Ali, Elkatory, and Hamad (2020) reported Ea
value of 37.64 kJ mol™ for biodiesel production from waste frying oil using CuFeO4 catalyst.
Compared with these literature, the Ea of the pseudo-irreversible first-order kinetic of this
research is slightly lower. A reaction with lower Ea requires less energy to initiate, ultimately
reduces the cost to produce the biodiesel.

Based on these data, the proposed mechanism of transesterification of UCO using
SMBC shown in Figure 4.19 was deemed reasonable. The kinetic model implies that a
sufficient catalyst is utilized in relation to the oil to shift the balance of the reaction in the
direction of fatty acid methyl esters production. When methanol is reacted in excess, the

reaction shows pseudo-irreversible first-order kinetics.

Table 4.24: Summary of evaluated data for kinetic study.

Kinetic Model Ea(kJmol?) R?
Pseudo-irreversible first-order 31.77 0.9576
Pseudo-irreversible second-order 63.12 0.9292
Pseudo-reversible second-order 17.34 0.8101
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4.8 Summary

This chapter partially presents in detail the results and discussions of this research. The
results and discussions for the synthesis and characterization of SMBC from PKS, OPF, and
EFB are presented in Section 4.2. From the characterization, SMBC based on OPF and EFB
have been observed to have comparable properties and better compared to SMBC based on
PKS. The results and discussions for the analysis of optimum SMBC synthesis parameters via
the Taguchi method are presented in Section 4.3. From this analysis, EFB has been chosen as
the best biomass to produce SMBC (variation EFB1) with optimum synthesis parameters of
1.5 M of FC, 800 °C of CT, and 2.5 M of HC. The UCO biodiesel production optimization is
discussed in Section 4.4, in which the optimum reaction parameters were observed to be at
conditions catalyst loading (10.12 wt%), methanol to oil molar ratio (28), reaction temperature
(70°C), and reaction time (8 h). The experimental optimal biodiesel yield was at 95.87%.
Section 4.5 presents the results from the SMBC reusability analysis. The catalyst was able to
produce a biodiesel yield of 70.16% at the fifth cycle, which is a decrease of 25.68% between
the first cycle and the fifth cycle. Section 4.6 discusses the characterization of UCO biodiesel.
The UCO biodiesel was observed to be mostly consist of saturated fatty acids. Lastly, the
results of the kinetic study of UCO biodiesel production using SMBC are presented in Section
4.7. The UCO biodiesel has been observed to correspond to a pseudo-irreversible first-order
with Ea of 31.77 kJ mol™.

The whole results successfully fulfilled this research’s five objectives. Objective 1: To
synthesize and characterize the SMBC from PKS, OPF, and EFB. Objective 2: To optimize the
synthesis of SMBC from PKS, OPF, and EFB. Objective 3: To study the catalytic activity,
regeneration, and reusability of the SMBC in optimized biodiesel production from UCO.
Objective 4: To characterize the biodiesel produced from UCO using SMBC. Lastly, objective
5: To investigate the mechanism and kinetics of SMBC-catalyzed biodiesel production.

The next chapter presents the conclusion and future recommendations of this research.
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CHAPTER 5
CONCLUSION

51  Conclusion

In conclusion, this study has successfully synthesized sulfonated magnetic biochar
catalyst (SMBC) from PKS, OPF, and EFB. The SMBC was characterized via FESEM, EDX,
BET, TGA, FTIR, neutralization titration, and VSM. Through FESEM, the formation of a
porous structure on the SMBC was observed. The EDX elemental analysis confirmed the
presence of elemental iron and sulfur to correspond with iron impregnation and sulfonation on
the SMBC, respectively. The BET surface area of the optimized SMBC based on EFB (EFB1
variation in the Taguchi analysis) was determined to be 44.42 m? g. TGA visualized the
release of the volatile compound during the carbonization process of SMBC synthesis. FTIR
analysis distinguished the functional group of SMBC. The average acid density values of
SMBC obtained through neutralization titration showed that optimized SMBC had an average
acid density value of 3.85 mmol g*. VSM analysis showed the optimized SMBC had a o value
of 3.19 Am? kgL,

The Taguchi method was employed to investigate the optimum parameters for SMBC
synthesis. Based on the Taguchi analysis and characterization results, EFB was chosen as the
best biomass for SMBC synthesis with the optimum synthesis parameters of EFB1 variation at
1.5 M of FC, 800 °C of CT, and 2.5 M of HC.

The experimental design by RSM-CCD was used, and the optimum biodiesel
production from UCO using the optimized SMBC was investigated. The SMBC was
synthesized from EFB according to the optimized synthesis parameters from the Taguchi
analysis. The optimum UCO biodiesel production parameters were obtained at a catalyst
loading of 10.12 wt%, methanol to oil molar ratio of 28, reaction temperature of 70°C, and
reaction time of 8 h. The maximum biodiesel yield was achieved at 95.87%. A biodiesel yield
reduction to 70.16% was recorded after five cycles when SMBC was recycled for biodiesel
production according to the optimum production parameters.

The produced UCO biodiesel was characterized by its physicochemical properties and
fatty acid profile. The physicochemical characterization showed the UCO biodiesel has met the
ASTM D6751 standard except for its cloud point, pour point, and cetane index. The fatty acid
profile of UCO biodiesel obtained from the GC-MS analysis has shown the biodiesel produced
majorly consists of saturated fatty acids.
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Finally, this study also investigated the kinetics of biodiesel transesterification from
UCO using SMBC. The same biodiesel production optimum parameters were adopted, and the
reaction demonstrated a pseudo-irreversible first-order kinetic with an activation energy of
31.77 kJ mol. These results showed that SMBC-catalyzed biodiesel production from UCO is

a highly-potential way to produce biodiesel.

5.2  Future Recommendation

This study has investigated the SMBC synthesis, reaction, and separation mechanism
in-depth in producing biodiesel from UCO. However, more studies should be done to
encompass most catalysts and biodiesel synthesis topics. This study would like to convey the
following recommendation for future research:

(a) Economic and environmental effects of the catalyst synthesis process can be studied
through exergoeconomic and exergoenvironmental optimization. These methods of
analysis can potentially reduce the cost and environmental impacts of a full-scale
biodiesel production process.

(b) Optimization of the catalyst synthesis can be studied in more detail by applying full
factorial or RSM for the synthesis parameters. Meanwhile, other types of biomass can
be utilized as catalyst precursors or catalyst support.

(c) Reaction parameters for biodiesel production that might influence the biodiesel yield,
such as reaction pressure, stirring rate, and stirring mode, can be studied. Different
chemicals, such as another type of oil feedstock and alcohol other than methanol, can
be used for biodiesel production investigation. Additional equipment, such as a reactor,
can increase the reaction modeling accuracy.

(d) The catalyst reusability study can be extended and carried out extensively beyond five
cycles to investigate the effects and causes of the biodiesel yield decrease over catalyst
reuse cycle. Qualitative analysis like the characteristic tests of the spent catalyst can be
carried out to investigate the cause and effect of the catalyst deactivation.

(e) Post-reaction processes such as oil pretreatment, separation, and product refining can
be studied. The inclusion of these post-reaction steps can increase biodiesel quality and
value. Among the biodiesel properties that can benefit from these processes are
oxidation stability, product purity, cold flow characteristics, cloud, and pour point.

(F) For better understanding of the relation of energy and work in a transesterification using
SMBC, thermodynamics study can be carried out in addition of the kinetics study.
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Thermodynamics study can give more data on the characteristics of transesterification
using SMBC.

(g) Data on kinetic study can be enhanced by integrating the catalyst deactivation rate due

to contamination and loss of catalytic active sites. Consequently, the behavior and the
reaction kinetics of the catalyst can be further understood. As a result, the kinetic model

can be used more accurate and for longer reaction time.

(h) Quantitative study on the difference of energy and time consumed for catalyst-product

(i)

()

separation between different types of separation means can justify the usage of
magnetic catalyst over other non-magnetic catalyst by providing in detail the energy
and time saving of using magnetic separation and magnetic catalyst over other non-
magnetic catalyst.

Further study on the scalability and economic viability of the process can be done to
include a feasibility study on the scale-up of the biodiesel production process using the
synthesized sulfonated magnetic biochar catalyst, considering the economic feasibility
and sustainability of the process.

To scale up biodiesel production in the industry, a cost estimate and life cycle
assessment for the production can be developed. High-quality data is essential for a
reliable evaluation in a life cycle assessment analysis, as this task can consume time

and effort.
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APPENDICES
Appendix A: Data for the design of experiment using RSM-CCD module of Design-Expert version 12 software.

Standard Run  Space Point Catalyst Methanol-oil Temperature _. - .
Order Order Type loading (Wt%) molar ratio (°C) Time (h) Biodiesel Yield
Predicted Experimental
1 3 Factorial 7 15 55 4 76.20 74.79
2 24 Factorial 13 15 55 4 67.77 69.62
3 15 Factorial 7 25 55 4 81.17 80.77
4 29 Factorial 13 25 55 4 78.74 79.17
5 28 Factorial 7 15 65 4 80.86 80.35
6 19 Factorial 13 15 65 4 73.56 72.67
7 20 Factorial 7 25 65 4 85.72 87.05
8 26 Factorial 13 25 65 4 84.43 83.90
9 5 Factorial 7 15 55 8 76.20 77.17
10 18 Factorial 13 15 55 8 67.59 66.29
11 23 Factorial 7 25 55 8 83.68 84.59
12 27 Factorial 13 25 55 8 81.08 82.03
13 16 Factorial 7 15 65 8 82.71 82.31
14 11 Factorial 13 15 65 8 75.24 76.08
15 21 Factorial 7 25 65 8 90.08 88.67
16 7 Factorial 13 25 65 8 88.62 90.06
17 22 Axial 4 20 60 6 72.61 73.31
18 17 Axial 16 20 60 6 62.71 61.55
19 4 Axial 10 10 60 6 73.36 74.02
20 14 Axial 10 30 60 6 91.70 90.57
21 8 Axial 10 20 50 6 79.24 78.47
22 9 Axial 10 20 70 6 91.44 91.74
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Appendix B: Sample graph and calculation of GC result.

Single Injection Report .
Agilent
Data file: 2022-11-02 15-09-53+08-00-13.dx
Sequence Name: 8890GC-2022-11-02 08-32- Project Name: Firdaus
17+08-00
Sample name: Operator: SYSTEM
Instrument: 8890GC Injection date: 2022-11-02 15:15:41+08:00
Inj. volume: 1.000 Location: 10
Acq. method: FAME Phenomenex + IS Type: Sample
Layer.amx
Processing method: *GC_LC Sample amount: 0.00
Quantitative_DefaultMethod_NoS
olvent+BlankSubtraction.pmx
Manually medified: None
*FID1A[b]
375
350 &
325 &
300 -
275 2 ¥
250 = ®
2254 = o
« 200 e
S 1754
150-
125 =
100 | S 2
75q = b Q & o
- o 0 en, w = -
2 ¥ Yy Y Y wvy Yk |
T 2 3 4 5 6 1 6 & 1o 11 12 13 14 15 16 17 18 19
Time [min]
Signal: *FID1A [b]
RT [min] Type Width [min] Area Height Area% Name
3.058 BB 0.14 5.54 2.44 0.11
3.199 BV 0.12 9.58 5.21 0.20
3.653 BV 0.18 7.32 3.72 0.15
4.269 BV 0.23 26.67 12.68 0.55 Methy| octanoate (C8:0)
4.710 BV 0.1 4.66 1.99 0.10
5023 VB 0.16 7.63 3.47 0.16
5.868 BV 0.10 4.98 2.34 0.10 Methyl decanoate (C10:0)
7.791 W 0.22 24.99 9.80 0.51 Methyl laurate (C12:0)
10.251 BV 0.31 43.72 13.50 0.89 Methyl myristate (C14:0)
13.090 BB 0.25 15.10 3.59 0.31
13.429 BV 0.24 976.17 206.42 19.97
13.511 VB 0.31 22.64 5.14 0.48
14.068 Vv 0.26 15.71 4.00 0.32 Methyl palmitoleate (C16:1)
14.880 BV 0.29 43.12 9.15 0.88
15.252 vV 0.50 1764.06 269.39 36.09 Methyl heptadecanoate (C17:0}
16.990 A% 0.36 75.15 16.44 1.54
17618 BV 0.25 973.10 180.51 19.81
17.706 vV 0.24 28.23 7.09 0.58
C:\CDSProjects\Firdaus\Report
Templates\01_ShortArea_CroppedSolvent.rdl Printed: 2022-11-03 10:54:16+08:00 Page 23 of 24
[Rev. 8]
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Single Injection Report

- Agilent

RT [min] Type Width [min] Area Height Area% Name

18.751 VB 0.58 208.23 43.79 4.28 Methyl linoleate (C18:2)

22227 W 0.28 15.56 2.00 0.32

23.799 W 0.32 40.10 3.33 0.82 Methyl behenate (C22:0)

23.951 VB 023 957 1.83 0.20 Methyl erucate (C22:1)

24,437 VB 0.17 10.06 2.19 0.21

24,730 w 0.08 6.10 217 0.12

24.799 VB 0.08 15.24 4.98 0.31

24,873 BV 0.13 34.67 14.18 0.71

24,997 VB 0.08 420 2.23 0.09

25,086 BB 0.08 3.36 1.88 0.07

25.130 BV 0.05 552 2.50 0.11 Methy! lignocerate (C24:0)

25177 VB 0.11 10.87 277 022

25.369 VB 0.11 10.88 3.06 0.22

25,590 BV 0.11 15.87 4.71 0.32

25642 VB 0.07 11.20 467 023

25.800 BB 0.11 65.50 33.24 1.34

25.891 BV 0.08 14.09 5.89 0.29

25974 W 0.08 18.25 6.05 0.33

26.027 VB 0.07 17.44 5.79 0.36

26.103 BV 0.06 11.13 3.93 023

26.182 VB 0.11 82.62 31.46 1.69

26.267 BV 0.08 6.97 3.88 0.14

26.303 VB 0.04 3.80 252 0.08

26.378 Bv 011 109.18 48.83 2.23

26.497 w 0.20 85.70 13.62 1.75

26.724 BB 0.14 16.10 3.23 0.33

26.873 BvV 0.07 529 1.93 0.11

26.983 VBA 0.05 461 2.48 0.09

Sum 4888.45

C:\CDSProjectsiFirdaus\Report

Templates\01_ShortArea_CroppedSolvent.rdl Printed: 2022-11-03 10:54:16+08:00 Page 24 of 24
[Rev. 8]

174




XA A o Gis X Vis

Y x 100

where Y = biodiesel yield (%)
From GC result, Y’ A = total peak area, Ais = peak area of internal standard

From sample preparation, Cis = concentration of internal standard (mg mL™?), Vs = volume of

internal standard injected (mL), W = weight of crude biodiesel sample injected (mg)

YA = 4888.45
Ais =1764.06

Cis=5mgmL?
Vs =0.001 mL
W =0.0097 mg

_ 4888.45 — 1764.06 y 5x 0.001
N 1764.06 0.0097

=91.30 %

x 100
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