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Biodiesel as an energy resource was recognized as a potential low carbon alternative to
overcome the declining fossil fuel reserves. However, the higher cost production of
biodiesel become the main problem. In this work, low-cost biodiesel was successfully
produced through esterification of palm fatty acid distillate (PFAD) over heterogeneous
solid acid catalyst derived from corncob residue. This catalyst was synthesized via
hydrothermal carbonization followed by chemical activation using concentrated sulfuric
acid and known as hydrothermal carbon-sulfonated (HTC-S). The prepared catalysts
were characterized by using X-Ray Diffraction (XRD), Brunauer - Emmett —Teller
(BET) Surface Area Measurement, Fourier Transform Infrared (FT-IR) Spectroscopy,
Temperature Programmed Desorption of Ammonia (NHs-TPD) and Field-Emission
Scanning Electron Microscopy (FESEM) analysis. The carbonization process leads to
the cyclic carbon rearrangement by removing hydroxyl molecules and the sulfonation
treatment on the carbon structure increase the acid properties with the total acid density
of 13.00 mmol/g and surface area of 8.40 + 0.15 m?/g. The esterification of PFAD over
HTC-S catalyst was optimized via the one-variable-at-a-time technique, and 92% free
fatty acid (FFA) conversion with a biodiesel yield of 85% were achieved at condition of
2 h reaction time, 70 °C reaction temperature, 3 wt.% catalyst loading, and 15:1
methanol-to-oil molar ratio. Various of catalyst regeneration techniques were analyzed
and sulfuric acid treatment was found to be the most effective approach for restoring the
active sites for spent HTC-S catalyst. The HTC-S catalyst regenerated via sulfuric acid
treatment is capable to convert PFAD to biodiesel with FFA conversion until five
consecutive cycles. In this work, the synthesized PFAD-derived biodiesel has complied
with the international biodiesel standard ASTM D6751.
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Biodisel adalah sumber tenaga dikenali sebagai pengganti minyak alternatif yang rendah
karbon dan berpotensi untuk mengatasi masalah rezab bahan bakar fosil yang semakin
menurun. Walaubagaimanapun, kos yang tinggi untuk menghasilkan biodisel melalui
tindak balas transesterifikasi menjadi masalah utama. Dalam kajian ini, biodisel dengan
kos yang murah telah berjaya dihasilkan melalui esterifikasi asid lemak sawit tersuling
(PFAD) dengan menggunakan pemangkin heterogen asid pepejal yang dihasilkan
daripada sisa puntung jagung. Pemangkin telah disintesis melalui pengkarbonan
hidroterma diikuti dengan proses pengaktifan kimia menggunakan asid sulfurik pekat
melalui proses hidroterma karbon- sulfonasi (HTC-S). Perincian pemangkin yang
dihasilkan telah dilakukan menggunakan Pembelauan Sinar-X (XRD), Brunauer -
Emmett -Teller (BET), Spekstroskopi Inframerah Penukaran Fourier (FT-IR), Suhu
Terprogram Nyahjerapan Ammonia (NH3-TPD) dan Field-Emission Mikroskopi
Imbasan Electron (FESEM). Proses pengkarbonan telah menyebabkan pengstrukturan
semula kitaran rantaian karbon disebabkan oleh pelepasan molekul hidroksil, dan proses
sulfonasi karbon telah meningkatkan tahap keasidan pemangkin dengan jumlah
keseluruhan adalah 13.00 mmol/g dan luas permukaan 8.40 +0.15 m?g. Proses
pengoptimuman esterifikasi PFAD menggunakan pemangkin HTC-S telah dilakukan
melalui teknik one-variable-at-a-time (OVAT). Sebanyak 92% asid lemak bebas telah
ditukarkan dan 85% biodiesel tulen telah terhasil selepas 2 jam masa tindak balas, suhu
tindak balas ialah 70 °C, bahan mangkin ialah 3 wt.% dan nisbah molar metanol kepada
minyak ialah 15:1. Pelbagai jenis kaedah penjanaan semula pemangkin telah dikaji dan
penjanaan melalui sulfurik asid didapati teknik yang paling berkesan untuk memulihkan
semula aktiviti pemangkin HTC-S yang telah digunakan. Pemangkin HTC-S dijana
semula melalui rawatan asid sulfurik boleh menukarkan PFAD kepada biodisel sehingga
lima kali kitaran. Biodisel yang dihasilkan daripada PFAD dalam kajian ini juga didapati
telah mematuhi piawaian biodiesel antarabangsa ASTM D6751.
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CHAPTER 1

INTRODUCTION

1.1  Background

Energy is very important for humanity's endeavors across every single industrial and
technological sector. For century, the energy sources have been used for electricity
applications likes fossil fuels, hydroelectricity, nuclear energy and so on. It has been
known that the energy can be derived from sources of biomass, solid fuels, liquid fuels
and others by process of transformation or conversion. Even with strong growing of
renewable resources for the last few decades, fossil-based fuels persist to be the most
dominant worldwide. (Takase et al., 2015; Mekhilef et al., 2011) showing in Figure 1.1.

230 history projection petroleum
and other
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50 /
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Figure 1.1: World energy consumption by energy sources (1990-2040) quadrillion
British thermal units (International Energy Outlook., 2017)

Fossil fuels helps the development of country in transportation to industrial applications.
Since the 19th century, this fossil fuels have been used abundantly by the humans. If this
continues, it will diminish in the future. King Hubbert (1950), a geologist has estimated
that the exhaust of fossil fuel will damage the development of the world (Hanania Jordan
& Stenhouse Kailyn, 2015). As reported by Mansir et al., (2017) the production of oil
peaking at some point and then dropping. According to American Petroleum Institute.,
(1999), the oil sources of the world has been predicted to drop from 2026 until 2094.
However, the total world oil reserves still remain between 1.4 and 2 trillion barrels
(Foreman, 2021). According to Cambridge Energy Research Associates (CERA).,
(2006), they predicted that the oil remain as much as 3.74 trillion barrels in the Earth
which is three times the number estimated by peak oil analysis (International Energy
Agency., 2021).



Basically, the combustion of petroleum emits hazardous gaseous such as carbon
monoxide (CO), nitrogen oxides (NOx), carbon dioxide (CO>), etc., that will cause many
problems such as acid rain and smog filled air. Besides, it can cause climate change and
global warming which escalate the temperature of the Earth's atmosphere. These
problems could impair the buildings, trees and give danger to the aquatic life and insects.

Therefore, the alternative way has been searched to prevent the pollution to the
environment. One of the solution is, biodiesel; as an alternative renewable fuel which
believed can prevent the environmental problems and safe for human health. Not only
that, it is capable to be used in the combustion engines (Anwar et al., 2019). In fact, no
mechanical adjustment needed for diesel engine as biodiesel have same physicochemical
properties to the fossil diesel, which follow the act according to the fuel standards of US
(ASTM D6751) or European (EN14214) (Hazrat et al., 2019; Chua et al., 2020).

Biodiesel emits less toxic gas and sulfur-free. In addition, the combustion of biodiesel
contain higher cetane number and flashpoint compared to diesel fuel (Chua et al., 2020).
Besides, reported by Hazrat et al., (2019), the combustion of pure biodiesel (B100) emits
less GHG around 74% than diesel fuel.

Biodiesel production easily derived from vegetable oils and animal fats. According to
ASTM, this fuel compose with alkyl esters of long chain fatty acids (Hoekman &
Robbins, 2012; Parshetti et al., 2013) as shown in the Table 1.0. Theoretically, biodiesel
contains higher concentration of free oxygen which is 10 — 11% by weight for a complete
combustion reaction than diesel fuel. This could be reducing the harmful emissions as
well as safe to the human (Zahan & Kano, 2019).

Table 1.0: Chemical structure of biodiesel

Name Chemical Structural formula
formula

Methyl Myristate C14:0 N PPN

Methyl Palmitate C16:0
o
Methyl Stearate C18:0 /'\../‘\../\/\./\/\/’\./\.)l\o/
i )
VAVAVAVAVAVAVAVAVS
Methyl Oleate C18:1 K
Methyl Linoleate C18:2 Q/\/\-/L/

(Kong, et al, 2020)



1.2 Problem statement

The fossil fuels are widely used to power the vehicles likes ships, trains and airplane also
generating electric power. The increasing emission of hazardous gas and particulate
matter (PM) from these applications could give severe effect on the human health and
the ecosystem. Moreover, the effect of hazardous gaseous in the atmosphere causing
extreme increase of global temperature due to the breaking down of the ozone layers.
The promising sustainable energy which is biodiesel has been found and it is a potential
candidate as cleaner alternative energy for fossil fuel replacement. Biodiesel is becoming
important which can reduce the toxic emission and the physical and chemical properties
of biodiesel is similar to petro-diesel. Unfortunately, disadvantage of biodiesel is they
are more expensive to compete with petro-diesel.

The feedstock played an important role in the biodiesel production which can reduce the
cost of fuels. Palm fatty acid distillate (PFAD) is the by-product of refinery crude palm
oil processing. It is much cheaper than other refined oils. PFAD is capable as biodiesel
feedstock due to high miscibility of free fatty acid (FFA) in the methanol. Moreover,
PFAD is not in the argument issues between food versus fuels. In spite of that, the main
problem of PFAD which is containing high percentage of free fatty acid (FFA), > 90%.
Therefore, strong acid catalysts are required which can convert high FFA to fatty acid
methyl ester.

In general, homogeneous and heterogeneous catalyst are commonly used in trans-
esterification reaction. Homogeneous catalyst has been used for century as they are
capable to run the reaction at higher speeds. Regrettably, those catalysts cannot be reused
and the process requires separation and purification steps that resulting in high cost for
waste management. The heterogeneous catalysts which are reusable and easily separable
could replace the homogeneous catalyst (Rechnia-gor & Malaika, 2018). The
heterogeneous catalyst that is eco-friendlier which can be derived from biomass and
potentially to lower the cost production. Not to mention, it is non-corrosive,
environmentally friendly and can speed up the purification steps (Ayoob & Fadhil,
2020).

The sulfonated activated carbon catalyst is an excellent catalyst for esterification reaction
of high FFA feedstocks compared to the traditional solid acid catalysts like protonated-
Nafion, zeolites, sulfated zirconia which are bad resistance to water, easy deactivation
also high preparation cost (Hussain & Kumar, 2018). According to the literature, the
main reason using the carbon materials derived from biomass materials are because they
give high catalytic activity during the reaction and easy to diffuse with the acidic sites of
the catalyst when subjected to sulfonation with concentrated H.SO.. The unique
properties of mesoporous carbons are uniform pore sizes, good mechanical properties
and having surface hydrophobicity that can increase the catalytic activity of the catalysts
(Rechnia-Goracy et al., 2018).

Nowadays, the corncob residue become popular among the other biomass. It is
lignocellulosic biomass having hemicelluloses constitute about 30 — 40%, cellulose,

3



lignin and other remaining is 60 — 70%. Previous studies have reported the carbonization
of corncob can generate a family of microporous carbonaceous materials (Arancon et al.,
2011). These components of lignocellulosic biomass possess different structural features
likes constituting monomer, cross-linking, crystallinity, and branching, which lead to
different pyrolysis mechanisms and affect the physicochemical properties of the carbon
products (Cheng & Li, 2018).

Nowadays, the hydrothermal carbonization method has been researched thoroughly in
order to produce excellent carbon based catalyst which possessed a lot of surface
functional group, captivating nanostructured also able to reduces the cost production and
produces renewable carbonaceous materials (Heidari et al., 2019). Moreover, the carbon
derived from lignocellulosic biomass via hydrothermal carbonization method appears as
attractive mechanisms producing aromatic polymer structures which are stable
considered as the building blocks of the hydrochar.

In addition, the hydrothermal carbonization method has several advantages over
conventional pyrolysis which are; 1) hydochar can be easily filtered from the reaction
avoiding complicated drying, 2) this method able to convert wide range of biomass (dry
to very wet), 3) improved hydrophobicity and lowering ash content, 4) water as an
excellent solvent medium which decompose the biomass involving dehydration, retro-
aldol condensation, isomerization, and so on, 5) the hydrochar contains abundant
functional groups, such as hydroxyl and carboxyl groups, 6) hydrothermal process is
normally performed in a closed reactor at mild temperatures between 180 - 200 °C while
letting the pressure to rise with the steam pressure (Cao, 2017; Titirici et al., 2012; Cheng
& Li, 2018). The advantage of hydrochar which is containing high oxygenated functional
group make it an effective precursor for the production of chemically activated carbon
especially for the sulfonation process (Jain et al., 2016). HTC-based materials have
proved not only to be sustainable, but also to possess extraordinary properties which able
to surpass those of current “gold standards™ (Liu et al., 2013).

1.3 Objective

The main objective of this research is to investigate the esterification reaction of PFAD
in catalytic condition using hydrothermal-carbon sulfonated (HTC-S) catalyst. The
specific objectives are shown below:

1. To prepare HTC-S catalyst by using the hydrothermal carbonization method followed
by sulfonation process.

2. To characterize the chemical and physical properties of HTC-S catalyst using XRD,
BET, FTIR, NH3-TPD and FESEM.

3. To optimize the reaction parameters such as the methanol to PFAD molar ratio,
reaction temperature, catalyst loading and reaction time for esterification of PFAD.

4. To characterize the properties of Biodiesel produced using the US (ASTM D6751)
and European (EN14214) international standard method.

4



1.4 Scope of Research

This work covers the process of synthesis catalyst from the corncob residue via
hydrothermal carbonization process followed by sulfonation with concentrated sulfuric
acid. The prepared catalyst labelled as HTC-S catalyst has been characterized before
catalytic activity evaluation. HTC and HTC-S catalysts were analyzed based on surface
properties, acid site distribution and functional groups. Meanwhile, the catalytic
evaluation was carried out by esterification reaction of palm fatty acid distillate (PFAD)
to produce biodiesel.

The effects of reaction parameters on the reaction conversion and FAME yield were also
evaluated. The One-Variable- at- a- Time (OVAT) technique has been used to optimize
manually the variables involve to produce high production yield. These parameters
included methanol to PFAD molar ratio, catalyst loading, reaction time and reaction
temperature.

The esterification process was done via traditional conventional methanol-reflux method
(open system). The PFAD biodiesel has been analyzed by GCFID for determination of
production yield. The PFAD biodiesel has also been tested according to US (ASTM
D6751) and European (EN14214) international standard methods. This current study
also investigated on the reusability test in order to produce sustainable biodiesel product.
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