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ABSTRACT 

 

The transesterification process catalysed by a homogeneous basic catalyst is the 

most common reaction used for biodiesel production. The major concerns of 

such catalysts are the difficulties in separating the catalyst after reaction, 

sensitivity to the free fatty acids and moisture contents in the feedstock. In 

contrast, a solid acid catalyst can ease the downstream separation and is less 

likely to be influenced by the free fatty acid in the feedstocks. In this work, 

biomass waste was used to derive the solid acid catalysts subjected to the 

transesterification process to lower the cost for biodiesel production. This study 

aimed to evaluate the possibility of spent coffee grounds being converted into 

effective carbon precursors and acidic catalysts for biodiesel production. The 

biomass waste was treated via direct sulfonation with concentrated sulfuric acid 

at different temperatures ranging from 80 ℃ to 240 ℃. Various catalyst 

characterisations, including Scanning Electron Microscopy Equipped with 

Energy Dispersive X-ray, X-ray Diffraction, Fourier Transform Infrared 

Spectroscopy, surface analysis (BET and BJH methods) and acid density, were 

carried out to examine the impact of sulfonation temperatures on the catalytic 

performance. The catalyst with optimum properties was used in the 

transesterification process at 80 ℃ and rotational speed of 500 rpm for 7 hours 

to study the effect of catalyst loading and methanol-to-oleic acid molar ratio on 

biodiesel yield. The catalyst loading was manipulated from 4 to 20 wt.%, 

whereas the molar ratio was changed from 4:1 to 20:1. It was found that the acid 

density and catalytic performance improved with increasing sulfonation 

temperature until the optimum 200 ℃. The catalytic properties of the sample 

dropped beyond the optimum temperature. Moreover, the optimum catalyst 

loading and methanol-to-oleic acid were 12 wt.% and 16:1, respectively. The 

biodiesel yield of 99.67 % was achieved from the transesterification process 

catalysed by 12 wt.% of the catalyst sulfonated at 200 ℃ and 16:1 of methanol-

to-oleic acid molar ratio. The results of present work proved the potential of 

spent coffee grounds to be converted into useful heterogeneous acid catalysts 

for the transesterification process to produce biodiesel in a relatively 

environmentally benign way. 
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CHAPTER 1 

 

1 INTRODUCTION 

 

1.1 Global Energy Demand and Consumption 

Energy is so essential for all living organisms, especially humans, to survive as 

it is one of the keys driving all the processes that occur across the entire universe. 

Transportation, electricity generation, industrial and residential are the main 

sectors that consume energy. The factors affecting how the world uses energy 

include policy, technology and consumer preferences which vary over time 

depending on locally available resources and public support. It was stated by 

Exxon Mobil (2021) that the global energy demand may increase up to 15 % in 

2050 versus 2019 due to the growing population and rising prosperity. 

According to the press release by International Energy Agency, IEA (2021), 

global electricity demand growth was almost 5 % in 2021 and 4 % in 2022 after 

a 1 % decrement in 2020 due to the Covid-19 pandemic. Besides Energy 

Information Administration, EIA projected that there will be an increment of 

50 % in global energy demand between 2020 and 2050 (Adler, 2021). The graph 

in Figure 1.1 clearly illustrates the predicted energy consumption of the 

countries in the Organisation for Economic Co-operation and Development 

(OECD) and non-OECD reported by the U.S. EIA (2021).  

 

 

Figure 1.1: Projected Energy Consumption by Sectors in (a) OECD and (b) 

non-OECD (U.S. EIA, 2021). 
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 Many reasons are driving the consumption of energy in our daily life. 

For instance, urbanization, better accessibility to electricity and rising income. 

Moreover, the rising population and quality of life also contribute to electricity 

usage growth (EIA, 2019). United Nations, UN (n.d.) reported that it was 

expected that the world’s population in 2050 will reach 9.7 billion and could 

peak at around 11 billion in 2100. This significant population growth indicates 

that the usage of energy and energy resources will be one of the global major 

crises. In the Statistical Review of World Energy Report 2021, BP revealed fuel 

consumption by categories, as illustrated in Figure 1.2. It was clearly shown that 

more than 80 % of the energy consumed comes from fossil fuels. 

 

 

Figure 1.2: Global Energy Consumption in 2020 (BP, 2021). 

 

 Malaysia is a developing country whereby the energy supply and 

consumption are very coupled with economic growth since energy is one of the 

main pillars that drive economic growth. Table 1.1 shows Malaysia's increasing 

trend in total primary energy supply from 1999 to 2018. Since energy will 

become more viable, it was projected that the energy demand in Malaysia would 

continue to rise. The total primary energy supply in 2019 was reported as 98,960 

ktoe, 2.8 % higher than in 2018. The biggest share of 42 % came from natural 

gas, followed by crude oil and petroleum products at 33 % as well as coal and 

coke at 21 %, while renewable energy took the smallest energy at 4 % (Lim, 

2021). 

Oil

28%

Natural gas

26%

Coal

29%

Nuclear energy

4%

Hydro-

electricity

7%

Renewables

6%
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Table 1.1: Total Primary Energy Supply by Fuel Type from 1999 to 2018 (Energy Commission, 2021). 

Year Primary Energy Supply (ktoe) 

Crude Oil, Petroleum Products and others Natural Gas Coal and 

Coke 

Hydropower Biodiesel Biomass Biogas Solar 

1999 19450 21476 1940 1668 0 0 0 0 

2000 20242 26370 2486 1612 0 0 0 0 

2001 21673 25649 2970 1687 0 0 0 0 

2002 22124 26101 3642 1329 0 0 0 0 

2003 23936 27275 5316 1056 0 0 0 0 

2004 25253 29145 7109 1329 0 0 0 0 

2005 24096 33913 6889 1313 0 0 0 0 

2006 23240 34917 7299 1567 0 0 0 0 

2007 25381 36639 8848 1522 0 0 0 0 

2008 24996 39289 9782 1964 0 0 0 0 

2009 26482 35851 10623 1627 0 0 0 0 

2010 25008 35447 14777 1577 0 0 0 0 

2011 26903 35740 14772 1850 24 0 0 0 

2012 29502 38647 15882 2150 115 183 4 11 

2013 32474 39973 15067 2688 188 297 6 38 

2014 33422 40113 15357 3038 300 181 12 63 

2015 29165 41852 17406 3582 389 189 18 75 

2016 31327 41257 18744 4501 389 198 21 90 

2017 29379 41201 20771 6240 379 194 41 93 

2018 29429 40939 22280 6230 436 241 147 172 
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 Renewable energy (RE) will become more viable due to the economic 

and population growth in the world. RE not only reduces the negative 

environmental impact of non-renewable energy but also diversifies the energy 

supply, thus reducing dependence on fossil fuels. In terms of power generation, 

solar, wind, biogas, and geothermal are the most common renewable power 

technologies (U.S. EPA, n.d.). These energy sources are naturally and 

constantly replenished, avoiding the problem of depletion. In contrast, non-

renewable energy, for example, fossil fuels, form in the Earth’s crust by taking 

millions of years, and they will eventually run out. Although their relative 

affordability and easy accessibility, carbon dioxide emission into the 

atmosphere during fossil fuel combustion contributes to the greenhouse effect 

and global warming. Furthermore, coal combustion or natural gas emits sulfur 

dioxide gas which contributes to the formation of acid rain (BBC, n.d.). 

Therefore, RE is a promising alternative to replace non-renewable energy for 

environmental preservation as well as energy security. 

 

1.2 Biodiesel 

Biodiesel is one of the renewable energy resources commercially accepted as a 

substitution for non-renewable energy resources. Biodiesel refers to a mono-

alkyl ester, which is the product of conversion involving vegetable oil, animal 

fat or waste oil (Kashyap et al., 2019). According to Saka & Kusdiana (2000), 

biodiesel and paraffinic diesel fuel compounds are similar in terms of molecular 

structure, thus resulting in a higher chance of biodiesel meeting the demands 

that diesel engine makes of their fuel. In other words, when diesel fuel is 

replaced with biodiesel, no or fewer engine modifications are needed to 

maintain the engine performance. It can be used in 100 % pure (B100) or 

blended with petroleum diesel, such as B20, which is a blend with 80% diesel 

fuel and 20 % biodiesel. 

 In contrast with diesel fuel, biodiesel comes with some advantageous 

characteristics, including non-toxic, biodegradable, oxygenated nature and 

lesser sulfur emission during combustion (Kumar and Raheman, 2022). The 

feedstocks for biodiesel production, for example, palm oil trees and soybeans, 

absorb CO2 when they grow. As stated by U.S EIA (2020), biodiesel was 
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claimed to be carbon-neutral as the absorption of CO2 offsets the CO2 that forms 

during the production and combustion of biodiesel. 

 McCarthy, Rasul and Moazzem (2011) found that both biodiesel A 

and B emitted less carbon monoxide, CO compared to diesel, given that 

biodiesel A was a blend of tallow and canola oil (80: 20), whereas biodiesel B 

was a mixture of chicken tallow with waste cooking oil (70: 30). The reduced 

emission of CO was attributed to the higher oxygen content in biodiesel, giving 

rise to complete combustion with less CO formation. Regarding NOx emission, 

Figure 1.3 shows that biodiesel A obtained a decreasing trend while biodiesel B 

showed an increasing trend with the blend ratio. Jääskeläinen and Majewski 

(2021) added that highly unsaturated fuels such as soybean and rapeseed oil 

gave higher NOx emissions. Meanwhile, the animal fats which are more 

saturated produced lower NOx. The reason was due to the combustion of 

sufficiently oxygenated biodiesel, which resulted in higher temperatures, 

favouring the production of NOx. 

 

 

Figure 1.3: Emission of (a) CO and (b) NOx of Diesel and Biodiesel A and B 

with Different Blend Ratios (McCarthy, Rasul and Moazzem, 

2011). 

 

 In the past 30 years, the number of cars worldwide increased 

dramatically, leading to the steady growth of the transportation sector. Eurostate 

(2020) reported that road transportation became the largest sector in oil 

consumption, with a share of 47.56 %. Meanwhile, water and air transportation 

accounted for 9.12 % and 4.55 %, respectively. Among various types of 

resources, diesel oil dominated transportation with a share of 66.46 %, followed 

by motor gasoline with 23.91 %, as shown in Figure 1.4. It is more desirable to 

substitute fossil-taken petrochemical diesel with renewable biodiesel 
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considering the depletion of fossil resources and environmental limitations 

(Maleki, Ashraf Talesh and Mansouri, 2022).  

 

 

Figure 1.4: Types of Fuels Used in Road Transportation (Eurostate, 2020). 

 

1.3 Problem Statement 

Biodiesel is a great alternative to replace non-renewable diesel oil to reduce RE 

dependency while minimizing pollutants emissions. Biodiesel is widely 

investigated in the industry and research fields for energy security. Nevertheless, 

the high production cost of biodiesel is a major problem that needs to be solved. 

Figure 1.5 compares the production cost of gasoline and ethanol as well as diesel 

and biodiesel. The production cost of biodiesel includes the cost of the 

processing plant, catalyst and feedstocks. 

 

 

Figure 1.5: Comparison of Production Cost of Biofuel and Transport Fuel in 

2017 (IEA, 2017). 

 



7 

 Biodiesel is typically produced via a transesterification process that 

involves oils and methanol with the aid of a catalyst. The production cost may 

be reduced by using the appropriate catalyst. Utilizing heterogeneous catalysts 

could simplify the separation for removing the catalysts from the reaction 

products. The triglycerides used for biodiesel production generally comprise a 

high free fatty acids (FFAs) composition. Despite its high catalytic performance, 

the heterogeneous alkaline catalyst will react with the FFAs and lead to 

saponification that inhibits the product separation as well as deactivates the 

catalysts (Rizwanul Fattah et al., 2020). Therefore, a solid acid catalyst that is 

insensitive to the FFAs content becomes a good choice for biodiesel production. 

Carbon-based acid catalyst derived from biomass is relatively environmentally 

friendly and low-cost compared with the other catalysts. 

 It is essential to determine the appropriateness of the biomass to be 

modified as the carbon support of the catalyst used in biodiesel production. 

Hence, the study of different sulfonation conditions and different conditions of 

biodiesel production should be conducted to synthesise an effective catalyst for 

the optimum biodiesel yield. 

 

1.4 Aim and Objectives 

The aim of this research was to synthesise a potential catalyst derived from 

biomass waste to produce biodiesel and investigate the influence of different 

pretreatment parameters on the synthesised catalyst. The goals of the study are: 

 

i. To fabricate and characterise the solid acid catalysts derived 

from spent coffee grounds using sulfuric acid, H2SO4, via direct 

sulfonation. 

ii. To determine the conversion and biodiesel yield obtained via 

catalytic esterification of oleic acid with methanol as an acyl acceptor. 

iii. To study the impact of sulfonation temperature, methanol-to-

oleic acid molar ratio and catalyst loading on biodiesel production. 

 

1.5 Scope and Limitations of the Study 

This study covers the synthesising method of solid acid catalysts derived from 

biomass. Determining the appropriate biomass to synthesise the catalyst for 
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optimum biodiesel production is necessary. While preparing the biomass-

supported catalyst, the sulfonation process is one of the keys to altering the 

catalytic performance. The synthesised catalyst will then produce biodiesel via 

the esterification process. The operating parameters of biodiesel production are 

manipulated to achieve the optimum biodiesel yield. 

 This study uses spent coffee grounds to derive the catalysts via a direct 

sulfonation process with concentrated sulfuric acid. Different sulfonation 

temperatures are used while preparing the catalyst. The catalyst is characterised 

to study its physicochemical properties, including structure and porosity. 

Moreover, the acid value is examined to determine the catalytic performance in 

biodiesel production. 

 The catalyst prepared under optimum sulfonation temperature is then 

employed in the esterification reaction for biodiesel production. Methanol 

(MeOH) and oleic acid are used as the reactants to synthesis methyl oleate (main 

product) and water (by-product). The impacts of the molar ratio of two reactants 

and catalyst loading are observed using gas chromatography and titration to 

identify the biodiesel yield and free fatty acids conversion. 

 However, several limitations must be noted for further improvement in 

future studies. Regarding catalyst preparation, this project only covers the 

sulfonating temperature without studying the concentration of sulphuric acid. 

Furthermore, the molar ratio of MeOH to oleic acid and amount of catalysts are 

investigated regarding biodiesel production. Meanwhile, other operating 

parameters such as temperature and reaction time are only studied through 

literature review instead of experimental work. 

 

1.6 Contribution of the Study 

Transesterification catalysed by solid acid catalyst overcomes the limitations of 

homogeneous alkaline catalysts. The derivation of solid acid catalysts from 

biomass waste reduces the solid waste in the environment and lowers the 

production cost. Since drinking coffee is a common habit for most people 

recently, the spent coffee ground becomes a promising biomass waste to 

synthesise solid acid catalysts. Then, the biodiesel yield and conversion can be 

optimised using the synthesised catalyst with optimum catalytic performance. 

Thus, the outcome of this study may determine the potential of spent coffee 
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grounds to be converted into effective solid acid catalysts which can be used in 

transesterification to produce biodiesel. 

 

1.7 Outline of the Report 

The present report consists of five chapters. Chapter 1 briefly describes the 

background, problem statement, aims and limitations of the research project. 

Chapter 2 discusses the literature review of biodiesel production, including the 

reaction mechanisms, types of feedstocks and catalysts. Besides, the 

characterisation methods of both catalysts and biodiesel are also included. Next, 

Chapter 3 highlights the research methodology and planning of the experiment, 

which comprises two main parts: synthesising solid acid catalyst and biodiesel 

production. Furthermore, Chapter 4 demonstrates the results obtained as well as 

their corresponding interpretation and discussion. Last but not least, Chapter 5 

concludes the research project and lists some possible suggestions for 

improvement in future studies. 
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CHAPTER 2 

 

2 LITERATURE REVIEW 

 

2.1 Reactions for Biodiesel Production 

Direct utilization of vegetable oil in the diesel engine is not workable due to the 

high viscosity and low volatility of vegetable oils. These properties resulted in 

poor atomization of the fuel and led to the deposit and coking in the engine (Lin 

et al., 2011). Different refinement attempts were carried out, for instance, 

pyrolysis, blending and micro emulsification, to approximate the properties of 

conventional diesel and make vegetable oils a quality fuel. Table 2.1 shows the 

strengths and weaknesses of several technologies used to produce biodiesel.  

 

Table 2.1:  Advantages and Disadvantages of Different Technologies for 

Biodiesel Production (Lin et al., 2011). 

Technologies Advantages Disadvantages 

Dilution or micro-

emulsification 
- Simple process 

High viscosity 

Low volatility 

Low stability 

Pyrolysis 
- Simple process 

- Less pollution 

High temperature  

(500 ℃ - 800 ℃) 

High-cost equipment 

Low purity 

Transesterification 

- Similar properties to 

diesel 

- High conversion 

efficiency 

- Low cost 

- Suitable for production 

on an industrial scale 

Required feedstock with 

low content of free fatty 

acid and water  

Possible pollution due to 

the neutralisation of 

washing the products 

Side reactions 

Difficult to separate 

products 



11 

Pyrolysis, also known as thermal cracking, decomposes the organic 

matter with a catalyst in the absence of oxygen. Despite the high cetane number 

and low viscosity fuel, the pyrolysis of vegetable oils resulted in unacceptable 

ash contents and carbon residues. According to Brahma et al. (2022), dilution 

blending mixed vegetable, animal or waste oil with petrochemical diesel ranged 

from 10 to 40 %. However, this method was not workable when oil with higher 

viscosity and a more unsaturated carbon chain was used. On the other hand, a 

microemulsion refers to a colloidal equilibrium dispersion of fluid 

microstructures with a commonly 1 to 150 nm size range. In contrast, 

transesterification is the most common and popular technology used to produce 

biodiesel usable in internal combustion engines.   

 

2.1.1 Transesterification 

Transesterification is the conventional biodiesel production that involves the 

conversion of triglycerides using alcohol and produces the by-product, glycerol. 

The alkyl group of fatty acid and the methyl group of methanol will exchange 

to produce the fatty acid alkyl ester (FAAE) and glycerol. The triglycerides will 

first be converted into diglycerides, subsequently into monoglycerides (Hoang, 

Bensaid and Saracco, 2013). Figure 2.1 demonstrates the transesterification of 

triglycerides with methanol, which produced fatty acid methyl ester (FAME) 

and glycerol. Methanol and ethanol are two conventional alcohols used in 

biodiesel production due to their low cost and high availability. Nevertheless, 

the major drawback of the process is the generation of low-purity by-products 

which requires further separation from the biodiesel product. The market 

saturation and impossibility of disposal of crude glycerol will eventually lead to 

profit loss (Simões et al., 2020).  
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Figure 2.1: Steps Involved in Transesterification of Triglycerides with 

Methanol (Edeh, n.d.). 

 

2.1.2 Interesterification 

Interesterification is a novel alternative to transesterification where triacetin is 

produced as the by-product instead of glycerol due to the replacement of alcohol 

with a short-chain alkyl ester. Triacetin is used in other industries for plasticizers, 

gelatinizing agents, explosives or additives. Other than its higher market value, 

it was found that triacetin can be utilized as a fuel additive when added into the 

formulation of biodiesel because of its mutual solubility to biodiesel. Therefore, 

further separation after the reaction is not necessary. Moreover, based on the 

study of Dhawan, Barton and Yadav (2021), the biodiesel still fulfils the quality 

requirement set by ASTM D6451 and EN14214 even with up to 10 wt.% of 

triacetin. The chemical interesterification reaction is still insufficiently 

investigated, especially with the aid of heterogeneous catalysts, despite having 

many benefits. As stated in the work of Kampars et al. (2020), the polarity of 

the mixture was lowered due to the substitution of methanol with methyl acetate 

during the interesterification. It consequently led to the partial or complete 

insolubility of catalysts in the reaction mixture. 

 Compared to conventional transesterification, the alcohol group of one 

ester exchanges with another ester to form the FAAE during the 

interesterification. Figure 2.2 demonstrates the three consecutive reversible 

steps involved in the complex reaction. According to Casas, Ramos and Pérez 

(2011), a monoacetindiglyceride (MADG) molecule and FAME are produced 
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when triglyceride reacts with methyl acetate (MA). The MADG molecule then 

converts into diacetinmonoglyceride (DAMG) using the same reaction path, 

followed by the final conversion of DAMG to triacetin and produces FAME. 

During interesterification, carboxylate esters are used as the acyl acceptor, for 

example, methyl acetate (MA), ethyl acetate and isopropyl acetate.  

 

 

Figure 2.2: Interesterification of Triglycerides with Methyl Acetate (Casas, 

Ramos and Pérez, 2011). 

 

2.1.3 Esterification 

The feedstock oil used in the process will significantly affect biodiesel 

production. Therefore, oleic acid is usually chosen as the model oil in studying 

biodiesel becaused of its excellent physical and chemical properties, such as 

high density, kinematic viscosity and heating value (Moradi, Saidi and 

Najafabadi, 2021). In addition, oleic acid is the main component in the feedstock 

oil from different generations which is discussed in Section 2.2. According to 

Singh et al. (2020), oleic acid's composition ranged from 36 to 44 %, slightly 

lower than the palmitic acid (39 to 48 %) in palm oil. Table 2.2 shows the 

composition of fatty acids in various feedstocks.
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Table 2.2: Composition of Fatty Acids in Various Feedstocks. 

Feedstocks Composition (%) Reference 

Oleic C18:1 Palmitic C16:0 Stearic C18:0 Linoleic C18:2 

First Generation 

(Singh et al., 2020) 

Palm Oil 36 – 44 39 – 48 3 – 6 9 – 12 

Soybean Oil 20 – 30 6 – 10 5 – 11 50 – 60 

Sunflower Oil 15 – 40 5 – 8 2 – 6 30 – 70 

Second Generation 

Jatropha Oil 34.3 – 44.7 13.6 – 15.1 7.1 – 7.4 31.4 – 43.2 

Karanja Oil 44.5 – 71.3 - 2.4 – 8.9 10.8 – 18.3 

Waste Chicken Fat 2.45 – 48.5 19.8 – 35.4 4.5 – 8.3 15.0 – 35.4 

(Kirubakaran and Arul 

Mozhi Selvan, 2018) 

Duck Tallow 59.4 17 4 19.6 

Mutton Fat 40.7 27 24.1 2 

Beef Tallow 29.9 25.3 34.7 0.75 

Pork Lard 38.1 28.1 11.6 18.8 
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 Esterification is a chemical reaction similar to transesterification, 

where alcohol is used to convert the lipids to form FAAE.  The esterification 

process produces water as the by-product using FFA, as shown in Figure 2.3. In 

contrast, the by-product of transesterification using triglycerides is glycerol, as 

illustrated in Figure 2.1 (Mandari and Devarai, 2021). The deviation in by-

product is attributed to the difference in the structure of fatty acids and 

triglycerides. Fatty acids consist of a carboxylic functional group connecting to 

long-chain hydrocarbons, while triglyceride is formed by three fatty acids 

chemically bonded to a glycerol molecule.  

 

 

Figure 2.3: Esterification of Oleic Acid and Methanol (Banchero and 

Gozzelino, 2018).  

 

2.2 Feedstocks for Biodiesel Production 

Biodiesel is normally classified into different generations based on its origin, 

for instance, the first, second and third generations. In addition, there is also 

fundamental research studying the fourth generation biodiesel drawn from 

human-made biological tools (Singh et al., 2020).  

 Edible feedstocks, such as corn, palm, rapeseed, and soybean, were 

used as the sources of the first generation biodiesel. The large consumption of 

edible oil led to the food-versus-fuel debate, which caused the rising of food 

prices as most of the food products are used in fuel production. According to 

Khan et al. (2022), the price of biodiesel might increase by 1.5 to 2.0 times 

compared to petrochemical diesel due to the consumption of virgin edible oil as 

the feedstock cost contributed 70 to 95% of the biodiesel price.  Moreover, land 

and water competition are also obstacles to using edible oil as the feedstock for 

first-generation biodiesel. 

In contrast, the second generation of biodiesel, which uses non-edible 

oil as the feedstock, can eliminate the food-versus-fuel crisis. For instance, 

Jatropha oil, Karanja oil and Neem oil. This generation of biodiesel requires less 

land for farming, is more eco-friendly and incurs lower production costs. Most 
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importantly, the feedstock can be cultivated on non-arable land (Singh et al., 

2020). Nevertheless, some of the waste oil contains high FFA content that will 

significantly affect biodiesel production, and the amount of alcohol and alkyl 

acetate required also will increase. 

 Recently, new promising sources of non-edible oil for third-generation 

biodiesel production have been found, which are microalgae and waste oil. It 

was stated in the study of Mani Rathnam and Madras (2019) that the yield of 

oils from microalgae was around 5000 to 100,000 L/ha·year. The algae can 

grow in degraded land with wastewater instead of freshwater, requiring much 

CO2 consumption for growth. Similar to the second generation of biodiesel, 

using microalgae as the feedstock also avoids the competition of farmland and 

reduces the influence food supply chain. However, the third generation of 

biodiesel is not yet available on a commercial scale. 

 

2.3 Conventional Catalysts Used in Biodiesel Production 

The biodiesel production, either transesterification or esterification, is usually 

carried out with a catalyst to improve the synthesis process. The catalysts are 

critical in improving the rate of reaction, thereby enhacing the product yield. 

The catalyst used can be homogeneous or heterogeneous as well as acidic or 

alkaline, as illustrated in Figure 2.4. The factors that need to be considered while 

selecting the appropriate catalyst include the content of FFAs and water in the 

feedstock. The selection of a catalyst is crucial to achieving the optimum 

catalytic performance and biodiesel yield with minimum operating cost.  

 

 

Figure 2.4: Types of Catalysts Used for Biodiesel Production.
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2.3.1 Homogeneous Catalysts 

A homogeneous catalyst refers to a catalyst that is in the same phase as the 

reactant mixture. In this case, the homogeneous catalyst is in the liquid phase 

and miscible with the mixture of triglycerides or fatty acids and alcohol for 

transesterification or esterification. Currently, the homogeneous catalyst is the 

most conventional catalyst used to produce FAME due to its high solubility and 

lower cost (Kirubakaran and Arul Mozhi Selvan, 2018). However, the 

homogeneous catalyst is not reusable and requires a further process for catalyst 

separation and product purification. Besides, it is not recommended when 

biodiesel production involves feedstocks with high water and FFA content as an 

acidic catalyst may cause reactor corrosion. In contrast, an alkaline catalyst may 

lead to saponification that reduces the yield of the final product (Mansir et al., 

2017). 

 Homogeneous base catalyst is widely used in industrial and 

commercial biodiesel production. It is mainly due to its ability to achieve high 

conversion under mild conditions and in a minimal time. Table 2.3 shows 

several experiments of homogeneous base-catalysed transesterification. This 

type of catalyst includes metal-based hydroxides, metal-based oxides and 

carbonates, for example, NaOH, KOH, CH3ONa and CH3OK. The reaction rate 

with an alkaline catalyst is 4000 times higher than that with an acid catalyst 

(Rizwanul Fattah et al., 2020). However, it was reported that the composition 

of FFA and water in the feedstock oil should not exceed 0.06 wt.% and 0.5 wt.%, 

respectively, to avoid a negative impact on the biodiesel product when the basic 

catalyst is used (Lin and Ma, 2020).  
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Table 2.3: Transesterification with Homogeneous Catalyst. 

Catalyst Alcohol (A) 
Feedstock Oil  

(B) 

Reaction Conditions 
FAME Yield 

(%) 
Reference T 

(℃) 

Time 

(h) 

A:B 

Molar Ratio 
Catalyst 

Homogeneous Basic Catalyst 

Ionic liquid 

choline hydroxide 
Methanol Sunflower oil 65 0.5 10:1 2 wt.% 95 (Lima et al., 2022) 

NaOH Methanol 
Riscinus communis 

seeds oil 
65 3 9:1 5% w/w 98.99 (Martínez et al., 2018) 

NaOH Methanol Jatropha seed oil - 9 16:1 1.2 wt.% 99.99 
(Claudette Romero-

Ibarra et al., n.d.) 

NaOH Methanol Waste cooking oil 50 - 6:1 0.7 % 93.474 
(Contreras Andrade et 

al., 2014) 

Homogeneous Acid Catalyst 

H2SO4 Methanol Dry microalgae 50 1 8:1 
3.361% 

w/w 
89.583 (Chamola et al., 2019) 

Glacial Acetic 

acid 
Methanol Palm kernel oil 60 0.5 15:1 15mL 

98 

(Conversion) 

(Ejeromedoghene, 

2021) 
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Besides alkaline catalysts, there is also acidic catalyst in homogeneous 

phase such as sulfuric acid and hydrochloric acid. The homogeneous acid 

catalysts are insensitive to the FFA content of feedstocks, meaning that in the 

presence of acid catalysts, the biodiesel can be produced from low-cost lipid 

feedstocks that normally consist of high FFA levels. Moreover, the acidic 

catalysts, for example, Lewis acid, can catalyse both esterification and 

transesterification processes simultaneously, as reported in the work of Shahidul 

Islam, Robin Hart and Casadonte (2022). In contrast, an additional step is 

required to convert the FFA to methyl esters when a base catalyst is used. 

Therefore, in terms of economic, the acid-catalysed production, which is a one-

step process, is more favourable compared to the alkaline-catalysed process. 

Nevertheless, the difficulties in catalyst removal still limit the 

commercialization of homogeneous acid catalysts.  

 

2.3.2 Heterogeneous Catalysts 

On the other hand, the heterogeneous catalyst is now preferable as it can 

eliminate some drawbacks of using the homogeneous catalyst. As Rizwanul 

Fattah et al. (2020) mentioned, separating the catalyst from the products can be 

easily done as the heterogenous catalyst is at a different phase from the reaction 

mixture. In addition, the catalyst is reusable without intensive washing and thus 

significantly reduces wastewater generation. The eliminations of product and 

catalyst recovery lower the production cost while enhancing the efficiency and 

profitability of biodiesel production (Hoang, Bensaid and Saracco, 2013).  

 Similar to the homogeneous basic catalyst, the heterogeneous basic 

catalysts will lead to reactor corrosion or soap formation if the feedstock with 

high water and FFA contents is involved in the process. Moreover, the 

conversion is relatively lower when a heterogeneous catalyst is used. It may be 

attributed to the partial leaching of active sites, leading to catalyst deactivation 

and product contamination (Mandari and Devarai, 2021). Heterogeneous 

catalysis also requires elevated operating conditions, as shown in Table 2.4.  
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Table 2.4: Transesterification/Interesterification with Heterogeneous Catalysts. 

Catalyst Alcohol (A) 
Feedstock oil 

(B) 

Reaction Conditions 
FAME 

Yield (%) 
Reference T 

(℃) 

Time 

(h) 

A:B Molar 

Ratio 
Catalyst 

Heterogeneous Basic Catalysts 

Na2ZrO3 Methanol 
Ricinus 

communis oil 
65 4 37:1 5 wt.% 99.99 (Martínez et al., 2018) 

Na-CaO/MgO Methanol Canola oil 65 6 12:1 5 wt.% of oil 95.4 (Murguía-Ortiz et al., 2021) 

MgO-KOH Methanol Mutton fat 65 
20 

min 
22:1 4 wt.% 

> 98% 

conversion 

(Mutreja, Singh and Ali, 

2011) 

Heterogeneous Acid Catalysts 

AlCl3 Methanol 
Lesquerella 

fendleri oil 
25 

40 

min 
6:1 5 wt.% 95.5 

(Shahidul Islam, Robin Hart 

and Casadonte, 2022) 

SO3H-Graphene 

Oxide@TiO2 
Methanol 

Palm fatty 

acid distillate 
70 

40 

min 
9:1 3 wt.% 96.73 (Soltani et al., 2021) 

Sulfonated carbon 

microspheres 
Methanol 

Waste frying 

oil 
140 4 16:1 0.6 g 92.2 (Wang et al., 2021) 
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It is known that various heterogeneous base catalysts have been applied 

for biodiesel production since they are environmentally benign, non-corrosive 

and can be designed for high catalytic activity. According to Mansir et al. (2017), 

both Bronsted-type and Lewis-type solid acid catalysts possessed the merits of 

heterogeneous alkaline catalysts and mineral acids. Bronsted-type catalysts 

refer to materials that contain sulfonic acid, whereas mixed sulphated oxides are 

defined as Lewis-type catalysts. Same as the homogeneous acid catalyst, it can 

catalyse both esterification and transesterification reactions simultaneously. It 

also can be used with high moisture and FFA-containing feedstocks without 

soap formation. However, solid acid-catalysed biodiesel production has not 

been widely investigated due to its relatively low reaction rate and the 

possibility of leaching. Table 2.4 demonstrates the biodiesel production 

catalysed by the heterogeneous acid catalyst. 

 

2.3.3 Enzymatic Catalyst 

Enzyme catalyst is a promising alternative to overcome the limitations of 

chemical catalyst for biodiesel production, such as saponification, by-product 

separation and product purification. According to Guo, Sun and Liu (2020), 

enzymes can perform catalytic activity even in the presence of high moisture 

and FFA contents. Additionally, the enzyme-catalysed process is more energy 

efficient and eco-friendly. As stated in Rizwanul Fattah et al. (2020) work, 

extracellular and intracellular lipases are the two common enzymes catalysing 

biodiesel production. The enzymes that are recovered from the microorganism 

broth and purified are known as extracellular lipases, while intracellular lipases 

remain in the cell-producing wall or within the cell. Despite its environmental 

friendliness, using enzymatic catalysts for biodiesel production is still limited 

due to their high cost, low yield and longer reaction time. Table 2.5 presents the 

operating conditions and results of enzyme-catalysed biodiesel production. 

 

2.3.4 Non-Catalytic Supercritical Process 

Supercritical transesterification is defined as a non-catalytic biodiesel 

production at a pressure and temperature over the critical point of the reactants 

mixture. The physical state of a pure substance is controlled by pressure and 

temperature. Above the critical point between the gas and liquid phases, the 
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supercritical fluid (SCF) will be formed, and its density will vary depending on 

the temperature and pressure (Mani Rathnam and Madras, 2019). According to 

Ngamprasertsith and Sawangkeaw (n.d.), the density of SCF is high, like a 

liquid, but the molecules possess high kinetic energy, like the gas molecules. 

This characteristic improves the reactivity of the SCF in a chemical process. 

The non-catalytic biodiesel production can be conducted under supercritical 

conditions, as shown in Table 2.6. 

The oil and alcohol are well dissolved and form a single phase for 

reaction under supercritical conditions due to the high molecular level 

miscibility of the two reactants. This is attributed to the reducing dielectric 

constant of polar components with the increasing temperature, thus improving 

reactant solubility (Singh, Singh and Sharma, 2022). In addition, more 

feedstocks can be used as the supercritical process is insensitive to moisture and 

FFA content. As listed in Table 2.6, the process generally requires higher 

temperature and pressure to achieve the critical point of mixtures and thus 

resulting in high power consumption and operating cost. Moreover, the high 

operating condition may degrade the FAAE formed or induce the reaction 

between the by-products and other components in the reaction medium. 

Consequently, the conversion and product yield are reduced. 
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Table 2.5: Enzyme-Catalysed Transesterification/Interesterification for Biodiesel Production. 

Catalyst Alcohol (A) Feedstock (B) 

Reaction Conditions FAME 

Yield 

(%) 

Reference T 

(℃) 

Time 

(h) 

A:B Molar 

Ratio 
Catalyst 

Commercial lipase Ethanol Acid waste oil 35 24 1.5:1 4 wt.% 68.4 (Cruz et al., 2018) 

Candida antarctica 

lipase A 
Methanol Frying palm oil 30 22 7:1 5.5 Wt.% 94.6 (Guo, Sun and Liu, 2020) 

 

Table 2.6: Supercritical Non-Catalytic Transesterification. 

Alcohol (A) Feedstock (B) 

Reaction Conditions 
FAME 

yield (%) 
References T 

(℃) 

P 

(MPa) 

Time 

(min) 
A:B Molar Ratio 

Ethanol Mahua oil 425 30 10 50:1 
99% 

(conversion) 
(Lamba, Modak and Madras, 2017) 

Methanol Jojoba oil 287 12.3 23 30:1 95.67 (Singh, Singh and Sharma, 2022) 

Ethanol 
Leather tanning 

waste 
374.6 - 47.4 40.02:1 98.91 (Yuliana et al., 2020) 
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2.4 Synthesis of Carbon-based Solid Catalyst Derived from Biomass 

Carbon-based catalysts are attractive in acid-catalysed biodiesel production due 

to their thermal stability, high acid density and ease of preparation. Following 

Naji and Tye (2022), the catalyst's structure, morphology and characteristics 

will determine its performance as a support. Activated carbon (AC) has been 

successfully used as a catalyst or catalyst support owing to its amorphous phase. 

The non-crystalline structure allows modification to improve the internal pore 

structure, porosity, surface reactivity and surface chemistry features. The carbon 

materials can be activated to obtain the desired AC structure due to their 

properties, such as high porosity with a wide range of pore-size distribution and 

large specific surface area (Wong et al., 2022).  

Biomass is a carbon precursor that is widely investigated due to its high 

sustainability and availability. Based on the study of Chen et al. (2020), the 

diversity and inherently porous structure of carbonaceous materials derived 

from biomass led to a broader research space for its applications. Meanwhile, 

its elemental composition allows the biomass to be further processed for more 

active sites to act as catalysts. The low inorganic and ash content, high carbon 

content as well as high strength to retain the physicochemical features render 

the wastes as productive precursors for AC fabrication (Naji and Tye, 2022). 

Apart from reducing the production cost, using biomass as the catalyst support 

is an encouraging method to resolve the solid waste disposal issue in the world. 

It was disclosed that agricultural wastes such as rice straw, corn straw and 

sugarcane bagasse were generated annually up to 731, 204 and 181 million tons, 

respectively (Zhou and Wang, 2020). Most of the biomass wastes are directly 

disposed of in a landfill or incinerated in the open, which eventually increases 

greenhouse gas emissions and deteriorates the air quality. Therefore, biomass 

has been intensively investigated to convert it into value-added products for 

different applications. 
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Table 2.7: Biodiesel Production Catalysed by Biomass Derived Catalyst. 

Catalyst 

Alcohol / 

Alkyl 

Acetate (A) 

Feedstock 

(B) 

Reaction Conditions 
FAME Yield 

(%) 
Reference T 

(℃) 

Time 

(min) 

A:B Molar 

Ratio 
Catalyst 

Olive cake Methanol 
Waste 

vegetable oil 
65 60 35:1 10 wt.% 57 

(Sandouqa, Al-Hamamre 

and Asfar, 2019) 

Sugar cane bagasse Methanol 
Waste 

cooking oil 
60 15 18:1 15 wt.% 89.19 (Nazir et al., 2021) 

Cacao shell Methanol Oleic acid 45 6 (h) 7:1 5% w/w 79 (Bureros et al., 2019) 

Potato peel Methanol Oleic acid 80 2.5 12:1 5 wt.% 
97.2 

(Conversion) 
(Hussein et al., 2021) 

Powdered bamboo Methanol Oleic acid 65 8 8:1 10 wt.% 
97.98 

(Conversion) 
(Zhang et al., 2021) 
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The biomass with high calcium content can be directly transformed 

into a solid base catalyst for biodiesel production, for example, shells, bones, 

peels and leaves. Calcium oxide, CaO derived from waste chicken eggshells, 

was used as a solid catalyst and produced 98.62 % biodiesel yield in the work 

of Zhou and Wang (2020). In the study of Miladinović et al. (2022), a hazelnut 

shell was used to synthesise a heterogeneous catalyst and successfully resulted 

in a biodiesel yield of 98 %. On the other hand, the solid acid catalyst can be 

synthesised by subjecting it to pyrolysis followed by sulfonation or sulfation 

process. The soft aggregated aromatic polymer with unique pore structures and 

hydrophobic in nature will be formed during pyrolysis. Meanwhile, the 

functional group will be attached to the surface of sulfonated or sulfated biomass, 

contributing to its catalytic activity (Agapay et al., 2021). Table 2.7 shows the 

biodiesel production catalysed by a solid catalyst derived from biomass. 

Coffee is one of the highest consuming beverages in the world. 

According to the Coffee Market Report released by International Coffee 

Organization (2021), global coffee consumption steadily grew for the last 10 

years before the covid-19 pandemic outbreak, as shown in Figure 2.5. It was 

estimated to increase by 1.9 % from 164.13 million bags of coffee in 2019/20 

to 167.26 million bags in 2020/21. As reported by Agapay et al. (2021), more 

than 65 % w/w of green coffee beans were used for coffee brewing, and a 

significant amount of spent coffee grounds (SCGs) were generated. The SCGs 

are used as soil conditioners or fertilizers, but the leaching of caffeine and 

polyphenols can be detrimental to the environment. 

 

 

Figure 2.5: Production and Consumption of Coffee from 2010 to 2020 

(International Coffee Organization, 2021).
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 SCG wastes have been broadly investigated for further utilization or 

recycling instead of disposal at the landfill to relieve the environmental issues. 

The SCG is a potential biodiesel feedstock due to its high lipid content of 10 to 

16 wt.% of dry mass. In the experiment of Supang et al. (2022), the highest fatty 

acid ethyl ester (FAEE) obtained from the interesterification of oil extracted 

from SCGs with ethyl acetate was 91.80 wt.%. Besides, the lignocellulosic 

material constitutes up to 50 % of dry SCGs and can produce bioethanol and 

bio-composites by fermentation and using a polypropylene matrix, respectively 

(Tian et al., 2021). SCGs also be activated to form AC and used as adsorbents 

for contaminant removal from water, such asline yellow dye (Pagalan et al., 

2020) and tetracycline (Dai et al., 2019). 

 Like other AC, it was believed that activated carbon derived from 

SCGs could be further sulfonated to form the solid acid catalyst for biodiesel 

production. However, limited research uses SCGs as carbon precursors for 

catalysed esterification or transesterification. In Ngaosuwan, Goodwin and 

Prasertdham (2016) work, the SCG was carbonised with ZnCl2 as the activation 

agent and subsequently treated with concentrated sulfuric acid for sulfonation. 

The transesterification of caprylic acid with methanol was carried out with 5 

wt.% catalyst loading and resulted in a conversion of 71.5 %. The solid acid 

catalyst was also prepared without activation, only carbonisation and direct 

sulfonation using concentrated sulfuric acid (Agapay et al., 2021). The 

conversion of 90 % was achieved via the transesterification of oleic acid using 

methanol and 10 wt.% of catalyst. 

 

2.4.1 Activation and Carbonisation 

The carbon precursor can be converted into AC in two different ways, either 

through direct activation or a two-stage process that including carbonisation 

followed by activation. Figure 2.6 demonstrates the series of steps in preparing 

an AC. The washing and drying steps before activation remove the impurities 

and free moisture, respectively. Then, the material is ground and sieved to serve 

as the carbon precursors for AC fabrication.  
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Figure 2.6: Synthesis of Activated Carbon from Biomass (Naji and Tye, 

2022). 

 

 Carbonisation transforms the carbon precursor into a carbon-rich 

material by eliminating the volatile non-carbon components. Normally, the 

material is subjected to pyrolysis at 600 to 1000 ℃ in the absence of oxygen 

with gases like N2 or argon. The less stable bonds broke during the carbonisation, 

releasing the volatile portion of the precursor material and forming a 

carbonaceous residue with a rudimentary porous structure. However, the 

adsorption capacity is low as part of the volatile components released in the 

pyrolysis re-polymerise and condense on the surface, thus filling or blocking the 

pores (Pallarés, González-Cencerrado and Arauzo, 2018). Hence, the 

subsequent activation stage is vital to eliminate the deposits and increase the 

porosity and adsorption capacity.  

 In activation, the microporous structure can be improved when the 

disorganised carbon is removed. Meanwhile, the degradation of walls between 

the pores leads to pore enlargement (Naji and Tye, 2022). Physical activation is 

a chemical-free process as the material is activated in atmospheric oxidising 

gases, for example, steam, CO2, N2 and air mixtures with an elevated 

temperature at around 800 to 1100 ℃. In contrast, chemical activation involves 

impregnating carbonised material in oxidising and highly dehydrated chemicals. 

During chemical activation, the precursor is thermally decomposed due to the 

reaction between activating chemical and carbonaceous material, which reduces 

the evolution of volatile matter and inhibits the shrinkage of the particle 

(Ngaosuwan, Goodwin and Prasertdham, 2016). Heidarinejad et al. (2020) 

reported that the tiny pores in the AC were developed due to the deep 

penetration of activation agents into the carbon surface, thereby increasing the 

surface area. The macropores, mesopores and micropores formed on the surface 
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of AC can be differentiated based on their sizes, which are larger than 25 nm, 

between 1 to 25 nm and smaller than 1 nm, respectively. Table 2.8 concludes 

the merits and demerits of physical and chemical activation. 

Common chemical activating agents include KOH, NaOH, CaCl2, 

ZnCl2 and H3PO4. Among all activating agents, zinc chloride and phosphoric 

acid are widely used to activate lignocellulosic materials that mainly constitute 

cellulose, hemicellulose and lignin (Yakout and Sharaf El-Deen, 2016). 

However, H3PO4 is preferable to ZnCl2 due to the environmental disadvantages 

associated with ZnCl2. In the work of Zięzio et al. (2020), the spent coffee 

ground was impregnated in phosphoric acid solution with a specific 

concentration for 24 h before subjecting to rinsing and drying for further 

analysis. The resulting activated carbon developed a satisfactory porosity with 

a surface area and pore volume of 720.9 m2/g and 0.334 cm3/g, respectively. 

 

Table 2.8: Advantages and Disadvantages of Physical and Chemical 

Activation (Heidarinejad et al., 2020). 

 Advantages Disadvantages 

Physical 

Activation 

- Inexpensive  

- Chemical-free 

- Long activation time 

- Low adsorption capacity 

- High energy consumption 

Chemical 

Activation 

- Short activation time 

- Lower temperature 

- High carbon efficiency 

- Structure with high porosity 

- Repeated and long washing 

step 

- Toxic wastewater generation 

 

2.4.2 Sulfonation 

Sulfonation is defined as a process for introducing the sulfonic groups, -SO3H, 

to functionalise the carbonised biomass and modify its surface for enhanced 

catalytic activity. The aromatic polycyclic carbon rings are formed due to the 

dissociation of -C-O-C bonds during carbonisation at high temperatures. As 

illustrated in Figure 2.7, the -SO3H groups are then introduced into the carbon 

rings and covalently bound to the carbon base when aromatic carbon rings are 

oxidised during sulfonation (Fonseca et al., 2022).  
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 Carbon sources, including lignin, biochar, AC and biomass are 

normally sulfonated via direct sulfonation with H3SO4, H2SO4, 4-

aminobenzenesulfonic acid or a blend of H2SO4 with nitric acid, HNO3 (Zailan 

et al., 2021). It was reported that -SO3H groups are the only active sites when 

homogeneous H3SO4 is used. As opposed to it, there are three different 

functional groups, which are -COOH, -OH and -SO3H, that serve as the active 

sites in the sulfonated carbon-based acid catalyst. According to Fonseca et al. 

(2022), the hydrophilic -COOH and -OH groups could incorporate water on the 

catalyst surface and improve the accessibility of reactants to the sulfonic group. 

Consequently, the catalytic activity and reaction rate will increase even for 

materials with a small surface area. 

 

 

Figure 2.7: Direct Sulfonation Scheme to Synthesis Carbon Acid Catalyst 

(Zailan et al., 2021). 

 

 In the case of using SCG to produce a solid acid catalyst, Ngaosuwan, 

Goodwin and Prasertdham (2016) conducted the sulfonation with concentrated 

sulfuric acid and a carbon-to-acid ratio of 1 g to 20 mL. The highest conversion 

was obtained using the catalyst, which was sulfonated under 200 ℃ for 4 h. In 

the study of Agapay et al. (2021), the highest acid density of 4.22 mmol H+/g 

was achieved by sulfonating the SCG carbonised catalyst at a temperature of 

100 ℃ for 1 h, resulting in the conversion of more than 90%.  

 

2.5 Characterisation of Synthesised Catalyst 

Various analytical techniques can be used for the characterisation of the 

synthesised biomass-derived catalysts prior to application in biodiesel 
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production. The catalysts’ structure, morphology, surface area and acid density 

can be studied using the analytical techniques listed in Table 2.9 to analyse its 

catalytic performance. 

 

Table 2.9: Analytic Techniques for Catalyst Characterisation (Kirubakaran 

and Arul Mozhi Selvan, 2018).  

Analytic Technique Characterisation 

SEM Identification of surface structure and morphology 

XRD Identification of crystalline phases 

FTIR Analysis of functional groups attached to the sample 

TGA Determination of thermal transition of the sample 

BET 
Identification of specific surface area, pore 

distribution and volume of the sample 

 

2.5.1 Acid Density 

Apart from the strong sulfonic groups, there are weak acid groups, for instance, 

carboxylic and phenolic groups, contributing to the catalytic activity of the solid 

catalyst. Therefore, the total acid density is claimed as the main characteristic 

of a sulfonated catalyst (Fonseca et al., 2022). The performance and textural 

properties of the synthesised solid acid catalysts are influenced by the 

temperature and time for both carbonisation and sulfonation. Table 2.10 

presents the acid density of the sulfonated catalysts synthesised under different 

carbonisation and sulfonation conditions. Based on the table, it can be observed 

that the most common sulfonating agent is concentrated sulfuric acid. The 

carbonisation of catalysts was conducted at a temperature ranging from 350 ℃ 

to 600 ℃ for 1 h to 4 h to achieve good acid density, whereas sulfonation was 

carried out at a temperature of 100 ℃ to 200 ℃ for 1 h to 6 h. 

 

2.5.2 Scanning Electron Microscopy Equipped with Energy Dispersive 

X-ray (SEM-EDX) 

Scanning electron microscopy (SEM) is an analytical tool that provides high-

resolution images of the specimen, while energy dispersive x-ray analyser (EDX) 

identifies the elements and provides compositional information quantitatively 
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(Lucideon, n.d.). Figure 2.8 presents the X-ray generation process when the 

sample is analysed using SEM-EDX.  

When the electron beam hits (primary e- beam) the specimen, some of 

the energy will be transferred to the atoms in the specimen. The electron of the 

atoms will “jump” to the higher energy shell by using the energy and create a 

vacancy in the inner lower-energy shell. The negatively-charged electrons from 

higher-energy shells tend to be attracted to the positively-charge holes. Once the 

electron from a higher energy shell occupies the hole, the energy difference will 

be released as X-ray radiation, as illustrated in Figure 2.8. The energy possessed 

by the X-ray is varied for each element depending on the atomic number; thus, 

it can be used to identify the elements that exist in the sample (AZO Material, 

2018). 

 

 

Figure 2.8: The Generation of Characteristic X-rays (AZO Material, 2018). 

 

Ngaosuwan, Goodwin and Prasertdham (2016) carried out SEM on the 

samples of activated SCG without sulfonation and with sulfonation at different 

temperatures to examine the surface morphology of the synthesised catalyst. As 

demonstrated in Figure 2.9, the crystallinity of the activated catalyst that was 

sulfonated at 180 ℃ (SCAC-180) was more significant than the solely activated 

SCG (CAC). On the other hand, EDX analysis was conducted by Agapay et al. 

(2021) to identify the elemental composition on the surface of the sulfonated 

activated carbon derived from the spent coffee ground. Table 2.11 clearly shows 

that the composition of sulfur significantly increased after sulfonation.  
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Table 2.10: Carbonization and Sulfonation Conditions to Synthesis Solid Acid Catalysts. 

Catalysts 

Carbonisation Sulfonation Acid 

density 

(mmol/g) 

Reference 
T (℃) Time (h) Agents T (℃) Time (h) 

Olive cake 400 1 98% conc. H2SO4 150 1 4.24 
(Sandouqa, Al-Hamamre 

and Asfar, 2019) 

Sugar cane bagasse 400 1 Conc.H2SO4 180 2 4.74 (Nazir et al., 2021) 

Cacao shell 350 1 Conc. H2SO4 120 6 4.56 (Bureros et al., 2019) 

Oil palm empty fruit 

bunch 
600 3 Conc. H2SO4 100 6 9.00  (Wong et al., 2020) 

Spent coffee grounds 600 4 Conc. H2SO4 200 4 - 
Ngaosuwan, Goodwin and 

Prasertdham (2016) 

Spent coffee grounds 400 2 Conc. H2SO4 100 1 4.22  Agapay et al. (2021) 
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Figure 2.9: SEM Images of (a) Solely Activated SCG and (b) Activated SCG 

with Sulfonation at 180 ℃ (Ngaosuwan, Goodwin and 

Prasertdham, 2016). 

 

Table 2.11: Elemental Composition from EDX Analysis (Agapay et al., 2021). 

Catalyst 

Relative elemental composition  

(% mol/mol) 

C O N S 

SCG 70.97 23.08 5.91 0.03 

Carbonised SCG (400 ℃ for 2 h) 88.32 3.87 7.30 0.51 

Carbonised (400 ℃ for 2 h) and 

sulfonated (100 ℃ for 1 h) SCG 
70.17 22.86 4.02 2.95 

 

2.5.3 X-ray Diffractometer (XRD) 

In X-ray diffraction analysis, an incident X-ray beam is irradiated on the sample 

and diffracted into various directions with electromagnetic radiation ranging 

from 0.01 to 0.7 nm. The bulk crystal structure and chemical phase composition 

are then characterised using the angles and intensities of the diffracted beams. 

In crystalline materials, the arrangement of atoms is in a regular three-

dimensional pattern known as crystal structure. In contrast, the atoms in 

amorphous materials are in a regular periodic manner with short-range order 

(Dumbre and Choudhary, 2020). Figure 2.10 illustrates the XRD patterns of 

carbonised SCG without sulfonation (CAC) and with sulfonation (SCAC) at a 

temperature of 140, 160, 180 and 200 ℃.  
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Figure 2.10: XRD Patterns of CAC and SCAC Sulfonated at Temperature of 

140, 160, 180 and 200 ℃ (Ngaosuwan, Goodwin and 

Prasertdham, 2016). 

 

 The weak and broad diffraction peaks at 2θ of 10 to 30° represented 

the amorphous carbon with a C(002) plane. Meanwhile, another peak at 2θ of 

30 to 50° indicated the definitive C(101) plane in the graphene structure. It was 

claimed that there were more graphene sheet structures in SCAC that were 

sulfonated compared to CAC. Besides, the presence of peaks of crystalline -

Fe2O3 was attributed to the iron impurities from the stainless steel tube used for 

carbonisation. Nevertheless, the impurities were removed in the sulfonation 

process based on the obviously reduced peak in the XRD of SCAC, as shown 

in Figure 2.10.  

 

2.5.4 Fourier Transform Infrared Spectroscopy (FTIR) 

Vibrational spectroscopy, known as FTIR, identifies the sample's molecular 

structure based on infrared radiation (IR) absorption by molecular vibrations. 

During IR irradiation, the functional groups in the sample absorb some radiation 

while some radiation is transmitted. The output of detectors is then converted 

into an interpretable spectrum that can be used to identify the functional groups 

on the sample, given that different chemical structures result in different spectral 

“fingerprints”. The locations and intensities of IR radiation transmittance 

identify the type of functional groups that exist in the sample. In the study by  

Agapay et al. (2021), the functional groups in catalyst samples were identified 

using FTIR analysis, as shown in Figure 2.11, given that C400(2) referred to the 
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catalyst that was carbonised at 400 ℃ for 2 h while S50(1), S100(1), S150(1) 

represented the carbonised catalyst that was sulfonated at 50, 100 and 150 ℃, 

respectively for 1 h. Table 2.12 summarises the functional groups attached to 

the catalyst samples using FTIR.  

 

 

Figure 2.11: FTIR Spectra of SCG, Carbonised SCG and Sulfonated SCG 

(Agapay et al., 2021). 

 

Table 2.12: Functional Groups in Raw SCG, Carbonised SCG (C400(2)) and 

Sulfonated SCG (S50(1), S100(1) and S150(1)). 

Functional groups Wavelength (cm-1) Catalysts 

C-H bonds of aliphatic carbon 

structure from cellulosic 

component and lipid 

2850 and 2920 Raw SCG 

C-H bonds in aromatic rings 657 to 900 Carbonised SCG 

and sulfonated 

SCG 
C-C bonds in aromatic rings 

1400 to 1500 

1585 to 1600 

SO2 in sulfones 545 to 610 

Sulfonated SCG 

Ar-OH in phenols 600 to 720 

-SO3H in sulfonic acid 1040 to 1100 

S=O stretching in -SO3H 1150 to 1245 

S=O stretching in sulfonate 1335 to 1372 

O-H bending in the carboxylic acid 1395 to 1440 

OH stretching 2400 to 3400 

C=O stretching in the carboxylic 

acid 
1690 to 1710 
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2.5.5 Thermogravimetric Analysis (TGA) 

In TGA analysis, the weight of the sample is measured outside the furnace while 

the temperature of the furnace with the sample inside is gradually increased. 

The loss of volatile components during the thermal event is indicated by the 

mass loss recorded in TGA (PhotoMetrics, n.d.). The evaluation of the thermal 

stability of the catalyst is essential to avoid using the temperature that may 

decompose the sulfonic groups, and it can be determined with TGA analysis.  

Figure 2.12 illustrates the thermal stability of solid sulfonated acid 

derived from SCG, which fits the result of Chellappan et al. (2018), where the 

biomass lost mass at around 400 ℃. At high temperatures, releasing the sulfonic 

group forms volatile species, which changes the mass loss profile and catalyst 

degradation. Hence, a temperature lower than 400 ℃ is suitable for biodiesel 

production to preserve the catalytic performance while preventing the 

degradation of the catalyst. 

 

 

Figure 2.12: Thermal Stability of Sulfonated SCG Catalyst using TGA 

Analysis (Ngaosuwan, Goodwin and Prasertdham, 2016). 

 

2.5.6 Surface Analysis 

Brunauer-Emmett-Teller (BET) is a technique analysing the surface of a solid 

material according to the adsorption of gas molecules on the surface (Dumbre 

and Choudhary, 2020). Meanwhile, Barrett-Joyner-Halenda (BJH) technique is 

well-known as a method to evaluate the pore area and specific pore volume via 

the adsorption and desorption of nitrogen. A probing gas that is chemically inert 
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with material surfaces is usually used as the adsorbate to quantify the specific 

surface area. In most cases, nitrogen is used as the adsorbate, and its boiling 

point of around 77K is often set as the analysis temperature. The synthesised 

catalysts can be analysed in terms of specific surface area, pore volume and 

distribution based on the amount of nitrogen gas corresponding to a 

monomolecular layer on the solid surface that is formed via physical adsorption.  

 Based on the study of Fu et al. (2019), the optimum calcination 

temperature of the catalysts was determined using BET isotherm plots, as shown 

in Figure 2.13. The commercial Ni-based catalyst (CNC) calcinated at 600 ℃ 

(CNC600) resulted in more gas adsorbed as new pores formed on the solid 

surface. Nevertheless, the amount of adsorbed gas molecules was reduced with 

further rising calcination temperature. The isotherm curve was similar to the 

type IV isotherm according to the classification of International Union of Pure 

and Applied Chemistry (IUPAC) shown in Appendix B, signifying that the 

synthesised catalysts were mesoporous materials. It was confirmed by the pore 

size distribution obtained from BJH adsorption, as illustrated in Figure 2.14. It 

showed that the pore size ranged from 5 nm to 50 nm, which fell in the range of 

mesopores. 

 

 

Figure 2.13: Nitrogen Adsorption-Desorption Isothermal Curves (Fu et 

al., 2019). 
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Figure 2.14: Pore Size Distribution of Synthesised Catalysts (Fu et al., 

2019). 

 

2.6 Characterisation of Feedstocks and Product 

The first and second-generation biodiesel are generally produced from edible 

and non-edible oils, respectively. The most abundant FFAs in both oils are 

usually palmitic, stearic, and oleic acids. Oleic acid (C18:1) is widely used for 

biodiesel production due to its properties, such as high heating value, density, 

kinematic viscosity, cetane index, pour and cloud point. It is suitable to use solid 

acid catalysts when the feedstock with high FFA content is used to produce 

biodiesel. Therefore, the chemical composition, especially the FFA content of 

oleic acid, has to be identified prior to biodiesel production. 

 

2.6.1 Acid Value 

Acid value is used to identify the FFA content in a sample. By titrating the oil 

with KOH, the acid value can be determined and is expressed as the amount of 

KOH required (mg) to neutralise 1 g of oil. For the study of biodiesel production, 

it is used to measure the FFA content in the feedstock oil before the reaction and 

the biodiesel formed after the reaction. Then, the conversion of FFA can be 

determined by finding the difference in FFA to investigate the performance of 

biodiesel production. For instance, the acid value of waste vegetable oil was 

reduced from 3.67 mg KOH/g to 0.22 mg KOH/g, indicating the FFA 

conversion of 94% in the work of Sandouqa, Al-Hamamre and Asfar (2019).  
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2.6.2 Gas Chromatography (GC) 

GC is often used to quantitatively analyse a sample due to its high sensitivity, 

accuracy and separation ability. During GC analysis, the chemical components 

are separated, followed by detecting their presence and the amount present in 

the sample. Flame-ionization detector (FID) is one of the most commonly used 

detectors with GC to detect the organic compounds in the sample. After the 

column, carbon ions are generated as the sample is subjected to combustion in 

a hot, hydrogen-air flame. The higher number of ions indicates a higher number 

of carbons in the sample. Thus, the amount of carbon can be determined by 

measuring the current generated from the ions (JoVE Science Education 

Database, 2022).  

GC-FID is usually used to identify the fatty acid composition in the 

feedstock and the final product in biodiesel production. In most of the studies, 

the analysis result of the final product using GC-FID was further calculated to 

find out the biodiesel yield or conversion. In the study of Mostafa Marzouk et 

al. (2021), GC-FID was utilised to analyse both feedstock and the final product. 

It was reported that the WCO contained 43.52 % of oleic acid, followed by 

36.58 % of linoleic acid, 11.14 % of palmitic acid and 3.86 % of stearic acid. 

Meanwhile, the biodiesel conversion was up to 99.89 % under optimum 

operating conditions. 

 In the study of  Nguyen et al. (2018), a GC-FID with a capillary column 

was used to analyse the final product. Nitrogen at a 29 mL/min flow rate was 

used as the carrier gas. The temperature of the injector and detector were 220 ℃ 

and 250 ℃, respectively.  The temperature of the column was increased by 

4 ℃/min from the initial temperature of 140 ℃ to 240 ℃ and maintained for 

15 minutes. Under optimum operating conditions, the biodiesel yield of 96.97 % 

was determined using GC-FID analysis. 

 

2.7 Parameter Studies 

Parameter studies are vital to optimise the catalytic performance of the 

synthesised catalyst. The attachment of functional groups to the precursor is 

influenced by the sulfonation temperature. Besides, the catalytic performance is 

also influenced by the operating conditions of the esterification process, such as 

methanol-to-oleic acid molar ratio and catalyst loading. 
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2.7.1 Effect of Sulfonation Temperature 

As tabulated in Table 2.10, the sulfonation of the catalyst is generally conducted 

at a temperature ranging from 100 ℃ to 200 ℃ for 1 h to 6 h. The effect of 

sulfonation temperature was studied by Xiao and Hill (2020), and the result was 

demonstrated in Figure 2.15. The acidity of -SO3H groups increased from 80 ℃ 

to 100 ℃ and decreased at temperatures 100 ℃ onwards. This result agreed 

with the experiment of Wong et al. (2020), where the total acid density increased 

when the sulfonation temperature increased from 75 ℃ to 100 ℃ and 

significantly dropped when the temperature was higher than 100 ℃. The low 

acidity was attributed to the low sulfonation rate, as the low temperature was 

insufficient to support the reaction of sulfonating reagent and the AC   

 

 

Figure 2.15: Effect of Sulfonation Temperature on the Acidity of the 

Synthesised Catalyst (Xiao and Hill, 2020).   

 

 However, the acidity of strong acid groups drops when too high 

temperature is used for sulfonation. It was found that the amount of -SO3H 

groups attached to the catalyst surface is significantly reduced due to the 

domination of side reactions such as oxidation, hydrolysis, condensation and 

dehydration at high temperatures. In addition to the surface morphology, the 

porous structure of carbon support may also destroy under high sulfonation 

temperatures, resulting in bad catalytic performance. In contrast to strong -SO3H 
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acid groups, Ngaosuwan, Goodwin and Prasertdham (2016) revealed that the 

density of weak acid sites increased with rising sulfonation temperature. Since 

weak acid sites also contribute to the catalytic activities, the balance of strong 

and weak acid sites must be considered when selecting the sulfonation 

temperature. 

 

2.7.2 Effect of Molar Ratio of Methanol to Oleic Acid 

Methanol is a common acyl acceptor in the esterification or transesterification 

reactions for FAME production. As one of the factors affecting the reaction 

performance, the molar ratio of two reactants plays a key role in optimising the 

FAME yield. Methanol is generally added in excess to promote the reaction, as 

esterification is reversible. In the work of Zhang et al. (2021), the conversion 

yield of FFA increased rapidly as the molar ratio increased from 4:1 to 8:1, as 

shown in Figure 2.16. However, a downward trend is observed beyond the 

molar ratio of 8 due to the reduction in collision frequency of reactant particles 

in the large volume of reactant mixture. A similar trend was obtained by 

Senoymak Tarakcı and Ilgen (2018), where the oleic acid conversion increased 

with the methanol-to-oleic acid molar ratio of 1:1 to 9:1 and remained constant 

when it is further increased to 12:1. 

 

 

Figure 2.16: Impact of Methanol-to-Oleic Acid Molar Ratio on Free Fatty 

Acid Conversion (Zhang et al., 2021). 
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2.7.3 Effect of Catalyst Loading 

Catalysts speed up the reaction by providing an alternative pathway with lower 

activation energy to synthesise the final products. Nazir et al. (2021) conducted 

experiments to look into the influence of catalyst loading on the biodiesel yield 

by using 5, 10, 15 and 20 wt.% of catalyst based on the weight of feedstock 

given that other parameters were fixed constant. The biodiesel yield increased 

significantly from 49.46 % to 88.7 % when the catalyst loading was up to 15 

wt.%, as shown in Figure 2.17. Nevertheless, the effect of further increase of 

catalyst loading was not pronounced.   

  

 

Figure 2.17: Impact of Catalyst Loading on the Biodiesel Yield (Nazir et 

al., 2021). 

 

The result obtained by Wong et al. (2020) supported that the yield of 

FAME initially increased with increasing catalyst loading and decreased beyond 

the optimum point. The maximum yield of 50.5 % was achieved with a 10 wt.% 

catalyst, which dropped to 42.7 % with a 12 wt.% catalyst. It was due to the 

formation of a more viscous mixture when an excessive heterogeneous catalyst 

was added. Despite more available acidic sites, the poor dispersion of the 

catalyst hindered the mass transfer of reactants, resulting in a low reaction rate.
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CHAPTER 3 

 

3 METHODOLOGY AND WORK PLAN 

 

3.1 List of Material and Equipment 

Various chemicals and materials were prepared before the experiment was 

conducted. The production, characterisation and evaluation of synthesised 

catalysts and biodiesel also required some apparatus and equipment. In this 

study, the materials, chemicals, apparatus and equipment involved were listed 

in sections 3.1.1 and 3.1.2. 

 

3.1.1 Materials and Chemicals 

The waste of coffee brewing, spent coffee ground (SCG) was used as the 

biomass waste to fabricate the solid acid catalyst in this experiment. The SCG 

was collected from a small coffee shop, Big Three Coffee, located at Jenjarom, 

Selangor, Malaysia. Table 3.1 lists the chemicals with their respective brand and 

purity used in this study. 

 

Table 3.1: Chemicals Required for the Experiment. 

Chemicals Brand Purity Purpose 

Ortho-

Phosphoric Acid 
Merck 85 % 

Activation agent for 

biomass wastes 

Sulfuric Acid Merck 
95 % - 

97 % 

Direct sulfonation of AC 

derived from biomass waste 

Oleic Acid 
Sigma-

Aldrich 
90 % 

Reactant for 

interesterification process 

Methanol Merck ≥ 99.8 % 
Reactant for 

interesterification process 

Sodium 

Hydroxide, 

NaOH pellets 

Merck ≥ 99.0 % 
Titrant for measurement of 

acid density 
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Table 3.1: Chemicals Required for the Experiment (Cont.) 

Chemicals Brand Purity Purpose 

Hydrochloric acid, 

HCl 

Fisher 

Chemical  
37 % 

Blank titration to identify 

the acid density of the 

catalyst 

Phenolphthalein 
R & M 

Chemicals 
1 g/L 

Indicator of pH or colour 

change during titration 

2-Propanol Merck ≥ 99.8 % 

Solvent of oleic acid and 

biodiesel for measurement 

of acid values 

Potassium 

Hydroxide, KOH 

pellets 

Merck ≥ 99.0 % 
Titrant for measurement of 

acid value 

Methyl Oleate 
Sigma-

Aldrich 
≥ 99.9 % 

Preparation of calibration 

curve for GC 

n-Hexane Merck  ≥ 99.8 % 
Solvent of biodiesel for GC 

analysis 

Methyl 

Heptadecanoate 

Sigma-

Aldrich 
4 g/L Internal standard used in GC 

 

3.1.2 Apparatus and Equipment 

Various apparatus and equipment were utilised to carry out the experiment. All 

the instruments involved in preparing solid acid catalysts and biodiesel 

production, as well as characterising reactants, catalysts and final products, are 

listed in Table 3.2.  
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Table 3.2: Apparatus and Equipment Used in the Experiment. 

Apparatus/Equipment Specification Purpose 

Oven Memmert 
Drying of biomass waste and 

synthesised catalyst 

Sieve 
300 m- and 600 

m-mesh size 
Sieving of biomass waste 

Programmable furnace 
Wise Therm FP-

03 

Carbonisation of biomass 

waste 

Heating mantle Mtops 

Maintain the desired 

temperature during 

interesterification 

Scanning Electron 

Microscope Equipped 

with Energy Dispersive 

X-ray (SEM-EDX) 

Hitachi S-

3400N 

Analysis of surface morphology 

and chemical elements in the 

synthesised solid acid catalyst 

X-ray Diffractometer 

(XRD) 

Shidmazu 

XRD-6000 

Identification of crystalline 

phase, size and shape of the 

synthesised solid acid catalyst 

Fourier Transform 

Infrared Spectrometer 

(FTIR) 

Nicolet IS10 

Identification of functional 

groups attached to the 

synthesised solid acid catalyst 

Thermogravimetric 

Analyzer (TGA) 

Perkin Elmer 

STA8000 

Analysis of thermal 

decomposition of the 

synthesised catalyst 

Gas Chromatograph 

(GC) 

Perkin Elmer 

Claurus 500 

Determination of the 

composition of methyl oleate in 

the biodiesel product 

Surface Analyzer 
Micromeritics 

3Flex 

Identification of specific 

surface, pore distribution and 

pore volume of the synthesised 

catalyst 
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3.2 Overall Experiment Methodology and Flowchart 

The overall flow of this research study is displayed in Figure 3.1. The 

experiment was conducted step by step, as shown in the flowchart. Some steps 

were repeated, if necessary, to achieve the ultimate goals of fabricating the solid 

acid catalyst from biomass waste and producing biodiesel via esterification. 

 

 
Figure 3.1: Overall Research Flowchart of This Study. 
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3.3 Experimental Procedures 

3.3.1 Pretreatment of Biomass 

The collected SCGs were washed using water to remove solid impurities before 

drying. The biomass wastes were dried in the oven overnight at 80 ℃ to remove 

the moisture. The dried SCGs were ground using a pestle and mortar, followed 

by a size reduction using a sieve with 600 m mesh. The resulting sample was 

kept in sealed plastic bags before using for the following analysis and 

fabrication. 

 

3.3.2 Activation and Carbonisation of Biomass 

A mixture of SCGs and activation agent was prepared to activate biomass waste. 

In this study, 30 v/v% H3PO4 solution was used as the activation agent and 

mixed with SCGs with an SCG-to-H3PO4 mass ratio of 1:7. After 24-hour 

impregnation, the solid biomass was washed three times with distilled water, 

filtered and dried overnight at 80 ℃. Then, carbonisation was carried out at 500 ℃ 

for 4 h using a programmable furnace with a heating rate of 10 ℃/min. After 

carbonisation, the H3PO4-impregnated AC sample was further ground and 

sieved using a 300 m-mesh sieve for size reduction. The carbonised spent 

coffee ground prepared was denoted as CSCG.    

 

3.3.3 Sulfonation of Activated Carbon 

The prepared CSCG was mixed with concentrated sulfuric acid with an AC-to-

H2SO4 ratio of 1 g to 20 mL to introduce the functional group onto the carbon 

support. The mixture was heated at various temperatures with a constant stirring 

speed of 350 rpm for 2 h. After sulfonation, the mixture was diluted and filtered 

using the Buchner funnel, which was connected to the filtering flask and vacuum 

pump for vacuum filtration. Distilled water was used to wash the sample three 

times to remove the excess sulfuric acid before drying at 80 ℃ overnight in the 

oven. Table 3.3 shows the denotations of the catalysts prepared under different 

sulfonation temperatures. 
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Table 3.3: Catalyst Annotations with Different Sulfonation Temperatures. 

Catalyst Sample Sulfonation Temperature (℃) 

SCSCG80  80 

SCSCG120 120 

SCSCG160  160 

SCSCG200  200 

SCSCG240  240 

 

3.3.4 Esterification for Biodiesel Production 

In addition to characterisation, the catalytic performance of the synthesised solid 

acid catalyst from biomass waste was evaluated based on the FFA conversion 

and biodiesel yield. The catalyst synthesised at optimum sulfonation 

temperature was used in the esterification process, where oleic acid was used as 

the feedstock oil and reacted with methanol (MeOH). Since the mixture of 

reactants was less than 200 mL, a three-neck round bottom flask with a 500 mL 

capacity was used. Moreover, a water-cooled coil condenser was equipped to 

condense the evaporated MeOH, while a magnetic stirrer and heating mantle 

were used to perform uniform heating and well mixing in the reaction mixture.  

 With 20 mL of oleic acid, a mixture with a MeOH-to-oleic acid molar 

ratio of 12:1 was prepared in the flask. After adding 4 wt.% of catalyst, the 

mixture was heated to 80 ℃ and maintained for 7 h with a constant rotational 

speed of 500 rpm. Once the reaction was done, the mixture was transferred from 

the flask to a filter funnel for solid catalyst removal. The filtrate was then heated 

at 60 ℃ to evaporate the excess MeOH with a boiling point of 64.7 ℃ until the 

mass remained constant. This process was repeated with 8, 10, 12 and 14 wt.% 

of catalyst loading, given that the other operating parameters were constant. 

After that, the optimum catalyst loading was used to carry out esterification with 

a molar ratio of methanol to oleic acid of 4:1, 8:1, 16:1 and 20:1 to determine 

the optimum result. 

 

3.4 Characterisation of Catalyst 

Total acid density is used to evaluate the catalytic performance of the 

synthesised catalyst as it indicates the amount of strong and weak acid groups 
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attached to the samples. 0.1 g of SCSCG was uniformly mixed with 50 mL of a 

standardised 0.01M NaOH solution. The mixture was mixed for 30 minutes at 

room temperature and a rotational spped of 300 rpm using a magnetic stirrer, 

after which it was filtrated and titrated with 0.01M HCl standard solution. The 

phenolphthalein was added to indicate the endpoint of the titration, where the 

solution turned from pink (basic) to colourless (neutral).  

 Equation 3.1 demonstrated the chemical reaction of NaOH and HCl, 

where one mole of NaCl and one mole of water (H2O) are formed when one 

mole of NaOH reacts with one mole of HCl. From the volume of HCl used to 

neutralise the NaOH solution, the acid density of the sample catalyst can be 

determined in terms of mmol NaOH/g using Equation 3.2. 

 

 𝑁𝑎𝑂𝐻+𝐻𝐶𝑙 →𝑁𝑎𝑂𝐻+𝐻2𝑂 (3.1) 

 

Total acid density (mmol/g) =  

 {[𝑁𝑎𝑂𝐻]𝑉𝑁𝑎𝑂𝐻−[𝐻𝐶𝑙]𝑉𝐻𝐶𝑙}×
1

𝑊𝐶𝐴𝑇
  (3.2) 

 

where 

[HCl] & VHCl = Concentration in M and volume in mL of acid used in 

titration 

[NaOH] & VNaOH

  

= Concentration in M and volume in mL of basic 

solution used to mix with sample catalyst 

WCAT = Amount of sample subjected to the analysis in g 

 

 SEM Hitachi S-3400N equipped with EDX was utilised to examine the 

surface morphology of the synthesis catalysis. The dried catalyst samples 

adhered to the carbon tape during the analysis stage. Under the operating 

condition at 15 kV, the SEM images were captured with a magnification of 

300X, 500X, 700X and 1000X. The elemental and chemical composition were 

determined accordingly by using the furnished EDX. 

 XRD was conducted to identify the crystalline phases, size and shape 

of the synthesised catalyst based on the diffraction peak using the model of 

Shidmazu XRD-6000. The test sample was pressed uniformly on a steel plate, 
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making a smooth surface for a more accurate analysis. Cu-K radiation was 

operated at 40 kV and 30 mA over a 2   range of  to 80°.  

 The attachment of -SO3H groups were examined via FTIR. Half a 

spatula of synthesised catalyst was placed on the sample holder and held at the 

fixed position using the pressure tower and compression tip. A transmittance 

spectrum was generated with the concept that different molecules can absorb 

different infrared light's energy. The molecular structure and amount of the 

sample were then identified based on the peak location and area, respectively.   

 TGA was conducted to identify the highest temperature the optimum 

sample catalyst can withstand before thermal decomposition. The initial and 

maximum temperatures for the analysis were specified at 30 ℃ and 1000℃, 

respectively, with a heating rate of 10 ℃/min. Around 0.5 g of the sample 

catalyst was loaded into the sample pan above the balance. By taking advantage 

of gravity, the weight of the sample can be obtained accurately, and the weight 

changes were observed when the furnace temperature was increasing. 

 The specific surface area and pore distribution of the solid acid catalyst 

were identified using Micromeritics 3Flex surface analyzer which included the 

BET and BJH methods. The sample was first loaded into the cell and degassed 

prior to analysis. The temperature was first increased to 90 ℃ with a heating 

rate of 10 ℃/min in 1 hour, followed by heating to 150 ℃ with a heating rate 

of 10 ℃/min in 5 hours. Then, the sample was transferred from degassing 

chamber to the analysis chamber. The analysis was conducted at 77 K, the 

boiling point of the absorbate gas, N2. The analysis was left overnight to obtain 

the isotherms and pore distribution plots. 

 

3.5 Characterisation of Feedstock and Product 

3.5.1 Acid Value 

In this research study, the oleic acid as the feedstock oil reacted with MeOH for 

FAME production. 5 mL of 2-propanol was added to 1 g of oleic acid as the 

solvent in a conical flask, whereas 0.1 M KOH was used as the titrant. A 

phenolphthalein indicator was added to indicate the change in pH and colour. 

The endpoint was reached when the colour of the mixture changed from 

colourless to slightly pink. Solely 2-propanol was used as the analyte in the 

blank titration. The acid values were determined via titration and calculated 
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using Equation 3.5 to identify the FFA content in oleic acid. The same 

procedures were repeated using the final FAME product to determine the FFA 

content and the corresponding FFA conversion of the interesterification process 

by using Equation 3.6. 

 

 𝐴𝑉𝑂𝐶=
𝑀𝑊𝐾𝑂𝐻×𝐶𝐾𝑂𝐻×(𝑉1−𝑉0)

𝑚𝑂𝐶
   (3.5) 

 

 𝐹𝐹𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)=
𝐴𝑉𝑂𝐶−𝐴𝑉𝑏𝑑

𝐴𝑉𝑂𝐶
×100%  (3.6) 

 

where 

𝐴𝑉𝑂𝐶  = Acid value of oleic acid (g KOH/g) 

𝐴𝑉𝑏𝑑  = Acid value of biodiesel formed (g KOH/g) 

𝑀𝑊𝐾𝑂𝐻  = Molar weight of KOH (g/mol) 

𝐶𝐾𝑂𝐻  = Concentration of KOH, 0.1 M (0.1 mol/L) 

𝑉1  = Volume of titrant used in sample titration (L) 

𝑉0 = Volume of titrant used in blank titration (L) 

𝑚𝑂𝐶 = Mass of oleic acid (g)  

 

3.5.2 Gas Chromatography (GC) 

Additionally, GC was conducted to analyse the final FAME product. A fused 

silica capillary column with a dimension of 30 m x 0.53 mm x 0.5 m was 

equipped in GC and used in this study to analyse FAME content in the sample 

quantitatively. Helium was the carrier gas to bring the vaporised sample flow 

along the capillary. Meanwhile, n-hexane and methyl heptadecanoate were used 

as the solvent of the sample and internal standard, respectively. Table 3.4 lists 

the setting values of different chromatographic conditions used for GC analysis.  
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Table 3.4: Chromatographic Conditions to Analyse the Biodiesel Sample. 

Chromatographic conditions Set Value 

Inlet Temperature  200 ℃ 

Oven Initial Temperature  110 ℃ 

Heating Up to 220 ℃ by 10 ℃/min 

Detector Temperature 220 ℃ 

Flow Rate of Carrier Gas  3 mL/min 

 

A standard calibration curve was prepared to identify the methyl oleate 

(MO) concentration in the product sample. Different methyl oleate 

concentrations were formed by diluting the pure methyl oleate with different 

volumes of n-hexane and a constant volume of internal standard. Subjecting 

those samples for GC analysis, a plot of methyl oleate-to-internal standard 

(MO/IS) ratio in terms of peak area versus concentration of methyl oleate was 

created. A line equation was derived and used to identify the composition of 

methyl oleate in the product of esterification.  

The product samples were analysed similarly, where the samples were 

diluted using n-hexane and added with a constant volume of methyl 

heptadecanoate before GC analysis. After that, 1 L of the test sample was 

injected, and a chromatogram was created. Once the product's concentration of 

methyl oleate was determined using the line equation derived from the 

calibration curve, Equation 3.7 was used to estimate the yield of methyl oleate 

from the interesterification process. 

 

 𝑌𝑖𝑒𝑙𝑑 (%)=
𝐶𝑀𝑂×𝐷𝐹×𝑉𝑠

𝑉𝑂𝐶×𝐷𝑂𝐶
×100%  (3.7) 

 

where 

𝐶𝑀𝑂 = Concentration of methyl oleate in g/L 

𝑉𝑠  = Volume of the sample after evaporation in L 

𝑉𝑂𝐶 = Volume of oleic acid in mL 

𝐷𝑂𝐶  = Density of oleic acid in g/mL 

𝐷𝐹 = Dilution factor, which can be calculated using Equation 3.8 below: 
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 𝐷𝐹=
𝑉𝑓

𝑉𝑖
  (3.8) 

 

where 

𝑉𝑓 = Final volume after dilution in mL 

𝑉𝑖  = Initial volume before dilution in mL 

 

3.6 Reusability Study 

The synthesised catalyst with optimum catalytic performance was used in the 

reusability study. The esterification processes were conducted at the optimum 

reaction conditions identified via parameter studies. The catalyst was filtered 

from the mixture when the reaction was completed and washed with water. The 

catalyst was then dried overnight at 80 ℃ in the oven. The dried catalyst was 

ground into powder and weighed before the next run. The weight of oleic acid 

required was back-calculated to achieve the desired catalyst loading, after which 

the volume of methanol needed was calculated accordingly to obtain a mixture 

with the optimum methanol-to-oleic acid molar ratio. 
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CHAPTER 4 

 

4 RESULTS AND DISCUSSION 

 

4.1 Effect of Sulfonation Temperature 

Various methods were used to characterise the sample catalysts sulfonated at 

different temperatures to find out the catalyst with the optimum catalytic 

performance. Scanning Electron Microscopy (SEM), Energy Dispersive X-ray 

(EDX) Spectroscopy, Fourier Transform Infrared (FTIR) Spectroscopy, X-ray 

Diffraction (XRD) analysis and surface analyser were utilised to carry out the 

characterisation. The methods examined the structure, morphology, surface area 

and acid density of the catalysts in question and finally determined the optimum 

sulfonation temperature for the synthesis of solid acid catalyst derived from 

spent coffee grounds. 

 

4.1.1 Scanning Electron Microscopy (SEM) & Surface Analysis 

Scanning Electron Microscopy (SEM) captured high-resolution images to 

examine the surface morphology and structural properties of the raw spent 

coffee ground (SCG), H3PO4-activated SCG (CSCG) and H2SO4-sulfonated 

CSCG (SCSCG) at different temperature. Figure 4.1 demonstrates the SEM 

images taken under 1000X magnification, whereas the images under 300X, 

500X and 700X were tabulated in Table B-1, B-2 and B-3 for comparison. 

 The raw SCG was naturally smooth and irregular, as illustrated in 

Figure 4.1 (a). Limited cracks or surface area were available for the deposition 

of sulfonic groups. On the contrary, it can be observed from Figure 4.1 (b) that 

the roughness of the catalyst surface increased significantly after undergoing 

chemical activation with H3PO4. According to Zięzio et al. (2020), the activation 

agent hindered the contraction of particles when it was introduced into the 

interior of the carbon precursors during the impregnation phase. The subsequent 

high-temperature carbonisation resulted in the removal of excessive activating 

agents and by-products, leading to a porous carbon structure with a well-

developed surface. The increment in porosity was supported by the results 

obtained from the surface analyser, where the BET surface area (SBET) of raw 
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SCG and CSCG were 0.3179 m2/g and 80.23 m2/g, respectively. The SEM 

images also clearly showed that the pores on the surface of sulfonated catalyst 

were more noticeable compared to the raw SCG and carbonised CSCG. The 

formation of occasional cracks and pores was caused by the side reactions, such 

as partial oxidation and condensation, during sulfonation with concentrated 

sulfuric acid (Ngaosuwan, Goodwin and Prasertdham, 2016). This was agreed 

with the significantly-increased BET surface area of 356.7 m2/g. 

 

Table 4.1: BET Surface Area, BJH Pore Volume and Pore Width of Different 

Sample Catalysts. 

Sample 

Catalyst 

BET Surface 

Area (m2/g) 

Pore Volume 

(m3/g) 

Average Pore Size 

(nm) 

SCG 0.3179 0.03958 162.7 

CSCG 80.23 0.00856 4.617 

SCSCG200 356.7 0.03233 3.397 

 

Their porous characters were analysed based on the N2 adsorption-

desorption measurements, which resulted in the isotherms, as shown in Figure 

4.2. Figure B-1 and Figure B-2 show the IUPAC classification of different 

isotherms and hysteresis loops, respectively. From Figure 4.2 (a), it can be seen 

that SCG demonstrated type II isotherm, indicating a macroporous or non-

porous material. Type II isotherms demonstrated an upward convex at the lower 

relative pressure (𝑃/𝑃𝑂) due to the monolayer coverage of gas molecules. Then, 

the shape of the isotherm showed unrestricted adsorption as the relative pressure 

increased.  

In contrast, the isotherms of the treated sample, SCSCG200, were 

between type I and type IV isotherms, corresponding to the coexistence of both 

micro- and mesopores in porous solids (Hussein et al., 2021). The pronounced 

increase in adsorption at low relative pressure (𝑃/𝑃𝑂<0.1) was attributed to 

the adsorbent-adsorptive interactions in narrow micropores, usually 

demonstrated in type I isotherm. Meanwhile, the isotherms also showed the H4 

hysteresis loop, which was often found in carbons with micro- and mesopores 

(Thommes et al., 2015). 
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Figure 4.1: 1000X Magnification SEM Images of (a) SCG, (b) CSCG, (c) SCSCG80, (d) SCSCG120, (e) SCSCG160 (f) SCSCG200 and (g) 

SCSCG240.  
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Besides, a significant drop in pore volume was noticed when SCG was 

carbonised into carbonaceous materials when macropores were converted into 

micropores after carbonisation. It agreed with the pore size analysis obtained 

from the BJH method, as shown in Figure 4.3. The BJH pore size distribution 

proved that SCG was macroporous material with 162.7 nm average pore size, 

whereas SCSCG200 possessed an average pore sizes of 3.397 nm, attributing to 

its porous sturcture. Figure 4.3 (b) clearly shows that most of the pores were 

smaller than 2 nm, and thus it can be claimed that the pores of CSCG and 

SCSCG200 were a combination of meso- and micropores. The further reduction 

in pore size (from CSCG to SCSCG) led to a higher pore volume and specific 

surface area, enhancing the samples’ catalytic performance. 

 

4.1.2 Energy Dispersive X-ray (EDX) & Acid Density 

Energy Dispersive X-ray (EDX) analysis and titration to determine acid density 

were carried out for quantitative results. The distribution and composition of 

various elements, especially sulfur (S), on the catalyst surface were examined 

using EDX. Meanwhile, the total acidic sites comprised by the synthesised 

catalysts can be deduced via titration results, given that these active sites 

contributed to the acid density of the catalyst. 

Table 4.2 shows the average composition of carbon (C), oxygen (O), 

sulfur (S) and phosphorus (P) on the surface of the samples. While impregnation 

in the activating agent increased the specific surface area, the direct 

carbonisation at 500 ℃ for 4 h converted the biomass to carbonaceous materials 

by removing the volatile non-carbon compounds. As shown in Table 4.2, the 

carbon composition of SCG increased after being carbonised, signifying that the 

non-carbon compounds were removed during the high-temperature pyrolysis. 

Zailan et al. (2021) reported that strong sulfonation induced the oxidation of 

aliphatic CH3 or CH2 to the carboxylic acid group, increasing the acid density 

of the sulfonated carbon catalyst. This explained the upward trend of the oxygen 

composition on the catalyst surface with increasing sulfonation temperature. 
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Figure 4.2: Isotherm Linear Plot of (a) SCG and (b) SCSCG200. 

 

 

Figure 4.3: BJH Pore Size Distribution of (a) SCG and (b) SCSCG200. 
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 By assuming all S atoms represent sulfonic groups (-SO3H), the density 

of -SO3H was estimated using EDX analysis. It is shown that the sulfur 

composition on the surfaces of SCG and CSCG is negligible. In contrast, the 

amount of S increased significantly after sulfonation, indicating the 

effectiveness of direct sulfonation on the synthesised carbonaceous materials. 

At low temperatures, there is insufficient energy to support the attachment of 

sulfonic groups onto the surface of the catalysts. The composition of S increased 

with increasing sulfonation temperature until 200 ℃ and dropped at 240 ℃. It 

was caused by the domination of side reactions, such as oxidation, hydrolysis, 

condensation and dehydration, which adversely reduced the adherence of 

sulfonic groups onto the catalyst surface. The results of acid density were 

consistent with that of EDX analysis, where the SCSCG sulfonated at 240 ℃ 

possessed the highest acid density, as shown in Figure 4.4. 

 

Table 4.2: Elemental Composition of Different Catalysts from EDX. 

Sample 
Elemental Composition (at%) 

C O S P 

SCG 67.39 29.33 0.19 - 

CSCG 84.54 8.84 0.18 1.09 

SCSCG80 85.50 9.90 1.06 0.49 

SCSCG120 83.09 9.66 1.45 0.31 

SCSCG160 84.09 10.94 1.75 0.23 

SCSCG200 82.88 12.04 1.91 0.15 

SCSCG240 82.35 13.59 1.75 0.19 
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Figure 4.4: Effect of Sulfonation Temperature on Surface Elemental 

Composition of S and Acid Density. 

 

4.1.3 X-ray Diffraction (XRD) 

The results obtained from X-ray Diffraction (XRD) analysis, as illustrated in 

Figure 4.5, were used to determine the crystalline and amorphous nature of raw 

SCG and prepared catalysts. In the study of Sangsiri, Laosiripojana and 

Daorattanachai (2022), it was reported that the amorphous nature with 

polycyclic aromatic carbon sheets, which are randomly oriented, attributed to 

the broad peak at 2θ = 10 - 30°. On the other hand, the weak diffraction peak at 

2θ = 35 - 50° indicated the presence of graphite structure. Raw SCG exhibited 

the broad peak at 2θ = 10 - 25°, showing its amorphous nature with a C(002) 

plane before treatment. In contrast, the carbonised and sulfonated catalysts had 

peaks from 35 - 50°, corresponding to the C(101) plane for a graphene structure. 

Additionally, a weak peak at 2θ = 15 - 17°, associated with the crystalline 

structure of cellulose, was detected in the raw SCG. Its absence in treated 

catalysts signified the changes in the carbon structure via carbonisation and 

sulfonation. 
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Figure 4.5: XRD Patterns of Raw SCG, CSCG, SCSCG80 and SCSCG200. 
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The background noise in the XRD pattern generally appears relatively 

large or small compared to the peak data of the samples. Therefore, the 

extremely sharp peaks at 2θ = 64 - 65° and 77 -78° were claimed as background 

noise which the sample holder, the amorphous state of the sample and poor 

calibration of the light may cause. From Figure 4.5, the intensity of the weak 

peak at 2θ = 41 - 45° increased after carbonisation, indicating more graphite 

structure in CSCG compared to raw SCG. According to Nazir et al. (2021), the 

attachment of excess sulfonic groups on the catalyst surface increased the 

distortedness of the graphite structure, causing a reduction in peak intensity. 

This explained the reducing peak intensity when the sulfonation temperature 

increased from 80 ℃ (SCSCG80) to 200 ℃ (SCSCG200). The increment of the 

amorphous nature of carbon catalysts led to an improvement in their catalytic 

performance. 

 

4.1.4 Fourier Transform-Infrared (FTIR) Spectroscopy 

Fourier Transform-Infrared (FTIR) was used to determine the functional groups 

on the catalysts. The changes in functional groups after the raw SCG was 

carbonised and sulfonated at 80 ℃ and 200 ℃ were analysed based on the 

spectra shown in Figure 4.6. 

The most apparent difference between the samples is the presence of a 

peak in the wavelength of 2800-3000 cm-1 due to the C-H bonds from aliphatic 

carbon in cellulosic components and lipids in spent coffee grounds (Agapay et 

al., 2021). Lin et al. (2022) reported that the treatment involved during the 

preparation of solid acid catalysts removed some cellulose and hemicellulose 

from the biomass materials. The weakened aliphatic C-H and O-H stretching 

ranged from 2400-3400 cm-1, proving that carbonisation and sulfonation 

subjected to the SCSCG removed most of the aliphatic compounds from SCG. 

The peaks at 1500-1600 cm-1 indicated the formation of aromatic groups, which 

supported the presence of aromatic sheets after carbonisation. The aromatic 

sheets would facilitate the attachment of sulfonic groups onto the carbonised 

materials during direct sulfonation with concentrated H2SO4 (Bureros et al., 

2019).  
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Figure 4.6: FTIR Spectra of SCG, SCSCG80 and SCSCG200.
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While the peaks at wavelength 675-900 cm-1 referred to the C-H bonds 

stretching in the aromatic ring, the peaks at 1690-1710 cm-1 representing the 

C=O bonds in -COOH groups were only detected in SCSCG200 (Zhang et al., 

2023). This evidenced the presence of carboxylic groups in the synthesised acid 

catalysts, which contributed to the total acid density. The O=S=O and -SO3H 

stretching were associated with the peaks at 1010-1040 cm-1 and 1100-1200 cm-

1, respectively. The slight intensifying in these peaks of SCSCG80 and 

SCSCG200 signified the increasing in acid density with increasing sulfonation 

temperature, consistent with the results obtained from EDX and titrimetric acid 

density test. According to Balasubramaniam et al. (2021), the multiple peaks in 

the wavelength 1000-1250 cm-1 referred to the C-O stretching and O-H 

deformation vibrations. They indicated the presence of esters, ethers, alcohols 

(primary, secondary or tertiary) and phenols. It is challenging to differentiate 

the presence of sulfonic groups in the same region. However, the presence of 

sulfonic groups on SCSCG80 and SCSCG200 was confirmed via acid-density 

titration. 

 

4.1.5 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) was conducted to identify the maximum 

temperature the sample catalysts can sustain. It is essential to determine the 

thermal decomposition temperature of the carbon material, especially the 

synthesised solid acid catalysts, to ensure its thermal stability when undergoing 

treatment or reaction. Figure 4.7 displays the TGA curves of SCG and 

SCSCG200. 

 The curves clearly show that the sulfonated catalyst sample could 

withstand a higher temperature than the raw spent coffee ground. The small 

decline at low temperatures, which can be observed from both samples, was 

attributed to the drying or desorption of volatile compounds. For SCG, the 

single-stage decomposition occurred at 250 ℃, displaying an obvious drop. On 

the contrary, the gradient of the downward curve increased at around 600 ℃ for 

SCSCG200, indicating its thermal decomposition temperature. In other words, 

the thermal stability of the catalyst was improved compared to the raw material. 
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Figure 4.7: TGA Curves In Terms of (a) Sample Weight and (b) Weight 

Percent. 

 

4.1.6 Selection of Optimum Catalysts 

Various characterisation methods were conducted to examine the 

physicochemical properties of the synthesised catalyst, such as surface area, 

surface morphology, porosity, functional groups, elemental composition, 

thermal stability and acid density. However, the catalytic performance in the 

reaction is the most crucial characteristic of a catalyst. Several esterification 

reactions were conducted using catalysts sulfonated at different temperatures 

while other reaction parameters were kept constant. Figure 4.8 shows the 

resulting biodiesel yields, which reflect the influence of sulfonation temperature 

on the catalyst performance. There was a noticeable peak of biodiesel yield at 

the sulfonation temperature of 200 ℃, which clearly showed that the catalyst 
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sulfonated at 200 ℃ possessed the optimum catalytic properties for the 

esterification reaction to produce biodiesel. This was supported by the 

characterisation results, such as acid density and EDX, which were discussed in 

the previous sections. 

 

 

Figure 4.8:  Effect of Sulfonation Temperature on Biodiesel Yield. 

 

4.1.7 Activation with Zinc Chloride (ZnCl2) 

Zinc chloride is another common chemical that is used to activate cellulosic 

biomass. Therefore, this study also used it to activate the SCG via chemical 

activation. Similar methods were used to synthesise and determine its 

effectiveness as the activating agent for spent coffee grounds to produce 

heterogeneous acid catalysts for biodiesel production. 

 Figure 4.9 illustrates the SEM images of activated carbon after 

impregnation in ZnCl2 solution for 24 h (a) and after sulfonation at 160 ℃ (b), 

with 1000X magnification. The figures show a porous structure formed after 

carbonisation, attributed to ZnCl2 impregnation. Besides, after sulfonation, a 

substantial amount of cracks were formed on the activated carbon. The 

increment of SBET from 697.6 m2/g to 1192 m2/g proved that the surface area of 

carbon was significantly increased via direct sulfonation in concentrated 

sulfuric acid (Appendix E).  
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Figure 4.9: SEM Images of (a) ZnCl2-Activated Carbon Derived from SCG 

and (b) the Corresponding Solid Acid Catalyst Sulfonated at 

160 ℃. 

 

 Undeniably, the activation with ZnCl2 produced carbonaceous 

materials with high-surface-area microporous structure, which is one of the 

excellent characteristics for a catalyst to facilitate the facilitate. However, acid 

density or the composition of acid groups is another critical characteristic of a 

solid acid catalyst. FTIR analysis revealed that the average elemental 

composition of S is only 0.5350 at.%, which is much lower than the SCSCG 

synthesised using H3PO4 as the activating agent. The low percentage of S 

indicated the low attachment of sulfonic groups on the catalyst surface. The 

sulfonic groups are known to be the main active sites for catalytic activity. 

Therefore, the catalyst activated by ZnCl2 was not applied in this study for acid-

catalysed esterification to produce biodiesel due to the lack of active sites. 

 

4.2 Esterification of Oleic Acid and Methanol 

In section 4.1, the optimum catalyst was selected based on the results obtained 

from different characterisation methods and its catalytic performance. The solid 

acid catalyst sulfonated at 200 ℃ was chosen as the optimum catalyst in this 

study due to its high surface area, porosity, sulfur surface composition, and acid 

density. Most importantly, it resulted in a high biodiesel yield via the 

esterification process. The esterification process is affected by several 

parameters, including reaction temperature, duration, catalyst loading and the 

molar ratio of methanol to oleic acid. This study investigated and discussed the 
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effects of catalyst loading and methanol-to-oleic acid molar ratio (MOAMR) in 

sections 4.2.1 and 4.2.2, respectively. 

 

4.2.1 Effect of Catalyst Loading  

A catalyst is used in the reaction to facilitate the contact of reactants, increasing 

the conversion of reactants and product yield. Catalyst loadings ranging from 4 

to 20 wt.% were used in the esterification process to determine the optimum 

amount of catalyst. The resulting biodiesel yield and FFA conversion were 

illustrated in Figure 4.10 and Figure 4.11, respectively. 

 

 

Figure 4.10: Effect of Catalyst Loading on Biodiesel Yield. 

 

 

Figure 4.11: Effect of Catalyst Loading on FFA Conversion. 
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 From the figures, both yield and conversion demonstrated a similar 

trend with increasing catalyst loading. The catalyst, as the reactants' contact 

medium, contains the active sites which allow the conversion of reactants into 

products. More active sites were available for the reaction when more catalysts 

were added to the reactant mixture, resulting in higher yield and conversion. 

With 12 wt.% catalysts added, the conversion of 90% and yield of 83.09 %, 

respectively, were obtained. However, in this case, the yield dropped beyond 

the optimum point of 12 wt.%. It agreed with the results obtained by Soltani et 

al. (2021), where no further increment in biodiesel yield could be observed 

beyond the optimum catalyst loading. This was attributed to the increased 

viscosity of the reaction mixture due to the excess amount of catalyst, which 

restricted the mass transfer between the reactants and blocked the protonation 

of FFAs. 

 

4.2.2 Effect of Methanol-to-Oleic Acid Molar Ratio 

The methanol-to-oleic acid molar ratio is 1:1 based on the reaction 

stoichiometry. However, excessive alcohol is necessary to move the equilibrium 

to the product side, methyl oleate, according to Le Chatelier’s Principle, since 

the esterification is a reversible reaction. Therefore, esterification processes 

were carried out using the methanol-to-oleic acid molar ratio (MOAMR) ranged 

from 4:1 to 20:1 in this study to investigate its impact on the biodiesel yield. 

 Figure 4.12 and Figure 4.13 show the obtained yield and conversion, 

which agreed with Le Chatelier’s Principle before exceeding the optimum 

MOAMR. As the molar ratio increases, the methanol drives the reaction to the 

right side, resulting in a higher yield. The optimum result was achieved when 

16:1 MOARM was used, where the biodiesel yield and FFA conversion were 

96.6 % and 90.83 %, respectively. No further increment was observed when a 

higher molar ratio, 20:1, was used. The reduction in yield is caused by the lower 

frequency of effective collisions between the oleic acid molecules and the active 

groups since the oleic acid was diluted when a high volume of methanol was 

added. Moreover, it was reported that the catalytic performance would be 

inhibited due to the reaction between the sulfonic groups and excess methanol 

molecules (Zhang et al., 2021).  
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Figure 4.12: Effect of MOAMR on Biodiesel Yield. 

 

 

Figure 4.13: Effect of MOAMR on FFA Conversion. 

 

4.3 Reusability of the Synthesised Catalyst 

It is essential to investigate the catalyst recovery and reusability to identify the 

usefulness of the synthesised catalyst in terms of economic and sustainability. 

The optimum catalyst loading and methanol-to-oleic acid molar ratio were 

identified via parameter studies, which are 12 wt.% and 16:1, respectively. 

Several esterification processes were carried out using the spent catalysts to 

examine the catalytic reusability of the synthesised catalyst at a sulfonation 
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temperature of 200 ℃. Figure 4.14 demonstrates the biodiesel yield obtained 

from the esterification process at optimum reaction conditions. Figure 4.14 

demonstrates the resulting biodiesel yield from different runs of the 

esterification process. 

 

 

Figure 4.14: Performance of Synthesised Catalyst in Reusability Study. 

 

 The excellent yield of 99.67 % from the first run proved that the 

optimum reaction conditions chosen via parameter studies were reasonable. 

However, the yield decreased dramatically to 46.96 % in the second run, 

followed by 26.82 % in the third run.  The inevitable deactivation of the catalyst 

was attributed to the thermal degradation, fouling and leaching of active sites 

into the liquid phase (Miceli et al., 2021). On the other hand, instead of water, 

n-hexane and methanol were also used to wash the catalyst, resulting in a yield 

of only 33.83 % in the second run. While n-hexane was used to remove non-

polar compounds, methanol removed the polar compounds. The low yield may 

be caused by the loss of sulfonic groups, which are polar components, when the 

catalyst was washed with methanol.
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CHAPTER 5 

 

5 CONCLUSIONS AND RECOMMENDATIONS 

 

5.1 Conclusions 

The present work's main focus was synthesising solid acid catalysts from spent 

coffee ground waste for biodiesel production via the esterification of oleic acid 

with methanol. The synthesised catalysts were characterised using various 

methods, including SEM-EDX, FTIR, XRD, TGA, surface analysis and acid 

density. SEM images showed that the synthesised catalysts possessed a rough 

surface and porous structure. The BET surface areas of raw spent coffee ground 

and synthesised catalyst were 0.3179 and 356.7 m2/g, respectively. The 

significant increment in the specific surface was consistent with the BJH pore 

distribution plots, which showed the conversion of macroporous biomass waste 

to meso- and microporous catalysts. 

Moreover, the catalyst was shown to be in an amorphous structure via 

XRD analysis, contributing to its catalytic performance. While FTIR proved the 

presence of sulfonic groups after sulfonation, EDX examined the composition 

of sulfur quantitatively and demonstrated an upward trend with increasing 

sulfonation temperature until the optimum point. Based on the TGA curve, the 

maximum temperature of 600 ℃ that the synthesised catalyst can sustain before 

thermal decomposition was identified. The thermal stability of the carbon 

catalyst was improved by comparing it to the raw spent coffee grounds, which 

decomposed at 250 ℃. As a solid acid catalyst, the catalyst sulfonated at 200 ℃ 

possessed a sulfur elemental composition of 1.910 atomic percent and exhibited 

a high acid density of 3.025 mmol/g. 

 Several esterification processes were carried out by employing the 

catalyst with optimum catalytic performance to determine the effect of operating 

conditions on the biodiesel yield and FFA conversion. The optimum catalyst 

loading and methanol-to-oleic acid were identified from the experiment results, 

which were 12 wt.% and 16:1, respectively. With optimum catalyst loading and 

methanol-to-oleic acid molar ratio, an optimum yield of 99.67 % was achieved. 
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In addition, the catalyst can be reused twice before the yield drops to below 30 % 

in the third reusability cycle.  

 Overall, all the planned objectives were achieved. This study 

highlighted the synthesis of catalyst derived from low-cost biomass waste, 

which can be employed in biodiesel production. The results proved the potential 

of spent coffee grounds as an activated carbon and solid acid catalyst, assuring 

further exploration and application in other research areas. 

 

5.2 Recommendations for Future Work 

The experiment was successfully carried out according to the planned objectives 

and scopes. Nevertheless, several recommendations are made to improve the 

related research work in the future for a more comprehensive outcome. 

 

i. The other parameters during catalyst preparation, such as 

carbonisation temperature, carbonisation time, sulfonation 

time and sulfuric acid concentration, must be investigated to 

produce the optimum catalyst. 

ii. The other parameters of the esterification process, which are 

reaction temperature and time, must be investigated to obtain 

the optimum yield. 

iii. The synthesised catalyst must be subjected to characterisation, 

further treatment or an esterification process as soon as 

possible to avoid degradation and oxidation. 

iv. The produced biodiesel sample must be analysed as soon as 

possible to avoid degradation or contamination. 

v. The equipment used throughout the procedures must be 

consistent to reduce the discrepancies in the results obtained 

from every run. 

vi. Repetitive experimental run is desirable for the same 

parameter study to obtain higher reliability and accuracy 

results. 

vii. Mass production of sample is preferable if the reactor or 

equipment is available to eliminate the deviations between 

different batches, which reduces the accuracy of the results. 
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viii. It is advisable to replace the oleic acid with other low-cost 

feedstocks, such as waste cooking oil or vegetable oils 

containing free fatty acids via transesterification reaction to 

produce biodiesel more economically. 
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5 APPENDICES 

 

Appendix A: Catalyst Characterisation – Acid Density 

 

Table A-1: Acid Density of Sample Catalyst via Titration. 

Sample 

Weight of 

Sample (g) 

Volume of HCl 

Used (mL) 

Acid Density (mmol 

NaOH/g) 

1 2 1 2 1 2 Average 

SCSCG80 0.142 0.146 20.0 20.9 2.113 1.993 2.053 

SCSCG120 0.142 0.118 18.6 22.1 2.211 2.364 2.288 

SCSCG160 0.128 0.124 14.9 19.0 2.742 2.500 2.621 

SCSCG200 0.117 0.107 14.2 0.18 3.060 2.991 3.025 

SCSCG240 0.114 0.112 15.9 16.8 2.991 2.964 2.978 

 

SAMPLE CALCULATION 

Given that 0.01M NaOH and 0.01M HCl are used, 

 

Taking SCSCG80 as an example, the weight of the sample used (𝑊𝐶𝐴𝑇) is 0.142 

g.  

 

𝐴𝑐𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦={[𝑁𝑎𝑂𝐻]𝑉𝑁𝑎𝑂𝐻−[𝐻𝐶𝑙]𝑉𝐻𝐶𝑙}×
1

𝑊𝐶𝐴𝑇
 

𝐴𝑐𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦={[0.01
𝑚𝑚𝑜𝑙

𝑚𝐿
]50 𝑚𝐿−[0.01

𝑚𝑚𝑜𝑙

𝑚𝐿
]20 𝑚𝐿}×

1

0.142𝑔
  

𝐴𝑐𝑖𝑑 𝐷𝑒𝑛𝑠𝑖𝑡𝑦=2.113
𝑚𝑚𝑜𝑙

𝑔
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Appendix B: Catalyst Characterisation – SEM & Surface Analysis 

 

Table B-1: SEM Images of CSCG and SCSCG80 with Different Magnification. 

Sample 

Catalyst 

Magnification 

300X 500X 700X 

CSCG 

   

SCSCG80 
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Table B-2: SEM Images of SCSCG120 and SCSCG160 with Different Magnification. 

Sample 

Catalyst 

Magnification 

300X 500X 700X 

SCSCG120 

   

SCSCG160 
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Table B-3: SEM Images of SCSCG200 and SCSCG240 with Different Magnification. 

Sample 

Catalyst 

Magnification 

300X 500X 700X 

SCSCG200 

   

SCSCG240 
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Figure B-1: IUPAC Classification of Isotherms. 

 

 

Figure B-2: IUPAC Classification of Hysteresis Loops.
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Appendix C: Catalyst Characterisation – EDAX 

 

 

Figure  C-1: EDX Result of Raw Spent Coffee Ground at Different 

Locations. 
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Figure C-2: EDX Results of CSCG at Different Locations. 
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Figure C-3:EDX Results of SCSCG80 at Different Locations. 
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Figure C-4: EDX Results of SCSCG120 at Different Locations. 
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Figure C-5: EDX Results of SCSCG160 at Different Locations. 
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Figure C-6: EDX Results of SCSCG200 at Different Locations. 
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Figure C-7: EDX Results of SCSCG240 at Different Locations. 
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Appendix D: GC Reports – Methyl Oleate Calibration Curve 

 

 

Figure D-1: GC Results of 5 g/L Methyl Oleate. 

 

 

Figure D-2: GC Results of 10 g/L Methyl Oleate. 

 

 

Figure D-3: GC Results of 20 g/L Methyl Oleate. 

 

 

Figure D-4: GC Results of 30 g/L Methyl Oleate. 
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Figure D-5: GC Results of 40 g/L Methyl Oleate. 

 

 

Figure D-6: GC Results of 50 g/L Methyl Oleate. 

 

Table D-1: Data Needed for Calibration Curve of Methyl Oleate. 

Concentration 

of Methyl 

Oleate (g/L) 

Peak Area 

Methyl Oleate 

(MO) 

Internal 

Standard (IS) 
MO/IS 

5 1358.17334 1336.41638 1.01628 

10 2645.46802 1401.66833 1.88737 

20 6125.75439 1286.24072 4.76253 

30 8407.95703 1393.83777 6.03224 

40 1.11349e+04 1391.61084 7.98996 

50 1.43609e+04 1306.08484 10.99538 
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Figure D-7: Calibration Curve of Methyl Oleate for GC Analysis. 

 

From the calibration curve, the response factor of methyl oleate is 0.2117. 
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Appendix E: Characterisation of Catalyst Activated by ZnCl2 

 

 

Figure E-1: EDX Results of Catalyst Activated by ZnCl2 and Sulfonated at 

160 ℃.
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Figure E-2: Summary of BET Report of Carbonised Carbon, which was 

Impregnated in ZnCl2. 

 

 

Figure E-3: Summary of BET Report of Catalyst, which was Impregnated in 

ZnCl2 and Sulfonated at 160 ℃. 
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Appendix F: GC Reports – Effect of Catalyst Loading on Biodiesel Yield 

 

 

Figure F-1: GC Reports of Product from Esterification with 4 wt.% Catalyst. 

 

 

Figure F-2: GC Reports of Product from Esterification with 8 wt.% Catalyst. 

 

 

Figure F-3: GC Reports of Product from Esterification with 12 wt.% Catalyst. 
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Figure F-4: GC Reports of Product from Esterification with 16 wt.% Catalyst. 

 

 

Figure F-5: GC Reports of Product from Esterification with 20 wt.% Catalyst. 

 

Table F-1: Data Needed for Calculation of Methyl Oleate Concentration and 

Yield. 

Catalyst 

Loading 

(wt.%) 

Peak Area 

MO/IS 

Concentration 

of MO 

(g/L) 

Yield 

(%) 

Methyl 

Oleate 

(MO) 

Internal 

Standard 

(IS) 

4 11216.2 1352.9583 8.2901 39.1598 73.33 

8 18273.6 1377.3369 13.2673 62.6705 78.24 

12 18687.8 1326.4126 14.0890 66.5516 83.09 

16 18690.4 1339.9846 13.9482 65.8867 82.25 

20 15517.5 1343.0447 11.5540 54.5771 68.14 
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SAMPLE CALCULATION 

Taking esterification with 12 wt.% as an example, 

From the calibration curve, the line equation derived is 𝑦=0.2117𝑥, where 𝑦 

is the MO/IS while 𝑥 is the concentration of methyl oleate. Therefore, by 

substituting the 𝑦 value, 

 

14.0890=0.2117𝑥 

𝑥=
14.0890

0.2117
=66.5516 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 𝑜𝑙𝑒𝑎𝑡𝑒=66.5516 𝑔/𝐿 

 

Then, the yield can be calculated accordingly. While preparing the sample for 

GC analysis, the sample was evaporated until 20 mL was left. Besides, the 

density and purity of the oleic acid used are 0.89 g/mL and 90 %, respectively.  

 

𝐷𝐹=
𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
 

𝐷𝐹=
1000 𝜇𝐿

100 𝜇𝐿
=10  

 

𝑌𝑖𝑒𝑙𝑑 (%)=
𝐶𝑀𝑂×𝐷𝐹×𝑉𝑠

𝑉𝑂𝐶×𝐷𝑂𝐶
×100%  

 𝑌𝑖𝑒𝑙𝑑 (%)= 
66.5516

𝑔

𝐿
×10×0.02 𝐿

20 𝑚𝐿 ×0.89
𝑔

𝑚𝐿
×0.9
×100% 

𝑌𝑖𝑒𝑙𝑑 (%)=83.09% 
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Appendix G: GC Reports – Effect of Methanol-to-Oleic Acid Molar Ratio 

(MOAMR) on Biodiesel Yield 

 

 

Figure G-1: GC Reports of Product from Esterification with 4:1 MOAMR. 

 

 

Figure G-2: GC Reports of Product from Esterification with 8:1 MOAMR. 

 

 

Figure G-3: GC Reports of Product from Esterification with 12:1 MOAMR. 
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Figure G-4: GC Reports of Product from Esterification with 16:1 MOAMR. 

 

 

Figure G-5: GC Reports of Product from Esterification with 20:1 MOAMR. 

 

Table G-1: Data Needed for Calculation of Methyl Oleate Concentration and 

Yield. 

Methanol-

to-Oleic 

Acid 

Molar 

Ratio 

Peak Area 

MO/IS 

Concentration 

of MO 

(g/L) 

Yield 

(%) 

Methyl 

Oleate 

(MO) 

Internal 

Standard 

(IS) 

4:1 4471.74 1227.4253 3.6432 17.2092 21.48 

8:1 15849.1 1380.5221 11.4805 54.2301 67.70 

12:1 18687.8 1326.4126 14.0890 66.5516 83.09 

16:1 21553.1 1315.6924 16.3816 77.3810 96.61 

20:1 19977.4 1377.1666 14.5062 68.5223 85.55 
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SAMPLE CALCULATION 

Taking esterification with 16:1 as an example, 

From the calibration curve, the line equation derived is 𝑦=0.2117𝑥, where 𝑦 

is the MO/IS while 𝑥 is the concentration of methyl oleate. Therefore, by 

substituting the 𝑦 value, 

 

16.3816=0.2117𝑥 

𝑥=
16.3816

0.2117
=77.3810 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 𝑜𝑙𝑒𝑎𝑡𝑒=77.3810 𝑔/𝐿 

 

Then, the yield can be calculated accordingly. While preparing the sample for 

GC analysis, the sample was evaporated until 20 mL was left. Besides, the 

density and purity of the oleic acid used are 0.89 g/mL and 90 %, respectively.  

 

𝐷𝐹=
𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
 

𝐷𝐹=
1000 𝜇𝐿

100 𝜇𝐿
=10  

 

𝑌𝑖𝑒𝑙𝑑 (%)=
𝐶𝑀𝑂×𝐷𝐹×𝑉𝑠

𝑉𝑂𝐶×𝐷𝑂𝐶
×100%  

 𝑌𝑖𝑒𝑙𝑑 (%)= 
77.38106

𝑔

𝐿
×10×0.02 𝐿

20 𝑚𝐿 ×0.89
𝑔

𝑚𝐿
×0.9

×100% 

𝑌𝑖𝑒𝑙𝑑 (%)=96.61 % 
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Appendix H: Acid Value & Conversion of Oleic Acid and Product 

 

Table H-1: Acid Value and Conversion of Esterification Product with Different Catalyst Loading. 

Catalyst Loading 

(wt.%) 

Weight of Sample (g) 
Volume of KOH Used 

(mL) 
Acid Value (g KOH/g) Conversion (%) 

1 2 1 2 1 2 1 2 Average 

4 1.020 1.196 15.2 17.6 0.0836 0.0826 59.12 59.61 59.27 

8 1.133 1.013 12.3 11.4 0.0609 0.0631 70.22 69.14 69.68 

12 1.199 1.283 4.8 5.2 0.0225 0.0227 89.00 88.90 88.95 

16 1.004 1.105 7.5 8.3 0.0419 0.0421 79.51 79.41 79.46 

20 1.113 1.033 9.9 9.2 0.0499 0.0499 75.59 75.59 75.59 
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Table H-2: Acid Value and Conversion of Esterification Product with Different Methanol-to-Oleic Acid Molar Ratio. 

Methanol-to-Oleic 

Acid Molar Ratio 

Weight of Sample (g) 
Volume of KOH Used 

(mL) 
Acid Value (g KOH/g) Conversion (%) 

1 2 1 2 1 2 1 2 Average 

4:1 1.023 1.064 26 28 0.1426 0.1476 30.27 27.80 29.04 

8:1 1.032 1.130 16.2 18.3 0.0881 0.0909 56.92 55.55 56.24 

12:1 1.199 1.283 4.8 5.2 0.0225 0.0227 89.00 88.90 88.95 

16:1 1.185 1.175 4.1 3.8 0.0194 0.0181 90.51 91.15 90.83 

20:1 1.022 1.128 7.8 8.7 0.0428 0.0433 79.07 78.83 78.95 
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SAMPLE CALCULATION 

Taking esterification with 16:1 as an example,  

 

𝐴𝑉𝑏𝑑=
𝑀𝑊𝐾𝑂𝐻×𝐶𝐾𝑂𝐻×(𝑉1−𝑉0)

𝑚𝑏𝑑
 

 

𝐴𝑉𝑂𝐶=
56.1056

𝑔 𝐾𝑂𝐻

𝑚𝑜𝑙
×0.1

𝑚𝑜𝑙

𝐿
×0.0041 𝐿

1.185 𝑔
=0.0194 𝑔 𝐾𝑂𝐻/𝑔 

 

Given that the acid value of oleic acid, 0.2045 g KOH/g, is determined via the 

same method, 

 

𝐹𝐹𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)=
𝐴𝑉𝑂𝐶−𝐴𝑉𝑏𝑑
𝐴𝑉𝑂𝐶

×100% 

 

𝐹𝐹𝐴 𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 (%)=
0.2045−0.0194

0.2045
×100%=90.51% 
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Appendix I: Reusability Study 

 

 

Figure I-1: GC Reports of Product from Esterification at Identified Optimum 

Conditions (1st Run). 

 

 

Figure I-2: GC Reports of  Product from Esterification using Catalysts from the 

1st Run at Identified Optimum Conditions (2nd Run). 
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Figure I-3: GC Reports of Product from Esterification using Catalysts from the 

2nd Run at Identified Optimum Conditions (3rd Run). 

 

Table I-1: Data Needed for Calculation of Methyl Oleate Concentration and 

Yield. 

Run 

Peak Area 

MO/IS 

Concentration 

of MO 

(g/L) 

Yield 

(%) 

Methyl 

Oleate 

(MO) 

Internal 

Standard 

(IS) 

1st Run 22788.3 1348.3261 16.9012 79.8355 99.67 

2nd Run 15922.9 1436.0020 11.0884 52.3777 65.39 

3rd Run 8319.7744 1298.9492 6.4050 30.2551 26.82 
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SAMPLE CALCULATION 

Taking esterification with 1st run as an example, 

From the calibration curve, the line equation derived is 𝑦=0.2117𝑥, where 𝑦 

is the MO/IS while 𝑥 is the concentration of methyl oleate. Therefore, by 

substituting the 𝑦 value, 

 

16.9012=0.2117𝑥 

𝑥=
16.9012

0.2117
=79.8355 

𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝑚𝑒𝑡ℎ𝑦𝑙 𝑜𝑙𝑒𝑎𝑡𝑒=79.8355 𝑔/𝐿 

 

Then, the yield can be calculated accordingly. While preparing the sample for 

GC analysis, the sample was evaporated until 20 mL was left. Besides, the 

density and purity of the oleic acid used are 0.89 g/mL and 90 %, respectively.  

 

𝐷𝐹=
𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑎𝑓𝑡𝑒𝑟 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛

𝑆𝑎𝑚𝑝𝑙𝑒 𝑣𝑜𝑙𝑢𝑚𝑒 𝑏𝑒𝑓𝑜𝑟𝑒 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛
 

𝐷𝐹=
1000 𝜇𝐿

100 𝜇𝐿
=10  

 

𝑌𝑖𝑒𝑙𝑑 (%)=
𝐶𝑀𝑂×𝐷𝐹×𝑉𝑠

𝑉𝑂𝐶×𝐷𝑂𝐶
×100%  

 𝑌𝑖𝑒𝑙𝑑 (%)= 
79.8355

𝑔

𝐿
×10×0.02 𝐿

20 𝑚𝐿 ×0.89
𝑔

𝑚𝐿
×0.9
×100% 

𝑌𝑖𝑒𝑙𝑑 (%)=99.67 % 
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Appendix J: Gallery 

 

 

Figure J-1: Spent Coffee Ground Collected from the Coffee Shop Before 

Drying. 

 

 

Figure J-2: Dry the Spent Coffee Ground after Washing it with Water. 

 

 

Figure J-3: Sieve the Spent Coffe Ground using Sieve with 600 m Mesh Size. 
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Figure J-4: Impregnation of Spent Coffee Ground in H3PO4. 

 

 

Figure J-5: Filtration using Vacuum Pump.  

 

 

Figure J-6: Oven-Drying. 
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Figure J-7: Carbonisation in a Programmable Furnace. 

 

 

Figure J-8: Further Grinding of Activated Carbon using Sieve with 300 m 

Mesh Size. 

 

 

Figure J-9: Sulfonation of Activated Carbon in Concentrated Sulfuric Acid. 
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Figure J-10: Apparatus Set-up for Esterification. 

 

 

Figure J-11: Apparatus Set-up for Titration to Determine Acid Density of 

Synthesised Catalyst and Acid Value of Esterification Product. 
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Figure J-12: Synthesised Catalyst at Different Sulfonation Temperatures. 

 

 

 

Figure J-13: Sample of Biodiesel Production from Esterification of Oleic Acid 

and Methanol. 


