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ABSTRACT 

Identifying and developing heterogeneous catalysts capable of mild-cracking used cooking oil 

(UCO) into hydrogenation-derived renewable diesel (HDRD) or green diesel production has posed 

a considerable challenge to commercialization of this fuel type in the energy sector. HDRD has 

received wide acceptance as alternative renewable energy that guarantees a pollutant-free 

environment, sustainability, renewability, and possesses a high degree of compatibility with 

compression ignition (CI) engine with little or no retrofitting needed. This research focuses on the 

feasibility of locally sourced UCO and catalysts for hydrogenation into green diesel. The objectives 

of this research are to produce a biofuel for CI engine using biowaste catalyst and UCO as a 

feedstock. Various studies have highlighted the benefit of UCO as a feedstock for biofuel production. 

UCO was collected from takeaway outlets. The samples were prepared by the in-situ hybridization 

method, heated on an electric heater fitted with a magnetic stirrer kept at 110 ⁰C and agitating speed 

of 50 rpm. The novel approach of in-situ hybridization of waste cooking oil was investigated. The 

outcome of the investigation showed that hybridization of the samples caused an increase in iodine 

value from 80.4 cg/g to 100.2 cg/g, affected kinematic viscosity, saponification value, and density, 

but did not affect cetane number, higher heating value, and acid value. The results are evidence that 

hybridization is a viable technique for improving the quality of existing feedstock and creating high-

quality feedstock for the production of HDRD. Bio-based thermal power plant fly ash (BBTPPFS) 

was sourced locally from an ESKOM power plant in South Africa, pulverized, and developed into a 

fine powder, while SiO2, Al2O3, and CaO were procured from a commercial supplier. The samples 

were reinforced in various proportions and subjected to thermogravimetric analysis (TGA), Fourier-

transform infrared spectroscopy (FTIR), Brunauer-Emmett-Teller (BET), Scanning Electron 

Microscopy (SEM), and X-ray diffraction (XRD) characterization processes. The results revealed 

that SiO2 reinforced with BBTPPFS showed adequate properties that render it viable as a potential 

low-cost green catalyst for hydrogenation and capable of mild cracking to achieve a green diesel 

range C15-C18. The properties of locally sourced catalyst and feedstock were evaluated; experimental 

results revealed that the BET surface area, pore-volume, and micropore volume of fly ash reinforced 

with SIO2 showed high catalytic viability because of its capability to withstand temperatures up to 

950 °C. Also, the addition of SIO2 to BBTPPFS showed a significant percentage increment in quartz, 

calcite, and mullite. This property is further evidence of its viability as a potential local catalyst for 

hydrogenation. HDRD were produced from hydro-processed used cooking oil using a locally sourced 

fly ash catalyst. The properties of HDRD were measured according to the ASTM standards and 

compared with green diesel. In terms of fuel quality, engine performance, and emission outcome, 

HDRD showed high yield and exhibited excellent fuel properties. The results from the engine test 
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and combustion performance in a diesel engine are compatible with results from a CI engine, and 

meet acceptable performance and emission standards.   
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CHAPTER 1: INTRODUCTION 

 

 Introduction 

 

The global aggregate energy consumption across the globe was 6 x 1020 J in 2020. About 24 %, 35 %, 

and 29 % of primary energy is derived from natural gas, coal, and crude oil respectively, while 5 % 

and 7 % is derived from renewable sources and nuclear energy respectively [1]. This implies that 

fossil-based fuel has the highest share (88 %) of global energy consumption. A projected increase in 

the world's energy demand by more than 55 % by 2030 (compared to 2020 consumption) is reported 

by the International Energy Agency (IEA), and an adequate plan to meet this growing demand in a 

sustainable manner is imperative [2]. Massive combustion of conventional petrol-based fuel causes 

environmental pollution and has shifted research efforts toward exploring alternative fuel 

technologies. In particular, green diesel, which displays similar but superior properties to biodiesel 

and petroleum diesel, is technically and economically feasible, and sustainable at a lower cost (when 

environmental costs are factored into the cost computation), and can be used as a drop-in fuel [3]. 

The increased application of diesel engines in transportation, electricity generation, ships, 

locomotives, etc., also supports the development of alternative fuels to improve their performance 

and mitigate the harmful effect of their emissions. 

 

 
Figure 1.1: Global fuel consumption in selected continents 
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The growing concern about greenhouse gases (GHGs) and the resulting global warming exacerbated 

by the release of carbon dioxide (CO2) from burning fossil-based fuels may limit their use in the 

future. In addition, a shortage of oil and gas, and perhaps of coal, may be experienced. Figure 1.1 

shows energy consumption and the corresponding emissions in some selected countries. The 

increasing demand for energy for various applications driven by population growth, socio-economic 

development, and sustained industrialization across the globe has led to increased consumption of 

fossil-based fuels. Transportation accounts for a large portion of that consumption. The 

transportation sector generates the largest share of greenhouse gas emissions, primarily from the 

burning of fossil fuels. Over 90 % of the energy used for transportation is petroleum-based [4]. 

Conventional fossil resources are not sustainable due to their non-renewability, depletion rate, and 

environment protection regulation [5]. The global oil consumption is projected to attain 239 quads 

in the year 2030, 60 % of which will be used for transportation while 40 % will be used for other 

applications [6]. The rapid growth in the transportation and industrial sector and the consequent 

increase in demand for conventional oil have also promoted the depletion of global reserves. Global 

oil consumption has witnessed a steady increase over the past two decades. 

 

As of 2019, worldwide oil consumption has reached approximately 98.27 million barrels per day [7]. 

This has a damaging effect on the environment as a result of CO2 emissions. With the increase of 

GHG in the biosphere, environmental problems such as global warming and climate change are 

emerging. There is a need to explore biofuel's potential to mitigate the above problems and be utilized 

as an alternative, clean, sustainable, and renewable sources of energy compatible with compression 

ignition (CI) engines without modification [8, 9]. Hydrogenation-derived renewable diesel (HDRD) 

has evolved as the only technically feasible alternative fuel for transportation due to its excellent 

low-temperature properties, and cetane number (CN). Hence, green diesel can be utilized as a drop-

in fuel in CI diesel engines. HDRD is a reliable renewable energy that has the potential to solve 

environmental and economic problems as well as improve the standard of living in South Africa. 

Table 1.1 shows a comparison of other alternative renewable transportation fuels and HDRD. From 

the table it is evident that HDRD has suitable properties of net-zero carbon emission, excellent 

oxidation stability, and high cetane number compared to other biofuels. Catalysts and feedstock for 

hydrogenation can be locally sourced. Hence, commercialization of HDRD production is possible 

across the globe, and in South Africa, considering the abundant and sustainable UCO and biowaste 

resources. In addition, the introduction of hydrogen pressure into a reactor during hydrogenation 

serves the purpose of complete removal of oxygen. The biodiesel production process requires a lot 

of water which renders it more stressful on natural resources and has the potential for water wastage. 

The constituent of water in the biodiesel product has a significant effect on the storage and 
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transportation of the product. HDRD possesses a superior advantage over other alternative and 

renewable transportation fuels. 

 
Table 1.1: Comparative properties of green diesel fuel with selected alternative biofuel 

 HDRD FAME PBD ETHANOL 
Properties Zero-oxygen content.  

Excellent oxidation 
stability. 
Net-zero carbon. 
High cetane number. 

Oxygen content up to 11 
percent. 
Very poor oxidation 
stability.  
Coking and trumpet 
formation. 
Carbon deposits. 
Oil ring sticking. 
Thickening and gelling of 
the lubricating oils. 
Low cetane number. 

No oxygen is 
present in the 
fuel. 
poor oxidation 
stability. 
Low cetane 
number. 

Oxygen is present 
in the fuel. 
Poor storage 
stability. 

Production 
process 

Hydro-processing, 
 
Pyrolysis 

Tran-esterification. 
Water wastage.  
The reaction of a fat or 
oil with an alcohol in the 
presence of catalyst to 
forms esters and 
glycerol. 

Fractional 
distillation of 
crude oil. 

Biorefinery 

Feedstock / 
catalyst 

Used cooking oil. 
Heterogeneous 
catalyst / biowaste 
catalyst. Hydrogen 
pressure 

Vegetable oil / animal 
fat.  
Methanol as catalyst. 

Crude oil. Corn kernel / 
wheat kernel. 
Vegetable oil 

Availability/
cost of 
feedstock 

Abundant.  
Very cheap. 

Available and expensive. Very 
expensive. 

Compete with 
food security. 

Emission Net-zero carbon Net-zero carbon  Carbon 
emission 

Net-carbon  

 

HDRD can be produced from any type of bio-based renewable feedstock. The triglycerides and fatty 

acids in vegetable oil feedstock point to their potential for sustainable biofuel production [10]. Due 

to the high viscosity (about 11 to 17 times higher than diesel fuel) and low volatility of vegetable 

oils, these do not burn completely, hence form deposits in the fuel injectors of diesel engines. For 

this reason, vegetable oils do not support direct application in CI engines [11]. Agricultural industries 

have been a significant source of edible oils for the production of biofuel [12]. Continual harvest of 

vegetable oils for biofuel production is practically unsustainable due to the food versus fuel dispute 

it has triggered [13]. 

 

Moreover, large spaces for farming activities are essential for cultivation, planting, and harvesting, 

and the threat of greenhouse gas emissions is a challenge. A feasible option to overcome these 
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challenges is to adopt UCO as a feedstock and a catalyst for HDRD production. According to the 

United Nations, the current world population of 7.9 billion is expected to reach 8.5 billion by 2030, 

9.7 billion in 2050, and 11.2 billion in 2100 [14]. Africa's population is projected to reach 1.71 billion 

by 2030, with 53.5 % of the people living in cities [15, 16]. The demographic trend of South Africa's 

population will increase from 60 million in 2021 to 65 million in 2030 [17]. This trend is a clear 

indication of the massive generation of UCO. Apart from the availability and sustainability of UCO, 

it serves as a waste management method. It is also a potential feedstock for hydro-processing into 

HDRD. 

 

 Statement of problem 

 

The need to improve CI engine performance and reduce tailpipe emissions requires strategies to 

replace finite fossil-derived ultra-low sulphur diesel (ULSD) with a green alternative that can provide 

a low cost and sustainable fuel source. The imperative of this quest is amplified by the ubiquity of 

the CI engine as the main platform for the global transportation of goods and prime mover of 

infrastructural solutions.  

 

Internal combustion engines (ICEs) in the form of passenger vehicles, off-road machines, earth 

moving equipment, agricultural machinery, etc., are the main application in power generation, 

construction, and farming sectors. About 92 million automobiles were produced globally in 2019 

compared to about 62 million cars produced in 2009 [18]. Pollutants (compounds of carbon, nitrogen, 

sulfur, halogenated, etc., and other organic compounds such as hydrocarbons, polycyclic aromatic 

hydrocarbons, carboxy, etc.) are generated as effluents of fuel combustion in ICEs. These pollutants 

have harmful effects on public health, air quality, increase the atmospheric temperature, and are 

precursors for climate change as a result of the emission of GHGs [19]. Carbon dioxide (CO2) 

comprises 74 % of GHG emissions, with about 89 % of CO2 emissions emanating from fossil fuel 

consumption in lighting and heating, transportation, and industrialization. Methane, nitrous oxide, 

and fluorinated gases make up 17.3 %, 6.2 %, and 2.1 % of total GHG emissions from agriculture, 

waste treatment, gas flaring, and industrial processes, respectively [20]. Currently, biodiesel 

produced by transesterification of vegetable oils and methanol is widely used as a renewable fuel 

[21]. However, biodiesel usually suffers from disadvantageous fuel properties such as poor cold flow 

properties. Another disadvantage is the high oxidative instability of biodiesel which makes it difficult 

to store, pump and transport over significant distances without challenges, thus rendering it 

incompatible with current fuel distribution infrastructure. Furthermore, biodiesel has limited 

compatibility with CI engines, low chemical stability, and low caloric value due to the involved 
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oxygen atoms and the unsaturated C−C bonds, as compared with current fossil fuels [22]. The only 

feasible option is to explore local resources to produce HDRD, which offer net-zero carbon emissions 

that meet world standards. 

 

Catalyst selection is a critical step because this has a significant effect on hydrocarbon quality and 

yield. The waste generated from Eskom's coal-fired power plants in South Africa is known as bio-

based thermal power plant fly ash (BBTPPFS). This waste is a local catalyst available in tons, is 

sustainable, and can be harnessed as a resource for HDRD production. About 120 million tons of 

coal is consumed per annum, with almost 90 % of coal fly ash (CFA) being produced in the 

generation process, posing an environmental management problem. Policymakers in South Africa 

can address these challenges by harnessing this waste as a local catalyst for biofuel production to 

meet the increasing consumption of energy demands, reduce GHGs, and increase efficiency. The 

adaptation of this catalyst will make the value chain completely green. Apart from the availability 

and sustainability of the CFA, it is locally sourced, which solves the disposal problem. The 

application of hybridized UCO and a locally sourced catalyst capable of mild cracking to obtain 

green diesel is a novel area in the energy sector that South Africa needs to explore. This biomass 

waste and UCO will enhance the commercialization of green diesel production and address the 

unemployment problem. D Singh et al. used BBTPF as a heterogeneous catalyst for hydroprocessing 

of UCO. The results showed a higher yield of biofuel products with a lower acidity index over 

commercial catalysts [23]. The Neste Oil Co. developed a technology to produce over 800 000 tons 

of high-quality green diesel from vegetable oils per annum [24]. The product showed a high cetane 

number within 84 and 99, a low cloud point value of 30 °C, and storage stability for extended periods. 

These properties strengthen the performance of transportation engines [25]. 

 

 Research motivation 

 

The production of HDRD or green diesel fuel for CI engines using UCO and heterogeneous catalyst 

derived from waste is highly desirable from the point of view of sustainability. Scholars have 

highlighted some shortcomings of the use of biodiesel. Apart from the problems associated with the 

oxides of nitrogen (NOX) emissions [26, 27], reduction in engine power [28, 29], cold flow at 

temperatures between 30- and 50-degrees, oxidation stability, cost of production [30, 31], and water 

contamination are also significant problems for biodiesel users. This has shown clearly that numerous 

challenges inhibit the utilization of biodiesel as a fuel for CI engines and transportation fuel. These 

challenges have prompted the search for alternative energy sources to meet the growing population's 
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need for energy and mitigate the GHG emission in South Africa cities. Figure 1.2 shows the hydro-

processing technique flow chart to obtain green diesel.  

 

The cost of production hampers the commercialization of HDRD. In this research work, local 

feedstock and catalysts were used to produce HDRD. UCO was collected from canteens, restaurants, 

and takeaway outlets and processed to remove all the foreign particles. The oils were mixed in 

proportions to obtain a novel feedstock. 

 

A locally sourced BBTPPFS heterogeneous catalyst from Eskom was collected and pulverized; this 

biowaste was used for hydro-processing applications. The addition of three support catalysts was 

experimentally studied to select the one that was able to mild crack UCO to obtain green diesel fuel. 

 

 
Figure 1.2: Simplified process flow diagram of Eco fining. HEFA, hydro processed ester, and fatty acid 

[32] 
 
Table 1.2: Properties of HDRD properties compare with other biofuels 

Properties HDRD FAME PBD 

Bio content 100 100 0 

Oxidation stability Excellent Poor Baseline 

Oxygen contents 0 11 0 

Sulfur content, ppm < 1 < 1 < 10 

Specific gravity 0.780 0.880 0.840 

CFPP additive 
sensitivity 

Excellent Baseline Baseline 

Cloud points °C Up to -20 -5 to +15 -5 

Heating value / Kg 44 38 43 

Energy/weight 44/0.78 38/0.88 43/0.84 

Cetane number 70-90 50-65 51 

NOx -10% +10% Baseline 

Distillation °C 200-350 340-355 200-350 
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Table 1.2 shows the HDRD properties in comparison with petroleum based-diesel and fatty acid 

methyl ester (FAME) biodiesel. From the table it is evident that HDRD possesses a higher heating 

value and excellent cloud point compared with FAME. A high cetane number up to 90 and low NOx 

emission make HDRD an outstanding biofuel. In addition, the low density of HDRD and zero percent 

weight of oxygen makes it an excellent blending component. HDRD has superior properties over 

FAME that makes it function perfectly well in the CI engine. Unlike conventional oxygenated 

biodiesel (FAME), whose addition to mineral diesel fuel must not exceed 7 % to aid the performance 

of CI engine, HDRD can be blended with mineral diesel up to the limit allowed by the commercial 

specification on density. 

 

Compared with FAME, the benefit derived from HDRD is that HDRD has the same characteristic as 

fossil diesel in terms of storage stability, operational and loading facilities, without any problems 

related to distillation, cooling, precipitation, and filter plugging. Another advantage of HDRD is that 

this fuel has more energy per kilogram than any other fuel type which means that a vehicle loaded 

with HDRD fuel can cover a longer distance with the same quantity of HDRD as any other fuel. The 

motivation for this study is that local feedstock and catalysts are viable, cheap, available, and 

sustainable in the South African context. In addition, the challenge of environmental pollution, 

transportation fuel scarcity, storage, and poor engine performance can be substantially addressed. 
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 Research questions 

 

In order to ascertain the viability of green diesel application in the energy mix for the local economy, 

the relevant research questions are listed as follows: 

● In the investigation of potential feedstock for renewable biofuels, what are the research gaps 

identified in the use of UCO waste material for catalyst and adaptable technology that could 

be deployed for green diesel application? 

● To what extent can hybridization of UCO promote its application in conversion to HDRD?  

● How can local and cheap catalyst sources be identified, and what are the key parameters that 

will yield the best outcome for HDRD production in South Africa? 

● How can the properties of fly ash obtained from waste bio-sources be consolidated to 

produce a catalyst with mild cracking hydro-processing capability for use in HDRD 

technology? 

● What are the technical and economic cases in the local economy for the use of UCO as a 

feedstock for HDRD application in the medium to long term within the transport segment 

energy mix? 

 

 Aim and objectives of the study 

 

The aim of this research was to investigate the feasibility of hydro-processing UCO into HDRD using 

local feedstock and catalysts. 

 

The objectives of the study were to: 

● Investigate the viability of hybridization of UCO to improve the quality as well as to obtain 

optimal engine performance of the HDRD produced via local feedstock and catalyst 

substitutes.  

● Evaluate the effect of hybridization on the density, kinematic viscosity, saponification value, 

iodine value, acid value, cetane index, and higher heating value of the feedstock and 

determine their effect on the hydro-processing process.  

● Identify the right type of catalyst/support structure obtained from waste bio source with the 

capacity to convert UCO into HDRD.  

● Reinforcement, development and characterization of CFA with SiO2 to determine the 

optimum catalyst and to improve its catalytic performance in HDRD production. 

● Study the properties of a green catalyst for mild cracking a locally sourced feedstock into the 

hydrocarbon range. 
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● Evaluate the properties and engine performance of HDRD obtained from hydro-processed 

UCO using fly ash as a catalyst. 

 

 Research significance 

 

The search for renewable energy sources to replace petroleum-based oil is on the increase across the 

globe. In most countries, particularly in South Africa, production of renewable fuel is a challenge 

despite the serious problem associated with fossil fuel utilization. Biodiesel applications have 

limitations in relation to the CI engine and the environment. Alternative sources of biofuel that 

possess superior properties to fossil fuel is the only reliable solution to transportation and 

environmental pollution challenges. In South Africa, Eskom's coal-fired power stations consume ± 

120-million tons of coal and produce 25-million tons of fly ash per annum. There is a huge amount 

of waste being generated from Eskom plants. The utilization of fly ash is currently not well marketed 

in South Africa; and there is a need for all relevant stakeholders to work together to educate the 

public on the opportunities presented by fly ash. UCO as a feedstock is readily available, does not 

conflict with food security, does not contend with land, is affordable, and is a means for 

environmental sanitation. 

 

This research study arose from the need to target a concise investigation into the feasibilities of 

hydro-processing locally sourced UCO and pulverized CFA collected from Eskom as a catalyst to 

obtain green diesel that possesses properties that comply with global standards. The application of 

these local resources to process and obtain HDRD will assist in the commercialization of green diesel 

production in South Africa.  

 

 Expected research outcome 

• Catalytic hydrogenation of UCO into HDRD using BBTPPFS heterogeneous catalyst for 

compression ignition (CI) engine. 

• Formulation of the optimal mixing ratio between silica oxide and BBTPPFS catalyst with 

potential to mild crack UCO into HDRD. 

• To know the effect of hybridization of feedstock on the production of HDRD.  

• Hybridization of feedstocks provides a straightforward, easy, cost-effective, and innovative 

way of adjusting and enhancing the physicochemical properties, thermal, and spectroscopic 

behavior of feedstock with a view to enhancing their suitability for HDRD productions. 

• The research will unveil the elemental composition of thermal, spectroscopic behavior of 

coal fly ash as a potential catalyst candidate for the conversion of UCO into green diesel. 
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 Research scope and delineation 

 

The scope of this research is restricted to the feasibility of hydro-processing of UCO into HDRD 

from local feedstock and catalysts. The techniques and tools used were limited by availability, cost, 

and time constraints. 

 

 Main contributions to the field of study 

 

Fossil fuel and biodiesel have several challenges that limit their application in CI engines and 

stationary engines related to their emission characteristics. This research explores conversion of UCO 

and a pulverized BBTPPFS heterogeneous catalyst using hydro-processing technologies to produce 

HDRD that possess properties that are superior to conventional petrol-based oil. A novel feedstock 

was developed by in-situ hybridization and characterized, using a catalyst derived from waste 

generated from an Eskom power plant. The properties of the green diesel product were tested and 

confirmed to meet the EN 15940, EN590 and ASTM D975 standards, engine performance, and 

emission requirements. It was established that the feedstock is abundant, local catalyst generated 

from Eskom power plant are available and sustainable. The green value chain of resources will 

support commercialization of HDRD production.   

 

 Thesis chapter layout 

 

The thesis chapters are arranged in sequential manner in response to the research questions posed in 

this study. The thesis is a compilation of research outcomes of publications as stipulated by the 

University of KwaZulu-Natal for the awarding of this Ph.D degree. There is a total of seven 

publications which occupy seven chapters.  

 

Chapter 1 introduced the background to the study, identified the challenges, highlighted the research 

motivation, the research questions, and pointed out the aims and objectives of the study. The 

significance of the study was also stated.  

 

Chapter 2 reviews various vegetable oils as a potential feedstock for hydrogenation, catalyst 

selection, different hydro-processing techniques for HDRD production, emission characteristics such 

as CO, CO2, NOx, UHC, PM, and smoke intensity of a CI engine fueled with green diesel are 

compared with a CI engine fueled with fossil fuel. International standard specifications of HDRD by 
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ASTM and EN 14214, ASTM D6751, Worldwide Fuel Charter, and various countries were 

discussed.  

 

Chapter 3 presents physiochemical, thermal, and spectroscopic analysis of the in-situ hybridization 

of waste palm oil.  

 

Chapter 4 provides details of an innovation to develop a novel feedstock for hydro-processing of 

UCO to obtain HDRD.  

 

Chapter 5 presents details of the development and characterization of CFA reinforced with silica 

oxide for catalytic green diesel production. Pulverized CFA was collected from Eskom, silica (SiO2) 

was procured from a commercial supplier, and addition of SiO2 to CFA heterogenous catalyst was 

developed and characterized by SEM, TEM, XRD, TGA, and FTIR. The outcome of the investigation 

showed that CFA reinforced with SiO2 has the potential to convert UCO to a HDRD.  

 

Chapter 6 presents a study to evaluate optimal catalyst properties for hydro-processing of UCO into 

green diesel. It describes the properties that are required to mild-crack a UCO to obtain green diesel 

range of C15-C18.  

 

Chapter 7 presents engine performance, emission and physico-chemical evaluation of waste plastic 

fuel: A case for fly ash catalyst pyrolysis 

 

Chapter 8 presents hydro-processing of hybridized Used cooking oil into Hydrogenation Derived 

Renewable Diesel using local heterogeneous catalysts. 

 

Chapter 9 presents the conclusions of the study, and recommendation for future work. 
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PhD Thesis Flowchart 

Chapter 1
Introduction 

Chapter 2
Literature review 

Chapter 5
Development and Characterization of Cold Fly Ash 

Reinforced with Silica Oxide for Catalytic Green 
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Chapter 6
A Study to Evaluate Optimal Catalyst Properties for 
Hydroprocessing of Used Cooking Oil into Green 

Diesel 

Chapter 3
Physicochemical, Thermal and Spectroscopic 

analysis of In-situ Hydrogenation of Waste Palm Oil 

Chapter 4
Development of Novel Feedstock for 

Hydroprocessing of Used Cooking Oil to obtain 
HDRD

Chapter 7
Engine Performance, Emission and Physico-
Chemical Evaluation of Waste Plastic Fuel 
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Hydroprocessing of Hybridized Used Cooking Oil 
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Local Heterogeneous Catalyst 
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CHAPTER 2: POTENTIAL OF USED COOKING OIL AS 

FEEDSTOCK FOR HYDROPROCESSING INTO HYDROGENATION 

DERIVED RENEWABLE DIESEL: A REVIEW      

 

This chapter critically reviews the potential of various feedstocks, catalyst selection, application of 

hydrogen and different production techniques to obtain a HDRD that is compatible with a CI engine 

without engine modification. 

what was lacking in previous work and how to fill the gap 

• Reinforcement of 40g silical oxide to 60g BBTPPFS capable of mild-cracking UCO to 

produce hydrocarbon in green diesel range has not been explored. 

• Hydrogenation of UCO to obtain green diesel of high quality without modification is still 

lacking. 
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CHAPTER 3: HYBRIDIZATION OF WASTE COOKING OIL: AN 

INNOVATIVE TECHNIQUE FOR IMPROVED FEEDSTOCK      

 

This chapter investigates the effect of hybridization of waste cooking oil to obtain a novel feedstock 

for HDRD production. 
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CHAPTER 4:  IN-SITU HYBRIDIZATION OF WASTE PALM OIL: A 

PHYSICOCHEMICAL, THERMAL, AND SPECTROSCOPIC 

ANALYSIS      

 

This chapter examine the physiochemical properties of UCO and thermal behaviour of the new 

feedstock developed. This feedstock was subjected to density, kinematic viscosity, acid value, iodine 

value, and saponification value testing to analyse their potentials for hydro-processing into HDRD.  
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CHAPTER 5: DEVELOPMENT AND CHARACTERIZATION OF 

COAL FLY ASH REINFORCED WITH SILICA OXIDE FOR 

CATALYTIC GREEN DIESEL PRODUCTION      

 

This chapter focuses on the development and characterization of coal fly ash reinforced with silica 

oxide for catalytic green diesel production. In the article, coal fly ash collected from Eskom was 

pulverized, and reinforced to produce a silica oxide catalyst. This was characterized by TGA, DSC, 

TEM, FTIR. The analysis was done to investigate the suitability of the waste received from Eskom 

combined with silica oxide as a potential catalyst for HDRD production. 

Importance of TGA; 

• TGA help to analyse the reaction of a feedstock and biowaste catalyst at elevated 

temperature. 

• The outcome of TGA result depend on the selectivity of the catalyst for hydrogenation. 

• Analysis of the sample can be done at different temperature. 
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CHAPTER 6: A STUDY TO EVALUATE OPTIMAL CATALYST 

PROPERTIES SOURCED FROM BIOWASTE FOR 

HYDROPROCESSING OF USED COOKING OIL INTO GREEN 

DIESEL      

 

This article reported on the evaluation of optimal catalyst properties sourced from waste for hydro-

processing of UCO into green diesel. The addition of calcinated BBTPPFS with calcium oxide, 

alumina, and silica oxide catalysts in varying proportions was characterized by using BET, TGA, 

DSC, SEM, FT-IR, TEM to study the optimal properties of the sample to investigate which one 

possesses the potential to mild crack UCO into the green diesel range. Commercialization of HDRD 

is possible with the discovery of locally sourced feedstock and catalyst for hydrogenation.  
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CHAPTER 7: ENGINE PERFORMANCE, EMISSION AND 

PHYSICO-CHEMICAL EVALUATION OF WASTE PLASTIC FUEL: 

A CASE FOR FLY ASH CATALYST PYROLYSIS      

 

This chapter evaluated the engine performance, emissions, and physico-chemical properties of a 

waste plastic fuel (WPF) using catalytic pyrolysis and tested it in a compression ignition (CI) engine 

test rig. Results obtained revealed the viability of the fly ash with a competitive oil yield, engine test 

showed good performance as well as pollution emission well within acceptable limits.  
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CHAPTER 8: HYDRO-PROCESSING OF HYBRIDIZED 

USED COOKING OIL INTO HYDROGENATION 

DERIVED RENEWABLE DIESEL USING LOCAL 

HETEROGENEOUS CATALYSTS 

      

 

This article is the seventh contribution to the thesis. The chapter describes the hydro-processing of 

hybridized UCO into hydrogenation derived renewable diesel using local heterogeneous catalysts. 
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Abstract 

The search for alternate energy to proffer permanent solutions to energy crises, fossil fuel depletion, 

and global warming is a pressing task. In this study, hybridized used cooking oil (UCO) was explored 

for hydro-processing using locally sourced biowaste catalyst. Coal fly ash (CFA) heterogeneous 

catalyst was reinforced with silica oxide (SiO2) in a ratio of 60 wt% to 40 wt%. A Parr reactor was 

used for hydroprocessing and conversion of UCO into hydrogenation-derived renewable diesel 

(HDRD). The value of the micropore volume of -0.0001 cm3 increased to 0.0014 cm3, and the 

external surface area increased from 0.8611 m2/g to 41.2571 m2/g, total surface area 0.5928 m2/g to 

45.2771 m2/g and pore volume of 0.0053 cm3/g increased to 0.1564 cm3/g. These properties showed 

the potential that this biowaste catalyst has for hydrogenation. The fractionated bio-crude product 

known as HDRD exhibits excellent fuel properties compared to conventional biodiesel. The total 

yield of bio-crude product was 67.15 %. The product's high yield and the excellent quality confirmed 

the potential of CFA reinforced with SiO2 as a suitable catalyst. Hydrogenation of UCO into HDRD 

using an optimal catalyst is a promising technology that will enhance commercialization, and the 

product is carbon-free, environmentally friendly, and economically viable.  

 

Key word: CFA, hybridized UCO, hydro-processing, HDRD, fuel properties. 

 

1.1 Introduction  

 

Increasing concerns for environmental pollution, global warming, persistent depletion of fossil fuel 

reservoirs, and greenhouse gas emissions have reinvigorated the search for alternative renewable 

energy sources. The ever-increasing applications of petrol-based fuel in compression ignition (CI) 

engines for transportation, domestic, commercial, and industrial purposes, and the increasing 

population, modernization, and industrialization, have become a challenge in meeting increased 

energy needs [1]. The CI engine exhaust emissions of fossil fuel account for a significant percentage 

of harmful environmental pollution and consequently increase global warming [2]. These challenges 
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have engaged governments and scholars to search for a suitable alternative to mitigate petroleum 

products' adverse effects on the environment. 

 

Green diesel, otherwise known as hydrogenation-derived renewable diesel (HDRD), is a biofuel that 

possesses a superior property to biodiesel and fossil diesel. The conversion of vegetable oil to HDRD 

by hydro-processing technology removes oxygen from feedstock and replaces it with hydrogen to 

produce a fuel similar to petroleum-based fuels. This can be can achieved by placing a feedstock in 

a reactor in the range of 300 °C to 400 °C and pressure in the range of 5 MPa to 80 MPa with a 

heterogeneous catalyst in the presence of hydrogen gas for conversion of UCO into green diesel 

(mainly n-C17H36 and n-C18H38) [1, 3-5]. Biofuel can be processed using a desulphurization unit of 

an existing refinery with essential modification of the catalyst bed [6]. Organic liquid fraction (OLF) 

is obtained when the bio-crude is distilled at different temperature ranges, producing a product of 

paraffin hydrocarbon with high cetane number and high calorific value. The fuels also have sulfur of 

less than 5 mg/kg, aromatic content of less than 1 %, nitrogen of less than 2 mg/kg, and of olefin less 

than 0.2 % double bond-containing components [7, 8]. 

 

The catalyst used in this study enhances the reaction mechanism rate for the conversion of 

triglycerides to produce a high yield of hydrocarbon products [9]. This can be achieved by removing 

heteroatom elements, breaking down the unsaturated molecules, and removing the acidity 

component. Micro-physical properties and ionic composition of a catalyst affect the activity for the 

production of HDRD. CFA reinforced with silica oxide (SiO2) was used as a biowaste catalyst for 

the hydroprocessing of triglycerides [10]. 

 

Singh et al. [4] reported that CaO wt% is the highest elemental composition of BBTPPFS catalyst. 

Therefore, adding more CaO (wt%) in BBTPFS catalysts could increase biofuel yield and its 

properties. SiO2 is close to CaO in the elemental composition of BBTPPFS with a weight percentage 

of 27.87 %. SiO2 can be found in red mud, fly ash and eggshell, etc. SiO2, also known as silica, is a 

natural compound made of two of the earth's most abundant materials: silicon (Si) and oxygen (O2). 

SiO2 is often known in the form of quartz. The earth's crust is 59 % silica. Therefore, this novel study 

investigated the viability of hydro-processing a hybridized used cooking oil (UCO) by mixing SiO2 

and freshly prepared CFA catalysts appropriately to explore the effect on the yield and characteristics 

of biofuel and their corresponding organic liquid fractions products. This was analyzed as per 

America Society of Testing and Materials (ASTM) standards. Locally sourced catalyst and UCO 

resources can be adopted for the production of HDRD which was the motivation of this study. This 

work aimed to produce biofuel at the range of C15-C18 using hybridized UCO and locally sourced 
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catalyst generated from biowaste. At the same time, the scope was limited to reinforcing SiO2 into 

BBTPPFS to obtain a higher yield of HDRD products. There is an increase in the global consumption 

rate of vegetable oil in recent times, as shown in Fig. 8.1. This is evidence of the availability and 

sustainability of UCO worldwide [17]. 

 

 
Figure 1: Global consumption by oil type 2015/16 to 2019/2020 

  

1.2 Used cooking oils as potential feedstock 

The global consumption rate of vegetable oil shows a tremendous increase in population, as shown 

in Fig.1 and Table 1 [11]. Fig.8.1 is evidence of cost-benefit, availability, and sustainability of used 

cooking oil across the globe.  

 
Table 1 Annual consumption of vegetable oil per capita 

Country Population/ 2020 Consumption(kt) Per capita Food 

United State 331,002651 14684  39.2 

North America 368,869,647 48824 25.8 

Canada 37,742,154 1108 26.5 

Europe 447,710,000 27617 23.2 

Australia 25,694,393 641 26.6 

Japan 126,027,215 2236 17.6 

South Africa 59,308,690 1246 22.0 

Malaysia 32,365,999 4335 24.8 

Turkey 85,384,918 2283 30.0 

Russia 146,007,035 3387 23.7 

Mexico 130,501,308 2382 19.5 
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Brazil 214,310,027 6718 21.1 

Iran 83,992,949 1739 19.6 

Indian 1,380,004,385 18885 14.8 

Pakistan 220,892,340 3762 19.8 

Saudi Arabian 34,813,871 512 17.6 

Indonesia 273,523,651 10814 19.6 

Argentina 45,195,774 3384 29.7 

Algeria 43,851,044 62015.7 21.8 

Korea 51,269,185 1073 21.8 

Egypt 102,334,404 1832 22.1 

 

Canada consumes about 1108 metric kilotons of UCO per annum [12, 13]. About 600 000 tons of 

UCO have been collected annually from bakeries, takeaway outlets, and restaurants in South African 

[14, 15]. The UCO for this research was sourced from fast-food outlets used for frying chicken, 

sausage, fish and chips in South Africa.  

 

The available source and sustainable feedstock for the production of HDRD are UCO [16]. The huge 

generation of UCO across the globe as reflected in Table 1shows the sustainability of UCO resources 

when harnessed for production and commercialization of biofuel. 

 

1.3 Biowaste catalyst 

 

Scholars have studied several chemical agents to search for a catalyst that has the potential to produce 

biodiesel and HDRD. They found that the conversion of triglycerides depends on selecting a suitable 

catalyst with adequate properties to support the production. Choice of catalyst plays a vital role in 

the production processes and the hydrocarbon product during hydrogenation. The choice also 

depends on the reaction conditions, i.e., temperature, pressure, liquid space hour velocity (LSHV), 

and H2 to oil (volume/volume) ratio [17].  

 

Marker et al. [18] researched various catalysts that can drain out the water and produce hydrogen. 

Applications of commercial catalysts have been unsuccessful, setting back the commercialization of 

green diesel. Munoz et al. [19], Abdullah et al. [20], and Yao et al. [21] reported the utilization of a 

catalyst derived from biomass-based waste for hydrocarbon production, while Stanković et al. [22] 

and Yusup et al. [23] suggested various methods, technologies, benefits, and shortcomings of bio-

based fly ash catalysts for biofuel production. Apart from the abundant and sustainable CFA 

resources in South Africa, the choice of biowaste catalyst for this research was to make the value 

chain green in the process of production and commercialization of biofuel. This research aimed to 
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investigate hydro-processed hybridized UCO being used to produce HDRD using two reinforced 

heterogeneous catalysts. This research also examined the effect of the addition of SiO2 to CFA 

catalysts in varying proportions on the hydro-processing of hybridized UCO and explore the yield of 

biofuel and its properties. The motivation for this study was the use of biowaste and hybridized UCO 

to produce green diesel. The product was characterized as per ASTM/EN standards and compared 

with FAME and petrol-based diesel. 

 

1.4 Materials and method 

 

The UCO samples were collected from three takeaway outlets in Durban, South Africa, just before 

disposal. The profile and chemical composition of UCO was analyzed, as shown in Table 1. All the 

chemicals used were of analytical reagent grade. The catalyst (SiO2) was procured from Lichro 

Chemical and Laboratory Supplies, Durban, South Africa, and CFA sourced from Eskom Lethado 

Power Station and calcinated in a muffle furnace at 550 °C for two hours. The chemical analysis of 

both the catalysts was conducted by means of the Brunauer-Emmett-Teller (BET) and spectroscopic 

analysis (FTIR).  

 

1.4.1 BET Analysis 

 

Three samples consisting of 0.25 g were subjected to a Micromeritics ASAP 2460 device for analysis. 

Water was removed from the samples at a temperature of 100 °C under nitrogen gas for 24 hours. 

Then, the samples were allowed to cool gradually in a vacuum to make their surfaces and pores area 

open for close analysis. The surface area of the sample (m2/g) was determined by the BET method, 

while the pore size, total pore volume (cm3/g at standard temperature and pressure and average pore 

radius (Å), were estimated using the Barrett-Joyner-Halenda (BJH) method. BET analyses outcome 

showed that the pore volume, surface area, and pore area possess the potential green catalyst to mild 

crack UCO into green diesel. 

 

1.4.2 Spectroscopic analysis 

 

A spectroscope (Perkin Elmer Co., USA, model 15.011) was used for the analysis of the samples to 

obtain the absorption spectrum, the dilution and homogenization of the samples. Discs with 12.7 mm 

ID and ≈ 1 mm thickness were subjected to 10 tons manual pressure for less than 60 s. 
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The measurement of spectra between 300 cm-1 to 4000 cm-1 was conducted and recorded on a 

spectrometer of model system 1000 FTIR with a resolution of 2.0 cm-1. The utilization of CFA as a 

potential's catalyst for conversion of UCO into HDRD depended on the location and peaks from the 

sample spectra. 

 

1.4.3 Production of biofuel 

 

The production of HDRD from UCO was carried out in a Parr reactor using a mechanical stirrer, 

pressure and temperature sensor heating unit, and reading gauge. For this research work, a biowaste 

catalyst was used after being pulverized and calcinated in a muffle furnace at 550 °C. The novelty of 

this work was the in-situ hybridization of the feedstock, which comprised waste sunflower oil for 

frying chicken (WSFC), waste palm oil for frying fish and chips (WPOFC), and waste palm oil for 

frying sausages and chips (WPOSC). Hybridization of feedstocks provides a straightforward, easy, 

cost-effective, and innovative way of adjusting and enhancing the physicochemical properties, 

thermal and spectroscopic behaviour of feedstock to enhance the suitability for biofuel production. 

The UCO sourced from the restaurants were blended in different proportions to obtain a new 

feedstock and analysed for properties determination with the results showing good properties for 

hydrogenation. The hybridization of UCO was described in the authors' previous work [24]. The 

hydrocarbon production was performed by introducing 300 ml of oil at 380 °C, with 5 MPa initial 

hydrogen pressure and 90 min reaction time using the catalysts. The reaction parameters were kept 

constant for every reaction. The reactor was allowed to cool at room temperature after the completion 

of the hydro-processing. After this, the total product is collected. The ratio of the mass of bio-crude 

obtained after separating the catalyst particle to the volume of feedstock introduced to the reactor 

was estimated.   

 

The conversion of the products can be calculated by applying Equation 1: 

Conversion (%) =𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.)−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.)
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.)

*100   [25]    (1) 

where Feed(temp) and Product(temp) are the weight percent of the feed and product, respectively, 

which depend on the boiling point of the temperature.  

 

Applying Equation 2 to determine the diesel selectivity: 

Diesel selectivity (%) = 𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(∆𝑡𝑡𝑡𝑡𝑡𝑡𝑝𝑝.)−𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(∆𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.)
𝐹𝐹𝐹𝐹𝐹𝐹𝐹𝐹(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.)−𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃𝑃(𝑡𝑡𝑡𝑡𝑡𝑡𝑡𝑡.)

*100  [25]    (2) 
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Table 2: Catalyst effect on biofuel yield 

Parameter
catalysts 

The 
volume of 
used 
cooking oil 
(%) 

Temp 
(°C) 

H2 pressure 
(MPa) 

Catalyst 
(g) 

Catalyst 
(wt%) 

Time 
(min) 

Water 
loss 
(%vol) 

Total 
yield 
(%vol) 

SiO2 300 380 5 40 3 90 8.15 67.85 

CFA 300 380 5 40 3 90 7.20 67.20 

SiO2 + CFA 300 380 5 40 3 90 6.85 69.15 
 

Table 2 shows the effect of catalysts on the oil yield and the parameter for hydro processing of UCO. 

From the table it is evident that the highest product of 69.15% volume was obtained from SiO2+CFAE 

catalyst, while 67.85% and 67.20 % yield were obtained from SiO2, and CFAE respectively. The char 

of 9 % volume and 8 % volume of the feedstock volume charged into the reactor was obtained.   

 

1.5 Result and discussion 

 

The hydroprocessing of hybridized UCO using heterogenous catalyst (CFA reinforced SiO2) under 

the reaction conditions provided in Fig. 3 was done. The authors’ previous work reported the 

preparation protocol and the in-situ hybridization of UCO using this novel feedstock [26]. The 

optimal catalyst, feedstock, and operating parameters were employed in a Parr reactor to produce 

HDRD. The chemical transformation that occurs during hydro processing in a reactor is 

hydrocracking, hydrodeoxygenation, isomerization, etc. The bio-crude is separated and fractionated 

to obtain green diesel while the residual fuel is collected at the base of the fractional distillation 

column. The water and gas formed during the hydrocracking process is evidence that oxygen is 

removed from the feedstock in the form of H2O, CO2 and CO. 

 

Decarbonylation:  C17H35COOH+H2                 C17H36+H2O + CO   (3)   

Decarboxylation: C17H35COOH                         C17H36+CO2   (4)      

Reduction:  C17H35COOH + 3H2              C18H38+2H2O   (5)      

 

Table 1 shows the physicochemical properties of UCO. The fatty acid composition makes them 

viable as a potential feedstock for the production of green diesel. The available source and sustainable 

feedstock for the production of HDRD are UCO [18]. This feedstock was adopted for this research 

work. 
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Table 3: The physicochemical properties of used cooking oil 

Properties  Experimental 
Value 

Standard 
Value 

Method used Reference 

Acid value (Mg of KOH/gm)  2.48 3.0 max AOCS Cd3d-63 [27] 

Density @ 20 °C (Kg/m3)  919.7 923 ASTM D4052 [28] 

Iodine value (cg/g)  51.5 100max AOCS Cd 1-25 [27] 

pH value  6.52 7.00 AOCS [28] 

Kinematics viscosity @ 40 °C  36.14 43.52 ASTM D446-12 [28] 

Saponification value KOH/g  196.2 195max AOCS Cd3d-63 [27] 

Heating value MJ/kg  41.12  IS:1359-1959  

      

Fatty acid composition of UCO      

Palmitic acid C16H32O2 0.36    

Oleic acid C18H34O2 0.8    

Stearic acid C18H36O2 _    

Caprylic acid C8H16O2 _    

Linoleic acid C18H32O2 0.10    

Myristic acid C14H28O2 _    

Linoleic acid C18H30O2 4.5    

Elemental composition (wt%)      

Carbon  75    

Hydrogen  12,4    

Nitrogen 
Oxygen 

 0.20 
10.90 

   

 

1.5.1 BET analysis  

 

The BET analysis on surface area, pore volume, pore size, external surface area, average pore radius, 

micropore volume, and micropore area are presented Table 4. The catalyst such as surface area, pore 

volume external surface area, and pore volume of CFA were significantly increased when SiO2 with 

the values of 0.5928 m2/g, 0.8611 m2/g, and 0.00532 cm3/g is added to CFA with the value 35.1102 

m2/g, 32.5753 m2/g, and 0.1281 cm3/g respectively. The addition of SiO2 caused a reduction in the 

value of average pore radius in the mesoporous range as a result of impurities. Hence, there was an 

increase in the micropore volume of SiO2 from -0.000121 cm3/g to 0.000582 cm3/g. Vargas et al. 

[29] reported a value of 9.028 m2/g BET surface area and pore volume of 0.01055 cm3/g for biomass 

fly ash.  

 

The incremental changes that occur in pore volume caused the formation of new mesopores, which 

can also be formed by the addition of a support catalyst [30]. The BET surface area is a principal 
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physical property that controls the catalytic activity of a solid particle; higher surface area of a 

catalyst enhances better catalytic activity and more interactions with the reactants [31]. The high 

BET surface area of 35.1102 m2/g will support the addition of SiO2 and CFA’s catalytic activity for 

the adsorption and desorption of triglycerides, glycerine, and HDRD [32]. The results of the BET 

analysis of the catalyst samples has shown their acceptability as a low-cost and biowaste catalyst for 

hydrogenation of UCO into HDRD [33]. 

 

The addition of SiO2 to CFA was used for the hydroprocessing of hybridized UCO because of the 

excellent thermal, spectroscopic, composition, and surface area of the coal fly ash. In addition, the 

biowaste catalyst possesses the hydrocracking potential to convert the feedstock to HDRD range of 

C15-C18.  

 
Table 4: Properties of heterogenous catalyst for hydrogenation 

Properties  Unit SiO2 CFA SiO2+CFA 

BET surface area  m2/g 0.5928  317.2404 35.1102 

External surface area m2/g 0.8611 279.1870 32.5753 

Average pore radius Å 179.68 70.72 72.98 

Pore volume cm3/g 0.005326 1.1218  0.1281 

Micropore volume cm3/g -0.000121  0.014827 0.000852 

Micropore area m²/g *NR 38.0533 2.5349  

 

1.5.2 FTIR analysis 

 

The FTIR spectra analysis of the biofuel obtained from the SiO2 + CFA catalyst is shown in Fig. 3. 

The FTIR result shows that the trend of the wavelength bands was associated with the chemical 

functions of biofuel such as hydrocarbon and organic fatty acids from the thermo-chemical 

conversion of hybridized UCO into HDRD. The wavelength peak at 1010 cm-1 and 1420 cm-1 have 

the potentials of the peculiar bands for tested hydrogenation catalysts [34]. FTIR spectroscopy 

confirms C11-C18 as the significant hydrocarbon, and other compounds like organic acids, aldehydes, 

and ketones are oxygenated compounds. Apart from this, the density (carbon, oxygen, hydrogen, 

sulfur, and nitrogen) contained in the biofuel reveals the high value of hydrogen and oxygen, which 

support UCO conversion into hydrocarbons [4]. 
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Figure 2: FTIR Spectra of biofuel 

 

The optimal catalyst, feedstock, and operating parameters were employed to produce HDRD in a 

reactor. The chemical transformation that occurs during hydroprocessing in a reactor is 

hydrocracking, hydrodeoxygenation, isomerization, etc. The bio-crude is separated and fractionated 

to obtain green diesel while the residual fuel is collected at the base of the fractional distillation 

column. 

 

HDRD containing the highest percentage yield of 67.15 % volume, and volume the residue is 

32.85 % obtained and separated from the remaining hydrocarbon. The optimal yield outcome 

obtained can be traced to the high percentage of silica oxide in CFA that enhanced the catalytic 

activities for the production of HDRD.  
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Feedstock                       Hydrogen

Reactor

Separator

Residual fuels

                    Gas cylinder

Distillation column

               HDRD

 
Figure 3: Flow chart of conversion of UCO to HDRD 

 
Table 5: Properties of biofuel produced by catalyst 

  SiO2+CFA  SiO2 CFA 

Properties Unit value value value 

Density g/mL 0.832 0.848 0.845 

Kinematic 
viscosity 

cSt 3.50-7 2.9 2.8 

Cetane number - >90 85 87 

Flash point 0C 85 81 83 

Net heating value MJ/kg 54 45 47 

Water %vol. 0 0 0 

Calorific value MJ/Kg 49.85 46.23 45.73 

 

The HDRD produced had superior properties. The biofuel was free from impurities such as sulfur, 

oxygen, nitrogen, and water compared with conventional petroleum-based fuel. The net heating value 

of petrol diesel is 42-43 MJ/kg while HDRD is 54 MJ/Kg. The cetane number of the biofuel was 

greater than 90, while petroleum diesel is less than 60. In addition, the oxidation stability of HDRD 

is very high and has a nominal acid value. The flashpoint of HDRD is significantly higher, and the 

paraffinic compound of HDRD withstands long-term storage as biodiesel. Other contaminants like 

sulfur, nitrogen and aromatic contents are very low compared to petrol-diesel. The cold flow 

properties of HDRD are better when compared with petrol-based diesel [4]. 
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1.6 Conclusion  

 

HDRD obtained by hydro-processed hybridized UCO using biowaste as a catalyst is feasible. In this 

research, the novel feedstock and the mixture of SiO2 with CFA used to produce HDRD resulted in 

a high yield of 69.15 % volume with excellent properties. Apart from the benefit of low cost, eco-

friendly, availability, and sustainability of the production resources, it is highly effective for 

hydrogenation of UCO. The FTIR analysis of the biofuel revealed that the main product found in the 

optimal yield of HDRD are paraffinic hydrocarbons. Furthermore, HDRD has excellent properties 

(high cetane number, oxidation stability, kinematic viscosity, zero water, and zero acid value) 

compared to biodiesel and petroleum-based diesel. The value chain of locally sourced catalyst and 

UCO, which form the significant resources for the production of HDRD, will enhance the 

commercialization of HDRD. 
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CHAPTER 9: CONCLUSION AND RECOMMENDATIONS FOR 

FUTURE WORK 

 

 Conclusion 

 

The rapid growth witnessed in socio-economic activities, industrialization, commercialization, and 

standard of living has driven the quest for an alternative and sustainable fuel to fossil fuel to power 

CI engines. In this study, the hydro-processing technologies for the production of HDRD have been 

developed. Utilization of feedstock and catalyst derived from waste has been explored for 

hydrogenation into HDRD. In this effort, experimental analysis of the product was performed for 

properties determination and prediction, engine performance and emission characteristic of a CI 

engine fueled by green diesel. The conclusions drawn from the thesis are stated below.  

● Hybridization of UCO feedstocks offers great potential in terms of physicochemical, 

thermal, and spectroscopic properties that confirm its suitability for conversion to HDRD. 

● In-situ hybridization has no significant effect on the acid value, cetane index, and HHV of 

the feedstock. However, the density, kinematic viscosity, and saponification value was found 

to reduce with hybridization, while the iodine value of the hybridized feedstock was found 

to be higher than the iodine value of the individual parent feedstock.  

● CFA is a waste generated from coal fired power plants. There is increased interest in the 

application of CFA as a green, eco-friendly, readily available, and low-cost heterogeneous 

catalyst as a replacement for expensive commercial catalysts. Addition of SiO2 to CFA 

improved the thermal, spectroscopy, composition, and surface area of the powder. This 

increased its potential as a viable catalyst for green diesel production. 

● The possibilities of conversion of waste to heterogeneous catalyst is established; BBTPPFS 

and support catalyst has the capability of mild-cracking UCO to obtain good green diesel 

yield.  

● South Africa can overcome the challenges of commercialization of biofuel production if 

feedstock and catalysts derived from waste are harnessed using hydrogenation technologies 

to obtain HDRD with superior properties. 

● The choice of locally sourced feedstock and heterogeneous catalyst for hydro-processing 

allows for sustainable, easy to use, and environmentally friendly production of HDRD. 

● The composition range of the green diesel is C15-C18 

● The biowaste and feedstock sourced locally will enhanced the commercialization of 

green diesel 
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 Recommendations for future work 

 

The demand for biofuel with superior properties, combustion efficiency, availability, and 

environmentally sustainability able to power CI engines is on the increase. The future challenges for 

the energy sector are to improve the quality of the product and find sustainable feedstocks with a 

lower carbon footprint. Hydrogenation requires more research to discover new technologies to treat 

waste and residues to obtain hydrogen, which will make the value chain completely green. While the 

potential of a local catalyst and UCO has been demonstrated, a critical study of the catalyst activity 

has to be undertaken.  

 

More investigation is required on lab-scale reactor experiments that adapt waste cooking oil and a 

local catalyst for optimal production of HDRD. In addition, the challenge of obtaining a cheap and 

reliable source of hydrogen, going forward, must be tackled before the potential of this option can 

be realised. 
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APPENDIX III: PHOTOGRAPHS 
 

 
Plate A: Oven for BBTPPFS, SiO2, CaO, and Al2O3 calcination 

 

 
Plate B: Weighing of catalysts 
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Plate C: Simultaneous thermal analyser 

 

 
Plate D: FT-IR spectrometer 
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Plate E: FEG-SEM 

 

 
Plate F: X-Ray diffractometer 
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Plate G: Micromeritics ASAP 2460 for Brunauer-Emmett-Teller (BET) analysis 




