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Abstract 

Biodiesel production must increase to meet demand. Use of cheap waste feedstocks such as used 

cooking oils (UCO) can avoid ñfood vs. fuelò competition. In this work, six novel nanocatalysts 

were developed based on unreported TiFeSi and ZnFeSi core-shell design. Functionalisation 

conditions were explored via three chlorosulfonic acid concentrations (0.1 M, 0.55 M, 1.0 M). 

TiFeSi series achieved more desirable thermal, chemical, morphological and structural properties 

compared to ZnFeSi series. 

STEM revealed core shell morphology, with 100-450 nm dense aggregates decorated with <100 

nm nanoparticles. Porosity was mesoporous with 3-4 nm ink bottle pores. BET specific surface 

areas of 72-82 m2/g for Ti series were achieved independent of acid concentration. Very low 6-13 

m2/g surface area for Zn series indicated ZnFeSi synthesis requires improvement. Crystalline 

phases of anatase TiO2 and hexagonal wurtzite ZnO was observed pre-functionalisation via XRD 

and SAED. Post acidification, Ti series crystallinity remained similar however new crystalline 

phases of Zn(OH)2 or sulfated ZnO were seen. Surface S-O and S=O species were confirmed via 

ATR-FTIR and XPS with bridged bidentate sulfate structure. Pyridine TPD indicated high 

Brønsted acidity with no notable Lewis acidity. Batch trials confirmed nanocatalysts were only 

esterification active under reasonable reaction conditions. 

Oleic acid as model FFA was explored using Design of Experiments modelling, with 0.1M-TiFeSi 

and 0.55M-TiFeSi showing highest activity. Optimal ~100% methyl oleate yield was obtained 

with 0.55M-TiFeSi after 6.75 hours, 60 °C, 3.19 wt% catalyst and 16:1 methanol to oleic acid. In 

a two-step pathway with 0.55M-TiFeSi and KOH, 15.8% and 30.6% increase in biodiesel yield 

was achieved with fresh/degraded UCO. Although sulfate leaching prevented reusability, TiFeSi 

nanocatalysts were demonstrated to successfully reduce FFA content and improve base catalyst 

performance. While inclusion of new chemical species may improve activity, TiFeSi results appear 

promising. Future studies should optimise synthesis route and two-step pathway. 

Keywords: 

UCO, Biodiesel, Nanocatalyst, Esterification, Sulfated Metal Oxide, Chlorosulfonic Acid, 

Characterisation, Design of Experiments, Optimisation, Two-Step  
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Chapter 1. Introduction 

1.1 Motivation for Biodiesel Technologies 

Society is increasingly becoming aware of the environmental harms caused from historical use of 

fossil fuels. Increasing concentrations of atmospheric greenhouse gases (GHG) such as CO2 has 

been consistently upheld in the scientific literature as a primary cause of anthropogenic (human-

driven) climate change [1-6]. Continuing with the current trajectory of CO2 release is predicted to 

pose grave risks to societal health and wellbeing [7-9]. Global efforts will be required to change 

course. Recent international treaties such as the Paris Agreement made good first steps to limit 

ñglobal average temperature to well below 2 °C above pre-industrial levelsò with further 

commitments attempting to ñlimit the temperature increase to 1.5 °C above pre-industrial levelsò 

[10]. However, it remains ultimately up to each signatory country as to how their nationally 

determined contributions (NDC) are to be reduced [11]. Figure 1.1 provides most recent data for 

UK GHG emissions by sector. 

 

 

Figure 1.1 - UK GHG Emissions by Sector from 1990-2022 [12] 
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Transportation accounted for 35.2% of UK GHG emissions from the period of 1990 until 2022. 

Approximately 31.4% of this could be attributed directly to road vehicles such as cars, vans, buses 

and heavy goods vehicles. It is clear therefore that decarbonisation of road transport should be a 

key priority for achieving UK nationally determined contribution to GHG emission. Globally, 

combustion of fuels within the transportation sector accounted for ~24% of global emissions from 

the period of 1971 to 2022, therefore road transportation is highly desirable to decarbonise [13]. 

Until recently however road transportation has been seen as a difficult sector to effectively 

decarbonise due to high energy demands and limited availability of low or zero emission 

technologies [14]. Despite global sales of electric vehicles (EV) increasing exponentially since 

2009 as illustrated in Figure 1.2a, issues such as infrastructure costs, availability of charging 

stations, battery performance and safety concerns still remain to be addressed [15-17]. 

Furthermore, electrical supply networks must be upgraded to meet charging demand and obtain 

sufficient electrical energy without further GHG emissions [18]. This may prove especially 

challenging in developing countries where electrical generation already struggles to satisfy 

demand, and where fuel combustion is the primary method of generating electricity [19-21]. 

International Energy Agency (IEA) predictions for how road transportation energy share may 

develop from 2022 to 2050 is presented in Figure 1.2b. While long-term energy share may become 

dominated by road vehicle electrification, in the short to medium term there remains a high 

dependency on fossil fuel internal combustion technologies. Fuel cell technologies involving green 

hydrogen production continue to develop, but may not be ready at the scale required until closer 

to 2050 [22]. It is here that biofuels hold most promise. 

 

Figure 1.2 - Global EV Sales (a) [23, 24], Predicted Road Transportation Energy Share (b) [25] 
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Biofuels can be defined as the combustion of plant or animal biomass for use as a fuel source. 

Biofuels have existed across the entirety of human existence, from the use of firewood for heating 

homes to the burning of lamp oils derived from plant and animal fats [26]. In theory, the amount 

of CO2 released during combustion of a biofuel is taken in during the growth of biological material 

and could hence be considered ñcarbon neutralò. In reality, a complete lifecycle assessment 

considering GHG emissions due to agriculture, transportation and processing indicates biofuels 

may reduce GHG emissions compared to fossil fuel depending on feedstock and production route 

[27]. Modern liquid biofuels suitable for road vehicle usage include bioethanol and biodiesel. 

Bioethanol utilises the fermentation of biological starches and lignocellulosic biomass to produce 

fuel grade alcohol [28]. Biodiesel is the main focus of this research work, and a simplified diagram 

of the production route is given in Figure 1.3. Naturally occurring triglycerides (TG), diglycerides 

(DG) and monoglycerides (MG) undergo transesterification reactions whilst free fatty acids (FFA) 

undergo esterification reaction to produce a mixture of fatty acid alkyl esters, glycerol and water 

byproducts [29, 30]. Use of methanol (MeOH) as preferred primary alcohol due to increased 

reactivity leads to formation of fatty acid methyl esters (FAME) [31, 32]. Biodiesel can be utilised 

as either a direct drop-in replacement of conventional diesel, denoted as B100 fuel, or as a 

percentage blend such as B10 or B20 depending on the engine capabilities [33]. Requirements of 

biodiesel properties for commercial sale in the UK and EU is covered under BS EN 14214 standard 

[34] as summarised in Table 1.1. While biodiesel may prove essential to the decarbonisation of 

road transportation, there remains many challenges that have yet to be suitably addressed to 

produce sufficient quantity at scale required. 

 

Figure 1.3 - Production Route for Biodiesel Synthesis [35] 
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Table 1.1 - Biodiesel Properties Specified in BS EN 14214 Standard [34] 

Property Units Range Test Method 

FAME Content wt% 96.5 EN 14103 

Density at 15 °C kg/m3 860-900 EN ISO 3675/12185, EN 12185 

Viscosity at 40 °C mm2/s 3.5-5.0 EN ISO 3104 / EN 14105 

Flashpoint °C >120 EN ISO 3679 

Cetane Number - >51 EN ISO 5165 

Water Content mg/kg <500 EN ISO 12937 

Sulfated Ash Content wt% <0.02 BS ISO 3987 

Sulfur Content mg/kg <10 EN ISO 20846/20884 

Phosphorus Content mg/kg <4 EN 14107 

Group I Metal Content mg/kg <12 EN 14108/14109/14538 

Group II Metal Content mg/kg <12 EN 14538 

Acid Value mgKOH/g 0.5 EN 14104 

Iodine Value gI2/100g <120 EN 14111 

Oxidation stability at 110 °C hr >8 EN 14112 

Methanol Content wt% <0.2 EN 14110 

Monoglyceride Content wt% <0.7 EN 14105 

Diglyceride Content wt% <0.2 EN 14105 

Triglyceride Content wt% <0.2 EN 14105 

Free Glycerine wt% <0.02 EN 14105/14106 

Total Glycerine wt% <0.25 EN 14105 

Linolenic Acid Methyl Ester wt% <12 EN 14103 

Polyunsaturated Methyl Ester wt% <1 EN 14103 

Total Contamination mg/kg <24 EN 12662 
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1.2 Challenges in Biodiesel Production 

One of the key issues currently limiting the commercial viability of biodiesel remains the sourcing 

of sufficient economically, environmentally and socially sustainable feedstocks in quantities 

required to meet market demands. As illustrated in Figure 1.4a, the IEA predicts a doubling in 

biodiesel energy demand from 2022 levels by 2030 [36]. Biomass has an inherent lag time from 

initial planting of agricultural crops or rearing of animals until eventual biodiesel production, so it 

is paramount that investment begins rapidly to mitigate feedstock scarcity. Unfortunately, as 

shown in Figure 1.4b the majority of biodiesel sources within the near future are predicted to be 

sourced from food crops such as sugars, maize, soybean, rapeseed and palm. These ñfirst 

generationò biodiesel feedstocks create a harmful ñfood versus fuelò competitive market that may 

lead to food scarcity and rising food prices [37]. To continue producing socially sustainable 

biodiesel, new feedstock sources must therefore be developed. An estimated 70% of biodiesel 

production costs can arise from feedstock acquisition so finding a feedstock that is economically 

viable remains a challenge [38, 39]. One example of a ñsecond generationò biodiesel feedstock 

that meets all three pillars of sustainability is waste products such as used cooking oil (UCO). 

Disposal of UCO via waste collection, sewage systems or direct dumping to local land is 

environmentally harmful and inefficient when recycling into biodiesel could create an 

advantageous circular economy [40-42]. Third and fourth generation biodiesels from algae and 

advanced genetic engineering processes are also currently under active development [43]. 

However, the urgent and pressing need to dramatically reduce GHG emissions has made UCO a 

highly desirable feedstock for current needs. 

 

Figure 1.4 - Predicted Global Biodiesel Demand (a) [36], 

Current Global Biodiesel Sources (b) [44] 
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Used cooking oil however is an impure feedstock that contains a high quantity of FFA impurities 

and moisture. Base catalysed transesterification has regularly been reported as more desirable than 

acid catalysed route due to improved reaction kinetics [45, 46], however FFA content is often 

recommended to be kept below < 2% in literature to avoid unwanted saponification reactions that 

lead to soap formation, loss of FAME yield and increased difficulties in biodiesel layer separation 

[47]. A two-step reaction scheme is therefore often utilised for impure feedstocks in modern 

biorefineries where acidic esterification reduces FFA loading followed by base catalysed 

transesterification of the cleaned up feedstock [48]. Catalysts are required to achieve high FAME 

yields at reasonable reaction pressures and temperatures by reducing the activation energy barrier, 

thereby enhancing reaction kinetics [49]. Since catalysts are not consumed during reaction, 

provided no deactivation occurs, it is possible to recover and reuse catalysts multiple times [50]. 

Homogeneous catalysts have high catalytic activity but often suffer from challenges to 

recyclability, while heterogeneous catalysts are more easily recycled at the cost of reduced activity 

[51]. Nanoscale materials could offer benefits of both catalyst types due to high specific surface 

area, pore structures and improved active site accessibility leading to desirable reactivity while 

remaining easily separable [52]. Challenges remain in nanocatalyst synthesis and design to ensure 

advantageous properties can be engineered at the nanoscale. Noncatalytic routes are also under 

development however these may be unsuitable to implement into existing biorefineries. Recent 

advances in the field of catalytic and non-catalytic biodiesel production are explored in Chapter 2. 

While biodiesel synthesis faces challenges from feedstock selection to effective design of suitable 

catalytic materials, the urgent need for biofuel is clear. Rapid scaleup of biodiesel production to 

meet predicted demand is set to play a key role in the societal shift away from fossil fuels and 

towards a lower carbon future. Biodiesel combustion has also been reported as cleaner burning 

than conventional fuels due to combustion producing lower levels of soot, sulfur oxides (SOx) and 

carbon monoxide as compared to fossil fuels [53, 54], although increased levels of nitrogen oxides 

(NOx) remains to be mitigated [55]. Ultimately, combustion of biodiesel blends or pure biodiesel 

in current road vehicles will lower GHG emissions and ensure global average temperature increase 

can remain below the 1.5 °C limit. In this research, a new design of nanocatalyst will be explored 

to test effectiveness of producing biodiesel from impure UCO in a two-step pathway.  
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1.3 Research Aims 

The title of this thesis clearly sets out the major themes of this research work: ñBiodiesel 

production from low quality feedstock using novel core-shell heterogeneous acid nanocatalystsò. 

A new range of novel nanocatalysts are to be developed in a production route inspired by a core-

shell design philosophy. Different catalytically active materials, oxides of titanium and zinc, will 

be functionalised with chlorosulfonic acid at varying concentration levels to create surface acidic 

sulfate sites. Structural, morphological, chemical, thermal and crystalline properties of each 

nanocatalyst will be investigated in detail post synthesis. The influence of both catalytically active 

metal oxide used and chlorosulfonic acid concentration upon these physical properties can then be 

explored to observe how the synthesis process may lead to varying catalytic desirability. Each 

novel nanocatalyst will then need be tested to investigate suitability for biodiesel production in 

esterification and transesterification pathways. After optimisation of the most influential reaction 

process conditions to maximise methyl oleate and FAME yields, the superior nanocatalyst can be 

identified and further explored to determine commercial applicability with UCO feedstocks over 

repeated reuses. Suggestions for how to improve the optimal nanocatalyst design further or 

proposed changes to the initial synthesis pathway will then hopefully provide opportunities for 

future research work. The overall research aims as discussed are summarised in Table 1.2 as six 

individual Research Questions (RQ) that need to be answered by the end of this work. 

Table 1.2 - Proposed Research Questions Under Investigation 

Number Topic of Investigation 

RQ1 

Can novel core-shell nanocatalyst designs be successfully synthesised based on the 

proposed synthesis route outlined in Chapter 3.2? 

RQ2 

What structural, morphological and chemical properties do the novel nanocatalysts possess 

when Ti or Zn oxide is used for catalytically active layer? 

RQ3 

How does chlorosulfonic acid concentration during functionalisation step influence the 

properties of the novel nanocatalysts? 

RQ4 

Can the novel nanocatalysts successfully convert high FFA% waste feedstocks such as 

UCO into biodiesel through transesterification and/or esterification pathways? 

RQ5 

Which novel nanocatalyst is most optimal for biodiesel production from impure feedstocks 

within the range of explored reaction conditions? 

RQ6 

Can the optimal novel nanocatalyst lead to an enhancement in FAME yield in a two-step 

pathway as compared to one step base transesterification over multiple reaction cycles? 
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1.4 Thesis Layout 

Summarised in Figure 1.5 is a flowchart of how the thesis is structured and where each research 

question is addressed. A brief description of each chapter will now follow. 

Chapter 1 focuses on the cultural significance of biodiesel production, particularly with regards 

to the use of impure feedstocks such as UCO, and the current challenges in developing suitable 

catalysts to handle the high levels of FFA and moisture present in such impure feedstocks. 

Chapter 2 presents a review of the recent literature in biodiesel production through catalytic and 

non-catalytic technologies. Particular attention is paid to the area of sulfated metal oxides, mixed 

metal oxides and the application of nanotechnology in catalyst development. 

Chapter 3 introduces the experimental and analytical methodologies applied during this research 

work. The chapter includes discussion of underlying theory, a detailed synthesis pathway of the 

novel nanocatalysts, creation of the design of experiment models and a list of key chemicals used. 

Chapter 4 explores the characterisation of each novel nanocatalyst produced to determine 

structural, morphological, thermal, chemical and crystalline nature. Results are used to determine 

if novel core-shell nanocatalysts have been successfully synthesised (RQ1), differences in 

properties between the Ti series and Zn series of nanocatalysts (RQ2) and how varying the 

chlorosulfonic acid concentration influences these properties (RQ3). 

Chapter 5 tests the esterification performance of each novel nanocatalyst in trial batch reactions 

using oleic acid as a model FFA impurity present in UCO. A design of experiments approach is 

used to determine how changing metal oxide and chlorosulfonic acid concentration impacted the 

esterification activity (RQ2, RQ3). Initial transesterification attempts and oleic acid reactions are 

used to determine if novel nanocatalysts exhibit an ability to convert FFA and UCO into biodiesel 

(RQ4). Finally, a comparison of batch trial results identifies the likely optimal nanocatalyst (RQ5). 
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Chapter 6 further develops the obtained design of experiments models to predict and 

experimentally confirm which novel nanocatalyst is most optimal for FFA esterification (RQ5). 

This is followed by kinetic and thermodynamic modelling of optimal nanocatalyst in oleic acid 

esterification. A study of UCO feedstock prior to reaction explores the extent of FFA formation 

over long term storage. Homogeneous base transesterification is optimised then tested in one step 

pathway to validate impact of FFA loading on reaction performance. Finally, two-step reactions 

are performed with UCO feedstocks to determine if optimal novel nanocatalyst improves biodiesel 

yield over the one step base route, including a study into recyclability and loss of activity (RQ6). 

Chapter 7 provides an overall summary of the results obtained throughout Chapters 4-6, linking 

back to the six research questions with a discussion of the final answers as indicated by this 

research. Demonstration of originality, how this research contributes new knowledge to the field 

and what the results indicate in the context of current literature is emphasised. The chapter closes 

with a critical review of the research project to highlight future research opportunities and provide 

recommendations for where new research is best focused. 

Chapter 8 provides a complete list of all literature cited throughout the thesis. 

 

Figure 1.5 - Overall Thesis Layout by Chapter and Research Questions 
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Chapter 2. Literature Review 

2.1 Biodiesel Production 

The two major reactions that occur during biodiesel production are transesterification and 

esterification. Used cooking oil is a complex mixture of many different fatty acid molecules of 

predominantly even numbered carbon chain lengths, typically reported to be between 12-22 

carbons long [56, 57]. Triglycerides, diglycerides and monoglycerides undergo transesterification 

pathway with an alcohol such as methanol to produce a mixture of Fatty Acid Methyl Esters 

(FAME) of which biodiesel is composed. Through storage or cooking processes glycerides will 

break down into Free Fatty Acids (FFA) which can be converted into FAME via esterification. 

Figure 2.1 summarises these reactions. Glycerol and water are also produced as byproducts. 

 

Figure 2.1 - Key Reactions for Biodiesel Production 

2.1.1 Acid Catalysed Route 

The simplified mechanism pathway of Brønsted and Lewis acidic transesterification is shown in 

Figure 2.2, where replacing R2 glyceride/glycerol terminal group with H will give the esterification 

pathway [58, 59]. Acidic route begins in steps I and II with formation of carbonyl intermediate via 

protonation or accepting electron density, facilitating nucleophilic attack via alcohol group. Proton 

rearrangement occurs in steps III and IV facilitated by Brønsted acid site or protonated alcohol 

leading to elimination of R2 group in step V. Catalyst is reformed in final step VI achieving a new 

ester structure where group R2 has been exchanged for group R3 from the alcohol. Here RA 

indicates either a Brønsted or Lewis acidic catalyst species. 
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Figure 2.2 - Acid Catalysed Transesterification and Esterification Mechanism 



 

 

14 

 

2.1.2 Base Catalysed Route 

A simplified mechanism pathway of Brønsted and Lewis base transesterification is provided in 

Figure 2.3 where again replacing R2 glyceride/glycerol terminal group with H gives the 

esterification pathway [60, 61]. Reaction initiates in step I by formation of alkoxide intermediate 

via deprotonation or electron pair donation by basic catalyst, facilitating nucleophilic attack from 

the alkoxide in step II. Reformation of the carbonyl group via electron density redistribution in 

step III leads to elimination of R2 group and formation of a new ester that has exchanged group R2 

with group R3 from alcohol reactant. In step IV the basic catalyst site is reformed by deprotonation. 

 

Figure 2.3 - Base Catalysed Transesterification and Esterification Mechanism 

2.1.3 Saponification Reaction 

Presence of water in base catalyst route can instead allow for nucleophilic attack via hydroxide as 

shown in step I of Figure 2.4 in a saponification reaction pathway [62]. Elimination of R2 group 

and deprotonation occurs in steps II and III similar to base route, however due to addition of 

hydroxide instead of alkoxide the end product cannot lead to ester reformation. Instead, a cationic 

carboxylic group is obtained which can react with Na+ or K+ ions to form a mixture of carboxylic 

salts, commonly referred to as soap. This undesirable side reaction is enhanced if FFA groups or 

large quantities of water are present and can both reduce FAME yield as well as deactivate a basic 

catalyst [63]. Pre-drying feedstock and acidic esterification can both help mitigate saponification. 
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Figure 2.4 - Saponification Mechanism via Base Route 

2.1.4 One Step and Two Step Approaches 

Biodiesel production typically occurs at industrial scale as illustrated in Figure 2.5 via one-step 

base transesterification for pure feedstocks, or via two step acidic esterification followed by base 

transesterification for impure feedstocks. It is desirable to transition away from homogeneous acid 

and bases to facilitate recycling of catalytic material multiple times. Although high reactivities are 

often reported in solid base catalysed transesterification throughout literature, when UCO 

feedstock is used, it is often pre-refined or pre-esterified with acid such as H2SO4 first to reduce 

moisture and FFA levels. The obtained optimised FAME yield and recyclability found in such 

studies should therefore be considered within the context of a wider two step synthesis procedure. 

Conversely, when high reactivities are reported in acid catalysed transesterification using realistic 

UCO feedstocks, the reaction time and temperature is typically beyond reasonable conditions 

suitable for industrial application. It would seem therefore more beneficial to work with the 

strengths of each catalyst design and allow the acidic esterification step to complement a base 

transesterification step. The technology readiness level of sulfated solid acid nanoscale catalysts 

is currently estimated to be between 3ï4. It is hoped that with renewed efforts to provide evidence 

that commercial viability is attainable, larger pilot scale studies may commence within the near 

future. Upcoming studies must focus on optimising both the esterification step to achieve 

maximum reduction in FFA content, as well as optimising the subsequent transesterification step. 

Catalyst synthesis routes must be scalable, reproducible and controllable to meet the challenge. 
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Figure 2.5 - Simplified Process Flow Diagram of Biodiesel Production 

Several studies have considered the overall two-step approach when developing new catalysts for 

biodiesel production. In 2009 Omar et al. [64] optimised the pretreatment step of UCO with ferric 

sulphate using Design of Experiment (DoE) method, to find optimum treatment condition of 60 °C, 

3 hours reaction, and 7:1 alcohol to oil ratio gave approximately 96.9% pretreatment yield. 

Application of the pretreated UCO in CaO transesterification step led to overall 81.3% FAME 

yield in two step process. Transesterification step was not modelled for further optimisation. In 

2012 Srilatha et al. [48] explored 12-tungstophosphoric acid (TPA) on Nb2O5 under previously 

optimised reaction conditions [65] of 14:1 methanol to UCO ratio, 65 °C temperature, 1.65 wt% 

acid catalyst loading and 5 hours esterification time that achieved ~90% FFA conversion. Second 

step transesterification was then studied using ZnO/Na-Y zeolite solid base catalyst. Maximum 

94.7% FAME yield was obtained using 24:1 methanol to treated UCO ratio, 20 wt% base catalyst, 

65 °C temperature and 12 hours reaction time, however ~80% yield could be achieved after 6 

hours. Recycling of both catalysts was verified for 6 runs with only slight loss of activity. 

Microwave assisted two-step route with beef tallow was modelled by Suwannapa and 

Tippayawong in 2017 [66] using 340 W power at 60 °C. Experimental validation of ~99% FAME 

yield was obtained with 12:1 methanol to oil ratio, 1.35% H2SO4 and 30 minute esterification 

followed by 9:1 methanol to oil ratio, 0.62% NaOH and 25 minute transesterification. More 

recently, Ogunsola et al. [67] converted shea butter oil via H2SO4 esterification followed by a solid 

base CaO catalyst derived from snail shell. Around 60.4% FFA reduction in first step was achieved 

under 6:1 alcohol to oil ratio, 78 °C temperature, 2 hours of reaction and 6.5 mL H2SO4 using 600 

rpm agitation. Overall process FAME yield of 97.4% was obtained after second step with 9:1 

alcohol to oil ratio, 78 °C temperature, 15 minutes of reaction, 3 wt% CaO loading and 600 rpm. 

Obtained biodiesel met EN 4214 standards. More studies focused on optimising the overall two-

step route is encouraged. 
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2.2 Catalyst Synthesis 

A wide variety of synthesis routes have been explored in the literature to produce nanocatalytic 

materials, broadly these can be split into two groups of ñTop-Downò and ñBottom-Upò techniques. 

A Top-Down method starts with solid materials significantly larger than nanoscale and through 

physical or chemical techniques reduces the size to obtain solid with at least one dimension 

<100nm. Bottom-Up approaches instead produce nanosized materials directly from individual 

atoms or molecules, with growth facilitated until desired size has been achieved.  

2.2.1 Top-Down Methods 

Shown in Figure 2.6 are common Top-Down synthesis approaches that have been explored in 

literature. Physical methods such as mechanical grinding apply external forces to reduce material 

size [68, 69]. Amongst these mechanical methods, ball milling [70-73] has been widely explored 

and can produce nanomaterials of various morphology by adjusting milling speed, mill time, ball 

material, ball size and use of dry or wet material. Due to the energy imparted during the ball milling 

process, some researchers have even used the technique as part of a biodiesel production step [74-

76]. Chemical techniques include etching [77-79] in which material is selectively removed via 

chemical reaction and can be enhanced through high energy electron beam [80] or laser ablation 

techniques [81, 82]. Alternatively thermal decomposition reactions can be used to create 

nanostructured catalytically active materials from bulk precursor [83-85]. Thermal decomposition 

can achieve desirable crystallinity, as the technique is essentially calcination, with no risk of extra 

impurities being included [86]. Finally, chemisorption techniques combine bottom-up routes such 

as sol-gel deposition and top-down lithographic methods to achieve thin surface nanofilms [87]. 

 

Figure 2.6 - Top-Down Nanocatalyst Synthesis Approaches 
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2.2.2 Bottom-Up Methods 

A selection of Bottom-Up synthesis approaches is given in Figure 2.7 where initial molecules are 

combined into nanostructured materials. Biological synthesis utilises bacterial, fungal and algal 

methods of producing nanocatalysts at environmentally friendly low temperatures [88, 89]. To 

overcome the slow nanoparticle formation rate of microbial synthesis and challenges of ensuring 

culture survival, use of plants to form nanomaterials may help increase production rates [90]. 

 

Figure 2.7 - Bottom-Up Nanocatalyst Synthesis Approaches 

Combustion synthesis route is similar to top-down thermal decomposition however utilises 

material in solution instead of bulk solids. While solution combustion is a simple, rapid and 

affordable method of producing nanomaterial, challenges remain in ensuring desired phase and 

morphology can be achieved [91]. There are also environmental concerns of NOx emissions and 

other harmful gases released during combustion synthesis if performed at industrial scales [92]. 

Coprecipitation route has been widely studied in the context of biodiesel production [93-98]. 

Metallic ions are dissolved into solution from precursor salts prior to addition of base such as 

NaOH or NH4OH solution. Rapid change in pH promotes precipitation of nanoparticles out of 

solution, which over time grow and reform into larger structures via Ostwald Ripening [99]. 

Coprecipitation method is simple, rapid and low cost [100] and various studies have reported 

coprecipitation as a superior synthesis route due to formation of more favourable surface area and 

pore structures [101-103]. However, issues such as contamination and mass losses during 

treatment of precipitate have been raised [104]. Obtained morphology is highly sensitive to final 

pH level, temperature, agitation rate and precipitation agent used [105-107]. For instance, NH4OH 

can lead to more homogeneous shape with no risk of Na impurities [108]. Controlling the 

temperature and amount of time to allow solution to develop can influence size range obtained 

[109, 110], as well as use of surfactants to mitigate aggregation [111]. In order to fully optimise 

the coprecipitation route, selection of optimal precursors, precipitating agent, temperature, time, 

pH endpoint and calcination temperature may be explored. Justifications for selecting a multi-step 

coprecipitation route as most suitable for this research work are discussed later in Chapter 2.2.3. 
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Hydrothermal synthesis route [112, 113] is similar to coprecipitation however utilises the change 

in solubility of metal ions with temperature instead of pH. While hydrothermal route can facilitate 

formation of nanomaterials of more desirable crystalline phases [114] including those not typically 

stable under ambient conditions [115], high temperatures and pressures are required to achieve 

synthesis which demands specialised equipment, increasing process cost and complexity [116]. 

 Impregnation route allows for coating of a starting support nanomaterial by dispersed or dissolved 

precursor material that gradually deposits onto surface or within pore structure [117]. While some 

studies highlight that impregnation can lead to inhomogeneity and high aggregation effects as 

compared to other approaches [118, 119], or use of large quantities of reducing agent to facilitate 

deposition [120], other studies have achieved greater catalytic activity to biodiesel production via 

impregnation route [121-123]. 

A microemulsion can be created by mixing two immiscible liquids together with amphiphilic 

surfactants leading to nanoscale bubbles called micelles. Microemulsion techniques have been 

explored to allow high degree of controlling nanostructure formation by entrapment of reactive 

precursors within micelle structure [124, 125]. Each micelle acts as a nanoreactor [126] and 

constrains the size and shape of produced nanomaterial allowing formation of highly spherical and 

homogeneous morphologies [127]. 

Microwave (MW) energy has also been explored in various studies [128-130] to assist formation 

of nanocatalytic materials by more efficient and directed transfer of energy to initiate chemical 

synthesis, with MW route also hence utilised as part of biodiesel production step [131-133]. 

Sol gel route provides an alternative method to coprecipitation in which hydrolysis of precursor 

solution forms a colloidal suspension (sol) [134, 135]. Further polycondensation reactions then 

occur to obtain a viscous gel phase that can be calcinated to form a dry nanocatalyst powder. Some 

studies have reported sol-gel route led to increased surface area and porosity as compared to 

coprecipitation [136, 137], and it may be easier to obtain more homogeneous size distribution via 

sol-gel route [103, 138, 139]. Molecular templating can also lead to highly controlled nanocatalyst 

morphology [140-142], however it may be challenging to remove template material [143]. 
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2.2.3 Selection of Synthesis Route 

Considering the many synthesis parameters that can be optimised for and the impact each may 

have on catalytic performance, it is understandable that disagreement exists within the literature 

as to which synthesis route leads to superior nanocatalyst. Whatever route is selected, careful 

reporting of how the method was performed is essential to ensure reproducibility and identify 

where further optimisation may be possible. The industrial feasibility of scaling up the synthesis 

route to produce nanocatalyst quantities required to meet biodiesel demand must also be 

considered. Moreover, the selected nanocatalyst synthesis route must be both economically 

sustainable as well as minimise lifecycle environmental impacts.  

Since a core-shell nanocatalyst was desired, a bottom-up synthesis route was most suitable to 

ensure material could be engineered starting from core and successively adding shell layers. Due 

to lack of suitable facilities, biological, hydrothermal and MW assisted routes were ruled out. 

Additionally, hydrothermal route presented issues with elevated pressures and temperatures 

required, while biological route was seen to be slow and challenging to ensure continued survival 

of cultures. Continued impurity accumulation throughout the multistep synthesis was identified as 

a particular concern, hence ruling out template directed and combustion routes where removal of 

template or incomplete combustion products may prove challenging to achieve and validate. The 

desire to use a commercially available, highly spherical nanoparticle as a supportive core material 

led to the choice between co-precipitation or impregnation route. Use of a dispersed solid core 

may provide a site for which new layers could be successively deposited without need of micelle 

formation or production of a colloidal sol phase. While literature appeared divided on which route 

is superior, coprecipitation has been reported successfully for Zn, Fe and Ti based nanomaterials 

[100, 105, 107, 108, 144], particularly with magnetically separable iron oxides by controlling 

Fe2+/Fe3+ precursor ratio. Coprecipitation was seen to be simple, rapid, economically viable and 

readily scalable. Provided that centrifugation and washing steps were thorough and impurity levels 

tested in washings, issues of low yield and contamination may be avoidable. Precursor materials 

are easy to source, and synthesis conditions can be readily adjusted for future optimisation studies. 

Moreover, highly active and recyclable core-shell nanocatalysts have been reported in recent work 

including Gardy et al. [145, 146] using multistep coprecipitation route. Identified issues of 

reproducibility, sensitivity and optimisation of synthesis parameters, and overall lifecycle impact 

at industrial scale are beyond scope of this work but are encouraged for future research. 
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2.2.4 Key Design Parameters 

Synthesis route selected and experimental conditions can both have a dramatic impact on the 

reactivity of obtained nanocatalyst to effectively produce biodiesel. Key properties that must be 

considered are summarised in Figure 2.8 that can help increase reactivity.  High surface area and 

extensive pore structure enables efficient mass transfer of glycerides and FFA towards catalyst 

active sites. While nanocatalysts can achieve much higher specific surface areas as compared to 

bulk material, mass transfer may still be problematic due to immiscibility of methanol and oil 

phase. Methods to promote mixing such as mechanical agitation or ultrasonication can help to 

mitigate mass transfer barriers [147, 148], however use of small particle morphologies can enhance 

dispersion of catalyst throughout the methanol and glyceride layers. Nanocatalyst morphology is 

hence important to consider, with degree of aggregation influencing the accessibility to surface 

active sites [149]. Crystal phase can be influential in reaction performance, for example anatase 

TiO2 is typically reported as more catalytically active than rutile [150]. Selection of functional 

group to load onto surface will naturally determine whether biodiesel production occurs through 

acidic, basic or simultaneous route. Various functionalisation agents are available which can 

influence site density, acidic or basic strength, and chemical functional group loaded onto surface. 

As discussed throughout Chapter 2.1 the presence of Lewis or Brønsted site activity influences 

how transesterification and esterification proceed, and which feedstocks will be most suitable. 

Since it is difficult to predict what synthesis route or starting materials will lead to high FAME 

yield over multiple recycles, the field of catalytic design for biodiesel production continues to see 

much work and interest. Current developments within the field are presented in next subchapter. 

 

Figure 2.8 - Important Properties of Synthesized Nanocatalyst  
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2.3 Catalytic Biodiesel Production 

2.3.1 Homogeneous Catalysis 

2.3.1.1 Homogeneous Acid Catalysts 

In general, base catalysts have increased reaction rates compared to acids, however acid catalysts 

are more tolerant to impurities in feedstocks such as FFA and moisture making acidic route 

especially desirable for UCO treatment. As discussed in Chapter 2.1.4 a two-step route is hence 

preferred to reduce impurities with an acid via esterification in the first step prior to more rapid 

transesterification with base catalyst in second step. Acids explored in the literature to date include 

sulphuric acid [151-153], phosphoric acid and hydrochloric acid [154, 155], boron trifluoride 

[156], aluminium trichloride [157],  organic sulfonic acids like p-toluenesulfonic acid [158, 159], 

trifluoroacetic acid [160], and soluble HPA acids such as 12-tungstophosphoric acid [161]. Of 

these, sulphuric acid is the most commonly used acid catalyst [162]. A selection of homogeneous 

acid catalysts previously studied in literature is summarised below in Table 2.1. 

Table 2.1 - Homogeneous Acid Catalysts for Biodiesel Production 

a: THF cosolvent, b: DME cosolvent, A:O Alcohol to Oil Ratio 

  

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time (min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Ref. 

Canola oil 24:1a AlCl 3 5 1080 110 98% Y [157] 

Corn oil 6:1b CH3C6H4SO3H 4 120 80 100% Y [159] 

Palm oil 40:1 H2SO4 5 540 95 97% Y [151] 

Palm Fatty 

Acid Distillate (PFAD) 
12:1 H3PO4 (85% P2O5) 9 300 70 95% C [163] 

Soybean 20:1 CF3COOH 2M 300 120 98.4% Y [160] 

Soybean-Sunflower Blend 6:1 H2SO4 2.5 - 60 96.6% Y [153] 

Soybean FFA 7.92:1 HCl 0.54M 104 76.7 98.2% C [164] 

UCO 3:1 H2SO4 2 - 80 93% C [165] 

UCO 70:1 H3PW12O40 3.75 960 65 87% Y [166] 
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2.3.1.2 Homogeneous Base Catalysts 

Homogeneous bases are considerably more active in the transesterification reaction pathway, with 

previous literature reporting up to 4000 times faster reaction rate as compared to homogeneous 

acid catalysts [167]. However, under presence of water and FFA both NaOH and KOH take part 

in saponification reactions as discussed prior in Chapter 2.1.3. It has been reported that use of 

ethanol can increase the rate of FAME saponification due to reduced acidity in comparison to 

methanol as alcohol reactant [168]. Various group 1 metal compounds have been utilised  in 

homogeneous base biodiesel production including KOH and NaOH [156], CH3OK and CH3ONa 

[169-171] and K2CO3-glycerol deep eutectic solvent (DES) [162]. While some studies have found 

alkoxides facilitate increased rates of reaction [172, 173],  they are typically more expensive and 

require higher feedstock purity to perform effectively [174-176]. A selection of homogeneous base 

catalysts previously studied are summarised below in Table 2.2. 

Table 2.2 - Homogeneous Base Catalysts for Biodiesel Production 

 

  

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time (min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Ref. 

Beef tallow 10:1 CH3ONa 1 60 65 95.6% Y [170] 

Castor Oil 9:1 CH3OK 1 180 65 94.7% Y [177] 

Duck tallow 6:1 KOH 1 180 65 97% Y [178] 

Jatropha oil 5:1 NaOH 0.8 180 65 95.5% Y [179] 

Jatropha oil 32.6:1 K2CO3/glycerol DES 8.96 69.6 60 98.9% Y [180] 

Karanja oil 
6:1 

12:1 
KOH 1 

15 

60 
65 

~ 85% Y 

98% Y 
[181] 

Refined vegetable oil 

 UCO 
6:1 KOH 1.2 

60 

120 
65 

97.5% Y 

93.2% Y 
[182] 

S. triostegus fish oil 6:1 KOH 0.5 60 32 96% Y [183] 

Sunflower oil 6:1 KOH 1 - 40 99.5% Y [184] 

UCO 6:1 CH3OK 1 30 60 99% Y [185] 

UCO 7.5:1 NaOH 0.5 30 50 96% Y [186] 

UCO 4.8:1 NaOH 0.6 60 65 ~90% Y [176] 
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2.3.2 Heterogeneous Acid Catalysis 

2.3.2.1 Sulfated Metal Oxide 

Sulfated Iron Oxides 

Iron oxides have seen a diverse range of applications, from the production of durable dyes and 

paints to use in welding through the thermite reaction. Although many different types of iron oxide 

exist, the three most commonly explored forms for chemical catalysis are those of hematite (Ŭ-

Fe2O3), maghemite (ɔ-Fe2O3) and magnetite (Fe3O4). The magnetic properties of these oxides are 

of particular interest, and Figure 2.9 illustrates the crystal structure of each respective oxide. 

 

Figure 2.9 - Crystallographic Structure of Iron Oxides [35], Drawn in VESTA [187] 

Hematite is only very weakly magnetic, maghemite and magnetite meanwhile are ferrimagnetic in 

nature and much more magnetically separable [188]. At the nanoscale, it is possible to create 

catalysts that display superparamagnetism, a desirable state in which external magnetic fields can 

induce magnetic separation with far greater susceptibility than typically expected for a 

paramagnetic material [189]. This allows for significantly enhanced manoeuvrability and has been 

explored in the biomedical field for MRI imaging and targeted drug delivery [190].  The magnetic 

properties of these oxides have led to significant recent research into nanocatalysts that can be 

recovered post reaction by application of external magnetic field. The potential opportunity for a 

rapid separation technique that easily facilitates nanomaterial regeneration and reuse is highly 

desirable. Although the Lewis acidic nature of iron oxides can be used for catalysing biodiesel 

production, surface functionalization is often performed to introduce new acidic functional groups, 

producing a more reactive and highly separable Fe oxide acidic nanocatalyst. A summary of recent 

sulfated Fe oxide nanocatalysts studied in literature is provided in Table 2.3. 
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Table 2.3 - Summary of Recent Sulfated Fe Oxide Nanocatalysts 

 

Sulfated Titanium Oxides 

Titania (TiO2) also enjoys a wide range of commercial application, such as: water and air 

purification systems, use as a white pigment, cosmetics and sunscreen, sensors, and self-cleaning 

films. Alongside being a widely researched photocatalyst, a desirable surface area combined with 

strong physical and chemical stability makes titania an excellent choice for a reactive catalyst 

support [193]. Sulfated titania has hence been widely studied as a solid acid heterogeneous catalyst 

for biodiesel production [194]. Titania exists in three main forms known as anatase, rutile and 

brookite as displayed in Figure 2.10. Of these three structures, anatase has been most widely 

explored for solid catalysis due to optimal surface area and strong interaction with other metallic 

oxide species, with rutile rarely achieving superior catalytic activity [150]. Anatase transforms to 

the more thermally stable rutile above calcination temperatures of approximately 600 °C, thereby 

restricting the maximum desirable calcination temperature when synthesizing a solid acid 

nanocatalyst. Recent developments in sulfated titania nanocatalysis are summarised in Table 2.4. 

 

Figure 2.10 - Crystallographic Structure of Titanium Oxides [35], Drawn in VESTA [187] 

 

Catalyst Feedstock 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity 

(mmol/g) 
Ref. 

FCHC-SO3H Oleic acid 15:1 4 180 80 
96.7-84.3% 

Y 
5 144 6.4 41.4 1.20 [191] 

SO4/Mg/Al/Fe3O4 UCO 9:1 4 300 95 ~98.5% Y 5 

core: 

20ï150 

shell: 

5ï15 

6.5 123 2.35 [146] 

AC-Fe-SO3Cl PFAD 16:1 4 180 100 
98.6- ~79% 

C 
6 45.21 8.8 20.4 29.5 [192] 



 

 

26 

 

Table 2.4 - Summary of Recent Sulfated Ti Oxide Nanocatalysts 

Catalyst Feedstock 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity  

(mmol/g) 
Ref. 

SO4
2-/ZrO2ïTiO2/La3+ 

Rapeseed 

oil fatty 

acids 

1ml/g 5 300 60 95->90% C 5 - - - - [94] 

TiO2/SO4
2ī/(NH4)2SO4 Oleic acid 10:1 2 180 80 82.2% C - - 4.2 178 1.1 [195] 

TiO2/SO4
2ī 

Acetic 

acid 

1.2 

butanol 
1.8g 150 120 

92.2-52.1% 

Y 
4 8-10 12.9 121 0.79 [196] 

Sulfated Fe2O3/TiO2 
Soybean 

oil 
20:1 15 120 100 

~100-~80% 

C 
4 89-103 - 16 - [197] 

Ti(SO4)O UCO 9:1 1.5 180 75 
97.1 - 

94.12% Y 
8 25 22.7 44.5 - [198] 

TiO2/PrSO3H UCO 15:1 4.5 540 60 
98.3 - 

94.16% Y 
4 23.1 24.6 38.6 - [199] 

SO4/Fe-Al -TiO2 UCO 10:1 3 150 90 96->90% Y 10 <50 11.1 51 1.18 [145] 

ZrO2-TiO2-SO3H 
Palmitic 

acid 
20:1 5 240 100 

93.1-85.1% 

Y 
5 

Length: 

4000, 

Width: 

100 

- 32.5 1.9 [121] 

 

Sulfated Zinc Oxides 

Zinc oxide has many important industrial applications, from rubber manufacturing, textiles, and 

pharmaceuticals to specialized uses in electronics and photocatalysis [200, 201]. As an amphoteric 

oxide, zinc oxide has been explored as both an acidic and basic catalytically active species for the 

production of biodiesel through transesterification and esterification pathways. Alongside direct 

use of zinc oxide and in combination with other metallic oxides to form mixed metal oxide (MMO) 

materials, zinc oxide has been successfully sulfated to introduce Brønsted acidity. The crystalline 

structure of zinc oxide commonly used for biodiesel production is that of hexagonal wurtzite, 

shown in Figure 2.11, since this form is most thermodynamically stable at ambient pressures. To 

produce a cubic form, pressures of around 9 GPa would be required, and degradation soon occurs 

when returned to ambient conditions [202]. Table 2.5 summarizes different sulfated zinc oxide 

solid acid catalysts that have been used for biodiesel production. 
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Figure 2.11 - Crystallographic Structure of Zinc Oxide [35], Drawn in VESTA [187] 

 

Table 2.5 - Summary of Previous Sulfated Zn Oxide Nanocatalysts 

Catalyst Feedstock 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity  

(mmol/g) 
Ref. 

ZnO 
Pongamia 

oil 
10:1 11.5 90 60 92% C - - - - - [203] 

SO4
2-/ZnO 

Soybean 

oil 
6:1 4 240 65 80.2% Y - - - - - [204] 

ZnO-SO3H PFAD 9:1 2 90 120 
95.6 - >80% 

Y 
6 - 3.16 305.62 1.72 [205] 

 

Sulfated Zirconium  Oxides 

Zirconia (ZrO2) is an important ceramic material, commonly used in fields such as dentistry, 

nuclear power, and catalysis due to high mechanical and chemical resilience [206]. Similar to 

titania, the sulfation of zirconia to introduce Brønsted acidity has been widely explored as a solid 

acid nanocatalyst for biodiesel production. Unfortunately, while zirconia itself may be resilient, 

sulfated zirconia often suffers catalytic deactivation after a few runs via leaching of sulfate sites 

[47, 207]. In order to improve recyclability, recent studies have explored combining zirconia with 

other metal oxides to promote stronger bonding of acid groups to the solid surface. Such MMO 

catalysts have successfully achieved much higher numbers of recycles before deactivation occurs. 

Zirconia is typically utilised in three major crystallographic forms, as shown in Figure 2.12. 
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Figure 2.12 - Crystallographic Structure of Zirconium Oxides [35], Drawn in VESTA [187] 

The monoclinic phase is the largest crystal structure and most stable under ambient conditions. 

Through calcination and introduction of other species such as sulfate groups and metal oxides, 

desirable tetragonal structures can be stabilized. While similar can be achieved with cubic forms, 

predominantly catalysts explored for biodiesel production only focus on monoclinic and tetragonal 

structures. Tetragonal zirconia is highly desirable because acidity and therefore catalytic activity 

are enhanced for sufficiently large tetragonal to monoclinic ratios [208]. This is due to how basic 

surface hydroxyls interact differently with each crystal structure [209]. A summary of 

developments over time in solid acid zirconia based catalysts is provided in Table 2.6. 

Table 2.6 - Summary of Previous Sulfated Zr Oxide Nanocatalysts 

Catalyst Feedstock 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity  

(mmol/g) 
Ref. 

SO4
2ī/ZrO2 

Palm 

kernel oil 
6:1 1 60 60 90.3% Y 1 - - - - [47] 

Sulphated 

ZrO2 

Soybean 

oil 
20:1 5 60 120 98.6% Y 1 - - 126 - [210] 

Sulphated 

ZrO2 
Neem oil 9:1 1 120 65 94% C - 

2-3 

x104 
- - - [211] 

SO4
2ī/ZrO2ï

B2O3ïFe3O4 

Acetic 

acid 
- - 240 100 

98.2 ï 

96.7% Y 
5 - - - - [212] 

SO4-

ZrO2/Al2O3 

Jatropha 

oil 
9.88:1 7.61 240 150 90% Y - - - - - [213] 

Fe2O3-

MnO- SO4
2-

/ZrO2 

UCO 20:1 3 240 180 ~96.5% Y 6 11.5-21 - 
1.39 

x10-6 

4.32 A 

1.52 B 
[214] 

Sulphated 

ZrO2 
Oleic acid 10:1 10 240 150 81.3% Y - - 5.9 65.8 0.414 [208] 
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2.3.2.2 Supported Acids 

Porous silica (SiO2) and other zeolitic aluminosilicate materials have been extensively explored in 

a wide range of fields, from drug delivery and pharmaceuticals to separation technology and 

chemical catalysis. A summary of commonly explored support materials is provided in Table 2.7. 

As an inert catalyst support, silica facilitates the production of materials with impressively large 

surface areas and highly porous, nanoscale channel networks. The amphoteric nature of Al oxides 

however can also contribute slightly to biodiesel production, especially if surface acidity is 

enhanced by functionalisation with sulfate species [215]. The ability to tune pore size distribution 

and functionalize the surface of support materials with a wide range of metal oxides and sulfated 

groups has produced many solid acid catalysts for biodiesel production. A summary of some of 

these recent developments is included in Table 2.8. As per International Union of Pure and Applied 

Chemistry (IUPAC) definitions, pore sizes can be classed as either microporous (<2 nm diameter), 

mesoporous (2-50 nm) or macroporous (>50 nm) [216]. Macropores facilitate high mass transfer 

rates of reactants into the internal nanoscale structure, while meso/micropores provide substantial 

reaction surface area for catalysis to occur. As illustrated in Figure 2.13, since triglyceride 

molecules are typically 2-6 nm in molecular diameter [217], only esterification can occur in 

micropores whereas both transesterification and esterification occur in mesoporous nanochannels. 

 

Figure 2.13 - Mass Transport and Chemical Reaction in Porous Supported Solid Acids [35] 
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Table 2.7 - Commonly Studied Silica and Aluminosilicate Support Materials 

 

 

 

 

 

 

 

Table 2.8 - Summary of Previously Studied Sulfated Supported Nanocatalysts 

 

Abbreviation Full Name 

COK 
Centrum voor Oppervlaktechemie en Katalyse 

(Centre for Research Chemistry and Catalysis) 

FSM Folded Sheets Mesoporous Material 

HMM Hiroshima Mesoporous Material 

HZSM H+ Zeolite Socony Mobil 

KCC KAUST Catalyst Centre 

KIT 
Korea advanced Institute 

of science and Technology 

MCM Mobil Composition of Matter 

MSNP Mesoporous Silica NanoParticles 

SBA Santa Barbara Amorphous 

TUD 
Technische Universiteit Delft 

(Delft Technical University) 

Catalyst Feedstock 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity  

(mmol/g) 
Ref. 

SO4
2ī/TiO2/SiO2 

Acetic 

acid 
- - - 120 91.4% C - - - 550 - [218] 

SBA-15-SO3H-Pr 

Untreated 

beef 

tallow 

20:1 10 120 120 92 ï 84% C 2 - 4.8 920 0.91 [219] 

SBA-15-SO3H 
Palmitic 

acid 
30:1 0.05g 360 60 50% Y - - 3.9 938 0.22 [220] 

TMS Capped/arene-

SO3H/SBA-15 
Palm oil 20:1 6 240 140 ~95% Y 3 - 8.3 533 1.04 [221] 

SBA-15-SO3H 
Palmitic 

acid 
30:1 0.05g 360 60 33.5% C - - 13.8 531 0.19 [222] 

KIT-6/C-SO3H 
Maleic 

anhydride 
6:1 0.2g 1800 - ~60% Y 4 - 11 590 3.0 [223] 

SO4
2ī/TiO2/SiO2 UCO 20:1 10 180 120 77-74.3% C 2 - 2.85 457 - [224] 

SO4
2ī/La2O3/HZSM-5 Oleic acid 5:1 10 420 100 ~100% C 1 

17-150 

x103 

5.2-

120 
217 - [225] 

Fe/Fe3O4/SiO2/APTES-

NHSO2H 

Glyceryl 

trioleate 
8:1 5 1200 100 

100 - >90% 

C 
5 60 - - 0.48 [226] 

SO4
2ī/Zr-SBA-15 UCO 40:1 3 180 160 

98.5 - 

~80% C 
6 - 

3.27-

5.47 
271 - [227] 

SZ/MgO/SBA-15 Tributyrin 

60cm3 

meOH, 

5mmol 

TG 

34 180 60 40% C - - 
4-

350 
350 

0.13 A 

0.045 B 
[228] 
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2.3.2.3 Heteropoly Acids 

Heteropoly acids (HPA) are a class of  acids containing multiple different elemental species, that 

have seen wide usage in acid catalysis [229]. A particularly well studied branch of HPA is those 

with Keggin structure [XM 12O40]
n- where X is the central element and M the surrounding element. 

In a protonated form Keggin HPAs can act as homogeneous catalysts, however by supporting on 

solid materials, inclusion of new metal ions or adjustment of metal ratios until formation of an 

insoluble salt, a highly Brønsted acidic heterogeneous catalyst can be synthesised with activity 

potentially greater than traditional mineral acids [230]. Previous heterogeneous HPA catalysts that 

have been synthesised include CsxH4īxSiW12O40 [231], CsxH3īxPW12O40 [232], Sn1.2H0.6PW12O40 

[233] and Ce0.7H0.9PW [234]. Bifunctional HPA catalysts can also be produced by addition of basic 

metallic species such as La included 12-tungstophosphoric acid (LaxTPA) [235], or by use of 

amphoteric support materials such as HPA/ZIF-8 [236]. Basic sites can be used to promote 

transesterification activity while acidic sites help protect against saponification reactions. A 

summary of solid HPA catalysts previously explored is provided in Table 2.9. 

 Table 2.9 - Summary of Heterogeneous HPA Catalysts Previously Studied 

a: Ethanol to oil 

 

  

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time (min) 

Particle 

Size 

(nm) 

Acidity (A) 

Basicity (B) 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

Canola oil 9:1 ZrO2-H3PW12O40 3 - - - 200 90% Y 2 [237] 

Glyceryl 

tributyrate  
30.36:1 CsxH4īxSiW12O40  0.05g 1440 

23.7-

98.6 
0.39 A 60 ~46% C 3 [231] 

Glyceryl 

tributyrate  
12:1 LaxTPA 5 140 ~115 

0.0281 A, 

0.0341 B 
70 ~90% C 5 [235] 

Macauba oil 11.9:1a Sn1.2H0.6PW12O40 2mol% 480 - - 90 80% C 4 [233] 

Rapeseed oil 10:1  HPA/ZIF-8 4 120 ~200 
17.44 A, 

15.03 B 
200 ~98.02% Y 5 [236] 

Tributyrin 30.36:1 CsxH3īxPW12O40  0.05g 360 ~20 0.19 A 60 ~50.2% C 3 [232] 

UCO 21:1 Ce0.7H0.9PW  0.175g  720 4 x 104 1.85 A 65 98 - >90% C 5 [234] 
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2.3.2.4 Functionalised Carbon 

Instead of the sulfation of metal oxides or porous inert silicas, carbon based solid acid nano 

catalysts can also be developed through treatment with strong acids. Compared with metals, acidic 

carbon materials can be produced more economically and with a lower overall environmental 

impact, since a wide variety of readily available waste biomasses can be converted into catalyst 

supports [238]. However, issues facing solid carbon acid catalysts such as reduced activity, 

deactivation and poor thermal stability still need to be addressed in order to improve catalytic 

performance and recyclability [239]. For the most challenging production of biodiesel from impure 

feedstocks such as UCO, metal oxide technology will therefore likely remain superior. New studies 

continue to address such problems however, with recent developments shown in Table 2.10.  

 

Figure 2.14 - Types of Carbon Based Acidic Catalysts Developed [35] 

Nanoscale carbon can be engineered bottom-up through the creation of nanofiber, nanotube, or 

graphene structures; or developed top-down from converting sugars, algae residues, and biomasses 

into solid catalysts. A range of carbon support types have been studied, summarized in Figure 2.14. 

Plant biomasses often contain both carbon and metallic species [240], and mixing metal oxides 

with carbon has been explored to exploit differences in surface behaviour. The more non-polar 

carbon advantageously draws in other hydrophobic molecules such as triglycerides towards 

catalytic sites, whilst impeding polar species such as water that might lead to deactivation [241]. 
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Table 2.10 - Previously Developed Acidic Functionalized Carbon Nanocatalysts 

 

2.3.2.5 Discussion of Solid Acid Developments 

Heterogeneous solid acid catalysts have been explored in a wide range of impure and high FFA 

containing feedstocks, demonstrating high FAME yield and good recyclability. While use of 

model feedstocks such as oleic acid (FFA) and triolein (triglyceride) are useful for initial work in 

modelling and optimising the esterification and transesterification pathways respectively, it should 

be encouraged to subsequently use genuine UCO feedstocks within the same research work. UCO 

is a complex mixture of glycerides, FFA, water and other impurities and strong catalytic activity 

in a model feedstock does not necessarily indicate similar performance could be achieved upon 

reaction with UCO, only serving as an indication of which produced catalyst has the best likelihood 

of high activity. It is vital that society begins to start increasing biodiesel production to match 

future predicted demand, and so much greater focus needs to be spent now on validating catalytic 

performance with realistic feedstocks to provide concrete proof these catalysts are industrially 

useful. Moreover, while high FAME yields have been observed in all solid acid catalyst types, 

extensive reaction temperatures or reaction duration has frequently been used to compensate for 

slow kinetics of  acidic transesterification. Modern biorefineries using homogeneous base catalysis 

are currently designed to operate under 1 bar pressure and ~60-70 °C temperatures [62], increasing 

pressure and temperature would increase both capital and operating costs. 

Catalyst Feedstock 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity  

(mmol/g) 
Ref. 

CNF-Ar-SO3H Triolein 10:1 0.75g 240 120 ~72% Y 4 - - - 0.62 [242] 

SO3H-Graphene 

Oxide (GO) 
Oleic acid 

0.1 

mol/g 
5 240 100 

97.6 ï 74% 

C 
3 - 3.8 437 - [239] 

PC-SO3H 
Acetic 

acid 
10:1 10 600 75 94 ï 80% C 3 

0.2-0.4 

x105 
17 140 1.58 [243] 

S-Multiwalled 

CNTs (MWCNT) 
Trilaurin 20:1 3.7 60 150 

97.8 - 

~85% Y 
2 

Length: 

0.5-2 

x103 

Width: 

20-30 

5-35 199 - [244] 

Al3+/ 

SO4
2ī/MWCNT 

Oleic acid 12:1 0.9 420 65 
95 ï 81.1% 

C 
8 

Width: 

~25 
- - - [245] 

Graphene-SO3H Palm oil 20:1 10 600 100 ~98% Y 4 - - - 1.75 [246] 
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Therefore, if a high yield of FAME is reported in literature but reaction time is significant, or 

reaction temperature exceeds ~65 °C (Boiling point of MeOH: 64.7 °C), it can reasonably be 

argued that such a catalyst would not see much use within currently operating biorefineries. Instead 

of trying to force solid acid catalysts to achieve high FAME yield in transesterification, it would 

be more industrially relevant to use solid acids to clean up impure feedstocks through esterification 

and then have a facile transesterification step. Although it may be argued that a multi-step reaction 

scheme adds process complexity and inherent costs, modern biorefineries already utilise 

pretreatment steps to reduce FFA, filter out impurities and reduce moisture content [247]. Use of 

solid acid materials would simplify washing step by allowing for a more easily recoverable catalyst 

while avoiding the need to neutralise acid prior to transesterification step. 

Sulfated metal oxides have been explored both as a singular functionalised metal oxide alongside 

mixing with other metallic species to achieve synergistic chemical or other physical properties 

such as enhanced surface area, magnetic separability or bifunctionality.  Development of nanoscale 

catalysts for biodiesel production continues to be a highly studied research area, allowing for 

enhanced reactivity through improved mass transfer while still remaining separable post reaction. 

Support materials such as SiO2 and aluminosilicate zeolites have led to increased surface area of 

sulfated metal oxides which also improves site accessibility during reaction via more optimal 

surface area and pore structures. Work by Gardy et al. [145, 248] is especially of interest due to 

use of core-shell principle to combine stability of nanoscale TiO2 with Lewis acidity of Al2O3 

support to increase surface area and porosity while Fe inclusion enabled magnetic separability. 

Sulfation with chlorosulfonic acid led to high FAME yield in UCO feedstock at reasonable 

reaction time over 10 uses. Small nanoparticle size and multiple catalytically active species may 

have enabled both high transesterification and esterification performance, indicating the 

advantages of mixing multiple metal oxides together into one nanocatalyst. Recyclability of 

supported HPA and functionalised acidic carbon catalysts has been demonstrated. Work by Zhang 

et al. [234] confirms that solid HPA can convert UCO multiple times at 65 °C temperature however 

reaction time of 12 hours highlights the slow acidic transesterification rate. Work by Shu et al. 

[245] shows that taking advantage of sulfated metal oxides by loading onto solid carbon support 

can lead to impressive recyclability at reasonably reaction conditions in esterification pathway, 

however solid acid carbon catalysts still require validation with real UCO.  
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Opportunities for new research includes combining multiple metal oxides onto support surfaces in 

core-shell designs, attempting to perform biodiesel synthesis at more industrially applicable 

reaction conditions and exploring multi step reaction schemes over a one-step approach. Reaction 

time and temperature should be restricted to force a design of nanocatalyst that is more industrially 

relevant. Similarly, catalyst loading and excess methanol ratio should also be restricted to simplify 

unreacted methanol separation post reaction, and to filter out nanocatalysts that require significant 

mass concentration due to suboptimal reactivity. If poor transesterification performance occurs as 

a result of these restrictions, then a two-step method should be explored to take advantage of solid 

acid resilience to moisture and FFA levels in the initial pretreatment step. Use of model feedstocks 

is still encouraged to initially filter out less active nanocatalyst designs, however once an optimal 

design has been determined, the focus must be on producing biodiesel from commercial UCO to 

demonstrate industrial relevance. While sulfated oxides of Ti, Fe and Zn have been explored as 

single metal oxides or supported onto SiO2 support materials, no studies have yet considered 

sulfated SiO2-Fe-Ti or sulfated SiO2-Fe-Zn core-shell designs biodiesel production. The synthesis 

of Fe(III) layer is significantly less complex since no inert N2 atmosphere or coprecipitation with 

multiple iron salt precursors would be required, and at nano-micro scales past literature [249, 250] 

does suggest that hematite can be magnetically separable. However, literature to date that 

developed magnetically separable acidic nanoparticles such as work by Guan et al. [212] and 

Gardy et al. [145, 248] tend to focus on inclusion of Fe(II) and Fe(III) salts. It is unclear if hematite 

can be used at nanoscale to achieve magnetic separability and may be worth further exploration. 

A range of synthesis conditions have been explored including the use of various functionalisation 

agents as discussed later in Chapter 2.5.2.2. Use of different functionalisation concentrations and 

calcination temperatures can influence catalyst performance as indicated in work by Li et al. [94] 

using H2SO4 where an optimal concentration of 0.5 M likely balanced acid strength with 

dissolution of oxide support, and a calcination temperature of 550 °C that may balance crystal 

phase formation with loss of sulfate. While it is clear that changing functionalisation concentration 

impacted esterification performance, exact changes to physical and chemical properties were not 

characterised and so the underlying cause of activity variation is poorly understood. Recent work 

using chlorosulfonic acid functionalised hydroxyapatite by Rezki et al. [251] notes that chemical 

and physical properties vary at increased concentration hindering esterification. Further research 

to understand how concentration impacts catalyst nature and hence FAME yield is recommended.  



 

 

36 

 

2.3.3 Heterogeneous Base Catalysis 

2.3.3.1 Basic Metal Oxide 

An extensive variety of basic metal oxides have been explored in the literature for biodiesel 

production as summarised in Table 2.11 and Table 2.12. It is immediately apparent that reaction 

time and temperatures used are on average significantly less than conditions reported throughout 

Chapter 2.3.2 as a consequence of superior base transesterification kinetics. While work by 

Banerjee et al. [252], Sulaiman et al. [253, 254], Malani et al. [255] and Sahani et al. [42] all 

suggest that solid base catalysts can effectively transesterify UCO it is important to note that in all 

cases the feedstock was either refined prior to the study or cleaned up via activated carbon or acid 

esterification step. Consequently, the results of such studies should be considered as part of a wider 

two-step biodiesel production process where an acid catalyst is still required to enable reduction 

of UCO acid value. 

Table 2.11 - Summary of Basic Metal Oxide Catalysts Previously Explored 

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time 

(min) 

Particle 

Size 

(nm) 

Acidity /

Basicity 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

B. aegyptiaca 

oil 
12:1 BaO MoO2 4.5 120 - 0.621 B 65 97.8->80% Y 5 [256] 

Canola oil 15:1 15-Kf/nano-ɔ-Al2O3 3 480 - 1.68 B 65 98% Y 3 [257] 

Canola oil 6:1 NdAlO3 10 300 ~100 1.13 B 200 75-50% Y 6 [258] 

Canola oil 12:1 KOH/Ca12Al14O33 4 240 24 0.392 B 65 85.9-75.3% Y 4 [259] 

Canola oil 6.67:1 MgO 3 120 5.7 0.8207 B 190 98.2 - ~95% Y 5 [260] 

Ethyl 

butyrate 
4:1 MgO/CaO 0.062g 60 - - 60 60% C - [261] 

Goat fat 12:1 MgO 1 180 5.5 - 70 93.12% Y - [262] 

J. curcas oil 12:1 1.75-Li/CaO 5 120 500 - 65 >99% C 1 [263] 

J. curcas oil 20:1 CaO/B2O3 4 120 - 
2.68 A, 

1.89 B 
105 ~96% Y 5 [264] 

M. ferrea oil 9:1 Co/ZnO 2.5 180 ~27.8 - 60 ~98% C 2 [144] 

Microalgae 

oi 
6:1 CaO/MgO Dolomite 3 180 - - 65 90-76% Y 5 [265] 

Palm kernel 

oil 
30:1 CaO/ZnO  10 180 200-9700 - 60 >90% Y 3 [266] 

Palm oil 6:1 Cr/Ca and Cr/Zn 1 60 - - 60 
27.8% and 7.4% 

Y 
- [267] 
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Table 2.12 - Continuation of Table 2.11 

 

 

 

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time 

(min) 

Particle 

Size 

(nm) 

Acidity /

Basicity 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

Phoenix 

dactylifera L. 

Kernel oil 

15:1 Mn/MgO-ZrO2 3 240 18-39 
2.12 A, 

3.48 B 
90 96.4->80% Y 6 [268] 

Rapeseed oil 6:1 CaZrO3 and CaOïCeO2 10 600 - - 60 92-79% Y 5 and 7 [269] 

RBD palm 

olein 
30:1 ZnO/CaO 7.5 120 62-85 25.81 B 56.9 86.99-83.87% Y 2 [270] 

S. foetida oil 9:1 CuO-CeO2 0.25 180 32.3-54.4 - 70 ~92% Y 4 [93] 

Soybean oil 9:1 Na/NaOH/ɔ-Al2O3 20 120 - - 60 94% C - [271] 

Soybean oil 20:1 KI/Mg-Al  5 480 - - 70 >90% Y - [272] 

Soybean oil 25:1 CaO/MgO 5 180 24ï68 0.453 B 120 90% Y 5 [273] 

Soybean oil 6:1 20-nano-MgO/TiO2 0.1 60 - - 225 95% C - [274] 

Soybean oil 25:1 Sr3Al2O6 1.3 61 15-25 1.62 B 60 95.7-78% Y 4 [275] 

Soybean oil 20:1 Mg/Zn 0.5g 240 200ï500 0.15 B 65 90-85% Y 3 [276] 

Soybean Oil 

Castor Oil 

Soybean Oil 

Castor Oil 

6:1 MeOH 

 

6:1 BuOH 

MgO/ɔ-Al2O3 

1.5 Zn/Mg 

1.5 Zn/Mg 

0.5 Zn/Mg 

5 120-360 - - 

60 

 

80 

57% Y 

76% Y 

66% Y 

99-80% Y 

- 

- 

- 

3 

[277] 

Spirulina oil 18:1 Ba/Ca/Zn MMO 2.5 120 - 2.65 B 65 98.94-~80% C 5 [278] 

Sunflower oil 14:1 Li/CaO 0.2 60 - - ~60 90% Y - [279] 

Sunflower oil 12:1 CaO/ɔ-Al2O3 0.5 300 1-3 x 106 9.087 B 60 94.3-76.4% Y 2 [280] 

Sunflower oil 12:1 MgO/MgAl2O4 3 180 11 - 110 95% C 6 [281] 

Sunflower oil 4:1 MgO 0.3g 
120 

40 (MW) 
50ï200 - 70 

~80% Y 

~98 - 90% Y 

- 

7 
[282] 

Vegetable 

Oil 
12:1 CsïCa/SiO2ïTiO2 2 120 45 0.266 B 60 ~98% Y 4 [283] 

Vegetable 

Oil 
8:1 Li2ZrO2 6 120 2-5 x 104 - 65 99-90% C 7 [284] 

UCO 50:1 MgO/TiO2 10 360 21.4 - 170 92.3-81.2% Y 5 [285] 

UCO 14:1 Sr/Ce 2 120 - 1.35 B 65 99.5-~90% C 4 [252] 

UCO 20:1 Cu/Zn/ɔ-Al2O3 10 120 ~10 3.74 B 65 89.5-82.64% Y 6 [253] 

UCO 11.68:1 KI/ZnO 7 60 300-700 5.00 B 59 92.35-~60% 5 [255] 

UCO 11:1 Sr-Ti 4:1 1 80 350 2.89 B 65 98-83% C 8 [42] 

Waste 

fish oil 
12:1 CaO-Ca3Al2O6 10 120 - - 65 >95% C 7 [286] 
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2.3.3.2 Layered Double Hydroxide 

Naturally occurring minerals such as hydrotalcite [287] have been the subject of much interest in 

the field of solid base catalysis [288]. Natural existence of basic sites has enabled use of layered 

double hydroxide (LDH) materials as catalysts for biodiesel production either directly or as a 

support onto which other catalytically active species can be loaded [289]. The general structure of 

a LDH has form [M1īx
2+Mx

3+(OH)2]
x+(Anī)x/n·yH2O where metal species M exist in varying 2+ and 

3+ oxidation states and A represents the interlayer anion species [290]. Synthesis can be performed 

via calcination of natural hydrotalcites or via coprecipitation to obtain precise ratios of M2+/M3+ 

that can be highly influential on FAME yield. Calcination temperatures between 450-600 °C have 

been found most optimal. Literature largely disagrees on best ratio of Mg/Al with highest biodiesel 

yields observed at 0.59 [95], 2.3 [291] and 3.0 [292, 293]. For other metal cations, optimum Co/Fe 

ratio of 4.0 [294] and Mg/Fe ratio of 3.0 [295] has been seen, while Li et al. [296] reported no 

influence of Mg/La ratio to catalytic activity. Evidently it is challenging to predict optimal 

synthesis conditions to maximise FAME yield, hence a wide variety of designs should be explored. 

Table 2.13 - Summary of LDH Derived Catalysts Previously Studied 

a: glycerol to methyl stearate, b: equal parts methanol to butanol 

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time (min) 

Particle 

Size 

(nm) 

Acidity (A) 

Basicity (B) 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

Canola oil 16:1 Mg-Co-Al  2 300 >1 x 105 0.36 B ~200 ~96ï97% 7 [296] 

Cooking oil 6:1 Co-Fe 2 20 - - 65 96% C - [294] 

Methyl stearate 6:1a Ce-Mg-Al  4 360 - 0.0046 B 220 83-78% Y 2 [123] 

Palm oil 30:1 1.5% K-Mg/Al  7 360 - 0.27 B 100 86.6% Y - [297] 

Poultry fat 30:1 MgïAl  10 480 200-600 
0.043 A 

0.096 B 
120 93-90% C 5 [291] 

Rapeseed oil 6:1 MgïAl  1.5 240 
 3ï120 x 

103 
- 65 90.5-88.3% C 3 [292] 

Rapeseed Oil 24:1b Mg-Fe 1 240 - - 120 97.5% Y - [295] 

Soybean oil 15:1 LiïAl  1 180 ~25 0.0814 B 65 78-83% Y 1 [298] 

Soybean oil 6:1 10% Fe-Mg/Al  1 60 - - 80 100% C - [96] 

Soybean oil 9:1 Ca-Al & Mg -Al  1 240 - 
0.12 B & 

0.11 B 
65 

95.1% & 

5.5% Y 
- [299] 

Soybean oil 

methyl-acetate 
6:1 BaïMg-Al  4 

480 

30 
66 4.499 B 

70 

50 

71.5% Y 

~80% Y 

- 

3 
[300] 

Sunflower oil 23:1 Mg-Al  3.5 60 - - 65 98.59% C - [95] 

Sunflower Oil 15:1 CaïMgïAl  2.5 360 - - 60 95% Y - [122] 

UCO 9:1 Zn/MgAl(O) 3 180 ~30 0.62 B 65 
78.45-65.74% 

Y 
5 [301] 

UCO 30:1 Mg-Al  5 1440 - - 65 87.23% Y - [293] 
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2.3.3.3 Supported Bases 

Instead of using LDH materials as a basic support, silica and aluminosilicate materials can be used 

as discussed prior in Chapter 2.3.2.2 for supported acid catalysts. A summary of various supported 

base catalysts previously explored for biodiesel production is provided in Table 2.14. Recyclability 

remains a challenge due to leaching of group 1/2 metal ions from support surface. It is hence 

important to perform multiple reuses to ensure high reactivity is not simply due to homogeneous 

catalysis of leached base. As noted by Xie and Zhao [302], cleanup of biodiesel fuel via use of 

exchange resins may be required to avoid exceeding regulatory limits of metal contamination since 

leached Ca from support exceeded EN 14214 specifications. Doping of 20 wt% Ce on Li-SBA-15 

introduced both Lewis basicity and acidity in work by Malhotra and Ali [303] allowing for basic 

site to be protected against high FFA present in the waste cottonseed oil. Since a support material 

such as zeolite can constrain acidic and basic sites to avoid neutralisation, provided a suitable 

synthesis method is developed, it would be highly beneficial to create bifunctional catalysts that 

protects base site activity by simultaneous removal of FFA impurities. More research into such 

catalysts is highly encouraged. Alternatively, supported base catalysts can be used in two step 

approaches to avoid saponification by prior initial esterification. While base catalysts are already 

highly active in transesterification of purified oils, support material can both increase reactivity 

through high specific surface area as well as provide improved separability. Efforts to explore 

reducing alkali metal leaching are encouraged, possibly via exploration of new support materials. 

Table 2.14 - Summary of Supported Base Catalysts for Biodiesel Production 

a: average conversions across C4
 ï C18 alcohols in 2.4:1 ratio to fats, b: ethanol to oil  

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time 

(min) 

Particle 

Size (nm) 

Acidity 

(A) 

Basicity 

(B) 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

Cottonseed 

oil 
24:1 

5-Na/ZnO/SBA-

15 
12 240 - 5.19B 65 98-93% Y 4 [304] 

Cottonseed 

oil 
40:1 CeO2/Li/SBA-15 10 240 - 5.66 A+B 65 ~98% Y 5 [303] 

Soybean oil 12:1 
Cinder supported 

CaO/KF 
2.1 20 

~0.9ï20 x 

105 
- 65 

~99.99- 96.6% 

C 
4 [305] 

Soybean oil 20:1 
Mg/Al/Zn/SBA-

15 
- 1.2h-1 5-8 x 105 0.18B 225 85-90% Y 200hr [306] 

Soybean oil 50:1 
CaOïMoO3ï

SBA-15 
6 3000 - - ~65 83.2-77.2% C 5 [302] 

Soybean oil 12:1 
SBA-15-pr-

NR3OH 
2.5 30 ~1 x 103 1.26 B 65 99.4-97.8% Y 5 [307] 
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2.3.4 Other Catalytic Approaches 

2.3.4.1 Ion Exchange Resins 

Ion exchange resins of cationic (acidic) and anionic (basic) type have been explored in past studies, 

with a selection summarised in Table 2.15. Sulfonic acid cationic resins have successfully been 

applied to lower FFA levels in UCO within reasonable reaction times and temperatures. Common 

sources of deactivation include group 1/2 metal ions present in UCO due to cooking processes, 

however washing with HCl has been demonstrated to restore activity [308]. Alongside use of 

commercial exchange resins such as Amberlyst, other researchers have improved beyond these 

products by creation of novel resins with greater porosity and specific surface area. Optimising the 

quantities of monomer, comonomer, cross-linking agent and acid functionalisation concentration 

used during synthesis allows for controlled polymerisation to give a more desirable catalyst [309]. 

Anionic ion exchange resins have demonstrated moderate transesterification performance, 

however issues of excessive methanol loading [310], use of idealised triolein feedstocks [311] and 

unsuitability for high FFA% feedstock [312] means more work is required to demonstrate viability 

of anionic resins for low quality feedstock applications. It is recommended to continue optimising 

both anionic and cationic resins for transesterification and esterification pathways respectively. 

Table 2.15 - Summary of Ion Exchange Resins for Biodiesel Production 

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time 

(min) 

Particle 

Size (nm) 

Acidity 

(A) 

Basicity 

(B) 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

J. curcas oil 35:1a 
Amberlyst A26 

(OH) 
15 540 - - 55 36.81% Y - [312] 

Oleic acid 0.5:1 Amberlyst-31 4g 180 5.5-7 x 105 7.1 A 60 80.2 - 78.9% C 4 [313] 

Oleic acid 0.96:1 Amberlyst-15 5g - 7.4 x 105 - 100 97.5% Y 300 min [314] 

Soybean oil 100:1 Amberlyst-26OH 12.5 mol% 480 - 1.3 B 65 100% C - [310] 

Triolein 10:1 Diaion PA306s 4g 300 
1.5-2.5 x 

105 
1.24 B 50 ~80% C 4 [311] 

UCO 12.2:1 EBD-100 1 
300 

1440 
<6.3 x 104 5.37 A 65 

~80% C 

97.7 - 85% C 
5 [308] 

UCO 3:1 NKC-9 18 180 
4-12.5 x 

105 
1.5-4.7 A 66 ~90% C 10 [315] 

UCO 12:1 SHER 1.5 480 
3ï450 x 

103 
5.1 A 60 90% C - [309] 

X. sorbifolia 

oil 
8:1 

Amberlite IRA-

900 
3 90 (MW) 

4-12.5 x 

105 
1.1-3.6 B 60 96 - 70% C 10 [316] 

a: ethanol to oil, SHER:  sulphonated hyper crosslinked exchange resin  
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2.3.4.2 Ionic Liquids 

Ionic liquids (IL) are defined as low melting point salts comprised completely of ions. The melting 

temperature is considered low when below 100 °C in most literature [317]. IL catalysts can be 

formed either by being insoluble within organic oil layer as a biphasic liquid-liquid system or via 

immobilisation onto support materials as a heterogeneous catalyst [318]. Both approaches have 

been explored for biodiesel production with some recent studies summarised in Table 2.16. While 

biphasic liquid-liquid IL catalysts are simpler to synthesise and highly reactive, separation is 

slightly more challenging compared to immobilised IL, although still more easily recoverable than 

traditional KOH or H2SO4 homogeneous catalysts. Immobilised IL have improved separability but 

at cost of reactivity and synthesis complexity [319]. Literature has highlighted the challenges of 

developing supported IL catalysts that are both chemically and thermally resilient over multiple 

recycles [320]. Other researchers have decided to explore deep eutectic solvents (DES) instead as 

a lower cost and more readily synthesisable alternative to IL catalysts [321]. In general, acidic IL 

still face similar problems of kinetic unfavorability towards transesterification and basic IL can 

promote saponification at increased levels of FFA and moisture similar to all previously discussed 

catalysts. Work by Sun et al. [322] however demonstrated that while LDH support deactivated 

under high FFA% of UCO, the high basicity of [Bmim]OH was surprisingly acid resistant and 

enabled high FAME yield 6 recycles at reasonable reaction conditions. It is recommended that 

studies continue to explore nanoscale supported IL with high recyclability in UCO treatment.  

Table 2.16 - Recent Ionic Liquid Catalysts for Biodiesel Production 

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time 

(min) 

Particle 

Size 

(nm) 

Acidity (A) 

Basicity (B) 

(mmol/g) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

Oleic acid 10:1 
MIL -101(Cr) 

/MBIAILs  
11 240 - - 67 91.0-82.1% C 6 [323] 

Oleic acid 10.39:1 
[(CH2COOH)2IM]

HSO4/H-UiO-66 
6.28 300 - 1.13 A 80 93.82-90.95% Y 5 [324] 

Oleic acid 11:1 
P-APTMS-PS-5 

SHIL 
6 120 - 1.08 A 70 96.55-95.37% C 7 [325] 

Rapeseed oil 0.466:1 
[BMIM] -

[CH3SO3] 
2 mmol 420 - - 70 ~98.2% Y 10 [326] 

Soybean oil 18:1 
SO4

2-/ZrO2-

SiO2(Et)-IL  
5 180 - 1.16 A 150 98.99-95.22% Y 5 [327] 

Soybean oil 11:1 BNPs-CCH 4.13 264 180 - 60 95.2-83% Y 5 [328] 

UCO 12:1 
[Bmim]OH/Mg-

Al-La 
3 360 - 2.48 B 65 98.8-85.4% Y 6 [322] 
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2.3.4.3 Enzymes 

Biologically derived enzymes can be used to convert glycerides into FAME, with a particular 

category of enzyme called lipase able to facilitate various hydrolysis, acidolysis, glycerolysis, 

interesterification and the desirable alcoholysis reaction pathways [329]. Immobilisation onto a 

support material is common to enable repeated reuse and simple recovery post reaction. 

Commercial lipases include Novozym 435 [330] derived from Candida antarctica fungus and 

Lipozyme IM-20 [331] derived from Rhizomucor miehei fungus. Loading of Candida rugosa 

fungal lipase onto commercial sepabeads has been explored by Winayanuwattikun et al. [332] 

while loading of Pseudomonas fluorescens bacterial lipase onto silica support has been studied by 

Ferrero et al. [333] as alternative to commercial enzymatic catalysts. A select summary of biodiesel 

production studies using supported enzyme catalysts is provided in Table 2.17. Common issues 

with enzymatic catalysis include the requirement of long reaction times and inability to increase 

kinetics via temperature due to thermal instability of lipases [334]. For a continuous process plant 

this would require large residence times. Furthermore, it has been reported that short chain alcohols 

such as methanol can deactivate certain biological lipases [335]. Selection of more resilient 

enzymes is hence required to maximise yield and recyclability. Alternatively, work by Macías-

Alonso et al. [336] has explored conversion of UCO completely into FFA via lipase hydrolysis 

prior to acidic esterification in a two-step approach, avoiding need of methanol resilience. Future 

studies should continue to focus on enhancing reaction rates and reporting enzyme reusability. 

Table 2.17 - Previous Studies in Enzyme Catalysed Biodiesel Production 

Feedstock 
A:O 

Ratio 
Catalyst 

Catalyst 

Loading 

(wt%)  

Reaction 

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion C 

Reusability 

(runs) 
Ref. 

C. Colocynthis oil 5:1 Novozym 435 4 222 43 97.8% Y - [337] 

M. Latifolia fat 

M. Indica kernel fat 

S. Robusta kernel fat 

2.4:1a Lipozyme IM-20 10 360 60 

94.6% C 

94.2% C 

93.6% C 

- [338] 

Palm oil 3:1 

C.rugosaon on 

Sepabeads EC-

OD 

- 2880 40 64% C - [332] 

Rapeseed oil 3:1 Novozym 435 5 1440 40 76.1% C - [339] 

UCO 0.33:1-0.67:1 Novozym 435 4 3000 30 ~90% C 50 [340] 

UCO 4:1b 

heterogeneous 

low ordered 

biosilicified 

enzyme 

12.5 1440 37 ~80% Y - [333] 
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2.4 Non Catalytic Approaches 

Various approaches have been developed that remove the need of a catalyst altogether. By 

eliminating the catalyst requirement, the process complexity may be reduced by minimising the 

number of separation steps required. Less waste may also be produced by avoiding the need to 

regenerate or replace spent catalytic material, a potential economic as well as environmental 

benefit. Figure 2.15 displays some of the alternative routes that have been explored in the synthesis 

of biodiesel to date within the literature.  

 

Figure 2.15 - Non-Catalytic Approaches to Biodiesel Production 

Oil feedstock and methanol are usually immiscible at traditional operating temperatures, 

commonly a maximum temperature of 65 °C is chosen as boiling point of methanol and the 

reaction is performed under reflux. Due to the multiphase system, mass transfer can initially be a 

limiting condition until sufficient FAME is produced to act as a cosolvent. The supercritical route 

instead involves heating both feedstock and alcohol to a very high temperatures and pressure (300-

400 °C, ~80 atm), until the mixture becomes a single homogeneous phase [341-345]. By removing 

interphase mass transfer resistance, accelerated reaction kinetics are achievable with high FAME 

conversion in significantly reduced time. Unlike catalytic routes, water content and FFA content 

is less of a detrimental effect via supercritical reaction. However, the extreme conditions required 

presents various engineering challenges. Increased process operating and capital costs are likely, 

from both greater energy consumption and costly vessels specifically designed for harsh reaction 

conditions.  



 

 

44 

 

Alongside the additional safety concerns of such conditions, the sustainability is also questionable 

due to increased heat duty requirement. To mitigate extreme reaction conditions, use of other 

cosolvents such as hexane [346] and toluene [347], or even inclusion of some catalytic material 

such as CH3ONa may help to increase yields or lower the operating temperatures and pressures 

required [348]. Alternatively, the thermal energy required may be supplied via microwave (MW) 

assisted heating technologies [349-353]. Compared with conventional industrial heating methods, 

MW irradiation is both highly efficient and rapid since energy can be transferred directly at the 

molecular level instead of relying on conductive and convective heat transfers [354]. A similar 

concept has been explored in reactive distillation systems, where supercritical reaction and 

separation can occur in parallel [355]. Ozonolysis has also been explored in reactive distillation of 

oleic acid into FAME product [356]. 

The BIOX process, as pioneered by Boocock et al. [357] and commercialised via the BIOX 

Corporation, is illustrated below in Figure 2.16. The process in an innovative two step non-

catalytic approach to biodiesel production built on the concept of using a cosolvent to improve 

methanol-oil solubility. The resulting single phase mixture hence benefits from enhanced mass 

transfer rate and can subsequently facilitate both catalytic and non-catalytic biodiesel production. 

High FFA content is reduced in the first refinement step followed by subsequent conversion of 

triglycerides into FAME, with methanol and cosolvent recovered for reuse in both steps. 

Advantages include short reaction time, ambient reaction conditions, ease of glycerol separation 

and tolerance of impurities up to 10% FFA [358]. Nevertheless, tetrahydrofuran cosolvent is toxic 

and difficult to separate from methanol due to similar boiling point, so great care must be taken to 

ensure residual solvent in biodiesel remains minimal. Alternative cosolvents such as MTBE have 

also been explored in the literature [359].  

 

Figure 2.16 - Simplified Process Flow Diagram of BIOX Biodiesel Production Process 
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In situ transesterification is a reactive extraction process in which the alcohol performs both 

extraction and transesterification in a combined step. Since extraction step can be avoided the 

conversion may be more cost effective by process simplification. While acidic or basic catalysts 

can be utilised, using cosolvents such as water or direct processing of wet feedstocks like algae 

can create a pseudo-catalytic system [360-362]. Water presence can also hydrolyse cellular 

membranes and improve lipid extraction [363]. Use of ultrasonication and MW heating can be 

utilised to enhance reaction rate [364]. 

Other non-catalytic routes include microemulsion, where raw oil properties are adjusted using 

dispersants and surfactants to create blends suitable for current engine technology [365], and 

thermal routes such as thermal cracking [366]and pyrolysis [367]. These routes however are less 

environmentally sustainable, producing inferior fuel that may increase engine damage or pollution. 

While membrane and ultrasonic assisted reactor technology has mainly focused on catalytic 

biodiesel production to date [368, 369], there is potential for future non-catalytic implementations 

such as separation of FFA from UCO  via membrane [370] and ultrasonic enhanced routes [371] 

as discussed above.  
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2.5 Challenges and Opportunities 

2.5.1 Challenges Facing Industrial Application 

2.5.1.1 Scaling Up 

There are several pressing challenges that still need addressing before current nanocatalyst 

technologies can be scaled up for industrial application. Modern biorefineries have been designed 

with process intensification in mind, reducing complexity, wastage, and energy requirements, 

thereby improving economic and environmental aspects of biodiesel production. An important side 

effect of this is the use of continuous reaction technology. In comparison, unfortunately most 

studies from literature instead focus on batch reaction schemes. While this is acceptable for initial 

trials of newly developed catalysts, it is not a true demonstration of how these materials would be 

utilised commercially. Unlike batch reactors, continuous systems can achieve a more consistent 

biodiesel product, ensuring international fuel standards such as EN 14214 and ASTM D6751 [34, 

372] are met with little variation in quality. Higher throughputs are also attainable, producing 

sufficient biodiesel to meet the forecasted ever growing market demand. By transitioning from lab 

scale batch trials towards assessing performance in pilot scale continuous reaction and separation 

schemes, performance could be validated in more industrially relevant scenarios. The design of 

continuous reactors to test newly developed catalysts would depend on knowing the kinetic 

parameters for the esterification and transesterification reactions. Regrettably only a few studies 

tend to perform or simulate kinetic trials to determine such information. Presented in Table 2.18 

is kinetic data reported for sulfated solid acid catalysts that have been recently explored. The 

turnover frequency (TOF) can be understood as a measure of active site efficiency, and ranges 

from 10-2 min-1 to 101 min-1 for recently developed catalysts, which is within the expected range 

for industrial usability [373]. Reaction order is found to be unitary, which could be predicted since 

methanol is almost always added in large excess of the stoichiometric ratio, shifting equilibrium 

towards biodiesel production as described by Le Chatelier's principle. Therefore, for sufficiently 

high alcohol to oil ratios, biodiesel production could be reasonably expected to be a pseudo first 

order reaction. Activation energy lies mainly within the 30-80 kJ/mol range often observed for 

biodiesel production [374]. It is recommended that more studies report kinetic and thermodynamic 

parameters to better inform future applications in continuous reaction schemes. 
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Table 2.18 - Kinetic Data for Recent Sulfated Metal Oxide Nanocatalysts 

Catalyst  
Temperature 

(°C)  

TOF  

(min -1)  

Activation 

Energy 

(kJ/mol)  

Rate Constant 

(min -1)  
Order   Reference  

SBA-15/sulfonic acid 60 0.13 - 0.58 - - - [220] 

KIT-6/C-SO3H - 0.57 - - - [223] 

SBA-15/sulfonic acid 60 0.20 - 2.00 - - - [222] 

SO4
2ī/La2O3/HZSM-5 100 - 44 - 1 [225] 

CNF-Ar-SO3H 120 0.32 - - - [242] 

SO3H-GO 100 - 13 0.921 1 [239] 

S-MWCNTs 150 - 72 0.0498 1 [244] 

Fe3O4-Chitosan-Hollow-Chitosan-SO3H 80 - 38 0.0173 1 [191] 

 

The major advantage of sulfated acidic catalysts compared to solid bases is a superior tolerance to 

impurities such as FFA and water, reducing deactivation effects and avoiding the issue of soap 

formation via saponification. While many studies have demonstrated successful esterification and 

resilience in FFA models such as oleic and palmitic acid, it is important to also demonstrate 

successful biodiesel production can still be achieved when using realistic, economical, and readily 

available feedstocks as noted in Chapter 2.3.2.5. Reported catalytic performances of solid acidic 

nanocatalysts using realistic UCO feedstock is summarised in Table 2.19 and it can be observed 

that reaction temperature and treatment time is often suboptimal. As recommended in Chapter 

2.1.4 it may be more viable to optimise a two-step approach suitable for modern biorefineries. 

Table 2.19 - Solid Acid Nanocatalysts with UCO Feedstock 

Catalyst 
A:O 

Ratio 

Catalyst 

Loading 

(wt%)  

Time 

(min) 

T 

(°C) 

Yield Y 

Conversion 

C 

Reusability 

(runs) 

Particle 

Size 

(nm) 

Pore 

Size 

(nm) 

Surface 

Area 

(m2/g) 

Acidity  

(mmol/g) 
Ref. 

SO4
2-/TiO2-

SiO2 
20:1 10 180 120 77% C 1 - 2.85 457 - [224] 

Fe2O3-MnO- 

SO4
2-/ZrO2 

20:1 3 240 180 ~96.5% Y 6 11.5-21 - 
1.39 

x10-6 

4.32 A 

1.52 B 
[214] 

SO4
2-/Zr-SBA-

15 
40:1 3 180 160 

98.5 - 80% 

C 
6 - 

3.27-

5.47 
271 - [227] 

Ti(SO4)O  9:1 1.5 180 75 
97.1 - 

94.12% Y 
8 25 22.7 44.5 - [198] 

TiO2/PrSO3H  15:1 4.5 540 60 
98.3 - 

94.16% Y 
4 8.2 - 42 24.6 38.6 - [199] 

SO4
2-/Fe-Al -

TiO2 
10:1 3 150 90 96->90% Y 10 <50 11.1 51 1.18 

[145, 

248] 

SO4
2-/Mg-Al -

Fe3O4 
9:1 4 300 95 ~98.5% Y 5 25-165 6.5 123 2.35 [146] 
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Synthesis routes of catalytic material will also need to be demonstrated at scale. Recent work by 

Mahin and Torrente-Murciano [375] demonstrated the continuous production of Fe/Fe3O4 core-

shell magnetic nanoparticles via thermal decomposition of Fe(CO)5 precursor. Precise control over 

a narrow size distribution could be achieved and functionalisation via oleic acid was successfully 

performed. Optimisation of flowrate and reactor length led to high levels of mixing and sufficient 

residence times above 12 seconds. Balancing the mixing and residence time led to optimum size 

distribution and a high production rate of 2.6 g/hr in the helical microreactor. Research such as 

this opens up future exploration into continuous catalyst synthesis, as current batch production 

techniques face issues of batch variability and often unconfirmed reproducibility. Sensitivity of 

synthesis routes should also be verified to confirm that consistently active nanocatalysts can be 

obtained in a controlled manner, even under small deviations in synthesis parameters. 

2.5.1.2 Catalyst Recyclability 

Recyclability remains a challenge despite new catalysts being regularly developed. Deactivation 

can occur due to a variety of reasons and different regeneration approaches have been tried to 

extend activity, as illustrated in Figure 2.17. Although recent work by Gardy et al. [145, 248] using 

SO4
2-/Fe-Al -TiO2 achieved high yield over an impressive 10 consecutive runs with impure UCO 

feed, there continues to be a strong desire to further extend catalyst lifespan without expending 

significant cost in material regeneration. Work involving sulfated zirconia as part of mixed metal 

oxide catalysts has led to encouraging improvements in recyclability and retention of sulfate 

groups. While it may be that sulfated metal oxides are more suitable for conversion of cheap raw 

feedstocks than sulfated carbon, recent work such as Al 3+/SO4
2-/MWCNT catalyst synthesized by 

Shu et al. [245] could challenge that theory. An impressive 8 consecutive uses could be performed, 

although it would have been preferable to see UCO used instead of model FFA oleic acid. It is 

hoped that similar improvements over time may be made with other types of sulfated solid acids. 

Batch or continuous separation and regeneration tests of catalytic material could also be explored 

further, for instance by performing reacidification of lost sulfate surface groups and washing as 

independent continuous steps, aiming towards an eventual completely closed loop. It is often noted 

how external magnetic fields could simplify nanocatalyst recovery by inclusion of magnetic 

species like iron oxides into sulfated acids. Thus far however there is a lack of work demonstrating 

successful continuous magnetic separation within the application of biodiesel production. 
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Figure 2.17 - Catalytic Deactivation Routes and Regeneration Approaches [35] 

2.5.2 Opportunities for Research 

2.5.2.1 New Catalyst Designs 

Through a thorough review of current literature, it is clear there are still many new nanocatalyst 

designs awaiting discovery. In order to reduce FFA in UCO feedstocks via esterification it is clear 

that a solid acid nanocatalyst should be selected. Areas of particular promise include mixed metal 

oxides, sulfated metal oxides and supported acid catalysts. Sulfated TiO2 has demonstrated high 

reactivity in esterification and is both chemically and thermally resilient enough to facilitate 

repeated recycling. Combining with another oxide such as Fe2O3 may be able to introduce 

magnetic separability as well as contribute further catalytic activity. While it is unclear if hematite 

is magnetically active enough to allow magnetic separability post reaction, use of Fe(III) salts only 

would simplify synthesis process and is worth testing. Use of a SiO2 support could increase surface 

area and pore structure by providing a core structure to impregnate or coprecipitate around. 

Reduced leaching of metallic species, particularly Fe, may also be possible if a layer of FeSi is 

formed prior to coating with outer catalytically active layer. Comparison with other outer active 

layers such as ZnO or ZrO2 that have been sulfated and previously studied would allow for a range 

of slightly different new catalysts to be developed and compared. There is no prior reporting of a 

SiO2-Fe-(Ti/Zn) sulfated core-shell nanocatalyst design in literature so such research would be 

especially novel. These considerations were used to inform the proposed new nanocatalyst designs. 
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2.5.2.2 Functionalisation Agents 

A variety of acidic functionalisation agents have been explored to improve catalytic activity 

towards biodiesel formation. A summary of different surface sulfate groups that have been loaded 

onto solid nanomaterials is provided in Figure 2.18. Inclusion of sulfur based compounds onto the 

catalyst surface by reacting with concentrated sulfuric acid [196], chlorosulfonic acid [198] or 

ammonium sulfate [195] have all been utilised to increase FFA resilience. Total acid site density 

and acidic strength achieved is dependent on both functionalisation conditions and sulfation agent. 

For instance, it has been noted that chlorosulfonic acid can greatly enhance sulfur loading and acid 

site density as compared to sulfuric acid [376]. Use of organic alkyl or aromatic groups has also 

been explored by using propylsulfonic and toluenesulfonic acids [191, 199]. Introduction of 

nonpolar organic acid sites has been observed to reduce deposition from polar FFA impurities and 

hence improve reusability, at the potential cost of reduced activity due to weaker acidity achieved.  

 

Figure 2.18 - Sulfated Functional Groups Previously Explored [35] 

Sulfation not only increases Brønsted acid behaviour that favours esterification but also can 

enhance the transesterification favouring Lewis acidity of metal based solid catalysts via the 

inductive effect, drawing electron density away from the metal cation and increasing the ability 

for electron pair acceptance to occur. The sulfate ion (SO4
2-) can exist in a variety of forms, for 

sulfated metal oxides this includes monodentate bonding, bidentate chelated and bridged 

structures, or free ion structure as illustrated in Figure 2.19. The sulfate loading achieved can 

influence both the Brønsted/Lewis ratio and acidic strength, with high loadings leading to 

polynuclear sulfate structures with more Brønsted sites present [377]. More stable bidentate or 

polynuclear structures have improved stability enabling increased recycling without loss of sulfate, 

however deactivation may still occur via pore blockage and organic deposition. Excess sulfur 

loading may also block pores and lower surface area, hence acid density and strength must be 

balanced with morphology. 
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Figure 2.19 - Surface Sulfate Structures and Dependence on Sulfur Content [35] 

Limited studies have been performed on varying the concentration of functionalisation agent used. 

Studies such as Li et al. [94] and Rezki et al. [251] confirm that an optimum concentration of acid 

treatment exists. Too dilute a solution can cause poor sulfur loading, low acid density, and weak 

acidic strength. Excess concentration can instead promote solid digestion and conversion of metal 

oxide into sulfate salt. The nature of how concentration impacts fundamental properties such as 

surface area, pore size, crystallinity, surface chemistry, dispersion, morphology and esterification 

performance is often not investigated, poorly understood and requires much more research. 

Functionalisation conditions are likely just as important to optimise as other synthesis parameters 

and hence a range of nanocatalysts should be developed at varying treatment conditions. 

2.5.2.3 Optimisation of Two Step Route 

Design of Experiment (DOE) approaches have been successfully utilised in prior studies [42, 254, 

378] to reduce the number of reaction trials required to explore influential factors such as reaction 

time, temperature, alcohol to oil ratio and catalyst loading. Development of statistical models can 

reveal important reaction parameters via effect screening and simulate yield responses to 

determine points of maximum FFA conversion. Such model predictions need to be confirmed 

experimentally but may assist in identifying promising nanocatalyst designs, especially if multiple 

designs are synthesised and many hundreds of reaction trials are not feasible. Limiting design 

space to industrially applicable reasonable reaction conditions may lead to only strong 

esterification performance with acidic catalysts, in which case a two-step route should be explored 

to confirm FFA treatment can promote superior base activity in second step. While model 

feedstocks can unquestionably confirm if esterification and/or transesterification is facilitated, 

optimum nanocatalyst and reaction conditions should also be applied to various UCO feedstocks 

to confirm desirable performance can still be achieved.  
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Chapter 3. Materials and Methods 

3.1 Introduction 

This chapter focuses on the materials and methods that were developed and used throughout the 

research work. Chapter 3.2 presents and discusses the multistep synthesis pathway that produced 

six different novel catalytic materials. Chapter 3.3 focuses on the various characterisation 

techniques that have been used to study the synthesised catalyst as well as providing a brief 

summary of the background and history of these methods. Chapter 3.4 details the Design of 

Experiments approach that was taken for measuring, modelling and optimising catalyst 

performance. Further details of these batch trials and determination methods of computing methyl 

oleate or FAME yield are provided in Chapter 3.5. Finally, Chapter 3.6 provides a list of all 

materials used during the research as well as supplier information and specification details. 

3.2 Catalyst Synthesis Route 

3.2.1 Design Considerations 

As discussed in Chapter 2, there are many different types of nanocatalyst design currently being 

researched for conversion of low grade feedstocks to biodiesel and in this research six novel core-

shell nanocatalysts were produced following a multistep synthesis pathway as illustrated in Figure 

3.1 below. A core-shell design was proposed in which each successive layer of the nanocatalyst is 

fulfilling a different design objective. The central ~100 nm SiO2 nanoparticle support would 

provide a high specific surface area and ideal pore structure for which subsequent layers could 

coprecipitate around. Literature review in Chapter 2 had identified coprecipitation method as a 

facile and economical synthesis route. Early on it was identified that a multistep pathway may lead 

to potential issues with leaching, pore blockage and reducing of surface area, hence the central 

support was used in an effort to combat this. The secondary iron oxide layer was included in an 

attempt to introduce desirable magnetic behaviour that would enable simple separation post 

reaction. Since iron oxides are less chemically stable in acidic environments and issues with iron 

species leaching has been reported previously, it was clear that an iron layer should not be the 

outermost layer. However, iron oxides have been demonstrated to display some catalytic activity 

for biodiesel conversion. To best take advantage of this activity while still utilising silica as 

superior support material, the iron oxide layer was selected as intermediate layer. 
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Typically, magnetically separable catalysts utilise the more strongly magnetic properties of Fe2+ 

materials such as magnetite and maghemite. This requires a synthesis route under N2 conditions to 

avoid oxidation into only slightly magnetic hematite. Since some literature reported successful 

separability using hematite phase and in order to reduce cost and complexity of synthesis it was 

decided to produce this intermediate phase with Fe3+ salt. Concentrated NH4OH was selected over 

NaOH as precipitating agent to avoid contamination with metal ions. Chapter 3.2.2 discusses the 

first step of obtaining FeSi support material. 

The outermost layer was identified as needing to be highly catalytically active as well as 

chemically and thermally stable since this layer would be in contact with low grade reactants for 

extended periods at high temperature. From work performed in Chapter 2 sulfated metal oxide 

materials appeared most favourable to higher levels of FFA and moisture content. Two of the most 

frequently explored were those based on TiO2 and ZnO. The FeSi support was therefore to be 

coated with a layer of TiO2 or ZnO respectively prior to further functionalisation. Step 2A is 

discussed in Chapter 3.2.3 and resulted in a TiFeSi support material while Step 2B is discussed in 

Chapter 3.2.4 and resulted in ZnFeSi support. Research from Chapter 2 suggests that anatase phase 

titania is most catalytically active but converts to less active rutile at higher temperatures. As a 

result, the calcination temperature of 400 °C was selected to prevent this transition. Since 

calcination temperature was not part of the research scope, this temperature was also used in other 

steps to balance sufficient thermal energy for recrystallisation to occur but not too excessive a 

temperature that might lead to extensive grain growth and loss of surface area or porosity. 

The last part of the synthesis pathway (Step 3) is detailed in Chapter 3.2.5 and involves 

functionalising the TiFeSi and ZnFeSi support surface with three different concentration levels of 

chlorosulfonic acid to produce a total of six different catalytically active materials for further study. 

Different functional groups have been explored for biodiesel production as discussed in Chapter 

2, chlorosulfonic acid was selected to ensure acid sites of high strength and activity would be 

produced to enable maximum reactivity of FFA esterification alongside the novelty of exploring 

how catalyst properties may change with varying concentration of this functionalisation step. 
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Figure 3.1 - Overview of Catalyst Synthesis Pathway 

3.2.2 Synthesis of FeSi Catalyst Support 

The synthesis of Fe layer by coprecipitation was adapted and modified from previous methodology 

reported by Gardy et al. [145, 146], wherein this work only a single iron oxide precursor (Fe3+) 

was utilised. Approximately 0.125 moles of Iron(III) sulfate hydrate (Sigma-Aldrich) were 

dissolved into 100 mL equal volume of ethanol-deionised water and ultrasonicated for 5 minutes 

to produce a rust red solution. Next 2 g of 100 nm SiO2 (Fiber Optics Center) was suspended in 

50 mL ethanol (VWR) and 10mL ethylene glycol (Fisher Scientific) to minimise magnetic 

aggregation on silica surface. The Fe3+ solution was then added dropwise to the suspended SiO2 

solution at room temperature under 250 rpm agitation via magnetic stirring. A Mettler Toledo 

SevenCompact pH probe was then inserted followed by injection of concentrated NH4OH solution 

(Sigma-Aldrich) at room temperature until a desired pH of 9-10 had been achieved. The mixture 

was observed for dark red/brown precipitate confirming initial coprecipitation had occurred prior 

to heating under reflux at 75 °C via mineral oil bath and vigorous 500 rpm agitation for 2 hours to 

facilitate Ostwald ripening around SiO2 support. The mixture was then allowed to cool and 

statically age overnight prior to repeated washing of solids in equal volume of ethanol-deionised 

water via centrifuge at 5 °C, 9000 rpm and 10 minute run cycles. Washing step was repeated until 

no further SO4
2- could be detected in wash solvent via 0.1 M BaCl (Fisher Scientific) indicator test 

and no further change in pH reading. Solid was dried overnight in a vacuum oven at 120 °C prior 

to calcination in a muffle furnace for 4 hours at 400 °C in air. Material after this step is denoted 

FeSi. Figure 3.2 displays the synthesis setup, pH probe and wet FeSi solid pre-drying. 
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Figure 3.2 - Synthesis setup (a), pH probe (b) and wet FeSi solid (c) 

3.2.3 Synthesis of TiFeSi Catalyst Support 

Synthesis of Ti containing layer was performed using a modified coprecipitation method adapted 

from Gardy et al. [145] with selected Ti precursor and organic solvent. Approximately 0.1 moles 

of Titanium(IV) Butoxide (Sigma-Aldrich) were dispersed into 50 mL of ethanol via 

ultrasonification for 5 minutes. Into this solution 1 g of FeSi material was subsequently added and 

dispersed via ultrasonification for 5 minutes until no solid residue was observed at bottom. The 

mixture was stirred via magnetic stirring at 250 rpm while pH probe was added followed by 

addition of concentrated NH4 solution until desired pH of 9-10 was measured. The mixture was 

observed for production of a white sol prior to vigorous agitation at 500 rpm and heating under 

reflux for 2 hours at 75 °C to promote Ostwald ripening around FeSi support. This mixture was 

then left to cool and statically age overnight. On returning it was noted that two different solid 

phases had developed. A small quantity of bulky red/brown phase at the bottom of the flask which 

was likely FeSi aggregate that had not been coated, and a fine white solid throughout the rest of 

the flask that was likely the desired TiFeSi material. The two solid phases were separated by 

gravity decanting followed by repeated washing of white TiFeSi solids in equal volume ethanol-

deionised water via centrifugation at 5 °C, 9000 rpm and 10 minute run cycles. Washing was 

continued until pH remained constant in washings. Solid was dried overnight at 120 °C in vacuum 

oven then calcinated in a muffle furnace for 4 hours at 400 °C in air environment. The support 

material produced after this step is entitled TiFeSi. Figure 3.3 displays bulk and fine TiFeSi solids 

obtained as well as the ceramic crucibles and muffle furnace used during calcination. 
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Figure 3.3 - Bulk and Fine TiFeSi (a), Ceramic Crucibles (b) and Muffle Furnace (c) 

3.2.4 Synthesis of ZnFeSi Catalyst Support 

Synthesis of Zn layer was performed using modified coprecipitation route adapted from work by 

Gardy et al. [145] with selected Zn precursor. Deionised water was used to ensure sufficient salt 

solubility. Approximately 0.1 moles of Zinc Sulfate Heptahydrate (Sigma-Aldrich) were dispersed 

into 50 mL deionised water via ultrasonication for 5 minutes prior to addition of 1 g FeSi and 

further dispersion for 5 minutes in ultrasonic bath until no solid residue was observed. The mixture 

was then stirred via magnetic stirrer at 250 rpm and pH probe was inserted followed by addition 

of concentrated NH4OH solution until desired pH of 9-10 was obtained. A very thick cream sol 

was noted confirming initial coprecipitation had occurred. The mixture was then heated at 75 °C 

under reflux at 500 rpm stirring rate for 2 hours to promote Ostwald ripening around FeSi support. 

After leaving to cool and statically age overnight, the cream solid was repeatedly washed in 

deionised water via centrifuge at 5 °C, 9000 rpm and 10 minute run cycles. Washing was repeated 

until neutral pH was measured in wash water and no SO4
2- content could be detected via 0.1 M 

BaCl indicator test. The cream solid was then dried overnight at 120 °C in vacuum oven before 

calcination at 400 °C in muffle furnace for 4 hours in air. Solid material produced after this step is 

denoted ZnFeSi. Figure 3.4 displays the thick sol and solid aggregate obtained post ageing, the 

BaCl test for sulfate ions and the vacuum oven used for solid drying. As can be seen in Figure 

3.4a, the formation of highly thick and viscous sol obtained was noted to retain excess water and 

impeded drying process. Future work in Chapter 4 will discuss the excess hydration of ZnO phase 

likely caused due to synthesis challenges. Future work is recommended to improve this 

coprecipitation step, either through use of alternate non sulfate precursor, alternate solvents or 

increased drying time/temperature. 
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Figure 3.4 - ZnFeSi Sol and Bulk Aggregate (a), BaCl Sulfate Ion Test (b), Vacuum Oven (c) 

3.2.5 Synthesis of Functionalised (Ti/Zn)-FeSi Catalyst 

Functionalisation method using chlorosulfonic acid was adapted from method previously reported 

by Gardy et al. [145] with varying acid concentrations. For both TiFeSi and ZnFeSi supports, 1 g 

of solid material was dispersed into 50 mL of toluene via ultrasonication for 5 minutes until no 

solid residue was left at bottom of flask. This suspension was then cooled down to -5 °C via NaCl 

(Fisher Scientific) ice bath under 250 rpm stirring via magnetic stirrer. Sufficient quantity of 

concentrated Chlorosulfonic acid (Sigma-Aldrich) was then added dropwise at a rate of 0.1 

mL/min until final concentration of solution became 0.1 M, 0.55 M or 1.0 M respectively. The 

resulting mixture was then refluxed a 60 °C for 2 hours under vigorous 500 rpm stirring to facilitate 

surface functionalisation reaction prior to being left to cool to ambient temperature. Dry toluene 

was then used to repeatedly wash solid via centrifuge at 5 °C, 9000 rpm and 10 minute run cycles 

until via analysis of the washings: pH remained unchanged, no SO4
2- was detected via 0.1 M BaCl 

indicator test and no Cl- was detected via 0.1 M AgNO3 (Sigma-Aldrich) indicator test. Solid was 

then dried in vacuum oven overnight at 120 °C prior to calcination for 4 hours in a muffle furnace 

at 400 °C in air environment. The resultant functionalised catalysts are denoted X-TiFeSi and X-

ZnFeSi where X = 0.1 M, 0.55 M or 1.0 M corresponding to the functionalisation conditions 

respectively. Figure 3.5 shows the NaCl ice bath used during chlorosulfonic acid addition and the 

FEP centrifuge tubes used during toluene washing steps. 
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Figure 3.5 - Ice Bath Setup (a), FEP Tubes for Centrifuge Washing (b) 

3.3 Catalyst Characterisation Techniques 

3.3.1 X-ray Diffraction 

The discovery in 1912 that X-rays have the ability to diffract in crystalline materials such as ZnS 

has been attributed to the work of Walter Friedrich, Paul Knipping and Max Laue [379, 380]. The 

phenomena of Laue diffraction confirmed that X-rays were behaving in a wave-like manner similar 

to light, which also displays constructive and destructive interference patterns. Further work by 

W.L. Bragg and his father Sir W.H. Bragg in 1913 [381] led to the proposed Bragg Law of 

diffraction. The Nobel Prize in Physics was jointly awarded to W.H. Bragg and W.L. Bragg in 

1915 "for their services in the analysis of crystal structure by means of X-rays" [382]. 

When an X-ray encounters a crystalline or semi-crystalline material, diffraction occurs in a 

predictable manner as described by Braggôs Law in Equation 3.1. The derivation of this equation 

can be inferred from Figure 3.6. The path difference between two successive X-rays of wavelength 

ɚ and integer multiplier n is equal to 2dsinɗ where d is the plane lattice spacing and ɗ is the Bragg 

angle for which peak constructive interference occurs. 

ὲ‗ ςὨÓÉÎ— 

Equation 3.1 - Braggôs Law of Diffraction 
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Figure 3.6 - Diagram of Braggôs Law Derivation 

Using the Bragg Law, it is possible to identify the plane spacing of a given crystalline material if 

the wavelength and incident angle for the X-ray beam is known. The observed value of d and 

resulting X-ray spectrum can therefore be used to determine the bulk chemical composition, 

crystallinity and crystal phases present for an unknown material. Figure 3.7 shows a comparison 

between the shape of X-Ray Diffraction (XRD) spectra produced by amorphous, semi-crystalline 

and crystalline materials. Amorphous materials have no long range order and hence produce broad 

ñamorphous haloò diffraction patterns. As the degree of crystallinity increases, the diffraction 

pattern becomes sharper with greater peak height and reduced peak width [383]. 

 

Figure 3.7 - Comparison between amorphous (a), semi-crystalline (b) and crystalline (c) 

diffraction spectra for silica materials observed via XRD 
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A diagram of how XRD measurements are taken is displayed in Figure 3.8 while method details 

used in this work have been included in Table 3.1. Spectral data was compared against literature 

to determine crystal phases present. Profex software [384] was also used to compare obtained 

results graphically against reference spectral library for phase identification. 

Table 3.1 - Method parameters used for XRD analysis 

 

 

 

 

 

 

 

Figure 3.8 ï Simplified diagram of Bruker D8 ADVANCE 

To determine the crystallite size, the Debye-Scherrer equation was used in a form given by 

Equation 3.2. Here D is the crystallite size in nm, K is the Scherrer shape factor constant [385] 

(assumed to be approximately 0.9 for this work [386, 387]), ɚ is the beam wavelength (0.154 nm), 

ɓ is the full width at half maximum (FWHM, rad) and ɗr is the incident angle (rad). 
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Equation 3.2 - Debye-Scherrer Equation 

Property Value 

Model Bruker D8 ADVANCE 

Detector LYNXEYE 

Radiation Source Cu K-Ŭ (Monochromatic,8.04 keV) 

Wavelength 0.154 nm 

Scan Range (2ɗ) 10 ° - 70 ° 

Step Size 0.0169 ° 

Scan Time 1 hour 
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3.3.2 Thermal Analysis 

3.3.2.1 Thermogravimetric Analysis 

The mass changes that are observed upon heating a sample can be used to determine thermal 

stability and provide insight into chemical nature. The percentage mass change indicates the 

quantity of each species that was originally present. Bond breakage is an endothermic process that 

requires thermal energy. Physisorption effects such as Van der Waals, dipole attraction and 

hydrogen bonding are typically weaker than chemisorption in which chemical bonds must be 

cleaved. The decomposition temperature therefore can indicate how strongly bound a given species 

was to the starting material and what type of bond may have been responsible. Solid materials 

often have physically adsorbed gases and water from the environment which become desorbed 

under mild heating. Presence of residual solvent and impurities can be vaporised under increased 

temperatures. At greater temperatures functional groups may then decompose into evolved gases. 

Shown in Figure 3.9 is an example Thermogravimetric Analysis (TGA) and Derivative 

Thermogram (DTG) profile for 0.1M-TiFeSi catalyst. Derivative thermograms were calculated as 

the rate of change of wt% with increasing temperature to better identify thermal range of maximum 

mass change. All TGA and DTG measurements were performed on a Mettler Toledo TGA-DSC 

system and analysis was performed using STARe software [388]. Method parameters for solid 

sample analysis are included in Table 3.2. 

 

Figure 3.9 - Example TGA (a) and DTG (b) Plot for 0.1M-TiFeSi 
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Table 3.2 - Method Parameters for TGA, DTG and DSC Analysis of Nanocatalysts 

 

 

 

 

3.3.2.2 Differential Scanning Calorimetry 

Typically evolved gases are analysed via combined techniques such as TGA with Infrared or Mass 

Spectroscopy (TGA-IR/TGA-MS) to determine the chemical species that were thermally 

decomposed. Unfortunately, such facilities were unable during this work so instead the species 

responsible for specific mass losses were identified based on degradation temperature and 

inspection of the Differential Scanning Calorimetry (DSC) curve. It was expected that exothermic 

heat flows would be principally due to recrystallisation effects as solid relaxes into a more 

energetically favourable structure. Trace solvent and impurity vaporisation would appear as 

endothermic heat flow at lower temperatures meanwhile phase changes would give a characteristic 

endothermic peak at very high temperatures.  Acid site decomposition is endothermic in nature 

and would occur at intermediate temperatures within the analysis range, exhibiting a strong mass 

loss signal. Therefore, by comparing TGA/DTG data with endothermic peaks from DSC the mass 

losses resulting from acidic functional groups could be indirectly determined. Shown in Figure 

3.10 below is the TGA-DSC equipment used and example DSC curve for 0.1M-TiFeSi. 

 

Figure 3.10 - Example DSC curve for 0.1M-TiFeSi (a) on Mettler Toledo TGA-DSC (b) 

Property Value 

Model Mettler Toledo TGA-DSC 

Temperature Range 30 - 900 °C 

Ramp Rate 10 °C / min 

Purge Gas N2 

Purge Flowrate 50 mL / min 
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3.3.3 Infrared Spectroscopy 

Infrared (IR) light was first discovered by Sir William Herschel in 1800 [389] and is a class of 

invisible electromagnetic radiation of wavelength between visible light and microwaves (780-1000 

ɛm) [390]. Infrared is typically subdivided into near infrared (NIR, 0.78-3 ɛm), mid infrared (MIR, 

3-50 ɛm) and far infrared (FIR, 50-1000 ɛm) regions and wavenumbers between 400-4000 cm-1 

are most utilised for IR spectroscopy since this matches the vibrational frequency of chemical 

bonds [391]. The mechanism for how infrared radiation interacts with matter is shown in Figure 

3.11 below. For a chemical bond to be IR active there must be a change in magnetic dipole moment 

during the vibration. If this is not the case, then other infrared based techniques such as Raman 

Scattering may be utilised instead that depend on changes in polarizability [392]. 

 

Figure 3.11 ï Mechanism for IR being absorbed by a functional group 

When infrared radiation of equal vibrational frequency encounters a chemical bond, the energy 

can be absorbed and increase the amplitude of the vibration. By measuring the specific 

wavenumbers absorbed the presence of various functional groups can be determined. Furthermore, 

through the Beer-Lambert Law given in Equation 3.3, the amount of absorbance A observed is 

proportional to concentration C (M) of a given species and can be calculated if molar absorption 

coefficient Ů (M-1cm-1) and path length l (cm) are known. 

ὃ  ‐ὧὰ 

Equation 3.3 - Beer-Lambert Law 

The region 400-1500cm-1 is denoted as the fingerprint region of an IR spectrum due to the complex 

and often overlapping peaks which makes individual functional group determination difficult but 

can be used to uniquely identify many chemical species. The region 1500-4000 cm-1 is known as 

the functional group region since peaks are more easily determinable, separated and less complex. 
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Initial dispersive IR spectrometer designs used in early 1900s by pioneers such as William Weber 

Coblentz [393] operated by varying narrow frequency bands of IR light and measuring the 

percentage absorbance or transmittance for each individual band. This process was laborious, time 

consuming and measurements suffered a low signal-to-noise ratio. Work by Cooley and Tukey in 

1965 [394] developing rapidly solvable Fast Fourier Transform algorithms revolutionised how IR 

spectra could be collected. Figure 3.12 demonstrates how a typical Fourier Transform IR (FTIR) 

spectrometer operates. A Michelson interferometer is used to produce IR interference patterns and 

through adjusting the mirror position a plot of intensity against mirror position (cm) can be 

obtained. Conversion into inverse space (cm-1) is then computed by performing a Discrete Fourier 

Transform operation which is included in Equation 3.4 below. Hence the absorbance or 

transmittance for each wavenumber of IR can be obtained all at once. The major advantage of 

FTIR is the speed of data collection and higher signal-to-noise ratio. 
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Equation 3.4 - Discrete Fourier Transform 

 

Figure 3.12 - Diagram Showing the Operation of FTIR Spectrometer 
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3.3.3.1 Attenuated Total Reflectance 

There are different measuring approaches to performing FTIR depending on the type of sample in 

use as shown in Figure 3.13. In order to investigate chemical species present on the solid surface 

of support and catalyst material, Attenuated Total Reflectance (ATR) approach was utilised due 

to low penetration depth ensuring only the near surface was imaged. Method parameters used for 

ATR-FTIR analysis are included in  Table 3.3 and an example ATR-FTIR spectrum of 0.1M-

TiFeSi is displayed in Figure 3.14. Background corrections were performed in OMNIC and Origin. 

 Table 3.3 - Method parameters used for ATR-FTIR Spectroscopy 

 

 

 

 

 

 

Figure 3.13 - Different types of FTIR apparatus: Transmission (A), ATR (B), Specular 

Reflectance (C) and Diffuse Reflectance (D) 

 

Figure 3.14 - Example ATR-FTIR Spectrum of 0.1M-TiFeSi 

Property Value 

Model Nicolet iS10 

Crystal Specac Zn-Se 

Total Scans 64 

Resolution 4 cm-1 

Scan Range 650 - 4000 cm-1 
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3.3.3.2 Pyridine Temperature Programmed Desorption 

In order to confirm acidic site species are present on the surface, a basic probe molecule is often 

used that will chemically bond to surface sites. Some commonly used basic probe molecules 

include gaseous ammonia (pKa of 9.25), pyridine (pKa of 5.23), n-propylamine (pKa of 10.71) and 

isopropylamine (pKa of 10.63) [395-398]. The high basic strength of ammonia can lead to 

overestimation of weaker acidic sites [399], leading to pyridine being favoured for detecting 

medium and strong acid site activity. The temperature at which decomposition of probe molecule 

from acidic site occurs is dependent on the acidic strength, with common classifications in the 

literature [400] summarised in Table 3.4. Upon heating in a TGA apparatus, propylamines undergo 

thermal degradation similar to Hofmann Elimination to produce propene that can be detected via 

evolved gas analysis [401]. Alternatively, the concentration of pyridine remaining chemisorbed on 

a treated surface as temperature is varied can be detected via FTIR technique. 

Table 3.4 - Desorption Temperature and Acid Site Strength 

 

 

 

  

Since evolved gas analysis TGA was unavailable, pyridine was instead used as probe molecule. 

ATR-FTIR was used to detect presence of pyridine on nanocatalyst surface post temperature 

programmed desorption (TPD) at 150 °C or 300 °C calcination temperature to determine the type 

and concentration of weak, medium and strong acidic sites. Displayed in Figure 3.15 is an 

illustration of how pyridine can be chemisorbed to both Brønsted acidic sites as well as Lewis 

acidic sites. Brønsted sites were attributed to surface hydroxyl groups, for which sulfate groups 

can enhance the acid strength, while Lewis sites were attributed to metal cation species. Since 

some degree of metal cation and metal hydroxide species was expected to be present in all samples, 

lack of detection of acidic sites at 150 °C heat treatment indicated that any Brønsted or Lewis sites 

present were chemically too weak to interact with the basicity of pyridine and would therefore be 

unlikely to contribute any catalytic activity towards biodiesel production. 

Temperature (°C) Acid Strength 

<150 Physisorbed Only 

150-250 Weak 

250-350 Medium 

350-500 Strong 

>500 Very Strong 
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Figure 3.15 - Pyridine Bonding to Surface Acid Sites 

Approximately 100mg of each solid sample was heated overnight at 200 °C under vacuum to 

remove physically adsorbed gases and weakly bound water before being submerged in excess 

pyridine (~1mL), ultrasonicated for 10 minutes and left on a stirring plate at 200 rpm and ambient 

temperature for 4 hours. Samples were then dried in muffle furnace at 120 °C for 4 hours to remove 

bulk liquid prior to calcination overnight at 150 °C or 350 °C to remove chemisorbed pyridine. 

Dried sample was analysed via ATR-FTIR by application of Beer-Lambert Law as discussed in 

Equation 3.3. Peaks at ~1540 cm-1 and ~1450 cm-1 were attributed to Brønsted and Lewis acid 

groups respectively [402], with molar absorption coefficients reported to be 0.078 cm/µmol and 

0.165 cm/µmol from literature [403]. Effective pathlength of ATR ZnSe cell at measured peak 

centres was determined based on manufacturer recommendations [404]. Brønsted to Lewis (B:L) 

acid ratio at calcination temperature T was calculated as the ratio of peak heights as given in 

Equation 3.5 while the acid strength A was determined by Equation 3.6 where the ratio of a given 

acid site peak intensity at 350 °C calcination temperature was compared to 150 °C sample. 

ὄ

ὒ
 
Ὅ

Ὅ
 

Equation 3.5 - Brønsted to Lewis Ratio 
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Equation 3.6 - Acid Strength by Pyridine Temperature Programmed Desorption  
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3.3.4 Nitrogen Porosimetry 

Pore structure and surface area are both vitally important metrics for solid catalyst design. A high 

surface area and sufficiently large pore size improves reactant mass transfer to catalytically active 

sites and therefore enhances reactivity. Alternatively, pore size can be used to restrict non-desirable 

reaction pathways from occurring by sterically hindering the formation of unwanted products or 

access into catalytic regions. Pore structures can be closed holes, blind holes, cross-linked channels 

or through pores and common pore shape categories include cylinder, slit, cone and ink-bottle like 

morphologies [405, 406]. Pore size is defined by IUPAC to be either macroporous (>50 nm), 

mesoporous (2-50 nm) or microporous (<2 nm) [407, 408]. Common pore morphologies are 

illustrated in Figure 3.16. 

In order to determine the porosity, pore size distribution and surface area of complex solid surfaces, 

an inert probe material such as Hg, N2 or He can be utilised dependant on the specific material and 

size range of interest for study. He is typically preferred for highly microporous materials due to 

very small atomic diameter, while care must be taken with Hg intrusion methods due to toxicity 

and potential destruction of pore structure during testing [409, 410]. It is important to first degas a 

solid sample at elevated temperature prior to porosity analysis to remove bound gases and water 

vapour present in the environment and suitable degas conditions may be determined via TGA 

stability analysis. For N2 porosimetry, a known quantity of solid material is loaded into a fixed 

volume cell and kept at constant temperature (boiling point of N2 = 77 K), with liquid N2 used to 

enhance detectability of adsorption effect. By measuring the relative cell pressure and volume of 

N2 adsorbed and desorbed, an adsorption-desorption isotherm can be plotted. Various isotherm 

adsorption models have been developed such as early work by Langmuir in 1916 [411] and 

Freundlich in 1909.  However, these models have issues such as only considering monolayer 

formation (Langmuir) or failure to predict maximum adsorption at high pressure (Freundlich) 

[412]. Updated isotherm models based on work by Brunauer, Emmett and Teller (BET model) in 

1938 [413] have become a standard method for determining specific surface area. The BET model 

is given in Equation 3.7 where: P and P0 are the equilibrium and saturation pressure, V and Vm are 

the adsorbed gas volumes for overall sample and monolayer and C is the BET constant. The value 

of C as shown in Equation 3.8 is proportional to the energy of adsorbent-surface interactions, 

where E1 and EL are the heats of adsorption in first layer and heat of vaporisation respectively 

(Jmol-1) for gas constant R (8.314 Jmol-1K-1) and temperature T (K). 
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A linear plot of Equation 3.7 can be used to determine monolayer volume of gas adsorbed Vm and 

hence the BET specific surface area can be found via Equation 3.9, where w is the degassed sample 

weight (g), NA is Avogadroôs constant (6.022x1023 mol-1), s is the adsorbate cross sectional area 

(assumed 0.162 nm2 or 1.62x10-15 cm2 for N2) and MV is the molar volume of adsorbate (taken as 

22414 cm3/mol for N2). 
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Equation 3.7 - BET Model 
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Equation 3.8 - BET Constant 
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Equation 3.9 - BET Specific Surface Area 

 

 

 

Figure 3.16 - Common Pore Morphologies 
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A wide range of isotherm shapes has been observed that IUPAC have categorised [414] as shown 

in Figure 3.17. Type I isotherms are reversible and indicate narrow I(a) or broad I(b) microporous 

materials. Type II reversible isotherms are observed in nonporous or highly macroporous materials 

with detectable monolayer formation, whereas Type III display no notable monolayer. Type IV 

isotherms indicate mesoporous materials with hysteresis behaviour IV(a) indicating pores are 

above critical size facilitating capillary condensation, below this critical size reversible adsorption-

desorption occurs IV(b). Type V isotherms are similar to Type III and are observed in hydrophobic 

meso/microporous systems. Type VI isotherms are characteristic of multi-layered uniform 

nonporous surfaces, with each adsorbed layer capacity adding a step height increase to the 

isotherm. The hysteresis loop indicates the type of pore morphology observed: cylindrical (H1), 

ink-bottle with varying neck width (H2a/b), plates (H3), slits (H4) or combinations of open and 

partially blocked pore structures (H5). 

While the BET method is a straightforward approach to determining specific surface area, there 

are several limitations to the model [415, 416]. Firstly, the underlying assumptions of the model 

are problematic and potentially unrealistic [417, 418]. Assuming that gas adsorption occurs on a 

uniform surface, no interactions occur between each adsorbed layer and a theoretically infinite 

number of such layers can be constructed has been questioned. Inability to accurately model highly 

porous materials or samples with significant microporosity can also lead to large margins of error 

in calculated surface area. Care must therefore be taken to report specific surface area as SBET as 

it may differ from other techniques such as NMR spin relaxation or geometric analysis. 

In an attempt to address these shortcomings, the linear range of relative pressure is recommended 

to be taken between 0.05 - 0.3 since values that are too low will only feature monolayer adsorption 

and too high values initiate capillary condensation effects and notable hysteresis can occur [419]. 

Checking for linear behaviour alone within this region has been found as insufficient for reliable 

BET modelling and recommendations by Rouquerol et al. [417] include rejecting upper values of 

P/P0 that are beyond the maximum value in a plot of V(P0-P) against P/P0 and then confirming that 

the calculated value of C remains non-negative. These adjustments help to adjust the BET model 

to a wide range of isotherm behaviours beyond just Type II isotherms. BET analysis was performed 

on Anton Paar NOVA 800 and method parameters are included in Table 3.5. Figure 3.18 shows 

the degassing and analysis chamber, including liquid N2 dewar and glass test cells. 
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Figure 3.17 - Isotherms (a) and Hysteresis Loop (b) Classifications 

Reproduced with Permission © 2015 IUPAC and De Gruyter [414] 
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Table 3.5 - Method parameters for N2 Porosimetry 

 

 

 

 

 

 

 

 

 

 

Figure 3.18 - Nova 800 Degas Chamber (a) and Analysis Chamber (b) 

 

 

Property Value 

Model Anton Paar NOVA 800 

Analysis Software Kaomi for Nova 

Degas Ramp 1 20 °C to 80 °C at 5 °C/min 

Degas Hold Time 1 30 min 

Degas Ramp 2 80 °C to 200 °C at 5 °C/min 

Degas Hold Time 2 960 min 

Degas Ramp 3 200 °C to 20 °C at 30 °C/min 

Degas Type Vacuum Degas 

Cell Type 6mm with Filler Rod 

Void Measurement He 

Adsorbate Gas N2 (28.0134 g/mol, 16.2 Å2/molecule) 

Bath Temperature 77.35 K 

Relative Pressure Range 0.025 - 0.988 
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Since presence of microporosity can lead to large errors, the quantity of microporosity was 

evaluated via t-plot method, in which the statistical thickness of condensed adsorbed gas is 

computed as a function of relative pressure and compared to a reference plot of nonporous material 

with similar chemistry. The presence of curvature indicates microporosity and via subtracting the 

determined t-plot surface area from SBET an estimate of micropore surface area and hence degree 

of microporosity can be obtained. Various models to compute the t-plot surface area have been 

developed depending on the type of material under investigation, including work by de Boer, 

Harkins-Jura and Halsey [420]. This work utilised a method first proposed by Harkins and Jura 

[421, 422] and was calculated via Anton Paar Kaomi for Nova software. The de Boer linear model 

[423] is given in Equation 3.10 and relates adsorbed volume V to micropore volume Vm for known 

relative pressure ratios. A negative value of intercept, or intercept at origin, indicates no 

microporosity. A positive intercept indicates the presence of microporosity, and the gradient can 

be used to determine micropore surface area Se for a known film thickness t and fitting constant k 

determined by models such as Harkins and Jura (Equation 3.11) or Halsey (Equation 3.12) [424, 

425]. For this work Harkins and Jura was selected since superior fit was observed in all samples. 
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Equation 3.10 - de Boer Linearised Model 
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Equation 3.11 - Harkins and Jura Thickness Model 
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Equation 3.12 - Halsey Thickness Model 
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Pore size distribution within the mesoporous range can be calculated based on a method first 

proposed by Barrett-Joyner-Halenda [422] and now referred to as the BJH method. The method is 

valid under the assumption of cylindrical pores of sizes >2 nm, with other methods such as 

Dubinin-Radushkevich (DR) [426], Horvath-Kawazoe (HK) [427], Cheng-Yang (CY) [428] and 

Saito-Foley (SF) methods [429] more applicable to micropores of varying geometries. Since all 

synthesised materials in this work were identified by BET to be mesoporous, application of BJH 

was used and significant deviations from BET results investigated via t-plot analysis as discussed 

prior. Capillary condensation that occurs within mesopores as seen through hysteresis loop can be 

modelled through the Kelvin Equation [423, 424] as provided in Equation 3.13 where pore radius 

r is a function of thickness t at each value of relative pressure measurement. For N2 values of 

surface tension ɔ and liquid molar volume VL were taken as 8.88x10-3 N/m and 34.68 cm3/mol at 

~77 K temperature and molar gas constant R as 8.314 J/mol·K respectively. Harkins and Jura 

thickness model was again used to produce pore size estimates at all measured P/P0 values. 

Calculation of the BJH method was performed using Kaomi for Nova software and plots of dV(r) 

and dS(r) on desorption branch obtained alongside cumulative values of pore volume V and total 

surface area S denoted as SBJH to distinguish from SBET result. Deviation in surface area results 

between BET and BJH method may be expected for highly non-cylindrical pore shapes leading to 

overestimation or microporosity leading to underestimation [430, 431]. For very small mesopores 

between 2-5 nm up to 20% error may be expected [432] and so significantly lower SBJH values 

were interpreted as pores being close to meso-microporous boundary. Much larger values were 

interpreted as large deviation from cylindrical shape. Average pore diameter d was calculated 

using Equation 3.14 from BJH results assuming a cylinder shape. 
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Equation 3.13 - Kelvin Equation 
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Equation 3.14 - Average Pore Diameter from BJH Method 
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3.3.5 Electron Microscopy 

Although the original inventor of the optical microscope remains disputed [433], the field of 

optical microscopy can be dated back to the end of the 16th century with pioneering work by Hans 

and Zacharias Janssen [434]. Later work produced by Galileo Galilei in 1609 led to the first 

recorded use of the term ñmicroscopeò by Giovanni Faber in 1625 [435].  Due to optical distortion 

and resolution loss via diffraction it is not possible to resolve objects smaller than around half the 

wavelength of incident light [436]. This is illustrated by the Abbe limit [437, 438] in Equation 

3.15, where a microscope using light wavelength ɚ has a minimum resolvable distance d dependant 

on the numerical aperture NA dependant on sample refractive index n and lens half angle ɗ. 
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Equation 3.15 - Abbe Limit 

For visible light (ɚ = 380-700 nm) this makes objects below ~200 nm challenging to resolve and 

presents a major issue for observing nanomaterials. One potential solution is to utilise ultraviolet 

(UV) or X-ray photons of shorter wavelengths. Alternatively, high speed electrons can be used to 

explore nanoscale structures. The idea that objects of matter can display wave-particle duality was 

first discussed by Louis de Broglie in 1924 [439] and experimentally confirmed from electron 

diffraction studies on Ni metal by Clinton Davisson and Lester H. Germer in 1927 [440]. Later 

work by Hans Busch [441] discovered that electron waves can be directed via electromagnetic 

fields similar to optical microscopes, leading to the first constructed electron microscope in 1932 

by Knoll and Ruska [442]. The de Broglie wavelength condition is displayed in Equation  below, 

where an electron of momentum p will have wavelength ɚ. Substituting momentum with electron 

rest mass m0 (9.109x10-31 kg) and determining velocity via conservation of electrical potential into 

kinetic energy, the effect of microscope acceleration voltage V on electron wavelength is seen to 

be inversely proportional. In this equation, h is Planck Constant (6.626x10-34 Js), e is electron 

charge (1.602x10-19 C) and c is speed of light (299792458 ms-1). For high accelerating voltage 

electron microscopes, relativistic effects become especially important to consider. 
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Equation 3.16 - de Broglie Wavelength and Effect of Acceleration Voltage 
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3.3.5.1 Scanning Electron Microscopy 

A simplified diagram of a Scanning Electron Microscope (SEM) is shown in Figure 3.19a. 

Electrons are accelerated by the positively charged anode to a set acceleration voltage to achieve 

an electron beam of desired wavelength. Electromagnet condenser lenses converge the beam prior 

to further convergence by objective lenses before electrons encounter the sample housed on a 

stage. Scanning coils modulate the electron beam to scan across the sample surface analogous to 

raster scanning in cathode ray televisions. Both electron gun and analysis chamber are housed 

under high vacuum during analysis to prevent interference or contamination to the electron beam. 

The imaging signal can be created from both elastically backscattered electrons as well as 

secondary inelastic scattered electrons. Secondary inelastic electrons are typically preferred for 

high resolution surface imaging since their emission is limited to atoms close to sample surface, 

while elastic backscattered electrons can be produced from atoms deeper within the sample [443]. 

  

Figure 3.19 - Simplified Diagrams of SEM (a) and TEM (b) Imaging 
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SEM imaging was performed using a Hitachi SU8230 FESEM setup and experiment parameters 

are included in Table 3.6. Acceleration voltage was kept relatively low at 2 kV to improve 

sensitivity to surface morphologies from inelastic scattering [444]. Catalyst samples were prepared 

by using anti-static gun to reduce surface charge prior to loading small quantities of mass onto 

double sided adhesive tape. Large aggregates were removed with dry compressed air. A Safematic 

CCU-010 sputter coater as shown in Figure 3.20a was then used to deposit a thin carbon layer onto 

surface to minimise surface charge buildup during analysis. After coating, the prepared tape was 

affixed to an aluminium sample stud and transferred into SEM analysis chamber. Entire chamber 

was then steadily evacuated to high vacuum and liquid nitrogen circulated to maintain a cold field 

effect cathode before imaging. Initial images were taken at 1 k magnification and zoom was 

gradually increased until maximum magnification of 100 k, with working distance manually 

adjusted for each step. Example SEM images of 0.1M-TiFeSi are shown in Figure 3.20b, c. 

 

Figure 3.20 - Sputter Coater (a), 0.1M-TiFeSi at 1k and 100k Magnification (b, c) 

Table 3.6 - Experiment Parameters for SEM Imaging 

 

 

 

 

 

 

  

Property Value 

Microscope Model Hitachi SU8230 FESEM 

Coating Material Carbon 

Sputter Coater Safematic CCU-010 

Acceleration Voltage 2 kV (ɚ = 27.4 pm) 

Working Distance 4415.83 µm - 9177.08 µm 

Zoom Level 1 k - 100 k 

Emission Current 15200 nA 

Image Resolution 1280x960 
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3.3.5.2 Transmission Electron Microscopy 

Unlike a Scanning Electron Microscope that can analyse samples of any thickness by using 

scattering to build images of surface morphology; a Transmission Electron Microscope (TEM) 

requires sample to be very thin to ensure electrons are able to pass through. The main difference 

between the previously discussed SEM setup and TEM apparatus is illustrated in Figure 3.19. 

Electrons are accelerated to a significantly higher acceleration voltage in a TEM apparatus to 

ensure successful transmission through the sample. Intermediate and Projector lenses are then used 

to focus a high-resolution signal onto the detector screen. As a consequence of the higher 

acceleration voltage required, electron wavelength can be substantially reduced allowing for even 

greater image resolution at single nanometre scale. Additionally, because electrons pass directly 

through the sample, information on internal structure can be obtained from the detected electrons. 

3.3.5.3 Scanning Transmission Electron Microscopy 

A scanning Transmission Electron Microscope combines the features of both SEM and TEM to 

reveal both surface and internal properties of the sample. The major difference between TEM and 

STEM setup is demonstrated below in Figure 3.21. 

 

Figure 3.21 ï Simplified Diagram of TEM and STEM Imaging Differences 
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Unlike TEM where broad parallel electron beams are directed through the sample, in STEM 

imaging electrons converge into a narrow spot that can be scanned over the sample via scanning 

coils whilst still transmitting through the thin sample. Depending on the size of atom the electron 

encounters when traversing through the sample, the degree of scattering will vary. Corelating the 

scattering angle to atomic number Z is a technique known as Z-contrast [445]. Brightfield (BF) 

and Annular Brightfield (ABF) detectors detect electrons with low scattering angles produced from 

light atomic elements, whereas Annular Darkfield (ADF) and High Angular Annular Darkfield 

(HAADF) detectors measure electrons that interacted with heavier atomic elements leading to 

higher scattering angles. An example STEM image is shown below in Figure 3.22 using both 

Brightfield and Annular Darkfield detectors.  

STEM imaging was performed using a Tescan Tensor system under operating conditions given in 

Table 3.7. Approximately 1mg of sample to be analysed was dispersed into methanol via 

ultrasonication for 5 minutes before being drop casted onto a copper-carbon film grid (agar 

scientific). The grid provided a support for thin nanocatalyst with holes to facilitate electrons to 

pass through more easily. Images of sample preparation and STEM setup are shown in Figure 3.23. 

Figure 3.22 - STEM Image of 0.1M-TiFeSi via BF and ADF  
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Table 3.7 - Experiment Parameters for STEM Imaging 

 

 

 

 

 

 

 

 

 

Figure 3.23 - Sample Preparation (a) and Tescan Tensor STEM System (b)  

Property Value 

Microscope Model Tescan Tensor 

Grid Material Cu-C (AGS147-4)  

Manufacturer Agar scientific 

Acceleration Voltage 100 kV (ɚ = 3.7 pm) 

Probe Current 100 pA 

Scanning Probe Size 0.4 nm 

Pixel Dwell Time 10 ɛs 
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3.3.5.4 Selected Area Electron Diffraction 

As previously illustrated in Equation 3.16 electrons can display wavelike properties which includes 

the ability to produce diffraction patterns. Unlike diffraction patterns produced by x-rays, 

discussed earlier in Chapter 3.3.1, electron diffraction from a microscope can be directed to a 

highly specific region of sample instead of bulk sample analysis. Shown in Figure 3.24 is a 

schematic diagram of an electron diffraction pattern. Due to the 2D nature of STEM imaging, a 

grid of bright spots representing maximum constructive interference can often be observed. These 

2D patterns are a rotationally symmetrical analogue to 1D line spectra as illustrated. Figure 3.24 

also demonstrates the different types of Selected Area Electron Diffraction (SAED) patterns that 

may be observed, taken for the TiFeSi series of catalysts in this example. Pattern A corresponds 

to a diffuse halo characteristic of amorphous materials, pattern B is a typical result for single crystal 

diffraction and pattern C indicates polycrystallinity as many individual crystal diffraction patterns 

overlap to form rotationally symmetric rings. SAED patterns were obtained via Tescan Tensor 

STEM system whilst performing morphological analysis using identical analysis conditions in 

Table 3.7, and analysed using ImageJ software for comparison to bulk XRD analysis. 

 

Figure 3.24 - Schematic Diagram of SAED Patterns and Obtained Results for TiFeSi Series 

Obtained SAED patterns were used to determine the nature of crystallinity present in tested 

samples. By measuring each diffraction ring radius in ImageJ, small angle Bragg Law as given in 

Equation 3.17 was used to convert total scattering angle Ū (rad) as given in SAED pattern scalebar 

into d-spacings (nm) for known beam wavelength (ɚ = 3.7 pm at 100 kV). Values of d were 

compared with XRD method from Chapter 3.3.1 to confirm agreement of identified crystal phases. 

Ὠ
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Equation 3.17 ï Small Angle Bragg Law for SAED Pattern Ring Spacings 
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3.3.6 X-ray Spectroscopy 

Work first pioneered by Charles G. Barkla and C.A. Sadler in 1909 [446] demonstrated that upon 

bombarding matter with electrons, characteristic X-rays could be observed. This discovery led to 

Barkla being awarded the Nobel Prize in 1917 ñfor his discovery of the characteristic Röntgen 

radiation of the elementsò [447]. Later work by Henry Moseley in 1913-1914 [448] determined 

that the square root of x-ray frequency ’ is approximately equal to the atomic number Z as 

illustrated in Equation 3.18 for given fitting constants a and b for spectral line of interest. 

Ѝ‡  ὥ ὤ ὦ 

Equation 3.18 - Moseley's Law of Characteristic X-ray Emission 

The cause for these x-rays to be emitted is illustrated below in Figure 3.25. When high energy 

electrons such as those from SEM or TEM microscopes collide with atoms, a core hole can be 

produced from the emission of the previously bound atomic electron. Electrons from higher energy 

levels can then transition down to fill in this lower energy level gap after releasing excess energy. 

Energy release is hence observed as a photon of characteristic X-ray frequency. Alternatively, this 

energy can also be released via emission of another electron from an even higher orbital, denoted 

as the Auger Effect as discovered by Pierre Auger and Lise Meitner in the early 1920s [449]. Such 

electrons are known as Auger electrons and their detection can be utilised in Auger Electron 

Spectroscopy (AES) to determine elemental composition similar to X-ray techniques. 

 

Figure 3.25 ï Atomic Energy Transitions due to Accelerated Electron Beam 
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Characteristic x-ray emission lines are typically denoted in older literature by Siegbahn notation. 

Figure 3.26 shows the Bohr atomic model with some of the major spectral line groups. K series 

transitions result from electrons filling core holes produced in the K (n = 1) shell, whereas L series 

transitions result from filling holes in the L (n = 2) shell. Work by Ivar Malmer and Manne 

Siegbahn in 1916 [450] indicated that these transitions can be further split into subshell energy 

levels. This subshell splitting is called spin-orbit coupling and can be expressed as total angular 

momentum quantum number j being the sum of angular momentum quantum number l and spin 

angular momentum number s such that j = l + s. Figure 3.26 also depicts an energy level diagram 

for the K series of characteristic x-rays illustrating some of these energy transitions, for example 

KŬ transition from L to K shell can occur via 2p3/2 or 2p1/2 subshells. 

 

Figure 3.26 - Diagram of Select Characteristic X-ray Emission Lines 

The technique of using accelerated electrons to produce characteristic x-rays for determination of 

elemental composition is denoted Energy Dispersive X-ray Spectrometry (EDX/EDS) and is 

discussed further in Chapter 3.3.6.1. It should not be surprising to note that this process can also 

occur in reverse, i.e. high energy X-rays can instead be used to produce electrons and secondary 

X-rays of characteristic energy for elemental determination. Examples of two such techniques are 

X-ray Fluorescence Spectroscopy (XRF) and X-ray Photoelectron Spectroscopy (XPS) and are the 

focus of Chapter 3.3.6.2.  
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3.3.6.1 Energy Dispersive X-ray Spectroscopy 

As discussed earlier, EDX analysis is the process of using high energy accelerated electrons to 

produce characteristic x-rays. Key X-ray regions of interest are included in Table 3.8, with KŬ 

emission peaks used to construct both 2D elemental maps and averaged area spectral plots. EDX 

results were collected as part of SEM/STEM analysis as previously discussed in Chapter 3.3.5. X-

rays were detected using 80mm X-Max SDD detectors and processing was performed using 

Oxford Instruments Aztec Software. Unexpected elements were filtered out to avoid 

misidentification due to peak overlap. An example EDX result of TiFeSi support analysed via 

SEM is included in Figure 3.27.   

Table 3.8 - Peak Regions of Interest for EDX Analysis 

 

 

 

 

 

 

 

 

Figure 3.27 - Example EDX 2D element map and spectrum plot of TiFeSi Support (SEM)  

Element X-ray Energy (keV) 

C KŬ 0.277 

O KŬ 0.525 

Si KŬ 1.739 

S KŬ 2.307 

Ti KŬ 4.508, LŬ 0.452 

Fe KŬ 6.398, LŬ 0.705 

Zn KŬ 8.630, LŬ 1.012 
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3.3.6.2 X-ray Photoelectron Spectroscopy 

Instead of using accelerated electrons to produce characteristic X-rays, a high energy X-ray source 

can be used to produce electron and secondary X-ray emission at characteristic energies. Two 

common techniques often reported in literature include X-ray Fluorescence Spectroscopy and X-

ray Photoelectron Spectroscopy. The major difference between these techniques is illustrated in 

Figure 3.28. Upon irradiation of high energy X-rays of frequency ’, electrons gain energy equal 

to h’ where h is the Planck Constant (6.626x10-34 Js). If this energy is released as secondary X-

rays, element detections can be made throughout the entire sample and therefore XRF is a bulk 

analysis method. If the energy is instead released as an electron, either via Photoelectric effect 

(discussed below) or Auger effect, only those electrons released close to the sample surface will 

be able to reach the detector. Emitted electrons deeper than a few nanometres will lose energy via 

inelastic scattering with adjacent atoms and hence become undetectable. Therefore, XPS and AES 

are highly surface sensitive techniques. In this work, XPS results have been used to compare with 

EDX data to highlight the difference between surface and bulk elemental composition. 

 

Figure 3.28 - Comparison of XPS and XRF Analysis Techniques 
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The photoelectric effect was first observed in 1887 by Heinrich Rudolf Hertz [451] noting that UV 

light affected the voltage required to produce electrical sparks. Later work by Philipp Lenard in 

1902 [452] demonstrated that negatively charged particles (electrons) were emitted when a metal 

is illuminated with UV and that electron energy was independent of intensity, conflicting with the 

wave model of light. In 1905 as part of Albert Einsteinôs ñAnnus Mirabilisò [453], a breakthrough 

paper was published on the photoelectric effect suggesting that photoelectron emission occurred 

only above a specific threshold frequency due to quantisation, where quantised packets (photons) 

interacted with electrons in one-on-one particle like interactions. The Law of Photoelectric Effect 

won Einstein the Nobel prize in 1921 [454].  

 

Figure 3.29 - Energy level diagram for XPS analysis 

Using an energy level diagram as shown in Figure 3.29, the energy transitions that occur during 

photoelectron emission can be better understood. If sufficient incoming energy h’ is transferred 

from high frequency photons such as UV or X-ray to an atomic electron, the binding energy EB 

keeping the electron bound to the nucleus can be overcome. Extra energy must be expended to 

facilitate the electronôs travel towards the sample surface and is described via the work function 

 Leftover energy is then converted into the kinetic energy EK of the escaping photoelectron .ה

which can be measured by XPS apparatus. 
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Although the theoretical kinetic energy and work function is likely different when analysed in an 

environment such as a spectrometer, by using a standard value of energy transition (typically C 1s 

peak), the quantity of photoelectrons detected at each kinetic energy interval can be calibrated and 

converted into binding energy to plot a spectrum. This is summarised below in Equation 3.19. 

Ὁ  Ὤ‡  Ὁȟ  ‰  Ὤ‡  Ὁȟ  ‰  

Equation 3.19 - Binding Energy of Detected Photoelectron 

A simplified diagram of how XPS apparatus works is shown in Figure 3.30 alongside the SPECS 

FlexMod UHV-XPS system used in this work. An electron gun fired at Aluminium anode produces 

X-rays which are then monochromated and directed towards sample via rotatable stage. X-rays 

lead to photoelectron emission as previously discussed and those photoelectrons near sample 

surface escape and are focused by electromagnetic lenses into a hemispherical analyser. An electric 

field gradient causes photoelectrons to curve with path radius proportional to kinetic energy, hence 

Ek can be determined once reaching the detector plate. A thin layer of sample was attached to 

carbon tape and attached to Omicron sample plate. Prior to analysis an electron flood gun was used 

to reduce surface charging. Spectra were energy calibrated to C-C C 1s peak at ~285 eV. Table 

3.9 provides more detailed experimental parameters used during the analysis. 

 

Figure 3.30 - Simplified Diagram of XPS (a), SPECS FlexMod UHV-XPS System (b) 

 



 

 

89 

 

Table 3.9 - Experiment Parameters for XPS Analysis 

 

 

Figure 3.31 - Example XPS Survey Spectrum for Ti Series (a), High Resolution C1s Peak for 

FeSi Support with Gaussian Deconvolution (b) 

Initial survey spectra were collected to calibrate based on C-C Carbon 1s peak and determine major 

and minor components. Figure 3.31a shows example survey spectra for Ti series of catalysts with 

major peaks and regions of interest labelled. High resolution spectra were then performed around 

identified peak regions of interest and these scan parameters are included in Table 3.10. 

Property Value 

XPS System SPECS FlexMod UHV-XPS 

Hemispherical Analyser Phoibos 150 

Sample Preparation Carbon tape + Omicron plate 

Electron Detection 1D-DLD Detector 

X-ray Source Monochromated Al (1486.7 eV) 

Accelerating Voltage 15 kV 

Electron Gun Power 400 W 

Analysis Spot Size 1x3.5 mm 

Flood Gun Energy / Current 1.5 eV / 25 ɛA 

Survey Scan Pass Energy / Step Size 50 eV / 1 eV 

High Resolution Pass Energy / Step Size 30 eV / 0.1 eV 
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Table 3.10 - High Resolution XPS Scanning Regions and Relative Sensitivity Factors (RSF) 

 

 

 

 

 

 

Peak fitting was performed using CasaXPS software initially to compute baseline corrections and 

perform peak smoothing prior to deconvolution using Gaussian curves in Origin. Figure 3.31b 

shows an example high resolution spectrum of C1s peak for FeSi support material and the result 

of deconvolution. Levenberg Marquardt algorithm [455, 456] was applied until ɢ2 < 1x10-6 to 

ensure high degree goodness of fit. Total number of peaks to fit was determined based on notable 

peak curvature, restricted to number of expected species present and selected to ensure individual 

peaks had area >1% of total. Peak constraints of equal FWHM and theoretical split peak area ratios 

were initially applied to ensure correct fitting, with constraint relaxation only used on noisy signals 

where desirable level of convergence failed. Equation 3.20 illustrates the Gauss curve fitting model 

used with fitting parameters y offset y0, centre point xc, area A and width W equal to twice the 

standard deviation ů. In order to covert peak area Ak of element k into atomic composition 

xAtomic,k% for n total elements being considered, relative sensitivity factors RSFk were used as given 

in Table 3.10 and as described in Equation 3.21. Surface composition was compared to bulk values 

determined via EDX discussed in Chapter 3.3.6.1 and key surface atomic ratios were calculated. 

ώ  ώ  
ὃ

ύ
“
ς

Ὡ
 

 

Equation 3.20 - Gaussian Fit Model for Peak Deconvolution 
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Equation 3.21 - Atomic Composition from XPS Spectra  

Peak Region Bounds (eV) RSF (CasaXPS) 

Survey 0 - 1300 - 

C1s 275 - 305 1 

O1s 520 - 550 2.93 

Fe2p 700 - 740 16.42 

S2p 155 - 185 1.677 

Si2p 90 - 120 0.817 

Ti2p 445 - 480 7.81 

Zn2p 1000 - 1060 28.72 
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3.3.7 CH(O)NS Elemental Analysis 

In order to quantify carbon, hydrogen, oxygen, nitrogen and sulfur (CHONS) content present in 

bulk solid nanocatalyst samples, CHONS analysis was performed using Thermo Scientific Flash 

EA2000 unit shown in Figure 3.32a. Approximately 2 mg of sample was weighed into soft metallic 

foil capsules, tin for CHNS and silver for O analysis, as shown in Figure 3.32b. Capsules were 

then tightly pressed and folded to minimise excess atmospheric air. Two capsules were prepared 

for each analysis run to monitor correct sample preparation had been achieved and values were 

within uncertainty. Alongside blank runs, calibrated standards of known composition were used 

to monitor analysis performance. For CHNS analysis the standards used were oatmeal, barley flour 

and 2,5-Bis(5-tert-butyl-2-benzo-oxazol-2-yl) thiophene [BBOT] (Elemental Microanalysis). For 

O analysis the standards used were Nicotinamide, Sulphanilamide and Cystine (Elemental 

Microanalysis). Simplified analysis reaction pathways that occur within the analysis unit are 

detailed in Equation 3.22 and detection was based on thermal conductivity analysis of evolved gas. 

 

Figure 3.32 ï Thermo Scientific Flash EA2000 (a), Sample Encapsulation (b) 
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Equation 3.22 - Reaction Pathways for CHNS (I) and O (II) Analysis  
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3.3.8 Nuclear Magnetic Resonance Spectroscopy 

The principle of nuclear magnetic resonance (NMR) and magnetic resonance imaging (MRI) relies 

on the fact that certain atomic nuclei will absorb and emit specific characteristic frequencies of 

radio waves when placed in a high strength magnetic field. Pioneering work by Isidor Rabi in 1938 

demonstrated that nuclear magnetic moments can be measured experimentally in molecular beams 

[457]. For this work Rabi was awarded the Nobel Prize in 1944 for developing the ñresonance 

method for recording the magnetic properties of atomic nucleiò [458]. Later experimental work in 

1946 by E. M. Purcell et al. [459] and F. Bloch et al. [460] continued to develop the method of 

using radio frequency absorption and emission at specific frequencies for solid samples exposed 

to external magnetic fields. Figure 3.33 demonstrates energy transitions during nuclear resonance.  

 

Figure 3.33 - Nuclear Energy Level Splitting in Magnetic Field 

For atomic nuclei with odd number of neutrons (spin ½) and protons (spin ½) such as 1H and 13C, 

the overall spin of the nucleus will be nonzero and therefore possess a magnetic moment ɛ. When 

no external magnetic field B is present, magnetic moments will be under random orientation. 

However, once an external magnetic field is present, nuclei become aligned either with or against 

the external field. The energy state E becomes split as detailed in Equation 3.23 where m is 

magnetic quantum number, h is the Planck Constant (6.626x10-34 Js) and ɔ is the ratio of magnetic 

moment to angular momentum known as the gyromagnetic ratio. 
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Equation 3.23 ï Nuclear Energy Level Splitting in Magnetic Field 
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Once the energy state has been split, it is possible for a radio wave photon of energy h’ to become 

absorbed and cause a spin flip from low energy to high energy level. This excited nucleus will then 

later relax over a gradual relaxation time and produce characteristic radio wave photons unique to 

that nucleus. The frequency required for a spin flip to occur is provided by Equation 3.24. Since 

the frequency range for radio waves is typically MHz to GHz range, a very strong external 

magnetic field is required when performing NMR analysis. Additionally, increasing the energy 

gap between low and high energy state by using a stronger electromagnet improves detection 

sensitivity and hence desirable for low concentration samples. 
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Equation 3.24 - Spin Flip Frequency 

For this work only 1H nuclei were analysed due to 13C being significantly less sensitive for low 

concentration species as a result of low natural abundance of the 13C isotope [461]. Each chemical 

bond involving a 1H nucleus will have a slightly different electron environment and as such a 

varying degree of magnetic shielding, with greater shielding reducing ȹE. Therefore, each 

functional group has a corresponding relaxation frequency and by performing Fourier Transform 

as detailed earlier in Equation 3.4 on the relaxation time spectrum, individual frequency peaks can 

be determined with peak area corresponding to abundance. An example of an NMR spectrum 

before and after Fourier Transform for a sucrose calibration standard is provided in Figure 3.34.  

 

Figure 3.34 - Free Induction Decay (a), Frequency Spectrum (b) for 1H NMR of Sucrose 



 

 

94 

 

Frequency axis is typically calibrated to tetramethylsilane (TMS) standard as a chemical shift ŭ as 

given in Equation 3.25, where frequency of functional group ’i is adjusted to chemical shift ŭi by 

subtracting TMS frequency (’TMS = 100MHz) and dividing by spectrometer frequency ’Spectrometer. 

  ‏
’  ’

’
 ρπ 

Equation 3.25 - Chemical Shift 

Proton NMR was measured using a Bruker Ascend 400 spectrometer as shown in Figure 3.35a. 

Scan conditions are provided in Table 3.11. For solid nanocatalyst analysis, approximately 10 mg 

of sample was dispersed into 2 mL of deuterated CDCl3 (99.8% D, VWR) and ultrasonicated for 

5 minutes. Immediately after approximately 500 µL of this solution was transferred to Norell tube 

to a fill level of around 4.5 cm, before spinner was affixed as shown in Figure 3.35b. Analysis was 

performed immediately to avoid solid aggregating out of dispersion. NMR control used TopSpin 

3.6.3 software and calculations were performed using OpenChrom. Use of NMR spectra for 

determination of molar/mass ratios of OH/H2O via peak integration is discussed later in Chapter 

3.5.2 and was computed in similar manner to Equation 3.33, with division by 2 of H2O area. 

 

Figure 3.35 - Bruker Ascend 400 Spectrometer (a), Prepared Sample Tubes (b) 
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Table 3.11 - Method Parameters used for 1H NMR Analysis 

 

 

 

 

 

 

 

 

 

 

 

 

 

3.3.9 Dispersion Analysis 

A common definition of sol type colloids is a liquid with insoluble solid particles of size < 1 µm. 

Solid insoluble nanocatalyst suspended in liquid phase during batch biodiesel production fits this 

colloid definition. Unfortunately, colloids tend to undergo aggregation leading to reduced active 

site accessibility and hence loss of catalytic activity whilst in suspension. Even worse, bulk catalyst 

aggregates may settle out completely and deposit onto the reactor walls instead of catalysing 

reaction. Therefore, it is important to understand the amount of aggregation that is occurring and 

the stability of the colloidal dispersion. Such measurements are typically performed in aqueous 

solutions however for biodiesel production the nanocatalyst is suspended preferentially in the less 

viscous methanol phase and agitated via mechanical or ultrasonic methods. To explore the 

dispersibility of synthesised nanocatalyst in methanol environment, two techniques were explored: 

Dynamic Light Scattering (DLS) and Zetapotential analysis. 

 

Property Value 

Carrier Frequency 400 MHz 

Temperature 298 K 

Number of Scans 32 

Spectral Width 8013 Hz 

Resolution 0.245 Hz 

Data Points 32768 

Acquisition Time 4.09 s 

Dwell Time 62.4 µs 

Relaxation Delay 0.5 s 

Zero/First-Order Phase 3.17 µs / 9.50 µs 

Receiver Gain 25.7 

Pulse Power 17 W 

Line Broadening -0.1 Hz 
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3.3.9.1 Dynamic Light Scattering 

Initial work by George Stokes in 1845 [462] demonstrated that the friction a particle experiences 

when moving through a fluid is proportional to viscosity and particle size. Later work by Albert 

Einstein in 1905-1906 [463, 464] extended the concepts of Brownian motion first reported by 

Robert Brown in 1828 [465] to expand on Stokeôs Law by incorporating the diffusion coefficient. 

Around the same time, William Sunderland [466] also reported a similar form of what is now 

known as the Stokes-Einstein equation as depicted in Equation 3.26. Particle hydrodynamic radius 

RH (m) can be determined if translational diffusion constant D (m·ms-1) is known, where kB is 

Boltzmann constant (1.38x10-23 m2kgs-1K-1), T is absolute temperature (K) and ɖ is dynamic 

viscosity (kgm-1s-1). Note that hydrodynamic radius is slightly larger than true particle radius due 

to surface solvent effects but is a good approximation to size magnitude of suspended particles. 

Ὑ   
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Equation 3.26 - Stokes-Einstein Equation 

In order to determine the value of D in a liquid of known viscosity and temperature, it can be noted 

that the units are equivalent to a particle moving a distance (m) at a linear speed (ms-1) thus by 

observing particle motion the quantity can be obtained. Work by John Tyndall in 1869 [467] 

showed that light of wavelength smaller than particle size scatters in colloidal solutions, and in 

1871 Lord Rayleigh observed scattering for wavelengths greater than particle size and of the 

importance of refractive index in this scattering [468, 469]. Gustav Mie [470] developed a theory 

in 1908 to link scattering behaviour to particle shape and differences in refractive index between 

sample and liquid. Since then, many papers [471-473] have been published that attempt to link the 

scattering behaviour of light to determine the diffusion constant and consequently hydrodynamic 

radius, with further historical summary of the development of modern DLS technique provided in 

literature [474]. Figure 3.36 provides a simplified diagram for the basic principles of DLS. 

Monochromatic light is passed through a sample and the scattered light measured at a scattering 

angle ɗ. Scatter intensity will vary in amplitude due to constructive and destructive interference 

(Doppler Broadening) and fluctuate over time, with larger particle size correlated to greater 

intensity change over a slower period of time. From applying a correlation function to this data, a 

particle size distribution may be obtained. The correlation function is reproduced in Equation 3.27. 
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Figure 3.36 - Principles of DLS Measurement 

The intensity correlation function g2 is calculated based on averaged intensity measurements I at 

time value t and after a delay Ű. Via the Siegert relation [473] this correlation can then be expressed 

through the electric field correlation function g1. B is the baseline value and can be approximated 

to unity and ɓ is the calibrated coherence factor of the DLS apparatus. By linking g2 exponential 

decay rate due to Brownian motion a value of D may be calculated. The value of q represents the 

propagation of Bragg wave vector for monochromatic light of known wavelength ɚ and detected 

scattering angle ɗ. More detailed derivations of these equations are given in literature [474-476]. 
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Equation 3.27 - Intensity Correlation Functions 

By plotting a logarithmic form of the correlation function with a second order polynomial, the 

intensity averaged diameter Zavg and polydispersity index (PDI) may be obtained alongside the 

diffusion constant and hence hydrodynamic radius, as given in Equation 3.28. 
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Equation 3.28 - DLS Correlation Fitting Parameters 
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For values of PDI < 0.05 the sample is said to be highly monodisperse and typically observed in 

DLS calibration standards. For values of PDI > 0.7 a sample is said to be highly polydisperse and 

as such presents a challenge for DLS cumulant analysis due to broad particle size distribution 

[477]. In this work, degree of aggregation under typical sample preparation for biodiesel 

production was of interest and hence values of PDI were often very high. Therefore, Zavg was 

unsuitable to report due to averaging over a wide size range producing fictitious results. Cumulant 

analysis assumption of a monomodal particle distribution also becomes invalid. Hence DLS results 

were reported based on distribution analysis, which takes the cumulant correlation plot and 

attempts to optimise a better fit to observed data by splitting analysis range into a series of size 

bands. Default ñGeneral Purposeò regularizer built into Malvern Zetasizer software was utilised 

and further details of the algorithm may be found in literature [478]. Additionally, techniques more 

illustrative of true particle sizes such as SEM and TEM were used as comparison to DLS results. 

Measurements were carried out using Malvern Panalytical Zetasizer Nano using a quartz cuvette 

and dip cell. Approximately 1 mg of solid sample was dispersed into 1 mL prefiltered methanol 

and ultrasonicated for 5 minutes. The 1 mgml-1 solutions were notably translucent and unsuitable 

for DLS analysis hence 10x dilution with extra methanol was performed to produce colourless 0.1 

mgml-1 colloidal dispersions ready for analysis. No further filtering was performed in order to 

assess degree of aggregation that would be present in methanol-nanocatalyst mixture utilised in 

biodiesel production. Right before analysis was to begin, a final 5minute ultrasonication was 

performed to negate settling that occurred during storage. Cuvette and dip cell were rinsed with 

acetone and allowed to dry prior and after each analysis to ensure no dust or residue remained. 

DLS measurement was performed using parameters given in Table 3.12. 

 

Figure 3.37 - Zetasizer for DLS and Zetapotential Measurements (a), Dip cell and Quartz 

Cuvette (b), TiFeSi Support in Methanol at 1 mgml-1 and 0.1 mgml-1 Concentration (c) 
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Table 3.12 - Method Parameters for DLS Analysis 

 

 

 

 

 

 

 

 

 

 

An example DLS result obtained for TiFeSi support at 0.1 mgml-1
 using distribution analysis 

method is given in Figure 3.38, Gaussian curve fitting of histogram data was performed in Origin 

as previously discussed in Chapter 3.3.6.2 by taking average of 7 concordant results (within ±5%). 

Distributions were kept in intensity basis rather than volume or number basis to avoid extra errors 

during transformation and uncertainties from estimating unknown sample refractive indexes and 

extinction coefficients. 

 

Figure 3.38 - Example DLS Size Distribution for TiFeSi Support in Methanol  

Property Value 

Temperature 30 °C 

Scattering Angle 173 ° 

Wavelength of Light 632.8 nm 

Dispersion Method Ultrasonicate (5 min) 

Number of Measurements 7 

Solvent Methanol 

Solvent Viscosity 0.5123 cP 

Solvent Refractive Index 1.326 

Regularization Method General Purpose 

Size Classes 70 

Size Limit 0.4 ï 104 nm 

Size Lower / Upper Threshold 0.05 / 0.01 
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3.3.9.2 Zetapotential 

The electrical charges present on a solid surface strongly influences the overall stability of the 

colloidal dispersion. These charges can be due to surface functional groups such as acids and bases 

or for inert surfaces due to localised charged species accumulating around the solid. A diagram of 

a solid particle suspended in a liquid is shown in Figure 3.39 and known as the electrical double 

layer. Surrounding a solid surface is a Stern layer of oppositely charged ions and further out exists 

a diffuse layer of positive and negatively charged ions with a bias towards similar charge as present 

on surface. The theoretical boundary between bulk liquid solution and the second outer layer is 

known as the slipping or shear plane and has a measured potential ɕ referred to as the Zetapotential. 

The sign of zetapotential indicates whether the surface is positively or negatively charged. 

 

Figure 3.39 - Electrical Double Layer Structure 

The absolute value of zetapotential can be used to predict the stability of a colloidal dispersion and 

various classes of stability range are reported in the literature [479, 480] as reproduced in Table 

3.13. For high values of absolute zetapotential, this indicates mutual repulsion between solid 

particles and hence a monodisperse colloid with aggregation unfavourable. As absolute 

zetapotential decreases the degree of repulsion between particles decreases also, hence aggregation 

becomes more likely and particle distribution more polydisperse. One technique to measure 

zetapotential is similar to DLS measurements and in this work the same Malvern Panalytical 

Zetasizer Nano was used. 
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Table 3.13 - Stability Classes for Zetapotential 

 

 

 

 

 

 

Electrophoretic Light Scattering measures zetapotential by determination of how fast individual 

particles move in an applied external electric field. A simplified diagram of the experimental setup 

is depicted in Figure 3.40. As discussed previously in Chapter 3.3.9.1, scattered light will 

experience a frequency shift (Doppler Broadening) after scattering off a suspended particle. The 

measured frequency shift ȹf can be used to determine particle velocity v in the electric field via 

Equation 3.29 for known scattering angle ɗ and wavelength of light ɚ.  

 

Figure 3.40 - Phase Analysis Electrophoretic Light Scattering Setup 
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Equation 3.29 - Frequency Shift of Scattered Light 

Zetapotential Range Stability Class 

0 Ò |ɕ| < 5 Rapid Aggregation 

5 Ò |ɕ| < 10 Highly Unstable 

10 Ò |ɕ| < 30 Incipient Instability 

30 Ò |ɕ| < 40 Moderate Stability 

40 Ò |ɕ| < 60 Good Stability 

|ɕ| Ó 60 Excellent Stability 
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For DLS the time behaviour of intensity signal as a consequence of frequency shift was sufficient 

to correlate to a diffusive speed. For zetapotential determination however, both the speed and 

direction are important in order to quantify the sign of electric charge as well as the magnitude. 

Unfortunately, frequency difference may be quite small due to slow movement velocity, especially 

in solvents with greater viscosities or larger particles of less mobility. To increase sensitivity, a 

modulated coherent wave of light is used as a reference signal and combined with the scattered 

light to produce a significantly lower ñbeat frequencyò equal to the frequency difference between 

reference and scattered light [481-483]. From this an accurate value of particle velocity v can be 

determined, and with a known externally applied electric field strength E, the electrophoretic 

mobility uE can be calculated as shown in Equation 3.30. Also shown is how the value of uE can 

be converted into zetapotential for any solvent of known dielectric constant Ů and viscosity ɖ using 

Henryôs equation [484]. 
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Equation 3.30 - Electrophoretic Mobility to Zetapotential Relationship 

The conversion from electrophoretic mobility to zetapotential requires knowledge of Henryôs 

function f(əa) which depends on particle radius a and the reciprocal Debye length which can be 

understood as the point where potential has decreased to a fraction e-1 (~37%) of surface value 

[485]. Two common evaluations of Henryôs function in literature are the Helmholtz-

Smoluchowski (HS) model where f(əa) = 1.5 and Hückel-Onsager (HO) model where f(əa) = 1 

and both can be seen as limiting cases [486, 487]. The HS model is typically utilised with polar 

(aqueous) systems or for large particle sizes much greater than the double layer thickness [488]. 

For non-polar dispersants or smaller particle sizes the HO model is typically more suitable [488, 

489]. The trend of f(əa) is illustrated in Figure 3.41. In this work, zetapotential was measured using 

same solutions as prepared for DLS analysis discussed earlier in Chapter 3.3.9.1 with methanol as 

dispersant. Since methanol is regarded as fairly polar (relative polarity of ~0.77 where water is 1.0 

by definition [490-492]) and particle sizes were predicted to be at least >100 nm, HS was predicted 

to be most accurate and so f(əa) = 1.5 was taken for zetapotential analysis.  
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Figure 3.41 ï Simplified Plot of Henry Function 

Since zetapotential changes with pH and temperature [493] measurements were performed in pure 

methanol such that any variation was due to catalyst sample only. Temperature was kept within 

range the biodiesel reaction would be studied (30 °C ï 60 °C) and the thermal effects on dispersant 

viscosity and dielectric constant were modelled using built in Malvern model for methanol in 

Zetasizer software. Analysis conditions and preparation is similar to DLS analysis previously 

given in Table 3.12. Example result for 0.1M-TiFeSi at 30 °C of electrophoretic mobility and the 

computed zetapotential using Helmholtz-Smoluchowski model is shown in Figure 3.42. 

 

Figure 3.42 - Electrophoretic Mobility and Zetapotential for 0.1M-TiFeSi at 30 °C 
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3.4 Design of Experiments 

3.4.1 Motivation for Design of Experiments Approach 

The traditional method of performing experiments by changing one variable (factor) at a time 

(OFAT) while keeping the remaining variables constant may be a simple technique for studying 

the effect that individual variable has on a desired response, however it is not without several major 

downsides. Firstly, many more experimental runs are typically carried out than is necessary for 

similar amount of information, especially when only a relatively small number of studied factors 

were statically significant [494]. In the case of multiple factors this can add substantial extra 

research cost in terms of materials used or experiment runtime [495]. Secondly, since only one 

factor is changed at a time, the potential interaction effects that may be occurring are unable to be 

modelled and may be significant [496]. And finally, even if an optimum point was identified in an 

OFAT design it is unlikely to be a truly optimal setting of factors. This is both due to inherent bias 

towards the starting point conditions and design space selected, as well as unaccounted for lurking 

variables that may contribute variability between each experiment [497]. In order to address these 

issues with OFAT designs, the field of statistical experimental design was born starting with 

landmark work by Ronald Fisher in 1926 and 1935 introducing the concepts of factorial design of 

experiments (DOE) and analysis of variance (ANOVA) approach [498-500]. Fisherôs principles 

consolidated and emphasised the importance of concepts such as randomisation, replication and 

blocking in order to reduce the influence of undesirable lurking variables and random noise. Later 

work by R. L. Plackett and J. P. Burman in 1946 [501] introduced new reduced factorial designs 

that traded less information for smaller number of runs, ideal for screening experiments where 

many factors are present but only a few are likely to be significant. Later work by George Box and 

Donald Behnken in 1960 [502] introduced response surface designs (RSM) ideal for studying 

nonlinear models where curvature was expected to be significant. Genichi Taguchi adapted DOE 

models in 1980 with a key emphasis on ñrobustnessò in the manufacturing industries, where 

insensitivity to noise was of great importance [503]. The field of DOE continues to see 

improvements, with recent work by Bradley Jones and Christopher Nachtsheim in 2011 leading to 

the development of Definitive Screening Designs (DSD) as a technique to extract even more 

information out of a screening design in as few runs as possible [504]. There is a wide variety of 

software available for producing experimental designs, in this work JMP-18 was utilised [505]. 
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3.4.2 Development of a Custom Design 

Due to limited quantities of catalyst available to be synthesised and restrictions on how many 

experiments could be performed within the research timeframe, it was clear early on that a design 

of experiments approach would be ideal. In order to assess catalyst reaction performance in batch 

esterification/transesterification trials, a list of potentially influential factors to be explored, 

controlled and deemed uncontrollable was produced as given in Table 3.14. 

Table 3.14 - Factors Considered in DOE Model 

 

Main factors that were desired to be studied included reaction time (°C), reaction temperature (hr), 

mass of reactants and mass of catalyst loaded into the reactor. Masses were expressed as the molar 

ratio of methanol to oil (A:O) and catalyst weight percentage (wt%) to oil mass. While acid 

concentration (0.1 M, 0.55 M and 1.0 M) and active metal oxide (TiO2 and ZnO) were explored 

by producing six different catalyst designs, these factors were not included in the DOE model due 

to not being able to continuously vary these factors post synthesis and desire to avoid introducing 

discrete factors into the design. While literature has indicated calcination time and temperature to 

be influential on catalytic activity, as discussed previously in Chapter 2, these factors were selected 

based on previously reported constraints and optimal settings hence beyond the scope of this 

research work. Due to difficulties in reliably and safely operating under ultrasonic conditions, in 

this work agitation was restricted to magnetic stirring bar of one singular geometry. Reaction 

pressure was kept at ambient similarly due to safety concerns and lack of pressure reactor. The 

influence of stirring rate has been highlighted in aiding the mass transfer between immiscible 

methanol and oil layers, however with experimental setup used there was insufficient visible 

catalyst suspension below 400 rpm and excess catalyst leaving liquid phase and remaining on side 

of reactor above 600 rpm hence agitation rate was fixed to 500 rpm for all runs. 

Design Factors Controlled Factors Uncontrollable Factors 

Reaction Time Reaction Pressure Laboratory Temperature 

Reaction Temperature Agitation Method Feedstock Purity 

Mass of Reactants Stirring Rate Methyl Oleate / FAME Yield Detection Error 

Mass of Catalyst 
Calcination 

Temperature 

Mass Balance Error 

Acid Concentration Calcination Time  

Active Metal Oxide   
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Lurking variables that could lead to experimental noise was identified and controlled to as best 

extent possible. To mitigate fluctuating laboratory temperatures over the course of a day, trials 

were performed in randomised order and no influence was observed. Feedstock purity was 

maintained as constant as possible by prefiltering reactants and heating UCO for 4 hours at 100 °C 

then stored under airtight conditions prior to analysis, alongside using same batch of methanol, 

oleic acid and UCO for all experiments. Errors in weighing were minimised by using same set of 

pre calibrated scales and measuring three times, whereas methyl ester detection was performed 

using internal standards as detailed in Chapter 3.5.2.3. Finally, each trial run was replicated to 

increase statistical power, tighten confidence interval and check reproducibility within ± 5% error. 
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Equation 3.31 - DOE Second Order Design Equation for n Factors 

Expressed in Equation 3.31 is the second order design equation for a DOE model with n factors x1 

to xn, where A is the intercept for all zero x, B represents the main (first order) term coefficients, 

C represents the quadratic (second order) term coefficients, D represents the 2-way interaction 

term coefficients between factors xi and xj, and E is the statistical error inherent in the model. After 

finalising the number of design factors down to four and considering the potential need to explore 

nonlinear (quadratic) and interaction effects, a range of DOE designs was created using JMP 

software. Some of the main designs that were considered are included in Table 3.15. Accounting 

for mass of catalyst available and project timeline, it was determined that a maximum of 20 runs 

were feasible. In order to confirm reproducibility and ensure confidence in model (within ± 5% 

error), each run would be replicated hence 10 unique runs could be performed. JMP custom 

designer predicted 10 runs could model all main effects and curvature analysis (quadratic terms) 

with an extra run at model centre point. Centre points can be used to improve model fit where 

curvature is expected and lower prediction variance in the centre of design space by providing 

extra degrees of freedom [506, 507]. Quadratic effects were deemed a higher priority compared to 

two-way interaction effects since studies explored throughout Chapter 2 repeatedly demonstrated 

nonlinear response of yield against reaction time, temperature, catalyst loading and alcohol to oil 

ratio. Experimental runs at predicted optima would hence be used to ensure fit was within error.  
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Table 3.15 - Comparison of Different DOE Models Explored 

ME: Main Effects, TWI: Two-Way Interactions, Q: Quadratic Effects, C: Centrepoint 

 Once a custom design was created, constraints for each design factor was selected such that the 

design space was symmetrical to ensure good fit throughout. Reaction temperature was limited to 

boiling point of methanol (64.7 °C) and desired to be sufficiently above ambient (25 °C) to avoid 

influence of laboratory temperature hence was set from 30-60 °C. Maximum reaction runtime that 

could be performed in batch mode safely during the day was 9 hours after including setup and 

shutdown time, hence time was restricted between 1-9 hours. Catalyst loading typically ranged 

between 1 ï 5 wt% in the literature to ensure sufficient catalyst was present without impeding 

liquid-liquid reaction due to increased viscosity from excess catalyst. Minimum methanol to oil 

stoichiometry is 3:1 for triglyceride transesterification however excess is required to favour 

product formation at equilibrium while too much dilution impedes reaction kinetics. Hence ratio 

was limited between 4:1 and 16:1 in line with literature. Table 3.16 summarises these encodings. 

Table 3.16 - Encoding Table for Custom Design 

 

 

 

 

Design Minimum Runs Modelled Terms 

Full Factorial 3 Level 81 All ME, All TWI, All Q  

Box-Behnken Design 25 All ME, All TWI, All Q, C  

Central Composite Design 24 All ME, All TWI, All Q  

Definitive Screening, Quadratics 17 All ME, All Q, 4 TWI 

Definitive Screening, 2-way Interactions 17 All ME, All TWI, 2 Q 

Full Factorial 2 Level 16 All ME, All TWI  

Custom Design, 2-way Interactions 12 All ME, All TWI, C  

Custom Design, Quadratics 10 All ME, All Q, C 

Fractional Factorial 2-level Screen 8 All ME, 3 TWI 

Fractional Factorial 2-level Screen 5 All ME  

Design Factor -1 0 +1 

Time (hr) 1 5 9 

Temperature (°C) 30 45 60 

Catalyst Loading (wt%) 1 3 5 

Methanol : Oil Ratio 4 10 16 
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 Table 3.17 - 10 Run Custom Design 

 

 

 

 

 

 

 

 

 

The custom design utilised for testing catalyst performance in batch esterification and 

transesterification reactions is shown in Table 3.17. Each treatment condition A-J was run twice 

as denoted by run number (A1, A2) to give 20 total runs where 10 were replicates. While ideally 

3 runs should be performed per treatment, lack of material restricted the number of replications 

achievable. Through replication, random error was measured to determine potential outlier results, 

as well as ensuring no significant deviation indicative of erroneous data was present. Runs were 

performed in non-sequential, randomised order as given in Table 3.17 to detect influence of lurking 

variables, such as daily lab temperature variations. Analysis was performed in JMP with quadratic 

and logistic modelling as discussed in Chapter 3.5.4.2. Example results for TiFeSi support oleic 

acid reactions with logistic model are shown in Figure 3.43 including studentised residual plot 

used for outlier and lurking variable analysis (A), Pareto plot used for identifying most influential 

effects (B), and prediction profiler used to determine factor settings for maximum yield (C). 

 

Figure 3.43 - Example Analysis Results for Oleic Acid Esterification with TiFeSi Support  

Run Time Temperature 
Catalyst 

Loading 

Methanol : Oil 

Ratio 
Run Order  

A1, A2 -1 -1 0 -1 2, 12 

B1, B2 0 1 -1 -1 1, 16 

C1, C2 -1 1 1 1 10, 13 

D1, D2 -1 0 -1 0 6, 18 

E1, E2 0 0 0 1 4, 17 

F1, F2 0 -1 1 0 9, 19 

G1, G2 1 1 0 0 7, 14 

H1, H2 1 0 1 -1 3, 20 

I1, I2 1 -1 -1 1 8, 15 

J1, J2 0 0 0 0 5, 11 
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3.5 Batch Trials and Biodiesel Characterisation 

3.5.1 Experiment Setup 

Batch reactions to explore catalytic activity were performed using the setup shown in Figure 3.44. 

Initially 2 mg of catalyst was weighed into a 5 mL borosilicate glass vial via mass balance (± 0.01 

mg). To this, appropriate amounts of pre-dried (4 hours at 100 °C) and filtered UCO, Vegetable or 

Oleic Acid feedstock (ñoilò) was gradually weighed into the vial using adjustable 20-200 ɛl 

Eppendorf syringes with disposable pipette tips, depending on the desired catalyst loading 

percentage. Methanol was weighed last in similar manner until desired methanol to oil molar ratio 

was achieved before 15 mm magnetic stirring bar added and inner PTFE stopper tightly affixed. 

Screw cap was bound tightly with PTFE tape to ensure airtight reaction vessel and prevent loss of 

volatile methanol. Vial was ultrasonicated for 5 minutes prior to being added onto hotplate to 

ensure desirable catalyst suspension, before temperature and rpm gradually ramped up to desired 

setpoints. External temperature was monitored via both IR thermometer and thermal probe 

submerged in mineral oil to confirm temperature equilibration at setpoint prior to starting reaction 

timer. In each run, a control sample made with identical quantity oil and methanol was ran to 

confirm reaction was due to catalyst activity and not thermal effects. Post reaction, stopper and 

cap was removed before sample rapidly flashed at 75 °C to remove all methanol and halt further 

reaction or potential back-reaction during storage. Sample was left to stand overnight at ambient 

conditions to gravitationally separate catalyst and glycerol layers at bottom and methyl ester layer 

at the top. The top layer was isolated into new 5 mL vial for yield determination or further reaction. 

 

Figure 3.44 - Batch Esterification and Transesterification Reaction Setup 
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3.5.2 Determination of Reaction Yield 

3.5.2.1 Fourier Transform Infrared Spectroscopy 

A simple method of determining yield of methyl esters previously reported in literature [508] is to 

analyse the biodiesel via FTIR spectroscopy and integrate peak areas unique to FAME that are not 

present in unreacted oil feedstock. Use of C=O ester stretch (1700-1800 cm-1) could not be used 

since peak was present in both raw oil and FAME, whereas asymmetric C-H3 bend (1400-1500 

cm-1) was present in n-heptane solvent [509]. Unique peaks of slightly different wavenumber were 

observed for O-C-H3 methyl stretch (1130-1230 cm-1) between C19 standard and raw oil feedstock 

as illustrated in Figure 3.45a hence peak area across entire region (1135-1225 cm-1) and higher 

energy peak (1185-1225 cm-1) were used to calculate FAME yield. 

 

Figure 3.45 - C19 and UCO FTIR Spectra (a), Transmission Calibration Curves (b) 

Calibration curves were constructed from dissolving methyl nonadecanoate in n-heptane at 

intervals of 10-50 mgml-1 concentration and correlating with baseline corrected peak area A as 

shown in Figure 3.45b, where M and I are gradient and intercept of calibration curve respectively. 

Biodiesel FAME yield was calculated using Equation 3.32 where 50 mg of biodiesel sample were 

dissolved per 1 mL n-heptane and thoroughly shaken prior to FTIR analysis. 
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Equation 3.32 - FAME Yield from FTIR 
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Both a simple ATR approach as previously discussed in Chapter 3.3.3 was utilised as well as a 

transmission flowcell shown in Figure 3.46. Method parameters were identical to those in Table 

3.3. While ATR is less sensitive to bulk liquid phase concentration as compared to transmission 

setup, the technique requires significantly less sample volume per analysis run which made it ideal 

for small batch reaction tests explored in this research work, particularly at high catalyst loading 

runs where low amounts of raw feedstock were used. Therefore, both ATR and transmission 

flowcell approach were explored as methods to quantify FAME yield. Comparisons between each 

approach and degree of success at determining FAME yield is discussed further in Chapter 5.2. 

 

Figure 3.46 - ATR FTIR (a) and Flowcell Transmission FTIR (b) Setups 

3.5.2.2 Nuclear Magnetic Resonance Spectroscopy 

Similar NMR analysis as detailed in Chapter 3.3.8 was explored to determine FAME yield of 

biodiesel layer post reaction. Run conditions were identical to those described in Table 3.11. 

Approximately 10 mg of biodiesel sample was dispersed into 2 mL of deuterated CDCl3 (99.8% 

D, VWR) and shaken to ensure complete dissolution. Immediately after approximately 500 µL of 

this solution was transferred to Norell tube to a fill level of around 4.5 cm, before spinner was 

affixed as shown prior in Figure 3.33b. NMR control used TopSpin 3.6.3 software and calculations 

were performed using OpenChrom. Example NMR spectrum of methyl nonadecanoate internal 

standard is displayed in Figure 3.47a. Previous studies [510, 511] have reported that use of methyl 

ester peak at ~3.7 ppm (AME) can be compared with triglyceride peak at ~2.3 ppm (ATG) in order 

to determine FAME yield achieved. The ratio of peak areas to be compared is illustrated in Figure 

3.47b and method of calculation provided in Equation 3.33. 
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Equation 3.33 - FAME Yield from 1H NMR 

Values of 3 and 2 account for differences in protons present in each functional group. Evidence of 

strong singlet peak between 3.6-3.8 ppm was used to qualitatively confirm trial reactions had 

successfully led to FAME production by appearance of this new peak. While quantitative 

determination of yield was therefore possible to determine, use of NMR facilities was restricted to 

low frequency 400 MHz setup only, limiting the data resolution and sensitivity achievable. While 

run times were rapid, only a limited number of samples were able to be analysed per day at 

available facilities. Moreover, use of deuterated solvent was required for each analysis. 

Considerations of NMR for application to FAME detection is discussed further in Chapter 5.2 with 

NMR ultimately selected to rapidly confirm qualitatively if reaction had been successful. Gas 

Chromatography Mass Spectrometry (GC-MS) technique, as discussed in next subsection, was 

then applied for high resolution quantitative FAME / methyl oleate yield determination. 

 

Figure 3.47 - NMR spectrum for Methyl Nonadecanoate (a), FAME Yield Peak Ratio (b) 
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3.5.2.3 Gas Chromatography Mass Spectrometry 

GS-MS analysis to determine FAME yield is a widely performed technique [512, 513] due to high 

sensitivity with small sample volumes and widespread availability. A simplified diagram 

illustrating the technique is provided in Figure 3.48. Liquid phase sample is injected via 

autosampler syringe and mixed with an inert carrier gas such as H2 that acts as mobile phase. 

Splitting and removal of purge stream is performed to reduce sample concentration and avoid 

column overloading, prior to transfer into a chromatography column acting as the stationary phase. 

Separation inside the column occurs based on affinity to stationary phase, with components more 

preferentially adsorbed being retained for longer. Additionally, use of an oven to thermally ramp 

up the column temperature over time allows for separation based on volatility. Bulky components 

of low volatility are therefore retained for longer until boiling point temperature is achieved. After 

passing through the column, sample components are passed through an ioniser and become 

charged species. A quadrupole then deflects and filters out all ions except those of a given mass to 

charge ratio (m/z) to collide with detector. Signal intensity as a function of time allows for plotting 

of a chromatogram. For each chromatogram peak, a mass spectrum can be obtained by correlating 

relative abundance of component fragments based on m/z ratio. Peak furthest to the right of 

spectrum is denoted the molecular ion peak (M+) and can determine relative molecular weight. 

Together these two plots form the GC-MS analysis method used to determine individual FAME 

components. Figure 3.49a shows the Agilent 7000E GC/TQ - 8890 GC system used during this 

work and included in Figure 3.49b is an example chromatogram of biodiesel produced by reacting 

UCO with KOH. A list of main analysis parameters is also provided in Table 3.18. 

 

Figure 3.48 - Diagram of GC-MS Technique 
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Approximately 10 mg of biodiesel sample was weighed into a 2 mL vial. To this was added 1 mL 

of internal standard (IS) solution. IS was prepared by dissolving 1 mg/mL methyl nonadecanoate 

(C19 methyl ester) concentration into n-heptane. Methyl nonadecanoate was selected as internal 

standard due to similar chemical properties to expected FAME components, as well as being easily 

differentiated from biological FAME peaks than are strictly even numbered chain lengths and 

therefore would not overlap standard peak in chromatogram. Sample was shaken to ensure 

complete dissolution of biodiesel before loading into GC-MS autosampler. IS peak was identified 

to elute at ~18.5 min retention time as can be seen in Figure 3.49b, where other peaks are attributed 

to FAME components. Since IS peak had known concentration and known quantity of biodiesel 

concentration was loaded into vial, FAME yield [145] could be calculated by Equation 3.34. 
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Equation 3.34 - FAME Yield Determination of Biodiesel via GC-MS 

Here A and AIS represent peak area of all methyl ester species and methyl nonadecanoate IS 

respectively. CIS and VIS are the concentration and volume of IS solution used. W is the sample 

mass of biodiesel layer weighed out and was recorded each time prior to analysis. In the case of 

oleic acid esterification trials where feedstock was known to have only ~75 wt% purity of oleic 

acid, Equation 3.34 was adapted to 0.75W in denominator since at 100% methyl oleate yield only 

75% of total sample mass would have contributed to methyl oleate peak. The reported yields for 

esterification reactions are hence based solely on detected methyl oleate content. Comparison of 

GC-MS technique with FTIR and NMR for use in this project is discussed further in Chapter 5.2. 

  

Figure 3.49 - Agilent 7000E GC/TQ with Agilent 8890 GC System (a), 

Chromatogram of Biodiesel Obtained via KOH-UCO Transesterification (b) 
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Table 3.18 - Method Parameters for GC-MS Analysis of Biodiesel 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

Property Value 

Initial Oven Temperature (Hold Time) 60 °C (0 min) 

First Ramp Rate 10 °C / min 

First Temperature Ramp (Hold Time) 200 °C (10 min) 

Second Ramp Rate 10 °C / min 

Second Temperature Ramp (Hold Time) 270 °C (5 min) 

Equilibration Time 5 min 

Total Runtime 36 min 

Sample Cycling Time 41 min 

Inlet Mode Pulsed Split 

Split Ratio 10:1 

Injection Pulse Pressure 25 psi (until 0.5 min) 

Injection Volume 1 µL 

Wash Solvents Methanol, Heptane 

Liner Agilent 5190-2293: 900 ɛL 

Total Flow 12.9 mL / min 

Split Flow 9 mL / min 

Septum Purge Flow 3  mL / min 

Column Inlet Pressure 8.38 psi 

Column Outlet Pressure Vacuum 

Column Flow 0.9  mL / min 

Average Flow Velocity 63.2 cm / s 

Holdup Time 0.53 min 

Transfer Line Temperature 250 °C 

Column Type Agilent 121-5522UI, DB-5ms Ultra Inert 

Thermal Range -60 °C - 325 °C (Max: 350 °C) 

Dimensions 20 m x 180 ɛm x 0.18 ɛm 

Control Mode Constant Flow 

Carrier Gas (Mobile Phase) H2 
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3.5.3 Feedstock Characterisation and Degradation Study 

3.5.3.1 Titrations 

In order to determine molecular weight and free fatty acid content of UCO feedstock, titrations to 

measure the Saponification Value (SV) and Acid Value (AV) were performed as detailed in ASTM 

D5558 and D974 [514, 515] respectively and calculated using Equation 3.35 and Equation 3.36. 

SV and AV are both measured in units of mgKOH/g of oil. SV represents how much KOH is 

required to fully saponify 1 g of oil and higher values indicate shorter fatty acid chain lengths 

hence lower average molecular weight. AV represents the amount of KOH required to neutralise 

all acidic components of the oil sample such as FFA, where higher AV indicates increasing acidity. 

Ethanolic KOH and HCl solutions were prepared with normality N taken as 0.1 Eq/L while mass 

of oil W was carefully measured out to 1.00 g in each test. Titration volume at equivalence of 

blank and oil sample are denoted as V0 and V1 respectively, measured in mL of standard solution 

required to initiate phenolphthalein indicator colour change. Constant 56.1 g/mol represents KOH 

molecular weight. Use of SV and AV allowed calculation of FFA% and molecular weight as 

demonstrated in Equation 3.37 and Equation 3.38. Factor of 3 in average MW formula is to account 

for triglyceride, and molecular weight of FFA assuming Oleic Acid is dominant impurity was 

taken as 282.5 g/mol. 
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Equation 3.35 - Saponification Value via Titration 
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Equation 3.36 - Acid Value via Titration 
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Equation 3.37 - Average Molecular Weight of UCO via Titration 
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Equation 3.38 - FFA Content of UCO 
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Later GC-MS analysis confirmed C18 species as dominant fatty acid as seen in Figure 3.49b with 

major FAME peak at 15.8 min retention time having a molecular ion peak at 296 m/z 

corresponding to methyl oleate formation. Therefore, assumption used in Equation 3.38 is 

validated and restricts expected average molecular weight to be around the value of triolein (~885 

g/mol) with slightly higher values indicating polymerisation during cooking process or 

contributions of larger triglycerides. 

Alongside the use of AV to determine relative acidity of each UCO feedstock, a pH probe was 

used to monitor the change in deionised water acidity after suspension of a small quantity of oil. 

Increased UCO acidity would enhance formation of H3O
+ ions in deionised water phase and hence 

produce a lower detected measurement of pH in the aqueous phase. Since oil-water is immiscible 

in larger quantities, approximately 100 ɛL of UCO sample was pipetted into an excess of 5 mL 

deionised water. Vial was shaken vigorously followed by 5 minutes of ultrasonication to ensure 

complete dispersion of oil droplet into bulk water phase. After pH probe was inserted, repeated 

readings were taken every minute until at least 3 concordant results were obtained. 

Determination of feedstock specific gravity was also performed to verify average molecular weight 

titration results, since UCO and biodiesel density is dependent on the composition of glyceride 

species present and the level of FFA impurity [516]. Calculation of UCO specific gravity (SG) 

was performed using Equation 3.39 where ɟ1 and ɟ0 correspond to density of UCO sample and 

reference deionised water. By using a pipette of equal volume, the values of V1 and V0 cancel, and 

so SG is simply a ratio of measured masses m1 and m0. Identical 20 mL glass pipettes with rubber 

bulb were used to transfer sample of UCO and deionised water into a pre-weighed vial prior to 

repeated measurements on mass balance. After measurement, a mixture of UCO and deionised 

water was prepared and left to settle to confirm SG < 1 by appearance of an oil rich upper layer. 
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Equation 3.39 - Specific Gravity of UCO Feedstock Against Deionised Water 
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3.5.3.2 Thermal and Chromatographic Analysis 

TGA analysis was performed on UCO feedstocks as discussed in Chapter 3.3.2.1 up to a maximum 

temperature of 200 °C to observe mass losses due to volatiles, absorbed gases and moisture 

content. Flashpoint was also measured using Stanhope-Seta Flashpoint tester with three repeat 

measurements taken for fresh and degraded UCO. Thermal analysis results were compared to 

molecular weight determinations to confirm if increased average molecular weight of fresh UCO 

led to an expected decrease in volatility and increase in flashpoint. 

Gel Permeation Chromatography (GPC), also known as Size Exclusion Chromatography (SEC), 

was also used to qualitatively compare molecular weight distribution of fresh and degraded UCO. 

Similar to GC-MS technique, sample components can be separated based on an affinity to 

stationary phase to produce a chromatogram. Figure 3.50 provides a simplified diagram of how 

the gel preferentially retains less bulky, low molecular weight components for longer as compared 

to bulky species with high molecular weights. Use of a calibration standard such as polystyrene at 

known reference molecular weights can be used to correlate retention time to average size and 

weight of each component detected in chromatogram. Method parameters and sample preparation 

conditions are provided in Table 3.19. Since polystyrene calibrations did not behave chemically 

similar to UCO, obtained chromatograms were used for qualitative analysis of molecular size only. 

 

Figure 3.50 - Simplified Diagram of Gel Permeation Chromatography 
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Table 3.19 - Method Parameters for GPC-SEC Analysis of UCO Feedstocks 

 

 

 

 

 

GC-MS analysis of UCO feedstocks prior to reaction were performed as discussed in Chapter 

3.5.2.3 to detect if thermal esterification into FAME had occurred during storage. Typically, highly 

sensitive Flame Ionisation Detection (GC-FID) is preferred to GC-MS for quantifying the 

composition of triglycerides, diglycerides, monoglycerides and free fatty acids present in a 

cooking oil feedstock since only methyl esters may be detected using GC-MS method [517, 518]. 

However, without access to suitable calibration kit of reference oil mixture to interpret FID results, 

it was necessary to derivatise glycerides and FFA into FAME prior to GC-MS analysis. 

Unfortunately, this limited analysis strictly to determining the most common fatty chain lengths. 

After 1 hour of reaction at 60 °C, 1 wt% KOH and 10:1 ratio of methanol to UCO, obtained 

biodiesel sample was analysed as discussed prior. Knowledge of methyl ester molecular weights 

enabled identification of each major retention peak from M+ signal in MS spectrum. Integrating 

each chromatogram peak, the relative percentage composition of main glyceride species could then 

be calculated. 

Previous studies have shown that NMR analysis can be utilised to determine AV, SV, glyceride 

components and FFA% for both unreacted feedstock and synthesised biodiesel [519-521]. An 

example NMR spectrum of fresh UCO is provided in Figure 3.51a using previously described run 

conditions and sample preparation steps. As can be seen in Figure 3.51b for the region of interest 

to determine FFA% via NMR, relatively low resolution of 400 MHz setup for individual peak area 

calculations meant that accurate quantitative analysis proved challenging. Therefore, as discussed 

prior in Chapter 3.5.2.2, NMR was only used qualitatively to detect presence of methyl ester peak 

at ~3.7 ppm and verify if esterification had occurred during frying or storage.  

 

Property Value 

Instrument Perkin Elmer Series 200 

Solvent Mobile Phase Tetrahydrofuran (THF) 

Column Size 0.1 - 30 kDa 

Detector Refractive Index 

Sample Preparation ~10 mg UCO in 2 mL THF 
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Figure 3.51 - NMR Spectrum of Fresh UCO (a), Peak Area Region for FFA% Calculation (b) 

3.5.3.3 Rheology 

The viscosity difference between vegetable oil, fresh and degraded UCO was immediately 

noticeable upon initial handling and pipetting of each feedstock. Degraded UCO was noticeably 

thinner and poured similarly to water, while fresh UCO was rather viscous and flowed much slower 

out of a container. Vegetable oil had an intermediate thickness. Since oil-methanol liquid phases 

are poorly miscible, high degree of agitation is required during reaction to ensure mass 

transportation issues do not hinder FAME formation. Viscosity also influences separability post 

reaction, with a thicker unreacted oil layer requiring increased centrifugation time or gravitational 

settling to recover spent nanocatalyst. Therefore, it was decided to experimentally determine this 

viscosity difference between feedstocks and what influence reaction temperature may have. 

Newtonôs Law of viscosity is provided in Equation 3.40 where dynamic viscosity ɖ (mPa·s) is 

defined as the ratio of shear stress ů (mPa) to the rate of shear (s-1). For a Newtonian fluid this 

ratio is constant at a given temperature, however for more complex non-Newtonian fluids a power 

law model is observed instead as given in Equation 3.41 with constants k and n to be determined. 
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Equation 3.40 - Newton's Law of Viscosity 
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Equation 3.41 - Power Law Model of Fluid Flow 
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Rheological studies were performed using an Anton Paar MCR 301 with cone and plate test 

geometry. Table 3.20 provides experimental parameters used and Figure 3.52a, b shows the 

rheometer used and a simplified diagram of how measurements were performed. Quantities of oil 

were pipetted onto a test plate and cone height adjusted to ensure sufficient liquid flow region. 

Heating plate controller was then set to temperature intervals of 30 °C, 45 °C and 60 °C and left 

to thermally equilibrate prior to testing. Constant intervals of shear rate were applied via motor 

and resistive shear stress measured to obtain flow curves as provided in Figure 3.52c for vegetable 

oil. Gradient of flow curve plot gave value of dynamic viscosity at each temperature interval, with 

straight line plots indicating Newtonian fluid behaviour. Differences in viscosity between UCO 

samples was also used to provide additional insight into the structure of glyceride molecules [522]. 

Table 3.20 - Method Parameters for Rheology Measurements 

 

 

 

 

 

 

Figure 3.52 - Rheometer (a), Cone and Plate Geometry (b), Flow Curve for Vegetable Oil (c)  

Property Value 

Instrument Anton Paar MCR 301 

Measuring Geometry 75mm Cone and Plate 

Shear Stress Range 0.01 - 5 Pa 

Shear Rate 0 - 100 s-1 

Temperature Intervals 30 °C, 45 °C, 60 °C 
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3.5.4 Reaction Modelling 

3.5.4.1 Effect Screening 

Development of the custom screening design has been detailed previously in Chapter 3.4.2, once 

batch trials had been completed and methyl oleate / FAME yield was determined via GC-MS, JMP 

software was used to analyse data and screen out most important factors. Figure 3.53 illustrates 

three different screening methodologies used to identify factor effects most influential on yield.  

 

Figure 3.53 - Effect Screening Methodologies 

A regression model similar to the form described prior in Equation 3.31 was fitted using intercept, 

main effects and quadratic (non-linear) terms. The magnitude of each factor term coefficient 

provides insight into the relationship strength towards yield, with the sign indicating either 

beneficial or detrimental effect. For non-linear terms, value of sign indicates the presence of a 

maxima or minima within design space as factor value is increased. Hence a large coefficient in 

regression model indicates significant influence of that factor term. To check for statistical 

significance of each factor term, a one tailed t-test was performed as given in Equation 3.42 and 

calculated in JMP. Values of xↄ, ɛ, ů and n correspond to factor mean, theoretical mean, standard 

deviation and number of datapoints. The p-score (P>|t|) was converted into Log Worth W through 

Equation 3.43 where large values of W indicate statistically significant effect on yield response. 
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Equation 3.42 - Student's t Test Statistic 
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Equation 3.43 - Log Worth Screening Statistic 






























































































































































































































































































































