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ABSTRACT 

Malaria is a major economic and medical burden in countries where it is endemic. The world 

health organization (WHO) recommends indoor residual spraying (IRS) of insecticides and 

sleeping under insecticide treated nets (ITNs) to prevent malaria transmission. Larviciding is 

being considered as an additional control measure. Oleic acid (cis–9–octadecanoic acid), a 

plant-derived fatty acid has been found to be effective larvicide for Aedes and Culex 

mosquito species. However, it had not yet been explored against An. (anopheles) arabiensis, 

the principal malaria vector in South Africa. This presented the research opportunity which 

was pursued and reported on in this study. 

Initial laboratory bioassays were performed to determine the efficacy of oleic acid on 3rd and 

4th An. arabiensis instar. Statistical analysis indicated that oleic acid, as a free-standing oil, 

had an LC50 of 13 ppm and an LC90 of 31 ppm after 48 h exposure at 95% confidence 

interval. Rancimat analysis showed that both curcumin and eugenol, natural antioxidants, 

provided effective protection for oleic acid against oxidative degradation. Curcumin proved 

to be a better antioxidant than eugenol. The induction period (IP) exceeded 15 h at a dosage 

of 0.25 wt.%. The corresponding value for eugenol was IP ≈ 7 h at 0.75 wt.%.  

Attempts were made to develop dosage forms for the oleic acid. These included, two porous 

matrices, i.e., activated charcoal and spent-coffee biochar. The latter was prepared by 

pyrolysis at 500 ºC. SEM revealed a highly porous biochar with a honeycomb-like structure. 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



iii 

Raman analysis confirmed successful carbonization as the spectrum was similar to that 

recorded for the activated charcoal. Both matrices were impregnated with oleic acid in a 

vacuum chamber. It proved possible to impregnate spent coffee biochar with up to 60 wt.% 

oleic acid. In the case of activated charcoal, a loading of up to 50 wt.% proved possible. 

Oleic acid was also intercalated into layered double hydroxide (LDH) by hydrothermal 

reconstruction of calcined LDH. Intercalation of oleate anions into Mg/Al LDH was 

confirmed by XRD, FTIR, and TGA analysis. TGA analysis showed a loading corresponding 

to 25 wt.% oleate in the LDH. The XRD diffractogram proved intercalation of the oleic acid 

since the d-spacing increased from 0.76 nm for pristine LDH, to 3.65 nm for the intercalate. 

SEM showed that the plate-like morphology of the LDH was recovered following 

intercalation. 

Oleic acid was also incorporated into thermoplastic starch by twin screw extrusion. This was 

a nanocomposite containing nanocellulose and nano-clay at 5 wt.% nano-clay. The inclusion 

of the nano-clay was necessary to incorporate the oleic acid into the thermoplastic starch 

during processing. Loadings of up to 10 wt.% oleic acid were achieved using this extrusion-

based process. FTIR confirmed the presence of oleic acid in the extruded starch strands. 

Lastly, 35 wt.% oleic acid-in-water emulsions were prepared using a modified sorbitan 

monooleate-based emulsifier. The average particle size was determined to be 211 ± 80 nm. 

The emulsion was relatively stable as the zeta potential was −56 ± 10 mV, measured after 

four weeks of ageing. 

The utility of these dosage forms was evaluated using large glass containers filled with 3 L of 

water. Sufficient dosage form was added to release up to 500 ppm of oleic acid into the 

water. Water was sampled from the bottom of the containers and laboratory bioassays were 

performed on a weekly basis. Only in the case of the oleic acid-in-water emulsion was an 

acceptable mortality of the larvicides attained, i.e., > 90%. However, it took three weeks 

before this was achieved. None of the other dosage forms proved effective. Potential reasons 

for this failure are discussed. 

Keywords: oleic acid, arabiensis, larvicidal, bioassay, spent coffee grounds, porous, 

antioxidant, emulsion, layered double hydroxide, mosquito 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



iv 

 

DEDICATION 

 

To my young brother Tino, always remember, your fears are just clues of unclaimed 

opportunities, pursue your fears with unfeigned determination and zest! 

  

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



v 

 

ACKNOWLEDGEMENTS 

I would want to sincerely appreciate the unequalled guidance, support, and mentorship from 

my supervisor Prof. W W Focke throughout the duration of my study. This work also took 

collective effort and workmanship from selfless individuals, and it thus suffice to 

acknowledge their varying contributions not in any specific order. 

Dr Shatish Ramjee (Co-supervisor) 

James Wesley Smith (SEM) 

Dr Megan Riddin (Bioassays experiments and results discussion) 

Dr Theodor Loots (Bioassays statistical data analysis) 

Fortunate Mbongo and Pethile Dzingai (Bioassay experiments) 

Dr Ryan Merckel (Pyrolysis) 

Wiebke Grote (XRD analysis) 

Dennis Moyo (Raman analysis) 

Atlegang Nyakale (Droplet size distribution and zeta potential) 

Naomi Monareng and Peace Azeh (LDH synthesis, FTIR analysis) 

Dr Benjamim Mapossa & Thabang Mphateng (Extrusion compounding) 

 

Financial support from the Paper Manufacturers Association of South Africa (PAMSA) and 

the Department of Science and Innovation (DSI) under grant DST/CON 0004/2019 is 

gratefully acknowledged.  

To my parents and siblings, thank you all for your emotional support. 

 

  

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



vi 

 

TABLE OF CONTENTS 

DECLARATION ........................................................................................................................ i 

ABSTRACT ............................................................................................................................... ii 

DEDICATION .......................................................................................................................... iv 

ACKNOWLEDGEMENTS ....................................................................................................... v 

LIST OF FIGURES ................................................................................................................... x 

LIST OF TABLES ................................................................................................................... xii 

LIST OF SYMBOLS AND ABBREVIATIONS .................................................................. xiii 

DISSERTATION OUTLINE.................................................................................................. xiv 

CHAPTER 1: INTRODUCTION ............................................................................................ 15 

1.1 Background .................................................................................................................... 15 

1.2 Aims ............................................................................................................................... 17 

1.3 Objectives ....................................................................................................................... 17 

CHAPTER 2: LITERATURE REVIEW ................................................................................. 18 

2.1 Malaria vectors ............................................................................................................... 18 

2.1.1 The lifecycle of a mosquito ..................................................................................... 18 

2.2 Malaria epidemiology in South Africa ........................................................................... 20 

2.3 Mosquito vector control ................................................................................................. 21 

2.3.1 Larviciding............................................................................................................... 21 

2.4 Plants extracts as potential larvicides ............................................................................. 22 

2.5 Essential oils as larvicides .............................................................................................. 23 

2.5.1 Effect of chemical structure on the potency of essential oils .................................. 25 

2.6 Challenges of plant extracts and essential oils as larvicides .......................................... 25 

2.7 Oleic acid as a mosquito larvicide.................................................................................. 26 

2.7.1 Oxidative stability of oleic acid ............................................................................... 27 

2.7.2 Antioxidants mechanisms ........................................................................................ 28 

2.7.3 Natural antioxidants ................................................................................................. 29 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



vii 

 

2.7.4 Experimental determination of oxidative stability .................................................. 31 

2.7.5 The Rancimat Method ............................................................................................. 31 

2.7.6 Estimation of oleic acid solubility in water ............................................................. 32 

2.8 Layered double hydroxides, (LDHs) .............................................................................. 34 

2.8.1 Structural arrangement of LDHs ............................................................................. 35 

2.8.2 Layered double hydroxides synthesis ...................................................................... 36 

2.8.3 Layered double hydroxides as devices for controlled release ................................. 40 

2.8.4 Intercalation of oleate anions in LDH (LDH-oleate) ............................................... 41 

2.9 Porous matrices .............................................................................................................. 42 

2.9.1 Spent coffee grounds, SCGs .................................................................................... 42 

2.9.2 SCGs composition ................................................................................................... 43 

2.9.3 Applications of SCGs .............................................................................................. 44 

2.9.4 Biochar synthesis ..................................................................................................... 45 

2.10 Starch as an encapsulating matrix ................................................................................ 46 

2.10.1 The chemistry of starch ......................................................................................... 46 

2.10.2 Starch crystallinity ................................................................................................. 47 

2.10.3 Extrusion processing of TPS ................................................................................. 47 

2.10.4 Crystallinity of TPS ............................................................................................... 48 

2.10.5 Factors affecting extrusion of TPS ........................................................................ 49 

2.10.6 Challenges of TPS ................................................................................................. 51 

2.10.7 Conditioning of TPS .............................................................................................. 53 

2.10.8 Thermoplastic starch/nanocellulose nanocomposites ............................................ 53 

2.11 Emulsion-based systems .............................................................................................. 55 

2.11.1 Stability of emulsions ............................................................................................ 55 

2.11.2 Emulsions for mosquito larvicidal applications .................................................... 57 

CHAPTER 3: EXPERIMENTAL............................................................................................ 58 

3.1 Materials ......................................................................................................................... 58 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



viii 

 

3.2 Methods and sample preparations .................................................................................. 59 

3.2.1 Antioxidant formulations for oxidative stability analysis ....................................... 59 

3.2.2 Synthesis of oleic acid intercalated LDH ................................................................ 59 

3.2.3 Pyrolysis of spent coffee grounds to develop a porous carbon-based biochar ........ 60 

3.2.4 Porous carbon matrices loaded with oleic acid ....................................................... 60 

3.2.5 Thermoplastic starch/nanocellulose nanocomposite extrusion ............................... 61 

3.2.6 Oleic acid in water emulsion ................................................................................... 62 

3.2.7 Laboratory Bioassays .............................................................................................. 63 

3.2.8 Effect of pH on the rate of LDH-oleate dissolution ................................................ 65 

3.3 Material characterization techniques .............................................................................. 65 

3.3.1 Rancimat oxidation stability test ............................................................................. 65 

3.3.2 X-ray Diffraction (XRD) ......................................................................................... 66 

3.3.3 Scanning Electron Microscopy (SEM) analysis ...................................................... 66 

3.3.4 Fourier transform infrared spectroscopy (FTIR) analysis ....................................... 66 

3.3.5 Raman analysis ........................................................................................................ 67 

3.3.6 Thermogravimetric analysis (TGA) ........................................................................ 67 

3.3.7 Droplet size distribution and zeta potential ............................................................. 67 

3.3.8 Optical microscopy .................................................................................................. 67 

CHAPTER 4: RESULTS AND DISCUSSION ....................................................................... 68 

4.1 Rancimat oxidative stability analysis ............................................................................. 68 

4.2 Scanning Electron Microscopy (SEM) .......................................................................... 69 

4.2 XRD Analysis ................................................................................................................ 72 

4.4 FTIR analysis ................................................................................................................. 73 

4.5 Raman analysis ............................................................................................................... 76 

4.6 Thermogravimetric analysis (TGA) ............................................................................... 77 

4.7 Droplet size distribution and zeta potential .................................................................... 80 

4.8 Optical Microscopy ........................................................................................................ 81 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



ix 

 

4.9 Larvicidal bioassays ....................................................................................................... 81 

4.9.1 Pure oleic acid as a free-standing oil ....................................................................... 81 

4.9.2 Residual efficacy of the developed slow-release mechanisms ................................ 82 

4.10 Effect of pH on the rate of LDH-Oleate dissolution .................................................... 84 

4.11 Dissolution of an emulsion droplet .............................................................................. 85 

4.11.1 Application to the dissolution of oleic acid emulsion droplet in water ................. 87 

CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS ........................................... 91 

REFERENCES ........................................................................................................................ 93 

APPENDICES ....................................................................................................................... 125 

Annexure 1:      Dilutions and concentrations .................................................................... 125 

Annexure 2: Bioassays data recording forms ................................................................ 126 

Annexure 3: Relative humidity of different salts solutions ........................................... 127 

Annexure 4: SEM images calcined LDH (a), and LDH-oleate (b) ............................... 128 

Annexure 5: SEM images dextrin powder (a), oleic acid in starch with 5 wt.% 

organoclay …………………………………………………………………………...129 

Annexure 6: Complete FTIR spectra of pure oleic acid (OA), neat thermoplastic starch 

and thermoplastic starch with 10 wt.% OA ....................................................................... 130 

Annexure 7: Statistical analysis, bioassay results of oleic acid as a free-standing oil .. 131 

Annexure 8: Datasheets of Alcamizer 1, Dellite M3B and Dextrin .............................. 134 

 

  

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



x 

 

LIST OF FIGURES 

Figure 2.1: Mosquito life cycle reprinted from Rozendaal (1997) with permission from 

World Health Organisation ...................................................................................................... 18 

Figure 2.2: Total malaria cases and deaths from 2000 – 2018 in South Africa adapted from 

NICD (2019) ............................................................................................................................ 21 

Figure 2.3: Effects of fatty acids and methyl esters on mortality (%) of 4th instar larvae of 

culex quinquefasciatus after 24 h exposure, reprinted from de Melo et al (2018) with 

permission from Elsevier ......................................................................................................... 27 

Figure 2.4: Auto-oxidation mechanism adapted from Sharma et al (2019b) ......................... 28 

Figure 2.5: Structural isomers of curcumin, enol CUE and keto (diketone), CUK adapted 

from Galano et al (2009).......................................................................................................... 30 

Figure 2.6: Components of the Rancimat instrument adapted from Sharma et al (2019b) .... 32 

Figure 2.7: Mass fraction of oleic acid (woleic acid) against that of water with very low levels 

of ethanol (wwater / wwater + wEtOH). Data plotted obtained from work by Zhang & Hill (1991)

.................................................................................................................................................. 33 

Figure 2.8: Estimated oleic acid solubility in water as function of temperature .................... 34 

Figure 2.9: Generic schematic representation of LDH reprinted from Mittal (2021) with 

permission from Elsevier ......................................................................................................... 35 

Figure 2.10: Reconstruction process of LDH by the “memory effect” reprented from Ye et al 

(2022) with permission from Elsevier ..................................................................................... 38 

Figure 2.11: Effect of calcining temperature on MgA/Al LDH morphology reprinted from Li 

et al (2019c) with permission from Elsevier............................................................................ 39 

Figure 2.12: Coffee fruit composition reprinted from Campos-Vega et al (2015) with 

permission from Elsevier ......................................................................................................... 43 

Figure 2.13: XRD characteristic peaks for the three native starches reprinted from Pozo et al 

(2018) with permission from Springer Nature ......................................................................... 47 

Figure 2.14: Molecular view along helix axis of VH-amylose complex reprinted from Immel 

& Lichtenthaler (2000) with permission from John Wiley & Sons ......................................... 48 

Figure 2.15: Structural changes in starch-water mixture reprinted from Wang et al (2015) 

with permission from John Wiley & Sons ............................................................................... 52 

Figure 2.16: Storage modulus of TPS(REF) and the nanocomposites with different CNC 

loading (1.5, 2.5, 5 and 10 wt.%) reprinted from Nessi et al (2019) with permission from 

Elsevier .................................................................................................................................... 54 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



xi 

 

Figure 2.17: Nano-emulsion and microemulsion made from oil, water and surfactant 

reprinted from McClements (2012) with permission from Royal Society of Chemistry ........ 55 

Figure 2.18: Breakdown mechanism of emulsion adapted from Tadros (2004) .................... 56 

Figure 3.1: The white structure indicated by the arrow on the left is a fountain of liquid 

escaping from the vent due to the exudation of the oleic acid from the melt. This formulation 

did not contain any organoclay. On the right this effect was completely suppressed by the 

presence of 5 wt.% organoclay in the formulation. ................................................................. 62 

Figure 3.2: Homogeneous emulsion containing 5 wt.% surfactant just after preparation, (left) 

and after four weeks showing creaming (right) ....................................................................... 63 

Figure 3.3:3Experimental setup to evaluate residual efficacy.................................................. 64 

Figure 3.4:4Metrohm 895 Professional PVC Thermomat ....................................................... 66 

Figure 4.1:5Antioxidant properties of eugenol and curcumin as a function of composition ... 68 

Figure 4.2:6SEM images of (a) as received pristine LDH, (b) calcined LDH and (c) LDH-

oleate. Scale bar: 1 µm ............................................................................................................. 70 

Figure 4.3:7SEM images at 50× (left) and 200× magnification (right) of; SCG (a, a’), PSCG 

(b, b’) and as received AC (c, c’). Scale bar: 100 µm. ............................................................ 71 

Figure 4.4:8SEM images of dextrin powder (left) and the fractured surface of the extruded 

nanocomposite strand (right). Scale bar: 10 µm. ..................................................................... 72 

Figure 4.5:9X-ray diffractogram of the LDH-neat, LDH-calcined at 500 C and LDH-oleate

.................................................................................................................................................. 73 

Figure 4.6:10The FTIR spectra of OA, pristine LDH, calcined LDH at 500 C and LDH-oleate

.................................................................................................................................................. 74 

Figure 4.7:11The FTIR spectra of oleic acid (OA), pyrolyzed spent coffee grounds (PSCG), 

activated charcoal (AC), oleic acid loaded pyrolyzed spent coffee grounds (OA-PSCG), oleic 

acid loaded activated charcoal (OA-AC) and insert, zoomed in spectrum of PSCG and AC 75 

Figure 4.8:12FTIR spectra of OA, neat thermoplastic starch and thermoplastic starch with 10 

wt.% OA .................................................................................................................................. 76 

Figure 4.9:13Raman spectra of the activated charcoal as received and the pyrolyzed spent 

coffee grounds .......................................................................................................................... 77 

Figure 4.10:14TGA and DTG curves of neat LDH as received (LDH-Neat), LDH intercalated 

with oleate ions from the oleic acid (LDH-oleate) and neat oleic acid ................................... 78 

Figure 4.11:15TGA and DTG curves neat thermoplastic starch 0 wt.% OA and thermoplastic 

starch with 10 wt.% OA and the corresponding pure components. ......................................... 79 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



xii 

 

Figure 4.12:16Droplet size distribution of O/W emulsion containing 35 wt.% OA and 5 wt.% 

SMO-based emulsifier after 4 weeks of storage at ×10 dilution. ............................................ 80 

Figure 4.13:17Optical images of O/W emulsion containing 35 wt.% OA and 5 wt.% SMO-

based emulsifier after 4 weeks of storage. Left: ×10 dilution, right: ×20 dilution. Scale bar: 

20 µm ....................................................................................................................................... 81 

Figure 4.14:18Residual bioassays of the formulated products, oleic acid impregnated activated 

charcoal (OA-AC), oleic acid impregnated pyrolyzed spent coffee grounds (OA-PSCG), 

LDH intercalated with oleate ions from oleic acid (LDH-oleate) and oleic acid in water 

emulsion (Emulsion) ................................................................................................................ 83 

Figure 4.15:19Mg2+ (A) and Al3+ (B) release profile in NaOAc-HOAc buffer solutions with 

time, and the logarithm of the released Mg2+ versus pH (C) ................................................... 84 

Figure 4.16:20Schematic for an isolated emulsion droplet suspended in a liquid in which it is 

soluble. ..................................................................................................................................... 85 

 

LIST OF TABLES 

Table 2.1: Chemical composition of the cinnamon and clove essential oil (Thomas et al, 

2017) ........................................................................................................................................ 24 

Table 2.2: Chemical structure and bond dissociation energies, D0 of Eugenol (Ledesma et al, 

2013). ....................................................................................................................................... 31 

Table 2.3: Previous studies of LDH-oleate synthesis ............................................................. 41 

Table 2.4: Properties of starch granules from various sources (Belgacem & Gandini, 2008) 46 

Table 3.1:5Curcumin and eugenol formulations evaluated ...................................................... 59 

Table 3.2:6Results of obtained in a typical sieve analysis ....................................................... 60 

Table 3.3:7Volumes of NaOAc-HOAc buffer solutions used to set the pH ............................ 65 

Table 4.1:8Lethal concentrations (LC) estimates of the 6 averaged models ............................ 82 

 

 

 

 

  

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



xiii 

 

LIST OF SYMBOLS AND ABBREVIATIONS 

WHO  World Health Organization 

IRS  Indoor residual spraying 

ITNs  Insecticide Treated Nets 

An.  Anopheles 

Ae.  Aedes 

LC50  Lethal concentration for 50 % mortality  

LC90  Lethal concentration for 90 % mortality 

DDT  Dichloro-diphenyl-trichloroethane 

FAME  Fatty acid methyl ester 

BDE  Bond dissociation enthalpy 

LDH/s  Layered Double hydroxide/s 

FTIR  Fourier-transform infrared spectroscopy 

SEM  Scanning Electron Microscopy 

TGA  Thermogravimetric analysis 

XRD  X-Ray Diffraction  

OA  Oleic acid 

SMO  Sorbitan monooleate 

SCGs  Spent coffee grounds 

PSCG  Pyrolyzed Spent Coffee grounds (Spent coffee biochar) 

AC  Activated charcoal 

ICP  Inductively coupled plasma spectroscopy  

  

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



xiv 

 

DISSERTATION OUTLINE 

This research work comprises of five chapters. Contributions and insights from previous 

research are acknowledged as references. To help further understand this work, 

supplementary material is included at the end as appendices. 

Chapter 1: This serves as the prelude to this work which outlines the aim and objectives of 

this research. In a nutshell, it addresses why, and how this research was conducted. 

Chapter 2: To successfully conduct this research, a focused study on the review of literature 

considered vital for this work is covered in this section. The approach in this literature review 

was to determine existing literature, critique it, and establish gaps and find ways to exploit 

the information. This section commences with malaria vectors, mosquito lifecycle, malaria 

vector control, and larviciding as a supplementary control measure. Plant-based oils as 

mosquito larvicides were covered leading to oleic acid being singled out as an 

environmentally safe, sustainable, and economic option. No previous work has been done 

utilizing oleic acid as a larvicide for An. Arabiensis the principal malaria vector in South 

Africa. Natural antioxidants, eugenol and curcumin were identified as potential oleic acid 

antioxidants. The section concludes by considering literature on LDHs, porous matrices, 

starch, and emulsion-based systems.  

Chapter 3: This section covers the experimental design and framework i.e., raw materials, 

synthesis methods and the characterization techniques utilized. An interesting finding of note 

was that organoclay addition at 5 wt.% prevented oleic acid exudation during twin screw 

extrusion of thermoplastic starch-nanocellulose reinforced nanocomposites. 

Chapter 4: The findings from this work are presented in this section. The findings are 

discussed and validated with previous work where applicable. Key findings and contributions 

of this work are reported here. They include the larvicidal efficacy of oleic acid against An. 

arabiensis larvae; the complex porous morphology of spent coffee biochar; the antioxidant 

effect of curcumin, and the residual effect of the emulsion-based slow-release delivery 

system. 

Chapter 5: In this section the results are summarized, the main conclusions are presented 

and recommendations for future extension of the work are made. 

 

  

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  



15 

 

CHAPTER 1: INTRODUCTION 

1.1 Background 

Mosquitoes serve as vectors of deleterious pathogens to humans causing diseases like 

malaria, West Nile virus, yellow fever, Chikungunya, dengue, filariasis and Zika virus. In 

2020, the global malaria death toll was 627 000 with more than half of the deaths recorded 

from Africa (World Health, 2021). The World Health Organization (WHO) recommends 

indoor residual spraying (IRS) of synthetic insecticides and sleeping under insecticide treated 

nets (ITNs) to interrupt malaria transmission. Alongside prompt and effective treatment, 

these strategies have averted many malaria cases and fatalities across the African continent. 

However, synthetic insecticides present an environmental challenge and insecticidal 

resistance is a growing concern (Ranson & Lissenden, 2016). Furthermore, some mosquito 

species like An. arabiensis are exophagic. Hence, outdoor biting defines the limit of what is 

achievable with IRS and ITNs (Kibret & Wilson, 2016; Mburu et al, 2019). The challenges 

and limitations of synthetic insecticides necessitates supplementary measures for malaria 

vector control. 

Larviciding is an established supplementary vector control method which, when effectively 

utilised, lowers adult mosquito populations (Fillinger & Lindsay, 2011; World Health, 2013). 

Plant essential oils have been investigated as potential mosquito larvicides mainly against 

Aedes and Culex species (Benelli et al, 2017; Pavela, 2015; Senthil-Nathan, 2020). A review 

by Pavela et al (2019b) presents more than 400 plant extracts as mosquito larvicides and 29 

highly potent with LC50 (lethal concentration for 50 % mortality) below 10 ppm. The efficacy 

of plant extracts varies with the geographic origin, type, and part of the plant, as well as the 

solvent used for extraction (Farag et al, 2021; Ghosh et al, 2012; Johnson et al, 2018; 

Sigamani et al, 2020). There may be some challenges to industrialise some of these plant 

extracts. 

Oleic acid (cis–9–octadecanoic acid) is a naturally abundant mono-unsaturated fatty acid 

which is a main constituent of many vegetable oils. This food-based additive has been proven 

to have high larvicidal potency. Oleic acid (OA) tests against Culex quinquefasciatus, Ae. 

aegypti and An. stephensi proved effective with LC50 below 10 ppm (Chellappandian et al, 

2022; de Melo et al, 2018; Rahuman et al, 2008). In addition, oleic acid also possesses 

ovipositional repellent activity against Culex quinquefasciatus (Hwang, Schultz & Mulla, 
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1984) and was established to be safe to non-target mosquito predators (Chellappandian et al, 

2022). 

There is a knowledge gap on the larvicidal potency of oleic acid against An. arabiensis, the 

principal malaria vector in South Africa. Furthermore, none of the work on laboratory 

bioassays of oleic acid considered residual capacity, a prime factor to establish its suitability 

for field evaluations (Shaalan et al, 2005). However, oleic acid is prone to oxidative 

degradation and is less dense than water. When applied as a free-standing oil, it will float on 

the surface affecting other organisms on the air-water interface (World Health, 2013). 

The controlled release of oleic acid in aqueous environments has not yet been reported. This 

aspect was addressed to ensure the efficacy of oleic acid for larvicidal applications, over 

extended periods of time. Therefore, various slow-release mechanisms were considered. 

Porous matrices i.e., activated charcoal and spent coffee grounds (SCGs) biochar can be 

impregnated with oleic acid and utilised as slow-release matrix for larvicidal bioassays. This 

study included the possibility of using SCGs as a reservoir for the active. It is a highly 

abundant renewable by-product of coffee brewing that is disposed of in landfills (McNutt & 

He, 2019). The oxidative stability of oleic acid can be improved by adding natural 

antioxidants (Varatharajan & Pushparani, 2018). Layered double hydroxides (LDHs) can 

intercalate oleate anions and thereby improve the oxidative stability (Blasi et al, 2021). The 

stability of LDHs is pH dependent. Therefore, it was anticipated that as it decomposes in 

water, it will slowly release the intercalated anions. 

Oleic acid can also be trapped in water soluble polymers. Presently, thermoplastic 

starch/nanocellulose reinforced biodegradable polymer matrix was considered. This choice 

was informed by oleic acid being known to form inclusion complexes with starch which 

protects against thermal and oxidative degradation (Marinopoulou et al, 2016b). Such 

nanocomposites are easily prepared by twin screw extrusion. The pellets obtained from such 

a process will dissolve in water to progressively release the oil. 

Emulsion-based systems provide another alternative. Interestingly, oleic acid-based 

emulsifiers are available (e.g., sorbitan monooleate) and suitable for the preparation of 

emulsion based larvicidal systems. Formulation of emulsions is less energy intensive and 

allow formulation of concentrated delivery systems which makes it economically attractive.  
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1.2 Aims 

To establish the larvicidal efficacy of oleic acid on An. arabiensis using LC50 and LC90 as the 

measure. To develop an oleic acid-based slow-release system as a larvicide with residual 

efficacy exceeding four weeks. 

1.3 Objectives 

• Identify and investigate potential oleic acid natural antioxidants. 

• Conduct laboratory bioassays according to WHO guidelines to establish the LC50 and 

LC90 of oleic acid as a free-standing oil on An. arabiensis 3rd and 4th instar larvae. 

• Explore a range of possible oleic acid-controlled release delivery systems including: 

− Porous carbon matrices i.e., activated carbon and spent coffee biochar 

− Oleic acid intercalated layered double hydroxides (LDHs). 

− Thermoplastic starch/nanocellulose reinforced nanocomposite  

− Oleic acid emulsions 

• Characterize raw materials and prepared samples using X-Ray diffraction (XRD), 

Fourier transform infrared spectroscopy (FTIR), Raman spectroscopy, scanning 

electron microscopy (SEM), thermogravimetric analysis (TGA), optical microscopy 

and the particle size analysis and zeta potential. 

• To determine the residual efficacy of oleic acid-controlled release delivery systems by 

performing laboratory bioassays for a period of five weeks. 
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CHAPTER 2: LITERATURE REVIEW 

2.1 Malaria vectors 

Malaria is caused by protozoan Plasmodium spp. parasite transmitted through the bites of 

infected female Anopheles mosquitoes. There are four species of plasmodium: P. malariae, 

P. vivax, P. ovale and P. falciparum (Becker et al, 2010). Out of more than 400 different 

species of Anopheles, only 30 are malaria vectors (World Health, 2020). Members of the 

Anopheles gambiae s.s, Anopheles arabiensis (of the An. gambiae complex) and Anopheles 

funestus are undoubtedly the most prevalent vectors which cause the high morbidity and 

mortalities in Southern Africa due to malaria infections (Brooke et al, 2013; Mharakurwa et 

al, 2012; Nkya et al, 2022; Service, 1980). 

2.1.1 The lifecycle of a mosquito 

Mosquitoes pass through four stages in their life cycle from eggs hatching into larvae, then 

pupae which metamorphosise and emerge as adult mosquitoes. The first three stages are 

waterborne whilst the last and troublesome adult stage is terrestrial. Figure 2.1 shows the 

stages of the mosquito lifecycle. 

 

Figure 2.1: Mosquito life cycle reprinted from Rozendaal (1997) with permission from 

World Health Organisation 

a.  Eggs 

The female mosquito lays eggs on the water surface either singly (Anopheles) or in attached 

groups called rafts (Culex, Uranotaenia, Coquillettidia, Orthopodomyia and subgenus 

Culiseta) (Becker et al, 2010). A gravid adult female anopheles mosquito lays on average 30-

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



19 

 

300 eggs per oviposition which occurs two to four days (or more for cool temperatures) after 

getting a protein blood meal (Service, 1980). The hatching process is dependent on 

temperature conditions with larvae hatching after a day or two. 

b. Larvae 

Mosquito larvae are also known as wigglers (Karunamoorthi, 2011) from their characteristic 

behaviour of diving into deeper parts of water when disturbed. Anopheles larvae do not have 

a respiratory tube and to breathe they lie parallel to the water surface. Mosquito larvae 

develop through four instars or stages before reaching the pupal stage. Larvae instar can be 

identified through the size of the head capsule as a morphometric indicator (Becker et al, 

2010). 

c. Pupae 

The pupae are comma shaped also referred to as tumblers due to rolling or tumbling action 

escaping to deeper water when disturbed (Foster & Walker, 2022). No feeding occurs during 

the pupal stage which usually last about two days with variations due to temperature (reduced 

at high temperature or extended at lower temperatures) after which the cuticle splits and an 

adult emerges (Becker et al, 2010). 

d. Adult mosquito 

The mosquito life cycle completes after a week though it may require more time in cooler 

temperatures (10-14 days). Upon emerging, the male mosquito requires about 24 hours to 

rotate their hypopygium through 180° before they become sexually active (Becker et al, 

2010). Hence, they are the first to emerge. Male mosquitoes survive only on sugary diet like 

nectar and lives for about 1 week. Though female mosquitoes can feed on sugary sources, 

their diet requires blood supplied protein to develop their eggs. Mating occurs shortly after 

emergence of female mosquito when it flies into a swarm of male mosquitoes. During their 

lifespan, female mosquitoes mate just once and store sufficient sperm to fertilize several egg 

batches (Dahalan et al, 2019).  

The female mosquito antennae aid to locate blood meals (by the exhaled carbon dioxide and 

other trace odours) and aquatic places for oviposition (Singh et al, 2021). Female mosquitoes 

have a lifespan of one month or more. Their survival is subject to humidity, temperature, 

dodging blood host defense mechanisms and malaria insecticidal control measures. 

Anopheles mosquitoes rest with the abdomen suspended in the air. They possess long palps 
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are the same length as their proboscis which makes them look peculiar compared to other 

mosquitoes (Becker et al, 2010). The flight range of adult Anopheles mosquito is typically 

not more than three kilometres from the breeding site (World Health, 2005b).  

2.2 Malaria epidemiology in South Africa 

An. arabiensis of the An. gambiae complex (Brooke et al, 2013) is the principal vector for 

malaria transmission in South Africa though An. funestus group has been involved in 

epidemics and outbreaks (NICD, 2019). An entomological surveillance conducted in a rural 

village of Mamfene, Mkhanyakude district, KwaZulu-Natal province showed that An. 

parensis is the major vector of the An. funestus group (Burke et al, 2019a). An. rivulum and 

An. vaneedeni of the An. funestus group are postulated to play a minor role towards malaria 

transmission in South Africa (Burke et al, 2017; Mouatcho et al, 2018). An. funestus is also 

linked to pyrethroid resistance in South Africa (Hargreaves et al, 2000). 

Malaria transmission is mainly reported in the low altitude areas of Mpumalanga, KwaZulu-

Natal, and Limpopo provinces. Malaria cases and deaths in South Africa recorded from 2000 

to 2018 are presented in Figure 2.2 below. In South Africa, malaria is seasonal, being most 

prevalent from September to May. P. falciparum is the prime cause of severe malaria with 

fatalities (NICD, 2019; Raman et al, 2016). Burke, Brooke & Duncan (2019b) established 

that metabolic rates for both An. arabiensis and An. Parensis do not vary with seasonal 

changes. However, malaria transmission is low in winter, and this might be associated with 

lower population densities. 
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Figure 2.2: Total malaria cases and deaths from 2000 – 2018 in South Africa adapted from 

NICD (2019) 

2.3 Mosquito vector control 

Vector control is necessary to prevent the proliferation of malaria by the mosquito bites. The 

World Health Organization, (WHO) recommends indoor residual spraying (IRS) and sleeping 

under ITNs as the prime interventions to help prevent malaria transmission (World Health, 

2019). IRS targets the mosquitoes which rests on walls after feeding. The chemical 

insecticides used for IRS include organophosphates, organochlorides, carbamates and 

pyrethroids (Ranson & Lissenden, 2016). The use of the organochloride, dichloro-diphenyl-

trichloroethane (DDT) dates to 1945 and has been successfully used to reduce malaria 

transmission (Karunamoorthi, 2011). Mosquito bites can also be prevented using synthetic or 

natural repellents as well as insecticide vaporisers in the form of mosquito coils, electric 

liquid vaporiser and vapour emitting mats. 

2.3.1 Larviciding 

Larviciding constitutes the application of toxic agents (larvicides) to the breeding sites to 

combat mosquito larvae thereby reducing adult emergence. Larvicides can work as stomach 

poison upon ingestion, contact poison, growth regulator or a biological control agent (World 

Health, 2013). An effective larvicide should combine several modes of action i.e., tracheal 
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flooding, chemical toxicity to larvae and interference with the water surface properties 

(Corbet et al, 1995).  

2.4 Plants extracts as potential larvicides 

Much research has been conducted and is underway to explore the potential of plant-derived 

products as larvicides against different mosquito species. This is due to the health and 

environmental challenges posed by the repeated use of synthetic based products. Fenthion for 

one, proved to be an ecological risk to the Nile tilapia fish (Jayasundara & Pathiratne, 2008). 

In contrast, plants extracts are environmentally benign, safe to non-target aquatic species and 

rapidly degrade in the natural environment (Govindarajan et al, 2016a). 

Plant extracts are multipurpose leading to cuticle disruption, fecundity reduction, and 

inhibiting respiration (Pavela, 2015). Exposure to extracts can also lead to weaker emerging 

adults laying fewer eggs with reduced hatching rates (Silva et al, 2019). A review by Pavela 

et al (2019b) suggests that more than 400 plant species have been investigated as potential 

mosquito larvicides. Out of these at least 29 proved to be highly effective for mosquito 

genera Anopheles, Aedes and Culex with LC50 less than 10 ppm. Only three studies by 

Karunamoorthi & Ilango (2010), Andemo et al (2014) and Muema et al (2016) covered An. 

arabiensis, the principal vector in South Africa and none reported an LC50 less than 10 ppm. 

Larvicidal effects of plants extracts on An. arabiensis were also covered in four articles 

(Edriss et al, 2013; Elimam et al, 2009; Mavundza et al, 2016; Mavundza et al, 2013). The 

best results from these previous investigations on An. arabiensis by Andemo et al (2014) 

reported an LC50 of 15 ppm. 

Generally, most plant extracts with larvicidal potency emanate from the Lamiaceae, 

Apiaceae, Asteraceae, Piperaceae and Fabaceae botanical classes (Pavela et al, 2019b; 

Piplani et al, 2019). The response to plant extracts varies with mosquito species with Aedes 

being less vulnerable than Culex and Anopheles larvae (Elimam et al, 2009; Karthi et al, 

2020; Shaalan et al, 2005). A study by Karthi et al (2020) also proved that the potency varies 

with the solvent used. Acetone extracts achieved best results with a composition comprising 

of eicosanoic acid, cis-9-hexadecenal, 1-hexyl-2-nitrocyclohexane, oleic acid and di-N-

decylsulfone. Sigamani et al (2020) in their study, obtained better results from a chloroform 

extract compared to methanol although hexadecanoic acid, oleic acid and β-sitosterol were 

identified in both extract portions. Dey et al (2020) and Farag et al (2021) in their studies also 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



23 

 

identified both hexadecanoic acid and oleic acid as constituents of their effective plant 

extracts compositions. 

2.5 Essential oils as larvicides 

Essential oils are concentrated lipophilic complex mixtures of volatile liquids which are 

products of secondary plant metabolism with a distinctive scent (Pavela, 2015; Yeshi & 

Wangchuk, 2022). Their constituents are, in the main, monoterpenes and sesquiterpenes with 

minor components which can be aliphatic compounds and phenylpropanoids (Benelli & 

Mehlhorn, 2018). The mode of action for essential oils is ascribed to neurotoxic action which 

is facilitated by the inhibition of the acetylcholinesterase (AChE) (Rattan, 2010). This results 

in accumulation of acetylcholine which triggers a state of perpetual stimulation and excitation 

resulting in death (Casida & Durkin, 2013).  

As early as 1989, limonene, the chief ingredient of citrus essential oil, was shown to be an 

oviposition deterrent against Culex quinquefasciatus and was toxic to its 4th instar larvae with 

LC90 of 53.8 ppm after 24 hours (Kassir et al, 1989). In another study, R- and S-limonene 

demonstrated excellent larvicidal activity against the 3rd instar larvae of Ae. aegypti with LC50 

of 27 and 30 ppm respectively (Santos et al, 2011). Cheng et al (2004) investigations of 

essential oils from leaves of Cinnamomum osmophloeum on Ae. Aegypti. It showed that the 

cinnamaldehyde chemotype was the most effective with LC50 of 36 ppm. Pure ingredients, 

cinnamaldehyde, eugenol, anethole and cinnamyl acetate had LC50 values of 29, 33, 42 and 

33 ppm respectively. Thus, pure cinnamaldehyde proved slightly more effective than the 

cinnamaldehyde type EO.  

However, it is not always the case that the pure ingredient will result in a higher efficacy. 

Pellets containing Insect Killer Highly Concentrate, (IKHC) reckoned to have geraniol as the 

main active ingredient proved more lethal than pure geraniol when tested with Aedes 

albopictus (Chuaycharoensuk et al, 2012). Mdoe et al (2014) investigated the same Essential 

oils of Cinnamomum osmophloeum against An. gambiae s.s. and concluded that mortality is 

concentration and time dependent. The abundant active ingredient was identified as trans-

cinnamaldehyde constituting 70.2 % of the mixture. The LC50 values for laboratory and field 

studies were established to be in the range of 22 - 58 µg/ml and 12 - 64 µg/ml respectively.  

Govindarajan et al (2016a) found that Pinus kesiya essential oil was safe against three aquatic 

non-target species. The main constituents were identified as α-pinene, β-pinene, myrcene and 

germacrene D. In a different study, Govindarajan et al (2016b) also investigated Plectranthus 
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barbatus essential oil and their chief isolates on An. subpictus larvae. The key isolates, 

eugenol, α-pinene and β-caryophyllene were more effective than the EO against 3rd instar 

with LC50 of 25, 32 and 42 µg/ml respectively. Larvicidal activity of different monoterpenes 

were also investigated on 3rd instar of An. gambiae s.s. by Kweka et al (2016). Perillyl 

alcohol and isopulegol had the best results with LC50 values after 24 h of 18 and 49 mg/L 

respectively. Limonene had low toxicity with LC50 value of 270 mg/L after 24 hours. 

Essential oils  of clove and cinnamon were investigated against 3rd instar of An. gambiae by 

Thomas et al (2017). Their chemical compositions are shown in Table 2.1. Cinnamon EO 

had better efficacy than clove EO with LC50 value of 12 compared to 18 µg/ml. 

Table 2.1: Chemical composition of the cinnamon and clove essential oil (Thomas et al, 

2017) 

Cinnamon essential oil Clove essential oil 

Compound Composition 

(%) 

Compound Composition 

(%) 

Eugenol 

β-Linalool 

96.5 

3.5 

Eugenol 

Methyl salicylate 

Phenol, 2-methoxy-4-(2-propenyl)-acetate 

Phenol, 2-methoxy-4-(2-propenyl)- 

Others 

99.14 

0.13 

0.45 

0.17 

0.11 

 

Pavela (2015) reviewed larvicidal essential oils with LC50 ≤ 100 ppm and with known 

composition. Of the 122 plant species considered, none were tested on An. arabiensis. Only 

five articles reported larvicidal activity of essential oils on An. arabiensis (Damtie & 

Mekonnen, 2021; Karunamoorthi et al, 2014; Maharaj et al, 2012; Massebo et al, 2009; 

Nanyonga et al, 2012). The best results were reported by Karunamoorthi et al (2014) with an 

LC50 of 14 ppm. Only Nanyonga et al (2012) reported the chemical composition of the 

essential oil they studied. It comprised monoterpenes, sesquiterpenes and 3.5 % hexadecanoic 

acid as the major fatty acid. In a study by Maharaj et al (2012), essential oils of Toddalia 

asiatica leaves from South Africa were proven to be most effective against An. arabiensis 

though their composition was not evaluated. In a different study by Liu et al (2013), Toddalia 

asiatica roots essential oils from China constituted of D-limonene, geraniol, and 

isopimpinellin as the principal components. It was established in the same study that the 
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isolated compounds in the order, D-limonene, geraniol, and isopimpinellin outperformed the 

essential oils of Toddalia asiatica roots on Aedes albopictus larvae. 

2.5.1 Effect of chemical structure on the potency of essential oils 

Various postulates have been put forward regarding the factors enhancing the potency of the 

compounds investigated as mosquito larvicides. Kweka et al (2016) alluded to the presence 

of a double bond, oxygen and their positioning affecting the potency of the chemical 

compound. Dias & Moraes (2014) in their review of essential oils as larvicides for Ae. 

aegypti highlighted several articles which proposes various factors. It is suggested that the 

toxicity of aromatic compounds exceeds that of aliphatic compounds. Furthermore, it was 

also suggested that hydrogenation of double bonds reduces lipophilic character. This limits 

passage through cuticle of larvae. An aliphatic aldehyde conjugated to an aromatic ring is 

deemed to be extremely potent (Dias & Moraes, 2014; Perumalsamy et al, 2015).  

The number of conjugated double bonds strengthens potency (Santos et al, 2011) whilst 

hydroxyl groups reduce potency (Barbosa et al, 2012) as lipophilicity is key for larvicidal 

potency (Santos et al, 2011). This observation was derived from the investigation on 3rd instar 

larvae of Ae. aegypti which proved that p-cymene is more potent (LC50 = 51 ppm) than 

thymol (LC50 = 81 ppm) which possesses a hydroxyl group on its chemical structure (Santos 

et al, 2010). After investigating acyclic monoterpenes and their saturated derivatives against 

4th instar Culex pipiens larvae, Michaelakis et al (2014) concluded that linear isomers are 

more toxic than their corresponding branched-chain alcohols. To determine synergistic and 

antagonistic behaviour between plant isolates, their chemical structures should be considered. 

However, it is quite clear that the efficacy of essential oils as mosquito larvicides varies with 

the mosquito species.  

2.6 Challenges of plant extracts and essential oils as larvicides 

Plant extracts and lipophilic essential oils (Pavela et al, 2019a) are hydrophobic (Reis et al, 

2022) therefore are poorly water soluble. In addition, essential oils are highly volatile with 

very low residual capacity when exposed to the natural environment. Moreover, the efficacy 

of the plant extracts as larvicides varies with plant type and parts, climatic and environmental 

conditions (Ghosh et al, 2012) as well as the extraction solvent used (Farag et al, 2021; 

Johnson et al, 2018; Sigamani et al, 2020). The composition of essential oils also varies, and 

they are produced from plants at very low yields. Hence, they tend to be very expensive 
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(Pavela, 2015). Plant oils which can be utilised as a larvicide must be safe to the environment 

and non-target species and be economically viable. Preferably they should have a high 

boiling point. With these considerations as a benchmarking standard, oleic acid seems a 

viable option.  

2.7 Oleic acid as a mosquito larvicide 

Oleic acid (cis–9–octadecanoic acid), is a naturally abundant unsaturated fatty acid and main 

constituent of many vegetable oils including olive oil, canola oil, and peanut oil (Huang et al, 

2020; Stolp & Kodali, 2022). Oleic acid bioassay tests against Culex quinquefasciatus, Ae. 

aegypti and An. stephensi proved it to be effective with LC50 below 10 ppm (Chellappandian 

et al, 2022; de Melo et al, 2018; Rahuman et al, 2008). An LC50 < 10 ppm is impressive 

which meets the benchmark of the 29 plant extracts considered effective in the review by 

Pavela et al (2019b).  

Figure 2.3 below shows that relative to their saturated equivalents, unsaturated fatty acids are 

more potent against Culex quinquefasciatus (de Melo et al, 2018). According to 

Perumalsamy et al (2015) larvicidal potency of oleic acid is attributed to acetylcholinesterase 

(AChE) inhibition. In addition, oleic acid also possesses ovipositional repellent activity 

against Culex quinquefasciatus (Hwang et al, 1984). It was established to be safe to non-

target mosquito predators (Chellappandian et al, 2022). To the best of our knowledge no 

research was conducted on the larvicidal potency of oleic acid against An. arabiensis. 

Furthermore, none of the work on laboratory bioassays of oleic acid considered residual 

capacity, a prime factor to establish its suitability for field evaluations (Shaalan et al, 2005). 
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Figure 2.3: Effects of fatty acids and methyl esters on mortality (%) of 4th instar larvae of 

culex quinquefasciatus after 24 h exposure, reprinted from de Melo et al (2018) with 

permission from Elsevier 

A technical grade of oleic acid can be easily acquired at an economical price. However, oleic 

acid is prone to oxidative degradation due to the presence of an unsaturated cis double bond 

(Kumar, 2017). Additionally, it is less dense than water. When applied as a free-standing oil, 

it will float affecting other organisms on the air-water interface (World Health, 2013). 

Various approaches can be considered to improve oleic acid availability, oxidative stability, 

and thereby prolong its residual capacity. Included are the use of natural antioxidants, 

intercalation in layered double hydroxides, trapping the oil in porous matrices, 

microencapsulation etc. (Blasi et al, 2021; Maia et al, 2019; Marinopoulou et al, 2016a; 

Pavela et al, 2019a; Varatharajan & Pushparani, 2018). Subsequent sections will explore 

these ideas in more detail. 

2.7.1 Oxidative stability of oleic acid 

Oleic acid (cis–9–octadecenoic acid) is an unsaturated fatty acid containing one C=C double 

bond (C18:1) which makes it susceptible to oxidative degradation when exposed to 

environmental stressors. Oleic acid degrades via an autocatalytic oxidation reaction resulting 

in discoloration of the oil, increase in viscosity and acidity as well as an increase in rancidity. 
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The autocatalytic oxidation reaction scheme is a multi-step process as shown in Figure 2.4 

(Kumar, 2017; Sharma et al, 2019b). 

 

Figure 2.4: Auto-oxidation mechanism adapted from Sharma et al (2019b) 

Free radicals are initiated by hydrogen abstraction from oleic acid through external factors 

such as heat and UV light (Pantoja et al, 2013). The free radicals rapidly react in oxygen 

forming peroxyl radicals which further react with oleic acid forming hydroperoxides. 

Hydroperoxides, after reaching a certain concentration, results in auto-catalysis, a 

spontaneous rapid oxidation process (Sharma et al, 2019b). The time required to reach this 

condition is commonly referred as the induction period, IP (Pullen & Saeed, 2012). The 

reaction only terminates after all the sample is oxidized and free radicals react to form a more 

stable product. 

2.7.2 Antioxidants mechanisms 

Antioxidants are chemical compounds which aid to interrupt, suppress and lower the rate of 

the oxidation process (Westhuizen, 2017). Antioxidants can be classified as either primary or 

secondary antioxidants. Primary antioxidants are chain breakers, free radical scavengers or 

quenchers which interrupts the peroxyl radical abstracting hydrogen from the propagation 

stage (Pisoschi et al, 2021). Primary antioxidants are therefore hydrogen donors (Yaakob et 

al, 2014). Primary antioxidants mainly comprise of phenolic compounds and amines. 

Secondary antioxidants interrupt the branching or autocatalysis stage as they form stable 
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products by decomposing hydroperoxides. Secondary antioxidants can be divalent sulphur 

compounds or trivalent phosphorus compounds. According to Varatharajan & Pushparani 

(2018), some of the key considerations when selecting antioxidants includes solubility, low 

bond dissociation enthalpy, high molecular weight, presence of polyhydroxy groups among 

others. Antioxidants can be either synthetic or naturally sourced products. Only natural 

antioxidants will be considered as they are environmentally safe. 

2.7.3 Natural antioxidants 

Plant based materials with high contents of phenolic compounds can act as natural 

antioxidants (Varatharajan & Pushparani, 2018). Natural antioxidants can therefore be 

obtained from leaves, fruits, seeds, and stems of different plants (Embuscado, 2015). They 

can be classified as phenols, anthraquinones, flavonoids, steroids, alkaloids, terpenoids, and 

their steric structures (Liu, 2022). Resveratrol, a polyphenol, dosed at 0.06 % (v/v) improved 

the induction period of high oleic acid peanut oil by 70 % (Huang et al, 2020). Eugenol and 

curcumin have been singled out as potential phenolic natural antioxidants since they are 

available in large quantities and inexpensive. In addition, curcumin is also reported to have 

larvicidal potency activity for culex pipiens (Sagnou et al, 2012) and for Ae. aegypti (de 

Souza et al, 2020) thus both curcumin and eugenol possess larvicidal potency. 

a. Curcumin as a natural antioxidant 

Curcumin is extracted from Curcuma herbs and the chief curcuminoid of Curcuma Longa 

(turmeric) rhizome (Jiang et al, 2021). Curcumin exists as either enol, (CUE) or keto 

(diketone) (CUK) form depending on the environment as shown in Figure 2.5. According to 

Rathore et al (2020), in non-polar and hydrophobic organic solvents, curcumin is entirely 

present in enol form. In contrast, in a polar water environment, it is in the keto form. 

Curcumin has a bond dissociation enthalpy, (BDE) of 329.9 kJ.mol-1 (Kirschweng et al, 

2017) which is more than 40 kJ.mol-1 lower than the BDE of hydroperoxide free radicals (376 

kJ.mol-1) a condition stipulated for a good antioxidant according to Varatharajan & 

Pushparani (2018). 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



30 

 

 

Figure 2.5: Structural isomers of curcumin, enol CUE and keto (diketone), CUK adapted 

from Galano et al (2009) 

Curcumin as an antioxidant offered up to 6.8 h induction time at 600 mg.kg-1 dosage for fatty 

acid methyl esters obtained from residual cooking oil (Serqueira et al, 2015). In a different 

study by de Sousa et al (2014), curcumin at 500 ppm maintained an induction period of 6 h 

after 30 days of storage for methyl soybean biodiesel whilst at 1000 ppm the induction period 

was increased by up to 83 %. 

b. Eugenol as a natural antioxidant 

Eugenol is a phenylpropanoid mainly extracted from clove essential oils. According to 

Ledesma et al (2013), the phenolic hydrogen on eugenol as shown in Table 2.2, has a BDE 

of 87.8 kcal.mol-1. This is equivalent to 367.4 kJ.mol-1 which is less than that of the 

hydroperoxides, 376 kJ.mol-1 (Kirschweng et al, 2017) hence eugenol can also be utilised as 

a natural antioxidant. Eugenol at 1.5 wt.% improved ethylic biodiesel induction period of up 

to 6 h (de Souza et al, 2018). In a study by Ramos et al (2021), eugenol as an antioxidant 

maintained an IP of 10.73 h at a dosage of 15 g.kg-1  for a commercial biodiesel after 150 

days of storage. 
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Table 2.2: Chemical structure and bond dissociation energies, D0 of Eugenol (Ledesma et al, 

2013) 

Structure Bond D0 (kcal mol-1) 

 

1 52.2 

2 87.8 

3 97.2 

4 112 

5 82.1 

6 83.2 

7 102 

8 79.1 

9 112 

10 116 

11 117 

12 118 

13 119 

 

2.7.4 Experimental determination of oxidative stability 

There are number of parameters used to evaluate the oxidative stability of biodiesel or oils 

namely, acid number, viscosity, density, iodine value, induction period, peroxide value, 

FAME content and oil stability index among others (Yaakob et al, 2014). According to 

Pullen & Saeed (2012), the techniques used to determine the oxidative stability can be 

classified centred on what is measured i.e., primary or secondary oxidation products, physical 

properties, initial fatty oil composition (compositional analysis). The Rancimat method is an 

accelerated oxidation test. It is the most used standard for oxidative stability of biodiesel (Bär 

et al, 2021). The Rancimat method can therefore be utilized to evaluate the oxidative stability 

of oleic acid. 

2.7.5 The Rancimat Method  

This is a quick standard oxidation ageing experiment used to investigate the oxidative 

stability of biodiesel, fats, and oils. A fixed mass of the sample is placed in a reaction vessel 

maintained at specific temperature. Air is bubbled through the sample to initiate the oxidation 
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process. The air escapes the reaction vessel with entrained primary and secondary oxidation 

products mainly formic acid and acetic acid (Yaakob et al, 2014). Air leaving the reaction 

vessel is passed through deionized water in the measuring vessel as shown in Figure 2.6. The 

conductivity in the measuring vessel is continuously monitored by the conductivity cell. The 

induction period, IP is automatically determined by the Rancimat software from the second 

derivative of the conductivity versus time curve. 

 

 

Figure 2.6: Components of the Rancimat instrument adapted from Sharma et al (2019b) 

 

2.7.6 Estimation of oleic acid solubility in water 

Oleic acid has very low solubility in water and is generally considered insoluble therefore a 

specific value could not be obtained from literature. However, ternary phase diagrams 

constituting of oleic acid, water and alcohol have been previously reported (Rahman, Rahman 

& Nabi, 2003; Santos et al, 2015; Zhang & Hill, 1991). Zhang & Hill (1991) measured tie 

lines at very low concentrations of ethanol at different temperatures. This makes their data 

convenient for estimating the solubility of the oleic acid in water at different temperatures. 

Their values, when plotted as the weight fraction of oleic acid against the mass fraction of 

water (only considering water and ethanol) in the aqueous phase produces straight lines as 

shown in Figure 2.7. 
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Figure 2.7: Mass fraction of oleic acid (woleic acid) against that of water with very low levels 

of ethanol (wwater / wwater + wEtOH). Data plotted obtained from work by Zhang & Hill (1991) 

A crude estimation of the solubility of oleic acid in water can then be determined by 

extrapolation of the lines to pure water. Oleic acid solubility in water increases linearly with 

the temperature as shown in Figure 2.8. The red mark shows the estimate at 25 C the 

temperature maintained at the insectary used for the laboratory bioassays. 
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Figure 2.8: Estimated oleic acid solubility in water as function of temperature 

The estimated oleic acid solubility at 25 ºC of 888 ppm is considered as a crude estimate as 

the data utilised was extracted from a ternary phase diagram containing ethanol and water. 

The crude approximation is however way more than the LC50 values of oleic acid as a 

mosquito larvicide reported in literature of < 10 ppm (de Melo et al, 2018; Rahuman et al, 

2008). However, a study by Vorum et al (1992) states that oleate solutions have a tendency to 

aggregate at concentrations less than 1 µM in phosphate buffer solution at a pH of 7.4. This 

suggests that the solubility of oleic acid might be very low. 

2.8 Layered double hydroxides, (LDHs) 

Layered double hydroxides, (LDHs) also known as anionic clays, lamellar double hydroxides 

or hydrotalcite like compounds belong to a family of inorganic crystalline materials. The 

history of the first natural LDH, hydrotalcite dates to 1842 where it was discovered in 

Sweden (Cavani et al, 1991). Due to their outstanding properties, easy of synthesis furthered 

by the advent of nanotechnology and the quest to develop new environmentally benign 

materials with novel properties, LDHs have attracted enormous attention in academia and 

industrial research. LDHs have been explored for their innovative application in the fields of 

agriculture, catalysis, photochemistry, adsorption, electrochemistry, polymer processing, drug 

delivery and controlled release and cosmetics among others (Benício et al, 2015; 
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Boumeriame et al, 2022; de Sousa et al, 2021; Donato et al, 2012; Fan, 2014; Huang et al, 

2016; Kang et al, 2015; Kleyi et al, 2021; Ng'etich & Martincigh, 2021) 

2.8.1 Structural arrangement of LDHs 

LDHs are two dimensional (2D) nanostructured anionic clays. In principle, LDHs consists of 

mixed metal hydroxides layers of bivalent and trivalent cations located in brucite-like 

[Mg(OH)2] layers stacked by charge compensating interlayer anions and water (Kesavan 

Pillai et al, 2020). The general schematic representation of LDH structure is depicted in 

Figure 2.9 with the insert showing the top layer structure. The brucite-like LDH sheets are 

made up of sharing edges of divalent metal hydroxide tetrahedra and the octahedral trivalent 

metal hydroxide (Cavani et al, 1991).  

The hydroxide layer has a resultant positive charge as the divalent cations are substituted by 

the trivalent cations (Nhlapo et al, 2008). This net positive charge is compensated by the 

anions present in the galleries as illustrated in Figure 2.9. Their size and relative orientation 

determines the interlayer (basal) spacing. Water of crystallisation also occupies the interlayer 

space. The layered structure is maintained by Van der Waals and hydrogen bonding between 

the hydroxyl groups and the interlayer anions such as carbonate anions. 

 

Figure 2.9: Generic schematic representation of LDH reprinted from Mittal (2021) with 

permission from Elsevier 
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The structural formula for LDH can be generalised as; [𝑀(1−𝑥)
2+ 𝑀𝑥

3+(𝑂𝐻)2]𝑥+[𝐴𝑥/𝑛
𝑛− ]. 𝑚𝐻2𝑂, 

where 𝑀3+ and 𝑀2+ represents trivalent and divalent cations respectively, 𝐴𝑛− are organic or 

inorganic interlayer anions, x = 𝑀3+/[𝑀2+ + 𝑀3+] molar ratio (0.2 < x < 0.33) (Cavani et al, 

1991; Nhlapo et al, 2008). The resulting M2+:M3+ ratio is therefore within the range of 2:1 – 

4:1 (Theiss et al, 2016). However, LDH with monovalent and tetravalent cations have been 

reported (Poonoosamy et al, 2018; Zhao et al, 2014). 

The trivalent cation radius should be almost the same as the divalent radius in order to form a 

stable LDH (Ng'etich & Martincigh, 2021). However, Saliba & Al-Ghoul (2016) managed to 

synthesise a stable cadmium-aluminium layered double hydroxide (Cd/Al LDH) though 

cadmium has an ionic radius significantly different from that of aluminium. The LDH cation 

layers are not interlinked, hence the interlayer anion can be exchanged thereby 

accommodating guest anions for varying applications (Theiss et al, 2016). 

2.8.2 Layered double hydroxides synthesis 

Several forms of LDHs can be synthesised either directly from solutions or indirectly using 

preformed LDH as the precursor. The direct synthesis methods consist of sol-gel synthesis, 

salt-oxide, hydrothermal synthesis, induced hydrolysis, and coprecipitation whilst the indirect 

synthesis methods include anion exchange and hydrothermal reconstruction method. Of 

these, the most commonly used methods are coprecipitation, anion exchange and 

hydrothermal reconstruction (Benício et al, 2015; Bini & Monteforte, 2018; Chaillot et al, 

2021; Conterosito et al, 2018; Khorshidi et al, 2022; Mallakpour et al, 2020; Mishra et al, 

2018; Mittal, 2021). These were considered in the present study. 

a. Coprecipitation 

This is by far the most utilised method to synthesize various types of LDH (Chaillot et al, 

2021; Ng'etich & Martincigh, 2021). This entails, slow addition of the metallic solution 

mixture containing M2+ and M3+ cations to a basic solution with the desired interlayer anion. 

The mixed metal cations solutions added should have the desired M2+:M3+ cation ratio 

desired in the final product (Theiss et al, 2016). The pH is controlled during the process by 

addition of an alkaline base to facilitate the precipitation of the LDH. Usually, it is NaOH 

though KOH and NH4OH can also be used. Basic pH is necessary but it varies with the 

metallic composition of the LDH (Roy et al, 1992). 
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Coprecipitation at low supersaturation is preferred to high supersaturation as it gives better 

product quality with high crystallinity (Chaillot et al, 2021). Low supersaturation is 

facilitated by slow addition (dropwise) of mixed M2+/M3+ solution at up to 1 mL.min-1 

(Benício et al, 2015). The process is conducted under an inert atmosphere and carbonate-free 

distilled water to avoid the formation of undesired impurities. The process is refluxed or aged 

at a specific temperature with constant stirring for hours to improve the quality of the final 

product to attain LDH with improved crystallinity and crystal size distribution (Khorshidi et 

al, 2022).  

The precipitate is separated from the spent liquor through centrifugation or by a filtration 

process. The separated precipitate residue is rinsed to remove the by-product salt before 

drying to obtain the LDH final product. Reaction temperature, pH, metal precursor 

concentrations, ageing time and conditions affect the properties of the final product 

(Bukhtiyarova, 2019). Coprecipitation is a single step process which enables synthesis of 

large quantities for commercial applications (Kameda et al, 2009). Generally, LDH 

synthesized by the coprecipitation exhibits good structural organization and high purity. 

b. Anion exchange 

The anion exchange is an indirect form of LDH synthesis where pre-formed LDH with a 

different anion synthesised mainly by co-precipitation is added to a concentrated solution of 

the desired guest anion. The anion exchange process is determined by the strength of the 

electrostatic forces between the positively charged layers and the interlayer counter balancing 

anions (Daud et al, 2019). According to the findings of Miyata (1983) the ion-exchange of 

the anions follow the sequence 𝐶𝑂3
2− > 𝑆𝑂4

2− > 𝑂𝐻− > 𝐹− > 𝐶𝑙− > 𝐵𝑟− > 𝑁𝑂3
− > 𝐼−. These 

findings illustrate that the divalent ions have the highest affinity to the LDH interlayer 

compared to monovalent ions with the carbonate ion being the strongest.  

According to Sasai et al (2019), carbonate ions forms exceptionally strong hydrogen-bonded 

network with the hydrated water and hydroxyl groups in the LDH interlayer space. To use the 

anion exchange synthesis method, anions with weak LDH interlayer attractions like 𝐶𝑙− and 

𝑁𝑂3
− should be utilised. The metal cations involved should be stable at high pH values (Bini 

& Monteforte, 2018). However, anion exchange poses a processing challenge as neutral 

molecules and bulky anions are difficult to synthesize into the LDH interspaces via the ion-

exchange method. In that case, the hydrothermal reconstruction method should be the 

preferred method (Kameshima et al, 2006). 
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c. Reconstruction route for LDHs (memory effect method) 

The process entails a hydrothermal reconstruction of calcined LDH in the presence of desired 

guest anion solution in carbonate-free water. Carbonate based LDHs due to the favourable 

thermal behaviour during calcination are used as the precursor for the reconstruction method 

(Benício et al, 2015) although nitrate based LDHs can also be utilised (Kang & Park, 2022). 

During the hydrothermal reconstruction process, the calcined LDH is added to desired guest 

anion solution maintained at the desired temperature and aged under continuous stirring to 

ensure complete reconstitution. LDHs have very high affinity for carbonate anions. To 

prevent competitive carbonate intercalation which reduces product purity, carbonate-free 

water should be utilised, and the process performed under inert conditions (Bukhtiyarova, 

2019). 

Heat treatment of pristine LDH within the temperature range of 450-600 C (Mittal, 2021) 

results in the loss of the interlayer water and anions forming mixed metal oxides (MMO) also 

known as calcined LDH or layered double oxide (LDO) (Nhlapo et al, 2008). The calcined 

LDH has an increased surface area and number of active sites. Since the LDH layers are not 

interlinked (Theiss et al, 2016), hydrothermal reconstitution of calcined LDH with desired 

anion solution results in a layered LDH structure. This property is known as the “memory 

effect” (Cavani et al, 1991; Mallakpour et al, 2020). The reconstruction process, “memory 

effect” is represented in Figure 2.10. 

 

Figure 2.10: Reconstruction process of LDH by the “memory effect” reprinted from Ye et al 

(2022) with permission from Elsevier 
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Factors affecting the reconstruction process 

The structural reconstruction process of calcined LDH varies based upon conditions such as 

calcining temperatures, rate, and the duration of heating (Mittal, 2021). According to (Carlino 

et al, 1996), rapid heating rate when calcining LDH reduces the quality of the final calcined 

product obtained hence they used a rate of 1 C.min-1 in their study. The time required for 

complete reconstitution of the calcined LDH is determined by the calcining temperature. 

Calcining below 550 C requires 24 h, increasing to 3 days at 750 C and only incomplete 

reconstruction is possible after 1000 C (Rocha et al, 1999). Figure 2.11 shows the effect of 

calcining temperatures on Mg/Al LDH morphology investigated by Li et al (2019a). As the 

calcining temperature increases from 350-1000 C the particles become visibly thinner 

though the layered platelike hexagonal shape is continuously disrupted and no longer visible 

at 1000 C. This justifies partial reconstruction results obtained by Rocha et al (1999) for -

LDH calcined at 1000 C.  

 

Figure 2.11: Effect of calcining temperature on MgA/Al LDH morphology reprinted from Li 

et al (2019c) with permission from Elsevier 
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Metal composition of the LDH also affects the “memory effect” as the resulting LDH will 

have varying thermal properties (Ye et al, 2022). Comparing NiAl and MgFe carbonate based 

LDHs, Meng & Yan (2017) established that in NiAl, carbonate decomposes at 365 C with 

slight destruction on the layered structure at 800 C. The MgFe carbonate LDH 

decomposition temperature was 380 C and at 800 C, the layered LDH structure is 

destroyed. The refluxing or ageing temperature also determines the intercalation process 

which varies from 60-80 C (Bini & Monteforte, 2018; Celis et al, 2014; Rocha et al, 1999). 

Nhlapo et al (2008) established that the intercalation of lauric and stearic acids decreases and 

was incomplete below 60 C and increases with temperature from 60-85 C. 

2.8.3 Layered double hydroxides as devices for controlled release 

LDHs are natural alkaline and hence dissolve quickly and degrade in an acidic environment 

(de Sousa et al, 2021). The dissolution is pH dependent. Hence, this property can facilitate 

sustained delivery of intercalated anions. LDHs have therefore been investigated as release 

devices in drug delivery, cosmetic ingredients, and agriculture. They were proven to facilitate 

controlled release and in some cases even improve the dissolution rate and solubility of an 

active (Benício et al, 2015; de Sousa et al, 2021; Kesavan Pillai et al, 2020; Ng'etich & 

Martincigh, 2021; Rives et al, 2014). Kang et al (2015) investigated the release of ferulic acid 

intercalated into LDH via different synthesis methods. Their findings established similar 

cumulative release profiles of ferulic in deionised and saline water from LDH synthesised by 

the reconstruction method.  

Methyl salicylate intercalated into MgAl LDH showed a sustained controlled release after 72 

h in a phosphate buffer solution at pH of 7.4 (Mondal et al, 2016). In a study by Barahuie et 

al (2013), controlled release of protocatechuic acid intercalated into MgAl LDH showed pH 

dependent release in a phosphate buffer solution. 60 % of protocatechuic acid was released 

after 5 days at pH 7.4, 80 % after 2 days at pH 5.3 and 80 % released after 16.6 hours at pH 

4.8. A study by Berber et al (2014) showed a controlled release of nitrates from MgAl nitrate 

based LDH which was also pH dependent. Two buffer solutions (pH 4 and 7) made from 

KCl, MgCl2 and CaCl2 solutions with their pH maintained by addition of HCl and NaOH 

solutions respectively were utilised. 
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2.8.4 Intercalation of oleate anions in LDH (LDH-oleate) 

The oleate anion can be successfully intercalated into LDH using ion exchange (Blasi et al, 

2021; Kameshima et al, 2006; Liu et al, 2006; Xu et al, 2004), coprecipitation (Manzi-Nshuti 

et al, 2009; Zhou et al, 2010a) and the hydrothermal reconstruction after calcination (Celis et 

al, 2014; Donato et al, 2012; Inomata & Ogawa, 2006; Kameshima et al, 2006; Yang et al, 

2009). A summary which shows synthesis methods and source of the oleate ions which has 

been previously reported in literature is represented in Table 2.3. 

Table 2.3: Previous studies of LDH-oleate synthesis 

Source of oleate 

ions 

Synthesis method d-spacing/nm; LDH 

composition M2+M3+ 

References 

Olive oil, 70-80 

% oleate 

Ion exchange 3.58; ZnAl 

3.63; MgAl 

(Xu et al, 2004) 

Sodium oleate Reconstruction after 

calcination at 600 C 

3.9; MgAl (Inomata & Ogawa, 

2006) 

Sodium oleate Ion exchange and 

reconstruction after 

calcination at 500 C 

3.9; MgAl (Kameshima et al, 

2006) 

Potassium oleate Ion exchange #; CoAl (Liu et al, 2006) 

Sodium oleate Coprecipitation 3.8; ZnAl 

3.4; MgAl 

(Manzi-Nshuti et al, 

2009) 

Oleic acid Reconstruction after 

calcination at 500 C 

#; MgAl (Yang et al, 2009) 

Sodium oleate Coprecipitation 3.8; MgAl (Zhou et al, 2010a) 

Sodium oleate Reconstruction after 

calcination at 450 C 

4.7; MgAl (Donato et al, 2012) 

Sodium oleate Reconstruction after 

calcination at 500 C 

3.85; MgAl (Celis et al, 2014) 

Sodium oleate Ion exchange  3.08; MgAl (Blasi et al, 2021) 

# Not reported 

 

The successful intercalation of the oleate anion into the LDH interlayer can be validated 

through XRD, FTIR and TGA analysis. XRD analysis shows appearance of new peaks 
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towards lower 2 field with increased d-spacing values showing expansion, FTIR results 

presents new oleate anion bands, and finally TGA shows the loss of the intercalated oleate 

anion. The amount intercalated can be determined by comparison of the residue with that or 

the pristine LDH (Inomata & Ogawa, 2006; Manzi-Nshuti et al, 2009; Yang et al, 2009). The 

intercalated oleate anion amount increased with increasing the Mg/Al ratio from 2-5 and the 

reconstruction method had better results compared to ion exchange (Kameshima et al, 2006). 

Different ageing temperatures have been reported varying from 60 C (Celis et al, 2014) to 

80 C (Yang et al, 2009) with the latter reported to give nearly 100 % yield after 18 h. 

The XRD measured d-spacing values varied within the range of 3.08 nm (Blasi et al, 2021) to 

a maximum of 4.7 nm (Donato et al, 2012). The oleate anion are arranged as bilayer and or 

micelle structures within the LDH interlayer (Donato et al, 2012; Kameshima et al, 2006). 

Xu et al (2004) postulates a different structural arrangement due to the kink in the oleate 

anion chain which reduces the d-spacing. This concurs with the findings of Celis et al (2014) 

who established different d-spacing values between cis-oleate anion and trans-elaidate anion. 

Though having same chemical composition, cis-oleate anion and trans-elaidate anion have 

different structural arrangements. 

LDH intercalated with linear trans-elaidate anion had a d-spacing of 4 nm compared to 3.85 

nm for the intercalated bent cis-oleate anion (Celis et al, 2014). The values of both Xu et al 

(2004) and Celis et al (2014) were different (3.63 and 3.85 respectively) for Mg/Al LDH-

oleate. However, different synthesis methods and oleate anion source were used. According 

to Zhou et al (2010a), a d-spacing of 3.8 nm is intermediate to that of pure monolayer 

arrangement (1.8 nm) and bilayer arrangement (5 nm). It can therefore be inferred that the d-

spacing values are affected by the structural arrangement of the oleate anion within the LDH 

interlayer which varies with the synthesis method and conditions used. 

2.9 Porous matrices 

2.9.1 Spent coffee grounds, SCGs 

Coffee is a popular hot beverage consumed globally. The annual global coffee consumption 

between 2020/21 was at 9.98 billion tonnes of which 734.52 million tonnes were consumed 

in Africa (International, 2022). The global coffee beverage market is predicted to reach 

$20.78 billion by 2030 (Research & Markets 2021). Coffee beverage is obtained from coffee 

beans which are processed from the coffee cherry fruit. Figure 2.12 which shows that of the 
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coffee beans processed, 45-50 % end up as spent coffee ground (SCG) (Campos-Vega et al, 

2015). For each kilogram of coffee processed, a double portion of wet SCG is generated 

(Karmee, 2018). 

 

Figure 2.12: Coffee fruit composition reprinted from Campos-Vega et al (2015) with 

permission from Elsevier 

SCGs are a non-edible insoluble residue by-product of coffee brewing. SCGs are a highly 

abundant renewable by-product which will remain if coffee consumption persists. SCGs are 

dumped at landfills (McNutt & He, 2019). However, the high organic content poses a 

combustion threat due to methane produced by anaerobic digestion process (Saberian et al, 

2021). Furthermore, SCGs contain caffeine, polyphenols, tannins and other substances which 

may render them unsafe to be disposed to the natural environment (Mussatto et al, 2011). To 

mitigate the environmental challenges posed by SCGs, alternative measures must be explored 

to utilise this highly abundant by-product. It is therefore a requisite to fully understand the 

composition of the SCGs. 

2.9.2 SCGs composition 

The chemical composition of SCGs varies on the type or source of coffee beans, roasting 

temperature conditions and the extraction process (Kovalcik et al, 2018). SCGs mainly 

comprises of cellulose, hemicellulose, and lignin (Campos-Vega et al, 2015; Chan et al, 

2022; Kovalcik et al, 2018; Massaya et al, 2019; Rajesh Banu et al, 2020; Saberian et al, 
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2021). Detailed compositional analysis of SCGs is covered in the reviews by Campos-Vega 

et al (2015), Kovalcik et al (2018), Massaya et al (2019), Rajesh Banu et al (2020) and 

Saberian et al (2021).  

In a study by Ballesteros et al (2014), SCGs composition in g/100g dry material was 

constituted of 12.40 ± 0.79 cellulose, 9.10 ± 1.94 hemicellulose, and 23.90 ± 1.7 of lignin. 

According to Massaya et al (2019), SCGs comprises of 32–42 wt.% hemicellulose, 0–26 

wt.% lignin, 7–13 wt.% cellulose, 10-18 wt.% protein and 2-24 wt.% lipids. Lipids and 

proteins also constitute a bigger portion of the SCGs. Minor components in SCGs comprises 

of ash, phenolic compounds, caffeine, and tannins (Ballesteros et al, 2014; Campos-Vega et 

al, 2015; McNutt & He, 2019). In addition, SCGs also contain different types of sugars, i.e., 

mannose, galactose, glucose, and arabinose (Karmee, 2018). 

Lipids in the SCGs forms an oil fraction with a characteristic coffee odour. Oil extracted from 

SCGs contains, glycerides, fatty acids and unsaponifiable compounds (Massaya et al, 2019). 

The oil fraction in SCGs can be extracted by solvents (polar/non-polar). Non-polar solvents 

are preferred as they have better oil extraction yield compared to polar solvents (Kovalcik et 

al, 2018). Among non-polar solvents, hexane is the most utilised for the extraction of oil in 

SCGs (Campos-Vega et al, 2015; Kovalcik et al, 2018). Soxhlet extraction in hexane with 

increased liquid to solid ratio (Acevedo et al, 2013) and extraction time enhances the oil 

extraction yield. An experimental value of up to 30.4 % yield have been reported by 

Efthymiopoulos et al (2019). 

2.9.3 Applications of SCGs 

Due to their abundance as a low-cost, agricultural by-product, which is a renewable resource, 

SCGs attracts the attention of many researchers. The first review on SCGs by Campos-Vega 

et al (2015) shows that as early as 1985, SCGs had been explored for coffee oil recovery. In 

their review, Kovalcik et al (2018) categorised the SCGs to contain oil fraction (lipids and 

diterpenes), crude fibre and additional constituents (polyphenols, carbohydrates, solid 

residue) from whence all the alternative value added products are derived. SCGs have been 

investigated to produce biodiesel, biogas, biopolymers, antioxidants, biosorbents, 

construction materials, fillers for polymers, bio-oil, biochar and activated carbons among 

others (Hejna, 2021; Massaya et al, 2019; McNutt & He, 2019; Saberian et al, 2021).  

SCGs have a microporous structure therefore possesses a high surface of 300 – 1000 m2/g 

(Kovalcik et al, 2018). The surface area of the SCG can be enhanced through thermochemical 
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processing (pyrolysis) producing a more porous biochar (Massaya et al, 2019). Biochar can 

be further developed by initially removing the ash content to synthesize a highly porous 

activated carbon with a surface area of up to 2408 m2/g (Chiang et al, 2020). The activated 

carbon produced from SCGs can be utilised as adsorbents for the removal of dyes in water 

and heavy metals (Boudrahem et al, 2011; Pagalan Jr et al, 2020).  

Biochar have also been investigated to develop slow-release fertilisers for sustainable 

agriculture (Marcińczyk & Oleszczuk, 2022). Various synthesis methods have been proposed 

for the synthesis of slow-release fertilisers, i.e., in-situ pyrolysis, impregnation, co-pyrolysis, 

encapsulation, and granulation (Wang et al, 2022). Corn stover-derived biochar phosphate 

based slow-release fertiliser was successfully synthesised by impregnation by immersion in 

saturated potassium dihydrogen phosphate (Sepúlveda-Cadavid et al, 2021).  

The pyrolyzed biochar at 500 C was cooled and sieved (< 2 mm) followed by immersion for 

48 h at solids: solution ratio of 1:40 and washing excess solution in distilled water. Slow 

release in 120 ml deionised water and stirring at 100 rpm showed a 20 % release of phosphate 

after 1 day doubling to 40 % after 5 days (Sepúlveda-Cadavid et al, 2021). The impregnation 

process of biochar by Sepúlveda-Cadavid et al (2021) with saturated solutions presents an 

intriguing concept which can be exploited for the slow release of mosquito larvicides in water 

bodies. To fully benefit from the impregnation process for slow release, it thus compels an 

understanding into the characteristics and synthesis of the biochar. 

2.9.4 Biochar synthesis 

Biochar is a carbon rich, solid material generated by pyrolysis. Pyrolysis is a 

physicochemical thermal transformation of biomass at elevated temperatures between 500-

1000 C in the absence of air or oxygen (Primaz et al, 2018). The products of pyrolysis 

comprise bio-oil, non-condensable gases and the residual biochar (Massaya et al, 2019). 

Porosity on the residual biochar emanates from the release of non-carbon elements as gaseous 

components. The minimum carbonizing temperature can be determined from the onset 

plateau temperature of the TGA plot of the SCGs (Laksaci et al, 2017).  

The process parameters used to categorise pyrolysis as slow, intermediate, fast pyrolysis, and 

gasification are specified in a review by Ghodszad et al (2021). Residence times for these 

pyrolysis categories are, 7200-14 400s, 10-20s, 2s, and 10-20s respectively. According to 

Samoraj et al (2022), fast pyrolysis promotes formation of bio-oil whilst slow pyrolysis 
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promotes high biochar yield. The pyrolysis process is influenced by the pre-treatment 

process, process parameters (residence time, heating rate and the pyrolysis temperature) and 

the biomass waste type (Samoraj et al, 2022). Investigation on pyrolysis temperature between 

450-500 C established an increase in fixed carbon and ash contents with temperature 

(Tongcumpou et al, 2019). The authors therefore established that a good quality biochar can 

be obtained at 500 C. This concurs with the earlier study by Jutakridsada et al (2016). 

Biochar produced by pyrolysis at low temperature results in a temporary hydrophobicity 

which can be displaced when exposed in water (Das & Sarmah, 2015). 

2.10 Starch as an encapsulating matrix 

2.10.1 The chemistry of starch 

Starch is comprised of two homopolymers of glucopyranose, amylose and amylopectin which 

organize in granules of semi-crystalline structure (Nessi et al, 2019). Amylose is 

predominantly a linear macromolecule which constitutes of α-(1-4)-D-glucopyranosyl 

linkages. Amylopectin is highly branched macromolecule composed of α-(1-4)-D-

glucopyranose units with branches resulting from α-(1-6) linkages. The ratio of amylose to 

amylopectin varies with the plant source, grain shape and size of starch granule, and differs 

even within different parts of the same plant (Belgacem & Gandini, 2008). Due to these 

variations of properties, starch is usually designated by its plant source i.e., cornstarch, rice 

starch, tapioca starch etc. (Hsieh et al, 2019; Qiao et al, 2011; Tiozon et al, 2021). 

Table 2.4: Properties of starch granules from various sources (Belgacem & Gandini, 2008) 

Source Diameter 

(µm) 

Amylose content 

(wt.%) 

Shape 

Maize 5-25 28 Polyhedral 

Waxy maize 5-25 ~0 Polyhedral 

High amylose 5-35 55-85 Varied smooth spherical to elongated 

Cassava 5-35 16 Semi-spherical 

Potato 5-100 20 Ellipsoidal 

Wheat 20-22 30 Lenticular, polyhedral 

Rice normal 3-8 20-30 Polyhedral 

Banana 26-35 9-13 Elongated oval with ridges 
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2.10.2 Starch crystallinity 

Native starch is partially crystalline due to the structural arrangements of amylose and 

amylopectin (Mohammadi Nafchi et al, 2013). When observed by X-ray diffraction, native 

starch exhibits three different crystal forms, A-, B- and C- crystals. A- type is most linked 

with cereal starches whilst B- is an amylose-rich variant found in tuber starches (Lendvai et 

al, 2019). C-type starch is usually found in legume starches, cereals grown in specific 

conditions and some rhizomes. The C- polymorph is a combination of A- and B- allomorphs 

(i.e., B- surrounded by A- allomorphs). The A- and B- crystals differ in their packing density 

due to the structural arrangements of the sixfold double amylose helices within the crystal 

cell. Native starch crystallinity (A-, B- or C-) can be identified from the XRD by their 

characteristic peaks (He & Wei, 2017; van Soest et al, 1996) 

 

Figure 2.13: XRD characteristic peaks for the three native starches reprinted from Pozo et al 

(2018) with permission from Springer Nature 

2.10.3 Extrusion processing of TPS 

When heated in the presence of plasticizers under pressure and shear forces, starch granules 

swell and undergo a phase transition from an ordered crystalline structure to a highly 

disordered amorphous state (Šárka & Dvořáček, 2017). Amylose and amylopectin leach out 

as the granules are broken by the disruption of the hydrogen bonds within starch molecules 

(Ahmed et al, 2016). This process is known as gelatinization and is dependent on the 

botanical starch source, available plasticizer, and processing temperature among others. 

Gelatinization is a continuous process with the extent increasing with temperature over a 

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



48 

 

certain range which varies with the type of starches (Chang et al, 2021). The new mouldable 

material which is like synthetic polymers (Pushpadass et al, 2009) produced by gelatinization 

is known as thermoplastic starch (TPS). 

2.10.4 Crystallinity of TPS 

The crystallinity in TPS is attributed to residual native starch crystallinity and process-

induced crystallinity which can be VH, VA or EH type (van Soest et al, 1996). The V- type 

crystallinity is observed immediately after extrusion which is formed by inclusion complex of 

amylose and substances such as surfactants, lipids (Mondragón et al, 2008) and plasticizers 

(Janssen & Moscicki, 2009). A molecular modelling study by Immel & Lichtenthaler (2000) 

estimated that the VH- type crystallinity is formed by the single helical structure of amylose 

which constitute a central hydrophobic cavity of up to 5.4 Å and an overall helix diameter 

reaching about 13.5 Å.  

 

Figure 2.14: Molecular view along helix axis of VH-amylose complex reprinted from Immel 

& Lichtenthaler (2000) with permission from John Wiley & Sons 

The hydrated VH type consists of a six-fold single helical structure of amylose that can be 

transformed by dehydration into the anhydrous VA type (Rico et al, 2016). The EH type is a 

seven-fold single helical structure of amylose which occurs at very low moisture content but 

is highly unstable and transforms to VH-type in the presence of humidity (Montero et al, 

2017). Process-induced crystallinity is a function of the type of plasticizer used, nature of 

starch matrix and the processing parameters. 
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2.10.5 Factors affecting extrusion of TPS 

Extrusion of starch is a complex process due to multiphase transitions of starch during 

thermal processing (González-Seligra et al, 2017). Starch extrusion is affected by many 

parameters which need to be optimized to ensure the desired properties in the final TPS 

product. These parameters include type and amount of plasticizer used, processing aids, 

barrel temperature profile and extrusion speed among others. Generally, excluding factors 

emanating from the native starch, these factors can be broadly categorized as additives for the 

extrusion process and extrusion processing conditions. Though numerous additives can be 

added for TPS processing, the major additive which must be considered is the plasticizer. 

a. Plasticizers  

Plasticizers for starch are basically substances capable of forming hydrogen bonds with the 

starch. Starch plasticizer are low molecular weight substances which contain either hydroxyl 

or amine groups. Plasticizers help disrupt native starch hydrogen bonds, increase the free 

volume and movement of starch chains to behave like a thermoplastic (Mohammadi Nafchi et 

al, 2013). The starch-starch bonds are replaced by starch-plasticizer interactions. The 

effectiveness of starch plasticizers varies on their structure, size and the number hydroxyl 

groups present (Pushpadass et al, 2008). According to Ivanič et al (2017), hydrogen bond 

strength between starch-urea > starch-formamide > starch-acetamide > starch-polyols. 

Water and glycerol are commonly used starch plasticizers (Mohammadi Nafchi et al, 2013). 

Glycerol is the most used polyol to plasticize starch as it is economic, biodegradable, non-

toxic and has a high boiling point (Vieira et al, 2011). According to Lourdin et al (1997), 

glycerol content above a critical concentration of 12 wt.% averts the anti-plasticization effect. 

Curvelo et al (2001) suggests a glycerol content between 20-40 wt.% for best starch melt 

extrusion processing. Urea as a plasticizer in comparison to glycerol was proven to effect 

high tensile strength and modulus (Ivanič et al, 2019). However, urea crystallizes and 

separates from the plasticized starch which also results in rigid and brittle starches. Glycerol 

and urea mixture were used to plasticize starch and produced modest results but lower 

compared to each plasticizer (Ivanič et al, 2017).      

Isosorbide a bicyclic non-toxic diol produced from catalytic dehydration of D-sorbitol 

(obtained from starch hydrolysis) can be utilized as a plasticizer to produce thermoplastic 

starch. At 40 wt.%, isosorbide proved to be a good biodegradable plasticizer for maize starch 
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and produced a thermoplastic starch which showed no signs of retrogradation after 9 months 

(Battegazzore et al, 2015). The use of isosorbide plasticizer at 35 wt.% for starch films 

resulted in low oxygen and water vapor permeability and higher strain at break compared to 

glycerol and 1,3 propane diol plasticized starch (González et al, 2017). 

Area et al (2019) investigated microcrystalline cellulose reinforced starch composites using 

glycerol and isosorbide as the plasticizers. It was determined that isosorbide requires more 

time and shear force compared to glycerol (100 rpm vs 60 rpm). However, isosorbide can be 

processed at lower temperatures compared to glycerol (90C vs 120C). High shearing forces 

for isosorbide favours EH crystals formation compared to VH for glycerol (Battegazzore et al, 

2015). It is noteworthy that isosorbide is biodegradable, non-toxic with high water solubility 

thus it can be considered green and can be used as a plasticizer for starch. 

Citric acid, tartaric acid and malic acid are some of the non-toxic carboxylic acids which can 

be used as starch cross-linking agents as well as co-plasticizers for TPS (Zuraida et al, 2012). 

The addition of citric acid to starch aids to form stronger interaction with the plasticizers and 

helps prevent starch retrogradation (Shi et al, 2007). Lubricants can also be added to improve 

TPS extrusion, 1 wt.% magnesium stearate was used in glycerol plasticized starch (Lendvai 

et al, 2019) and 1 wt.% stearic acid for sorbitol plasticized starch (Hietala et al, 2013). 

In a nutshell, plasticizers are the major additives for TPS processing hence they should be 

economical yet effective.  

b. Extrusion processing conditions 

I.  Extruder processing speed 

According to García et al (2015), specific mechanical energy (SME) is one of the key 

parameters which influence the starch reactions during the extrusion process. It is defined as 

the mechanical energy transformed into heat energy per unit mass of the extruded material. 

 SME  = 
𝑃 ×𝜏×

𝑅𝑃𝑀𝑎𝑐𝑡
𝑅𝑃𝑀𝑟𝑎𝑡𝑒𝑑

�̇�
   [2.1] 

Where, P is the motor electric power (kW), RPM is screw speed i.e., actual (act) and 

allowable (rated), �̇� is mass flow rate (kgs-1) and 𝜏 =  
𝑡𝑜𝑟𝑞𝑢𝑒 𝑑𝑖𝑓𝑓𝑒𝑟𝑒𝑛𝑐𝑒 (𝑟𝑢𝑛𝑛𝑖𝑛𝑔 𝑣𝑠 𝑒𝑚𝑝𝑡𝑦)

𝑎𝑙𝑙𝑜𝑤𝑎𝑏𝑙𝑒 𝑡𝑜𝑟𝑞𝑢𝑒
. 

The effect of screw speed on glycerol plasticized starch revealed that 80 rpm results in a 

homogeneous and completely gelatinised starch films whilst at 40 rpm and 120 rpm results in 
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grains of broken starch (González-Seligra et al, 2017). This is consistent with a study by Lee 

et al (2009) which also determined that a screw speed of 80 rpm had better properties of 

extruded starch compared to 100 rpm. Screw speed also affects the rate of fragmentation of 

starch granules and the final properties of TPS. Amylopectin fragmentation lessens with, 

reducing screw speed and increasing the temperature profile (121-177 oC) (Liu et al, 2009). 

Increasing the screw speed promotes the formation of single amylose helical structures (van 

Soest et al, 1996). 

II. Barrel temperature 

The temperature profile inside the extruder should be properly set to ensure complete 

gelatinization of starch. Different temperature profiles can be used for TPS processing. A 

profile of 50-120 C was used by Pushpadass et al (2008), 90-140 C (González-Seligra et al, 

2017), 50-110 C (Nessi et al, 2019) and 85-120 C by Lendvai et al (2019). The temperature 

profile is also determined by other the type of starch used, type and amount of plasticizer, 

extruder characteristics and the screw speed. Extrusion processing of starch with low 

moisture content using a high temperature profile promotes EH crystallinity (van Soest et al, 

1996). This is due to more amylose chains being liberated by the destruction of the granular 

structure. 

2.10.6 Challenges of TPS 

Thermoplastic starch exhibits many challenges to be fully utilised commercially. TPS is 

highly hydrophilic and absorbs water leading to poor mechanical properties overtime. The 

starch chains recrystallizes after processing and suffers from plasticizer leaching resulting in 

a brittle material thereby limiting its applications (Zhang et al, 2018). This process of 

amorphous TPS becoming crystalline and shrinking due to structural reassociation and 

reconstruction of starch chains is known as retrogradation depicted in Figure 2.15.  

The overall process from starch granules I, through gelatinization II (by swelling IIa, granule 

disruption IIb) and the retrogradation of amylose IIIa and amylopectin IIIb. Amylose is 

mainly responsible for the early fast recrystallization in TPS (IIIa) which is observed under 

XRD as V- and E- polymorphs or the single helical complexes (van Soest et al, 1996). 

Overtime as the TPS loses more water, amylopectin eventually begins to rearrange and 

recrystallize (IIIb). The resulting stronger hydrogen bonds between the macromolecules leads 
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to pronounced shrinkage and an ultimately more brittle material (Lendvai et al, 2019). Starch 

chains also rearrange into double helices during retrogradation (Chang et al, 2021) 

 

Figure 2.15: Structural changes in starch-water mixture reprinted from Wang et al (2015) 

with permission from John Wiley & Sons 

A variety of methods have been suggested to restrict retrogradation. Chemical modification 

can also be utilized to reduce the rate of water absorption of TPS. This can be achieved 

through reactive extrusion process (Castaño et al, 2014). Additives can also be added to TPS 

processing to restrain retrogradation. According to Chang et al (2021), lipids can help to curb 

retrogradation by forming amylose-lipid complexes. Fatty acids such as lauric, linoleic, 

mystic, oleic, stearic, and palmitic forms amylose inclusion complexes with starch 

(Cervantes-Ramírez et al, 2020; Kawai et al, 2012; Marinopoulou et al, 2016a).  

Nanofillers, nano-clays and cellulose nanofibers has also been shown to retard the rate of 

retrogradation of dextrin starch nanocomposites (Phillips et al, 2020). Addition of some 

plasticizers such as isosorbide (Area et al, 2019; Battegazzore et al, 2015) and co-plasticizers 

such as citric acid (Shi et al, 2007) helps to prevent retrogradation. Furthermore, emulsifiers 

addition also aids in reducing retrogradation (Fu et al, 2015). Emulsifiers or surfactants such 

as sorbitan monostearate (span 60), sorbitan monooleate (span 80) and sorbitan 

monopalmitate (span 40),  also serve as processing agents to incorporate non-polar additives 

to the polar starch matrix (Ortega-Toro et al, 2014). 

Retrogradation is a complicated phenomenon which is influenced by various factors 

therefore, no single method in isolation can be used to investigate this process. Of the many 
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options explored to investigate retrogradation, XRD and DSC are usually utilized as a 

combination to fully gain an insight of starch retrogradation (Karim et al, 2000; Phillips et al, 

2020). 

2.10.7 Conditioning of TPS 

To investigate the retrogradation phenomena, conditioning of TPS is vital. Wang et al (2015) 

specifies storage under isothermal conditions (4, 25 or 30 C) and temperature cycling within 

the same temperatures as the commonly utilised methods for TPS conditioning. However, 

there are contrasting opinions regarding the effect of these conditioning methods. According 

to Zhou et al (2010b), temperature cycling results in more homogeneous crystallites and 

higher thermal stability. Xie et al (2014) insists that temperature cycling leads to numerous 

imperfect crystallite formation. Shamai et al (2004) also added that retrogradation at low 

temperature results in B- polymorphs whilst when the temperature is high, A- and V- 

polymorphs are prominent.  

The A- and B- polymorphs differ in their potential water content. It is therefore necessary to 

monitor the humidity when conditioning thermoplastic starch samples. Saturated salt 

solutions can be utilised for this purpose. The appropriate salt should be determined to obtain 

the desired relative humidity for thermoplastic starch conditioning. Various saturated salts 

and their respective humidity at varying temperatures are presented in Annexure 3. 

2.10.8 Thermoplastic starch/nanocellulose nanocomposites 

Nanocellulose can be in form of nano-fibrillated cellulose (CNF), cellulose nanocrystals 

(CNC) and bacterial nanocellulose (BNC). Nanocellulose has a very high tensile strength of 

up to 10 GPa (Sharma et al, 2019a). As a result, nanocellulose has gained momentum as a 

reinforcement material. CNF dispersion in the starch matrix can be improved by dispersing it 

in the glycerol plasticiser before extrusion (Nessi et al, 2019; Phillips et al, 2020).  

Incorporation of CNF and CNC in thermoplastic starch improves the tensile strength and 

Young’s modulus whilst decreasing elongation at break (Dufresne & Castano, 2017). CNC 

reinforced starch nanocomposites were melt processed in twin screw extruder by Nessi et al 

(2019). The screw speed was set at 20 rpm with a temperature profile of 50-110 C and CNC 

composition varied from 1.5-10 wt.%. Their results in Figure 2.16 shows that CNC 

reinforced TPS by benchmarking the nanocomposites to the neat TPS (REF). However, the 

trend shows storage modulus decreases as the CNC content increases beyond 2.5 wt.%. This 
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is due to poor CNC dispersion leading to agglomeration which weakens the material 

properties.  

 

Figure 2.16: Storage modulus of TPS(REF) and the nanocomposites with different CNC 

loading (1.5, 2.5, 5 and 10 wt.%) reprinted from Nessi et al (2019) with permission from 

Elsevier 

González-Seligra et al (2017) suggests that for glycerol plasticised cassava starch, increasing 

screw speed to 120 rpm produced an amorphous film with improved modulus and tensile 

strength. However, doubling the screw speed from 40 rpm resulted in reduced mechanical 

properties of glycerol plasticized potato starch reinforced CNF (Cobut et al, 2014). Hietala et 

al (2013), produced bio-nanocomposites from potato starch, sorbitol, and CNF with 1 wt.% 

stearic acid as a lubricant. Screw speed was set at 200 rpm and a temperature profile in the 

range 80-110 C. The findings of the study concurred with those by Nessi et al (2019) with 

best properties obtained at 10 wt.% loading. 

It was also suggested that the use of sorbitol compared to glycerol as plasticizer help lower 

moisture absorption of starch. Cellulose nanofibers (CNF) at 1.5 wt.% loading improved the 

thermal and water absorption properties of glycerol plasticized corn starch (Ghanbari et al, 

2018). Twin screw co-rotating extruder can be used to process cellulose suspension to 

produce CNF (Rol et al, 2019). Cellulose nano whiskers (CNC) can be further broken down 

by the extrusion decreasing their size to form a monodisperse with new size distribution 

(Kargarzadeh et al, 2017). Generally, the screw speed must be properly set as it helps to 

uniformly disperse the nanocellulose. Caution must be exercised as screw speed also affects 

the melt temperature, melt viscosity and the residence time of material in the extruder. 
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2.11 Emulsion-based systems 

Emulsions are colloidal dispersions formulated by high shear mixing two immiscible liquids 

where one is distributed as droplets in another which acts as the continuous phase by the aid 

of an emulsifier (surfactant) (Kapiamba, 2022). The emulsion phases can be water-in-oil 

(W/O), oil-in-water (O/W), water-in-oil-in-water (W/O/W), oil-in-water-in-water (O/W/W) 

and oil-in-water-in-oil (O/W/O) (Marhamati et al, 2021; Ye & Chi, 2018). 

Emulsions can be categorised either according to the type of emulsifier or the structural 

arrangement of the system (Tadros, 2013). The former comprises for example the Pickering 

emulsion and the latter, macroemulsions (particle size range 0.1 - 5 µm), nano-emulsions (20 

- 100 nm), microemulsions (5 - 50 nm), double and multiple emulsions and mixed emulsions 

(Tadros, 2013). Nano-emulsions and microemulsions are the common forms of O/W 

emulsions. Microemulsions are thermodynamically stable whilst nano-emulsions are unstable 

breaking down overtime (McClements, 2012; Tadros, 2013). Surfactant hydrophobic tails 

forms a hydrophobic core encapsulating oil molecules forming micelles. This aids to reduce 

the contact area of oil and water. Oil molecules are entrapped in the micelle of a 

microemulsion as either separate core oil droplets or in between surfactant tails as shown in 

Figure 2.17. 

 

Figure 2.17: Nano-emulsion and microemulsion made from oil, water and surfactant 

reprinted from McClements (2012) with permission from Royal Society of Chemistry 

2.11.1 Stability of emulsions 

Stability of colloidal dispersions depends on the interparticle forces (repulsive or attractive) 

between droplet particles. The forces can be due to Van der Waals, electrostatic, solvent 

forces and steric forces (Washington, 1996). These forces are affected by gravitational forces 

and surfactants interactions with the emulsion phases (Yonguep et al, 2022). Kinetically 
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stable emulsions break down by a process of demulsification overtime. The mechanisms of 

emulsion breakdown are represented in Figure 2.18. 

 

Figure 2.18: Breakdown mechanism of emulsion adapted from Tadros (2004) 

Creaming and sedimentation are reversible processes caused by external gravitational forces 

and the tendency of particles to float or sink due to differences in densities (Yonguep et al, 

2022). When density of distributed phase is smaller than that of the continuous phase, 

creaming occurs and vice versa for sedimentation. Flocculation is a process caused by weak 

van der Waals forces between droplet particles leading to clumping together forming a “floc”. 

These are larger clumps formed without rupture of the individual oil droplets (Heidari et al, 

2022). 

Coalescence is the formation of much bigger particles from smaller particles aggregating to 

combine into a larger droplet. This process reduces the number of droplets present. It is 

caused by elimination or thinning of interfacial film separating the dispersed phase leading to 

ultimate demulsification into two separate distinct phases as shown in Figure 2.18. 

Coalescence can be due to high flocculation rate, low viscosity, high temperature and 

interfacial tension among other factors (Yonguep et al, 2022). 

The solubility of the contents of an emulsion droplet varies with droplet size. During storage, 

the contents of the smaller droplets may migrate via the continuous phase to the larger 
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droplets. This means that smaller droplets tend to decrease in size over time whereas the 

larger droplets grow (Tadros, 2004). This phenomenon is known as Ostwald ripening. It is an 

irreversible process which shifts the emulsion particle size distribution to larger values. Phase 

inversion occurs when the continuous medium becomes the dispersed phase and vice versa. 

Measurement of the dispersed phase droplet size and size distribution is therefore vital to 

assess the kinetic stability of the emulsions (Kabong, 2020).  

To improve the emulsion stability, emulsifiers, or surfactants sometimes with co-surfactants 

are also added. The review by Marhamati et al (2021) covers the different classes of 

emulsifiers and their physicochemical effects on O/W nano-emulsions. O/W emulsions 

stability can be is affected by droplet size, type and concentration of emulsifier, density and 

viscosity of emulsifier, temperature, and interfacial tension (Heidari et al, 2022; Marhamati et 

al, 2021). 

2.11.2 Emulsions for mosquito larvicidal applications 

Emulsions can be utilised as delivery systems to improve the activity and persistence of oil-

based actives in aqueous media. In addition, Mishra & Pandit (1990) proved that emulsion 

systems can also be utilised as prolonged release dosage forms. Emulsions based systems can 

therefore be exploited for mosquito larvicidal applications. Preparation of emulsion 

formulations is less energy intensive hence reduce productiton costs. Osanloo et al (2017) 

formulated essential oil-based nano-emulsions as An. stephensi mosquito larvicide delivery 

system. Inactive nano-emulsion ingredients were established not to possess larvicidal activity 

on An. stephensi and the most stable emulsion to possess significant larvicidal potency.  

Ferreira et al (2019) successfully used herbal oil extract-based nano-emulsion as a larvicide 

delivery system for Ae. aegypti and culex species. Lopes Martins et al (2021) formulated an 

essential oil nano-emulsion as a larvicide on Ae. aegypti. The nano-emulsion was potent on 

the tested mosquito larvae with low toxicity of non-target organisms. Essential oil based 

microemulsions were also formulated and tested on Culex quinquefasciatus larvae by Pavela 

et al (2019a). The microemulsions resulted in acute toxicity in mosquito larvae and reduction 

in adult emergence. The microemulsions were also determined to possess no negative impact 

on two important non target species. However, in all these studies, the emulsions were diluted 

to required doses in 100 mL of distilled water and did not test the residual efficacy of these 

methods. Emulsion based systems can therefore be formulated with oleic acid for larvicidal 

applications.  
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CHAPTER 3: EXPERIMENTAL 

This section outlines, the raw materials that were used as well as the methods and procedures 

followed to develop the systems for the slow release of oleic acid as a mosquito larvicide. 

The raw materials and prepared samples were also characterized, and the techniques used are 

outlined. In addition, laboratory bioassays were conducted to ascertain the efficacy of the 

developed systems. The procedure followed to perform the bioassays are also specified. 

3.1 Materials 

A technical grade oleic acid (90 % purity) [CAS-No. 112-80-1] was used as the main 

larvicidal active in this study. Technical grade methyl oleate (70 % purity) [CAS-No. 112-62-

9] was used as a proxy for oleic acid for oxidative stability experiments. These together with 

the singled out natural antioxidants, curcumin (90 % purity) [CAS-No. 458-37-7], and 

eugenol (≥ 99 % purity) [CAS-No. 97-53-0] were obtained from Sigma Aldrich. Acetone 

(99.99 % purity) obtained from Associated Chemicals Enterprises (ACE) South Africa was 

used as a solvent during larvicidal bioassays of oleic acid as a free-standing oil. 

A commercial Mg-Al carbonate anion-based layered double hydroxide (Alcamizer 1) used 

for intercalation of oleic acid was obtained from Kisuma Chemicals, Netherlands. The 

sodium acetate trihydrate, (99 % purity) [CAS-No. 6131-90-4] and acetic acid, (≥ 99 % 

purity) [CAS-No. 64-19-7] used to make buffer solutions for investigating the effect of pH on 

LDH-oleate were obtained from Merck, South Africa. Spent coffee grounds used to produce 

carbon-based spent coffee biochar for trapping oleic acid were collected from TriBeCa coffee 

making shop from Centurion, Gauteng, South Africa. Activated charcoal granules were 

obtained from Associated Chemicals Enterprises (ACE) South Africa. 

Dextrin starch powder (Stydex white dextrin 072012) with an estimated degree of 

polymerization of 53 ± 5 (Phillips et al, 2020) was obtained from Tongaat Hulett Starch, , 

Meyerton, South Africa. Prof Stephen Ochigbo supplied amora starch powder produced by 

NRCRI Umudike in collaboration with RMRDC, Abuja, Nigeria. A fibrillated cellulose 

nanofiber (CNF) suspension containing 8 wt.% solids (Valida-S191C) was donated by Sappi 

South Africa. Glycerol (99.5 % purity) for plasticising starch was also obtained from 

Associated Chemicals Enterprises (ACE). An additional starch plasticiser, isosorbide (≥ 98.5 

% purity) was obtained from Henan Allgreen Chemical, China. Dellite 43B organoclay used 

as a processing aid was supplied by Laviosa Chimica Mineraria SpA, Italy. Sorbitan 
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monooleate-based emulsifier (Anfomul S4M) used to formulate oleic acid emulsions was 

obtained from Croda Chemicals, South Africa. 

3.2 Methods and sample preparations 

3.2.1 Antioxidant formulations for oxidative stability analysis 

The eugenol- and curcumin-based antioxidants formulations are listed in Table 3.1. The 

lower range of 0.1 - 0.25 wt.% chosen for curcumin was informed by antioxidant stability 

results for biodiesel (de Sousa et al, 2014). Previous work by van der Westhuizen & Focke 

(2018) specifically proved effectiveness of synthetic antioxidants at 0.15 wt.%. For eugenol, 

previous studies reported dosage values of 1 wt.% and 1.5 wt.% (de Souza et al, 2018; Ramos 

et al, 2021). Hence, values were considered for the lower and upper limits to establish a 

trend. 

Table 3.1:5Curcumin and eugenol formulations evaluated 

 

 

 

 

 

 

 

 

 

3.2.2 Synthesis of oleic acid intercalated LDH 

The intercalation of the oleic acid into the LDH was performed via the hydrothermal 

reconstruction process described by Yang et al (2009) with some modifications. Typically, 

MgAl carbonate LDH precursor was calcined at 500 C for 3 h (Celis et al, 2014). The 

calcined LDH was cooled to room temperature in a desiccator. Deionized water in a 1 L 

beaker was boiled for 30 minutes to remove dissolved carbon dioxide. The temperature was 

then lowered and maintained at 80 ± 2 °C. Subsequently, 29 g of calcined LDH, and 17 g of 

oleic acid were added to the beaker (at 1:1 molar ratio of LDH: oleic acid). The beaker was 

sealed with a plastic wrap. To improve the crystallinity of the final product, the reaction 

conditions were maintained at 80 ± 2 °C and 500 rpm for 20 h. After the reaction, the solid 

Eugenol, wt.% Curcumin, wt.% 

0.5 0.1 

0.75 0.15 

1.0 0.20 

1.25 0.25 

1.5  

2.0  
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product was recovered by centrifugation. It was redispersed in deionised water before 

recovering the solids again. This washing procedure was repeated three times to remove the 

soluble salt by-product. Finally, the solids were allowed to dry at ambient conditions. The 

procedure was repeated in triplicate to ensure reliability of the method. In both cases, near 

100 % product yield was obtained as previously reported by Yang et al (2009). 

3.2.3 Pyrolysis of spent coffee grounds to develop a porous carbon-based biochar 

Raw spent coffee grounds collected from the local coffee shop were initially washed and 

filtered with hot water to remove residual water-soluble substances (Boudrahem et al, 2011). 

Subsequently, the samples were oven dried at 130 C to remove the excess moisture. The dry 

spent coffee grounds were pyrolyzed in a laboratory fabricated rotary kiln furnace operated at 

a temperature of 500 C. The pyrolysis process produced a carbon-rich spent coffee biochar 

(pyrolyzed spent coffee grounds) with a yield of 18 %. The spent coffee biochar charge was 

sieve classified by a vibrating sieve shaker for 45 minutes yielding 5 different particle sizes. 

The largest aperture size was > 1180 μm whilst the smallest aperture size was < 90 µm. 

Table 3.2 shows a typical sieve analysis. 

Table 3.2:6Results of obtained in a typical sieve analysis 

Sieve size 

range, (µm) 

Sieve fractions Nominal aperture 

size (µm) 

Cumulative % 

wt (g) wt (%) undersize oversize 

> 1180 13.6 58.4 1180 41.6 58.4 

600 - 850 1.4 6.0 850 35.7 64.3 

250 - 600 6.3 27.2 600 8.5 91.3 

90 - 250 1.9 8.1 250 0.4 99.6 

< 90 0.1 0.4    

3.2.4 Porous carbon matrices loaded with oleic acid 

A known mass of the solids (AC and spent coffee biochar) sample M1, was added to a beaker 

with excess oleic acid. The beaker was kept under a vacuum overnight. The samples were 

then sieved to separate remaining excess oleic acid. The residue was rinsed with a 70 wt.% 

ethanol solution under vacuum filtration to remove excess oleic acid present on the surface of 

the granules. The solvent was left to dry for 15 minutes after which the sample reached a 

constant mass M2. The amount of loaded oleic acid was determined from the change in mass 
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from M1 to M2. On average, activated charcoal absorbed ca. 50 ± 2 wt.% of oleic acid whilst 

spent coffee biochar absorbed ca. 60 ± 2 wt.% of oleic acid. 

3.2.5 Thermoplastic starch/nanocellulose nanocomposite extrusion 

Glycerol and isosorbide were evaluated at different compositions as plasticizers for dextrin, 

amora starch as well a blend of dextrin and amora starch. Isosorbide resulted in poor 

dispersion of nanocellulose and poor material properties. On the other hand, amora starch and 

its blends produced products which disintegrated and dissolved very rapidly in water. This 

was undesirable as the aim of this study was to establish a sustainable slow-release system 

with residual efficacy exceeding four weeks. As a result, only dextrin starch plasticized with 

glycerol was considered going forward.  

Prior to extrusion, nanocellulose was dispersed in a mixture of glycerol, curcumin, sorbitan 

monooleate emulsifier, and oleic acid in a milk shake maker for seven minutes. The dispersed 

nanocellulose paste was mixed with dextrin and Dellite 43B organoclay in a blender for two 

additional minutes. The overall blend had a composition of 52 wt.% dextrin, 30 wt.% 

plasticizer (62 wt.% glycerol, 38 wt.% water from nanocellulose), 10 wt.% OA, 5 wt.% 

organoclay, 2 wt.% emulsifier and 1 wt.% nanocellulose fibres. Curcumin powder was loaded 

at 0.02 wt.% of OA as a natural antioxidant as determined by the Rancimat analysis. The 

negative starch control had the same composition excluding OA which was replaced by more 

dextrin. 

The resulting blended mixtures were melt-processed using a ThermoFischer TSE twin screw 

co-rotating extruder with an L/D ratio of 34 and seven temperature heating zones. The barrel 

temperature profile was 60/80/100/110/110/110/110 and the screw speed was set at 80 rpm. 

A circular single slit die with a diameter of 5.5 mm was used to extrude the stands. Addition 

of 5 wt.% Dellite 43B organoclay prevented oleic acid exudation as shown in Figure 3.1. The 

extruded samples were conditioned under an environment with a relative humidity of 75 % at 

25 C maintained by a supersaturated sodium chloride solution.  
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Figure 3.1: The white structure indicated by the arrow on the left is a fountain of liquid 

escaping from the vent due to the exudation of the oleic acid from the melt. This formulation 

did not contain any organoclay. On the right this effect was completely suppressed by the 

presence of 5 wt.% organoclay in the formulation 

3.2.6 Oleic acid in water emulsion 

Oleic acid in water emulsions were prepared using a laboratory Silverson L4RT high shear 

mixer. Anfomul S4M (sorbitan monooleate) was employed as an emulsifier used to disperse 

the oleic acid in deionised water. Three 200 g total mass emulsion samples were prepared. 

The oleic acid content was fixed at 35 wt.% whilst varying the emulsifier compositions (3 

wt.%, 4 wt.% and 5 wt.%). 

A typical formulation procedure was as follows. The required oil and surfactant were initially 

mixed for a minute using a magnetic stirrer at 100 rpm to form the oil phase. The oil phase 

was then added slowly to the deionised water whilst stirring at 3000 rpm using the high shear 

Silverson L4RT mixer for a minute. Subsequently, the stirring speed was increased to 3500 

rpm. This speed was maintained for seven minutes until a homogeneous emulsion mixture 

was made.  

The prepared emulsion sample was transferred and stored in closed glass containers. It was 

stored under ambient conditions. The stability was checked on a regular basis by visual 

inspection. All the emulsion formulations though initially homogeneous underwent creaming. 

However, the homogeneous state was easy to recover by simple shaking of the formulation. 

The formulation with 5 wt.% emulsifier had best stability with the largest oil rich fraction 
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after four weeks of ageing, Figure 3.2. Only the 5 wt.% emulsifier sample was characterised 

and later utilised in residual bioassay experiments. 

 

Figure 3.2: Homogeneous emulsion containing 5 wt.% surfactant just after preparation, (left) 

and after four weeks showing creaming (right) 

3.2.7 Laboratory Bioassays 

a. Rearing of mosquito colony 

An. arabienis KGB strain larvae used for this study were derived from the stock colony 

reared at the insectary at University of Pretoria Institute for sustainable malaria control 

(UPISMC), Pretoria, South Africa. The insectary is maintained at 25 ºC ± 2 ºC, 75 % ± 5 % 

relative humidity and a 12:12 (light: dark) cycle photoperiod. 

b. Larvicidal bioassays of pure oleic acid as a free-standing oil 

The ethical clearance, to conduct the bioassays studies, was granted by the Faculty of Health 

Sciences ethics committee of the University of Pretoria under protocol number 

(EBIT/226/2020). Larvicidal activity was determined using an adaptation of the method 

described by World Health (2005a) and Mavundza et al (2013). A 1 % stock solution was 

made by dissolving 200 mg of pure oleic acid in 20 ml of acetone solvent. Serial dilutions 

were later prepared from the stock solution as required, see Annexure 1. Batches of 25 

healthy 3rd and 4th instar larvae were added to cups each containing 100 mL distilled water 

and allowed to acclimatise. The desired dosage was carefully added using a micropipette. 

Each test concentration and its corresponding negative control (acetone solvent only) 
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constituted of four replicates. Moribund and dead larvae after 24 h and 48 h were recorded on 

bioassays data recordings forms, Annexure 2. The mosquito larvae were fed with dog 

biscuits and brewer’s yeast at a 3:1 ratio during the test period. The bioassays were performed 

three times on three separate days using freshly prepared solutions and new batches of larvae 

as stipulated by WHO guidelines. To evaluate the LC50 and LC90 values, a robust statistical 

analysis was performed utilising the “drc” extension of the R statistical software (Ritz & 

Streibig, 2005). 

c. Evaluation of residual efficacy of the developed slow-release mechanisms 

The required mass of the delivery systems, corresponding to a maximum possible dosage of 

500 ppm of oleic acid, was determined. The only exception was the LDH-oleate to which a 

double amount of 1000 ppm was used as it is the only mechanism where oleic acid is in 

oleate form. The weighed mass was added to 3 L of distilled water placed in large glass 

containers as shown in Figure 3.3. Neat, distilled water was used as the negative control. 

Additionally, a thermoplastic starch free from oleic acid was also considered. For each 

mechanism, the bioassays were replicated four times. The emulsion was vigorously shaken 

for a minute before addition to ensure homogeneous quantity was added. 

Batches of 25 healthy 3rd and 4th instar larvae were added to cups containing 100 mL of water 

withdrawn from each glass container. The amount of water withdrawn was replaced to 

maintain the same volume of water. Moribund and dead larvae were recorded after 24 h and 

48 h. The larvae were fed with dog biscuits and brewer’s yeast at a 3:1 ratio during the test 

period. The tests were performed at the end of each week over a period of five weeks. 

 

Figure 3.3:3Experimental setup to evaluate residual efficacy 
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3.2.8 Effect of pH on the rate of LDH-oleate dissolution 

The effect of pH on dissolution of LDH-oleate was investigated by determining the Mg2+ and 

Al3+ ions released in sodium acetate-acetic acid buffer solutions with time. Table 3.3 presents 

volumetric portions of sodium acetate trihydrate (NaOAc) and acetic acid (HOAc) solutions 

required to make buffer solutions of different pH values. 

Table 3.3:7Volumes of NaOAc-HOAc buffer solutions used to set the pH 

ml (0.2M NaOAc) ml (0.2M HOAc) pH 

10 90 3.7 

37 63 4.4 

70 30 5.0 

91 9 5.6 

LDH-oleate to corresponding to a dosage of 1000 ppm of oleate anions when fully dissolved 

was loaded to each of the solution in 1 L beakers. After weekly time intervals, 60 ml aliquots 

were extracted and filtered to arrest the LDH-oleate dissolution reaction. The volume of 

solution withdrawn was replaced. The experiment was conducted for a period of five weeks. 

The dissolved Mg2+ and Al3+ cations in solution were determined by UIS Analytical services 

using inductively coupled plasma spectroscopy (ICP). A Perkin Elmer optima 5300 DV ICP-

OES spectrometer was used.  

3.3 Material characterization techniques 

3.3.1 Rancimat oxidation stability test 

The determination of oxidative stability of methyl oleate, as a proxy for oleic acid, was 

conducted on a Metrohm 895 Professional PVC Thermomat, Switzerland as shown in Figure 

3.4. Three grams of the sample was weighed into the reaction vessel and placed within a 

heater block maintained at 110 ºC. Purified air flowing at a rate of 10 L.h-1 was bubbled 

through the liquid sample. The measuring vessel contained 60 mL of ultra-pure deionized 

water. The induction period (IP) was automatically evaluated by the Metrohm Stabnet 

software. 
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Figure 3.4:4Metrohm 895 Professional PVC Thermomat 

3.3.2 X-ray Diffraction (XRD) 

The samples were analysed using Panalytical X’Pert Pro powder diffractometer in (-) 

configuration with an X’Celerator detector, variable divergence, and fixed receiving slits with 

filtered Cu-Kα radiation ( = 1.54184Å) at 40 kV and 40 mA. The samples were analysed in 

the scan range of 2-70 (2) at a rate of 0.02 s-1. The standard Panalytical backloading 

technique was utilised to prepare powdered samples to provide a random particle distribution. 

3.3.3 Scanning Electron Microscopy (SEM) analysis 

The sample morphologies were analyzed using a Zeiss Supra 55 VP FEG SEM (Zeiss, 

Germany). Samples were placed on adhesive carbon tape placed on SEM aluminium stubs 

and rendered conductive by sputter coating with about 5 nm tungsten (Quorum 150 TES; 

Quorum, UK) before imaging. The activated charcoal pellets were dipped in liquid nitrogen 

and fractured before coating. The SEM images depict the fractured cross sections. 

3.3.4 Fourier transform infrared spectroscopy (FTIR) analysis 

FTIR spectra were recorded on a Perkin-Elmer Spectrum 100 instrument fitted with a 

universal attenuated total reflection (ATR) attachment. FTIR spectra were recorded in the 

absorbance range of 400 to 4000 cm−1 at a resolution of 4 cm−1. The results represent an 

average of 16 scans. 
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3.3.5 Raman analysis 

The spectra were recorded on a WITec confocal Raman microscope (WITec Alpha 300R, 

Germany). The excitation laser was set at 532 nm and power was set at 10 mW with an 

acquisition time of 2 × 30s. Raman spectra were used to characterize the carbon phases of the 

pyrolyzed spent coffee grounds and the activated charcoal. 

3.3.6 Thermogravimetric analysis (TGA) 

The thermal properties of the samples were analysed using TA instruments SQT-Q600 

instrument. The samples weighing between 15-20 mg were heated in 40 µL alumina pans at 

using a heating ramp of 10 C/min. An inert furnace atmosphere was maintained with 

nitrogen flowing at 50 mL.min-1. 

3.3.7 Droplet size distribution and zeta potential  

The most stable emulsion sample was analysed using a Malvern Zetasizer Nano ZS 

instrument to determine the droplet size distribution and the zeta potential. The mixed oleic 

acid emulsion samples by gentle shaking were initially diluted with deionised water to attain 

emulsion: deionised water ratios of 1:10. The refractive index of the continuous dispersant 

medium of 1.33 was used. Refractive index of oleic acid was taken as 1.46. Experiments 

were run in triplicate and the reported results shows the average. 

3.3.8 Optical microscopy 

Optical light images of the emulsions were captured by a Zeiss Axio Imager 2 fitted with a 

digital camera. The mixed oleic acid emulsion samples by gentle shaking were initially 

diluted with deionised water to attain emulsion: deionised water ratios of 1:10 and 1:20. 

Diluted emulsion samples were dropped on a microscope slide and subsequently a cover slip 

was carefully placed before analysis. The samples were viewed under bright field (BF) 

contrast.  
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CHAPTER 4: RESULTS AND DISCUSSION 

4.1 Rancimat oxidative stability analysis 

Induction period (IP) as a function of concentration for the two antioxidants is shown on 

Figure 4.1. The IP value of neat methyl oleate was very low (0.08 ± 0.01 h). Both 

antioxidants significantly improved the thermal oxidative stability. Considering eugenol as 

the antioxidant it seems that similar IP values were obtained for methyl oleate and neat oleic 

acid. However, in the case of curcumin, the conductivity curves generated by the instrument 

did not show the required inflection point even after 12 h of testing. IP values could not be 

determined for oleic acid.  Therefore, the results for methyl oleate are taken as conservative 

estimates for the stability of the neat oleic acid. This means that both eugenol and curcumin 

improved the thermal oxidative stability of the methyl oleate. Curcumin proved a better 

antioxidant compared to eugenol with an IP > 15 h at a dosage of 0.25 wt.% compared to IP  

8 h at 1.0 wt.% for eugenol. These values compared favourably with the specifications for 

biodiesel (> 6 h) (EN14112, 2016; Focke et al, 2012). 

 

Figure 4.1:5Antioxidant properties of eugenol and curcumin as a function of composition 
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The effectiveness of curcumin compared to eugenol as an antioxidant can be ascribed to the 

lower bond dissociation energies for the two phenolic hydroxyl groups and its higher 

molecular weight (Varatharajan & Pushparani, 2018). Reportedly the presence of the alkoxy 

group at the ortho position to the phenolic groups also plays a role (Romola et al, 2021). 

Depending on the environment, curcumin also exhibits additional antioxidant mechanisms 

beyond the hydrogen atom donation mechanism (Galano et al, 2009). 

4.2 Scanning Electron Microscopy (SEM) 

The SEM images of the pure LDH, calcined LDH and the LDH-oleate are shown in Figure 

4.2. The pure LDH (a) exhibits hexagonal structure which is typical of brucite-like sheets 

(Cavani et al, 1991). The hexagonal structure of calcined LDH (b) at 500 C morphology is 

identical to that of the pristine LDH but thinner compared to the precursor (refer Annexure 

4a for clearer view). This is consistent with the findings of Kang et al (2015). The LDH-

oleate (c) also presents a layered structure which possess a platy hexagonal structure. It is 

evident that the oleate anions where successfully intercalated into the LDH interlayer 

galleries by the hydrothermal reconstruction process. The morphology also shows an 

improved particle size which justifies an expanded structure by intercalation as determined by 

the XRD d-spacing values. 
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Figure 4.2:6SEM images of (a) as received pristine LDH, (b) calcined LDH and (c) LDH-

oleate. Scale bar: 1 µm 

Figure 4.3 shows that the morphology of the washed and dried spent coffee grounds (a, a’) 

was transformed by pyrolysis at 500 C. The surface of the pyrolyzed spent coffee grounds 

displays a highly heterogeneous porous morphology with thinner walls as shown in (b, b’). 

This is similar to the structures reported by Benyekkou et al (2020). Both spent coffee 

biochar and its precursor shows honeycomb-shaped structures which agrees with the findings 

of Jang et al (2015). As expected, the fracture surfaces of the activated charcoal (c, c’) also 

show a porous morphology.  
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Figure 4.3:7SEM images at 50× (left) and 200× magnification (right) of SCG (a, a’), PSCG 

(b, b’), as received AC (c, c’). Scale bar: 100 µm 

The morphology of pure dextrin and the fractured surface of the extruded nanocomposite are 

shown in Figure 4.4. The dextrin powder (left) comprised of a combination of polyhedral and 

spherical shaped granules. The spherical granules (red arrow) are from the floury centre of 

corn kernel and the indents (yellow arrow) are due to protein from the horny endosperm 

(BeMiller, 2019). Upon extrusion (right), the starch granules are disrupted as the matrix is 

plasticised. The fractured cross sections of the extruded samples shows that organoclay is 

well dispersed within the matric structure. This explains the mechanism whereby the 

exudation of oleic acid was prevented. Additional images of same materials are provided in 

Annexure 5. 
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Figure 4.4:8SEM images of dextrin powder (left) and the fractured surface of the extruded 

nanocomposite strand (right). Scale bar: 10 µm 

4.2 XRD Analysis 

Figure 4.5 illustrates the XRD diffractogram of pristine as received LDH (LDH-Neat), LDH 

calcined at 500 C (LDH-Calcined), and LDH intercalated with oleate ions (LDH-Oleate). 

The sharp and narrow reflections for MgAl-LDH is consistent with highly crystalline 

hydrotalcite-like phase (Li et al, 2013; Mondal et al, 2016).  

Calcination at 500 C of the neat LDH converted it to a layered double oxide. This is proven 

by the d-spacing reflection shift to a much higher 2 value. The LDH-oleate diffraction 

pattern shows the appearance of new reflections. The d-spacing corresponding to 2 = 2.42 

is 3.65 nm as expected for intercalated oleate anions. However, the sample also contains 

some reformed LDH-carbonate (Nhlapo et al, 2008). This means that during the intercalation 

process some CO2 must have been available. 
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Figure 4.5:9X-ray diffractogram of the LDH-neat, LDH-calcined at 500 C and LDH-oleate 

4.4 FTIR analysis 

Figure 4.6 portrays the obtained FTIR spectra of the pure oleic acid, pristine LDH, calcined 

LDH and LDH-oleate processed via hydrothermal reconstruction at 80 C. The range for the 

wavenumber was considered from 700 to 3700 cm-1. Oleic acid in its pure form as received, 

has three major characteristic absorption bands with two around 2800-2900 cm-1 and one 

prominent absorption band at 1708 cm-1. The former double peaks are ascribed to asymmetric 

stretching and symmetric stretching vibrations of aliphatic C-H in the methylene (-CH2) and 

methyl (-CH3) groups (Niu et al, 2017) whilst the latter and most pronounced peak is 

attributed to the carbonyl group (C=O) asymmetric stretching vibrations. The minor OA 

peaks are olefinic C-H stretching peak at 3000 cm-1; between 1200 -1500 cm-1 aliphatic CH3 

and CH2 bend scissoring, C-O stretch, O-H out of plane stretch at 925 cm-1 and lastly CH2 

rocking vibration at 717 cm-1 (Niu & Li, 2012; Premaratne et al, 2014). 
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Figure 4.6:10The FTIR spectra of OA, pristine LDH, calcined LDH at 500 C and LDH-oleate 

Pure LDH shows an O-H stretching vibration between 3300-3400 cm-1 ascribed to water 

molecules and hydroxyl groups (Zhou et al, 2010a), carbonate (CO3
2−) associated bands at 

1352 cm-1 and at 774 cm-1. The first carbonate peak is attributed to hydrogen bonding with 

associated water molecules (Li et al, 2013; Yang et al, 2009) whilst the latter is associated 

with the interaction of the carbonate ions and the hydroxyl groups of the brucite-like layers 

(Li et al, 2013). All major LDH bands are absent in the dehydroxylated and decarbonated 

LDH calcined at 500 C. This resulted in the formation of layered mixed oxides with a 

different morphology as also shown in SEM image in Figure 4.2. 

LDH-oleate shows the two bands at 2800-2900 cm-1 characteristic for the asymmetric- and 

symmetric stretching vibrations of aliphatic C-H in the methylene (-CH2) and methyl (-CH3) 

groups which are contributed by the oleic acid. The carbonyl vibration peak at 1708 cm-1 

corresponding to the free -COOH oleic acid (Yang et al, 2016) is missing in the LDH-oleate. 

Instead, a new absorption band is found at 1541 cm-1. This is characteristic for the 

asymmetric stretching vibration of the carboxylate ion (COO−) (Celis et al, 2014; Nhlapo et 

al, 2008). This new band proves the interaction between oleate anions with the LDH inner 

layers (Zhou et al, 2010a) and confirms that oleic acid is intercalated as oleate anions. The 
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LDH-oleate formed is impure. The presence of carbonate is indicated by the bands located at 

1352 cm-1 and 774 cm-1. This supports the findings from the XRD analysis.  

The FTIR spectra of the carbon matrices, neat and loaded with oleic acid are shown in Figure 

4.7. As is clear from the Figure, the absorptions of the neat matrices are featureless. The 

exception is the PSCGs where hints for the presence of residual aliphatic components 

indicated by bands around 2800-3000 cm-1. These are attributed to residual lipids and 

caffeine from the roasted coffee (Maree et al, 2020). 

 

Figure 4.7:11The FTIR spectra of oleic acid (OA), pyrolyzed spent coffee grounds (PSCG), 

activated charcoal (AC), oleic acid loaded pyrolyzed spent coffee grounds (OA-PSCG), oleic 

acid loaded activated charcoal (OA-AC) and insert, zoomed in spectrum of PSCG and AC 

The FTIR spectra of neat thermoplastic starch and thermoplastic starch with 10 wt.% OA in 

the range 1500 -3600 cm-1 are shown in Figure 4.8. Neat thermoplastic starch shows 

vibration bands at 3280 cm-1 (O-H symmetrical stretching), between 2800-2900 cm-1 

(aliphatic C-H stretching) and at 1635 cm-1 (due to glycosidic C-O-C bond vibration) 

(Cervantes-Ramírez et al, 2020; Intan & Rachmawati, 2019). Thermoplastic starch with 10 

wt.% OA features new vibration bands at 3000 cm-1 (olefinic C-H stretching) and at 1715 cm-

1 (asymmetric stretching of carbonyl group C=O).  
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Figure 4.8:12FTIR spectra of OA, neat thermoplastic starch and thermoplastic starch with 10 

wt.% OA 

The oleic acid carbonyl band, in the thermoplastic starch compound, shifted from 1708 to a 

higher wavenumber (1715 cm-1). According to Marinopoulou et al (2016b), this carbonyl 

shift shows interaction of OA with starch. The OA molecules form inclusion complexes with 

the amylose starch helix. Absorption intensities for the bands between 2800-2900 cm-1 

(aliphatic C-H stretching) in thermoplastic starch increased when 10 wt.% OA was present. 

This was just an additional contribution from the aliphatic part of the OA. However, the other 

bands in the neat thermoplastic starch (3280 cm-1 O-H symmetrical stretching, 1635 cm-1 

glycosidic C-O-C bond vibration) decreased in intensity with 10 wt.% OA. The former is due 

to new weakened hydrogen bonding between OA, starch, nanocellulose and glycerol (Sun et 

al, 2019) whilst the latter is a consequence of reduced starch content by oleic acid inclusion. 

4.5 Raman analysis 

The Raman spectra for the as-received activated charcoal and the pyrolyzed spent coffee 

grounds is shown in Figure 4.9. Two distinctive carbon bands are indicated between 1200-

1400 cm-1 and 1500-1700 cm-1. The former is known as the D-band, and it is attributed to 

disordered (amorphous) or defect-rich sp3-hybridized carbon vibrations. The latter G-band 
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correspond to graphitic sp2-hybridised carbon vibrations (Hsieh et al, 2021; Thirumal et al, 

2022). In activated charcoal the D-band peaked at 1341 cm-1 and G-band at 1595 cm-1 with 

ID/IG of 1.12. In the pyrolyzed spent coffee spectrum, the corresponding values were 1361 

cm-1 and 1575 cm-1 with ID/IG = 0.93. The implication is that the pyrolyzed spent coffee 

grounds are slightly more graphitic in nature than the activated charcoal (Lazzarini et al, 

2016). 

 

Figure 4.9:13Raman spectra of the activated charcoal as received and the pyrolyzed spent 

coffee grounds 

4.6 Thermogravimetric analysis (TGA) 

The thermal decomposition behaviour of the LDH samples and oleic acid are presented in 

Figure 4.10. Oleic acid, as a free-standing oil undergoes a rapid single step mass loss with 

the rate peaking at ca. 300 C. This is attributed primarily to evaporation rather than thermal 

degradation. Pure LDH and LDH-oleate exhibit a similar thermal decomposition behaviour. 

The derivative curves (DTG) of both, in Figure 4.10 displays a three-step overlapping mass 

loss progression. The first occurs between 150 - 250 C, the second around 250 - 350 C, and 

the third and final occurs in the range 350 - 450 C. Thereafter the mass loss plateaus leaving 

a final residue. The first event corresponds to the dehydration, i.e., the loss of interlayer 
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water. The second is attributed to dehydroxylation, while the third corresponds to a 

combination of dehydroxylation and decarbonation (Forano et al, 2013; Mondal et al, 2016; 

Nhlapo et al, 2008). 

 

Figure 4.10:14TGA and DTG curves of neat LDH as received (LDH-Neat), LDH intercalated 

with oleate ions from the oleic acid (LDH-oleate) and neat oleic acid 

The oleic acid mass loss from the LDH-oleate occurs at much higher temperatures because 

the oleate anions are intercalated into the LDH interlayer galleries. Their volatility is 

suppressed because of the ionic bonding. The final release is probably associated with the 

decomposition of the fatty acid molecules (Yang et al, 2009). The decomposition of the 

LDH-oleate is occurs in the temperature range of 350 - 450 C. These observations are in 

agreement with the findings by Blasi et al (2021) who proved that intercalation of oleate 

anions into LDH improves not only thermal stability but also the oxidative stability. The 

difference in the residue between pure LDH and LDH-oleate indicates that ca. 25 % of oleate 

ions were successfully intercalated into LDH. 

Figure 4.11 represents the thermal behaviour, of neat thermoplastic starch, thermoplastic 

starch with 10 wt.% OA and their respective pure components. Oleic acid and glycerol 

undergo single step evaporation process with peak temperatures recorded at ca. 293 C and 

237 C respectively. Dextrin undergoes a 2-step mass loss with initial ca. 9 wt.% water loss 

by evaporation up to 150 C followed by major degradation step at ca. 300 C leaving a 

partial carbonized residue of 14 wt.% at 600 C. Organoclay loses water and volatile 

components leaving a residue of 70 wt.%. Cellulose nanofibers (CNF) show a major mass 
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loss from 50 - 150 C with peak at ca. 101 C due to water evaporation leaving a residue of 7 

wt.%. 

 

Figure 4.11:15TGA and DTG curves neat thermoplastic starch 0 wt.% OA and thermoplastic 

starch with 10 wt.% OA and the corresponding pure components 

Neat thermoplastic starch nanocomposite undergoes a single continuous degradation step 

from 300 - 350 C with a peak at 314 C higher than all single components. This is 

contributed by strong interactions between glycerol, starch and nanocellulose via hydrogen 

bonding in the plasticized matrix and enhanced tendency to form non-volatile char. 

Thermoplastic starch with 10 wt.% oleic acid shows distinct two-step overlapping mass loss 

between 150 - 280 C and 280 - 350C. The former step has a peak at ca 237 C whilst the 

latter has a peak at ca. 310 C which is lower compared to neat thermoplastic starch. The 

former peak loss is associated to plasticizer (glycerol) rich phase loss whilst the latter is due 

to dextrin and nanocellulose rich phase (Area et al, 2019; Rico et al, 2016). OA forms 

inclusion complexes with the amylose starch improving its oxidative stability (Marinopoulou 

et al, 2016b).  

No distinct OA single peak loss is observed therefore it can be postulated that this proves OA 

interacts with starch and nanocellulose freeing some glycerol molecules. The free glycerol 

molecules form the rich plasticizer phase which is lost in the first step missing in neat 

thermoplastic starch. Oleic acid results in weak hydrogen bonding and less intensity of O-H 

stretching vibrations as proved by FTIR. 
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4.7 Droplet size distribution and zeta potential 

The emulsion droplet size distributions of the triplicate runs, and their average are presented 

in Figure 4.12. A fixed step was added to allow visualisation of the differences in the 

distributions. The droplet size displays a bimodal distribution with a broader peak in the size 

range 40 - 400 nm and a narrower peak from 1.1 - 6.0 µm. The average particle size was 211 

± 80 nm and zeta potential of −56 ± 10 mV after 4 weeks of ageing. The mean particle size 

values and a negative zeta potential concurs with previous studies of oleic acid and olive oil-

based emulsions (Jaworska et al, 2013; Li et al, 2019b; Yukuyama et al, 2019). A high value 

of -56 mV for the zeta potential indicated a good emulsion stability compared to a value of -

30 mV obtained by Kamogawa et al (2001) for a surfactant-free OA-in-water emulsion. 

 

Figure 4.12:16Droplet size distribution of O/W emulsion containing 35 wt.% OA and 5 wt.% 

SMO-based emulsifier after 4 weeks of storage at ×10 dilution  
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4.8 Optical Microscopy 

Figure 4.13 shows the optical micrographs of the diluted emulsion sample. The images 

further confirm the bimodal particle size distribution of the emulsion droplets. 

 

Figure 4.13:17Optical images of O/W emulsion containing 35 wt.% OA and 5 wt.% SMO-

based emulsifier after 4 weeks of storage. Left: ×10 dilution, right: ×20 dilution. Scale bar: 

20 µm 

4.9 Larvicidal bioassays 

4.9.1 Pure oleic acid as a free-standing oil 

A robust statistical analysis, to estimate the LC50 and LC90 values, was performed utilizing 

the “drc” extension of the R software package (Christian et al, 2015). Results obtained from 

laboratory bioassays was transformed to be utilised as binomial data. Subsequently, this data 

was used to generate dose response curves for 24 h and 48 h. Six models i.e., four-parameter 

logistic, Weibull Type I, Weibull Type II, log-normal, log-logistic and Gompertz models 

were utilised to analyse the dose response curves (Christian et al, 2015; Ritz & Streibig, 

2005). The overall statistical analysis (average of all models) is shown in Table 4.1. The 

statistical analysis results suggests that oleic acid, as a free-standing oil, has an LC50 of 13 

ppm and LC90 of 31 ppm against 3rd and 4th An. arabiensis instar after 48h. A more detailed 

statistical analysis report is included as supplementary material, Annexure 7. 

 

  

 

©©  UUnniivveerrssiittyy  ooff  PPrreettoorriiaa  

 



82 

 

Table 4.1:8Lethal concentrations (LC) estimates of the 6 averaged models 

Time, LCn Estimate Std Error Lower Upper 

24 h, LC10 2.6 2.2 −1.7 6.9 

24 h, LC50 12.7 29 −44 70 

24 h, LC90 28.6 1020 −1975 2030 

48 h, LC10 2.1 1.4 −0.64 4.9 

48 h, LC50  13 21 −27 54 

48 h, LC90  31 666 −1270 1335 

 

4.9.2 Residual efficacy of the developed slow-release mechanisms 

Figure 4.14 shows the mortality results obtained for the different delivery systems during the 

bioassay tests. The first striking observation is the low mortality achieved during the early 

phases of the bioassay testing. The second point is that over the period of five weeks only the 

emulsion-based system achieved the requisite mortality levels. Even so, 50 % mortality was 

only exceeded after two weeks of ageing. 

Note that the results obtained with the thermoplastic starch samples are not reported since the 

negative control (the 3rd and 4th An. arabiensis instar) showed unacceptably high mortality. 

This invalidated the test results. This applies even to the neat TPS being used as the negative 

control. The implication that valid test results would not be possible since the test larvae 

themselves appeared to be sensitive to the neat matrix. Therefore, starch-based oleic acid 

release mechanism was not evaluated further and was therefore not reported. 
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Figure 4.14:18Residual bioassays of the formulated products, oleic acid impregnated activated 

charcoal (OA-AC), oleic acid impregnated pyrolyzed spent coffee grounds (OA-PSCG), 

LDH intercalated with oleate ions from oleic acid (LDH-oleate) and oleic acid in water 

emulsion (Emulsion) 

Oleic acid/water emulsion had the best results with 20 % mortality at one week of ageing. 

The mortality increased rapidly thereafter reaching values exceeding 90 % at week three and 

beyond. The mortalities achieved using oleic acid loaded spent coffee biochar (OA-PSCG) at 

the release matrix averaged about 20 % mortality throughout the test period. The results of 

the oleic acid loaded activated charcoal (OA-AC) were slightly more erratic. They increased 

from 0 % mortality on the first week to ca. 20 % on week three which remained constant till 

week five. LDH-oleate delivered the worst results only achieving mortality of 14 % at week 

five. 

These disappointing results were quite unexpected. Potential reasons for this failure to release 

toxic levels of the oleic acid into the water reservoir are discussed below. It is speculated that 

the oleic acid was too tightly held by the two solid dosage forms and that the emulsion 

droplets creamed to the top of the water too quickly. That is why it took very long before 
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toxic levels were established at the bottom of the water since the diffusion path was very 

long. 

4.10 Effect of pH on the rate of LDH-oleate dissolution 

LDH-oleate results were very poor than anticipated. It was therefore necessary to try and 

explain possible reasons for it. To investigate this, LDH-oleate was further investigated by 

performing dissolution experiments to establish the effect of pH on the dissolution rate in 

sodium acetate-acetic acid buffer solutions. 

The effect of pH on dissolution of LDH-oleate was investigated by determining the Mg2+ and 

Al3+ ions released in sodium acetate-acetic acid buffer solutions with time. Figure 4.15 

presents the dissolved cations in solution for a tested period of five weeks. The released Mg2+ 

and Al3+ data trends fit the Korsmeyer et al (1983) model perfectly. The results of the release 

profile shows that LDH-oleate release is pH dependent, increasing with decreasing pH which 

is quite low at pH of 5.6. The water used for the residual bioassays had a pH of 6.5 ± 0.3. 

   

 

 

 

Figure 4.15:19Mg2+ (A) and Al3+ (B) release 

profile in NaOAc-HOAc buffer solutions 

with time, and the logarithm of the released 

Mg2+ versus pH (C) 
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The observed mortality after 5 weeks in the water which had a pH of 6.5 was only 14 %. The 

plot of the logarithm of the Mg2+ concentration varied linearly with pH as shown in Figure 

4.15 (C). Extrapolation to a pH of 6.5 indicated a Mg2+ concentration of 102 mg/L. The 

maximum Mg2+ concentration, if all the LDH had dissolved was 1185 mg/L. This means that 

about 8.6 % of the LDH had disintegrated. It is assumed that the oleic acid release would be 

proportional to this value. Therefore, the oleic acid concentration should have reached 86 

ppm if it had been released. This is not reflected in the observed mortality after five weeks. 

Therefore, there must have been another factor that reduced the toxicity. A possibility is that 

the released oleic acid formed salts with the magnesium of aluminium. Tattersfield & 

Gimingham (1927) did indeed find that the toxicity of alkanoic acid salts, to insects, is 

generally much lower than the free acid. It is also noticeable that the aluminium 

concentration was not in a proper proportion to the amount of magnesium ions released into 

the water. This might indicate that the oleic acid could have formed insoluble aluminium salts 

which were inactive as larvicides. This explains the poor performance of LDH-oleate which 

was observed in the bioassay experiments. 

4.11 Dissolution of an emulsion droplet 

The fastest dissolution of the active ingredient in the emulsion droplet can be determined 

by the assumption that the active ingredient is homogeneous in the continuous phase. 

Therefore, we can consider the spherical emulsion droplet in isolation with the portion of 

the continuous phase corresponding to the initial dose applied. The situation is shown 

schematically in Figure 4.16.  

 

Figure 4.16:20Schematic for an isolated emulsion droplet suspended in a liquid in which it is 

soluble 
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In the residual bioassay experiments, the water was dosed with 500 ppm oleic acid in the 

form of an emulsion. Let us assume that the emulsion droplets are uniformly and 

homogeneously dispersed in the water phase. This means that each droplet only needs to 

release oleic acid to the water in its immediate vicinity. Consider a droplet with an initial 

radius of ao µm. We assume that it is acceptable to treat a spherical shell of water with this 

droplet. This means that the ratio of the cubes of the two radii multiplied by the densities of 

the two phases must equal the dosage rate of 500 ppm. Therefore, the following equation 

holds:  

3
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The Cable & Frade (1987) analysis of diffusion limited dissolution behaviour of an isolated 

spherical particle was considered.  

This specifies, a as radius of sphere and cs as the pure solute concentration in sphere. The 

temperature and pressure are non-variable, the liquid is uniform and hence it is logically 

assumed that spherical symmetry is maintained. Material transfer across the sphere is 

controlled by Fickian diffusion, diffusivity (D) and concentration of solute, ca in the liquid 

remains constant. Effects of viscosity, inertia, surface tension and gravity are excluded. 

Considering partial molar volumes of solute (v) and solvent as constant but not essentially 

equal, under these circumstances the solute diffusion in solution is described by: 

22

2

2c c c a a c
D

t r r r r t r


      
= + −   

      
    [4.1] 

where  = (1 - csv) is Scriven's volume change parameter 

 c = concentration 

 r = radius 

 t = time 

The rate of change of the sphere size is then determined from: 

( ) ( )1 1r a r as a s a

da D c D c

dt c c v r c c r= =

    
= =   

−  − −    
  [4.2] 
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The volumetric ratio of mole of solute in solution to that in the sphere is represented as (1 − 

). Where for many solids,  = 0 is considered a valid approximation. 

The following initial and boundary conditions are specified: 

( ) ; 0

( ) ; 0

( ) ; 0,

sc a c t

c c t

c r c t r a





= 

 = 

= = 

     [4.3] 

Dimensionless variables are considered as: 

( )
( ) 2

, ; ; ;
1s a o o o

c c r a Dt
F z e e R z

c c a a a
−

= = = =
− −

 [4.4] 

The dimensionless variables transform equations 4.1 and 4.2 into: 

22

2
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The initial boundary conditions are also transformed: 
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[4.6] 

When these partial differential equations were solved by numerical methods, it was observed 

that when the solubility is very low, the effect of  becomes negligible. The solutions 

approach the quasi-steady state approximation of Duda & Vrentas (1969) which incorporates 

convection and this simplifies to: 

( )2
ln 2

1 2
1

aR F z




− 
= −  

− 
   [4.7] 

Time to full dissolution, is obtained by setting R = 0.  

4.11.1 Application to the dissolution of oleic acid emulsion droplet in water 

The solubility of oleic acid in water is very low. Furthermore, we can assume that  = 0, 

therefore equation [4.7] becomes: 

( )2 1 2ln 2 aR F z= −     [4.8] 
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( )
2
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  [4.9] 

But c = 0: 

( )
2

2
1 2ln 2 a
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ca Dt
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  [4.10] 

Let X represent the fraction of the oil remaining at time t. Note that 

3

o

a
X
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=  
 

  [4.11] 
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Complete dissolution (disappearance) of the droplet corresponds to X = 0. Therefore, 

( ) 2
2ln 2 1a d

s a o

c Dt

c c a

 
= 

− 
   [4.13] 

This can be rearranged to: 

( )

2

2ln 2
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c c a
t

c D

−
=     [4.14] 

Equation 4.12 can be expressed to incorporate td as: 

( )

3

2

2
1 2ln 2 a d

s a o d

c Dt t
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  [4.15] 

Substituting equation [4.14] into equation [4.15] and simplifying becomes: 

3

2

1
d

t
X

t

 
= − 
 

    [4.16] 

Which can be rewritten: 

( )2 31dt t X= −    [4.17] 

Substituting for X using equation [4.11] and simplifying gives: 

( )
2

1d ot t a a = −
     [4.18] 

Substituting equation [4.14] for td in [4.17] results in: 
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( )

( )
( )
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2 31
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The fraction of the active remaining after time t when the radius of the droplet is equal to a 

is: 

( )
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− 
 [4.20] 

The diffusion coefficient for oleic acid in water was estimated using the Scheibel (1954) 

correlation; 

𝐷 = 8.2 × 10−8 𝑇

𝜇
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2
3
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1
3

  [4.21] 

Where, D is the diffusion coefficient (cm2/s); T is the absolute temperature (K); 𝜇 is the 

viscosity of the liquid medium (cP), and Vs and Vw are the molar volumes of oleic acid and 

water respectively (cm3/gmol). Application of equation [4.21] estimated the diffusion 

coefficient of oleic acid in water to be 4.7 × 10-6 cm2s-1 = 4.7 × 10-10 m2s-1. 

Therefore, if a single emulsion droplet, corresponding to a dose amount equivalent to 500 

ppm (if it were to dissolve completely), and if the toxic level amounted to 25 ppm, it 

means that the required level of release that must be reached is X = 0.95. Let’s assume that 

ao = 6 m; ca = 888 ppm (oleic acid solubility); cs = 895 000 ppm (oleic acid density); D = 

4.7 × 10-10 m2s-1. Substitution into equation [4.14], gives the time required to full 

dissolution, td as 55.6 s. Substitution into equation [4.17] gives the time to release the toxic 

amount as just 1.48 s.  

However, the residual bioassay results are clearly not in agreement with the predictions of 

Cable & Frade (1987) model. The emulsion sample only achieved 20 % mortality at one 

week of ageing. The mortality increased rapidly thereafter reaching values exceeding 90 % 

at week three and beyond. Possible reasons for the failure of the model are as follows. 

First, the actual solubility of the oleic acid in water is likely much lower than the estimated 

value of 888 ppm. It means that the much lower value indicated by Vorum et al (1992) 

might be more correct. Secondly, the model did not take into account the surfactant 

surrounding the emulsion droplets. It is possible that it presented a barrier for the migration 

of the oleic acid into the water. Lastly, it was observed that the emulsion rapidly creamed, 

i.e., it accumulated at the top of the water in the container. Water samples for bioassays 
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were collected via a tap located at the bottom of the container, setup in Figure 3.3. This 

means that the oleic acid might not have reached toxic levels at the bottom of the container 

due to the much longer diffusion path.  
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CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS 

Oleic acid was evaluated for its larvicidal potency against An. arabiensis, the principal 

malaria vector in South Africa. Oleic acid, as a free-standing oil, on 3rd and 4th An. arabiensis 

instar had an LC50 of 13 ppm and LC90 of 31 ppm after 48h at the 95% confidence interval. 

This was the first attempt to evaluate the larvicidal potency of oleic acid against An. 

arabiensis at the time this work was done.  

Oleic acid was emulsified using 5 wt.% sorbitan mono oleate as the surfactant. The average 

particle size of the emulsion droplets was 211 ± 80 nm and the zeta potential was −56 ± 10 

mV measured after 4 weeks of ageing. The emulsion was tested in the residual bioassays. 

This was done in glass containers containing 3 L of water. The oleic acid emulsion was dosed 

to a level of 500 ppm. The toxicity was measured using samples removed from the bottom of 

the container. The bioassays showed that mortality developed slowly over time, but mortality 

reached 90 % after 3 weeks and was maintained thereafter. Emulsion release modelling 

indicated that mortality should have developed much faster. There are several potential 

reasons why this was not the case. In particular, the emulsion creamed rapidly forming a 

layer of oil rich phase at the top of the container. This means that the diffusion path for the oil 

to reach the bottom was very long. Other potential reasons for the slow development of the 

expected mortality levels might be found in the low solubility of the oleic acid in water or 

perhaps even be due to the surfactant inhibiting migration of the oil into the water. 

Layered double hydroxide, (LDH) intercalated with oleate anions were also explored as a 

dosage form. The idea was that the oleic acid would be released as the LDH decompose in 

the water. Unfortunately, the bioassay results were even more disappointing. After five 

weeks, the larvae mortality only reached 14 %. Studies on the effect of pH on the dissolution 

of the LDH indicated that the problem was not related to the amount of oleic acid potentially 

released. It is likely that the toxicity of the acid was ameliorated due to insoluble aluminium 

salt formation. This idea is supported by ICP results which showed higher than expected 

ratios of magnesium to aluminium present in the water. 

The two porous carbon matrices also proved ineffective as controlled release reservoirs for 

oleic acid. The bioassay results showed very low mortalities. The likely explanation is that 

the oleic acid was strongly absorbed by the high surface area matrices. 
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Oleic acid is a safe food-based additive which can be obtained at an economical price. It is 

environmentally benign and non-toxic to higher life forms. However, the present bioassay 

results indicate that it is highly toxic to the larvae of the main malaria vector in Southern 

Africa. In this regard, it is effective at very low concentration comparable to the much mor 

expensive essential oils considered for this application. Therefore, it is recommended that 

investigations continue to find effective ways of utilising it as a larvicide.  

This work also showed that activated charcoal and pyrolyzed coffee grounds were able to 

absorb large amounts of liquid. Unfortunately, oleic acid was tenaciously held by these 

vehicles to the extent that they were ineffective for the targeted larviciding application. 

However, they may prove to be effective controlled-release devices for other liquid actives 

that might be more easily released into the environment. It is therefore recommended that 

they be considered for such potential applications. 
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APPENDICES 

Annexure 1: Dilutions and concentrations  

 

Initial solution Aliquot (ml)a Final concentration 

(PPM) in 100 ml % PPM 

1.0 10 000.0 1.0 100.0 

  0.5 50.0 

  0.1 10.0 

    

0.1 1 000.0 1.0 10.0 

  0.5 5.0 

  0.1 1.0 

    

0.01 100.0 1.0 1.0 

  0.5 0.5 

  0.1 0.1 

    

0.001 10.0 1.0 0.1 

  0.5 0.05 

  0.1 0.01 

    

0.0001 1.0 1.0 0.01 

  0.5 0.005 

  0.1 0.001 

    

0.00001 0.1 1.0 0.001 

  0.5 0.0005 

  0.1 0.0001 
a For 200 ml double the volume of aliquots. 
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Annexure 2: Bioassays data recording forms 

Laboratory evaluation of the efficacy of larvicides against mosquito larvae 
 
Experiment No.:     Investigator:      Location:      Treatment date:    
Material:      Formulation:      Temp:       Lighting:     
Species:      Larval instar:       Larvae/cup or vessel:         
Water:   Tap/distilled   Volume of water:        ml   Food:        Date stock made:      
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Insectary supervisor signature:         

 
No. of dead larvae at various conc. (mg/L) post exposure (hr.): 

24 hr 48 hr 

Date Replicate 0.00       0.00       

 1               

 2               

 3               

 4               

                

 5               

 6               

 7               

 8               

                

 9               

 10               

 11               

 12               

                

 Total               

 Ave.               

 % mortality               

LC50 (CL 95 %):                                                                                                                                                 

LC90 (CL 90 %):                                                                                                                                               

LC99:                                                                                                                                                                

Slope:                                             Heterogeneity:                                                                                                               

LC50 (CL 95 %):                                                                                                                                                 

LC90 (CL 90 %):                                                                                                                                               

LC99:                                                                                                                                                                

Slope:                                       Heterogeneity:                                                                                                               
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Annexure 3: Relative humidity of different salts solutions 

 

% Relative Humidity 

Temperature 

(C)  

Lithium 

Chloride 

Potassium 

Acetate 

Magnesium 

Chloride 

Potassium 

Carbonate 

Magnesium 

Nitrate 

Sodium 

Chloride 

Potassium 

Chloride 

Potassium 

Nitrate 

Potassium 

Sulphate 

0 11.23 ± 0.54  33.66 ± 0.33 43.13 ± 0.66 60.35 ± 0.55 75.51 ± 0.34 88.61 ± 0.53 96.33 ± 2.9 98.77 ± 1.1 

5 11.26 ± 0.47  33.60 ± 0.28 43.13 ± 0.50 58.86 ± 0.43 75.65 ± 0.27 87.67 ± 0.45 96.27 ± 2.1 98.48 ± 0.91 

10 11.29 ± 0.41 23.28 ± 0.53 33.47 ± 0.24 43.14 ± 0.39 57.36 ± 0.33 75.67 ± 0.22 86.77 ± 0.39 95.96 ± 1.4 98.18 ± 0.76 

15 11.30 ± 0.35 23.40 ± 0.32 33.30 ± 0.21 43.15 ± 0.33 55.87 ± 0.27 75.61 ± 0.18 85.92 ± 0.33 95.41 ± 0.96 97.89 ± 0.63 

20 11.31 ± 0.31 23.11 ± 0.25 33.07 ± 0.18 43.16 ± 0.33 54.38 ± 0.23 75.47 ± 0.14 85.11 ± 0.29 94.62 ± 0.66 97.59 ± 0.53 

25 11.30 ± 0.27 25.51 ± 0.32 32.78 ± 0.16 43.16 ± 0.39 52.89 ± 0.22 75.29 ± 0.12 84.34 ± 0.26 93.58 ± 0.55 97.30 ± 0.45 

30 11.28 ± 0.24 21.61 ± 0.53 32.44 ± 0.14 43.17 ± 0.50 51.40 ± 0.24 75.09 ± 0.11 83.62 ± 0.25 92.31 ± 0.60 97.00 ± 0.40 

35 11.24 ± 0.22  32.05 ± 0.13  49.91 ± 0.29 74.87 ± 0.12 82.95 ± 0.25 90.79 ± 0.83 96.71 ± 0.38 

40 11.21 ± 0.21  31.60 ± 0.13  48.42 ± 0.37 74.68 ± 0.13 82.32 ± 0.25 89.03 ± 1.2 96.41 ± 0.38 

45 11.16 ± 0.21  31.10 ± 0.13  46.93 ± 0.47 74.52 ± 0.16 81.74 ± 0.28 87.03 ± 1.8 96.12 ± 0.40 

50 11.10 ± 0.22  30.54 ± 0.14  45.44 ± 0.60 74.43 ± 0.19 81.20 ± 0.31 84.78 ± 2.5 95.82 ± 0.45 

55 11.03 ± 0.23  29.92. ± 0.16   74.41 ± 0.24 80.70 ± 0.35   

60 10.95 ± 0.26  29.26 ± 0.18   74.50 ± 0.30 80.25 ± 0.41   

65 10.86 ± 0.29  28.54 ± 0.21   74.71 ± 0.37 79.85. ± 0.48   

70 10.75 ± 0.33  27.77 ± 0.25   75.06 ± 0.45 79.49 ± 0.57   

75 10.64 ± 0.38  26.94 ± 0.29   75.58 ± 0.55 79.17 ± 0.66   

80 10.51 ± 0.44  26.05 ± 0.34   76.29 ± 0.65 78.90 ± 0.77   

85 10.38 ± 0.51  25.11 ± 0.39    78.68 ± 0.89   

90 10.23 ± 0.59  24.12 ± 0.46    78.50 ± 1.0   

95 10.07 ± 0.67  23.07 ± 0.52       

100 9.90 ± 0.77  21.97 ± 0.60       
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Annexure 4: SEM images calcined LDH (a), and LDH-oleate (b)  

(a) 

 

 

(b) 

 

200 nm 

200 nm 
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Annexure 5: SEM images dextrin powder (a), oleic acid in starch with 5 wt.% 

organoclay 

(a) 

 

(b) 

 

100 µm 

10 µm 
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Annexure 6: Complete FTIR spectra of pure oleic acid (OA), neat thermoplastic starch 

and thermoplastic starch with 10 wt.% OA 
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Annexure 7: Statistical analysis, bioassay results of oleic acid as a free-standing oil  
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The R package “drc” was used for analysing the dose response curves (Christian et al, 2015; Ritz & 

Streibig, 2005). 
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Annexure 8: Datasheets of Alcamizer 1, Dellite M3B and Dextrin 

 

KISUMA CHEMICALS BV Tel. +31 598 666 766 

Billitonweg 7 Fax. +31 598 690 792 

9641 KZ Veendam 

P.O. Box 400 support@kisuma.com 

9640 AK Veendam 

The Netherlands 

 

 

 

 

KISUMACHEMICALS 
DATASHEET 

 
ALCAMIZER 1 

 

 
 

 

Features: 

 

Suitable for all resins. High heat stability combined with high transparency and no deterioration of the 

insulating characteristics of PVC. High volume of compounding and good dispersion characteristics. 

No sulfide polution. Good weatherability and high personal safety. 

 

Specified and Typical Properties: 
 

 Typical value General specification  

Appearance Free flowing White powder -  

Molar ratio MgO/Al2O3 4 min 3.7 

max 4.6 

 

Loss on Drying (105C 1 hr) 0.2 max 0.5 w/w% 

Specific Surface Area 8 min 5 

max 20 

m2/g 

Secondary particle size 

Average 

 
> 5 µm 

 
0.7 

 
min 0.5 

max 0.8 

0 

 
µm 

µm 

vol % 

Specific Gravity 2.1 -  

Mohs hardness 2.0 -  

Refractive index 1.50 -  

Temp. of commencing dehydration 185 - 
oc 

Amount of linseed oil absorbed 50 - ml/100g 

 

 

 

 

 
KCBV410/0617 

Mg-Al Hydrotalcite as heat stabilizer in heavy metal 
free PVC stabilizer systems 
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  Additives Business Unit/Plastics 

DELLITE® 43B 
Nanoclay for nanocomposites 

 

DELLITE® 43B is a nanoclay deriving from a naturally occurring montmorillonite 
especially purified and modified with a quaternary ammonium salt (dimethyl 
benzylhydrogenated tallow ammonium). 
DELLITE® 43B is an additive for polymer application, used to improve various 
physical and thermo-mechanical properties. 

 
 

  
- Polyolefins 

- Polyester 

- Polystyrene 

- Ethylene Vinyl Acetate 

- Polyamides 

- Epoxy and acrylic resins 

- Rubbers and Elastomers 

- (...) 
 

 
- Oxygen, CO2 and water vapour barrier 
- Thermal stability 
- Stiffness 
- Melt fracture reduction 
- Solvent/Chemical resistance 
- Weight reduction 
- Fiberglas reduction 
- Rheology control 
- UV transmission 
- Flame retardant and Antidropping 
- (...) 

 

 
 

  DELLITE® 43B 

Colour  off white 

Moisture % 3 (max) 

Loss of ignition weight % 32 – 35 

Particle size (dry) micron 7-9 (medium) 

Particle size after 
dispersion 

nm 1x500 (medium) 

 

Modifier 
 dimethyl 

benzylhydrogenated 
tallow ammonium 

Specific weight g/cc 1.6 

Bulk density g/cc 0.40 

• Thermoplastic Systems 
According to the application the incorporation of 
Dellite® 43B into a thermoplastic system is usually 
carried out as follows: 
a) Adding up to 50% of Dellite® 43B in a masterbatch 

and diluting the master in the final compound 
b) Adding directly the Dellite® 43B to the compound. 

• Thermoset Systems 

The incorporation of Dellite® 43B into a thermoset 
system may be obtained using the following methods: 
a) Mixing the desired amount of Dellite® with the resin. 

Then the curing agent and other additives may be 
added. 

b) Mixing the desired amount of Dellite® with the curing 
agent. Then the resin and other additives may be 
added. 

c) Resin, curing agent and additives are mixed and 
then Dellite® 43B is added. 

 

The typical levels of use are included in the range 1- 5% 
based on total system weight . 

 

Product does not deteriorate in a significant way in a 
twelve months period. 
Storage is advisable in a dry sheltered place in closed 
bags. 
Packing is 25kg net paper bags on wood pallets of 
1200kg each. Different packing is possible if required. 

 
 
 
 
 

All information contained here in is believed to be accurate but is not 
warranted. It doesn’t represent any assurance of properties and fitness for use 

of the product. Above mentioned specifications may be changed without any 

notice. 
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TongaatHulett· 

 
 

Certificate of Analysis 

Stydex White Dextrin 072012 - 25Kg Bag 
 

 
 
 
 
 
Customer 

Customer No 

Order Number 

Material Number 

Delivery item 

Date 

Meyerton Mill 

Johan Le Roux Road,Meyerton,1961 

Phone: 016 3607000 

Fax: 016 3607100 

AN ISO 9001 Certified Company 

TONGAAT HULETT STARCH HO TECH LAB 

110039 

100172 

09.09.2020 

 

Manufacture Date: 

Best Before Date: 

Batch Number 

16.03.2020 

16.03.2022 

M7652 

Approved by Wallie Walther, on 19.03.2020 at 09:48:51 
 

 

Characteristic 

  

Unit 

 

Value 

Lower 

Limit 

Upper 

Limit 

Moisture 
 

% 7.0 
 

7.0 
Blattman Viscosity 20% dbs s 13.0 13.0 18.0 

Grits (150 micron) % 0.0 0.3 

NSR   Pass  

pH  2.7 2.5 3.5 
Solubility % 17.8 10.0 20.0 

Whiteness Index(Colour-Hunte hu 82.4 69.0  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Country of Origin: SOUTH AFRICA. 
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