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SYNOPSIS 

Malaria parasite infects more than 200 million people and about 435 000 succumb to the illness 

annually (WHO, 2019). Victims are mostly young children and pregnant women. It is transmitted 

by the bite of the infected female Anopheles mosquitoes. Indoor protection is provided by bed nets 

and residual spraying of insecticides. Mosquitoes typically bite ankles and feet most of the time 

(93%) whilst in outdoor settings. Long lasting insect-repellent anklets/bracelets/footlets may 

provide a strategy for reducing mosquito bites outdoors in the lower limb regions. This study 

considered long-lasting repellent anklets that may be used for outdoor protection against mosquito 

bites. Experiments were performed to investigate the incorporating of mosquito repellents into the 

thermoplastic polymers, poly(ethylene-co-vinyl acetate) (EVA) and linear low-density 
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polyethylene (LLDPE). Two different mosquito repellents, namely DEET and Icaridin, were 

employed. The target was to develop cost-effective bracelets with long-lasting efficacy, i.e., slow 

release of the active ingredient over extended periods. In this way, it is expected to protect people 

from acquiring mosquito-borne diseases during the time they spend outdoors. The proposed 

concept utilises microporous polymer strands manufactured via conventional plastic extrusion 

processes. The internal open-cell polymer foam structure serves both as a reservoir and a protective 

environment for the active ingredient trapped inside. An outer dense skin layer covering the strands 

may provide the necessary diffusion barrier that controls the release of repellent at effective levels 

over a considerable period. The objective was achieved by phase separation via spinodal 

decomposition (SD), triggered by extruding the molten strands directly into ice-cold water. 

Thermogravimetric analysis (TGA) and solvent extraction confirmed that all of the repellents were 

embedded in the polymer matrices. Scanning Electronic Microscopy (SEM) confirmed the porous 

co-continuous repellent-polymer microstructure. The stability of the polymer matrix was studied 

by estimating the swelling and shrinkage of the polymer matrix. The release of the active ingredient 

in the polymer/repellent system was followed as a function of oven-ageing temperature and time. 

The kinetics of the release rate of the repellent from microporous polymer matrix strands was 

mathematically modelled using semi-empirical models. The performance of the repellent-based 

strands was evaluated using foot-in-cage repellence testing. Finally, an attempt was made to 

predict the phase diagrams of the LLDPE/repellent system on the basis of alkane/repellent systems 

data.  
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The results confirmed that EVA and LLDPE are suitable scaffold matrices, acting as reservoirs, 

for liquid repellents that were released at a constant rate. As expected, the repellent swelled EVA 

more than LLDPE. As a result, it also shrank significantly more when the repellent was released, 

i.e. EVA showed poor dimensional stability compared to LLDPE.  

The semi-empirical repellent release models were found valuable as they provided insights into 

the way that the repellent was being released. They allowed differentiating between diffusion and 

relaxation mechanisms. It was found that repellence efficacy can be maintained for more than 90 

days. Future developments of sandals and anklets based on this approach may assists in preventing 

outdoor mosquito bites, thereby decreasing malaria infection rates. 

Keywords: Malaria, vector control; polymer-repellent solution; spinodal decomposition; 

 

  



 
 
 

v 
 

DEDICATION 
 

 

 

Dedicated to my beloved wife, Evelina Sitoe and my inspirational sons that 

were born during my studies, Jessé and Jonathan Sitoe 

 

  



 
 
 

vi 
 

ACKNOWLEDGEMENTS 

I gratefully thank God Almighty, because “through him, all things were made; without him, 

nothing was made that has been made” - John 1:3.  

I sincerely thank my supervisor, Prof. Walter W. Focke for his patience, guidance and 

encouragement during my studies and throughout my stay at the University of Pretoria.  

I would also like to thank the following people for their assistance: 

Mr Benjamim Mapossa (Compounding and Bioassay testing) 

Prof. Leo Braack (Providing mosquitoes for Bioassay testing) 

Dr Shepherd Tichapondwa (Guidance, encouragement and moral support) 

Mr Joseph Sebekedi (Compounding) 

Prof. James Wesley-Smith (Electron Microscopy analysis) 

Dr Eudri Venter (Scanning Electron Microscopy) 

Ms Erna van Wilpe (Scanning Electron Microscopy) 

Mr Victor (Thermogravimetric analysis) 

Mr Cyril Ndonyane (Providing mosquitoes for Bioassay testing) 

Ms Isbe van der Westhuizen (Thermogravimetric analysis and DSC facilities) 

Mr Robert Tewo (Compounding and Bioassay testing) 

Mr Tatenda Madzorera (Bioassay testing) 

Ms Chanita Sungkapreecha (Thermogravimetric analysis)  

Ms Suzette Seymore (Administration) 



 
 
 

vii 
 

Dr Mthokozisi Sibanda (Experimental discussion) 

Mr Sifiso Skosana (Compounding) 

I am grateful to Deutsche Forschungsgemeinschaft (DFG) (Grant AN 212/22-1) for their financial 

support.  

I would like to extend my sincere gratitude to my parents, José Johane Sitoe and Mariana Salvador 

Tivane and my brothers Nelson Sitoe, Claúdio Sitoe, Ándre Sitoe and my sister Alcília Sitoe, for 

encouraging me and for their moral support. I want to thank my colleagues at Eduardo Mondlane 

University (UEM), Carvalho Madivate, Arão Manhique and Herminio Muiambo, for giving me 

this opportunity to go further with my studies. I would also like to thank my friends Arlindo Wate, 

Óscar Nhabanga, Eutilério Chaúque, Joaquim Simbine, Moisés Matlombe Elísio Macarringue  

Lucréncio Macarringue and Isaias Face. 

  



 
 
 

viii 
 

TABLE OF CONTENTS 

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

SYNOPSIS ..................................................................................................................................... ii 

DEDICATION............................................................................................................................... v 

ACKNOWLEDGEMENTS ........................................................................................................ vi 

TABLE OF CONTENTS .......................................................................................................... viii 

LIST OF FIGURES ................................................................................................................... xiv 

LIST OF TABLES ..................................................................................................................... xix 

LIST OF ACRONYMS AND ABBREVIATIONS .................................................................. xx 

LIST OF SYMBOLS ............................................................................................................... xxiv 

THESIS OUTLINE ................................................................................................................. xxvii 

CHAPTER ONE INTRODUCTION .......................................................................................... 1 

1.1 Background ......................................................................................................................................... 1 

1.2 Hypothesis........................................................................................................................................... 8 

1.3 Research objectives ............................................................................................................................. 9 

1.4 Methodology ..................................................................................................................................... 10 

CHAPTER TWO  LITERATURE REVIEW .......................................................................... 12 

2.1 Infectious tropical diseases ............................................................................................................... 12 

2.2 Control of mosquito-borne disease ................................................................................................... 18 

2.3 Introduction to polymers ................................................................................................................... 21 

2.3.1 Origin and history ...................................................................................................................... 21 

2.3.2 Definitions and classification ..................................................................................................... 22 

2.3.3 Macromolecule polymer chains ................................................................................................. 26 

2.3.4 Skeletal structure of polymers .................................................................................................... 29 

2.3.5 Polymer nanocomposites ........................................................................................................... 31 

2.4 Thermodynamics of solutions ........................................................................................................... 34 

2.4.1 Thermodynamics of ideal solutions ........................................................................................... 34 

2.4.2 Thermodynamic of polymer solutions ....................................................................................... 37 

2.4.3. Solubility parameters ................................................................................................................ 41 



 
 
 

ix 
 

2.4.4 Equilibrium and stability of polymer solutions .......................................................................... 48 

2.4.5 Phase separation of polymer solutions ....................................................................................... 51 

2.5 Microporous polymer preparation .................................................................................................... 55 

2.5.1 Thermally induced phase separation .......................................................................................... 56 

2.6 Controlled-release system from swellable EVA polymer strands .................................................... 58 

2.6.1 Modelling release from swellable EVA polymeric systems ...................................................... 60 

CHAPTER THREE  EXPERIMENTAL ................................................................................. 69 

3.1 Materials ........................................................................................................................................... 69 

3.1.1 Chemicals ................................................................................................................................... 69 

3.1.2 Polymers .................................................................................................................................... 70 

3.1.3 Nanofillers .................................................................................................................................. 70 

3.2 Preparation of the samples ................................................................................................................ 71 

3.2.1 Preparation of mosquito repellent polymer strands without nanofiller ...................................... 71 

3.2.2 Preparation of mosquito repellent polymer strands with nanofiller ........................................... 72 

3.4 Characterising of polymer strands .................................................................................................... 73 

3.4.1 Estimation of repellent trapped by polymer matrix ................................................................... 74 

3.4.3 Polymer swelling and shrinkage ................................................................................................ 76 

3.4.4 Scanning electron microscopy ................................................................................................... 78 

3.5 Repellent release rate studies ............................................................................................................ 78 

3.6 Efficacy studies of the repellent polymer strands ............................................................................. 79 

3.6.1 Ethical considerations ................................................................................................................ 79 

3.6.2 Efficacy studies using foot-in-cage test ..................................................................................... 80 

3.7 Modelling phase behaviour of the LLDPE/repellent systems ........................................................... 84 

3.7.1 Differential scanning calorimetry .............................................................................................. 84 

3.7.2 Hot stage optical microscopy ..................................................................................................... 85 

CHAPTER FOUR  RESULTS AND DISCUSSION ............................................................... 87 

4.1 Characterising of polymer strands .................................................................................................... 87 

4.1.1 Chemical composition of Dellite 43B by X-ray fluorescence ................................................... 87 

4.1.2 Effect of repellent on swelling and shrinkage of the polymers .................................................. 87 

4.1.2 Repellent content of the extruded strands by TGA and solvent extraction ................................ 89 



 
 
 

x 
 

4.1.3 Scanning electron microscopy ................................................................................................... 93 

4.1.4 Micropore image analysis ........................................................................................................ 103 

4.2 Factors affecting the repellent release rate ...................................................................................... 106 

4.3 Repellent stability under processing and ageing conditions ........................................................... 110 

4.4 Modelling for repellent release from EVA strands ......................................................................... 113 

4.5 Repellence testing ........................................................................................................................... 116 

4.5.1 Statistical analysis .................................................................................................................... 118 

4.6 Modelling phase behaviour of the LLDPE/repellent systems ......................................................... 119 

4.6.1 Differential scanning calorimetry ............................................................................................ 119 

4.6.2 Hot stage optical microscopy ................................................................................................... 120 

4.6.3 Phase diagram .......................................................................................................................... 122 

CHAPTER FIVE  CONCLUSIONS AND RECOMMENDATIONS.................................. 126 

REFERENCES .......................................................................................................................... 129 

PUBLICATIONS ...................................................................................................................... 148 

Journal Articles ......................................................................................................................... 148 

Conferences participated in ..................................................................................................... 148 

APPENDICES ........................................................................................................................... 150 

Appendix I: Group contributions ............................................................................................ 150 

Table I.1: Group contributions to F for Small method.......................................................................... 150 

Table I.2: Group contributions to Ecoh and V according to Fedors ....................................................... 151 

Table I.3: Solubility parameter component group contributions (Method of Hoftyzer and Van 

Krevelen)............................................................................................................................................... 154 

Table I.4: Values of increments in Hoy’s system, for the molar attraction function ............................ 155 

Appendix II: Calibration of setting feeder for polymers: EVA and LLDP; and pump feed 

for repellents: DEET and Icaridin; ......................................................................................... 157 

Icaridin .................................................................................................................................................. 157 

DEET .................................................................................................................................................... 158 

EVA ...................................................................................................................................................... 159 

LLDPE .................................................................................................................................................. 160 



 
 
 

xi 
 

Appendix III: Conditions of compounding of the polymer strands impregnated with 

repellent without nanofiller ...................................................................................................... 161 

Table III.1: Conditions of compounding of the EVA strands impregnated with repellent without 

nanofiller ............................................................................................................................................... 161 

Table III.2: Conditions of compounding of the LLDPE strands impregnated with repellent without 

nanofiller ............................................................................................................................................... 162 

Appendix IV: Typical compounder settings, i.e. temperature profiles from hopper to die 

and screw speed used to compound polymer strands ............................................................ 163 

Table IV.1: TX28P extrusion conditions used to compound a composition comprising EVA (60 wt-%), 

fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (30 wt-%). .................................................... 163 

Table IV.2: TX28P extrusion conditions used to compound a composition comprising EVA (50 wt-%), 

fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (40 wt-%). .................................................... 163 

Table IV.3: TX28P extrusion conditions used to compound a composition comprising EVA (60 wt-%), 

fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (30 wt-%). ................................................. 163 

Table IV.4: TX28P extrusion conditions used to compound a composition comprising EVA (50 wt-%), 

fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (40 wt-%). ................................................. 164 

Table IV.5: TX28P extrusion conditions used to compound a composition comprising EVA (75 wt-%), 

Dellite 43B (5 wt-%) and DEET (20 wt-%). ........................................................................................ 164 

Table IV.6: TX28P extrusion conditions used to compound a composition comprising EVA (65 wt-%), 

Dellite 43B (5 wt-%) and DEET (30 wt-%). ........................................................................................ 164 

Table IV.7: TX28P extrusion conditions used to compound a composition comprising EVA (75 wt-%), 

Dellite 43B (5 wt-%) and Icaridin (20 wt-%). ...................................................................................... 164 

Table IV.8: TX28P extrusion conditions used to compound a composition comprising EVA (65 wt-%), 

Dellite 43B (5 wt-%) and Icaridin (30 wt-%). ...................................................................................... 165 

Table IV.9: TX28P extrusion conditions used to compound a composition comprising EVA (65 wt-%), 

fumed silica (5 wt-%) and DEET (30 wt-%). ....................................................................................... 165 

Table IV.10: TX28P extrusion conditions used to compound a composition comprising EVA (55 wt-

%), fumed silica (5 wt-%) and DEET (40 wt-%). ................................................................................. 165 

Table IV.11: TX28P extrusion conditions used to compound a composition comprising EVA (65 wt-

%), fumed silica (5 wt-%) and Icaridin (30 wt-%)................................................................................ 165 

Table IV.12: TX28P extrusion conditions used to compound a composition comprising EVA (55 wt-

%), fumed silica (5 wt-%) and Icaridin (40 wt-%)................................................................................ 166 

Table IV.13: TX28P extrusion conditions used to compound a composition comprising LLDPE (60 wt-

%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (30 wt-%). ............................................. 166 



 
 
 

xii 
 

Table IV.14: TX28P extrusion conditions used to compound a composition comprising LLDPE (50 wt-

%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (40 wt-%). ............................................. 166 

Table IV.15: TX28P extrusion conditions used to compound a composition comprising LLDPE (60 wt-

%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (30 wt-%). ........................................... 166 

Table IV.16: TX28P extrusion conditions used to compound a composition comprising LLDPE (50 wt-

%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (40 wt-%). ........................................... 167 

Table IV.17: TX28P extrusion conditions used to compound a composition comprising LLDPE (75 wt-

%), Dellite 43B (5 wt-%) and DEET (20 wt-%). .................................................................................. 167 

Table IV.18: TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt-

%), Dellite 43B (5 wt-%) and DEET (30 wt-%). .................................................................................. 167 

Table IV.19: TX28P extrusion conditions used to compound a composition comprising LLDPE (75 wt-

%), Dellite 43B (5 wt-%) and Icaridin (20 wt-%). ................................................................................ 167 

Table IV.20: TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt-

%), fumed silica (5 wt-%) and Icaridin (30 wt-%)................................................................................ 168 

Table IV.21: TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt-

%), fumed silica (5 wt-%) and DEET (30 wt-%). ................................................................................. 168 

Table IV.22: TX28P extrusion conditions used to compound a composition comprising LLDPE (55 wt-

%), fumed silica (5 wt-%) and DEET (40 wt-%). ................................................................................. 168 

Table IV.23: TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt-

%), fumed silica (5 wt-%) and Icaridin (30 wt-%)................................................................................ 168 

Table IV.24: TX28P extrusion conditions used to compound a composition comprising LLDPE (55 wt-

%), fumed silica (5 wt-%) and Icaridin (40 wt-%)................................................................................ 169 

Appendix V: Diameter size of strands measured by Mutotoyo Vernier caliper ................. 170 

Table V.1: EVA strands ........................................................................................................................ 170 

Table V.2: LLDPE strands .................................................................................................................... 172 

Appendix VI: Nominal repellent content (in wt-%) and values estimated ......................... 173 

Table VI.1: EVA strands ....................................................................................................................... 173 

Table VI.2: LLDPE strands .................................................................................................................. 174 

Appendix VII: Repellent release data from EVA polymer strands ..................................... 175 

Appendix VIII: Modelling for repellent released from EVA polymer strands ................... 182 

Hill model ............................................................................................................................................. 182 

Weibull model ....................................................................................................................................... 183 

Peppas model (2 factors: Diffusion and Relaxation) ............................................................................ 184 



 
 
 

xiii 
 

Peppas model (general equation) .......................................................................................................... 185 

Appendix IX:  Protection Analysis .......................................................................................... 186 

Repellence test Data .............................................................................................................................. 186 

Parametric analysis of variance............................................................................................................. 189 

ANOVA Models ................................................................................................................................... 191 

Kruskal-Wallis Test .............................................................................................................................. 192 

Analysing pre-post data ........................................................................................................................ 193 

Appendix X: Specification sheets of polymers, fumed silica and Dellite 43B organoclay 

considered in this study ............................................................................................................ 195 

Specification of EVA (760) .................................................................................................................. 195 

Specification of LLDPE (HR411)......................................................................................................... 196 

Specification of Pyrogenic Silica (HDK® N20) ................................................................................... 198 

Specification of Organoclay DELLITE® 43B ..................................................................................... 200 

 

  



 
 
 

xiv 
 

LIST OF FIGURES 

Figure 2.1: Malaria endemic countries in 2000 and their status by 2017 (WHO, 2019). ............ 15 

Figure 2.2: Reported insecticide resistance status as a percentage of sites for which monitoring 

was conducted by WHO region, 2010–2017 (WHO, 2019). AFR, WHO African Region; 

AMR, WHO Region of the Americas; EMR, WHO Eastern Mediterranean Region; EUR, 

WHO European Region; SEAR, WHO South-East Asia Region; WPR, WHO Pacific 

Region. .............................................................................................................................. 21 

Figure 2.3: Classification of polymers ......................................................................................... 24 

Figure 2.4: Skeletal structures representative of (a) linear, (b) branched, (c) crosslinked, and (d) 

network (three-dimensional) molecular structures. Circles designate individual repeat 

units. .................................................................................................................................. 30 

Figure 2.5: Schematic representation of a lattice model of a mixture of solute and solvent 

molecules with the same size (ideal solution)................................................................... 35 

Figure 2.6: Schematic representation of a lattice model of a mixture of solvent molecules with 

polymer molecules showing connectivity of polymer segments (polymer solution). ...... 39 

Figure 2.7: Schematic illustration of the Gibbs free energy-composition phase diagram of the 

polymer solution at different temperatures. On cooling (from T5 to T1) the Gibbs free 

energy shows two minima, which shows that the polymer solution transforms from a one-

phase to a two-phase structure. ......................................................................................... 49 

Figure 2.8: Schematic illustrations of the composition dependence of the Gibbs free energy of 

mixing for polymer solution (top figure) and the corresponding phase diagram with a 

miscibility gap (bottom figure). Line (a) is the phase boundary. Above this line, the 

system is homogeneous and stable. Below this line, there is a metastable region. Line (b) 

is the spinodal. Below this line the system is unstable. The metastable and unstable 

regions constitute the miscibility gap. Within that gap is more favourable for the system 



 
 
 

xv 
 

to separate rather than in one phase. Temperature (Tc) is the upper critical solution 

temperature. At a given temperature (T) the tie line (d) cuts the phase boundary and the 

spinodal at points (1 and 4) and (2 and 3), respectively. In the top figure, line (c) shows 

the change in Gibbs free energy of mixing at a given temperature in respect to 

composition. Segments (12) and (34) correspond to a positive second derivative of Gibbs 

free energy, 𝜕2∆𝐺𝑚𝜕𝜙22 > 0 while segment (23) to a negative one, 𝜕2∆𝐺𝑚𝜕𝜙22 < 0. 

At points (2) and (3) the second derivative of Gibbs free energy is zero, 𝜕2∆𝐺𝑚𝜕𝜙22 =

0. ....................................................................................................................................... 53 

Figure 2.9: Model of the microporous strand showing the liquid core location, the vapour-filled 

microporous region and the outer skin layer that functions as a membrane that limits the 

rate at which the repellent is released. .............................................................................. 61 

Figure 3.1: Mitutoyo Digital Vernier caliper ............................................................................... 73 

Figure 3.2: Radwag Wagi Elektroniczne scale ............................................................................ 75 

Figure 3.3: TA Instruments SDT-Q600 Simultaneous TGA/DSC .............................................. 76 

Figure 3.4: EcoTherm-Labcon forced convection oven .............................................................. 77 

Figure 3.5: A photograph of a treated foot prepared for a foot-in-cage test ................................ 81 

Figure 3.6: A photograph of an untreated foot during the foot-in-cage test. ............................... 82 

Figure 3.7: Photo of the foot-in-cage test .................................................................................... 83 

Figure 3.8: Perkin Elmer DSC 4000 instrument .......................................................................... 85 

Figure 4.1: TGA mass loss traces for DEET, Icaridin, neat polymers and EVA polymer-based 

strands containing 5 wt-% Dellite 43B clay and either 20 or 30 wt-% DEET (a) and 20 or 

30 wt-% Icaridin (b) .......................................................................................................... 90 

Figure 4.2: TGA mass loss traces for DEET, Icaridin, neat polymers and LLDPE polymer-based 

strands containing 5 wt-% Dellite 43B clay and either 20 or 30 wt-% DEET (c) and 20 or 

30 wt-% Icaridin (d). ......................................................................................................... 91 



 
 
 

xvi 
 

Figure 4.3: TGA curves of LLDPE strands initially containing: ( ) 20 wt-% Icaridin and 

loaded with 5 wt-% Dellite 43B organoclay; and ( ) 20 wt-% Icaridin with the absence 

of nanofillers. .................................................................................................................... 93 

Figure 4.4: SEM micrographs of EVA strands impregnated with: (a) 40 wt-% of DEET; and (b) 

40 wt-% of Icaridin. No fillers were added. ...................................................................... 94 

Figure 4.5: SEM micrographs of LLDPE strands impregnated with: (a) 41 wt-% of DEET; and 

(b) 42 wt-% of Icaridin. No fillers were added. ................................................................ 95 

Figure 4.6: SEM micrographs showing the effect of silica and insect repellent type on the 

structure of the internal microporous region of extruded EVA strands. (a) 30 wt-% 

Icaridin; and (b) 30 wt-% DEET. All strands contained 5 wt-% fumed silica. ................ 97 

Figure 4.7: SEM micrographs showing the effect of silica and insect repellent type on the 

structure of the internal microporous region of extruded LLDPE strands. (a) 30 wt-% 

Icaridin; and (b) 30 wt-% DEET. All strands contained 5 wt-% fumed silica. ................ 98 

Figure 4.8: SEM micrographs showing the effect of polymer type on the structure of the internal 

microporous region of extruded strands containing 40 wt-% Icaridin. (a) LLDPE and (b) 

EVA. No fillers were added. ........................................................................................... 100 

Figure 4.9: SEM micrographs showing the effect of insect repellent type and concentration on 

the structure of the internal microporous region of extruded LLDPE strands. (a) 20 wt-% 

DEET; and (b) 30 wt-% DEET. All strands contained 5 wt-% Dellite 43B clay. .......... 101 

Figure 4.10: SEM micrographs showing the effect of insect repellent type and concentration on 

the structure of the internal microporous region of extruded LLDPE strands. (a) 20 wt-% 

Icaridin; and (b) 30 wt-% Icaridin. All strands contained 5 wt-% Dellite 43B clay. ...... 102 

Figure 4.11: The processing scheme of SEM images of microporous polymer strands using 

ImageJ2 software: (a) original SEM image; (b) contrast-enhanced image (converted to 8 

bits image); (c) sharpen, rescaled and random noises eliminated; (d) threshold image 

ready for particle size analysis. ....................................................................................... 104 



 
 
 

xvii 
 

Figure 4.12: Pore area distribution results of microporous micrographs of LLDPE strands 

impregnated by Icaridin (on the left side) and DEET (on the right side) processed using 

ImageJ2 software. ........................................................................................................... 105 

Figure 4.13: Repellent release curves during oven-ageing at 50C. The LLDPE- and EVA-based 

strands contained 5 wt-% Dellite 43B clay and either DEET or Icaridin as a repellent. 106 

Figure 4.14: Effect of concentration of the repellent on release from the EVA strands: (a) DEET 

and (b) Icaridin. The amount of repellent initially incorporated into the EVA strands was: 

( ) 30wt-% and ( ) 20wt-%. Both strands contained 5 wt-% clay. .............................. 107 

Figure 4.15: Effect of nanofiller on repellent release from EVA strands: (a) DEET and (b) 

Icaridin. The EVA strands initially containing: ( ) 30 wt-% repellent and 5 wt-% fumed 

silica; and ( ) 30 wt-% repellent DEET and 5 wt% Dellite 43B clay. ........................... 108 

Figure 4.16: Effect of diameter sizes of EVA-strands on the release of the repellent: (a) DEET 

and (b) Icaridin. ............................................................................................................... 109 

Figure 4.17: Effect of temperature on the release of EVA strands. (a) DEET and (b) Icaridin. 109 

Figure 4.18: Effect of clay quantity on the release of Icaridin from EVA strands. ................... 110 

Figure 4.19: FTIR spectrograms of A. DEET and B. Icaridin before and after compounding. 111 

Figure 4.20: FTIR spectrograms of A. DEET and B. Icaridin before and after mimicking the 

oven-ageing conditions for four months. ........................................................................ 112 

Figure 4.21: Repellent release data from EVA strands fitted with: Hill model; Weibull model; 

Coupling Diffusion and relaxation and Peppas model. .................................................. 115 

Figure 4.22: Bar plot of results of foot-in-cage repellent tests for polymer strands containing 

either DEET or Icaridin as repellents. All the compositions utilised Dellite 43B clay as 

the thickening agent. The strands were aged at 50C in a convection oven and the 

bioassay tests were done every two weeks for up to 12 weeks. ..................................... 118 



 
 
 

xviii 
 

Figure 4.23: Representative DSC crystallisation curves for Eicosane-DEET mixtures obtained at 

different scan rates (1, 2 and 3°C min−1) ........................................................................ 120 

Figure 4.24: Optical micrographs of the phase changes in a binary system containing 30 wt-% 

Eicosane and 70 wt-% Icaridin. In the leftmost picture, the reflexive metal surface at the 

bottom of the hot cell can be seen. .................................................................................. 121 

Figure 4.26: Experimental and predicted phase diagrams of alkanes in Icaridin. ..................... 124 

Figure 4.27: Temperature dependence of the Flory-Huggins interaction parameter for the 

systems alkane-DEET. .................................................................................................... 124 

Figure 4.28: Temperature dependence of the Flory-Huggins interaction parameter for the 

systems alkane-Icaridin. .................................................................................................. 125 

 

  



 
 
 

xix 
 

LIST OF TABLES 

Table 1.1: Natural insect repellents identified for consideration in this study .............................. 5 

Table 1.2: Synthetic insect repellents identified for consideration in this study ........................... 6 

Table 1.3: Criteria for selection of repellents ................................................................................ 7 

Table 2.1: Types and principles of IUPAC Nomenclature of Copolymers (Jones et al., 2009, 

Young and Lovell, 2011) .................................................................................................. 28 

Table 2.2: The equations to be used in Hoy’s system for estimation of the solubility parameter 

and its components ............................................................................................................ 46 

Table 2.3: Diffusional exponent and mechanism of diffusional release from non-swellable 

controlled release systems for different geometries (Siepmann and Peppas, 2011) ......... 65 

Table 3.1: List of chemicals, their properties and suppliers ........................................................ 69 

Table 3.2: TX28P extrusion conditions used for compounding EVA strands ............................. 73 

Table 4.1: Chemical composition in (% oxides) of Dellite 43B organoclay ............................... 87 

Table 4.2: Polymer swelling by repellents expressed in wt.% evaluated at 30C and 50C ....... 88 

Table 4.3: Shrinkage of polymer strands expressed in wt.% evaluated at 50C ......................... 89 

Table 4.4: Nominal repellent content (in wt-%) and values estimated using solvent extraction 

and TGA............................................................................................................................ 92 

Table 4.5: Results of fitting the release of DEET for proposed models at different compositions 

and temperature ............................................................................................................... 113 

Table 4.6: Results of fitting the release of Icaridin for proposed models at different compositions

......................................................................................................................................... 114 

Table 4.7: Results of fitting the release of Icaridin for proposed models at different compositions 

of organoclay .................................................................................................................. 116 



 
 
 

xx 
 

LIST OF ACRONYMS AND ABBREVIATIONS 

3D Three-dimensional 

AFR WHO African Region 

Al 3-14244 Cyclohexanepropionic acid 

Al 3-35765 1-(3-Cyclohexen-1-ylcarbonyl)piperidine 

Al 3-37220 Cyclohex-3-en-1-yl-(2-methylpiperidin-1-yl)methanone 

AMR WHO Region of the Americas 

ANOVA Analysis of variance 

AS Repellent-based EVA strand samples 

ATR Attenuated total reflection 

BEPD 2-Butyl-2-ethyl-1,3-propanediol 

BET Brunauer–Emmett–Teller 

BHT Butylated hydroxytoluene 

BM Repellent-based LLDPE strand samples 

BnBzO Benzyl benzoate 

CAS Chemical abstracts service 

DBP Dibutyl phthalate 

DEET N,N-Diethyl-3-methylbenzamide 

DEPA N,N-diethyl phenylacetamide 

DF Dengue fever 

DFG Deutsche Forschungsgemeinschaft 

DIPS Diffusion induced phase separation 

DMC Dimethyl carbate 

DMP Dimethyl phthalate 

DNA Deoxyribonucleic acid 

DOP Dioctyl phthalate 



 
 
 

xxi 
 

DSC Differential scanning calorimetry 

EA Ethyl anthranilate 

EMR  WHO Eastern Mediterranean Region 

EOs Essential oils 

EUR WHO European Region 

EVA Poly(ethylene-co-vinyl acetate) 

FESEM Field Emission Scanning Electron Microscope 

F-H Flory-Huggins 

FTIR Fourier Transform infrared spectroscopy 

GPC Gel permeation chromatography 

HSP Hansen solubility parameter 

HT-SEC High-Temperature Size Exclusion Chromatography 

Icaridin KBR3023: sec-butyl 2 – (2-hydroxyethyl piperidine -1) carboxylate 

Indalone Butopyronoxyl 

IR3535 Ethyl 3-[acetyl(butyl)amino] propanoate 

IRS                                 Indoor residual spraying 

ITNs Insecticide-treated mosquito nets 

LCST Lower critical solution temperature 

L-L Liquid-liquid 

LLDPE Linear low-density polyethylene 

LLIN Long-lasting insecticide-treated net 

LOI Loss on Ignition 

MA Methyl anthranilate 

Metofluthrin 2,3,5,6-Tetrafluoro-4-(methoxymethyl)benzyl-2,2-dimethyl-3-(prop-1-

en-1-yl)cyclopropanecarboxylate 

MFI Melt flow index 

MGK Repellent 11 4,5a,6,9,9a,9b-hexahydro-1H-dibenzofuran-4a-carbaldehyde 



 
 
 

xxii 
 

MGK Repellent 264 N-octyl bicycloheptene dicarboximide 

MGK Repellent 326 Di-n-propyl isocinchomeronate 

MNDA  N-Methylneodecanamide 

Nepetalactone  4,7-dimethyl-5,6,7,7a-tetrahydro-4aH-cyclopenta[c]pyran-1(4aH)-one 

NICD National Institute for Communicable Diseases 

NIPS Non-solvent induced phase separation 

PIPS Pressure-induced phase separation 

PNC Polymer nanocomposites 

RI Refractive index 

RNA Ribonucleic acid 

Rutgers 612 2-Ethyl-1,3-hexanediol 

SD Spinodal decomposition 

SEAR WHO South-East Asia Region 

SEM Scanning Electron Microscopy 

SIPS Solvent-induced Phase Separation 

S-L Solid-liquid 

TAEPS Thermally assisted evaporation phase separation 

TCB 1,2,4-trichlorobenzene 

TGA Thermogravimetric analysis 

TIPS Thermally induced phase separation 

UCST Upper critical solution temperature 

UK United Kingdom 

UV Ultraviolet 

VA Vinyl acetate 

WHO World Health Organization 

WNV West Nile virus 



 
 
 

xxiii 
 

WPR WHO Pacific Region 

  



 
 
 

xxiv 
 

LIST OF SYMBOLS 
 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 Combinatorial change in entropy of mixing [JK−1] 

Δ𝐺𝑚 Change in Gibbs free energy of mixing [Jmol−1] 

Δ𝐻𝑉 Molar enthalpy of vaporisation [J] 

Δ𝐻𝑚 Change in enthalpy (or heat) of mixing [J] 

Δ𝑆𝑚 Change in entropy of mixing [JK−1] 

Δ𝑇 Lyderson correction [-] 

ϕ2 Volume fraction of solute or polymer [-] 

𝐷𝑓 Diameters after shrinkage process of strands [mm] 

𝐷𝑖 Diameters before shrinkage process of strands [mm] 

𝐸𝐷 Dispersion cohesive energy [-] 

𝐸𝐻 Hydrogen bond cohesive energy [-] 

𝐸𝑃 Polar cohesive energy [-] 

𝐸𝑇 Total cohesive energy [-] 

𝐸𝑐𝑜ℎ Cohesive energy [-] 

𝐺1 Solvent Gibbs free energy [Jmol−1] 

𝐺12 Gibbs free energy for the mixture [Jmol−1] 

𝐺2 Solute or polymer Gibbs free energy [Jmol−1] 

𝑀𝑤  Molar mass [gmol−1] 

𝑁1 Number of solvent molecules [-] 

𝑁2 Number of solute or polymer molecules [-] 

𝑁𝐴 Avogadro constant [mol−1] 

𝑁𝐶 Number of mosquitoes landing on and/or probing the untreated leg [-] 

𝑁𝑇 Number of mosquitoes landing on and/or probing the treated leg [-] 

𝑆𝑅(%) Shrinkage of polymer strands in percentage [-] 



 
 
 

xxv 
 

𝑇𝑏  Boiling temperature [K] 

𝑇𝑐  Critical temperature [K] 

𝑇𝑐𝑙𝑜𝑢𝑑 Cloud point Glass temperature [oC] 

𝑇𝑔 Glass transition temperature [oC] 

𝑇𝑚 Melting temperature [oC] 

𝑊1 Numbers of distinguishable spatial arrangements of the solvent molecules  

𝑊12 Numbers of distinguishable spatial arrangements of the molecules in the mixture 

𝑊2 Number of distinguishable spatial arrangements of the solute molecules  

𝑊𝑓 Weight of the strand after extraction of the repellent [g] 

𝑊𝑖 Weight of the strands before extraction of the repellent [g] 

𝑋1 Mole fraction of solvent [-] 

𝑋2 Mole fraction of solute or polymer [-] 

𝑚0 Weight of dried polymer pellets [g] 

𝑚𝑡 Weight of swollen polymer pellets at time t [g] 

𝑛1 Number of moles of solvent [mol] 

𝑛2 Number of moles of solute or polymer [mol] 

𝑝𝐻 Scale of acidity [-] 

𝛿1 Solubility parameter of solvent [J1/2.m−3/2] 

𝛿2 Solubility parameter of solute or polymer [J1/2.m−3/2] 

𝛿𝐷 Dispersion interactive (London) force [J1/2.m−3/2] 

𝛿𝐻 Hydrogen bond forces [J1/2.m−3/2] 

𝛿𝑃 Dipole-dipole interactive forces [J1/2.m−3/2] 

𝛿𝑇 Hansen or total solubility parameter [J1/2.m−3/2] 

𝜒𝐻 Entropic component of χ [-] 

𝜒𝑆 Enthalpic component of χ [-] 

𝜒𝑐 Critical Flory-Huggins polymer-solvent interaction parameter [-] 



 
 
 

xxvi 
 

𝜙1 Volume fraction of solvent [-] 

𝜙2𝑐 Critical composition [-] 

𝜙𝟐
′  or 𝜙2

𝛼 Volume fraction in the polymer poor phase [-] 

𝜙𝟐
′′ or 𝜙2

𝛽
 Volume fraction in the polymer-rich phase [-] 

n Shape parameter [-] 

𝐸(%) Estimated repellent amount in mass per cent [-] 

𝐹 Molar attraction constant [-] 

𝑃 Constant pressure [kPa]  

𝑅 Universal gas constant [JK−1.mol−1] 

𝑆 Entropy [JK−1] 

𝑆(%) Estimated polymer matrix swelling by repellents in percentage [-] 

𝑇 Absolute temperature [K] 

𝑉 𝑜𝑟 𝑉𝑚 Molar volume of the mixture [m3] 

𝑋(𝑡) Time-dependent repellent released [g]  

𝑋(𝑡) Total amount of repellent released [%] 

𝑎 Entropic component of χ [J] 

𝑏 Enthalpic component of χ [JK−1] 

𝑘 Kinetic rate constant [-] 

𝑝(%) Protection in percentage [-] 

𝑡 Time [days] 

𝑥 Total number of segments in a polymer chain [-] 

𝒌 Boltzmann constant [JK−1] 

𝒏 Diffusional exponent [-] 

𝜌 Mass density [gcm−3] 

𝜏 Dimensionless time constant/ scale parameter [-] 

 

  



 
 
 

xxvii 
 

THESIS OUTLINE 

In total, the thesis comprises of five chapters and references. Appendices are also included. 

An introduction to the study, as well as a description of the novel product and methodology used 

in the present work are given in Chapter One.  

Chapter Two introduces polymers, polymer solutions, polymer nanocomposites (PNC) and 

microporous structures as well as their preparation and application. In addition, a description of 

tropical diseases is provided. The weaknesses of the current vector control focused on malaria are 

discussed. The chapter introduces the reader to different methods of preparing microporous 

polymer structures. However, the emphasis is on the thermal-induced phase separation (TIPS) 

method, as it was the method used. A new product concept is presented to address the weakness(es) 

mentioned above in the fight against malaria. The principle of controlled-release technology and 

the mathematical model for repellent release from the new product are also presented. 

Chapter Three outlines the experimental design and presents the raw materials and the instruments 

that were implemented in the laboratory work. The methods and procedures followed in the 

laboratory are also described in this chapter. It describes how the polymer strands were produced 

and characterised. 

The results are presented and discussed in Chapter Four. The following aspects are dealt with: 

• The effect of the nanofiller (fumed silica and clay) as well as the type and concentration of 

repellent in the microporous polymer structure; 
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• The morphology of the microporous polymer strands as revealed through micrographs; 

• The swelling of the polymer matrix by repellents and shrinkage of polymer strands; 

• The time-dependent release of the repellents from microporous matrices and its 

mathematical modelling. This includes the different factors (temperature, polymer, nature 

and concentrations of repellent, the diameter of strand and nanofiller) that affected the 

release of the repellent from the microporous polymer matrix; 

• The repellency bioassay results of the polymer strands; and 

• The modelling of the phase behaviour of polymer/repellent systems. 

Chapter Five summarises the key findings of the study together with recommendations. 

The Reference section provides a record of the literature consulted during this study, which was 

also used to elucidate the findings of the study. 

Additional relevant information and data are given in the Appendices. 
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CHAPTER ONE 

INTRODUCTION 

1.1 Background 

The human capacity to deal with infectious diseases has seen tremendous advancements in recent 

decades. Even so, some infectious diseases have managed to cope with these medical and scientific 

developments. Although medical progress has been made and modern response systems are 

constantly being designed, developed and improved, humanity is nonetheless continually 

confronted with new and re-emerging diseases. Mosquitoes and arthropods, distributed worldwide 

but mostly found in tropical and sub-tropical areas, are the usual disease transport vectors 

responsible for infectious diseases (Rivero et al., 2010, Morens and Fauci, 2016, Murugan and 

Sathishkumar, 2016). 

Mosquitoes are one of the most dominant disease-causing vectors and are one of the most fatal 

animals in the world. Every year, mosquitoes cause millions of deaths due to their capacity to carry 

and transmit a variety of diseases. Dengue, chikungunya, yellow fever and Zika are transmitted to 

humans by the female Aedes aegypti mosquito, while malaria and West Nile Virus (WNV) are 

transmitted by Anopheles spp and Culex spp, respectively. The most dreaded mosquito-borne 

disease is malaria, which caused 435 000 deaths globally in 2017 alone (WHO, 2019). More than 

50% of the population of the world live in regions where it is nearly impossible to eliminate 

mosquitoes. Therefore, sustainable mosquito controls using novel interventions are necessary to 
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avoid outbreaks of these diseases (Winstanley, 2001, Tiwary et al., 2007, Benelli, 2016, Murugan 

and Sathishkumar, 2016, WHO, 2019). 

Due to the high cost involved, countries with limited resources are discouraged from using 

topically-applied repellents on exposed body areas (DEET in most cases) and from wearing cloths 

impregnated with insecticides to reduce mosquito bites while outdoors. However, essential oils 

(EOs) like citronella oil extracted from plants that are used as insect repellents have high volatility 

that limits their use in topical formulations. The use of these EOs could potentially be a cost-

effective solution (Fradin and Day, 2002, Cisak et al., 2012, Van Zyl, 2016).  

In impoverished tropical and sub-tropical countries, a two-pronged approach is always used in the 

effort to control malaria. The first is parasite control by means of diagnosing malaria parasite and 

treating infected people as well as intermittent preventive therapy in pregnant woman, and the 

second is vector control by means of indoor residual spraying (IRS) of insecticides as well as the 

use of long-lasting insecticide-treated bed nets (LLINs).  

The over-reliance on parasite control and vector control using the approaches outlined above has 

resulted in many reports expressing concerns about the current situation of drug and insecticide 

resistance, as well as environmental concerns regarding malaria control and the need to explore 

new tools and new strategies (Hemingway et al., 2006, Pang et al., 2009, Rivero et al., 2010, David 

et al., 2013, Benelli et al., 2015, Benelli, 2016, Benelli and Mehlhorn, 2016, Molla, 2016, Ranson 

and Lissenden, 2016, Yewhalaw and Kweka, 2016). Strategies for vector control are further 

compromised by the fact that no convincing mechanism exists anywhere in the world for reducing 
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mosquito bites outdoors in impoverished rural communities living in tropical and sub-tropical 

areas, where malaria incidences are high. Introducing new approaches or tools in the armoury to 

combat mosquito-borne diseases would represent a major contribution to the improvement in 

public health and human well-being in the most affected areas of the world, where development 

continues to be held back by the simple inability to prevent mosquito bites and where infectious 

diseases have made headway. 

The main malaria vectors are attracted by the smell of short-chain fatty acids (which smell like 

Limburger cheese) produced by bacteria living mainly on the human foot. As a result, malaria 

mosquitoes prefer to bite the ankle area (Knols and De Jong, 1996, Knols, 1996, Knols et al., 1997, 

Dekker et al., 1998). 

A recent study conducted to analyse the mosquito bite behaviour of the mosquito’s main malaria 

vector showed that approximately 93% of bites occur on the ankles and feet, whether people are 

seated or standing. The study also showed that if feet and ankles are covered or protected in some 

way, the mosquitoes do not feed but rather search for alternative hosts whose ankles or feet are not 

covered. Importantly, it was also found that mosquitoes biting ankles and feet are related to the 

height above ground level, and not to a specific body part (Braack et al., 2015). 

Therefore, a long-life, repellent-impregnated polymer product (anklets or sandals) may possibly 

help to reduce mosquito bites at ground level. The repellent would have to be incorporated in a 

thermoplastic polymer, poly(ethylene-co-vinyl acetate) (EVA) and linear low-density 
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polyethylene (LLDPE). It could be possible to make the products cost-effectively with a 

conventional plastic extrusion process. 

It would be possible to trap large amounts of repellents in microporous matrices. Such reservoirs 

can be obtained by controlled phase separation of polymer solutions. Thermally induced phase 

separation is a possible route to trap liquid mosquito repellent in a polymer matrix, where phase 

separation can initiate in unstable regions by spinodal decomposition (SD) mechanisms forming 

interconnections with uniform structures (Castro, 1981, Lloyd et al., 1990, Song and Torkelson, 

1995, Wenjun et al., 1995, Li et al., 2006, Chen et al., 2007, Kim et al., 2016, Liu et al., 2016). 

The idea proposed is to use thermally induced phase separation (TIPS) as a route to trap liquid 

mosquito repellent in a polymer matrix. Here, non-soluble repellent in the polymer matrix at 

ambient temperature will be used. Trapping of such repellents in the polymer matrix can be 

achieved by SD of the polymer-liquid repellent system. At sufficiently high-temperatures, a 

homogeneous solution is formed and rapid cooling of such solution to well below the upper critical 

solution temperature leads to the formation of co-continuous phase structure. The polymer then 

forms an open-cell structure with the repellent trapped inside. The repellents considered in this 

study are listed in Table 1.1 and Table 1.2 below. 
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Table 1.1: Natural insect repellents identified for consideration in this study 

Repellent 

p-menthane-3,8-diol (Citriodiol) 

Citronella oil 

Neem oil 

Birch oil 

Limonene 

Lippia javanica essential oil 

Catnip (Nepeta) oil 

Clove oil 
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Table 1.2: Synthetic insect repellents identified for consideration in this study 

Repellent  

DEET N,N-Diethyl-3-methylbenzamide  

Icaridin 1-piperidinecarboxylic acid 2-(2-hydroxyethyl)-1-methylpropylester 

IR3535 Ethyl 3-[acety(butyl)amino] propanoate  

MGK Repellent 11 4,5a,6,9,9a,9b-hexahydro-1H-dibenzofuran-4a-carbaldehyde  

MGK Repellent 264 N-octyl bicycloheptene dicarboximide  

MGK Repellent 326 Di-n-propyl isocinchomeronate  

MNDA N-Methylneodecanamide  

Al 3-35765 1-(3-Cyclohexen-1-ylcarbonyl) piperidine  

Al 3-37220 Cyclohex-3-en-1-yl-(2-methylpiperidin-1-yl) methanone  

Rutgers 612 2-Ethyl-1,3-hexanediol  

Indalone Butopyronoxyl  

MA Methyl anthranilate 

EA Ethyl anthranilate 

BEPD 2-Butyl-2-ethyl-1,3-propanediol 

Al 3-14244 Cyclohexanepropionic acid 

Metofluthrin 2,3,5,6-Tetrafluoro-4-(methoxymethyl)benzyl-2,2-dimethyl-3-(prop-1-

en-1-yl)cyclopropanecarboxylate 

Nepetalactone 4,7-dimethyl-5,6,7,7a-tetrahydro-4aH-cyclopenta[c]pyran-1(4aH)-one 

DMP Dimethyl phthalate  

DBP Dibutyl phthalate  

DOP Dioctyl phthalate  

DMC Dimethyl carbate  

BnBzO Benzyl benzoate 

DEPA N,N-diethyl phenylacetamide  
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Table 1.3 lists the criteria that should be considered in the development of a polymer/repellent 

system. 

Table 1.3: Criteria for selection of repellents 

Selection criteria  Comment 

Efficiency to repel 

mosquitoes 

 The repellents will be tested regarding their ability to inhibit 

mosquito attraction to a host. 

Volatility  An effective repellent will be the least volatile and offer long-lasting 

protection. Volatility is usually associated with vapour pressure and 

also the contribution of the diffusivity in the air.  

Thermal stability  Thermal stability is required to withstand polymer processing 

temperatures often exceeding 180°C. 

Toxicity and 

acceptance 

 Repellent must not be toxic to humans, be odourless or with a 

pleasant or annoyance odour and with non-effect to the skin, clothes, 

etc. A natural repellent will be preferred compared to synthetic 

repellents.  

Costs  Repellents need to be cost-effective to make the final product 

affordable to poor nations and rural communities where mosquito-

borne diseases are most prevalent 

Phase behaviour  At room temperature, solid repellents will be easier to formulate into 

long-life controlled release polymer systems than liquid. Repellents 

must be non-soluble in the polymer matrix at ambient temperature. 

 

The aim of this study was to develop technology and repellent-impregnated polymer products 

(anklets or sandals) that act as reservoirs for mosquito repellents, which efficiently and optimally 

release the repellent into the environment at a controlled rate. This will reduce the frequency of 
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mosquito bites on humans and would have the potential to become a new tool for malaria control, 

especially in outdoor conditions.  

Incorporating a membrane-like structure on the surfaces of the open-cell polymer-repellent system 

could help to control the repellent-release rate. If necessary, the permeability of the polymer 

membranes with respect to particular repellent can be adjusted by the membrane thickness, the 

polymer chemistry and the addition of clay nanofillers. 

It is important to note that ethical clearance was required for the study. This was due to the use of 

laboratory bioassays of the product, i.e. foot-in-cage repellence testing. 

If successful, these products will not only be effective against malaria-transmitting mosquitoes but 

will also reduce the biting frequency of different types of mosquitoes transmitting other diseases. 

This, in turn, will contribute to the improvement of the public health and social well-being of the 

population overall, thereby making a significant difference in reducing incidences of disease. 

1.2 Hypothesis 

The premature loss of effectiveness of repellent active ingredients that are currently used in malaria 

vector control for mosquito outdoor biting is due to their high volatility. The aim of this study was 

to develop technology and repellent-impregnated polymer products (anklets or sandals) that will 

act as reservoirs for mosquito repellents, which efficiently and optimally release the repellent to 

the environment at a controlled rate. The target was to reduce mosquito bites on humans, thereby 

providing a new tool for malaria control, especially in outdoor settings. In this regard, the following 

hypotheses have been investigated: 
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• Large amounts of repellent can be trapped inside a microporous polymer matrix; 

• The required microporous scaffold can be generated by SD of a homogeneous repellent-

containing polymer melt. This can be achieved by direct extrusion of the exiting melt into 

ice-cold water to facilitate rapid cooling; 

• Incorporating an outer skin membrane layer can control the repellent release to low values 

that will provide long-term repellence efficacy (> six months); and 

• Both stiff and flexible polymer matrices are possible. 

 

1.3 Research objectives 

(1) To determine the swelling of the polymer by the liquid repellents and the shrinkage of polymer 

matrix strands after complete release of repellents; 

(2) To estimate the phase diagrams of the LLDPE/repellent system using the model systems of 

alkane/repellent systems;  

(3) To prepare repellent-containing strands by melt-compounding and extrusion. Induce phase 

separation by SD to generate the required open-cell scaffold structures; 

(4) To characterise the core microporous structure of the polymer/repellent system; 

(5) To estimate and optimise the release rate of the active ingredient in the polymer/repellent 

system as a function of oven-ageing temperature and time; 

(6) To evaluate the amount of repellent trapped by microporous polymer matrix strands by 

thermogravimetric analysis (TGA) and solvent extraction methods; 
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(7) To mathematically model the kinetics of the release rate of the repellent from microporous 

polymer matrix strands; 

(8) To test effectiveness of mosquito repellent products using the foot-in-cage test (bioassays). 

 

1.4 Methodology 

The research methodology will include the following activities: 

(a) Determine the swelling of the polymer by DEET and Icaridin and the shrinkage of polymer 

matrix strands after complete release of DEET and Icaridin; 

(b) Formation of open-cell micro-structures via SD by extrusion process into ice-water. TGA and 

solvent extraction will be used to estimate the quantity of repellent trapped and Scanning 

Electron Microscopy (SEM) to confirm the microporous structure formed;  

(c) The release rate of the active ingredient will be studied using a convection oven, changing the 

temperature profile of the oven, type and concentration of the repellent, type of polymer, 

adding different types of nanofiller (silica and organoclay) as well as the concentration; 

(d) The data used to model phase behaviour thermodynamically of alkanes/repellent systems will 

be obtained by differential scanning calorimetry (DSC) and hot stage microscopy. Alkanes 

represent different molar mass components [Hexadacane (C16), Eicosane (C20) and 

Tetracontane (C40)]. Finally, the modelled systems of alkanes/repellent will be used to predict 

the phase equilibrium of LLPDE-repellent systems; 

(e) The models describing the release rate kinetics will be evaluated; 
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(f) For repellent efficacy of the product, bioassays tests will be carried out in foot-in-cage tests 

over a period of 12 weeks. Statistical analysis will be used to check the reliability of the results.
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CHAPTER TWO  

LITERATURE REVIEW 

2.1 Infectious tropical diseases 

Many infectious diseases are transmitted by vectors. Most of the vectors are bloodsucking 

organisms and they include flies, ticks, fleas, aquatic snails and mosquitoes. The latter has, for 

centuries, been the origin of diverse illnesses affecting humans. Female mosquitoes require protein 

for reproduction and get it from the blood of host animals. The different species target different 

vertebrate host. Some mosquitoes are highly specific with respect to their choice of host species 

(Reiter, 2001, Tolle, 2009, Petersen et al., 2013, Murugan and Sathishkumar, 2016). The 

transmission occurs when the female mosquito consumes disease-producing microorganisms 

along with blood ingestion from an infected host and passes it to another host in a subsequent 

bloodsucking act (Tolle, 2009, Murugan and Sathishkumar, 2016).  

Mosquitoes can be found all over the world except in areas enduringly or continuously frozen. 

Around the world, the tropical and subtropical zones are greatly affected by mosquito-borne 

diseases (Reiter, 2001, Tolle, 2009). 

Mosquitoes are inevitably connected to water sources in their first life stage (larvae). 

Consequently, mosquito-borne disease is intrinsically correlated to the presence of water 

(freshwater or brackish water) (Norris, 2004, Murugan and Sathishkumar, 2016). Human activities 

can change the environment, such that it alters mosquito reproduction habitats. Beyond climate 

change, human activities and their impact on ecology are significant factors increasing the 
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transmission scale and expanding geographic areas of mosquitoes borne diseases (Martens and 

Hall, 2000, Reiter, 2001, Norris, 2004, Iturbe-Ormaetxe et al., 2011, Patel et al., 2011, Kouadio et 

al., 2014).  

There are numerous infectious diseases caused by mosquitoes but those responsible for the most 

deaths worldwide are malaria, dengue, and chikungunya (Murugan and Sathishkumar, 2016). 

Malaria is considered a very old human affliction. It continues to be the dominant infectious 

tropical disease, in spite of the major progress in malaria control during the past few decades. 

There are different ways in which malaria can be spread. However, virtually all malaria cases 

derive from the bite of infected female Anopheles mosquitoes. Malaria is caused by parasites that 

are transmitted to humans through the blood-feeding of an infected mosquito. Malaria is 

considered to be the most serious parasitic illness in humans. Among the five parasites species that 

can transmit malaria, Plasmodium falciparum and Plasmodium vivax are the most dangerous, 

causing the vast majority of deaths. The former is responsible for malaria prevalence in Africa and 

deaths globally while the latter is the dominant parasite in most countries outside Africa 

(Winstanley, 2001, Tolle, 2009, Cowman et al., 2016, Molla, 2016, Selvaretnam et al., 2016, 

WHO, 2019). 

In 2017, almost 219 million cases of malaria occurred globally, with 435 000 deaths (WHO, 2019). 

Although there were an estimated 20 million fewer malaria cases in 2017 than in 2010, data for 

the period 2015–2017 highlight that no significant progress in reducing global malaria cases was 

made in this timeframe. Most malaria cases in 2017 were in the WHO African Region (200 million 
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or 92% of global cases), followed by the WHO South-East Asia Region with 5% of the cases and 

the WHO Eastern Mediterranean Region with 2%. Fifteen countries in sub-Saharan Africa plus 

India carried almost 80% of the global malaria burden. Five countries accounted for nearly half of 

all malaria cases worldwide: Nigeria (25%), the Democratic Republic of the Congo (11%), 

Mozambique (5%), India (4%) and Uganda (4%). 

Although the WHO African Region was home to the highest number of malaria deaths in 2017, it 

also accounted for 88% of the 172 000 fewer global malaria deaths reported in 2017 (when 

compared with 2010) (Figure 2.1). Nearly 80% of global malaria deaths in 2017 were concentrated 

in 17 countries in the WHO African Region plus India. Seven of these countries accounted for 

53% of all global malaria deaths: Nigeria (19%), Democratic Republic of the Congo (11%), 

Burkina Faso (6%), United Republic of Tanzania (5%), Sierra Leone (4%), Niger (4%) and India 

(4%). Approximately 61% of global deaths are estimated to have occurred in children under 5 

years of age (WHO, 2019). 
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 Figure 2.1: Malaria endemic countries in 2000 and their status by 2017 (WHO, 2019). 

Dengue is also a mosquito-borne disease. Dengue is caused by a virus, which is mainly transmitted 

by the bite of infected female mosquitoes of the species Aedes aegypti and Aedes albopictus. The 

disease is spread throughout the world but commonly found in tropical and sub-tropical regions. 

It infects between 50-100 million people each year. It is estimated that 40% of people residing in 

tropical and sub-tropical regions of Africa, America, and Asia are at risk of infection (Lai et al., 

2017, Beltrán-Silva et al., 2018). Although dengue has no particular treatment, early diagnosis and 

suitable treatment can nevertheless reduce the fatality rate (Gubler, 1997, Reiter, 2001, Favier et 

al., 2006, Tolle, 2009, Monath et al., 2016, Selvaretnam et al., 2016). Dengue has turned into a 

principal global public health problem in those areas with an impact on the paediatric and 

adolescent population. As a result, in many countries, it is one of the principal origins of paediatric 

hospitalisation. Dengue has been considered one of the relevant resurgent infectious tropical 
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diseases with an increasing geographical distribution of the mosquito vector, as well as the viruses 

(Tolle, 2009, Monath et al., 2016, Lai et al., 2017).  

Chikungunya is a viral infection transmitted by female A. aegypti and A. albopictus mosquitoes. It 

causes an acute febrile infection that results in painful joint symptoms that can continue for years. 

Infection by the chikungunya virus was recorded for the first time in Tanzania in 1952 and isolated 

in 1953 after an epidemic period. Chikungunya means “bent walk” in Makonde or Swahili, 

referring to the manner in which the patient walks. It occurs widely in tropical and sub-tropical 

areas of Asia, recently in America and Africa but it is considered to have originated from Africa 

(Pialoux et al., 2007, Weaver and Lecuit, 2015, Kimani et al., 2016, Madariaga et al., 2016, 

Morens and Fauci, 2016, Murugan and Sathishkumar, 2016). 

Yellow fever was identified initially as a viral infection in 1900; it has also been considered a 

major public health problem in the last two centuries. It is transmitted principally through the bite 

of infected female A. aegypti mosquitoes. It is distributed in tropical areas of Africa and South 

America and has been recorded in more than 57 countries. The outbreaks of yellow fever have 

reached high percentages, namely a 75% fatality rate in hospitalised cases (Monath and 

Vasconcelos, 2015, Burki, 2016, Monath et al., 2016, Kraemer et al., 2017). 

WNV is a mosquito-borne infection that is extensively distributed in many of the temperate and 

tropical parts of the world such as Australia, the Middle East, southwestern Asia, Africa, and 

western Russia. Historically, some occasional fatal epidemic outbreaks occurred in western Asia, 

the Middle East and Africa. There are many routes of WNV infection to humans but the most 
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common is by the bite of a female Culex mosquito which previously bit an infected bird. The WNV 

was isolated for the first time in a district of Uganda from the infected blood of a woman and later 

in Egypt from different animals and humans (Hubálek and Halouzka, 1999, Sampathkumar, 2003, 

Petersen et al., 2013, Coffey and Reisen, 2016, Grubaugh and Ebel, 2016, Soni et al., 2016). 

Lymphatic filariasis (elephantiasis) is a neglected parasitic tropical disease transmitted by different 

kinds of mosquito species such as Culex, Anopheles, and Aedes. Due to its broad geographical 

distribution and the irreversible disfigurement caused by lymphatic injury, it is becoming a 

severely troubling public health issue. It occurs widely in Asia and Africa, mainly in regions with 

a low socioeconomic development standard. Lymphatic filariasis is reported in 83 countries and 

infects over 120 million people. This results in disfigurement and incapacitation of about 40 

million people (Bockarie and Rebollo, 2016, Netto et al., 2016, Kushwaha et al., 2017, Ndeffo-

Mbah and Galvani, 2017). 

Zika is a viral disease transmitted to humans mainly by female Aedes mosquitoes. It was 

discovered in 1947 in Uganda. The nature of the infection changes with the geographic range 

expansion. There are reports of possible transmission of Zika virus from mothers to unborn 

children, resulting in microcephaly. Such cases make the Zika virus another huge public health 

problem. Among 39 countries with active transmission of the Zika virus, Brazil has the largest 

number of reported cases ranging from about 500 000 to 1500 000 (Fauci and Morens, 2016, 

Kindhauser et al., 2016, Riou et al., 2017, Beltrán-Silva et al., 2018). 
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The diseases outlined above are examples of some infectious tropical diseases caused by 

mosquitoes that afflict many people in tropical and sub-tropical regions in the world. However, 

their impact is most intense in Africa, causing serious economic and social consequences in human 

productivity, education and development. In the following paragraphs, mosquito-borne disease 

control will be described.  

2.2 Control of mosquito-borne disease 

Millions of people die each year from diseases caused by mosquito bites. Among all the members 

of the genera Aedes, Anopheles and Culex are the most important carriers of the parasites or viruses 

to human. Each of mosquito species has different ecological niches, breeding in different places 

(some in small shaded pools of water such as in tree-holes, on moist soil, leaf-axils, footprint pools; 

others at the edges of rivers; others on surface stagnant water, others in salty water; others only 

freshwater) and they bite at different times of the day. Some prefer forest regions, some open 

savannah, some prefer to come indoors to bite, while others only bite outdoors. Therefore, it has 

been difficult to find one single strategy to control these different types of mosquitoes. However, 

some strategies can be based on the mosquito’s life cycle (Miller, 2001, Reiter, 2001, Norris, 2004, 

Benelli, 2016). 

Relatively little effort by health institutions has gone into directed control towards mapping and 

reducing breeding areas near domestic dwellings (e.g. ensuring no empty tins lying around that 

contain water, eliminating or treating pails or tubs of standing water, ensuring no standing water 

in plant pots, no surface rain-water pools, etc.). 
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The use of insecticide-impregnated clothes and topically applied repellent substances on exposed 

body areas are the only strategies for reducing mosquito bites outdoors. The repellents that are 

currently in use are either synthetic or from natural sources like EOs. Topical formulations 

containing N,N-Diethyl-m-toluamide (DEET) are used in most cases, owed to its high efficacy and 

long-lasting protection. However, protection time depends on the concentration and can only last 

for few hours. The other available synthetic repellents, such as IR3535, proved to have inferior 

residual efficacy compared to DEET - even in low concentrations. The necessity of applying 

expensive repellents over and over and at elevated concentration means that the formulations are 

entirely directed at wealthier urban components and of little use to rural people in poor tropical 

areas. The natural repellents (e.g. citriodiol and citronellal) extracted from plants are another 

possibility to reduce mosquito bites. In addition, they have limited application in formulation due 

to high evaporation rates (Fradin and Day, 2002, Cisak et al., 2012, Debboun and Strickman, 2013, 

Van Zyl, 2016). 

Malaria control efforts rely almost exclusively on parasite control by way of detection and 

treatment of infected people, intermittent preventive therapy in pregnant women, biological control 

and vector control. What is perturbing, however, is the fact that malaria parasites show increasing 

resistance to the current generation of first-line drugs based on Chloroquine, Primaquine, Quinine 

and Artemisinin. This drug resistance is spreading to different countries. It seems that the 

resistance to drugs makes malaria treatment inactive even faster than new alternative drugs can be 

discovered. This is the pattern that has been observed repeatedly over the past half-century, where 

every generation of new anti-malaria drug initially creates great hope but soon fails. Although 
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some scant examples of new and effective drugs can be found, they are not affordable to rural 

people in impoverished tropical countries, especially in Africa. Currently, there is no obvious new 

and inexpensive drug identified for mass production to replace the Artemisinin-based treatment 

drugs. It simply means that this leg of the malaria control strategy is being compromised and will 

become sub-optimal (Winstanley, 2001). A malaria vaccine remains the Holy Grail, the “Magic 

Bullet” that will hopefully achieve malaria control, but despite well-funded international research 

on the subject for several decades, an effective vaccine remains elusive. 

Biological control consists of the use of genetically modified species of mosquitoes and larvicides 

in the breeding sites. Although this is environmentally clean, its use on a large scale is 

inconvenient. It needs constant mediation and can be expensive in urban areas (Miller, 2001, 

Sumroiphon et al., 2006, Atkinson et al., 2007, Tiwary et al., 2007, Chowdhury et al., 2008, 

Alphey et al., 2010, Iturbe-Ormaetxe et al., 2011, Ricci et al., 2011, Maciel-de-Freitas et al., 2012, 

Ricci et al., 2012, Gabrieli et al., 2014). 

Vector control is the single biggest method for controlling malaria but relies entirely on indoor 

residual spraying (IRS) of insecticides and use of LLINs. They both completely rely on the 

malaria-transmitting mosquitoes to venture indoors to come into contact with the insecticides. In 

addition, environmental concerns are increasing, and widespread resistance is being reported 

(Figure 2.2). Furthermore, no new insecticides are on the horizon (McCarroll et al., 2000, 

Hemingway et al., 2006, David et al., 2013, Debboun and Strickman, 2013, Ranson and Lissenden, 

2016). 
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Figure 2.2: Reported insecticide resistance status as a percentage of sites for which monitoring was 

conducted by WHO region, 2010–2017 (WHO, 2019). AFR, WHO African Region; AMR, WHO Region 

of the Americas; EMR, WHO Eastern Mediterranean Region; EUR, WHO European Region; SEAR, WHO 

South-East Asia Region; WPR, WHO Pacific Region.  

 

2.3 Introduction to polymers  

2.3.1 Origin and history 

Polymers represent the uppermost promising materials ever discovered for present and prospective 

applications. This results from their low cost and special properties, including low densities, good 

barrier properties, mechanical and chemical resistance, high specific strength and flexibility 

(Chalmers and Meier, 2008, Osswald and Menges, 2012, Muralisrinivasan, 2014, Padeste and 

Neuhaus, 2015). Since life began, polymers have been found in natural form. Natural polymers 
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like ribonucleic acid (RNA), deoxyribonucleic acid (DNA), proteins and carbohydrates are crucial 

to plants and animals. Natural polymers as materials have been used by man for many different 

purposes such as construction, beauty, health, garments, ornaments and armament. Nevertheless, 

the nineteenth century is generally agreed to be the beginning of the polymer industry because of 

important discoveries regarding the modifications of natural polymers. The polymer industry is 

well-established, but its development and progress have been limited or restrained by a noticeable 

misunderstanding of the nature of polymers. The industrial production of polymers is considered 

a major activity of the chemical industry throughout the world, marking the Age of Plastics 

(Chalmers and Meier, 2008, Pethrick, 2010). Certainly, polymer science is now a fully developed 

subject and its importance and width continue growing (Osswald and Menges, 2012, Peng et al., 

2017). 

2.3.2 Definitions and classification 

The term polymer, first proposed by Berzelius in 1833, derives etymologically from two ancient 

Greek terms: poly that means many and mer, which is an abbreviation of the word monomer or 

part which is the building block of the polymer (Batten et al., 2012, Hrnjak-Murgić et al., 2015). 

Alternatively, a polymer can be named macromolecule, indicating that it is a high molar mass 

substance with a repeating unit. The words polymer and macromolecule are used interchangeably. 

The latter strictly describe the molecules of which the former is composed (Young and Lovell, 

2011, Callister and Rethwisch, 2013). Macromolecules can be subdivided into two main categories 

according to their structure. Some macromolecules are multiples of a repeating unit (monomer), 
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they are called polymers (polymerised molecules) and some of them cannot be divided into small 

units (non-polymerised molecules). However, the term macromolecule is used to imply that all 

the elements along the backbone of the molecule are not necessarily the same (Chalmers and 

Meier, 2008). A polymer is made by many molecules (usually called monomer) linked by covalent 

bonds to form a large molecule or long chains. These formed molecules can be cyclic, linear, 

slightly branched or highly interconnected. The latter structure develops into a large three-

dimensional network. 

The polymers can be classified in many ways because of the diversity of function and structure 

found in the field of macromolecules. The most common classifications being (a) based on source 

(natural and synthetic); (b) based on structure (linear, branched-chain, crosslinked and network); 

(c) based on thermal behaviour (elastomers, thermoplastic and thermosetting); (d) based on 

elementary composition (organic, semi-organic and mineral, sometimes called inorganic); (e) 

based on polymerisation mode - first suggested by Carothers in 1929 (addition and condensation 

polymers, which are currently referred to as chain-growth polymers and step-growth polymers, 

respectively) (Akovali, 2005, Nicholson, 2006, Young and Lovell, 2011). A way of classifying 

polymers is outlined in Figure 2.3. 
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Polymers

Natural Synthetic

Elastomers

ThermosetsThermoplastics

Crystalline Amorphous

                                             
(based on thermal behaviour)(based on thermal behaviour)

  

Figure 2.3: Classification of polymers 

The classification of polymers based on their thermal response is the most important. By adopting 

this approach, polymers can be divided into three main groups: thermoplastics, thermosets and 

elastomers. Thermoplastic is then split into those which are semi-crystalline and those which are 

amorphous. According to Young and Lovell (2011), this method of classification has an advantage 

in comparison to others since it is based essentially upon the underlying morphological structure 

of the polymers.  

Thermoplastics, often referred to just as plastics, are linear or slightly branched polymers which 

become liquid upon the applicability of heat. Thermoplastics can be repeatedly softened and re-

solidified by adding or removing heat, allowing materials to be processed in extrusion, injection 

moulding, and other melt processing equipment numerous times. Thermoplastics’ polymeric 

materials have traditionally been the workhorse of the industry because of their ease of processing. 

They now constitute by far the largest proportion of the polymers in commercial production. No 
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chemical reaction takes place during this heating. Reprocessing of such materials is possible 

(Callister and Rethwisch, 2013, Muralisrinivasan, 2014, Ghosh, 2015).  

In terms of microstructures, thermoplastics can be amorphous glassy or a semi-crystalline solid. 

The amorphous thermoplastics are glassy up to a specific temperature (the Tg), above which they 

transform into a rubbery structure without a distinct melting point. In an amorphous thermoplastic, 

chains exist as random coils. Semi-crystalline thermoplastics are two-phase materials comprising 

an amorphous phase with a certain Tg and a crystalline phase with a specific melting temperature 

(Tm). In semi-crystalline thermoplastics, a part of the polymeric chain forms a crystalline structure, 

thereby being arranged in an ordered fashion (Young and Lovell, 2011, Akovali, 2012, Izdebska 

and Thomas, 2015). 

Thermoset materials are made by chemical reaction (crosslink reactions) between different 

components to produce a crosslinked matrix that cannot be re-melted. They are normally rigid 

materials. Typically, they are three-dimensional network polymers in which chain motion is 

greatly restricted by a high degree of crosslinking. Crosslinking causes an irreversible change in 

the material. Thermosetting materials cannot be recycled as thermoplastic materials can. However, 

different processes are in use nowadays, providing mechanisms to recycle the material as filler or 

to reclaim the raw materials (Peacock and Calhoun, 2012, Giles et al., 2013).  

Elastomers or rubbers are crosslinked rubbery materials capable of very large deformations with 

the material behaving in a largely elastic manner. This means that when the deforming force is 

removed, the material completely, or almost completely, recovers. Elastomers can be either 
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thermoplastic or thermoset polymers, depending on their chemistry and the processing mechanism. 

The sulphur-crosslinking process in elastomers is called vulcanisation, which is achieved by a non-

reversible chemical reaction, ordinarily carried out at an elevated temperature. As for thermosets, 

they are intractable once formed and degrade rather than become fluid upon the application of 

heat. Therefore, their processing into artefacts is often done using processes, such as compression 

moulding, that require minimum amounts of flow (Young and Lovell, 2011, Callister and 

Rethwisch, 2013, Giles et al., 2013).  

2.3.3 Macromolecule polymer chains 

The properties of the final polymer formed by putting together a series of small molecular species 

into very long chain will be determined by the chemical characteristics of the starting low 

molecular weight species. When a macromolecule is derived by linking together identical 

monomers, it forms a homopolymer. However, the word homopolymer often is used more broadly 

to describe polymers whose structure can be represented by multiple repetitions of a single type of 

repeat unit. This unit may contain one or more species of monomer unit, sometimes called a 

structural unit (Carter and Paul, 1991, Young and Lovell, 2011, Izdebska and Thomas, 2015, Selke 

and Culter, 2016).  

Very clear differences in morphology and properties occur between amorphous homopolymer, 

semi-crystalline homopolymer and fully crystalline homopolymer. However, the ability of a 

polymer to form a crystal depends on the regularity, symmetry and chirality of the monomer units 

forming the homopolymer chain (Bittrich et al., 2014).  
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If more than one type of monomer is combined into each chain of the polymer, then the polymer 

is referred to as a copolymer. If exactly three monomers are used, it is called a terpolymer. They 

are also known as heteropolymers. However, in accordance with the use of the word homopolymer, 

it is common practice to use a structure-based definition. Thus, the word copolymer is used more 

often to describe polymers whose molecules contain two or more different types of the repeat unit 

(Young and Lovell, 2011, Callister and Rethwisch, 2013, McKeen, 2017). 

Copolymers can be classified in several categories, each characterised by a particular arrangement 

of the repeat units along the polymer chain (Young and Lovell, 2011, Callister and Rethwisch, 

2013, Bittrich et al., 2014, Izdebska and Thomas, 2015). Therefore, based on the arrangements of 

the repeating units in the structure of the copolymers, these polymers can be sub-classified as 

shown in Table 2.1. 
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Table 2.1: Types and principles of IUPAC Nomenclature of Copolymers (Jones et al., 2009, Young and 

Lovell, 2011) 

Copolymer 

Type 

Arrangement of 

Monomeric Units 

Nomenclature Example 

Unspecified unknown or unspecified Poly(A-co-B) Poly(styrene-co-

methyl methacrylate) 

Statistical obeys known statistical 

laws 

Poly(A-stat-B-stat-C) Poly(styrene-stat-

acrylonitrile-stat-

butadiene) 

Random obeys Bernoullian statistics Poly(A-ran-B) Poly[ethylene-ran-

(vinyl acetate)] 

Alternating alternating Poly(A-alt-B) Poly[(ethylene 

glycol)-alt-

(terephthalic acid)] 

Periodic periodic with respect to at 

least three monomeric units 

Poly(ABC-per-ABB-

per-AABB) 

Poly[formaldehyde-

per-(ethene oxide)-

per-(ethene oxide)] 

Block the linear arrangement of 

blocks 

PolyA-block-PolyB Polystyrene-block-

Polybutadiene 

Graft Polymeric side-chain 

different from main chain 

PolyA-graft-PolyB1 Polybutadiene-graft-

Polystyrene 

 

Within unspecified copolymer, the arrangement of monomeric units is unknown or unspecified. 

Statistical copolymers are copolymers in which the sequential distribution of the repeat units obeys 

known statistical laws. Random copolymer is a special type of statistical copolymer in which two 

or more numbers of repeating units are arranged randomly in the chain. Alternating copolymers 

 
1 Main chain (backbone) is specified first in the name 
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have only two types of repeat units that are alternately arranged in the chain. Block copolymers are 

linear copolymers in which the repeat units are only arranged in long sequences or blocks within 

the chain. Graft copolymers are branched polymers in which the branches have a different 

chemical structure to that of the main chain. 

Statistical, random and alternating copolymers generally have properties which are intermediate 

to those of the corresponding homopolymers and block and graft copolymers. They usually show 

properties characteristic of the constituent homopolymer. From the point of view of morphology, 

statistical, random, branched, and star copolymers are usually amorphous because their irregular 

molecular structure prevents crystallisation. Alternating copolymers can be both amorphous and 

semi-crystalline, depending on the symmetry and regularity of their chains. Block copolymers, 

composed of immiscible blocks, exhibit microphase separation and a wide range of morphologies 

(Bittrich et al., 2014). 

2.3.4 Skeletal structure of polymers 

The physical characteristics of a polymer depend not only on its molecular weight and shape but 

also on differences in the structure of the molecular chains. The definition of macromolecules 

presented up to this point implies that they have a linear skeletal structure in which the repeat units 

are joined together end-to-end in single chains. Whilst this is true for polymerised molecules, there 

are also many with non-linear skeletal structures (non-polymerised molecules, see Figure 2.4) 

(Young and Lovell, 2011, Callister and Rethwisch, 2013). 
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Cyclic polymers (ring polymers) have no chain ends and show properties that are quite different 

from their linear counterparts. Branched polymers have side chains, or branches, of significant 

length which are bonded to the main chain at branch points (also known as junction points) and 

are characterised in terms of the number and size of the branches. Network polymers have three-

dimensional structures in which each chain is connected to all others by a sequence of junction 

points and other chains. Such polymers are said to be crosslinked and are called network polymers. 

Branched and network polymers may be formed by polymerisation or can be prepared by linking 

together (i.e. crosslinking) pre-existing chains. The importance of crosslink density or degree of 

crosslinking has already been described in terms of vulcanisation (i.e. sulphur-crosslinking) of 

natural rubber (Young and Lovell, 2011, Callister and Rethwisch, 2013). 

 

 

(a) (b) 

 

 

(c) (d) 

Figure 2.4: Skeletal structures representative of (a) linear, (b) branched, (c) crosslinked, and (d) 

network (three-dimensional) molecular structures. Circles designate individual repeat units. 
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In addition to these more conventional skeletal structures, there has been growing interest in more 

elaborate skeletal forms of macromolecules. Of particular interest are dendrimers, which are highly 

branched polymers of well-defined structure and molar mass; and hyperbranched polymers, which 

are similar to dendrimers but have a much less well-defined structure and molar mass. Research 

into these types of polymers intensified during the 1990s and they are now beginning to find 

applications which take advantage of their unusual properties. 

2.3.5 Polymer nanocomposites 

Composites, as the term suggests, are composed of at least two types of constituents in order to 

achieve enhanced properties. The constituents retain their identities, i.e., they do not dissolve or 

merge completely into one another although they act in concert. Normally, the components can be 

physically identified and exhibit an interface between one another. The need for materials with a 

specific combination of properties beyond the obtainable from a single material drove the 

development of composites. The specific aspect that characterises composite materials is that they 

are made up of distinct phases with very different physical properties. They are commonly, but not 

often exclusively, found to consist of a relatively soft flexible matrix reinforced by a stiffer, often 

fibrous component. However, a softer phase is used to improve properties, such as when rubber 

particles are added to a rigid polymer (Young and Lovell, 2011, Tiwari and Srivastava, 2012, 

Tewary and Zhang, 2015). 

Many materials can be classified as being composites. Nature provides a number of celebrated 

examples. Wood consists of strong and flexible cellulose fibres surrounded and held together by a 
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stiffer material called lignin. Bone is also a composite of the strong yet soft protein collagen and 

the hard, brittle mineral hydroxyapatite. The most widely studied synthetic composites are based 

upon polymers reinforced with stiff fibres. Historically, the first type of synthetic polymer 

composites developed were formaldehyde-based resins filled with mineral particles or sawdust 

(Young and Lovell, 2011, Callister and Rethwisch, 2013). 

The need for property improvement is not the only reason for the development of composite 

materials. For example, polymers often are employed in low-cost high-volume applications where 

the addition of a cheap inert mineral filler may reduce the quantity of relatively expensive polymer 

used, with no sacrifice in mechanical properties. 

Nanocomposites can be defined as a composite where at least one of the phases has dimensions in 

the nanoscale range. The market production of nanocomposites is increasing drastically in order 

to support their demands. There are a number of reasons why they are of interest: (a) as the 

dimensions of materials decreases the size of flaws diminishes and they become stronger, offering 

better prospects for reinforcement; (b) as the reinforcement becomes smaller in size, the surface-

to-volume ratio increases and so the area of the interface between the reinforcement and the matrix 

is much larger in a nanocomposite, leading to potentially better stress transfer. Nanocomposites 

have attracted considerable attention in both industry and academia because they usually inherit 

advantages of the component materials or even produce multifunctional materials with unexpected 

superior properties (Young and Lovell, 2011, Tiwari and Srivastava, 2012, Callister and 

Rethwisch, 2013, Huang and Cheng, 2017, Zhao et al., 2017, Kumar et al., 2018, Qi et al., 2018). 
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PNC are a relatively new class of materials that usually contain an organic matrix (called 

continuous phase) in which an inorganic nanomaterial (or also called a reinforcement filler or 

additive) (discontinuous phase) is dispersed. The inorganic components normally include 

nanoparticles, nanotubes, nanosheets, nanowires, nanoclay and nanoplatelets, while an organic 

matrix mainly refers to polymer or biomacromolecules (Mittal, 2015, Tewary and Zhang, 2015, 

Fakirov, 2017, Huang and Cheng, 2017, Zhao et al., 2017, Qi et al., 2018).  

The use of nanocomposites dates to 1990 when clay/nylon-6 nanocomposites were used by Toyota 

for belt covers. The most regularly used inorganic components are clay, silica, alkaline earth metal 

compounds, alumina and carbon nanotubes, with less than 5% by weight ((Tewary and Zhang, 

2015, Fakirov, 2017, Kumar et al., 2018, Vijayashakthivel et al., 2018). According to Kumar et 

al. (2018), PNC have also attracted the interest of numerous researchers in the health care sector 

because of their significant potential to advance engineering applications.  

The properties of PNC are derived from the type of nanomaterials that are dispersed into the 

polymer matrix, including the concentration, processing methods, sintering techniques, size, shape 

and interaction of nanomaterials with the polymer matrix (Giovino et al., 2017, Huang and Cheng, 

2017, Zhao et al., 2017, Kumar et al., 2018). The PNC will display enhanced optical, thermal, 

mechanical, magnetic and optoelectronic properties because of the synergism of the characteristics 

of the inorganic components. These components include large surface area, high surface reactivity, 

excellent thermal stability, high mechanical strength, and they can be combined with those 

components of organic polymer including low weight, flexibility and good processability. As a 
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result, the PNC have found wide use in diversified fields, such as sensing, solar cell, catalysis, oil 

recovery, electronics, food processing, biomedicine, and biotechnology (Tiwari and Srivastava, 

2012, Izdebska and Thomas, 2015, Mittal, 2015, Fakirov, 2017, Giovino et al., 2017, Huang and 

Cheng, 2017, Shamilov et al., 2017, Zhao et al., 2017, Kumar et al., 2018, Qi et al., 2018). 

2.4 Thermodynamics of solutions 

2.4.1 Thermodynamics of ideal solutions 

A solution can be defined as a homogeneous mixture of two or more substances, i.e. the mixing is 

on a molecular scale. Under the usual conditions of constant temperature T and pressure P, the 

thermodynamic requirement for the formation of the two-component solution is that the Gibbs free 

energy G12 of the mixture must be less than the sum of the Gibbs free energy G1 (for solvent) and 

G2 (for solute) of the pure components in isolation. This requirement is defined in terms of the 

Gibbs free energy of mixing, which must be negative for a solution to form. 

∆𝐺𝑚 < ∆𝐺12 − (∆𝐺1 + ∆𝐺2) (2.1) 

Since Gibbs free energy is related to enthalpy and entropy, it is expressed as 

∆𝐺𝑚 = ∆𝐻𝑚 − 𝑇∆𝑆𝑚 (2.2) 

where  

∆𝐻𝑚 is the enthalpy (or heat) of mixing; and 

∆𝑆𝑚 is the entropy of mixing. 

Ideal solutions are mixtures of molecules of identical size with equal molecular interactions 

energies of solvent-solvent, solute-solute and solvent-solute. As a result, the ideal solution 
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formation leads to a thermal mixing with no change in the enthalpy of the system (athermal mixing 

or ∆𝐻𝑚 = 0), which means that there are no changes in the rotational, vibrational and translational 

entropies of the components. The entropy of mixing (∆𝑆𝑚) depends only upon the configurational 

or combinatorial entropy change (∆𝑆𝑚
𝑐𝑜𝑚𝑏), which can be defined as the number of ways you can 

arrange a different molecule, so the combinatorial entropy change is positive; the number of 

distinguishable spatial arrangements of molecules increases when they are mixed. Therefore, ∆𝐺𝑚 

is negative and the formation of an ideal solution is always spontaneous or favourable. Assuming 

the lattice model for the ideal solution, where each cell contains a molecule placed arbitrarily, an 

equation for ∆𝑆𝑚
𝑐𝑜𝑚𝑏 can be derived using statistical mechanics or statistical thermodynamics 

(Figure 2.5).  

 

Figure 2.5: Schematic representation of a lattice model of a mixture of solute and solvent molecules with 

the same size (ideal solution). 

The Boltzmann equation gives the fundamental relation between the entropy (S) and the number 

of possible distinguishable degenerate arrangements of the molecules (W): 
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𝑆 = 𝒌 ln 𝑊 (2.3) 

where k is the Boltzmann constant. Using this equation for the formation of an ideal solution yields 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 = 𝒌[𝐥𝐧 𝑾𝟏𝟐 − (𝐥𝐧 𝑾𝟏 + 𝐥𝐧 𝑾𝟐)] (2.4) 

where 𝑊1, 𝑊2 and 𝑊12 are the total numbers of distinguishable spatial arrangements of the 

molecules in the pure solvent, the pure solute and the ideal mixture, respectively. As all molecules 

of pure substances are identical, if one replaces or change the solvent molecules with another 

solvent molecule, only one distinguishable spatial arrangement is found for solvent and solute. 

So, 𝑊1 = 1 and 𝑊2 = 1 , Equation (2.4) can be reduced to 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 = 𝒌 𝐥𝐧 𝑾𝟏𝟐 (2.5) 

For ideal mixing of 𝑁1 molecules of a solvent with 𝑁2 molecules of a solute in a lattice with (𝑁1 +

𝑁2) cells, the total number of distinguishable spatial arrangements of the molecules is equal to the 

number of permutations of (𝑁1 + 𝑁2) objects. These objects fall into two classes containing  𝑁1 

identical objects of type 1 and 𝑁2 identical objects of type 2, consequently, 

𝑊12 =
(𝑵𝟏 + 𝑵𝟐)!

𝑵𝟏! 𝑵𝟐!
 

(2.6) 

So, Equation (2.5) becomes 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 = 𝒌 ln [

(𝑵𝟏 + 𝑵𝟐)!

𝑵𝟏! 𝑵𝟐!
] 

(2.7) 

and for a large value of N, Stirling’s approximation gives ln 𝑁 ! = 𝑁 ln 𝑁 − 𝑁, resulting in 
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∆𝑆𝑚
𝑐𝑜𝑚𝑏 = −𝒌 {𝑵𝟏 𝐥𝐧 [

𝑵𝟏

(𝑵𝟏 + 𝑵𝟐)
] + 𝑵𝟐 𝐥𝐧 [

𝑵𝟐

(𝑵𝟏 + 𝑵𝟐)
]} 

(2.8) 

The thermodynamic equations are most usually written in terms of numbers of moles 𝑛: (𝑛1 =

𝑁1
𝑁𝐴

⁄  and 𝑛2 =
𝑁2

𝑁𝐴
⁄ ) and mole fraction 𝑋: 𝑋1 =

𝑛1
(𝑛1 + 𝑛2)⁄  and 𝑋2 =

𝑛2
(𝑛1 + 𝑛2)⁄ , where 

𝑁𝐴 is the Avogadro constant and is related to a universal gas constant by 𝑅 = 𝒌𝑁𝐴 and this allows 

Equation (2.8) to be written as 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 = −𝑅(𝑛1 ln 𝑋1 + 𝑛2 ln 𝑋2) (2.9) 

Hence, the Gibbs free energy of mixing of an ideal solution becomes 

∆𝐺𝑚 = 𝑅𝑇(𝑛1 ln 𝑋1 + 𝑛2 ln 𝑋2) (2.10) 

Relatively few solutions of small molecules behave ideally and the non-ideality is invariably 

caused by non-athermal mixing ( ∆𝐻𝑚 ≠ 0). Three types of non-ideality are possible: 1) 

athermal ∆𝐻𝑚 = 0, but ∆𝑆𝑚 is not the same as an ideal solution; 2) regular ∆𝑆𝑚 is the same as an 

ideal solution but ∆𝐻𝑚 ≠ 0; and 3) irregular ∆𝐻𝑚 ≠ 0 and ∆𝑆𝑚 are not the same as the ideal 

solution.  

2.4.2 Thermodynamic of polymer solutions 

The polymer solution exhibits considerable deviations from ideal solution behaviour, even 

when ∆𝐻𝑚 = 0. The simple lattice theory needs some modifications to be applicable for polymer 

solutions since it assumes that the solvent and solutes molecules have the same size. As a result, it 

fails to give an accurate estimate of the thermodynamic properties of the polymer solution. Paul 

Flory and Maurice Huggins, working independently, suggested a modified lattice theory, which is 
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generally mentioned as Flory-Huggins (F-H) mean-field theory, where the enormous differences 

in molecular size between the components (solvent and polymer) and intermolecular interactions 

are considered (Flory, 1941, Huggins, 1941).  

The Flory-Huggins theory considers the polymer molecules as chains of segments (monomer) in 

the formation of the polymer solution where each segment and solvent molecule is considered to 

have the same size. The size of the polymer molecule is defined by the total number of segments 

(monomers) in the chain and may be the ratio of polymer molar volume and solvent molar volume. 

The theory uses a two-dimensional lattice model to place the polymer chains segments and solvent 

molecules. The lattice model has identical cells with the same size as a solvent molecule. Each cell 

can be occupied by either a segment (monomer) of the polymer or a solvent molecule. The linear 

polymer chain is laid one by one into empty cells before additional placement of the solvent 

molecule so that its chain segment is in a continuous sequence of x cells, then the unoccupied cells 

are filled with solvent molecules. Figure 2.6 shows polymer molecules (𝑁2), with x chain segments 

and solvent molecules (𝑁1) in a lattice with (𝑁1 + 𝑥𝑁2) total cells. 
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Figure 2.6: Schematic representation of a lattice model of a mixture of solvent molecules with polymer 

molecules showing connectivity of polymer segments (polymer solution). 

As each polymer molecule adopts so many different distinguishable spatial arrangements of the 

chain segments, the expression for combinatorial entropy for polymer solutions can be given by 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 = −𝒌(𝑁1 ln 𝜙1 + 𝑁2 ln 𝜙2) (2.11) 

where 𝜙1 and 𝜙2 are the volume fractions of solvent and polymer, respectively. Knowing that 

𝜙1 =
𝑁1

(𝑁1 + 𝑥𝑁2)⁄  and 𝜙2 =
𝑥𝑁2

(𝑁1 + 𝑥𝑁2)⁄ , Equation (2.11) can be written in terms of the 

number of moles, which gives 

∆𝑆𝑚
𝑐𝑜𝑚𝑏 = −𝑅(𝑛1 ln 𝜙1 + 𝑛2 ln 𝜙2) (2.12) 

If it is assumed that the entire lattice is equal to one mole [(𝑛1 + 𝑛2) = 1], writing Equation (2.12) 

per mole of lattice sites gives 
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∆𝑆𝑚
𝑐𝑜𝑚𝑏 = −𝑅 (𝜙1 ln 𝜙1 +

𝜙2

𝑥
ln ∅2) 

(2.13) 

Considering the effect of intramolecular interaction, Flory-Huggins derived the equation for 

enthalpy of mixing: 

∆𝐻𝑚 = 𝑅𝑇𝜙1𝜙2𝜒 = 𝑅𝑇𝜒𝜙2(1 − 𝜙2) (2.14) 

where 𝜒 is the Flory-Huggins polymer-solvent interaction parameter. Dissolution of high molar 

weight polymer in a solvent is only possible for χ ≤ 0.5 and molecular mixing of low molar weight 

liquids for χ ≤ 2. 

This parameter is the temperature-dependent dimensionless quantity and characterises polymer-

solvent interactions. It can be expressed in a simple equation such as 

𝜒 = 𝑎 +
𝑏

𝑇
 

(2.15) 

where 𝑎 and 𝑏 are temperature-independent quantities.  

Negative 𝜒 promotes mixing of polymer with the solvent (single-phase mixture is favourable), 

whereas positive 𝜒 promotes demixing (phase separation). The interaction parameter contains both 

enthalpy and entropy contribution. It is generally given as 

𝜒 = 𝜒𝐻 + 𝜒𝑆 (2.16) 

It can simply be shown that 𝜒𝐻 = 𝑏
𝑇⁄  and 𝜒𝑆 = 𝑎. 

Therefore, combining ∆𝑆𝑚
𝑐𝑜𝑚𝑏 [Equation (2.12)] and ∆𝐻𝑚 [Equation (2.14)] yields the Flory-

Huggins equation for the Gibbs free energy of polymer solution: 
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∆𝐺𝑚 = 𝑅𝑇(𝑛1 ln 𝜙1 + 𝑛2 ln 𝜙2 + 𝑛1𝜙2𝜒) (2.17) 

Or Gibbs free energy of polymer solution per mole of lattice sites: 

∆𝐺𝑚 = 𝑅𝑇 (𝜙1 ln 𝜙1 +
𝜙2

𝑥
ln 𝜙2 + 𝜙1𝜙2𝜒) or 

∆𝐺𝑚 = 𝑅𝑇 [(1 − 𝜙2) ln(1 − 𝜙2) +
𝜙2

𝑥
ln 𝜙2 + 𝜙2𝜒(1 − 𝜙2)] 

 

(2.18) 

The Flory-Huggins can predict general trends of thermodynamic properties of a polymer solution, 

although the precise agreement with experimental data is not achieved due to unrealistic 

assumptions (e.g. no volume change on mixing) and model limitations. 

2.4.3. Solubility parameters 

Usually, when preparing a polymer solution, the solubility parameter approach is used, which is 

the most useful guide to the miscibility of specific polymer-solvent systems. This approach was 

first developed by Hildebrand employing this equation: 

∆𝐻𝑚 = 𝑉𝑚𝜙1𝜙2(𝛿1 − 𝛿2)2 (2.19) 

where 

𝑉𝑚 is the molar volume of the mixture; and 

𝛿1 and 𝛿2 are the solubility parameters of components 1 and 2, respectively. 

A separate qualitative judgement must be made to predict the effect of ∆𝐻𝑚 upon miscibility using 

Equation (2.19) because it yields only zero or positive value, whilst it can be negative as a result 

of a specific effect, such as hydrogen bonding and charge-transfer interactions. 
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Hildebrand (1916) pointed out that the order of solubility of a given solute in a series of solvents 

is determined by the internal pressure of the solvents. In 1931, Scatchard introduced the concept 

of ‘cohesive energy density’ into Hildebrand’s theories, identifying this quantity with the cohesive 

energy per unit volume. Finally, Hildebrand (1936) gave a comprehensive treatment of this 

concept and proposed the square root of the cohesive energy density as a parameter identifying the 

behaviour of specific solvents. In 1949, he proposed the term ‘solubility parameter’ and the symbol 

δ (Belmares et al., 2004, van Krevelen and te Nijenhuis, 2009, Kitak et al., 2015, Gårdebjer et al., 

2016, Gaikwad et al., 2017, Huth et al., 2018).  

The origin of the solubility parameter was an attempt to formulate an expression for the partial 

molar energy of mixing. Alternatively, in the special case of zero volume change, for the heat of 

mixing of two liquids (Fedors, 1974). The solubility parameter 𝛿 of liquid is given by 

𝛿 = [
(Δ𝐻𝑉 − 𝑅𝑇)

𝑉
]

1
2⁄

 

(2.20) 

where 

Δ𝐻𝑉 is its molar enthalpy of vaporization; and 

𝑉 is its molar volume. Quantity 𝛿2 is called the cohesive energy density (𝛿2 = 𝐶𝐸𝐷). 

Later, Hildebrand and Scott proposed that materials with similar δ values would be miscible and 

which help to quantify the statements “like dissolves like” or “like seeks like” (Stefanis and 

Panayiotou, 2012, Hossin et al., 2016, Gaikwad et al., 2017).  
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Hansen proposed an extension of the Hildebrand parameter method to estimate the relative 

miscibility of polar and hydrogen bonding systems. The Hansen solubility parameter (HSP) model 

of 1967 (which was developed later), is based on the concept of dividing the total cohesive energy 

into individual components, i.e. dispersion, polar, and hydrogen bonding; thus the name 3D 

solubility parameters (Hansen, 2002, Lindvig et al., 2002, Belmares et al., 2004, Hansen and 

Smith, 2004, van Krevelen and te Nijenhuis, 2009, Elidrissi et al., 2012, Tang et al., 2015, Hossin 

et al., 2016, Gaikwad et al., 2017). 

Hansen assumed that total cohesive energy is the sum of dispersion 𝐸𝐷, polar 𝐸𝑃, and hydrogen 

bond energy 𝐸𝐻: 

𝐸𝑇 = 𝐸𝐷 + 𝐸𝑃 + 𝐸𝐻 (2.21) 

By dividing both sides of Equation (2.21) by molar volume V, we get the total Hansen solubility 

parameter or Hansen solubility parameters 𝛿𝑇: 

𝛿𝑇
2 = 𝛿𝐷

2 + 𝛿𝑃
2 + 𝛿𝐻

2  (2.22) 

where, 

𝛿𝑇 = total solubility parameter; 

𝛿𝐷 = dispersion interactive (London) force or energy; 

𝛿𝑃 = permanent dipoles in interacting molecules, called dipole-dipole interactive forces 

solubility parameter; and 

𝛿𝐻 = hydrogen bonding force. 
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The commonly used units for δ are (J/m3)½, MPa½, or (cal/cm3)½, where 1 (cal/cm3)½ is equivalent 

to 2.0421 MPa½ or (J/m3)½. 

The extension of the solubility parameter approach to the prediction of polymer-solvent miscibility 

requires knowledge of 𝛿 values for polymers. However, their values must be obtained indirectly 

(e.g. theoretical estimates using group contribution methods) because polymers are not volatile.  

The Small and Fedors methods yield values for the overall parameter, 𝛿𝑇, directly. Other group 

contribution methods such as Hoy and Hoftyzer & Van Krevelen give the values of partial 

solubility parameters (Savova et al., 2007, van Krevelen and te Nijenhuis, 2009, Mohammad et 

al., 2011, Vay et al., 2011, Kitak et al., 2015, Saiz et al., 2018). The total solubility parameter, 𝛿𝑇, 

can be calculated, if needed. 

2.4.3.1 Small’s method (van Krevelen and te Nijenhuis, 2009) 

Small has demonstrated that the combination (𝐸𝑐𝑜ℎ 𝑉⁄ )½ = 𝐹, the molar attraction constant, is a 

useful additive quantity for low-molecular as well as for high-molecular substances. Accordingly, 

the corresponding solubility parameter is given by Equation (2.23): 

𝛿𝑆𝑚𝑎𝑙𝑙 =
∑ 𝐹

𝑉
 

(2.23) 

Table I.1 in Appendix I gives values of group contribution to F in Small’s method. 
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2.4.3.2 Fedors’ method (Fedors, 1974, van Krevelen and te Nijenhuis, 2009) 

According to Fedors’ method, the solubility parameter for a substance is calculated as the square 

root of the ratio of the summation of all energy contributions to the summation of all group volume. 

Group contributions to 𝐸𝑐𝑜ℎ and V according to Fedors are shown in Table I.2 in Appendix I. 

𝛿𝐹𝑒𝑑𝑜𝑟𝑠 = (
∑(∆𝐸𝑐𝑜ℎ)𝑖

∑(∆𝑉)𝑖
)

½

 
(2.24) 

According to de Castro et al. (1994), values estimated by Fedors’ method are consistent with those 

obtained from other sources. On the other hand, van Krevelen and te Nijenhuis (2009) suggest that 

the systems of group contributions published by Fedors give a less accurate prediction of 𝐸𝑐𝑜ℎ. 

2.4.3.3 Hoftyzer and Van Krevelen methods (van Krevelen and te Nijenhuis, 2009, Saiz et al., 

2018) 

The solubility parameters components may be predicted from group contribution, using the 

following equations: 

𝛿𝐷 =
∑ 𝐹𝐷𝑖

𝑉
 

(2.25) 

𝛿𝑃 =
√∑(𝐹𝑃𝑖)2

𝑉
 

(2.26) 

𝛿𝐻 = √
∑ 𝐸𝐻𝑖

𝑉
 

(2.27) 

The prediction of 𝛿𝐷 is of the same type of formula proposed by Small for the prediction of total 

solubility parameter. The group contributions 𝐹𝐷𝑖, 𝐹𝑃𝑖 and 𝐸𝐻𝑖 for a number of structured groups 

are presented in Table I.3 in Appendix I. 



 
 
 

46 

 

2.4.3.4 Hoy’s method (van Krevelen and te Nijenhuis, 2009) 

Hoy’s method is, in many respects, different from that of others. Table 2.2 gives a survey of the 

system of equations to be used. It contains four additive molar functions, a number of auxiliary 

equations and the final expressions for 𝛿𝑇 and their components. 

Table 2.2: The equations to be used in Hoy’s system for estimation of the solubility parameter and its 

components 

Formulae Low-molecular liquids (solvents) Amorphous polymers 

Additive molar 

functions 

𝐹𝑡 = ∑𝑁𝑖𝐹𝑡,𝑖 

𝐹𝑃 = ∑𝑁𝑖𝐹𝑃,𝑖 

𝑉 = ∑𝑁𝑖𝑉𝑖 

△𝑇 = ∑𝑁𝑖 △𝑇,𝑖 

𝐹𝑡 = ∑𝑁𝑖𝐹𝑡,𝑖 

𝐹𝑃 = ∑𝑁𝑖𝐹𝑃,𝑖 

𝑉 = ∑𝑁𝑖𝑉𝑖 

△𝑡 
(𝑃)= ∑𝑁𝑖 △𝑇,𝑖

(𝑃)
 

Auxiliary equations log 𝛼 = 3.39(𝑇𝑏 𝑇𝑐𝑟⁄ ) − 0.1585

− log 𝑉 

(𝑇𝑏 𝑇𝑐𝑟⁄ ) = 0.567 + Δ𝑇 − (Δ𝑇)2 

(Lyderson equation) 

𝛼(𝑃) = 777(△𝑇
(𝑃) 𝑉⁄ ) 

𝑛 = 0.5 Δ𝑇
(𝑃)⁄  

Expressions for δ 

and δ-components 

𝛿𝑇 = (𝐹𝑖 + 𝐵) 𝑉;  𝐵 = 277⁄  

𝛿𝑃 = 𝛿𝑇 (
1

𝛼

𝐹𝑃

𝐹𝑡 + 𝐵
)

½

 

𝛿 = 𝛿𝑇[(𝛼 − 1) 𝛼⁄ ]½ 

𝛿𝐷 = (𝛿𝑇
2 − 𝛿𝑃

2 − 𝛿 2)
½

 

𝛿𝑇 = (𝐹𝑖 + 𝐵 ñ⁄ ) 𝑉⁄  

𝛿𝑃 = 𝛿𝑇 (
1

𝛼(𝑃)

𝐹𝑃

𝐹𝑡 + 𝐵 ñ⁄
)

½

 

𝛿𝐻 = 𝛿𝑇[(𝛼(𝑃) − 1) 𝛼(𝑃)⁄ ]
½

 

𝛿𝐷 = (𝛿𝑇
2 − 𝛿𝑃

2 − 𝛿𝐻
2)

½
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Where 𝐹𝑡 is the molar attraction function, 𝐹𝑃 its polar component; V is the molar volume of the 

solvent or the structural unit of the polymer. Δ𝑇 is the Lyderson correction for non-ideality, used 

in the auxiliary equations. 𝛼 is the molecular aggregation number, describing the association of 

the molecules and n is the number of repeating units per effective chain segment of the polymer. 

Table I.4 in Appendix I lists values of increments in Hoy’s system for the molar attraction function. 

By uniting Equation (2.19) with Equations (2.16) and (2.14), it is possible to obtain the expression 

𝜒𝐻 for in terms of solubility parameters: 

𝜒𝐻 =
𝑉1(𝛿1 − 𝛿2)2

𝑅𝑇
 

(2.28) 

where, 𝑉1is the molar volume of the solvent or volume per cell. 

The entropic contribution, 𝜒𝑆, is usually taken to be a constant of the order 0.35 ± 0.1 and for non-

polar systems,  𝜒𝑆 = 0.35 is generally used 

𝜒 = 0.34 +
𝑉1(𝛿1 − 𝛿2)2

𝑅𝑇
 

(2.29) 

For estimation of Flory-Huggins interaction parameter, Hansen has used the following equation 

with α = 1, particularly for systems where dispersion forces dominate over polar and hydrogen 

bonding ones: 

𝜒 = 𝛼
𝑉1

𝑅𝑇
[(𝛿1,𝐷 − 𝛿2,𝐷)

2
+ 0.25(𝛿1,𝑃 − 𝛿2,𝑃)

2
+ 0.25(𝛿1,𝐻 − 𝛿2,𝐻)

2
] 

(2.30) 
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2.4.4 Equilibrium and stability of polymer solutions 

Theoretically, phase separation can be dealt with based on the Flory-Huggins theory since the 

change of Gibbs free energy of mixing can simply be induced by a change of the composition or 

temperature in the polymer solution. In this research, it will be considered the effect of temperature 

upon demixing, as it is easier to analyse. 

In the Flory-Huggins equation for the Gibbs free energy of polymer solution, the first two terms 

have an entropic origin and always act to promote mixing while the last term has an energetic 

origin. It can be positive (opposing mixing), zero (ideal solution) or negative (promoting mixing) 

depending on the sign of the interaction parameter which acts as a balance. Additionally, it can be 

said that the balance of the enthalpy of mixing and entropy of mixing contribution depends upon 

temperature and whether a polymer solution will phase separately or not. 

Using Equation (2.18), a series of curves for the variation of the Gibbs free energy with the 

composition (volume fraction of the polymer) can be constructed at different temperatures (T1, T2, 

T3, T4, and T5), as illustrated in Figure 2.7. 
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Figure 2.7: Schematic illustration of the Gibbs free energy-composition phase diagram of the polymer 

solution at different temperatures. On cooling (from T5 to T1) the Gibbs free energy shows two minima, 

which shows that the polymer solution transforms from a one-phase to a two-phase structure. 

The Gibbs free energy curve shows only one minimum point at T5, it means that the system remains 

as one phase or homogeneous at all composition. By decreasing the temperature from T5 to T1, the 

curves rapidly turn asymmetric and the Gibbs free energy curves show two minima, the minimum 

at low values of 𝜙2 (𝜙𝟐
′ ) and minimum at high values of 𝜙2(𝜙𝟐

′′). Here, the situation is more 

complex as the system can be stable, metastable or unstable depending on the composition 

position. The criterion for local stability is written in terms of the second derivative of the Gibbs 

free energy:  
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𝜕2∆𝐺𝑚

𝜕𝜙2
2 < 0 

 

unstable 

  

(2.31) 

  

𝜕2∆𝐺𝑚

𝜕𝜙2
2 > 0 

 

locally stable 

  

(2.32) 

As the polymer solutions have both energetic and entropic contributions to their Gibbs free energy 

of mixing, so the local stability of the polymer solution is determined by the sign of the second 

derivative of the Gibbs free energy with respect to composition: 

𝜕2∆𝐺𝑚

𝜕𝜙2
2 =

𝜕2∆𝐻𝑚

𝜕𝜙2
2 − 𝑇

𝜕2∆𝑆𝑚

𝜕𝜙2
2  

𝜕2∆𝐺𝑚

𝜕𝜙2
2 = 𝑅𝑇 (

1

𝑥𝜙2
+

1

1 − 𝜙2
) − 2𝜒𝑅𝑇 

 (2.33) 

At finite temperatures, ∆𝐺𝑚 is convex at both ends of the composition range because its second 

derivative is positive due to the diverging slope of the entropy of mixing. 

The two equilibrium compositions 𝜙𝟐
′  and 𝜙𝟐

′′ at T1 correspond to a common tangent line in Figure 

2.7. For any overall composition in the miscibility gap between 𝜙𝟐
′  and 𝜙𝟐

′′, the system can 

minimise its Gibbs free energy by phase separating into two phases of composition 𝜙𝟐
′  and 𝜙𝟐

′′. 

The amounts of each phase are determined by the lever rule. 

The composition ranges 0 < 𝜙2 < 𝜙𝟐
′  and 𝜙𝟐

′′ < 𝜙𝟐 < 1 are outside the miscibility gap and the 

homogeneously mixed state is the stable equilibrium state for this composition of the polymer 

solution. 
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Within the miscibility gap, there are metastable and unstable regions, separated by inflection points 

at which the second derivative of the Gibbs free energy is zero (𝜕2∆𝐺𝑚 𝜕𝜙2
2 = 0⁄ ). Between the 

inflection points, the second derivative of the Gibbs free energy is negative, and the 

homogeneously mixed state is unstable. Even the smallest fluctuations in composition lower the 

Gibbs free energy, leading to spontaneous phase separation called SD. 

Between the inflection points and equilibrium phase-separated composition, there are two regions 

that have a positive second derivative of Gibbs free energy of mixing. The mixed state is locally 

stable to small composition fluctuations. Such states are metastable because large fluctuations are 

required for the system to reach thermodynamic equilibrium. Phase separation in this metastable 

region occurs by nucleation and growth and requires exceeding an energy barrier.  

2.4.5 Phase separation of polymer solutions 

Bearing in mind the temperature dependence of the Gibbs free energy of mixing, a phase diagram 

can be built, sum up, the phase behaviour of the polymer solution, where the regions of stability, 

metastability, and instability can be shown. Recall the Gibbs free energy of polymer solutions 

[Equation (2.18)] 

∆𝐺𝑚 = 𝑅𝑇 [(1 − 𝜙2) ln(1 − 𝜙2) +
𝜙2

𝑥
ln 𝜙2 + 𝜙2𝜒(1 − 𝜙2)] 

(2.18) 

The phase boundary is determined by the common tangent of the Gibbs free energy at the 

composition 𝜙𝟐
′  and 𝜙𝟐

′′ corresponding to two equilibrium phases (see the top part of Figure 2.8). 
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(
𝜕∆𝐺𝑚

𝜕𝜙2
)

𝜙2=𝜙2
′

= (
𝜕∆𝐺𝑚

𝜕𝜙2
)

𝜙2=𝜙2
′′

 
(2.34) 

By setting the first derivative of the Gibbs free energy to zero can be obtained the phase boundary 

– the bimodal (the dashed line in the bottom part of Figure 2.8). 

𝜕∆𝐺𝑚

𝜕𝜙2
= 𝑅𝑇 [

ln 𝜙2

𝑥
− ln(1 − 𝜙2) +

1

𝑥
− 1 + 𝜒(1 − 2𝜙2)] = 0 

(2.35) 

The spinodal compositions boundary occurs at the inflection points and can be found by equating 

the second derivative of Gibbs free energy to zero 

𝜕2∆𝐺𝑚

𝜕𝜙2
2 = 𝑅𝑇 [

1

𝑥𝜙2
+

1

1 − 𝜙2
− 2𝜒] = 0 

(2.36) 

The curve corresponding to the inflection points is the boundary between unstable and metastable 

regions and is called the spinodal (solid line in the bottom part of Figure 2.8). By assuming that 𝜒 

is independent of 𝜙2, a theoretical spinodal curve can be constructed if the variation of 𝜒 with 

temperature is known. 
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Figure 2.8: Schematic illustrations of the composition dependence of the Gibbs free energy of mixing 

for polymer solution (top figure) and the corresponding phase diagram with a miscibility gap (bottom 

figure). Line (a) is the phase boundary. Above this line, the system is homogeneous and stable. Below 

this line, there is a metastable region. Line (b) is the spinodal. Below this line the system is unstable. The 

metastable and unstable regions constitute the miscibility gap. Within that gap is more favourable for the 

system to separate rather than in one phase. Temperature (Tc) is the upper critical solution temperature. 

At a given temperature (T) the tie line (d) cuts the phase boundary and the spinodal at points (1 and 4) 

and (2 and 3), respectively. In the top figure, line (c) shows the change in Gibbs free energy of mixing at 

a given temperature in respect to composition. Segments (12) and (34) correspond to a positive second 

derivative of Gibbs free energy, 𝜕2∆𝐺𝑚 𝜕𝜙2
2 > 0⁄  while segment (23) to a negative one, 

𝜕2∆𝐺𝑚 𝜕𝜙2
2 < 0⁄ . At points (2) and (3) the second derivative of Gibbs free energy is 

zero, 𝜕2∆𝐺𝑚 𝜕𝜙2
2 = 0⁄ . 
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In the top part of Figure 2.8 one can see where the Gibbs free energy shows two minima where the 

first derivative is zero and at the inflection points the second derivative is zero too. The phase 

boundary is defined by a projection of the points of the Gibbs free energy minima on a temperature-

composition phase diagram and the spinodal by the inflection points (the bottom part of Figure 

2.8). The curves defined by spinodal points and bimodal points have the common maximum 

known as the upper critical solution temperature (UCST), above which the polymer and solvent 

are miscible in all proportions. This is common for most polymer solutions, where 𝜒 reduces as 

temperature increases. However, in some polymers solutions the 𝜒 increases as temperature 

increases, showing a common minimum known as the lower critical solution temperature (LCST).  

The regions outside bimodal (dashed line in the bottom part of Figure 2.8) correspond to a stable 

homogeneous solution, whereas the regions within the spinodal (solid line in the bottom part of 

Figure 2.8) correspond to unstable solutions which will spontaneously phase separate. The regions 

between the bimodal and spinodal correspond to metastable solutions which only phase separate 

if an energy barrier can be overcome. 

For both UCST and LCST behaviour, Tc coincides with the turning point in the spinodal and so 

can be located by application of the condition 

𝜕2∆𝐺𝑚

𝜕𝜙2
2 =

𝜕3∆𝐺𝑚

𝜕𝜙2
3  

(2.37) 

and the application of the condition ( 𝜕3∆𝐺𝑚 𝜕𝜙2
3 = 0⁄ ) gives the critical composition as 
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𝜕3∆𝐺𝑚

𝜕𝜙2
3 =

1

(1 − 𝜙2)2
−

1

𝑥𝜙2
2 = 0 

𝜙2𝑐 =
1

1 − √𝑥
≅

1

√𝑥
 

(2.38) 

Hence, 𝜙2𝑐 is very small for polymer (𝑥 is large). The critical value 𝜒𝑐 of the interaction parameter 

of the Flory-Huggins is obtained by substituting Equation (2.38) into (2.37) 

𝜒𝑐 =
1

2
+

1

√𝑥
+

1

2𝑥
≅

1

2
+

1

√𝑥
 

(2.39) 

Notice that as 𝑥 → ∞, 𝜙2𝑐 → 0 and 𝜒𝑐 → 1 2⁄ . 

2.5 Microporous polymer preparation 

Currently, there are several ways to prepare microporous polymers and these different strategies 

can be found in the literature, such as: melt processing, sintering, and phase separation process. 

These include polymerisation of emulsions, phase inversion, TIPS, diffusion induced phase 

separation (DIPS), thermally assisted evaporative phase separation (TAEPS), supercritical induced 

phase separation or pressure-induced phase separation (PIPS), nonsolvent induced phase 

separation (NIPS), solvent-induced phase separation (SIPS), etc (Wijmans et al., 1983, Mehta et 

al., 1995, van de Witte et al., 1996, Liu and Kiran, 1999, Matsuyama et al., 1999, Zhang et al., 

2000, Matsuyama et al., 2002, Chandavasu et al., 2003, Hellman, 2004, Hong et al., 2005, Gu et 

al., 2006, Li et al., 2006, Reverchon and Cardea, 2007, Li et al., 2008, Rasouli and Rey, 2014, 

Tang et al., 2015, Wang et al., 2015, Jung et al., 2016, Wang et al., 2016, Kim et al., 2017).  
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Diverse kind of structures with different properties (e.g. selectivity, thermal, electrical and 

mechanical stability) can be produced. Therefore, they are becoming an appealing choice in the 

industry for several applications, such as separation technology in hydrogen separation, therefore 

reducing the costs. However, it is difficult to manage and optimise the morphology. Even a small 

change in the process parameters (raw material, quantities, cooling rate, diluents, temperature, etc.) 

can lead to significant changes in the distribution of pore size, porosity and some other properties 

(Mehta et al., 1995, van de Witte et al., 1996, Staiger et al., 2004, Wang et al., 2015, Jung et al., 

2016, Wang et al., 2016, Kim et al., 2017). 

2.5.1 Thermally induced phase separation 

Numerous microporous structures are obtained by controlled phase separation of polymer 

solutions according to many different procedures. Contrary to other phase separation processes 

that are induced by diffusion, change of solvent/pressure or composition, the TIPS is driven by 

heat change (Song and Torkelson, 1995, Matsuyama et al., 2002, Li et al., 2006). TIPS was 

invented in 1981 by Anthony Castro and is widely used to produce microporous structures due in 

part to its flexibility, simplicity, reproducibility, versatility, applicability for several polymers and 

production of different structures, as well as high porosity with different sizes (Castro, 1981, Lloyd 

et al., 1990, Li et al., 1995, Song and Torkelson, 1995, Li et al., 2006, Chen et al., 2007, Kim et 

al., 2016, Liu et al., 2016).  

Usually, TIPS involves basic steps: 1) a homogeneous polymer solution is obtained at high 

temperatures by mixing a polymer and liquid or solid diluent with a high-boiling point and low 
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molecular weight (i.e. the diluent does not dissolve or swell the polymer at room temperature); 2) 

to induce phase separation the homogeneous solution is quickly cooled or quenched in the desired 

shape; 3) the diluent trapped during phase separation is typically extracted from the polymer matrix 

by a solvent extractor and a microporous structure is obtained (Lloyd et al., 1990, Li et al., 1995, 

Li et al., 2006, Tang et al., 2015, Kim et al., 2016, Liu et al., 2016). 

The phase separation can be either solid-liquid (S-L), where it occurs via the crystallisation of the 

polymer; gelation and/or vitrification of the polymer solution, or liquid-liquid (L-L). The latter 

plays a significant role in most TIPS. Two phases are formed from the solution, a polymer-rich 

continuous phase, and a polymer-poor droplet phase. However, a combination of these processes 

is possible if a crystalline polymer is used. It is of singular relevance in inducing microporous 

structures (Lloyd et al., 1991, van de Witte et al., 1996, Matsuyama et al., 1999, Matsuyama et 

al., 2001, Gu et al., 2006, Kim et al., 2016, Liu et al., 2016). 

In the case of L-L phase separation, nucleation-and-growth and SD mechanism must be 

considered. The phase separation by nucleation and growth mechanism takes place in the 

metastable region, which is located below the phase boundary in the phase diagram. The nuclei of 

the more stable phase must be larger than some critical size in order to grow in the metastable 

region due to the surface tension between phases. The new phase can grow only when a sufficiently 

large fluctuation creates a domain larger than the critical size. In the thermodynamically unstable 

region located bellow the spinodal line, the phase separation mechanism is SD. This process was 

first studied in metallurgical systems by Cahn and Hilliard (Cahn, 1961, Huston et al., 1966, Cahn 
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and Hilliard, 1971). In this region, the phase separation is induced without an energy barrier to be 

overcome so consequently the phase demixing is spontaneous. It is possible to enter directly into 

the spinodal region if the cooling is started at the critical point while in other situations the 

metastable region must first be passed. However, cooling the system at highly elevated rates can 

be applied to avoid demixing in the metastable region (Siggia, 1979, van de Witte et al., 1996, Liu 

and Kiran, 1999, Gu et al., 2006, Favvas and Mitropoulos, 2008, Rasouli and Rey, 2014).  

Comparing the two mechanisms of phase separation, it can be said that the spinodal is small in 

degree and large in extent while nucleation and growth are large in degree and small in extent. The 

membranes formed by these mechanisms are different in porosity, morphology and structure. The 

SD results in a highly interconnected structure with uniform pore sizes and have mechanical 

strength whilst the nucleation and growth process form either a weakly interconnected, fibrous 

and/or spherical structure which is not mechanically strong for solution with polymer-poor phase 

(below the critical composition) or an interconnected structure but with different pore sizes in the 

case of a solution with a polymer-rich continuous phase (above the critical composition) (Song 

and Torkelson, 1995, van de Witte et al., 1996, Favvas and Mitropoulos, 2008, Kim et al., 2016).  

2.6 Controlled-release system from swellable EVA polymer strands 

For the past few centuries, the major focus of drug-related research has been the synthesis or 

discovery of potent drugs with new kinds of biological activity. Increasing attention is being 

devoted to the manner in which these drugs are delivered. The first approaches for incorporating 

drugs into solid polymers dates to the 1950s and began with the development of agricultural 



 
 
 

59 

 

products, which then extended to medicine (Langer and Peppas, 1981). The use of polymers as 

carriers has the advantage of releasing the active ingredient continuously for very long periods of 

time (over a year in some cases) and widely varying the rate of release by using different polymeric 

systems (Langer and Peppas, 1981, van Laarhoven et al., 2002, Fu and Kao, 2009, Dash et al., 

2010). According to Langer and Peppas (1981), ethylene-vinyl acetate copolymer and various 

hydrogels were most successful in this regard. Schneider et al. (2017) state that ethylene-vinyl 

acetate copolymers gained prominence due to their broad applicability, long sustained release time 

scales and highly favourably inflammatory characteristics. Ethylene-vinyl acetate copolymer as 

polymeric carrier proved to be suitable material for drug release for different purposes (Rhine et 

al., 1980, van Laarhoven et al., 2002, Fu and Kao, 2010, Almeida et al., 2011, Genina et al., 2016, 

Schneider et al., 2017). 

Controlled-release polymeric systems can be classified based on the mechanism controlling the 

release of the active ingredient. The rate-limiting step of the release process may be diffusion, 

according to Fick’s law, i.e. diffusion-controlled systems; chemical reaction at the continuously 

depleted interface between the polymer and the dissolution medium, i.e. chemically-controlled 

systems; countercurrent diffusion of dissolution medium at constant penetration velocity in the 

polymer, swelling-controlled systems. Externally imposed controls may also be responsible for 

release, e.g. magnetically-controlled systems (Langer and Peppas, 1981, Siepmann and Peppas, 

2011). 
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In an amorphous polymer, dynamic swelling controls the solute diffusion in most cases. The 

mechanism involves diffusional release from the continuously swelling or shrinking system 

(Peppas and Franson, 1983, Cunha et al., 1998a, Cunha et al., 1998b, Marabi et al., 2003). 

2.6.1 Modelling release from swellable EVA polymeric systems 

In swelling controlled-release systems, the release of a solute is controlled by one or more of the 

following processes: namely, the transport of the solvent into the polymer matrix, swelling of the 

associated polymer, diffusion of the solute through the swollen polymer, erosion of the swollen 

polymer, etc. Controlled release from swellable polymeric systems has been studied and models 

proposed. They have been reviewed from time to time by several researchers (Hopfenberg and 

Hsu, 1978, Davidson and Peppas, 1986a, Davidson and Peppas, 1986b, Korsmeyer et al., 1986a, 

Korsmeyer et al., 1986b, Harland and Peppas, 1987, Lustig and Peppas, 1987, Klier and Peppas, 

1988, Rao and Devi, 1988, Brannon-Peppas and Peppas, 1989, Harland and Peppas, 1989, Walker 

and Peppas, 1990, Hariharan et al., 1994, Brazel and Peppas, 2000). However, there is no single 

model that successfully predicts all possible experimental conditions. Nevertheless, collectively 

they can contribute towards the elucidation of the mechanism involved. Modelling of release from 

swellable polymeric systems belongs to a category of diffusion problems known as moving-

boundary or Stefan- Neumann problems (Ritger and Peppas, 1987b). 

Figure 2.9 serves, for the present purposes, as a simple model for the repellent-release 

characteristics. It represents a long cylindrical microporous strand covered by a thin membrane-

like outer skin layer. 
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Figure 2.9: Model of the microporous strand showing the liquid core location, the vapour-filled 

microporous region and the outer skin layer that functions as a membrane that limits the rate at which the 

repellent is released. 

The cross-section is assumed to be circular, and the structure of the inner polymer section is 

assumed to be microporous. Conceptually, it corresponds to an open-cell polymer foam, which is 

initially filled with the liquid repellent. As the repellent is gradually released into the atmosphere, 

it is assumed that the outer pores are progressively emptied, and the lost liquid is replaced by air 

and repellent vapour. In a first approximation, it is assumed that the location of the liquid-vapour 

boundary is concentric with the outer wall. 

For the active compound to be released from the strand, a portion of the liquid evaporates and 

diffuses through the porous matrix towards the outer membrane. The matrix polymer forms both 

the microporous structure and the outer membrane. The permeability of the repellent through this 
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membrane is defined by the product of its solubility in the membrane and the diffusion coefficient 

inside the membrane. The implication is that the active ingredient is also dissolved in the rest of 

the microporous polymer structure. This has several implications, including the fact that the 

polymer structure could change shape (e.g. shrink) and that it can contribute to the rate of mass 

transport. The fact that the active ingredient must diffuse through a porous polymer may also affect 

the release rate. Therefore, it is necessary to consider the transport mechanisms of the active 

ingredient in the porous region, in addition to the permeation through the membrane and the 

deswelling of the polymer scaffold. The surface tension will affect the shape of the liquid meniscus 

inside partially filled pores. This has implications for the rate at which the liquid transforms into 

vapour, i.e. the evaporation rate. Finally, it is assumed that once the repellent molecules reach the 

outside surface of the strand, they are rapidly removed by convection air currents so that it can be 

assumed that the concentration on the outside surface of the strand is negligible. 

EVA is a random copolymer of ethylene and vinyl acetate (VA) as the repeating unit. The ethylene 

unit is nonpolar and crystallisable while vinyl acetate is polar and non-crystallisable; consequently, 

the incorporation of the vinyl acetate unit into polyethylene produces a wide range of properties 

depending on the content of vinyl acetate units incorporated (Allen et al., 2000, Hull et al., 2003, 

Wang et al., 2007, Chen et al., 2014, Martín-Alfonso and Franco, 2014, Genina et al., 2016, Suárez 

and Coto, 2016). As EVA is rubberier compared to LLDPE, this allows for a high degree of 

swelling and shrinkage; it is for this reason that empirical models were proposed for EVA 

microporous strands. 
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2.6.1.1 Peppas Model 

A simple semi-empirical equation can be introduced to express general drug release behaviour 

from polymers. Equation (2.40) expresses a Fickian diffusion (Case I) in a thin film and indicates 

that the first 60% of the fractional release at any time can be characterised by some constant 

multiplied by the square root of time. The distribution function X(t) = 
𝑀𝑡

𝑀∞
 is the time-dependent 

release equation that describes the temporal release of the repellent from a microporous polymer 

strand. This is the classical Higuchi equation written in the more general form:  

𝑋(𝑡) = √
𝑡

𝜏
                                                                       (2.40) 

where, τ = 1/k is a dimensionless time constant and k is a kinetic rate constant incorporating 

characteristics of the macromolecular network system and the active ingredient to release. 

A limiting case is one where the drug release rate is independent of time, i.e., the kinetics is of 

zero-order (also called a non-Fickian mechanism or Case II transport mechanism). Such a situation 

is described by a general equation of the form: 

𝑋(𝑡) =
𝑡

𝜏
                                                                       (2.41)   

Transport from swellable systems may often lead to release under conditions that do not agree with 

Higuchi’s or the Fickian behaviour. Most transport processes in glassy polymers fall between these 

two limiting cases; as such, they can be represented by a coupling of the Fickian and non-Fickian 

mechanism or Case II transport mechanisms. Therefore, a simple expression of this observation 
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can be heuristically written by adding the two expressions of Equation (2.40) (representing the 

diffusion-controlled) and Equation (2.41) (which represents the relaxation-controlled): 

𝑋(𝑡) = √
𝑡

𝜏1
+

𝑡

𝜏2
                                                                  (2.42)   

where τ1 and τ2 are dimensionless time constants.  

Another generalised expression can be written as 

𝑋(𝑡) = (
𝑡

𝜏
)

𝒏

                                                                      (2.43)   

where τ = 1/k is a dimensionless time constant and k is a kinetic rate constant incorporating 

characteristics of the macromolecular network system and the active ingredient to release, and n 

is the diffusional exponent which is indicative of the transport mechanism. This power-law has 

first been introduced in the pharmaceutical field in 1985 and has become known as the ‘Peppas 

equation’ (Siepmann and Peppas, 2011). 

The exponential dependence of the amount of drug released on time, as described by Equation 

(2.43), can still be used for the analysis of swelling-controlled release systems as long as these 

systems swell only moderately in the solute. The first estimate of applicability of this equation in 

swellable systems is that the system does not swell more than 25% of its original volume (Ritger 

and Peppas, 1987b). The equation is usually valid for the first 60% of the normalised drug release. 

In the case of thin films with negligible edge effects, Fickian drug diffusion and relaxational drug 

transport are defined by n equal to 0.5 and n equal to 1, respectively. Anomalous drug transport 

behaviour is intermediate between Fickian and Case II; this is reflected by the fact that anomalous 
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behaviour is defined by values of n between 0.5 and 1. For other geometries, different n-values 

are indicative of diffusion or polymer relaxation-controlled drug release, as shown in Table 2.3. 

Table 2.3: Diffusional exponent and mechanism of diffusional release from non-swellable controlled 

release systems for different geometries (Siepmann and Peppas, 2011) 

Thin Film Cylinder Sphere Drug Release Mechanism 

 Exponent, n   

0.5 0.45 0.43 Fickian diffusion (Case I) 

0.5 < n < 1.0 0.5 < n < 0.89 0.43 < n < 0.85 Anomalous (non-Fickian) transport 

1.0 0.89 0.85 Case-II transport 

> 1 > 0.89 > 0.85 Super Case-II transport 

 

An ideal kinetic profile of drug release from a prolonged release carrier is a zero-order curve. A 

value of n = 1 means that the drug release rate is independent of time, regardless of the geometry. 

Thus, zero-order release can exist for any geometry (Ritger and Peppas, 1987a, Balcerzak and 

Mucha, 2010). 

Additional structural parameters influencing the transport mechanism include the molecular 

weight, degree of crosslinking and degree of branching of the polymer and its thermal and solvent 

expansion coefficients. Non-Fickian and Case II transports are indicative of the coupling of 

diffusion and relaxation mechanisms. Relaxation is related to a transition from a rubbery to a glassy 

state. Major relaxation mechanisms are indicative of stresses formed in the polymer during 

swelling (Marabi et al., 2003). 
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2.6.1.2 Hill Model 

In the context of chemical reaction kinetics, the logistic rate equation is defined as 

𝑑𝛼

𝑑𝑡
= 𝑘𝛼(1 − 𝛼)                                                                   (2.44)                                                                          

where k is a kinetic rate constant, α is the degree of conversion but for this case is the amount of 

repellent probable to be released. Equation (2.44) is also referred to as the Prout-Tompkins rate 

equation. 

The Hill equation was originally derived on the basis of equilibrium principles applied to the 

cooperative binding of ligands to a macromolecule. Here, the Hill equation provides a rate 

expression that governs the release of the repellent from the microporous polymer strand: 

𝑑𝛼

𝑑𝑡
= 𝑘𝛼1−1 𝑛⁄ (1 − 𝛼)1+1 𝑛⁄                                                         (2.45)           

where the constant n is a shape parameter. Note that this differential equation provides a parametric 

interpolation formula between the predictions of the logistic equation (n → ∞) and second-order 

kinetics (n = 1). The general solution is 

[𝛼 (1 − 𝛼)⁄ ]1 𝑛⁄ = 1 +
[𝑘(𝑡−𝑡0)]

𝑛
                                                     (2.46)     

It can be cast in the following explicit form: 

1 − 𝛼 = 1 {1 + [1 + 𝑘(𝑡 − 𝑡0)/𝑛]𝑛}                                               (2.47)⁄    

For n → ∞, Equation (2.45) reduces to Equation (2.44), for 0 < 1/θ < ∞ it is possible to force α = 

0 at t = 0 by setting t0 = 0. With this condition, the equation reduces to the simpler form: 

1 − 𝛼 = 1 [1 + (𝑡 𝜏⁄ )𝑛]⁄ 𝜋𝑟2                                                       (2.48)         
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Where, the time constant, defined by τ = n/k, is a scale parameter. Defining the distribution function 

X(t) = α(t) yields the general Hill time-release equation for describing the temporal release of the 

repellent from microporous polymer strand: 

(𝑡) =
(𝑡

𝜏⁄ )
𝑛

1+(𝑡
𝜏⁄ )

𝑛                                                                   (2.49)  

2.6.1.3 Weibull model 

The Weibull distribution describes the process as a sequence of probabilistic events. It is a flexible 

empirical model and yields good results (Cunha et al., 1998a, Cunha et al., 1998b, Marabi et al., 

2003). Utilisation of the Weibull distribution can show an excellent fit for the description of the 

release of the repellent from microporous polymer strands and adequately describes the release 

rate controlled by different mechanisms. The Weibull distribution is described as 

𝑋(𝑡) = 1 − 𝑒−(𝑡 𝜏⁄ )𝑛
                                                              (2.50)      

This model has two parameters: the scale parameter τ, which represents the process rate constant 

(s−1), and the shape parameter n (dimensionless). The scale parameter, τ, defines the rate and 

represents the time needed to accomplish approximately 63% of the process. The higher τ is, the 

faster the process is at the beginning of the release. If n = 1, Weibull’s model reduces to classical 

first-order kinetics (Cunha et al., 1998a, Fernández et al., 2002, Marabi et al., 2003, Oms-Oliu et 

al., 2009). When n > 1, the sigmoid shape of the Weibull function indicates that a complex 

mechanism governs the release process (Mateus et al., 2007, Dash et al., 2010).  

Utilisation of the Weibull distribution showed excellent fit for the description of rehydration of a 

variety of dried foods and adequately described rehydration processes controlled by different 
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mechanisms, which included internal diffusion, external convection and relaxation (Cunha et al., 

1998a, Marabi et al., 2003).  
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CHAPTER THREE  

EXPERIMENTAL 

3.1 Materials 

3.1.1 Chemicals 

In this study, the following chemicals were used: the alkanes, Hexadecane [CAS No. 544-76-3], 

Eicosane [CAS No. 112-95-8], Tetracontane [CAS No. 4181-95-7]; the insect repellents, 1-(1-

methylpropoxycarbonyl)-2-(2-hydroxyethyl)piperidine (Icaridin) [CAS No. 119515-38-7] and 

N,N-diethyl-3-methylbenzamide (DEET) [CAS No. 134-62-3]; Dichloromethane [CAS No. 75-

09-2]. The molecular mass, purity, the melting and boiling points, density at 20oC, and suppliers 

of the chemicals are listed in Table 3.1. All the chemicals were used without further purification. 

Table 3.1: List of chemicals, their properties and suppliers 

Chemical Mw/(gmol−1) Purity (%) ρ/(gcm−3) Tb /(oC) Tm /(oC) Supplier 

Hexadecane 226345 ≥ 99 0.773 286.8 18.2 Sigma-Aldrich 

Eicosane 282.55 99 0.790 342.7 36.7 Sigma-Aldrich 

Tetracontane 563.08 ≥ 98 0.810 523.7 84.0 Sigma-Aldrich 

Icaridin 229.30 97 # 296 # Endura S.pA 

DEET 191.27 ≥ 97 0.998 288 - Sigma-Aldrich 

Dichloromethane 84.93 99.9 1.33 40 -95 Merck-KGaA 

# No information available. 
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3.1.2 Polymers  

Poly(ethylene-co-vinyl acetate) grade Elvax 760A ex DuPont pellets were pulverised by 

Dreamweaver. The vinyl acetate (VA) content was 9%, the density 0.930g cm−1 and the melt flow 

index (MFI) 2.0 g/10 min at 190°C. LLDPE (Sasol HR411) was obtained from Sasol. The number 

average molar mass and weight-average molar mass were 57889 and 214009, respectively. The 

density was 0.939g cm−3 and MFI was 3.5 g/10 min (190°C/2.16 kg). The number average molar 

mass and weight-average molar mass of LLDPE was determined on a PL-GPC 220 High-

Temperature Chromatograph [Polymer Laboratories, (now Agilent) UK] equipped with a 

differential refractive index (RI) detector. The samples (4 mg) were dissolved in 2mL of 1,2,4-

trichlorobenzene (TCB) for at least 3 hours together with 0.025% butylated hydroxytoluene 

(BHT), which acted as a stabiliser to prevent sample decomposition/degradation. TCB with 

0.0125% BHT was used as the mobile phase at a flow rate of 1mLmin-1. Three 300 × 

7.5mm2 PLgel Olexis columns (Agilent Technologies, UK) were used together with a 50 × 

7.5mm2 PLgel Olexis guard column and 200 μL of each sample was injected. All experiments in 

High-Temperature Size Exclusion Chromatography (HT-SEC) were carried out at 150°C. The 

instrument was calibrated using narrowly distributed polystyrene standards (Agilent Technologies, 

UK). 

3.1.3 Nanofillers 

Dellite 43B organoclay was supplied by Laviosa Chimica Mineraria S.pA. According to the 

supplier, the moisture content was 3% (max). The approximate medium particle size (dry basis) 
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was 7–9 µm and the bulk density was 0.40g cm−3. The clay was organo-modified with dimethyl 

benzyl hydrogenated tallow ammonium. 

Fumed silica (HDK® N20 pyrogenic silica) was supplied by Wacker silicones. The SiO2 content 

(based on the substance heated at 1 000°C for 2 h) was > 99.8%; the density at 20°C (SiO2) was 

approximately 2,2 gcm−³; the RI at 20°C was reportedly 1.46; the BET (Brunauer–Emmett–Teller) 

surface was around 170–230 m2g−1 and the pH value of a 4% aqueous dispersion was around 3.8–

4.3. 

3.2 Preparation of the samples 

The objective of this study was to produce polymer strands impregnated with mosquito repellent 

(Icaridin and DEET). The concept was to trap the insect repellents inside the polymer matrix. The 

two Nanofillers (fumed silica and Dellite 43B) were added to assist the compounding into the 

polymer. It was also thought that, if properly exfoliated and dispersed in the polymer matrix, the 

presence of the clays could reduce the rate at which the mosquito repellents are released from the 

expected microporous polymer strands. 

3.2.1 Preparation of mosquito repellent polymer strands without nanofiller 

The compounding and extrusion of polymer strands without nanofiller was done on a Nanjing 

Only Extrusion Machinery Co., Ltd (Model TE-30/600-11-40) co-rotating twin-screw laboratory 

extruder (diameter = 30mm, L/D = 40:1). Liquid repellent was dosed via a peristaltic pump (Cole-

Parmer with Easy-load 11, Masterflex L/S, head using Masterflex platinum-cured silicone tubing 

16, Model 77200-60). The temperature profile, from hopper to die, was set 
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at 85/100/1710/170/170/170/170/170°C, and the screw speed was set at 80 revolutions per minute  

(rpm) for EVA strands and at 85/170/210/210/210/210/210/210°C, and the screw speed was set at 

46.65 rpm for LLDPE strands. The extruded strands were quenched in an ice-water bath. 

Additional information is presented in Appendix III. Before starting the compounding, the feeder 

and the pump were calibrated in order to ensure the correct mixture ratios were achieved. The 

calibration results are presented in Appendix II.  

3.2.2 Preparation of mosquito repellent polymer strands with nanofiller 

All polymer repellent compositions were done on a TX28P 28mm co-rotating twin-screw 

laboratory extruder with a screw diameter of 28mm and an L/D ratio of 18. The screw design of 

this machine comprised intermeshing kneader blocks that also impart a forward transport action.  

The polymer and nanofiller powders were first mixed together in a plastic container. Then the 

repellent was added and mixed-in to obtain a semi-dry consistency that could be fed into the 

compounding extruder. The exiting polymer strands were quench-cooled in an ice-water bath. 

After compounding, the polymer strands did not show a visible leaking of the incorporated 

repellent. 

Table 3.2 lists typical compounder settings, i.e. temperature profiles from hopper to die and screw 

speed. They were used to compound a composition comprising EVA (65 wt-%), Dellite 43B (5 

wt.%) and DEET (30 wt-%). The conditions used for other EVA- and LLDPE compositions are 

given in Appendix IV. 
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Table 3.2: TX28P extrusion conditions used for compounding EVA strands  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Speed screw (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 

 

A Perkin Elmer Spectrum 100 Fourier Transform Infrared (FTIR) spectrometer was used to study 

the repellent stability under processing conditions. A sample of the repellent impregnated in the 

polymer was expressed from the microporous polymer matrix. The sample was placed on the 

platform of an attenuated total reflectance (ATR) attachment. The spectra represent average values 

obtained with fifty scans collected at a resolution of 2 cm−1. 

3.4 Characterising of polymer strands 

Figure 3.1 shows the instrument used to measure the diameter of the polymer’s strands. The 

Mitutoyo Digital Vernier caliper had a measurement range of up to 150mm.  

 

Figure 3.1: Mitutoyo Digital Vernier caliper 
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3.4.1 Estimation of repellent trapped by polymer matrix 

3.4.1.1 Solvent extraction 

Polymer strands with trapped repellent were cut to lengths of approximately 50mm, weighed using 

a Radwag Wagi Elektroniczne scale, PS 360/C/2, Nr 263678/09 (Figure 3.2) and placed in 50mL 

glass vials. Approximately 45mL dichloromethane was added, and the vials were closed. The 

extraction solvent was replaced on a daily basis. After the fifth or sixth extraction, the strands were 

removed and allowed to dry in a fume hood at ambient temperature. The repellent content was 

estimated from the recorded mass loss of the strands in the dried form. Reported values are the 

results obtained from triplicate mass loss determinations. The estimated amount of repellent was 

calculated using Equation (3.1). 

𝐸(%) = 100 − (
𝑊𝑓

𝑊𝑖
∗ 100)                                                         (3.1)  

where E is the estimated repellent amount in percent (%) that was in the polymer strand and Wi 

and Wf  are the weights of the strands before and after extraction of the repellent in grams (g). 
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Figure 3.2: Radwag Wagi Elektroniczne scale 

3.4.1.2 Thermogravimetric analysis  

TGA was used to estimate the amount of the repellent trapped by the polymer matrix. The TGA 

was carried out with a TA Instruments SDT-Q600 Simultaneous TGA/DSC (Figure 3.3). Samples 

weighing approximately 15mg were heated from ambient temperature to 600°C at a rate of 10 

Kmin−1. The purge gas was nitrogen flowing at 50mLmin−1. The first mass loss step of the 

polymer strand was associated with the loss of the repellent by volatilisation. 
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Figure 3.3: TA Instruments SDT-Q600 Simultaneous TGA/DSC  

3.4.3 Polymer swelling and shrinkage 

Approximately 4.0g of neat EVA and LLDPE pellets were weighed using a Radwag Wagi 

Elektroniczne scale, PS 360/C/2, Nr 263678/09, and placed in glass vials containing approximately 

20mL repellent (DEET or Icaridin). The vials were placed in an EcoTherm-Labcon (Figure 3.4) 

forced convection oven set at a temperature of 30°C or 50°C. After 72 hours, the pellets were 

removed, and the excess repellent was removed using a quick rinse with dichloromethane. The 

pellets were then allowed to dry for a few minutes on paper towels before weighing. After that, the 

repellent absorption was estimated from the recorded mass gain of the pellets. Reported values 

represent results obtained from multiple measurements of the mass gain of the pellets.  
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Figure 3.4: EcoTherm-Labcon forced convection oven 

According to Vasenin (1964), the swelling of polymers involves either mutual solution of two 

completely miscible substances (the solvent and the polymer) or solution of the low-molecular 

component in the polymer. The percentage of swelling (S) was determined gravimetrically by 

Equation (3.2) (Kaplan and Güner, 2000, Isik and Kis, 2004, Randová et al., 2009, Krasucka et 

al., 2018): 

𝑆(%) = 100 ∗ (
𝑚𝑡 − 𝑚0

𝑚0
)                                                            (3.2)  

where S is the estimated percentage of swelling of the polymer matrix by repellents; mo is the initial 

weight of dried polymer pellets and mt is the weight of swollen polymer at time t. 

50mm lengths were cut from neat polymer strands and polymer strands containing repellents. The 

strands were placed in an EcoTherm-Labcon forced convection oven, set at a temperature of 50°C 
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for one month. The rate of shrinkage of the polymer matrix was determined according to Equation 

(3.3) proposed by Li et al. (2008). The shrinkage rate (SR) was calculated by the diameter of strand 

(Di) before and after (Df) the shrinkage process occurred after complete loss of repellent: 

𝑆𝑅(%) = 100 ∗ (
𝐷𝑖−𝐷𝑓

𝐷𝑖
)                                                            (3.3)  

3.4.4 Scanning electron microscopy  

Scanning electron microscopy (SEM) was used to observe the microporous structure of the 

polymer strands. Repellent-free polymer strands were immersed in liquid nitrogen for 

approximately 1 hour and then fractured. The fracture surface was coated about six times with 

carbon using an Emitech K950X sputter coater prior to analysis. The samples were viewed through 

a Zeiss Ultra 55 Field Emission Scanning Electron Microscope (FESEM) at acceleration voltages 

of 1kV and 5kV.  

3.5 Repellent release rate studies  

The time-dependent repellent release of repellent from the strands was determined by ageing at 

50°C and 30°C in an EcoTherm-Labcon forced convection oven. The strands were suspended from 

the inside roof of the ovens in the form of loose coils. They were weighed twice a week. The 

repellent release kinetics from the microporous polymer strands in various formulations were 

investigated by fitting the release data into the mathematical models previously developed and 

described in Chapter Two. 
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Again, a Perkin Elmer Spectrum 100 FTIR spectrometer was used to study the possible 

degradation of the repellent under oven-ageing conditions. For this, approximately 4.0g of 

repellent was poured in an open Polytop glass and placed in a forced convection oven at 50°C for 

four months. 

 

In this study, the correlation of the release rate of the swellable polymeric system described by 

different semi-empirical models is presented and discussed. This is done on the basis of the best-

fitted model parameter values to obtain important information about the diffusional release 

mechanism of the active ingredient from a polymeric strand. 

3.6 Efficacy studies of the repellent polymer strands 

3.6.1 Ethical considerations 

As the study included laboratory testing of the product by way of a foot-in-cage test, ethical 

clearance was required. Before any repellence tests commence, ethical clearance for the study was 

obtained from the Faculty of Health Sciences’ ethics committee of the University of Pretoria 

(Protocol No. 720/2018).  

All repellents used are existing products approved by the WHO and consequently pose no known 

risk to humans. The mosquitoes used to test the repellents’ effects are bred in an insectary at the 

Faculty of Health Sciences, University of Pretoria, under very strict conditions and have no known 

pathogens. Therefore, these mosquitoes also pose no threat to human health. 
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Participants were not asked to give their personal details but signed an informed consent form. No 

remuneration was offered to volunteers. Test subjects were fellow students volunteering to have 

one foot treated with repellent and then exposed to mosquitoes.  

Three human volunteers participated in the mosquito foot-in-cage test. These individuals had 

different blood groups (A, B and O, all three Rh+). No allergic reaction after bioassay was 

observed. 

3.6.2 Efficacy studies using foot-in-cage test 

The polymer strands were first aged at 50oC in forced convection ovens, a model Labcon FSOH 

16. Every two weeks, samples were removed for foot-in-cage bioassay tests as described below. 

The mass loss testing and repellence testing were done for up to 12 weeks. Selected strands with 

a microporous structure were subjected to repellence testing. The tests for mosquito repellent 

efficacy was conducted under controlled insectary conditions. Caged mosquitoes were offered 

dual-choice opportunities for feeding on the treated and untreated body parts of human volunteers 

(Barnard and Xue, 2004, WHO, 2009). For the purposes of this study, the insectary colony of 

Anopheles arabiensis was derived from stock material maintained by the South African National 

Institute for Communicable Diseases (NICD). One hundred and fifty mixed-gender mosquitoes 

were placed in a large (1200mm  600mm  600mm) netting cage, which had two entry portals 

for the insertion of legs, spaced ca. 500mm apart on one side. Every effort was made to ensure 

minimal disturbance of mosquitoes prior to each test and no blood meals were offered for 72 hours 

prior to each trial to ensure that mosquitoes would readily try to bite and want to feed. All 
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mosquitoes were kept, and trials were conducted within the insectary, which was kept at a constant 

temperature of 25  2C and relative humidity of 75  5%. The mosquitoes had access to cotton 

wool soaked with a 10% sugar solution, which was removed 6 hours prior to the commencement 

of repellent trials. 

The test strand, 3.0m long, was wound around the lower limb region of one leg of a volunteer 

(Figure 3.5), leaving the other leg fully exposed (Figure 3.6). No socks or shoes or any other item 

of clothing was worn below the knee. 

 

Figure 3.5: A photograph of a treated foot prepared for a foot-in-cage test 

Both legs were then inserted into the cage, one leg per entry hole, and the volunteer had to stand 

still for five minutes (Figure 3.7). At the end of the five minutes, two other volunteers used 
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flashlights to count the number of mosquitos present on the lower leg of the person conducting the 

foot test. The number of mosquitoes on the treated and untreated legs were recorded separately. 

 

Figure 3.6: A photograph of an untreated foot during the foot-in-cage test. 

As long as a mosquito remained stationary on the foot or lower leg for at least five seconds it was 

counted. Only mosquitoes below the mid-calf region were counted (halfway between the foot and 

the knee). To avoid possible build-up of repellent on any ankle due to continuous use, each person 

alternated ankles on every alternative test day. Tests were conducted at least three days apart, at 

15h00, allowing enough time to ensure that the mosquitoes did not become accustomed to any 

odour that may have lingered after each application. 
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Figure 3.7: Photo of the foot-in-cage test  

3.6.2.1 Determination of degree of protection 

The degree of protection (p) was calculated as the proportion of the number of mosquitoes landing 

on and/or probing the treated leg (NT) in relation to the number landing on and/or probing the 

control leg (NC) of the same individual (Pascual-Villalobos and Robledo, 1998, Salari et al., 2012, 

Licciardello et al., 2013). The formula is given by Equation (3.4). 

 𝑝 (%) =  
(𝑁𝐶 −  𝑁𝑇)

(𝑁𝐶 +  𝑁𝑇)
 × 100                                                        (3.4) 

The degree of protection was reported in percentage units. 
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3.6.2.2 Statistical analysis 

Data collected during bioassays of the performance of the polymer strands impregnated with 

mosquito repellents were subjected to a statistical analysis of variance (ANOVA). The statistical 

analysis was used to check the reliability of the results obtained from the bioassay, such as the 

factors that affect the efficiency of a mosquito repellent. 

 

3.7 Modelling phase behaviour of the LLDPE/repellent systems 

3.7.1 Differential scanning calorimetry  

Perkin Elmer DSC 4000 equipment (Figure 3.8) was used to detect the temperatures of 

crystallisation/solid-liquid and liquid-liquid phase separation of the system alkane/repellent. 

Samples of different alkane/repellent ratios of 20:80, 30:70, 40:60, 50:50, 60:40, 70:30, 80:20 and 

100:0 were used. All samples were sealed in 50μL aluminium pans. Measurements were performed 

using a calibrated PerkinElmer DSC 4000 instrument in a nitrogen atmosphere. The experimental 

protocol was as follows: initial temperature of 5°C; heated to 160°C at a scan rate of 20°C min−1; 

held at 150°C for 5 min and cooled to 5°C at different cooling rates of 1, 3, 5, 7.5, 10, 12.5, and 

15°C min−1, and then held at 5°C for 5 min. This heating cycle was repeated at least twice at a 

faster heating rate of 40°C min−1 before data collection commenced. The samples were used 

multiples times to ensure the reproducibility of the results. The absence of evaporation of the 

solvent was checked after each cooling scan, by analysis of the sample mass. 
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Figure 3.8: Perkin Elmer DSC 4000 instrument  

3.7.2 Hot stage optical microscopy  

A Leica DM2500M optical microscope fitted with a Leica DFC420 video camera and Linkam 

CSS 450 hot stage was used to determine the cloud point temperature (Tcloud). Leica Materials 

Workstation (Version V 3.6.1) software was used to analyse samples visually and Linksys32 

(Version 1.9.5) software was used for setting up temperature profiles connected to the hot stage. 

The cloud point was taken as the highest solution temperature, where the onset of turbidity was 

observed. Samples of different Eicosane/repellent ratios of 20:80, 30:70, 40:60, 50:50, 60:40, 

70:30, 80:20 and 100:0 were taken from freshly prepared solutions while heated in the reactor-

block at 160°C, using a spatula to transfer a droplet with a mass of 25 – 30mg. Samples were 

placed between glass slides, using a spacer to reproducibly adjust the sample thickness to about 

15μm. The samples were heated to 160°C in the microscope using a Linkam CSS 450 hot stage, 

to obtain a solution, and then cooled to 20°C at rates of 1 and 5°C min−1 for controlled 
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crystallisation. All cloud-point measurements were repeated at least two times to ensure the 

reproducibility of the results. Images were taken with a Leica DFC420 video camera. 
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CHAPTER FOUR  

RESULTS AND DISCUSSION 

4.1 Characterising of polymer strands 

4.1.1 Chemical composition of Dellite 43B by X-ray fluorescence  

Table 4.1 presents the results of chemical composition in the form of the corresponding oxides. 

Unsurprisingly, these results revealed high Si, Al, Fe and Mg contents consistent with the fact that 

montmorillonite is a phyllosilicate. Related to the organic modifier (dimethyl benzyl hydrogenated 

tallow ammonium) of the Dellite 43B clay, the results revealed much organic material. It is shown 

by the high content of Loss on Ignition (LOI).  

Table 4.1: Chemical composition in (% oxides) of Dellite 43B organoclay 

SiO2 Al2O3 Fe2O3 MgO CaO P2O5 Na2O TiO2 K2O ZrO2 LOI Total 

43.54 14.29 3.26 1.57 0.47 0.37 0.11 0.08 0.01 0.01 36.22 99.93 

 

4.1.2 Effect of repellent on swelling and shrinkage of the polymers 

Table 4.2 lists the amount of repellent absorbed by the two polymers at 30C and 50C determined 

by Equation (3.2). The results are in agreement with those observed by Charara et al. (1992) 

studying the absorption of EOs in various polymeric packaging materials. They reported that the 

highest absorption was found in materials with low crystallinity. The semi-crystalline and nonpolar 

LLDPE absorbed less polar repellent compared to the amorphous and polar EVA matrix. The polar 

repellents interacted more weakly with the nonpolar LLDPE matrix compared to EVA that 
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contained the polar group (containing 9% VA). The results show that the solubility of Icaridin was 

less compared to DEET, this can suggest that Icaridin had less compatibility with the polymers.  

 Table 4.2: Polymer swelling by repellents expressed in wt.% evaluated at 30C and 50C 

Temperature (oC) 30 50 

Polymer  DEET Icaridin DEET Icaridin 

LLDPE 0.290.02 0.180.03 0.790.02 0.440.04 

EVA 1.650.14 0.990.10 5.140.10 3.180.11 

The polymer matrix strands produced could be used for controlled release applications. There is a 

possibility of shrinkage of the swelled polymer matrix as the repellent will be released over time 

by evaporation. Such shrinkage could become uncomfortable to the wearer if it caused 

constriction. Therefore, it was important to estimate the degree of shrinkage of the polymer matrix 

strands containing repellents. According to Akhtar and Focke (2015), this dimensional instability 

is undesirable in products, such as insect repellent bracelets and anklets. 

Table 4.3 shows the shrinkage of neat polymer strands and polymer strands impregnated with 

DEET and Icaridin determined by Equation (3.3). The sample dimensions were measured after 

ageing for one month at 50oC in a convection oven. As expected, looking at the swelling results, 

the EVA strands showed more extensive shrinkage than LLDPE strands. In addition, DEET-

containing strands showed a higher shrinkage than Icaridin-filled polymers irrespective of the 

matrix polymer (EVA and LLDPE). This could be due to the higher solubility and diffusibility of 

DEET, compared to Icaridin, in the polymers. The neat polymer strands showed a degree of 
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shrinkage less than that of the repellent-filled samples. However, the LLDPE matrix showed better 

dimensional stability than the EVA matrix due to its crystallinity and polarity. 

Table 4.3: Shrinkage of polymer strands expressed in wt.% evaluated at 50C 

Polymer  

strand  

Sample  

No. 

Diameter before 

shrinkage (mm) 

Diameter after 

shrinkage (mm) 

Shrinkage 

(%) 

Neat LLDPE BM00 3.280.07 3.250.04 0.78 

Neat EVA AS00 3.580.05 3.490.12 2.64 

LLDPE-Icaridin (20) BM400 3.430.07 3.310.06 3.59 

LLDPE-Icaridin (30) BM401 4.290.05 4.190.03 2.31 

LLDPE-DEET (20) BM402 4.240.13 4.080.19 3.73 

LLDPE-DEET (30) BM403 4.160.05 3.960.04 4.76 

EVA-Icaridin (20) AS400 3.530.25 3.380.10 4.43 

EVA-Icaridin (30) AS401 3.650.26 3.480.06 4.66 

EVA-DEET (20) AS402 3.400.12 3.220.10 5.23 

EVA-DEET (30) AS403 3.550.06 3.200.07 9.77 

 

4.1.2 Repellent content of the extruded strands by TGA and solvent extraction 

Figure 4.1 and 4.2 show TGA traces of the repellent, neat polymer and trapped repellent through 

the polymer-clay nanocomposite matrix. The first mass loss is assigned to the loss of the volatile 

repellent component in polymer-based strands in all samples analysed. The mass loss of the neat 

Icaridin by vaporisation commenced just above 125C and was complete by 293C, while the 
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evaporative mass loss of the neat DEET commenced earlier, just above 104C and was complete 

by 267C. However, the DEET and Icaridin mass loss were complete before the polymer started 

to lose mass in earnest above 400C. Therefore, the volatility of the repellents was suppressed 

when they were trapped in the polymer filaments. Similar trends were observed for the DEET-

filled EVA and the Icaridin-filled EVA. However, the DEET mass loss by evaporation overlapped 

with the first mass-loss event for the EVA, while this behaviour was not observed for Icaridin and 

the mass loss by evaporation commenced just above 111oC.  

 

Figure 4.1: TGA mass loss traces for DEET, Icaridin, neat polymers and EVA polymer-based strands 

containing 5 wt-% Dellite 43B clay and either 20 or 30 wt-% DEET (a) and 20 or 30 wt-% Icaridin (b) 



 
 
 

91 

 

 

Figure 4.2: TGA mass loss traces for DEET, Icaridin, neat polymers and LLDPE polymer-based strands 

containing 5 wt-% Dellite 43B clay and either 20 or 30 wt-% DEET (c) and 20 or 30 wt-% Icaridin (d). 

Table 4.4 shows the estimated amount of repellent determined by TGA and solvent extraction, 

calculated using Equation (3.1). It is notable that there was an agreement with the amount of 

repellent initially loaded in the compounding process and the TGA analysis as well as the 

solvent extraction results. This shows that very little repellent mass was lost by evaporation 

during the compounding process (see Appendix VI for other compositions). 
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Table 4.4: Nominal repellent content (in wt-%) and values estimated using solvent extraction and TGA 

Polymer strand Nominal TGA Solvent extraction Sample code 

LLDPE-DEET  20 19.8 19.30.6 BM402 

LLDPE-DEET  30 30.2 30.00.9 BM403 

LLDPE-Icaridin 20 20.1 20.20.6 BM400 

LLDPE-Icaridin 30 30.3 29.00.2 BM401 

EVA-DEET 20 19.7 18.70.5 AS402 

EVA-DEET 30 29.9 29.00.2 AS403 

EVA-Icaridin  20 20.3 19.60.2 AS400 

EVA-Icaridin  30 28.47 30.10.5 AS401 

Figure 4.3 shows an example of TGA curves for the polymer-repellent and polymer-repellent-clay 

strands. The mass loss proceeded stepwise in all samples. There was not much difference in the 

mass loss for the nanocomposite strand compared to that of the polymer strand without clay.  
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Figure 4.3: TGA curves of LLDPE strands initially containing: ( ) 20 wt-% Icaridin and loaded with 5 

wt-% Dellite 43B organoclay; and ( ) 20 wt-% Icaridin with the absence of nanofillers. 

 

4.1.3 Scanning electron microscopy  

Figures 4.4 and Figure 4.5 show SEM micrographs of EVA and LLDPE strands prepared in the 

absence of the nanofillers. The open-cell foam structure of the polymer scaffold comprising the 

strands is clearly visible in these Figures. Different repellents gave rise to different microporous 

structures in the interior of the strands and it is clearly visible that the type of repellent and polymer 

did affect the morphology.  
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Figure 4.4: SEM micrographs of EVA strands impregnated with: (a) 40 wt-% of DEET; and (b) 40 wt-% 

of Icaridin. No fillers were added. 
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Figure 4.5: SEM micrographs of LLDPE strands impregnated with: (a) 41 wt-% of DEET; and (b) 42 wt-

% of Icaridin. No fillers were added.  
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Figure 4.6 and Figure 4.7 show the effect of fumed silica and insect repellent type on the structure 

of the internal microporous region of extruded polymer strands. The micrographs revealed the 

presence of agglomerated fumed silica particles inside the cavities, suggesting that the fumed silica 

was primarily present in the repellent-rich phase after phase separation was complete. The 

morphology of polymer strands did not change with the incorporation of fumed silica into the 

microporous polymer strand.  
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Figure 4.6: SEM micrographs showing the effect of silica and insect repellent type on the structure of the 

internal microporous region of extruded EVA strands. (a) 30 wt-% Icaridin; and (b) 30 wt-% DEET. All 

strands contained 5 wt-% fumed silica. 
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Figure 4.7: SEM micrographs showing the effect of silica and insect repellent type on the structure of the 

internal microporous region of extruded LLDPE strands. (a) 30 wt-% Icaridin; and (b) 30 wt-% DEET. All 

strands contained 5 wt-% fumed silica. 
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Figure 4.8, Figure 4.9 and Figure 4.10 show the effect of the polymer type (EVA and LLDPE) and 

their concentration on the LLDPE clay phase morphology. The interconnectivity of the pores is 

clearly visible. However, it is clear from the micrographs that the nature of the polymer, repellent, 

as well as the concentration that was used, did affect the final microstructure. In all cases, the scale 

of the pores was in the order of a few microns. No clay platelets were observed, suggesting that 

they were confined to the polymer-rich phase that formed the microporous scaffold. Those 

experiments showed that the thermally induced SD route can, in fact, lead to a microporous 

polymer structure. 
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Figure 4.8: SEM micrographs showing the effect of polymer type on the structure of the internal 

microporous region of extruded strands containing 40 wt-% Icaridin. (a) LLDPE and (b) EVA. No fillers 

were added. 
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Figure 4.9: SEM micrographs showing the effect of insect repellent type and concentration on the structure 

of the internal microporous region of extruded LLDPE strands. (a) 20 wt-% DEET; and (b) 30 wt-% DEET. 

All strands contained 5 wt-% Dellite 43B clay. 
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Figure 4.10: SEM micrographs showing the effect of insect repellent type and concentration on the 

structure of the internal microporous region of extruded LLDPE strands. (a) 20 wt-% Icaridin; and (b) 30 

wt-% Icaridin. All strands contained 5 wt-% Dellite 43B clay. 
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4.1.4 Micropore image analysis 

For digital processing of SEM images of microporous LLDPE polymer strands, the ImageJ2 

(Version: 2.0.0-rc-43/1.50e) program was used. For the processing and analysis of the microporous 

structure of polymer strands, the following steps were taken in the program ImageJ2: 

1. Conversion of the image to an 8-bit format to enhance the contrast and simplify and allow 

the subsequent analysis; 

2. Elimination of noises using the filter function, sharpen and rescale; 

3. Segmentation of the image to find the threshold value in order to fully determine the object; 

and 

4. Analysis of selected objects (analyse particles).  
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Figure 4.11: The processing scheme of SEM images of microporous polymer strands using ImageJ2 

software: (a) original SEM image; (b) contrast-enhanced image (converted to 8 bits image); (c) sharpen, 

rescaled and random noises eliminated; (d) threshold image ready for particle size analysis. 

The projected pore areas distribution was calculated from SEM images using the Imagej2 

processing software. To visualise the analysis process, graphics of the projected pore area 

distribution on area fraction and percentage using Microsoft Office Excel package were plotted. 
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Figure 4.12: Pore area distribution results of microporous micrographs of LLDPE strands impregnated by 

Icaridin (on the left side) and DEET (on the right side) processed using ImageJ2 software. 
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The results in Figure 4.12 show that the projected pore area distribution was uniform independently 

of the repellent and concentration trapped. However, the number of pores increased as the quantity 

of repellent trapped increased too.  

4.2 Factors affecting the repellent release rate 

Figure 4.13 shows the release curves of DEET and Icaridin-based polymers strands aged at 50oC 

in a convection oven. Both strands contained 5 wt-% clay. DEET was, in general, released faster 

than Icaridin from the different polymer strands. The repellents were released at an almost constant 

rate over an extended period of time. The repellent was more rapidly released from a polar matrix 

compared to nonpolar matrix. This agrees with the results found in the swelling experiments. The 

polar matrix allowed faster permeation of the polar repellent. 

 

Figure 4.13: Repellent release curves during oven-ageing at 50C. The LLDPE- and EVA-based strands 

contained 5 wt-% Dellite 43B clay and either DEET or Icaridin as a repellent.  
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Figure 4.14 shows the measured DEET (a) and Icaridin (b) release curves for samples aged in a 

convection oven at 50oC. The EVA strands contained DEET and Icaridin in two different 

concentrations of 30 wt-% and 20 wt-% and both strands contained 5 wt-% Dellite 43B. The 

repellent depletion happened most rapidly for the strand with the higher repellent loading. This 

difference in behaviour can be attributed to differences in the porosity of the samples, as the results 

of the ImageJ2 analysis showed that strands with a high level of repellent formed more pores 

however with the same pore area distribution. 

 

Figure 4.14: Effect of concentration of the repellent on release from the EVA strands: (a) DEET and (b) 

Icaridin. The amount of repellent initially incorporated into the EVA strands was: ( ) 30wt-% and ( ) 

20wt-%. Both strands contained 5 wt-% clay.  

Figure 4.15 shows the effect of nanofiller (silica or Dellite 43B organoclay) on the repellent release 

from EVA strands aged in a convection oven set at a temperature of 50°C. The release of the 

repellents was high for strands containing the silica. This can be explained by the polarity of the 

silica. 
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Figure 4.15: Effect of nanofiller on repellent release from EVA strands: (a) DEET and (b) Icaridin. The 

EVA strands initially containing: ( ) 30 wt-% repellent and 5 wt-% fumed silica; and ( ) 30 wt-% repellent 

DEET and 5 wt% Dellite 43B clay.  

Figure 4.16 shows the effect of the diameter of the strands on the release of Icaridin and DEET 

aged in a convection oven at a temperature of 50°C. Strands of different diameter sizes were 

studied for each repellent-polymer composition (see Appendix V). The release of repellents 

(DEET and Icaridin) occurred fastest for polymer strands, with a small diameter in contradiction 

to the theoretical expectations. However, the differences in release rate were likely caused by 

differences in other geometric parameters than those of the strand diameter, e.g. the thickness of 

the membrane or the structure of the internal porous regions. This behaviour was observed in all 

repellent-strand compositions. 



 
 
 

109 

 

 

Figure 4.16: Effect of diameter sizes of EVA-strands on the release of the repellent: (a) DEET and (b) 

Icaridin.  

Figure 4.17 shows the effect of temperature on the release of repellent from EVA strands aged in 

a convection oven at a temperature of 30°C and 50°C, respectively. As expected, the repellents 

were released at a faster rate at the higher temperature.  

 

Figure 4.17: Effect of temperature on the release of EVA strands. (a) DEET and (b) Icaridin. 
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Figure 4.18 shows the effect of the quantity of clay on the release of repellent from EVA strands 

aged in a convection oven at a temperature of 50°C with a constant concentration of 20% of 

Icaridin. There was no difference in the release when the clay was added up to 1%. A drop is seen 

when 2.5% of the clay was added, showing a very big effect on the release rate of Icaridin. There 

is no substantial change when the quantity of clay was increased to 5%. 

 

Figure 4.18: Effect of clay quantity on the release of Icaridin from EVA strands.  

4.3 Repellent stability under processing and ageing conditions 

Figure 4.19 presents the FTIR spectra of DEET and Icaridin before and after compounding the 

repellent-impregnated EVA strands. All the spectra show a prominent carbonyl (─ C ═ O) 

absorption band, located at approximately 1650 cm-1, present in all the actives. The presence of 

the alcohol (─ OH) functional group is observed at approximately 3500 cm-1 for Icaridin and 

absent in the DEET spectra because the molecular structure of DEET does not contain the ─ OH 
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group. The FTIR spectra of samples recovered from the polymer after compounding were, for all 

practical purposes, identical to those of the neat repellents.  

 

Figure 4.19: FTIR spectrograms of A. DEET and B. Icaridin before and after compounding. 

Figure 4.20 shows the FTIR spectra of DEET and Icaridin after four months at 50°C. Once again, 

it was proven that the repellents continued steadily during the testing time. This means that the 
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FTIR results are consistent with the absence of thermal degradation during the polymer processing 

and ageing conditions. 

 

Figure 4.20: FTIR spectrograms of A. DEET and B. Icaridin before and after mimicking the oven-ageing 

conditions for four months. 
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4.4 Modelling for repellent release from EVA strands 

The correlation of release rate of a swellable polymeric system was described by different models 

and was discussed on the basis of the best-fitted model parameter values to obtain important 

information about the diffusional release mechanism of the active ingredient from a polymeric 

device. The data were fitted to different models and the values of n (diffusional exponent for 

Peppas equation and shape parameter for Hill and Weibull models), as well as the correlation, were 

calculated. Table 4.5 and 4.6 show the results for repellent release rate studies of DEET and 

Icaridin, respectively, from EVA polymer samples fitting the models proposed in this study. 

Table 4.5: Results of fitting the release of DEET for proposed models at different compositions and 

temperature 

 
(°C) (mm) wt-% Hill Weibull Peppas 

SAMPLE Temp. Dimeter Dellite 43B Silica DEET n R2 n R2 n R2 

AS100 50 3.32 0.00 5.00 0.38 2.33 0.9968 1.52 0.9989 0.72 0.9751 

AS200 50 3.84 0.00 5.00 0.30 0.93 0.9944 0.69 0.9980 0.47 0.9981 

AS201 50 3.60 0.00 5.00 0.39 0.95 0.9947 0.73 0.9900 0.53 0.9820 

AS202 50 3.42 5.00 5.00 0.29 0.97 0.9827 0.69 0.9926 0.44 0.9974 

AS203 50 3.22 5.00 5.00 0.36 0.92 0.9899 0.65 0.9815 0.43 0.9674 

AS208 50 3.96 5.00 0.00 0.29 1.14 0.9826 0.97 0.9876 0.81 0.9921 

AS402 50 6.37 5.00 0.00 0.19 1.14 0.9967 0.87 0.9990 0.63 0.9974 

AS403 50 6.22 5.00 0.00 0.29 1.53 0.9963 1.25 0.9983 0.95 0.9976 

AS204 30 6.01 5.00 0.00 0.18 0.86 0.9995 0.80 0.9994 0.73 0.9992 

AS205 30 3.39 5.00 0.00 0.18 0.85 0.9994 0.75 0.9985 0.66 0.9972 

AS206 30 5.50 5.00 0.00 0.29 0.83 0.9994 0.78 0.9993 0.73 0.9990 

AS207 30 3.27 5.00 0.00 0.29 0.82 0.9998 0.75 0.9996 0.68 0.9991 

AS304 50 6.01 5.00 0.00 0.18 0.55 0.9973 0.48 0.9971 0.41 0.9963 

AS305 50 3.39 5.00 0.00 0.18 0.43 0.9982 0.36 0.9969 0.30 0.9949 

AS306 50 5.50 5.00 0.00 0.29 0.84 0.9951 0.67 0.9961 0.52 0.9953 

AS307 50 3.27 5.00 0.00 0.29 0.75 0.9951 0.55 0.9953 0.39 0.9920 
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Table 4.6: Results of fitting the release of Icaridin for proposed models at different compositions 

 
(°C) (mm) wt-% Hill Weibull Peppas 

SAMPLE Temp. Dimeter Dellite 43B silica Icaridin n R2 n R2 n R2 

AS101 50 3.51 0.00 5.00 0.40 2.59 0.9948 1.89 0.9987 1.25 0.9971 

AS204 50 4.84 0.00 5.00 0.30 2.29 0.9966 2.00 0.9978 1.72 0.9983 

AS205 50 3.95 0.00 5.00 0.39 2.05 0.9960 1.80 0.9974 1.57 0.9985 

AS206 50 3.72 5.00 5.00 0.31 2.12 0.9908 1.85 0.9933 1.59 0.9953 

AS207 50 4.15 5.00 5.00 0.38 2.48 0.9931 2.14 0.9949 1.81 0.9959 

AS209 50 3.94 5.00 0.00 0.26 2.05 0.9978 1.92 0.9983 1.79 0.9987 

AS400 50 6.15 5.00 0.00 0.19 1.91 0.9989 1.72 0.9995 1.53 0.9997 

AS401 50 5.82 5.00 0.00 0.27 1.77 0.9985 1.70 0.9983 1.49 0.9980 

AS300 50 5.76 5.00 0.00 0.20 1.18 0.9968 1.06 0.9977 0.93 0.9983 

AS301 50 3.13 5.00 0.00 0.20 1.30 0.9952 1.03 0.9944 0.79 0.9907 

AS302 50 5.00 5.00 0.00 0.30 1.49 0.9985 1.36 0.9978 1.24 0.9969 

AS303 50 2.89 5.00 0.00 0.30 1.31 0.9989 1.16 0.9993 1.02 0.9993 

 

In case of release of Icaridin from EVA polymer strands, the release rate is remarkably constant, 

without exhibition of any significant bust effect. Some Icaridin had diffusional exponent close to 

unit corresponding to a first-order release behaviour. In all samples studied, the release of DEET 

samples occurred faster compared to Icaridin ones. Figure 4.21 shows examples of the fit of the 

models of repellent release as a function of time. 
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Figure 4.21: Repellent release data from EVA strands fitted with: Hill model; Weibull model; Coupling 

Diffusion and relaxation and Peppas model. 

 

As can be seen from the results presented in Table 4.5 and 4.6, the diffusional exponents are all 

lager than 0.45 for Icaridin samples, indicating non-Fickian behaviour where polymer relaxation 

is an important factor in the repellent release. For DEET samples, the values ranged from 0.3 to 

0.95, indicating a Fickian behaviour for some samples and for others a coupling of Fickian 

diffusion and a relaxation mechanism. Previous studies reported values for the Weibull shape 

parameter (n): internal diffusion mechanism for 0.6 to 0.7; between 0.9 – 1.0 indicating an external 

resistance to mass transfer while values higher than 1.0 correspond to the relaxation-controlled 

mechanism (Cunha et al., 1998a). 

Icaridin samples used for studying the influence of organoclay (see Table 4.7) had values of 

diffusional exponent (n) around 1.0, showing a highly non-Fickian mechanism. This indicates that 

Case II transport was the rate-limiting step of the release of the repellent during dynamic swelling 



 
 
 

116 

 

of the polymer. In general, it can be said that the release of Icaridin approaches super Case II 

transport as a result of being controlled by a relaxation mechanism. 

Table 4.7: Results of fitting the release of Icaridin for proposed models at different compositions of 

organoclay 

 
(°C) (mm) wt-% Weibull Peppas 

SAMPLE Temp. Dimeter Dellite 43B silica Icaridin n R2 n R2 

AS500 50 2.49 0.00 0.00 0.18 1.27 0.9966 1.03 0.9987 

AS501 50 2.99 1.00 0.00 0.22 1.14 0.9988 0.93 0.9995 

AS502 50 3.88 2.50 0.00 0.22 0.98 0.9984 0.91 0.9984 

AS503 50 4.16 5.00 0.00 0.20 1.05 0.9987 0.97 0.9986 

AS504 50 2.86 5.00 0.00 0.30 1.11 0.9992 0.99 0.9994 

 

4.5 Repellence testing  

The initial foot-in-cage experiments compared untreated feet with feet covered with neat EVA or 

LLDPE polymer strands. It was observed that the mosquitoes preferred probing the foot covered 

by repellent-free strands rather than the fully exposed foot. The degree of protection, averaged 

over both the neat LLDPE and EVA strands, was estimated at -19 8%. This means that the 

mosquitoes preferred the foot covered by neat, repellent-free strands over the bare foot. The 

reasons for this behaviour are not currently understood. Therefore, it was decided to use a bare 

foot as control rather than a foot covered with a repellent-free strand. 

EVA with a low content of VA degrades through exposure to UV light, in the presence of air or at 

elevated temperatures > 200°C. The initial step of degradation involves the loss of acetic acid 

(Allen et al., 2000, Hull et al., 2003, Patel et al., 2013). It is known that acetic acid can act as a 

mosquito attractant (Allan et al., 2006). EVA releases acetic acid in small quantities when 



 
 
 

117 

 

processed at elevated temperatures. This can explain the observed behaviour of attracting 

mosquitoes. On the other hand, processing or degradation of LLDPE does not release acetic acid 

and the reason for the observed attraction, therefore, remains a mystery. However, the observation 

that the neat strands acted as attractants informed the decision to conduct all the foot-in-cage tests 

comparing a covered foot to a bare foot rather than a foot covered by an inert strand. 

The results presented in Figure 4.22 showed that EVA strands had a good performance regardless 

of the repellent used. On the other hand, LLDPE strands suggest that the best repellency 

performance was obtained with Icaridin, which initially contained 30 wt-%. The repellents were 

released from LLDPE polymer strands at a two to three times slower rate than from the EVA. 

Nevertheless, they still offer the same repellence efficacy. In both cases, the repellence efficacy 

was maintained for the full test period of 12 weeks.
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Figure 4.22: Bar plot of results of foot-in-cage repellent tests for polymer strands containing either DEET 

or Icaridin as repellents. All the compositions utilised Dellite 43B clay as the thickening agent. The strands 

were aged at 50C in a convection oven and the bioassay tests were done every two weeks for up to 12 

weeks. 

4.5.1 Statistical analysis  

The data of the foot-in-cage tests and statistical analysis of the results are presented in the 

supplementary material (see Appendix IX). First, an ANOVA was performed in order to detect 

significant factors that might have an influence on the protection measurements obtained for the 

repellents. Following this, a non-parametric ANOVA was performed using the Kruskal-Wallis 

test, which makes no assumptions of the underlying data structure. In all these tests, the null 

hypothesis was that no effects were observed. The important conclusions of the statistical analysis 

were that, at the 95% level of confidence, neither polymer, repellent type, repellent loading level, 
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test person, treated foot, nor ageing time had a significant effect on the level of protection provided. 

Although no significant effects could be detected between the different treatments, they all differed 

significantly from the effects of untreated feet, which indicated that being treated differed 

significantly from not being treated, i.e. there were significantly fewer mosquito probings. The 

implication is that all the strands provided a similar level of protection against mosquito bites for 

up to 12 weeks. The observation that oven-ageing time did not have a statistically significant effect 

on the degree of protection was expected since the measured mass loss rate of the strands was 

approximately constant over time. This implies that all the repellence tests conducted over the full 

oven-ageing time for a given strand represent repeat measurements of the protection performance.  

4.6 Modelling phase behaviour of the LLDPE/repellent systems 

4.6.1 Differential scanning calorimetry  

Figure 4.23 shows a representative DSC cooling curve for Eicosane - DEET mixtures. The DSC 

curves for all alkanes suggest that liquid-liquid phase separation occurred before alkane 

crystallisation commenced. In addition, the position of the crystallisation peak shifted as the 

repellent content was increased. 
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Figure 4.23: Representative DSC crystallisation curves for Eicosane-DEET mixtures obtained at different 

scan rates (1, 2 and 3°C min−1) 

4.6.2 Hot stage optical microscopy  

The stages of phase change observed for a binary mixture with optical microscopy (OM) are shown 

in Figure 4.24. In order to determine the cloud point for each composition, hot stage OM was used 

to obtain optical micrographs of eicosane/repellent mixture. The samples were heated to a 

temperature well above the melting temperature of eicosane, where the two components were fully 

miscible. Subsequently, samples were cooled at a constant rate of 1°C min−1. At the cloud point, a 

sudden appearance of numerous spots was observed and the liquid became cloudy and opaque. 

Finally, crystallisation occurred in the mixture upon further cooling. At 25°C, it was possible to 
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see (spots) the repellent trapped by the alkanes. However, qualitative differences regarding the 

crystal structure were not detected for all sample compositions. 

     

Homogeneous 

solution 

(150 ºC) 

L-L phase 

separation 
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S-L phase 
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Figure 4.24: Optical micrographs of the phase changes in a binary system containing 30 wt-% Eicosane 

and 70 wt-% Icaridin. In the leftmost picture, the reflexive metal surface at the bottom of the hot cell can 

be seen.  
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4.6.3 Phase diagram 

The cloud point was associated with the phase boundaries of the phase diagram. Together with the 

results from DSC, these data were used to model the repellent/alkane systems. The alkanes 

represented low molecular mass polymer model compounds. 

The Flory-Huggins theory is one of the simplest theories describing the thermodynamics of 

polymer solutions. It is a lattice model in which it is assumed that each solvent molecule and 

polymer segment occupies exactly one lattice site (Flory, 1941, Huggins, 1941). As described in 

Chapter Two, the Flory-Huggins model accounts for the effect of the great dissimilarity in the size 

of the polymer and solvent molecules on the entropy of mixing: 

∆𝐺𝑚𝑖𝑥 = 𝑅𝑇[𝑛1𝑙𝑛𝜙1 + 𝑛2 ln 𝜙2 + 𝑛1𝜙2𝜒]                 (2.17)  

Upper critical solution temperature (UCST) phase behaviour is well accounted for by the Flory-

Huggins theory with the interaction parameter χ exhibiting the following temperature dependence: 

𝜒 = 𝑎 +
𝑏

𝑇
 

(2.15) 

McGuire et al. (1994) presented two equations that relate the tie line compositions with the 

interaction parameter. They provide a simple method for extrapolating the coexistence or binodal 

curve (liquid-liquid phase boundary): 

[(𝜙2
𝛽

)
2

− (𝜙2
𝛼)2] 𝜒 = ln [(1 − 𝜙2

𝛼) (1 − 𝜙2
𝛽

)⁄ ] + (1 − 1 𝑥⁄ )(𝜙2
𝛼 − 𝜙2

𝛽
)          (4.1) 

𝑥 [(1 − 𝜙2
𝛽

)
2

− (1 − 𝜙2
𝛼)2] 𝜒 = ln(𝜙2

𝛼 𝜙2
𝛽⁄ ) + (𝑥 − 1)(𝜙2

𝛼 − 𝜙2
𝛽

)          (4.2) 
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where 𝜙2
𝛼 is the polymer’s volume fraction in the polymer-poor phase and 𝜙2

𝛽
 is the polymer 

volume fraction in the polymer-rich phase.  

The experimentally determined cloud points were assumed to be representative of the coexistence 

curve compositions. The interaction parameter 𝜒 corresponding to each cloud point could then be 

calculated by simultaneously solving Equations (4.1) and (4.2), based on the known 𝜙2
𝛽

 values. 

This yielded interaction parameter values as a function of temperature. Thereafter, all the 

repellent/alkane systems were plotted vs. the inverse of the absolute temperature, to check whether 

the data conform to the linear relationship for all systems suggested by Equation (2.15). Using all 

the above expressions, the binodal coexistence curves were determined. They are plotted in Figures 

4.25 and 4.26 as the experimental and predicted cloud points. 

  

Figure 4.25: Experimental and predicted phase diagrams of alkanes in DEET 
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Figure 4.26: Experimental and predicted phase diagrams of alkanes in Icaridin. 

  

Figure 4.27: Temperature dependence of the Flory-Huggins interaction parameter for the systems alkane-

DEET. 
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Figure 4.28: Temperature dependence of the Flory-Huggins interaction parameter for the systems alkane-

Icaridin. 

The results obtained for various repellent/alkane systems with different molar mass did not fit a 

common linear relationship for all the alkanes (Figures 4.27 and 4.28). According to 

Sungkapreecha et al. (2018), this confirms that the different demixing temperatures are not only 

due to a decrease in the entropy of mixing with an increase in the alkane molar mass. This means 

that there are also differences in energetic interactions. Unfortunately, this means that the data 

cannot be used to predict the phase diagram for repellent/LLDPE systems. 
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CHAPTER FIVE  

CONCLUSIONS AND RECOMMENDATIONS 

The aim of this conceptual study was to develop technology for repellent impregnated polymer 

products (anklets or sandals). The idea was for them to act as reservoirs for active mosquito 

repellents to be released efficiently and optimally to the environment at a controlled rate. This 

can help with outdoor protection against mosquito bites. The two polymers employed, i.e. EVA 

and LLDPE were found viable for incorporating mosquito repellents. The microporous 

polymer strands were made via a convectional plastic extrusion process. In this process, 

polymer and liquid repellent formed a homogeneous polymer melt at elevated temperatures 

(170C for EVA and 180C for LLDPE). Phase separation by SD was induced by directly 

quenching the exiting strands into ice-cold water. In addition to the kind of polymer matrix 

considered (stiff or flexible), it was possible to trap large quantities of repellent (up to 50 wt-

%). 

The FTIR spectra, recorded before and after processing as well as before and after oven-ageing, 

proved the thermal stability of the repellents under processing and testing conditions. They 

suggest that the repellents are sufficiently stable at polymer processing conditions and for long-

term end-use applications. The TGA and solvent extractions confirmed that all the repellent 

was trapped in the polymer matrices during the processing step. 

After checking the thermal stability of the repellents, there was a need to establish the 

compatibility of the polymer and repellent to evaluate the dimensional stability of the polymers. 

For this, the swelling and shrinkage of the polymer matrix were estimated. EVA swelled (close 
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to 5%) more than LLDPE and consequently, it also shrunk significantly more when the 

repellent was released. Therefore, it was concluded that EVA had poorer dimensional stability 

compared to LLDPE. However, EVA can still be considered for end-use application because 

of its high flexibility derived from its rubbery nature. 

SEM confirmed the porous co-continuous repellent-polymer microstructure. It was possible to 

successfully prepare strands containing different repellent compositions (20, 30, 40 and 50 wt-

%) via TIPS. The scaffold morphology of the strands was affected by the type and 

concentration of the repellent, nature of the nanofiller (fumed silica or clay) and polymer matrix 

(EVA or LLDPE). 

The release of the active ingredient in the polymer matrix was followed as a function of oven-

ageing temperature (50oC and 30oC) and time (approximately six months). Most of the Icaridin-

containing strands retained more than 50% of the repellent trapped in the polymer matrix even 

after six months of ageing. This was attributed to the microporous structure and outer dense 

skin layer that provided the necessary diffusion barrier that limited the release of the repellent 

at effective and constant levels over a considerable period. As a result of different scaffolds, 

the release studies showed different patterns changing the type and concentration of the 

repellent, nature of polymer matrix and slight differences caused by the nature of nanofiller. 

The kinetics of the release of the repellent from the microporous polymer swellable matrix 

strands was mathematically modelled using semi-empirical models (Hill model, Weibull model 

and Peppas model). These models were found to be valuable in providing insights into the 
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mechanism that the repellent was being released from EVA swellable matrix strand. It was 

possible to differentiate between diffusion and relaxation mechanisms. 

The performance of the repellent-based strands was evaluated using foot-in-cage repellence 

testing. Here, only strands of EVA and LLDPE containing 20 and 30 wt-% of either DEET or 

Icaridin were considered. It was found that the repellence efficacy of polymer strands 

containing DEET or Icaridin with 30 wt-% could be maintained for more than 12 weeks. Those 

polymer strands gave effective protection against An. arabiensis mosquitoes even after ageing 

the strands for up to 12 weeks in a convection oven at 50oC. 

Finally, a partially successful attempt was made to establish the phase diagrams of the 

LLDPE/repellent system. This attempt was based on alkane/repellent systems data acquired 

using DSC and hot stage microscopy. 

Future developments can use this approach to make sandals or anklets. This conceptual study 

confirmed the viability and possibility of developing long-life mosquito repellent products that 

may assist in preventing infective outdoor mosquito bites, thereby decreasing malaria 

infections rates in malaria-endemic areas. 

More experimental work is required in order to understand the mechanisms responsible for the 

formation of the outer skin, microporous scaffold and the release of the active ingredient 

depending on the design of the product. Ultimately, extensive field trials will be required in 

order to determine whether the wearing of such personal protection can, in fact, reduce outdoor 

malaria transmission.
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APPENDICES 

Appendix I: Group contributions 

Table I.1: Group contributions to F for Small method 
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Table I.2: Group contributions to Ecoh and V according to Fedors 
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Table I.2 (continued) 
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Table I.2 (continued) 

 

 

 

 

 



 
 
 

154 
 

Table I.3: Solubility parameter component group contributions (Method of Hoftyzer and Van 

Krevelen) 

 

 

 



 
 
 

155 
 

Table I.4: Values of increments in Hoy’s system, for the molar attraction function 

 (continued) 

 

 



 
 
 

156 
 

 

Table I.4 (continued) 

 

For bi-, tri- and tetra-valent groups in saturated rings the ΔT - values must be multiplied by a factor 2/3 
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Appendix II: Calibration of setting feeder for polymers: EVA and LLDP; and pump feed for 

repellents: DEET and Icaridin;  

The calibration setting feeder for the polymers and pump feeder for repellents shows on the chart 

that the value of the R2 is approximately 1, indicating accurate calibration. 

Icaridin 
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Appendix III: Conditions of compounding of the polymer strands impregnated with repellent without nanofiller 

Table III.1: Conditions of compounding of the EVA strands impregnated with repellent without nanofiller 

Samples 
Vacuum 

(bar) 

Setting 

Feeder  
Kg/h 

Pump 

Feed 

 

Kg/h 

 

LLDPE 

(wt %) 

 

 

Repellent  

(wt %) 

 

Screw speed 

(rpm) 
T*/(°C) T#/(°C) 

EVA Virgin 0.12 5.0 1.34470 0 0 100 0 200 170 2 

EVA/DEET 0.12 7.5 1.86545 25 1.7653 51 59 80 170 2 

EVA/Icaridin 0.12 5.0 1.34470 20 1.4050 49 51 46.65 170 2 

T* = processing temperature; T# = water bath temperature 
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Table III.2: Conditions of compounding of the LLDPE strands impregnated with repellent without nanofiller 

Samples 
Vacuum 

(bar) 

Setting 

Feeder  
Kg/h 

Pump 

Feed 

 

Kg/h 

 

LLDPE 

(wt %) 

 

 

Repellent  

(wt %) 

 

Screw speed 

(rpm) 
T*/(°C) T#/(°C) 

LLDPE Virgin 0.12 4.0 1.87212 0 0 100 0 147.74 210 2 

LLDPE /DEET 0.12 4.0 1.87212 20 1.324 59 41 46.65 210 2 

LLDPE /Icaridin 0.12 4.0 1.87212 20 1.3359 58 42 46.65 210 2 

T* = processing temperature; T# = water bath temperature 
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Appendix IV: Typical compounder settings, i.e. temperature profiles from hopper to die and 

screw speed used to compound polymer strands 

Table IV.1: TX28P extrusion conditions used to compound a composition comprising EVA (60 

wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (30 wt-%).  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 146.5 159.7 160.7 160.3 100 

 

Table IV.2: TX28P extrusion conditions used to compound a composition comprising EVA (50 

wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (40 wt-%).  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 146.5 159.7 160.7 160.3 100 

 

Table IV.3: TX28P extrusion conditions used to compound a composition comprising EVA (60 

wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (30 wt-%).  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Speed screw (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 
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Table IV.4: TX28P extrusion conditions used to compound a composition comprising EVA (50 

wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (40 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 

 

Table IV.5: TX28P extrusion conditions used to compound a composition comprising EVA (75 

wt-%), Dellite 43B (5 wt-%) and DEET (20 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 146.5 159.7 160.7 160.3 100 

 

Table IV.6: TX28P extrusion conditions used to compound a composition comprising EVA (65 

wt-%), Dellite 43B (5 wt-%) and DEET (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 146.5 159.7 160.7 160.3 100 

 

Table IV.7: TX28P extrusion conditions used to compound a composition comprising EVA (75 

wt-%), Dellite 43B (5 wt-%) and Icaridin (20 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 

 



 
 
 

165 
 

Table IV.8: TX28P extrusion conditions used to compound a composition comprising EVA (65 

wt-%), Dellite 43B (5 wt-%) and Icaridin (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 

 

Table IV.9: TX28P extrusion conditions used to compound a composition comprising EVA (65 

wt-%), fumed silica (5 wt-%) and DEET (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 146.5 159.7 160.7 160.3 100 

 

Table IV.10: TX28P extrusion conditions used to compound a composition comprising EVA 

(55 wt-%), fumed silica (5 wt-%) and DEET (40 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 146.5 159.7 160.7 160.3 100 

 

Table IV.11: TX28P extrusion conditions used to compound a composition comprising EVA 

(65 wt-%), fumed silica (5 wt-%) and Icaridin (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 
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Table IV.12: TX28P extrusion conditions used to compound a composition comprising EVA 

(55 wt-%), fumed silica (5 wt-%) and Icaridin (40 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 160 160 100 

Read 143.4 160.2 159.1 160.4 100 

 

Table IV.13: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(60 wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (30 wt-%).  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 175 180 190 150 

Read 140.6 175.2 178.6 190.5 150 

 

Table IV.14: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(50 wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and DEET (40 wt-%).  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 175 180 190 150 

Read 138.6 175 180.1 190 150 

 

Table IV.15: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(60 wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (30 wt-%).  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Speed screw (rpm) 

Set 140 175 180 190 150 

Read 141.3 174.3 179.5 189.6 150 
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Table IV.16: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(50 wt-%), fumed silica (5 wt-%), Dellite 43B (5 wt-%) and Icaridin (40 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 170 170 150 

Read 148.5 157.8 165.3 172.1 150 

 

Table IV.17: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(75 wt-%), Dellite 43B (5 wt-%) and DEET (20 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 175 180 190 150 

Read 140.6 175.2 178.6 190.5 150 

 

Table IV.18: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(65 wt-%), Dellite 43B (5 wt-%) and DEET (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 175 180 190 150 

Read 141.6 175.2 178.6 190.5 150 

 

Table IV.19: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(75 wt-%), Dellite 43B (5 wt-%) and Icaridin (20 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (%) 

Set 140 160 170 170 150 

Read 148.5 157.8 165.3 172.1 150 
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Table IV.20: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(65 wt-%), fumed silica (5 wt-%) and Icaridin (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (%) 

Set 140 160 170 170 150 

Read 148.5 157.8 165.3 172.1 150 

 

Table IV.21: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(65 wt-%), fumed silica (5 wt-%) and DEET (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 175 180 190 150 

Read 141.6 175.2 178.6 190.5 150 

 

Table IV.22: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(55 wt-%), fumed silica (5 wt-%) and DEET (40 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 175 180 190 150 

Read 141.6 175.2 178.6 190.5 150 

 

Table IV.23: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(65 wt-%), fumed silica (5 wt-%) and Icaridin (30 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (%) 

Set 140 160 170 170 150 

Read 148.5 157.8 165.3 172.1 150 
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Table IV.24: TX28P extrusion conditions used to compound a composition comprising LLDPE 

(55 wt-%), fumed silica (5 wt-%) and Icaridin (40 wt-%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (%) 

Set 140 160 170 170 150 

Read 148.5 157.8 165.3 172.1 150 
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Appendix V: Diameter size of strands measured by Mutotoyo Vernier caliper 

Table V.1: EVA strands 

Samples Diameter size (mm) Sample No. 

EVA-DEET (40)-SiO2 (5) 3.320.54 AS100 

EVA-Icaridin (40)- SiO2 (5) 3.510.24 AS101 

EVA-DEET (30)-SiO2 (5) 3.840.32 AS200 

EVA-DEET (40)-SiO2 (5) 3.600.28 AS201 

EVA-DEET (30)-43B (5)- SiO2 (5) 3.420.28 AS202 

EVA-DEET (40)-43B (5)- SiO2 (5) 3.220.22 AS203 

EVA-Icaridin (30)-SiO2 (5) 4.840.30 AS204 

EVA-Icaridin (40)-SiO2(5) 3.950.38 AS205 

EVA-Icaridin (30)-43B (5)-SiO2 (5) 3.720.42 AS206 

EVA-Icaridin (40)-43B (5)-SiO2 (5) 4.150.41 AS207 

EVA-DEET (30)-43B (5) 3.960.33 AS208 

EVA-Icaridin (30)-43B (5) 3.940.42 AS209 

EVA-Icaridin (20)-43B (5) 2.490.21* or 5.760.15 AS300 

EVA-Icaridin (20)-43B (5) 2.990.12* or 3.130.11 AS301 

EVA-Icaridin (30)-43B (5) 3.880.24* or 5.000.16 AS302 

EVA-Icaridin (30)-43B (5) 4.160.21* or 2.890.06 AS303 

EVA-DEET (20)-43B (5) 2.860.19* or 6.010.35 AS304 

EVA-DEET (20)-43B (5) 2.590.22* or 3.390.28 AS305 

EVA-DEET (30)-43B (5) 6.090.14* or 5.500.29 AS306 

EVA-DEET (30)-43B (5) 3.370.20* or 3.270.23 AS307 

EVA-Icaridin (20)-43B (5) 6.150.19 AS400 

EVA-Icaridin (30)-43B (5) 5.820.16 AS401 

EVA-DEET (20)-43B (5) 6.370.55 AS402 

EVA-DEET (30)-43B (5) 6.220.37 AS403 
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EVA-Icaridin (20)-43B (0) 2.490.21 AS500 

EVA-Icaridin (20)-43B (1) 2.990.12 AS501 

EVA-Icaridin (20)-43B (2.5) 3.880.24 AS502 

EVA-Icaridin (20)-43B (5) 4.160.21 AS503 

EVA-Icaridin (30)-43B (5) 2.860.18 AS504 

* Oven-ageing at 30 ℃  
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Table V.2: LLDPE strands 

Samples Diameter size (mm) Sample No. 

LLDPE-DEET (50)-SiO2 (5) 3.210.34 BM100 

LLDPE-DEET (40)- SiO2 (5) 3.290.52 BM101 

LLDPE-DEET (30)-SiO2 (5) 3.930.54 BM102 

LLDPE-DEET (30)-SiO2 (5) 3.170.41 BM103 

LLDPE-IR3535 (40)-SiO2 (5) 3.310.44 BM104 

LLDPE-Icaridin (40)-SiO2 (5) 3.740.66 BM105 

LLDPE-EA (40)-SiO2 (5) 3.340.51 BM106 

LLDPE-DEET (30)- 43B (5)- SiO2 (5) 3.640.54 BM200 

LLDPE-DEET (40)- 43B (5)- SiO2 (5) 3.640.41 BM201 

LLDPE-Icaridin (30)-43B (5)- SiO2 (5) 3.640.25 BM202 

LLDPE-Icaridin (40)-43B (5)- SiO2 (5) 3.240.33 BM203 

LLDPE-IR3535 (30)-43B (5)-SiO2 (5) 3.390.44 BM204 

LLDPE-IR3535 (40)-43B (5)-SiO2(5) 3.380.29 BM205 

LLDPE-Icaridin (30)-43B (5) 3.740.21 BM206 

LLDPE-EA (30)-43B (5)-SiO2 (5) 2.630.73 BM207 

LLDPE-IR3535 (30)-43 (5) 3.590.39 BM208 

 

 

 

 

 

 

 

 



 
 
 

173 
 

Appendix VI: Nominal repellent content (in wt-%) and values estimated 

Table VI.1: EVA strands 

Samples Solvent extraction Sample No. 

EVA-DEET (40)-SiO2 (5) 37.920.19 AS100 

EVA-Icaridin (40)- SiO2 (5) 40.300.19 AS101 

EVA-DEET (30)-SiO2 (5) 29.630.06 AS200 

EVA-DEET (40)-SiO2 (5) 39.150.30 AS201 

EVA-DEET (30)-43B (5)- SiO2 (5) 29.330.08 AS202 

EVA-DEET (40)-43B (5)- SiO2 (5) 36.350.11 AS203 

EVA-Icaridin (30)-SiO2 (5) 30.250.04 AS204 

EVA-Icaridin (40)-SiO2(5) 38.760.06 AS205 

EVA-Icaridin (30)-43B (5)-SiO2 (5) 31.220.03 AS206 

EVA-Icaridin (40)-43B (5)-SiO2 (5) 38.090.10 AS207 

EVA-DEET (30)-43B (5) 29.250.10 AS208 

EVA-Icaridin (30)-43B (5) 25.720.04 AS209 

EVA-Icaridin (20)-43B (5) 20.340.25 AS300 

EVA-Icaridin (20)-43B (5) 18.840.47 AS301 

EVA-Icaridin (30)-43B (5) 29.350.05 AS302 

EVA-Icaridin (30)-43B (5) 26.830.49 AS303 

EVA-DEET (20)-43B (5) 17.970.66 AS304 

EVA-DEET (20)-43B (5) 18.720.18 AS305 

EVA-DEET (30)-43B (5) 29.120.13 AS306 

EVA-DEET (30)-43B (5) 29.030.21 AS307 

EVA-Icaridin (20)-43B (0) 20.190.05 AS500 

EVA-Icaridin (20)-43B (1) 20.050.28 AS501 

EVA-Icaridin (20)-43B (2.5) 20.660.88 AS502 
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EVA-Icaridin (20)-43B (5) 19.550.19 AS503 

EVA-Icaridin (30)-43B (5) 30.110.47 AS504 

 

 

Table VI.2: LLDPE strands 

Samples TGA Solvent extraction Sample No. 

LLDPE-DEET (50)-SiO2 (5) 50.55 49.070.05 BM100 

LLDPE-DEET (40)- SiO2 (5) 39.25 36.890.05 BM101 

LLDPE-DEET (30)-SiO2 (5) 30.67 27.560.34 BM102 

LLDPE-Icaridin (30)-43B (5)-SiO2 

(5) 

29.69 29.420.08 BM202 

LLDPE-Icaridin (40)-43B (5)- SiO2 

(5) 

35.24 36.000.07 BM203 

LLDPE-Icaridin (42) - 39.410.70 - 

LLDPE-DEET (41) - 40.410.63 - 
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Appendix VII: Repellent release data from EVA polymer strands 

 

Temp. (50 ℃) 

Time (day) 

AS100  

X(t) (%) 

AS101  

X(t) (%) 

 0 0.00 0.00 

1 0.20 2.55 

4 6.49 4.38 

8 12.97 6.47 

11 22.52 9.27 

12 24.77 9.63 

12 24.77 9.63 

15 34.16 12.17 

18 42.84 17.33 

22 50.62 22.09 

25 58.04 27.40 

26 59.90 28.77 

26 59.90 28.77 

29 67.12 33.48 

32 74.62 39.17 

35 79.31 45.24 

38 82.82 49.23 

39 83.41 50.77 

39 83.41 50.77 

42 87.76 56.01 

45 89.49 63.42 

49 91.89 68.70 

52 92.42 73.50 

56 93.16 78.63 

59 93.61 81.71 

61 93.81 82.81 

61 93.81 82.81 
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Temp. (50 ℃) 

Time (day) 

AS200  

X(t) (%) 

AS201 

X(t) (%) 

AS202 

X(t) (%) 

AS203 

X(t) (%) 

AS204 

X(t) (%) 

0 0.00 0.00 0.00 0.00 0.00 

3 18.38 8.29 26.11 13.61 0.40 

7 31.24 22.23 35.66 31.90 1.33 

10 37.73 32.41 42.65 41.54 3.37 

14 43.42 39.92 48.87 51.66 6.87 

17 49.00 43.87 53.47 56.56 9.26 

22 53.66 48.03 58.18 59.09 15.06 

25 56.69 50.29 64.09 60.24 17.65 

29 59.73 53.77 69.98 62.36 21.18 

32 63.98 56.82 69.98 62.36 21.18 

36 68.24 58.53 72.48 65.99 26.43 

39 69.66 60.74 76.29 67.90 34.03 

43 73.11 63.27 77.58 68.59 38.06 

 

 

 

Temp. (50 ℃) 

Time (day) 

AS205 

X(t) (%) 

AS206 

X(t) (%) 

AS207 

X(t) (%) 

AS208 

X(t) (%) 

AS209 

X(t) (%) 

0 0.00 0.00 0.00 0.00 0.00 

3 1.68 1.15 0.42 5.36 1.02 

7 2.16 2.72 1.12 13.78 1.06 

10 4.16 4.88 3.88 17.86 1.66 

14 8.06 7.79 8.31 22.41 3.62 

17 10.42 12.09 10.38 25.37 4.87 

22 14.27 16.29 13.86 28.65 6.50 

25 18.03 19.70 16.22 31.20 8.27 

29 22.80 19.70 18.60 32.73 9.34 

32 22.80 20.29 18.60 32.73 9.34 

36 26.62 20.29 21.65 36.17 10.92 

39 31.31 23.45 27.35 40.36 13.04 

43 34.78 27.01 36.05 45.56 16.29 
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Temp. (30 ℃) 

Time (day) 

AS204 

X(t) (%) 

AS205 

X(t) (%) 

AS206 

X(t) (%) 

AS207 

X(t) (%) 

0 0.00 0.00 0.00 0.00 

3 2.04 2.79 1.42 2.22 

7 3.43 5.29 3.00 4.22 

10 4.64 7.38 3.81 5.49 

14 5.80 9.51 5.04 7.32 

17 6.82 11.23 5.88 8.47 

21 7.81 12.94 6.64 10.01 

24 8.53 14.41 7.25 11.06 

28 9.70 16.39 8.09 12.38 

31 10.43 17.74 8.84 13.27 

35 11.37 19.29 9.56 14.29 

38 12.30 20.69 10.33 15.11 

42 13.46 21.98 11.25 16.11 

45 14.07 22.96 11.87 17.11 

49 14.96 24.13 12.68 18.05 

52 15.69 25.41 13.20 18.78 

56 16.77 26.86 14.13 19.86 

59 17.41 27.63 14.72 20.58 

63 18.14 28.39 15.46 21.41 

66 18.86 29.36 16.08 22.23 

70 19.72 30.35 16.65 23.07 

73 20.24 30.80 17.05 23.65 

77 20.79 31.53 17.53 24.11 

80 21.33 32.15 17.93 24.68 

84 21.88 32.94 18.34 25.46 

87 22.45 33.64 18.85 26.15 

91 22.93 34.57 19.42 26.69 

94 23.37 34.95 19.73 27.11 
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Temp. (50 ℃) 

Time (day) 

AS300 

X(t) (%) 

AS301 

X(t) (%) 

AS302 

X(t) (%) 

AS303 

X(t) (%) 

0 0.00 0.00 0.00 0.00 

3 0.36 0.56 -0.19 1.16 

7 3.03 1.31 -0.17 1.78 

10 5.48 6.10 1.02 3.70 

14 7.92 16.86 2.37 6.25 

17 8.31 18.37 2.91 7.15 

21 9.03 19.63 3.62 8.15 

28 11.13 23.67 5.42 10.49 

31 12.38 26.13 6.36 12.03 

35 13.80 28.84 7.88 13.64 

38 14.99 31.26 8.86 14.92 

42 16.41 34.34 10.12 16.54 

45 17.58 36.67 11.53 18.22 

49 19.85 39.98 13.26 19.88 

52 21.00 43.20 14.46 21.36 

56 22.90 45.82 16.25 23.07 

59 24.04 47.15 16.99 24.52 

63 25.30 48.83 18.17 25.78 

66 26.27 50.41 19.33 26.73 

70 27.56 52.28 20.66 29.08 

73 28.59 53.56 21.38 29.66 

77 30.04 54.87 22.76 31.11 

80 31.41 55.90 23.93 32.18 

84 32.30 57.61 24.70 34.17 

87 33.83 58.81 25.44 35.25 

91 35.63 59.98 26.63 37.18 

94 36.23 60.98 27.18 37.47 
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Temp. (50 ℃) 

Time (day) 

AS304 

X(t) (%) 

AS305 

X(t) (%) 

AS306 

X(t) (%) 

AS307 

X(t) (%) 

0 0.00 0.00 0.00 0.00 

3 6.89 11.82 6.66 11.02 

7 12.52 17.43 12.48 23.67 

10 16.27 20.25 16.00 30.45 

14 19.43 23.25 24.97 36.99 

17 20.45 24.84 27.18 38.65 

21 21.46 26.08 29.18 41.02 

28 23.98 28.19 32.74 44.16 

31 24.97 29.17 35.61 45.70 

35 26.07 30.59 36.34 48.07 

38 26.90 31.56 37.79 50.20 

42 28.16 32.29 39.53 51.64 

45 28.98 33.12 40.94 53.00 

49 29.65 33.78 42.48 55.49 

52 30.45 34.42 43.57 57.03 

56 31.44 35.04 45.01 58.19 

59 32.21 35.26 46.52 59.03 

63 33.31 35.67 48.28 61.03 

66 34.06 36.36 49.69 61.67 

70 34.96 36.64 51.39 62.68 

73 35.44 36.87 52.54 64.01 

77 36.14 37.63 54.13 64.86 

80 36.58 37.93 55.06 65.48 

84 37.18 38.46 56.46 66.71 

87 37.62 38.90 57.58 67.47 

91 38.16 39.21 58.82 68.34 

94 38.31 39.80 59.22 68.66 
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Temp. (50 ℃) 

Time (day) 

AS400 

X(t) (%) 

AS401 

X(t) (%) 

Temp. (50 ℃) 

X(t) (%) 

AS402 

X(t) (%) 

AS403 

X(t) (%) 

0 0.00 0.00 0 0.00 0.00 

2 0.91 0.51 2 5.49 1.06 

6 0.91 0.63 6 14.16 4.41 

9 1.82 0.86 9 16.87 6.96 

13 2.58 1.29 9* 16.87 6.96 

13* 2.58 1.29 13 21.13 12.15 

16 3.96 2.10 16 23.90 14.11 

20 5.08 3.00 20 28.30 17.47 

23 6.38 4.04 23 32.02 18.90 

27 7.69 5.10 27 37.37 20.76 

30 9.01 6.07 27* 37.37 20.76 

30* 9.01 6.07 30 40.38 22.94 

34 11.26 7.41 34 43.33 27.59 

37 13.02 8.30 37 45.02 29.89 

40 15.10 9.35 40 46.63 32.09 

43 16.15 10.26 40* 46.63 32.09 

43* 16.15 10.26 43 49.51 34.88 

48 19.41 11.99 48 52.54 39.38 

51 21.06 13.48 51 54.91 42.01 

54 22.47 14.40 54 57.05 43.71 

57 24.92 15.46 54* 57.05 43.71 

57* 24.92 15.46 57 59.05 47.03 

62 28.68 18.47 62 61.78 50.73 

65 30.33 20.17 65 63.24 53.60 

69 33.35 21.55 69 65.14 55.69 

72 35.72 23.65 69* 65.14 55.69 

72* 35.72 23.65 72 66.87 57.92 

* after removing three meters for repellence test.  
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Temp. (50 ℃) 

Time (day) 

AS500 

X(t) (%) 

AS501 

X(t) (%) 

AS502 

X(t) (%) 

AS503 

X(t) (%) 

AS504 

X(t) (%) 

0 0.00 0.00 0.00 0.00 0.00 

1 1.62 2.01 1.01 1.11 1.11 

5 4.44 5.62 2.77 2.20 2.54 

8 6.55 7.76 3.40 3.13 4.01 

12 9.56 9.91 4.59 4.51 5.81 

15 11.90 13.38 5.60 5.53 7.13 

19 15.79 16.28 6.55 7.02 9.09 

22 17.85 19.01 7.48 7.87 10.09 

26 22.26 22.19 8.73 9.70 11.58 

29 24.48 24.05 10.28 11.01 12.95 

33 26.52 28.18 12.12 13.17 15.24 

36 28.40 30.24 13.14 14.01 16.77 

40 31.66 34.09 13.93 15.44 18.61 

43 34.75 35.02 14.70 16.68 20.31 

50 39.17 40.30 16.93 18.63 24.04 

54 43.21 44.75 17.71 19.95 25.17 

57 47.26 46.32 19.21 20.98 26.65 

60 50.38 48.84 20.31 22.24 27.87 

65 55.12 52.20 21.32 23.33 29.76 

70 58.93 55.38 22.75 26.34 32.58 
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Appendix VIII: Modelling for repellent released from EVA polymer strands 

Hill model 

Sample Oven temperature (°C) τ n R2 Error 

AS100 50 20.29 2.327 0.9968 16847 

AS101 50 36.56 2.589 0.9948 24858 

AS200 50 17.29 0.932 0.9944 3514 

AS201 50 23.96 0.954 0.9947 3379 

AS202 50 12.79 0.974 0.9827 12428 

AS203 50 15.38 0.916 0.9899 6827 

AS204 50 48.88 2.293 0.9966 1716 

AS205 50 51.72 2.047 0.9960 1925 

AS206 50 49.43 2.124 0.9908 4661 

AS207 50 46.72 2.481 0.9931 4028 

AS208 50 44.71 1.138 0.9826 8417 

AS209 50 79.75 2.051 0.9978 333 

AS400 50 99.97 1.914 0.9989 895 

AS401 50 144.47 1.769 0.9985 590 

AS402 50 41.99 1.144 0.9967 6888 

AS403 50 61.76 1.535 0.9963 7614 

AS204 30 369.33 0.856 0.9995 118 

AS205 30 189.69 0.849 0.9994 305 

AS206 30 497.33 0.832 0.9994 100 

AS207 30 310.81 0.817 0.9998 44 

AS300 50 156.16 1.185 0.9968 1913 

AS301 50 66.12 1.300 0.9952 8839 

AS302 50 176.43 1.488 0.9985 668 

AS303 50 139.96 1.309 0.9989 749 

AS304 50 220.18 0.555 0.9973 945 

AS305 50 244.55 0.428 0.9982 469 

AS306 50 65.21 0.840 0.9951 5186 

AS307 50 35.06 0.747 0.9951 5375 

AS500 50 61.47 1.523 0.9936 7859 

AS501 50 63.56 1.375 0.9971 3450 

AS502 50 226.79 1.047 0.9982 335 

AS503 50 180.35 1.136 0.9987 321 

AS504 50 130.69 1.223 0.9988 518 
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Weibull model 

Sample Oven temperature (°C) τ n R2 Error 

AS100 50 26.99 1.525 0.9989 5731 

AS101 50 45.62 1.887 0.9987 6354 

AS200 50 30.85 0.687 0.9980 1263 

AS201 50 40.86 0.727 0.9900 6387 

AS202 50 23.03 0.690 0.9926 5350 

AS203 50 28.32 0.649 0.9815 12471 

AS204 50 56.94 1.999 0.9978 1069 

AS205 50 60.93 1.801 0.9974 1193 

AS206 50 58.21 1.851 0.9933 3313 

AS207 50 54.17 2.136 0.9949 2864 

AS208 50 62.76 0.969 0.9876 6000 

AS209 50 88.54 1.918 0.9983 256 

AS400 50 117.12 1.716 0.9995 413 

AS401 50 157.69 1.703 0.9983 307 

AS402 50 65.71 0.874 0.9990 1902 

AS403 50 82.63 1.250 0.9983 3204 

AS204 30 479.70 0.797 0.9994 102 

AS205 30 273.91 0.755 0.9985 622 

AS206 30 628.29 0.785 0.9993 99 

AS207 30 424.91 0.749 0.9996 90 

AS300 50 202.97 1.056 0.9977 1305 

AS301 50 95.43 1.032 0.9944 10766 

AS302 50 210.45 1.361 0.9978 1007 

AS303 50 179.16 1.158 0.9993 435 

AS304 50 418.38 0.478 0.9971 1024 

AS305 50 595.85 0.362 0.9969 829 

AS306 50 113.19 0.671 0.9961 4160 

AS307 50 71.31 0.553 0.9953 5219 

AS500 50 81.12 1.268 0.9966 4139 

AS501 50 86.27 1.143 0.9988 1387 

AS502 50 280.36 0.976 0.9984 289 

AS503 50 222.97 1.050 0.9987 291 

AS504 50 164.82 1.106 0.9992 310 
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Peppas model (2 factors: Diffusion and Relaxation) 

Sample Oven temperature (°C) τ1 τ2 R2 Error 

AS100 50 67.90857 2.22E+12 0.9817 262366 

AS101 50 2.23E+12 75.74477 0.9946 50351 

AS200 50 77.77561 2.81E+08 0.9977 1762.004 

AS201 50 102.2796 2.81E+08 0.9839 12160.32 

AS202 50 61.56501 8.97E+16 0.9975 5335.107 

AS203 50 72.64648 35461848 0.9609 27675.74 

AS204 50 1.96E+13 118.001 0.9826 24185.6 

AS205 50 1.96E+13 119.2807 0.9852 15368.32 

AS206 50 1.96E+13 115.8026 0.9788 20573.47 

AS207 50 1.96E+13 116.2912 0.9719 33197.21 

AS208 50 1717.714 119.8739 0.9931 3291.151 

AS209 50 1.97E+13 241.2331 0.9710 6921.846 

AS400 50 2E+13 232.8559 0.9876 21062.22 

AS401 50 2E+13 349.3268 0.9885 12703.32 

AS402 50 176.2283 2E+13 0.9980 29245.62 

AS403 50 2E+13 125.3823 0.9971 5759.819 

AS204 30 2018.075 2E+13 0.9959 7245.245 

AS205 30 828.3166 2E+17 0.9987 10035.67 

AS206 30 2834.098 2E+13 0.9964 5153.104 

AS207 30 1436.59 2E+13 0.9989 6448.133 

AS300 50 2E+13 253.5347 0.9981 1595.929 

AS301 50 292.0231 2E+13 0.9962 92781.75 

AS302 50 4E+13 352.1995 0.9975 5243.644 

AS303 50 2E+13 246.8261 0.9993 528.1393 

AS304 50 565.6635 2E+13 0.9934 6461.131 

AS305 50 476.2086 2E+31 0.9830 33868.9 

AS306 50 266.5796 2E+13 0.9957 5484.248 

AS307 50 170.5082 2E+13 0.9860 36375.96 

AS500 50 2E+13 121.5162 0.9985 1707.361 

AS501 50 1E+28 122.2625 0.9994 1832.698 

AS502 50 5E+21 295.9447 0.9985 653.8034 

AS503 50 2E+13 267.6763 0.9987 361.1363 

AS504 50 2E+13 214.8298 0.9994 223.0149 
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Peppas model (general equation) 

Sample Oven temperature (°C) τ n R2 Error 

AS100 50 57.29 0.716 0.9751 126377 

AS101 50 68.47 1.248 0.9971 10739 

AS200 50 82.20 0.475 0.9981 1204 

AS201 50 94.86 0.530 0.9820 11520 

AS202 50 68.18 0.444 0.9974 1823 

AS203 50 85.73 0.428 0.9674 21988 

AS204 50 69.04 1.720 0.9983 812 

AS205 50 74.64 1.566 0.9985 678 

AS206 50 71.58 1.592 0.9953 2248 

AS207 50 65.53 1.814 0.9959 2189 

AS208 50 98.13 0.808 0.9921 3820 

AS209 50 99.45 1.789 0.9987 195 

AS400 50 141.45 1.528 0.9997 198 

AS401 50 195.33 1.495 0.9980 789 

AS402 50 136.86 0.625 0.9974 5173 

AS403 50 130.23 0.953 0.9976 4643 

AS204 30 664.66 0.731 0.9992 179 

AS205 30 443.42 0.655 0.9972 1430 

AS206 30 842.40 0.729 0.9990 154 

AS207 30 625.37 0.677 0.9991 266 

AS300 50 278.35 0.933 0.9983 970 

AS301 50 164.51 0.789 0.9907 18403 

AS302 50 257.75 1.240 0.9969 1484 

AS303 50 242.03 1.016 0.9993 493 

AS304 50 943.61 0.408 0.9963 1314 

AS305 50 1911.84 0.301 0.9949 1376 

AS306 50 252.91 0.518 0.9953 5102 

AS307 50 233.92 0.386 0.9920 9021 

AS500 50 118.35 1.031 0.9987 1480 

AS501 50 130.77 0.930 0.9995 567 

AS502 50 355.26 0.907 0.9984 269 

AS503 50 283.48 0.967 0.9986 303 

AS504 50 216.42 0.995 0.9994 221 
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Appendix IX:  Protection Analysis 

Repellence test Data 

               Number of bites  

Product Polymer Repellent Level Ageing 

Test 

person 

Treated foot 

(L/R) 

Time to 1st 

bite 

Untreated 

foot 

Treated 

foot Protection 

   wt.% weeks   (s) # #  

A LLDPE DEET 20 1 X R 10 49 6 0.78 

A LLDPE DEET 20 3 Z L 23 39 4 0.81 

A LLDPE DEET 20 5 Z L 48 16 0 1.00 

A LLDPE DEET 20 7 Z R 103 20 6 0.54 

A LLDPE DEET 20 9 Y R 30 11 0 1.00 

A LLDPE DEET 20 11 Y L 54 26 6 0.63 

B LLDPE DEET 30 1 Z R 20 26 8 0.53 

B LLDPE DEET 30 3 Z R 21 98 12 0.78 

B LLDPE DEET 30 5 X R 62 7 0 1.00 

B LLDPE DEET 30 7 X R 79 40 1 0.95 

B LLDPE DEET 30 9 Y R 27 7 2 0.56 

B LLDPE DEET 30 11 X L 26 47 4 0.84 

C LLDPE Icaridin 20 1 Z L 13 47 1 0.96 

C LLDPE Icaridin 20 3 X R 10 24 3 0.78 

C LLDPE Icaridin 20 5 X L 51 45 0 1.00 

C LLDPE Icaridin 20 7 Z R 35 18 1 0.89 

C LLDPE Icaridin 20 9 X R 27 27 6 0.64 

C LLDPE Icaridin 20 11 X L 43 41 15 0.46 

D LLDPE Icaridin 30 1 X L 105 18 1 0.89 

D LLDPE Icaridin 30 3 X L 15 62 0 1.00 



 
 
 

187 
 

D LLDPE Icaridin 30 5 Z L 29 24 0 1.00 

D LLDPE Icaridin 30 7 Z L 57 20 0 1.00 

D LLDPE Icaridin 30 9 X L 24 7 0 1.00 

D LLDPE Icaridin 30 11 Y L 54 48 1 0.96 

E EVA DEET 20 2 Z R 45 36 0 1.00 

E EVA DEET 20 4 X R 50 33 0 1.00 

E EVA DEET 20 6 X L 32 11 0 1.00 

E EVA DEET 20 8 Z L 115 65 13 0.67 

E EVA DEET 20 10 X L 57 28 8 0.56 

E EVA DEET 20 12 X R 21 29 2 0.87 

F EVA DEET 30 2 X L 25 21 0 1.00 

F EVA DEET 30 4 Z R 36 17 0 1.00 

F EVA DEET 30 6 Z L 25 11 1 0.83 

F EVA DEET 30 8 X R 90 20 1 0.90 

F EVA DEET 30 10 Y L 75 43 16 0.46 

F EVA DEET 30 12 Y R 13 55 8 0.75 

G EVA Icaridin 20 2 Z L 20 22 0 1.00 

G EVA Icaridin 20 4 Z L 115 7 1 0.75 

G EVA Icaridin 20 6 Z R 34 78 4 0.90 

G EVA Icaridin 20 8 Z L 28 24 0 1.00 

G EVA Icaridin 20 10 Y R 29 13 0 1.00 

G EVA Icaridin 20 12 Y L 6 62 6 0.82 

H EVA Icaridin 30 2 X L 40 23 0 1.00 

H EVA Icaridin 30 4 X L 170 7 0 1.00 

H EVA Icaridin 30 6 X R 40 57 3 0.90 

H EVA Icaridin 30 8 X R 51 50 0 1.00 

H EVA Icaridin 30 10 X R  24 5 0.66 
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H EVA Icaridin 30 12 X L 6 71 12 0.71 



 
 
 

189 
 

Parametric analysis of variance 

Mr. Theodor Loots 

Department of Statistics, Faculty of Natural and Agricultural Sciences, University of Pretoria 

17 September 2018 

The factors influencing the efficiency of a mosquito repellent are analyzed below. All the 

analyses were performed using R Core Team (2018), and in particular the ANOVA functionality 

from the car package by Fox and Weisberg (2011). 

The following data were received (See Table below): 

'data.frame':   48 obs. of  11 variables: 

 $ Product       : Factor w/ 8 levels "A","B","C","D",..: 1 1 1 1 1 1 2 2 2 2 ... 

 $ Polymer       : Factor w/ 2 levels "EVA","LLDPE": 2 2 2 2 2 2 2 2 2 2 ... 

 $ Repellent     : Factor w/ 2 levels "DEET", "Icaridin": 1 1 1 1 1 1 1 1 1 1 ... 

 $ Level         : int  20 20 20 20 20 20 30 30 30 30 ... 

 $ Week          : int  1 3 5 7 9 11 1 3 5 7 ... 

 $ Test.person   : Factor w/ 3 levels "AS","BM","RT": 2 1 1 1 3 3 1 1 2 2 ... 

 $ Treated.foot: Factor w/ 2 levels "L","R": 2 1 1 2 2 1 2 2 2 2 ... 

 $ Time.1st.bite: int  10 23 48 103 30 54 20 21 62 79 ... 

 $ Untreated.foot: int  49 39 16 20 11 26 26 98 7 40 ... 

 $ Treated.foot.1: int  6 4 0 6 0 6 8 12 0 1 ... 
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 $ Protection: num  0.78 0.81 1 0.54 1 0.63 0.53 0.78 1 0.95 ... 

Summary statistics for the measurement variable: 

   Min. 1st Qu.  Median    Mean 3rd Qu.    Max.  

 0.4600  0.7500  0.9000  0.8496  1.0000  1.0000  

 

A parametric analysis of variance (ANOVA) was performed in order to detect significant factors 

that might have an influence on the protection measurement of the repellent. This ensures that the 

effect of multiple testing is sufficiently dealt with, i.e. that the probability of detecting an effect 

does not increase simply because more tests are performed. Following this, a non-parametric 

ANOVA was performed using the Kruskal-Wallis test, which makes no assumptions of the 

underlying data structure. In all these tests, the null hypothesis was that no effect was observed. 
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ANOVA Models 

 Sum Sq Df F value Pr(>F) 

(Intercept) 0.98 1 36.39 0.0000 

Polymer 0.05 1 1.70 0.1997 

Repellent 0.08 1 2.83 0.1005 

Level 0.01 1 0.50 0.4817 

Week 0.11 1 4.05 0.0514 

Test.person 0.01 2 0.13 0.8761 

Treated.foot 0.00 1 0.01 0.9330 

Time.1st.bite 0.02 1 0.61 0.4378 

Residuals 1.02 38   

 

All the variables were tested simultaneously to minimize the effect of multiple testing. The product 

was not included as a variable, since it leads to an inversion problem of the hessian matrix. From 

this the following conclusions were possible: Neither product, polymer, repellent, level, test 

person, treated foot, nor time to first bite had a significant effect on the level of protection. The 

week seemed to indicate a slight relation to the level of protection. This was damped somewhat by 

the addition of “time to 1st bite”, which is not really an input variable to the model and may be 

excluded. 

These variables were now analysed separately in a non-parametric model. 
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Kruskal-Wallis Test 

 Kruskal.Wallis.chi.squared df p.value 

Product 7.05 7 0.42 

Polymer 0.59 1 0.44 

Repellent 2.10 1 0.15 

Level 0.32 1 0.57 

Week 18.90 11 0.06 

Test person 1.67 2 0.43 

Treated foot 0.51 1 0.47 

 

These results confirm the results of the ANOVA tests, and furthermore show that the “Week” 

effect is not significant at a 5% level of significance. 
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Analysing pre-post data 

Since the treated foot did not appear to be a significant effect in the model, the untreated foot was 

regarded as a control group. Here the number of probes were entered as a dependent variable, and 

not the protection measurement. 

Paired t-test 

Data:  Count by Group t = 34.417, df = 47, p-value < 2.2e-16 

Alternative hypothesis: true difference in means is greater than 0 

95% confidence interval: 

 0.8082174       Inf 

Sample estimates: 

Mean of the differences  

                0.84964  

 

 Wilcoxon signed rank test with continuity correction 

Data:  Count by Group 

V = 1176, p-value = 6.335e-10 

Alternative hypothesis: true location shift is greater than 0 

95% confidence interval: 
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 0.8125206       Inf 

Sample estimates: 

(pseudo)median  

     0.8729766  

Therefore, although no significant effects could be detected between the different treatments, they 

all differed significantly from the untreated feet, indicating that being treated differed significantly 

from not being treated, i.e. had significantly fewer probes. 

Fox, John and Sanford Weisberg. 2011. An R Companion to Applied Regression. 2nd edition. 

Thousand Oaks CA: Sage. http://socserv.socsci.mcmaster.ca/jfox/Books/Companion 

R Core Team. 2018. R: A language and environment for statistical computing. Vienna, Austria: R 

Foundation for Statistical Computing. https://www.R-project.org/. 

http://socserv.socsci.mcmaster.ca/jfox/Books/Companion
https://www.r-project.org/
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Appendix X: Specification sheets of polymers, fumed silica and Dellite 43B organoclay 

considered in this study 

Specification of EVA (760) 
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Specification of LLDPE (HR411) 
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Specification of Pyrogenic Silica (HDK® N20) 
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Specification of Organoclay DELLITE® 43B 

 


