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SYNOPSIS 

Malaria is a principal cause of illness and death in countries where the disease is endemic.  The 

indoor residual sprays of insecticides and indoor use of long-lasting insecticide-treated nets 

(LLINs) are practical methods of the prevention of malaria recommended by WHO. However, the 

elimination of malaria is creating difficulties as the current methods do not protect against 

mosquitoes biting outdoors. The purpose of this study was to develop a new product by 

incorporating repellents into inexpensive thermoplastic polymer namely poly(ethylene-co-vinyl 

acetate) (EVA) and linear low-density polyethylene (LLDPE) to control the release rate of 

mosquito repellents from microporous polyolefin strands, e.g. repellent bracelets and anklets 

which can be used for longer periods of time, say for three to six months. Four approaches were 
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considered in this research. In the first study, the evaporation rate of repellents was determined 

using thermogravimetric analysis (TGA). The duration of protection against mosquitoes by the 

repellent is partially affected by the rate of loss of repellent due abrasion, penetration and 

evaporation. Therefore, the repellent evaporation rate can be regarded as one of the physical 

properties of repellents which might affect repellent efficiency. The results showed that three 

repellents, namely Icaridin, IR3535 and DEET, had a low volatility compared to the other 

repellents investigated. These three repellents are indicators of long protection time against 

mosquitoes. The second approach was to use the open-cell microporous strands as reservoirs for 

relatively large quantities of mosquito repellent. Repellents of interest include DEET, Icaridin, 

ethyl anthranilate and IR3535. Microporous polymer strands containing mosquito repellent were 

prepared by twin-screw extrusion compounding. A co-continuous phase structure was achieved by 

rapid quenching in an ice-water bath of the homogeneous polymer-repellent melt exiting the 

extruder. Phase separation occurred through spinodal decomposition which trapped the liquid 

repellent in the microporous polymer matrix. The extraction and TGA results corresponded well 

to the amount of repellent added in the compounding step, showing that very little repellent was 

lost during processing. The third approach showed that control of the repellent-release rate was 

possible with a skin-like membrane at the surfaces of the open-cell polymer-repellent strands 

extruded. The presence of a skin-like membrane of the polymer strands was studied using scanning 

electron microscopy and estimated by a mathematical model. It was found that some of the 

microporous polymer strands released the repellents at an almost constant rate. The experimental 

and predicted data fitted very well, showing the accuracy of the mathematical model developed. 

The last study demonstrated that the polyolefin strands that contained up to 30 wt% of either DEET 

or Icaridin provided effective protection against bites from the Anopheles arabiensis mosquito 

even after 12 weeks of ageing at 50 oC. This means that the bracelets or anklets made with 

polyolefin impregnated with DEET or Icaridin may offer a new effective control strategy which is 

cost effective for outdoor mosquito bites.  

Keywords: malaria; mosquitoes; repellents; polyolefin strands; evaporation rate; permeability; 

release rate; TIPS method. 
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THESIS OUTLINE 

The thesis comprises five chapters and references. Appendices are included.  

Chapter 1 is an introduction to the study, research objectives and descriptions of the sample 

preparation and characterization methods. 

Chapter 2 presents a literature review of the study. A brief description is given of mosquito-borne 

diseases, vector control measures, the history of insect repellents and natural and synthetic 

repellents. Previous studies of repellents that are effective against mosquitoes are reported. The 

volatility of mosquito repellents, the equations that describe evaporation rate, diffusion coefficient, 

vapour pressure and the permeability of repellents in air are discussed. The nanocomposite theory 

and equations that describe permeability through films and how to measure them are presented. 

The literature on the preparation of microporous polymer strands using the thermally induced 

phase separation (TIPS) method is discussed. Finally, the controlled-release technology and the 

mathematical model for repellent release from polymer strands are highlighted. 

The raw materials and experimental procedures used in this study are described in Chapter 3. The 

instruments and methods used in the laboratory are also described in this chapter. 

Chapter 4 presents the results and discussions of the thermo-oxidative stability of repellents. 

Secondly, the determination of the evaporation rate and permeation kinetics mosquito repellents 

are reported and discussed. The results of the thermal stability of polymer-nanocomposite films 

and the chemical interaction of the clay and polymer were obtained by TGA and FTIR methods.  
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This chapter also presents and discusses the results of the thermal stability and morphological 

properties of polymer nanocomposite strands containing repellent. The results of polymer matrix 

swelling by repellents and shrinkage of polymer strands are presented. The effect of the type and 

concentration of repellents and the nanofiller (fumed silica and clay) in the microporous polymer 

structure are discussed. The membrane thickness of the strands was estimated and are reported. 

The experimental data of the release of repellents and the modelling of the kinetics of the release 

rate of repellent from microporous polymer strands are presented and discussed. Furthermore, the 

conditions that affected the repellent release rate such as temperature, nature and concentrations 

of repellent, diameter of strand, nanofiller (fumed silica and clay) and nature of the polymer are 

discussed. Finally, the results of the repellence bioassays carried out with polymer strands 

containing repellent and loaded with clay Dellite 43B are discussed.  

Chapter 5 presents the overall conclusions of the study together with recommendations for 

possible future work. 

The References provide a record of the literature consulted during this study, which was also used 

to elucidate the findings of the study. 

The Appendices include complementary and supplementary data generated during the study. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Mosquito-borne diseases such as malaria, yellow fever, chikungunya, Zika virus and dengue fever 

are major public health problems due to their effects on humans. According to the World Health 

Organization, in 2017 alone around 219 million malaria cases were reported with an estimated 435 

000 malaria deaths (WHO, 2018). Most of the reported cases occurred in sub-Saharan Africa 

(WHO, 2017; WHO, 2018). Apart from this, mosquito bites can also cause secondary infections, 

pain, discomfort and allergic reactions in sensitive individuals, and systemic reactions such as 

urticaria and angioedema of the skin (Islam et al., 2017b, Gillij et al., 2008, Peng et al., 2004).  

Over the years, malaria control has been increasingly aimed at eliminating or reducing mosquito 

populations. Several methods are available for controlling the malaria vectors. Among them, Long-

Lasting Insecticide-Treated Nets (LLINs) and Indoor Residual Spraying are the most important 

control strategies recommended by WHO. However, these methods are not effective in an outdoor 

environment, where people spend more time during the day and early evening.  

Braack et al. (2015) reported the biting behaviour of African malaria vectors to identify where they 

bite on the human body. The vectors used in the study were Anopheles arabiensis from 

Malahlapanga in South Africa and Anopheles gambiae and Anopheles funestus from northern 

Uganda. The results showed that 93% of mosquito bites occur on the ankles and feet of people 

seated or standing outdoors. Additionally, the study reported that mosquitoes are attracted to the 

smell of the feet and ankles. However, if the feet and ankles are protected or covered, the 
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mosquitoes won't bite above the ankle but seek alternative hosts with non-covered ankles and feet. 

Figure 1.1 shows preferred bite sites of Anopheles arabiensis, Anopheles gambiae and Anopheles 

funestus on the human body. 

 

Figure 1.1:  Preferred bite sites of Anopheles arabiensis, Anopheles gambiae and Anopheles funestus on 

the human body. Darkened areas represent the preferred areas of the species for biting on human body: (A) 

standing or seated humans, and (B)  lying flat on the ground (Braack et al., 2015) 

Additionally, Reddy et al. (2011) studied the behaviour of Anopheles gambiae and Anopheles 

melas outdoors on Bioko Island, Equatorial Guinea. The study showed that high levels of outdoor 

biting by mosquitoes occurred at night and during the early evening and morning. These findings 
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highlight the need for further studies regarding the importance and urgency of developing new 

methods to control mosquito-borne diseases when humans are outdoors. 

Personal protection against mosquitoes by the use of repellents has become a useful method that 

can reduce and/or prevent transmission of many insect-borne diseases. Repellent products, such as 

creams, roll-ons and sprays, are available on the market for outdoor protection. However, most of 

these applications have a very short period of protection. In the case of topical skin applications, 

they have shorter protection periods and frequent applications are necessary. Thus, repeated 

application is required due to environmental effects such as excessive sweating, humidity and 

insect activity. Besides, frequent use of repellent products would not be affordable to poorer 

communities.  

Longer periods of protection from insect bites are thus required. Izadi et al. (2017) reported on a 

particularly effective binary repellent blend of ethyl butylacetylaminopropionate (I3535) and 

nonanoic acid against mosquito. Akhtar (2015) developed a natural mosquito repellent-based 

polymer matrix and evaluated the repellent release from polymer matrix. Sibanda (2016) 

developed an Insecticide Treated Wall Lining (ITWL) or Netlon® by impregnation polyethylene 

(LDPE and HDPE) with insecticide. In addition, Sibanda et al. (2018) investigated bicomponent 

fibres for controlled release of volatile mosquito repellents. The methods developed by authors 

aimed to provide a longer protection period against mosquito. However, in the present study, the 

aim of the investigation is to develop a new product (such as an anklet or bracelet) incorporating 

mosquito repellents in a polymer to repel mosquitoes for an extended period while at the same 

time keeping the product cost effective. Such a product will be especially valuable in outdoor 

situations. The final product should not only be effective against mosquito-borne malaria, but also 
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reduce the biting frequency of other mosquitoes transmitting diseases such as dengue fever, 

chikungunya, yellow fever and Zika virus. In this way it will contribute to the improvement in 

overall public health and social well-being.  

A possible method of achieving this is to use polyolefin strands filled with a repellent. Polyolefins 

were chosen because they are widely available and cost effective. This would make the total cost 

of the final product affordable, an important consideration in this project. Xu et al. (2006) reported 

that intercalated or incomplete exfoliated structures and dispersed tactoids with several layers can 

effectively enhance the barrier properties of the polymer matrix. This concept of a tortuous 

diffusion pathway, achieved by dispersing exfoliated clay nanoplatelets in the polymer matrix, was 

also explored. The aim of having exfoliated clay present is to reduce the release rate of the active 

ingredient, i.e. the volatile repellent, through the polymer membrane. Therefore, when 

impermeable nanoparticles are added to a polymer, the permeating molecules are forced to wiggle 

around them in a random fashion, and consequently diffuse by a tortuous pathway (Pavlidou and 

Papaspyrides, 2008).  Furthermore, in this work, important factors were considered when selecting 

the repellents, such as their thermal-oxidative stability, volatility and efficiency at repelling 

mosquitoes. 

1.2 Objectives 

 

❖ Investigate the thermal-oxidative stability of mosquito repellents with Fourier Transform 

Infrared Spectroscopy (FTIR). 

❖ Determine the volatility of mosquito repellents by thermogravimetric analysis (TGA). 

❖ Prepare polymer-clay nanocomposite films. 
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❖ Determine the permeation rate of repellents through polymer-clay nanocomposite films. 

❖ Develop a process for generating an open-cell structure in polymer strands suitable for 

internally accommodating a liquid mosquito repellent by melt compounding (extruder). 

❖ Characterize the raw materials and products extruded using X-ray fluorescence (XRF), 

Scanning Electron Microscopy (SEM), thermogravimetric analysis (TGA) and Fourier 

Transform Infrared Spectroscopy (FTIR) analysis. 

❖ Evaluate the amount of repellents entrapped by polymer strands using the extraction method 

and thermogravimetric analysis. 

❖ Measure the polymer swelling caused by repellents and the shrinkage of polymer strands 

impregnated with repellents. 

❖ Track the repellent release rate from microporous polymer strands as a function of oven ageing 

temperature and time. 

❖ Model the kinetics of the repellent release rate from microporous polymer strands. 

❖ Perform repellent bioassays using foot-in-cage tests on the prototype formulation produced. 

1.3 Methodology 

Ten main phases were followed in the present study: 

(1) The volatility of repellents was quantified through thermogravimetric analysis and with Payne 

permeability cups in a convection oven. The evaporation parameters were determined using 

the equation that describes diffusion-controlled evaporation through a stagnant gas. In addition, 

the vapour pressure, air permeability and the diffusion coefficient of the repellents as a function 

of temperature were estimated.   
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(2)  Nanocomposite polymer films were prepared. The thickness of the polymer nanofilms was 

determined by a Mutotoyo digital Vernier. The permeability coefficient of the repellents 

through polymer-clay nanocomposite films was measured. The thermal stability of the 

nanocomposite films was studied using TGA. The chemical interactions of polymer and 

organoclay Dellite 43B formulations was studied using FTIR analysis. Furthermore, the 

elemental analysis of organoclay Dellite 43B was done using X-ray fluorescence (XRF).  

(3) The thermo-oxidative stability of repellents was evaluated using FTIR.  

(4) Selected polymer-repellent systems were processed into strands by extrusion into an ice-water 

bath. The extruded strands were characterized by TGA and SEM.  

(5) The microstructure of the microporous polymer strands was observed with SEM. The skin-like 

membrane was also observed or confirmed using SEM.  

(6)  The swelling and shrinkage of polymer strands impregnated with DEET and Icaridin were 

evaluated.  

(7) The release rate of the repellents from microporous polymer strands was studied, as was the 

effect of various parameters on the repellent release rate for these strands. The parameters 

evaluated included temperature, type and concentration of the repellent, the nature of the 

polymer, and the nature of the nanofiller, e.g. fumed silica or organoclay Dellite 43B.  

(8) Models for the mosquito repellent release kinetics were developed. They were used to estimate 

the nominal thickness of the outer skin covering the microporous polymer strands.  
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(9) Bioassays of the polymer strands filled with repellents namely as DEET and Icaridin were 

carried out over a period of 12 weeks to determine their repellent activity against Anopheles 

arabiensis mosquitoes. Foot-in-cage tests were carried out. 

 

(10) A statistical analysis was used to check the reliability of the results.  
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CHAPTER 2  

LITERATURE REVIEW 

2.1 Mosquito-borne diseases 

Mosquito-borne diseases are a serious health problem for people living in endemic regions, mainly 

sub-Saharan Africa. Diseases transmitted by mosquitoes include malaria, dengue fever, yellow 

fever, Zika virus and chikungunya. In the recent past up to three million people have died every 

year from mosquito-borne diseases, including one child every thirty seconds (Fasulo, 2008). The 

numbers have since decreased, and in 2017, 219 million cases of malaria occurred globally 

resulting in 435 000 deaths (WHO, 2018). Mosquito bites can also cause secondary effects such 

as pain, allergic reactions in sensitive individuals, discomfort and systemic reactions such as 

urticaria and angioedema of the skin (Islam et al., 2017b, Gillij et al., 2008, Peng et al., 2004). 

However, strategies of vector control continue to be a major challenge to the World Health 

Organization (WHO) as they try to reduce the risk of epidemics and outbreaks of these diseases in 

endemic regions. In the following paragraphs mosquito-borne diseases and their symptoms are 

described.  

Dengue fever is a major public health concern throughout tropical and sub-tropical regions of the 

world. This disease is caused by four closely related dengue viruses that belong to the genus 

Flavivirus (family Flaviviridae). Dengue fever is transmitted mainly by the Aedes aegepti 

mosquito (Ooi et al., 2006). The disease is the most rapidly spreading mosquito-borne viral 

disease, with a 30-fold increase in global incidence over the past 50 years (WHO, 2012). The 

Dengue virus is thought to have emerged about 1 000 years ago in an infectious cycle involving 



 
 
 
 

9 
 

non-human primates and mosquitoes, with transmission to humans having occurred about 100 

years ago (Messina et al., 2014). Although outbreaks of diseases with symptoms similar to those 

of Dengue fever have been reported for centuries, it was only in 1943 in Japan and 1945 in Hawaii 

that the first two Dengue viruses were isolated (Messina et al., 2014). The symptoms of Dengue 

are: (i) fever lasting 2 to 7 days; (ii) haemorrhagic tendencies; (iii) severe headache, (iv) pain 

behind the eyes, (v) muscle and joint pains, (vi) nausea, and (vii) vomiting (WHO, 2014). 

Chikungunya virus (CHIKV) is an arthropod-borne virus transmitted to human beings by Aedes 

spp. mosquitoes (Rezza et al., 2007). It is believed the virus originated in Africa (Weaver, 2014) 

and it was isolated specifically in Tanzania in 1953 (Rezza et al., 2007). After isolation, a number 

of outbreaks of CHIKV infection have been reported in several African countries, in India and in 

Southeast Asia (Rezza et al., 2007). The mosquito-borne chikungunya virus causes a febrile illness 

(chikungunya fever), typically accompanied by a rash and severe, debilitating arthralgia (Weaver, 

2014). 

Yellow fever is an endemic mosquito-borne flavivirus (family Flaviviridae) disease that occurs in 

tropical areas of South America and Africa (Monath and Vasconcelos, 2015, Barnett, 2007, 

Monath, 2001). This disease continues to be a threat to travellers to and residents of endemic areas, 

despite the availability of an effective vaccine for nearly 70 years (Monath and Vasconcelos, 

2015). A series of epidemics and smaller outbreaks of yellow fever that occurred in West African 

countries were mainly responsible for the rapid spread of yellow fever on the continent, but the 

first epidemic was reported in Kenya more than two decades ago (Barnett, 2007). In humans, 

yellow fever is a severe acute illness accompanied by fever, nausea, vomiting and epigastric pain, 

hepatitis with jaundice, renal failure, haemorrhaging and shock (Monath, 2001). 
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Zika virus is a disease believed to be transmitted to humans by infected mosquitoes and has been 

isolated from Aedes africanus, Aedes luciocephalus and Aedes aegypti (Duffy et al., 2009). Zika 

virus was first identified in Africa (Uganda) in 1947 (Benelli and Mehlhorn, 2016, Duffy et al., 

2009). In 2007, the first documented outbreak of Zika virus was noted by physicians on Yap Island, 

Federated States of Micronesia (Hennessey et al., 2016, Duffy et al., 2009). Approximately 73% 

of the population aged ≥ 3 years were infected with Zika virus (Duffy et al., 2009). In 2015, new 

cases of Zika virus were reported in South America, especially in Brazil (Dyer, 2015, Zammarchi 

et al., 2015). According to the Brazilian Ministry of Health, this was the first documented outbreak 

in Brazil (Dyer, 2015). Since then, the virus has quickly spread within Brazil and to other countries 

in South America (Petersen et al., 2016). With the spread of Zika virus in Brazil, there has been a 

marked reported increase of cases of infants born with microcephaly (Hennessey et al., 2016). 

Some studies have reported that the cause of microcephaly is closely associated with Zika virus 

(Ventura et al., 2016, Cauchemez et al., 2016). The symptoms of Zika virus are mild and are 

characterised by acute onset of fever, arthralgia (Hennessey et al., 2016) and sometimes muscle or 

joint pain (Dyer, 2015).  There is as yet no vaccine for Zika virus. 

Malaria is a parasitic disease caused by infection with protozoan parasites of the Plasmodium 

species (Nkumama et al., 2017). There are four known species of Anopheles mosquitoes that are 

most prevalent in Africa that transmit malaria, namely: (i) Anopheles gambiae; (ii) Anopheles 

festus, (iii) Anopheles arabiensis, and (iv) Anopheles melas (Sinka et al., 2010). Although 

mosquito-borne malaria is considered as a disease affecting people living in sub-tropical and 

tropical regions, outbreaks can occur anywhere in the world (Nogueira Barradas et al., 2016, 
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Fasulo, 2008). For example, a study done in the UK showed that falciparum malaria infection 

infects about 20% of travellers from Africa (Lalloo et al., 2016). 

The symptoms are often non-specific. They include fever/sweats/chills, malaise, myalgia, 

headache, diarrhoea and cough. The majority of these symptoms will not require hospitalization 

(Nkumama et al., 2017, Lalloo et al., 2016). Nowadays malaria still remains the main cause of 

morbidity and mortality among pregnant women and children up to five years of age (Bardají et 

al., 2011, Bhattarai et al., 2007, Makono and Sibanda, 1999). Children older that six months of age 

are particularly susceptible because they have lost their maternal antibodies and also have not yet 

developed protective immunity (Phillips et al., 2017). Pregnant women are more susceptible to 

Plasmodium spp. infection because the placenta itself selects for the emergence of parasites that 

express receptors that recognise the placental vasculature. These receptors are antigens to which 

pregnant women have not yet become partially immune (Phillips et al., 2017). 

According to the latest estimates of WHO, between 2000 and 2015 malaria incidence rates reduced 

by 41% and death due to malaria decreased by 62% worldwide. In Africa for example, the malaria 

incidence rate fell by 42% and the mortality rate by 66% during the same period (WHO, 2016). 

Despite this remarkable progress, malaria continues to be a health problem for people. However, 

efforts to boost the eradication of malaria worldwide continue to be made. The global target set 

for 2030 is to reduce the incidence and mortality rates of malaria globally by at least 90% compared 

to the 2015 statistics, to eliminate malaria from at least 35 countries in which the disease was 

transmitted in 2015, and to prevent the re-establishment of malaria in all countries that are malaria 

free (WHO, 2016).  
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Figure 2.1 shows malaria-endemic countries in 2000 and 2016 worldwide. According to Figure 

2.1, malaria continues to be a major disease that affects people in Africa, Asia and Central and 

South America. The African continent continues to have the highest incidence of malaria 

compared to other countries (WHO, 2016).  

Figure 2.1: ( ) Countries endemic for malaria, 2016; ( ) Countries endemic for in 2000, no longer 

endemic in 2016; ( ) Countries not endemic for malaria, 2000; ( ) Not applicable (source: WHO, 

2016) 

Figure 2.1 shows that there is no country in the European region that reported cases of malaria in 

2015. Therefore, countries with three consecutive years of zero indigenous cases are considered to 

have eliminated malaria (WHO, 2016). Vector control methods are an important strategy for the 

control of mosquito-borne diseases, in particular malaria. 
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2.2 Vector control measures 

Vector control plays a significant role in the current global strategy of control of the major vector-

borne diseases, mainly in the prevention of malaria (Zaim and Guillet, 2002). The most commonly 

used vector control interventions to prevent mosquito bites recommended by WHO are indoor 

residual insecticide spraying and long-lasting insecticide impregnated nets (LLINs). These 

methods are used in endemic regions such as sub-Saharan Africa (Okumu and Moore, 2011, Pluess 

et al., 2010, Tanser et al., 2007). The methods were responsible for preventing two-thirds of 

malaria cases in Africa between 2000 and 2015 (Phillips et al., 2017). Despite the demonstrated 

success in reducing human-mosquito interactions, the methods are effective only against 

endophilic vectors (Reddy et al., 2011).  

2.2.1 Indoor residual insecticide spraying (IRS) 

IRS has long been recognised as the most commonly used method of malaria control. The use of 

dichloro-diphenyl-trichloroethane (DDT) against malaria has eliminated or greatly reduced the 

disease, malaria being a public health problem in almost all countries on all continents (Pluess et 

al., 2010, Shiff, 2002). Nowadays, IRS continues to be applied in many regions of the world, 

mainly Africa. In most cases the services are provided by the public health system or by 

commercial companies (Pluess et al., 2010). 

Indoor residual insecticide spraying with DDT has been the most effective chemical strategy 

against mosquitoes. However, DDT has its limitations which include the following: DDT does not 

last long, and its use has become uncertain because DDT, which is an organic pollutant, can persist 

for many years in the environment and can cause problems for public health (Sibanda, 2016). The 
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possible effects of DDT exposure are low sperm counts, testicular anomalies, premature delivery 

of fetus and small for gestational age fetuses (Jaga and Dharmani, 2003). The IRS method requires 

more complex and costly operational delivery systems than LLINs and claims of sustained high 

coverage often remain unproven (Kleinschmidt et al., 2009). 

2.2.2 Long-lasting insecticide impregnated mosquito nets (LLINs) 

The use of mosquito nets as protection against harmful insects has been practiced since historical 

times (Lengeler, 2004). The WHO recommends coverage by LLINs for all people who live in 

regions at-risk for malaria. The most cost-effective way to achieve this is by providing LLINs free 

of charge so as to ensure equal access of the nets for all. Effective behaviour changes in 

communication strategies are also required to ensure that all people at risk of malaria sleep under 

a LLINs every night, and that the net is properly maintained. 

The LLINs interventions are used mostly in Africa. Unlike IRS they are low cost and easy to 

implement (Sibanda, 2016). In addition, these methods are very efficacious and effective 

(Lengeler, 2004). However, the principal limitation is that protection is only offered during 

sleeping time. It is also necessary to wash the nets from time to time, which gradually reduces their 

insecticidal property (Sibanda, 2016). In some countries in Africa, there is already evidence 

suggesting the emergence of vector resistance to insecticides, especially pyrethroids (Phillips et 

al., 2017). 

The use of only indoor-based interventions has greatly reduced mosquito-borne diseases such as 

malaria. However, methods to control malaria in an outdoor environment need to be urgently 
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developed as another alternative since people stay outdoors for lengthy periods during the day and 

early evening. 

One of the limitations of the current vector control methods is insecticide resistance (especially 

pyrethroids). Insecticide resistance is the reduction of insecticide activity in an insect population. 

This resistance can be observed when an insecticide repeatedly fails to achieve the expected level 

of control when used according to the recommendations for the insect species. The growing 

development of insecticide resistance exhibited by various mosquito species poses a threat to 

malaria control programmes (Alou et al., 2012). 

Mosquitoes are developing resistance to groups of insecticides. In a study carried out on An. 

arabiensis from an area known as Gwave, a malaria endemic area in Zimbabwe, permethrin 

resistance in mosquito populations was discovered (Munhenga et al., 2008). In Côte d’Ivoire, 

resistance towards permethrin, deltamethrin and λ-cyhalothrin was observed to be largely present 

in An. gambiae (Alou et al., 2012). In Sudan, WHO susceptibility tests with An. arabiensis showed 

resistance to DDT and pyrethroids (Abdalla et al., 2014). 

Resistance to insecticides develops when insects find ways to overcome the toxins. In biochemical 

resistance, enzyme detoxification deactivates the insecticide before it reaches the target site 

(Ranson et al., 2011). In physiological resistance, the toxin is not necessarily broken down but 

instead it is accommodated by altering one or more physiological functions, e.g. an increase in the 

rate of insect metabolism. The growing trend of pyrethroid resistance constitutes a serious threat 

to malaria control programmes. Thus, the development of environmentally safe insect control 

methods and the rise of insecticide resistance have prompted research into repellents in recent 

years (Islam et al., 2017b, Diaz, 2016, Deletre et al., 2016). Conducting research into repellents is 
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challenging for several reasons, such as: (1) the different repellent phenomena are not well defined; 

(2) it is difficult to test and quantify repellence; (3) the physiological mechanisms are poorly 

known; and (4) the field efficacy appears to be highly variable (Deletre et al., 2016). Previous 

studies have proved and emphasized the application of repellents that can potentially prevent 

mosquito-human interactions, thereby playing a significant role in reducing disease transmission 

(Islam et al., 2017b, Diaz, 2016, Alpern et al., 2016, Auysawasdi et al., 2016). In addition, the use 

of devices that repel mosquitoes from a distance have gained popularity in the recent past. These 

include impregnated plastic strips, coils and candles (Alpern et al., 2016). Sibanda (2016) obtained 

promising results incorporating repellents into polymer matrices to increase the time of repellence 

activity against mosquitoes.  

Vaccines against yellow fever, Japanese encephalitis and tick-borne encephalitis are available in 

some places of the world (Ishikawa et al., 2014, Heinz and Stiasny, 2012). However, their limited 

access by the poor in endemic areas has prompted the development of alternative preventive 

measures to control the risk of the vectors (Islam et al., 2017b). Therefore, in the absence of 

vaccines against malaria, one of the most effective and ancient prophylactic measures is the use of 

volatile mosquito repellents that may provide an additional line of defence against mosquito-borne 

diseases when used correctly and consistently (Islam et al., 2017b, Leal, 2014).  

2.3 Brief history of insect repellents 

The use of insect repellents has been known since antiquity. Burning plant leaves was a common 

technique used to keep mosquitoes away from houses, and herbs were prepared and used on the 

skin as repellent substances (Lupi et al., 2013). Insect repellents are known as volatile chemicals 

which, when applied on human skin, repel insects in the opposite direction from its source, thus 
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discouraging contact and bites (Diaz, 2016). It is also believed that most insect repellents act by 

producing a vapour barrier, which prevents contact of the insect with the human skin (Nogueira 

Barradas et al., 2016, Nerio et al., 2010). Repellents are available on the market in many different 

chemical formulations such as aerosols, pump sprays, lotions, creams, suntan oils, powders, grease 

sticks and cloth impregnation laundry emulsions. Some of the factors that determine the suitability 

and the applicability of a repellent include: (i) type of repellent (e.g. active ingredient, 

formulations); (ii) environmental factors (temperature, humidity, wind), and (iii) inherent repellent 

properties (vapour pressure, boiling point, odour, solubility). According to Islam et al. (2017b) 

repellents tend to dissipate rapidly and readily and may fail to protect against arthropods. For 

instance, repellents with low boiling points tend to be less effective as they vaporize too rapidly, 

providing a barrier only for a short period of time. Moreover, compounds with high boiling points 

tend to have low repellence as they do not vaporize readily and consequently do not produce 

sufficient vapours to form barriers (Brown and Hebert, 1997).  

2.4 Characteristics of the ideal repellent 

The characteristics of the ideal insect repellent (Diaz, 2016, Katz et al., 2008) are the following: 

❖ They must have good efficacy against a wide range of insects. 

❖ They must be able to be used on the skin without side-effects. 

❖ They must not damage clothing after application (i.e. staining, bleaching or weakening of 

fibre). 

❖ They must be chemically stable, economically available and accessible for widespread use. 

❖ They must be nontoxic. 

❖ There must be no bad odour, or they must have a pleasant odour. 
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❖ No oily residues must be left on the skin that are difficult to remove by washing, wiping 

and sweating. 

❖ They must be inert to most commonly used plastics. 

❖ They must provide a sufficiently long period of insect repellent effect. 

2.5 Repellent categories 

There are two basic chemical groups of repellents: (1) synthetic repellents, which include DEET, 

IR3535, Icaridin (trade name Saltidin®), dimethyl phthalate, ethyl anthranilate or ethyl 2-

aminobenzoate which nowadays dominate the market, and (2) plant-derived repellents such as 

citronella oil and lemon eucalyptus oil (Diaz, 2016). Citriodiol may also be considered as a 

potential natural active ingredient for repellents in the future.  

2.5.1 Plant-derived repellents 

Essential oils (EOs) are complex mixtures of volatile organic compounds produced as secondary 

metabolites in plants. They are composed of hydrocarbons (terpenes and sesquiterpenes) and other 

oxygenated compounds (alcohols, esters, ethers, aldehydes, phenols, lactones) (Nerio et al., 2010, 

Toloza et al., 2008). 

For centuries plants have been used worldwide as medications to treat some diseases. Relatively 

few plants have gained significant attraction for use in controlling malaria-bearing mosquitoes and 

other arthropods. This could be due to an absence of scientific data rather than an absence of plant 

activity (Tisgratog et al., 2016). Nowadays, the use of essential oils from plants as insect repellents 

has a high of consumer acceptance. This is due to the perception that natural repellents are safer 

than synthetic ones and also natural repellents are easier to acquire by people who live in the rural 
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areas (Tisgratog et al., 2016). Various EOs extracted from different plant families have been shown 

to have high repellence against arthropod species. For example, the monoterpenes, limonene, 

citronellal, camphor, eugenol, terpinolene and thymol are commonly described in the literature as 

presenting with mosquito repellent activity (Nerio et al., 2010, Yang et al., 2004, Jantan and Zaki, 

1998, Gillij et al., 2008). Among sesquiterpenes, ß-caryophyllene is most cited as a strong repellent 

against A. aegypti (Nerio et al., 2010, Gillij et al., 2008). The repellence of several essential oils 

appears to be associated with the presence of one or more volatile constituent substances 

(monoterpenes and sesquiterpenes) (Trongtokit et al., 2005, Gonçalves et al., 2012). According to 

Tawatsin et al. (2001), Trigg, (1996) and Odalo et al. (2005) some repellents from plants are also 

effective against Anopheles mosquitoes. 

2.5.2 Limitations of the use of plant-derived repellents 

Although repellents derived from plants are effective when freshly applied, most essential oils 

volatilize quickly. Hence, they tend to provide a shorter time of protection than synthetic repellents 

(Trongtokit et al., 2005, Carroll and Loye, 2006, Barasa et al., 2002). This accounts for the market 

dominance of formulations based on longer-lasting synthetic repellents (Barasa et al., 2002). Their 

low boiling points also limit their incorporation into most polymers because during compounding 

large amounts of repellent can be lost by volatilization. 

2.5.3 Synthetic repellents 

Before World War II and the emergency of synthetic chemical repellents, primarily plant-based 

compounds with oil of citronella were the most widely used compounds and the standard against 

which others were tested (Islam et al., 2017a, Bissinger and Roe, 2010). There were also three 
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synthetic repellents, namely: (i) dimethyl phthalate (DMP) discovered in 1929; (ii) Indalone 

(butyl-3,3-dihydro-2,2-dimethyl-4-oxo-2H-pyran-6-carboxylate) patented in 1937; and (iii) ethyl 

hexanediol, also known as Rutgers 612 which was first used in 1939. These were the important 

repellents during World War II. After the War, three chemicals known as formulation 6-2-2 or M-

250 (a combination of six parts DMP and two parts each Indalone and Rutgers 612) were later 

introduced for use by the military (Islam et al., 2016, Brown and Hebert, 1997, Bissinger and Roe, 

2010).  

2.5.4 N,N-Diethyl-3-methylbenzamide (DEET) 

N,N-diethyl-3-methylbenzamide is the most effective and most widely used insect repellent 

because it is inexpensive. N,N-diethyl-3-methylbenzamide was first discovered by the US 

Department of Agriculture and patented by the US Army in 1946. It was approved for public use 

in 1959 and since then has been considered a standard repellent (Fradin, 1998, Lupi et al., 2013). 

Although DEET is considered very effective, its use in children has been limited because some 

medical cases have been reported. These include dermatitis, allergic reactions, neurological 

(seizures) and cardiovascular side-effects, as well as encephalopathy, especially when the repellent 

is used inappropriately (Fradin, 1998, Koren et al., 2003). DEET’s molecular structure is shown 

in Figure 2.2. 

 

Figure 2.2: Molecular structure of DEET (Adapted from Leal, 2014) 
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Previous studies have revealed most satisfactory performance of DEET against mosquitoes 

compared to other repellents such as IR3535 soybean oil and citronellal (Fradin and Day, 2002). 

The bioassay demonstrated that the product based on DEET provided longer-lasting protection of 

almost 5 hours when compared to IR3535, which provided 23 mins of protection, soybean oil at 

least 95 min and citronellal almost 20 min of protection. A study done by Frances et al. (1996) 

demonstrated that the use of DEET formulations against Culex vishnui, Culex gelidus and Culex 

tritaeniorhynchus mosquitoes provided 87% protection for up to 5 hours, and with 50% of DEET 

formulation 95% protection was provided for 8 hours. Table 2.1 lists works published on the 

efficacy of DEET against mosquitoes.  

This present study considered the use of DEET incorporated into polyolefin slow-release devices 

on the basis of the effectiveness of DEET as a mosquito repellent. 

 



 
 
 
 

22 
 

Table 2.1:  Previous studies showing the efficacy of DEET against mosquitoes 

Mosquitoes 
Product, active ingredient 

and concentration 
Protection (%) Time (h) References 

Aedes albopictus 
Skinsations® Spray-DEET 7% 

Off! Spray DEET 15% 

- 

- 

5 

7.2 

(Barnard and Xue, 

2004a) 

Aedes aegypti DEET 20% 82.7 5 (Trongtokit et al., 2004) 

Aedes communis DEET 98 4 (Debboun et al., 2000) 

  74 6 
 

  56 8  

 DEET+AI3-37220 98 4  

  95 6  

  76 8  

Aedes aegypti OFF! Deep Woods-DEET 23.8% - 5.02 (Fradin and Day, 2002) 

 
Sawyer Controlled Release®-DEET 

20% 
- 3.9 

 

 OFF! Skintastic-DEET 6.65% - 1.9  

 
OFF! Skintastic for Kids-DEET 

4.75% 
- 1.5 

 

Aedes aegypti DEET 25% 100 6 (Tawatsin et al., 2001) 

 DEET 25% + Vanillin 5% 100 6  
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Aedes aegypti DEET 20% in ethanol 100 7 (Thavara et al., 2001) 

  100 8  

Aedes vigilax 
DEET 34.6% Army repellent 

personal 
˃95 5 

(Frances et al., 2009) 

Aedes albopictus DEET 10% 100 4 (Misni et al., 2009) 

  88.8 6  

  77.1 8  

Aedes aegypti DEET 12% Cream 96.2 6.75 (Mittal et al., 2011) 

Anopheles spp. DEET 20% 88.9 4 (Frances et al., 2004) 

  74.5 5  

Anopheles gambiae DEET 30% 88.17 7 (Kweka et al., 2012) 

Anopheles stephensi DEET 12% Cream 100 11 (Mittal et al., 2011) 

Anopheles culicifacies DEET 12% Cream 100 11 (Mittal et al., 2011) 

Anopheles annularis DEET 12% Cream 100 11 (Mittal et al., 2011) 

Anopheles subpictus DEET 12% Cream 100 11 (Mittal et al., 2011) 

Anopheles arabiensis Socks-DEET ˃90 3360 (Sibanda et al., 2018) 
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2.5.5 Ethyl 3-[acetyl(butyl)amino] propanoate or (IR3535)  

IR3535 is a synthetic repellent with a chemical structure like that of the amino acid alanine. IR3535 

has been available in Europe for more than 20 years. At a concentration of 20%, IR3535 is effective 

against Anopheles and Aedes mosquitoes for a period of four to six hours (Sorge et al., 2007). 

Previous studies carried out in Liberia showed that IR3535 can repel more than 92% of biting 

Anopheles gambiae and Anopheles funestus for six hours (Marchio, 1996). In addition, other 

studies suggest that IR3535 is an effective repellent for Anopheles, Aedes and Culex mosquitoes 

(Barnard andWHO, 2000). There are no recommendations for its use or avoidance in children or 

during pregnancy (Diaz, 2016). Figure 2.3 shows the chemical structure of IR3535. 

 

Figure 2.3:  Molecular structure of IR3535 adapted from (Leal, 2014) 

Table 2.2 lists the studies published on the efficacy of IR3535 against mosquitoes.
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Table 2.2:  Previous studies showing the efficacy of IR3535 against mosquitoes  

Mosquitoes 
Product, active ingredient 

and concentration  
Protection (%) Time (h) References 

Aedes albopictus IR3535 20% in ethanol solution - 5.0 (Thavara et al., 2001) 

Aedes aegypti IR3535 20% in ethanol solution - 9.8 (Thavara et al., 2001) 

Aedes albopictus IR3535 10% - 7.8 (Tawatsin et al., 2006) 

Anopheles dirus IR3535 10% - 8.0 (Tawatsin et al., 2006) 

Aedes aegypti IR3535 10% - 6.7 (Tawatsin et al., 2006) 

Culex quinquefasciatus IR3535 10% - 8.0 (Tawatsin et al., 2006) 

Anopheles dirus IR3535 20% in ethanol solution - 3.8 (Thavara et al., 2001) 

Culex quinquefasciatus IR3535 20% in ethanol solution - 13.7 (Thavara et al., 2001) 

Culex tritaeniorhynchus IR3535 20% in ethanol solution - 14.8 (Thavara et al., 2001) 

Aedes aegypti IR3535 10% Spray® 95 6.0  

  90 6.0 (Naucke et al., 2007) 

  85 7.0  

Aedes aegypti IR3535 15% Spray® 95 6.0  

  90 6.0 (Naucke et al., 2007) 

  85 6.0  
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Aedes aegypti IR3535 10% Lotion® 95 4.0  

  90 5.0 (Naucke et al., 2007) 

  85 6.0  

Aedes aegypti IR3535 15% Lotion® 95 6.0  

  90 6.0 (Naucke et al., 2007) 

  85 6.0  

Aedes aegypti IR3535 20% Spray® 95 6.0  

  90 7.0 (Naucke et al., 2007) 

  85 7.0  

Aedes spp. Culex spp. 

and Anopheles spp. 

IR3535 10 % Lotion 

IR3535 20% Pump spray 

IR3535 20% Aerosol 

- ˃7.0 

 

(Carroll, 2008) 
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2.5.6 Icaridin (KBR3023: sec-butyl 2-(2-hydroxyethyl) piperidine-1) carboxylate 

Icaridin, also known as Saltidin®, was developed in Europe in the 1990s and released into the USA 

(Diaz, 2016). Icaridin is available in various markets worldwide for use against many types of 

insect such as mosquitoes, black flies and ticks. At a concentration of 20%, Icaridin has an 

effectiveness against Anopheles and Aides mosquitoes for at least four to six hours (Sorge et al., 

2007). Table 2.3 lists the studies published on the efficacy of Icaridin against different mosquitoes. 

The residual repellent effectiveness of Icaridin on skin is reported to exceed that of DEET in some 

cases. In addition, previous studies carried out on acute toxicity, irritant effect and skin penetration 

show KBR 3023 to be acceptable for human use (Barnard andWHO, 2000). The physical 

properties of Icaridin show that it is a colourless, clear, viscous liquid that is stable in light and 

heat (Barnard and WHO, 2000). The chemical structure of Icaridin is shown in Figure 2.4. 

 

Figure 2.4:  Molecular structure of Icaridin (adapted from Leal, 2014) 
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Table 2.3:  Previous studies showing the efficacy of Icaridin against mosquitoes  

Mosquitoes 
Product, active ingredient 

and concentration  
Protection (%) Time (h) References 

Aedes albopictus Icaridin 10% Autan® spray - 5.7 (Barnard and Xue, 2004a) 

Aedes aegypti Icaridin 10% Lotion 95 6 (Naucke et al., 2007) 

  90 7  

  85 8  

Aedes aegypti Icaridin 20% Spray  95 6 (Naucke et al., 2007) 

  90 7  

  85 9  

Anopheles spp. 
Icaridin 19.2% in ethanol 

Bayrepel Army® 

86.7 

71.5 

6 

7 (Frances et al., 2004) 

Anopheles stephensi Bayrepel 20% in complex solvent 100 8 (Amer and Mehlhorn, 2006) 

Culex quinquefasciatus Bayrepel 20% in complex solvent 100 8 (Amer and Mehlhorn, 2006) 

Culex annulirostris 
Icaridin® 19.2% in ethanol 

Bayrepel Army® 

99.2 

85.0 

5 

6 (Frances et al., 2004) 
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2.5.7 Ethyl anthranilate (EA) 

Ethyl anthranilate, also known as ethyl 2-aminobenzoate, has attracted significant attention in 

repellent research in recent years. Despite few studies having been reported on its efficacy against 

mosquitoes, EA is considered an improved alternative to DEET (Islam et al., 2017a, Afify et al., 

2014, Kain et al., 2013). Islam et al. (2017c) investigated the effectiveness of the ethyl anthranilate 

against mosquito vectors Aedes aegypti, Anopheles stephensi and Culex quinquefasciatus. The 

results showed that the ethyl anthranilate had an effectiveness against Aedes aegypti, Anopheles 

stephensi and Culex quinquefasciatus for at least two to four hours. The chemical structure of ethyl 

anthranilate is shown in Figure 2.5. 

 

Figure 2.5:  Molecular structure of ethyl anthranilate  

Table 2.1, Table 2.2 and Table 2.3 show that the repellent-based products available on the market 

continue to have problems related to the short time of protection. The studies showed that the time 

of protection for topical formulations of DEET, IR3535 and Icaridin against several mosquitoes 

range from 1 to 11 hours. However, DEET-filled bicomponent fibres knitted into socks provided 

effectiveness against Anopheles arabiensis for up to 20 weeks (Sibanda et al., 2018). Furthermore, 

DEET remains the most efficient and effective mosquito repellent. Due to some cases of toxicity 



 
 
 
 

30 
 

of related to the use of DEET reported in literature, IR3535 and Icaridin are considered as 

alternative mosquito repellents.  

2.6 Factors affecting the efficacy of repellents 

One of the key issues when trying to improve the effectiveness of an insect repellent is to control 

the volatility (readiness to evaporate) of the active ingredients. Optimum topical application is 

dependent on vapour phase repellence and prolonged duration (Maibach et al., 1974). In order to 

predict the effectiveness of repellents, it is important to understand the external factors that affect 

the repellents, particularly when they are applied on the skin. The external factors include: 

abrasion, evaporation and temperature (Maibach et al., 1974, Gabel et al., 1976, Smith, 1963, 

Bernard, 2005).  

Abrasion. This occurs through friction with clothing and other objects. This can also occur 

through other physical activities, which allows the repellent to be lost (Maibach et al., 1974, Smith, 

1963, Rueda et al., 1998). 

Evaporation. This also plays a major role in repellent loss. This depends on the vapour pressure 

at ambient temperature and is related to the boiling points of the repellents. Compounds that have 

a lower boiling point may allow better vapour repellence, but they may dissipate faster. 

Compounds with higher boiling points have a low vapour pressure and would be ineffective in 

repelling at a distance. This may allow mosquitoes to land but not bite. Generally, most repellents 

are effective up to a distance of about 4 cm from the skin (Maibach et al., 1974, Simith, 1963). 
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Temperature. This goes hand-in-hand with evaporation and concerns the effect of ambient 

temperature on the evaporative loss of the repellent (Maibach et al., 1974). Khan et al. (1973) 

studied the effect of temperature on protection time of N,N-Diethyl-m-toluamide (DEET) and 

other repellents. They found that the protection time was halved with every 10 °C rise in ambient 

temperature. The authors also found that more repetitive application of the repellent was needed 

at temperatures over 26 °C. Other factors such as wind velocity, loss from water wash-off and 

sweating also affected protection time.  

The effective protection periods offered by current creams and sprays are affected by the factors 

of evaporation, temperature, wind and abrasion. Polymer-based controlled-release repellent 

devices could help to avoid the need for frequent application of topical repellents. They could be 

worn as anklets or bracelets around the ankle or wrist. A longer protection time will prove 

advantageous to rural communities. 

2.7 Evaporation rate of repellents determined using thermogravimetric analysis (TGA) 

As previously described, the evaporation rate can be regarded as one of the important physical 

properties of repellents which may affect efficiency. Previous studies considered the link between 

the evaporation rate of repellents in relation to the protection period achieved against mosquitoes 

(Kasman et al., 1953, Smith, 1963, Gabel et al., 1976). These results demonstrated that the 

protection time was inversely proportional to the evaporation rate of the repellent. The present 

study also compiled repellent vapour pressure data available in the literature. In addition, the aim 

of the present study was to investigate the rate of evaporation of repellents using 

thermogravimetric analysis (TGA). The repellent vapour pressure is a most important property as 
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it is useful for predicting the release of volatiles of repellents from polymer strands and for 

predicting the protection time of repellents against mosquitos. In addition, there is a paucity of 

evaporation rate data for repellents in the literature. The TGA method is a useful tool for 

determining the vapour pressure. Its advantages are the small amounts of substance required, the 

simplicity of the experimental set-up and the short experimental times, compared with 

conventional methods of vapour pressure measurement, which usually require a large amount of 

samples, and long sample preparation and measurement times (de Oliveira and Cremasco, 2014, 

Pieterse and Focke, 2003, Rong et al., 2012). In consequence, a number of articles in the literature 

have reported the use of TGA analysis to estimate the volatility and/or vapour pressure-

temperature relationship of pure compounds (Beverley et al., 1999, de Oliveira and Cremasco, 

2014, Pieterse and Focke, 2003, Hazra et al., 2002, Wright et al., 2004, Phang and Dollimore, 

2001, da Silva Portela et al., 2012, Price, 2001, Rong et al., 2012).  

2.8 Mathematical models used to estimate the volatility of repellents 

2.8.1 Evaporation rate 

Equation 2.1 describes the evaporation rate when it is controlled by diffusion through a stagnant 

gas layer (Pieterse and Focke, 2003).  

𝑑𝑚𝐴

𝑑𝑡
= (

𝑀𝑤𝐴𝐴

𝑧𝑅𝑇
) 𝑃𝐴 𝐷𝐴𝐵                                                                                                                               (2.1)  

where dmA/dt (gs−1) is the TGA measured rate of mass loss; PA (kPa) is the vapour pressure of 

repellent at absolute temperature T (K); R (Jmol−1K−1) is the gas constant; DAB (m2s−1) is the 
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diffusion coefficient of the repellent; MwA (kgkmol−1) is the molar mass of the vaporizing 

repellent; and A (m2) is the vaporization surface area. 

2.8.2 Vapour pressure equations for pure compounds 

Vapour pressure is an important thermo-physical property in numerous chemical processes and 

product design applications (Mohammadzadeh and Zahedi, 2008). It can be determined 

experimentally using different techniques. However, with the increasing number of compounds, 

the calculations require a considerable investment in time and cost. Many correlations for 

estimating vapour pressure can be used to complement existing experimental measurements – 

numerous correlations are available that can be used to estimate or correlate the vapour pressure 

of pure liquids as a function of temperature. The present study addresses the four best-known 

equations namely: (i) the Wagner equation (Poling et al., 2001); (ii) the Antoine equation; (iii) the 

Cox equations (Roháč et al., 1999, Gobble et al., 2014); and (iv) the Myrdal and Yalkowsky 

equation (Myrdal and Yalkowsky, 1997). 

2.8.3 The Wagner equation 

The Wagner equation has contributed greatly to vapour pressure data reduction. This is attributed 

to the fact that it can represent, with a very high accuracy, the experimental data for many 

substances over the entire liquid-vapour range, from the triple point to the critical point (Wu and 

Liu, 2005, Forero  and Velásquez, 2011). The vapour pressure of decanoic acid was reported in 

the form of the Wagner equation (Ambrose and Ghiassee, 1987). The Wagner equation also 

extrapolates well with temperature and it is represented by equation (2.2) as follows: 
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𝑙𝑛 𝑃𝑟 = (𝐴𝜏 + 𝐵𝜏1.5 + 𝐶𝜏2.5 + 𝐷𝜏5) 𝑇𝑟⁄                                                                                             (2.2) 

where Pr = P/Pc is the reduced vapour pressure; Tr = T/Tc is the reduced temperature; τ = 1 − Tr; 

A, B, C and D are the Wagner parameters and are listed in the Table 2.4 for decanoic acid. 

Table 2.4:  Parameters of the Wagner equation used for decanoic acid (Ambrose and Ghiassee, 1987) 

Temperature range (K) Pc/kPa Tc/K A B C D 

246-726 2229.784 726.0 -9.0706 2.77535 -11.10141 -2.43545 

 

2.8.4 The Antoine equation 

The Antoine equation is considered most appropriate for correlating vapour pressures over the so-

called medium-pressure region that spans the pressure range from approximately 1 to 200 kPa 

(Roháč et al., 1999). The equation is stated in equation (2.3) for decanoic acid and in equation 

(2.4) for dimethyl phthalate. 

𝑙𝑜𝑔10(𝑃𝐴) = 𝐴 − [𝐵/(𝑇 + 𝐶)]                                                                                                               (2.3)  

𝑙𝑛(𝑃𝐴) = 𝐴 − [𝐵/(𝑇 + 𝐶)]                                                                                                                     (2.4)  

where PA is the vapour pressure in (kPa); T is the absolute temperature in (K); A, B and C are the 

Antoine constants which depend on both the compound and the measurement temperature range.  

The Antoine equations were used to correlate the vapour pressures of decanoic acid (Kahlbaum, 

1894) and dimethyl phthalate (Roháč et al., 1999). The constants for decanoic acid and dimethyl 

phthalate are listed in Table 2.5.  
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Table 2.5:  Antoine equation constants and temperature range used for decanoic acid (Kahlbaum, 1894) 

and dimethyl phthalate (Roháč et al., 1999). 

Compound Equation 

form 

Temperature 

range (K) 

A B C 

Decanoic acid 2.3 426.0 - 460.3 2.4645 733.581 -256.708 

Dimethyl phthalate 2.4 466 - 552 14.82359 4660.937 -99.1086 

 

2.8.5 The Cox equation  

The Cox equation was previously used to correlate the vapour pressure of dimethyl phthalate 

(Gobble et al., 2014, Roháč et al., 1999). The Cox equation (equation (2.5)) is also known to 

extrapolate well with temperature (Gobble et al., 2014).  

𝑙𝑛(𝑃 𝑃𝑜⁄ ) =  [1 −  (𝑇𝑜 𝑇⁄ )𝑒𝑥𝑝{𝐴0 +  𝐴1 𝑇 + 𝐴2 𝑇
2}]                                                                     (2.5)  

where P is the vapour pressure in (kPa); T is the absolute temperature in (K); To is a constant 

reference temperature (K); Pc is the critical pressure in (kPa); A0, A1 and A2 are the Cox parameters 

listed in Table 2.6. 

Table 2.6:  Parameters of the Cox equation and range of temperature used for dimethyl phthalate (Roháč 

et al., 1999, Gobble et al., 2014). 

Temperature range (K) To/K P0/kPa A0 A1 A2 

324 - 552 555.799 101.325 3.076854 -0.001650657 1.17163E-06 
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2.8.6 The Myrdal and Yalkowsky equation  

Recent research findings have indicated that the available vapour pressure values of compounds 

in the literature have some inconsistencies. Therefore, the reproducibility of the data depends on 

the experiments and the method used to determine the vapour pressure (Nhlapo, 2013). The 

method proposed by Myrdal and Yalkowsky is widely used to estimate the vapour pressure of 

liquid compounds (Myrdal and Yalkowsky, 1997). In this work, the Myrdal and Yalkowsky 

method was used to estimate the vapour pressure of the repellents. The formula is given by 

equation (2.6) as follows: 

𝑙𝑜𝑔10 (𝑃) = − 
[86.0+0.4𝜏+1421𝐻𝐵𝑁](𝑇𝑏−𝑇)

19.1𝑇
+  

[−90.0−2.1𝜏]

19.1𝑇
 + (

𝑇𝑏−𝑇

𝑇
− 𝑙𝑛

𝑇𝑏

𝑇
)                                  (2.6)  

where Tb is the boiling point in (K); the parameters 𝜏 and HBN characterize the molecular structure 

representing the torsional bond and the hydrogen bond number. The parameters 𝜏 and HBN are 

determined using the semi-empirical equations described in equation (2.7) and equation (2.8). 

𝐻𝐵𝑁 =  
√𝑛(−𝑂𝐻)+𝑛(−𝐶𝑂𝑂𝐻 )+0.33√𝑛(−𝑁𝐻2)

𝑀𝑤
                                                                                           (2.7)  

where n(-OH), n(-COOH) and n(-NH2) represent the number of functional groups of alcohols, 

carboxylic acids or primary amines respectively, MWA is the molecular weight of the repellent. 

𝜏 = 𝑆𝑃3 + 0.5𝑆𝑃3 + 0.5𝑅𝐼𝑁𝐺 − 1                                                                                                      (2.8)  

where SP3 is the Ʃ non-ring, non-terminal sp3
 atoms (e.g. CH2, CH, C, NH, N, O, S); SP2 is the Ʃ 

non-ring, non-terminal sp2 atoms (=CH, =C, =N, C=O); and RING is the Ʃ independent single, 

fused or conjugated ring system (Jain and Yalkowsky, 2006). 
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In the torsional bond, terminal groups such as -CH3, -NH2, -OH, -CN-, -F-, -Cl-, Br-, -I-, = O, = 

CH2 and 2N as well as non-terminal sp. Hybrid carbons are not included. Also not included are 

carbon atoms with three identical groups. Compounds with a negative value of 𝜏 are assigned a 

value of zero, and for compounds containing aliphatic cyclic rings such as cyclohexane, a value of 

-2 per ring is added (Jain et al., 2004).  

2.9 Diffusion coefficients (DAB) 

Several methods are used for estimating diffusion coefficient in low-pressure for binary gas 

systems such as the equations proposed by Arnold, Gilliland, Fuller, Wilke and Lee, Bairley, Chen 

and Othmer (Poling et al., 2001). However, in this work, the procedure proposed by Wilke and 

Lee equation was used to estimate the diffusion coefficient in air of liquid repellents. The Wilke-

Lee equation proposed was used due its reliability (Wilke and Lee, 1955). The equation is 

presented in equation (2.9) as follows: 

𝐷𝐴𝐵 =  

[3.03−(
0.98

√𝑀𝑤𝐴𝐵 
2

)](10−3)𝑇
3
2

𝑃 √𝑀𝑤𝐴𝐵 
2 𝜎𝐴𝐵

2 𝛺𝐷
                                                                                                              (2.9)  

where 𝐷𝐴𝐵 (cm2 s−1) is the binary diffusion coefficient; T (K) is the temperature; 𝑀𝑤𝐴  and 𝑀𝑤𝐵 are 

molecular weights of substances A (repellent) and B (air) represented in gmol−1; P is the pressure 

in bar. 𝑀𝑤𝐴𝐵  
is obtained from equation (2.10). 

𝑀𝑤𝐴𝐵 = 2[
1

𝑀𝑤𝐴 
+

1

𝑀𝑤𝐵 
]−1                                                                                                                    (2.10)  

The scale parameter 𝜎𝐴𝐵 is obtained from equation (2.11).  
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𝜎𝐴𝐵 =
(𝜎𝐴 +𝜎𝐵)

2
                                                                                                                                         (2.11)  

where each component is written by equation (2.12) 

𝜎 = 1.18 𝑉𝑏
1/3

                                                                                                                                          (2.12)  

𝑉𝑏 is the liquid molar volume at the normal boiling temperature (Tb), which can be obtained from 

experimental data or estimated using empirical methods. For decanoic acid, dimethyl phthalate, 

DEET and ethyl anthranilate, the method proposed by Rackett (Poling et al., 2001) to determine 

the pure saturated-liquid molar volume was used. The equation used is presented by equation 

(2.13). 

𝑉𝑏 =  𝑉𝑐𝑧𝑐
(1−𝑇𝑏 𝑇𝑐 )

2/7⁄
                                                                                                                              (2.13) 

where Vc is the critical volume; zc is the critical compressibility factor; Tc is the critical temperature 

in (K). The molar volumes 𝑉𝑏 and 𝑉𝑐 have units of cm3·mol−1.  

The critical compressibility factor is obtained by equation (2.14): 

𝑍𝑐 =  
𝑃𝑐 𝑉𝑐 

𝑅 𝑇𝑐
                                                                                                                                              (2.14) 

where R is the gas constant and the critical parameters (Tc, Vc and Pc) were found in the literature 

and are listed in Table 2.7. 
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Table 2.7: Names of repellents, critical temperature, critical volume and critical pressure and sources 

Repellent Tc /(K) Vc/(m3·kg·mol−1) Pc/(kPa) Source 

DEET 778.19 0.620 2 517.59 Cheméo (https://www.chemeo.com) 

Ethyl anthranilate 812.12 0.484 3 615.89 Cheméo (https://www.chemeo.com) 

Dimethyl phthalate 831.50 0.540 3 191.93 Cheméo (https://www.chemeo.com) 

Decanoic acid 726.0 0.621 2 161.74 Cheméo (https://www.chemeo.com) 

 

The liquid molar volume at the normal boiling temperature for Icaridin and IR3535 was estimated 

using the additive method suggested by Schroeder (Poling et al., 2001). This method was used for 

these two repellents (Icaridin and IR3535) because the critical parameters (Tc, Vc and Pc) were not 

found in the literature. 

The method uses the analogy of counting the numbers of carbon, hydrogen, oxygen, and nitrogen 

atoms, and then adding one (1) for each double bond (DB), two (2) for each triple bond (TB) and 

multiplying the sum by seven. The formula used is described by equation (2.15): 

𝑉𝑏 = 7(𝑁𝐶 + 𝑁𝐻 + 𝑁𝑂 + 𝑁𝑁 + 𝑁𝐷𝐵
+ 2𝑁𝑇𝐵

) + 31.5𝑁𝐵𝑟 + 24.5𝑁𝐶𝑙 

+10.5𝑁𝐹 + 38.5𝑁𝐼 + 21𝑁𝑆 − 7#                                                                                                       (2.15)  

The additive method has been extended to include halogens and sulphur. The last value in equation 

(2.15) given by (#) is counted once if the compound has one or more rings (Poling et al., 2001). Vb 

is represented by cm3·mol−1. 
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The collision integral 𝛺𝐷 calculated from the accurate relation proposed by Neufield (Poling et al., 

2001) is given in equation (2.16): 

𝛺𝐷 =  
𝐴

(𝑇∗)𝐵
+  

𝐶

𝑒𝑥𝑝(𝐷𝑇∗)
+

𝐸

𝑒𝑥𝑝(𝐹𝑇∗)
+  

𝐺

(𝐻𝑇∗)
                                                                        (2.16) 

where 𝑇∗ = 𝑘𝑇/𝜀𝐴𝐵 and A, B, C, D, E, F, G and H are parameters of the collision integral (Poling 

et al., 2001). All parameters are listed in Table 2.8.  

For each component (𝜀/𝑘)𝐴𝐵 is calculated using equation (2.17), while 𝜀𝐴𝐵 is determined using a 

simple equation (2.18): 

𝜀 𝑘⁄ = 1.15𝑇𝑏                                                                                                                                          (2.17)  

𝜀𝐴𝐵 =  √𝜀𝐴 𝜀𝐵                                                                                                                                           (2.18)  

where 𝑇𝑏 is the normal boiling point (at 1 atm) in (K). For systems in which one component is air, 

𝜎𝑎𝑖𝑟 = 3.62 Å and 𝜀 𝑘𝑎𝑖𝑟⁄ = 97.0 𝐾. 

Table 2.8:  Parameters of the collision integral ΩD (Poling et al., 2001). 

A B C D E F G H 

1.06036 0.15610 0.19300 0.47635 1.03587 1.52996 1.76474 3.89411 

 



 
 
 
 

41 
 

2.10 Estimating air permeability 

The release rate of a pure volatile compound into air is determined by its air permeability. The 

release rate parameter is the product of the vapour pressure of the compound and its diffusion 

coefficient in air as described in equation (2.19) (Pieterse et al., 2006).  

𝑆𝐴 =  𝑃𝐴 𝐷𝐴𝐵                                                                                                                                             (2.19) 

where SA is the air permeability represented by (mPa·m2·s−1); PA (kPa) is the vapour pressure; and 

DAB is the diffusion coefficient in (m2·s−1). 

However, from equation (2.19) it was possible to calculate the experimental diffusion coefficient 

through the relation to air permeability. In this regard the experimental values of the evaporation 

rates of repellents obtained by TGA and Payne cups and vapour pressure were considered. The 

simple equation is given by equation (2.20) as follows: 

𝐷𝐴𝐵 =  𝑆𝐴 𝑃𝐴⁄                                                                                                                                          (2.20)  

2.11 Polyolefin-clay nanocomposites  

Annually, it is estimated about 250 million tons of plastics are produced worldwide (Hong and 

Rhim, 2012). Polyolefins constitute the most widely used group of thermoplastics due to 

acceptable strength, light weight, low cost, easy processability and good water barrier properties. 

They are prepared by polymerization of simple olefins such as ethylene, propylene, butenes, 

isoprenes and pentenes, as well as their copolymers (Subramanian, 2017). An inherent 

characteristic common to all polyolefins is a nonpolar, nonporous, low-energy surface that is not 
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receptive to inks and lacquers without special oxidative pre-treatment (Sadiku et al., 2017, 

Hammen, 2014, Chrissopoulou and Anastasiadis, 2010). Polyolefin-based materials can be tailor-

made for a wide range of applications, from rigid thermoplastics to high-performance elastomers 

(Chrissopoulou and Anastasiadis, 2011). 

Since the first production of polyolefins following the development of Ziegler-type catalysts, 

commercial exploitation has been very rapid because of their attractive characteristics. However, 

polyolefins are notch sensitive and brittle on exposure to severe conditions, such as low 

temperature and high rate of impact (Chrissopoulou and Anastasiadis, 2010, Chrissopoulou and 

Anastasiadis, 2011). In order to improve the application of polyolefins, fillers are incorporated into 

polyolefins to increase the stability, heat distortion, stiffness, strength and impact resistance 

without sacrificing their processability and barrier property (Hong and Rhim, 2012, Marchante 

and Beltrán, 2015, Chrissopoulou and Anastasiadis, 2011).  

As an introductory concept, nanocomposite materials are two-phase systems that consist of a 

polymer matrix and dispersed inorganic particles of nanometer scale. The inorganic particles 

usually come from the family of 2:1 phyllosilicate, which consists of an aluminium or magnesium 

hydroxide octahedral sheet sandwiched between two silicon oxide tetrahedral sheets. The layer 

thickness of each platelet is around 1 nm, and their lateral dimensions may vary from 30 nm to 

several microns as briefly described in Figure 2.6 (Choudalakis and Gotsis, 2009).  
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Figure 2.6:  Structure of montmorillonite (phyllosilicate clay) (taken from Duncan, 2011)  

Three types of nanocomposite morphology are possible depending on the strength of the interfacial 

interaction. These are: (i) phase-separated; (ii) intercalated; and (iii) exfoliated as shown in Figure 

.7. For phase-separated nanocomposites, clay tactoids are obtained throughout the matrix. The 

polymer chains surround nanoclay platelets but do not penetrate between the clay layers. However, 

the lack of platelet separation may form large, micron-sized agglomerates (Pavlacky et al., 2012). 

Intercalation involves the insertion of polymer chains in the galleries of the initial layered tactoids, 

which leads to a longitudinal expansion of the galleries. Exfoliation implies the formation of a 

complete breakage of the initial layer stacking order and homogeneous dispersion of the layers in 

the polymer matrix. Complete exfoliation of the layered silicate in the polymer matrix is often 

aimed at developing clay-based nanocomposites (Cui et al., 2015). 

There are three methods typically used when preparing a polymer-nanocomposite (Choudalakis 

and Gotsis, 2009): 
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❖ Intercalation in a suitable monomer and subsequent in situ polymerization which leads to 

exfoliation 

❖ Intercalation of the polymer from the solution and exfoliation 

❖ Polymer melt intercalation and exfoliation. 

 

 

 

Figure 2.7:  (a) Tactoid; (b) intercalated, and (c) exfoliated polymer nanocomposites (Duncan, 2011) 

Layered inert silicate nanoclays (such as montmorillonite and kaolinite) seem to be the most 

effective nanoscale fillers due to their rich intercalation chemistry and high strength (Cui et al., 

2015). Furthermore, there is great interest in montmorillonite because it is abundant, relatively 

inexpensive and easy to modify (to make it more compatible with polymers) and has shown good 

results (Marchante and Beltrán, 2015). Exfoliation of nanofillers can yield individual platelets 

dispersed in a polymer matrix. Small molecules cannot pass through the nanoplatelets and 

therefore their presence enforces a tortuous diffusion path which constitutes a barrier structure for 
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gases (Cui et al., 2015). It has been found that gas permeability through polymer films can be 

reduced by 50 – 500 times even at low clay loadings (Choudalakis and Gotsis, 2009).  

Nanocomposites that incorporate the exfoliation method produce the highest surface area 

interaction between clay nanoplatelets and the polymer, and thus they have improved performance. 

Homogeneous dispersion of clay in polymers is not easy because of the preferential parallel 

sticking of the clay nanoplatelets and hydrophilicity of its surface (Pavlacky et al., 2012). In fact, 

the incompatibility between hydrophilic clay and hydrophobic polymer often causes 

agglomeration of clay mineral particles in the polymer matrix (LeBaron et al., 1999). 

In situ polymerization has been found to be the most effective technique to obtain well-exfoliated 

clay nanoplatelets in a polymer matrix compared with melt and solution intercalation methods 

(Bouzouita et al., 2017, Cui et al., 2015). Unfortunately, this method is not always practicable from 

the industrial viewpoint. The alternative melt intercalation technique is most versatile and less 

environmentally harmful and is therefore an efficient method of preparing polymer nanocomposite 

in an industrial setting (Bouzouita et al., 2017).  

2.11.1 Permeability of nanocomposites 

The permeability of barrier polymer films can be defined as the ability to allow gases and vapours 

to pass through them (Feldman, 2001). The barrier properties of polymer films are dependent on 

the nature of the polymer (density, solubility, morphology, filler concentration), the fluid nature 

and concentration, the area and thickness of the film, permeation time and temperature (Feldman, 

2001). During the permeability process through a polymer film, the solution is first absorbed onto 

the high-pressure surface of the polymer. The dissolved fluid then diffuses through the polymer 
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according to the concentration gradient towards the lower-pressure opposite surface. Lastly, the 

fluid on the other side of the film desorbs (Feldman, 2001).  

For a steady state diffusion across the film, gas or fluid measurements can be made using the 

constant volume, changing pressure approach. This approach involves applying a vacuum to both 

sides of the film, with thickness Lf, situated inside the permeability cell, and calculating the 

permeability coefficient P (the permeation of penetrate molecules thought the film) from equation 

(2.21) (Cui et al., 2015). 

𝑃 =  
𝑉𝐿𝑓

𝐴𝑅𝑇𝛥𝑝

𝑑𝑝

𝑑𝑡
                                                                                                                                      (2.21) 

where P is the permeability coefficient in (gµmday−1mm−2); V is the total amount of gas 

permeation through the film into a cell; A is the film area, R the universal gas constant; T the 

absolute temperature; 𝛥𝑝 the pressure gradient across the film; and dp/dt the transmission rate.  

The permeability coefficient of a polymer is also equal to the product of the diffusion coefficient 

D (movement of the penetrated molecules inside the film) and the solubility coefficient S 

(dissolution of a permeant molecule into a film). This relation, which is often used to describe the 

gas transport properties of composites reinforced with nanofillers in a polymer matrix, only holds 

true if the value of D is independent of concentration and S follows Henry’s law. This is clearly 

described by equation (2.22) (Cui et al., 2015). 

𝑃 = 𝐷𝑆                                                                                                                                                      (2.22) 
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As part of the second step in the polymer permeability process, diffusion through a film includes 

permeation or passing through the voids and gaps between macromolecules. The diffusion rate in 

general can be described by Fick’s secondary law shown in equation (2.23) (Feldman, 2001). 

𝑑𝑐

𝑑𝑡
=  −𝐷

𝑑2𝑐

𝑑𝑥2
                                                                                                                                         (2.23) 

where dc/dt is the concentration variation over time in days. 

Nanocomposites show better barrier properties (Cui et al., 2015) than homogeneous films owing 

to the tortuous diffusion pathways. This phenomenon is illustrated in Figure 2.8. The effective path 

length for gas diffusion is increased in this way while the diffusion coefficient decreases. 

Therefore, a decrease in the solubility is also expected in the nanocomposite due to the reduced 

polymer matrix volume.  

 

Figure 2.8:  Arrangement of parallel platelets causing a tortuous pathway (Choudalakis and Gotsis, 2009). 

Thus, it can be noted that the volume fraction of the nanoplatelets (degree of dispersion), their 

orientation relative to the diffusion direction and their aspect ratio have an impact on the 

permeability (Choudalakis and Gotsis, 2009). The delamination of the clay affects the degree of 
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dispersion of the nanofiller. Fully delaminated (exfoliated) sheets with a high aspect ratio in the 

nanocomposite present much higher values for the tortuosity factor than those with partially 

delaminated nanocomposite platelets (i.e. intercalated). Figure 2.9 shows the effect of the degree 

of delamination on the tortuosity factor and the aspect ratio of the nanoplatelets. 

Many mass transfer models assume that the platelets have a regular and uniform shape (rectangular 

or circular) and form a regular array in space (Choudalakis and Gotsis, 2009). Their orientations 

are either parallel to one another and perpendicular to the diffusion direction (Figure 2.8) or a 

distribution of orientations with the average orientation at an angle to the main direction of 

diffusion. 

 

Figure 2.9: Effect of the degree of delamination on the tortuosity factor and the aspect ratio of 

nanoplatelets. W is the thickness of the stacks (Choudalakis and Gotsis, 2009, Bharadwaj, 2001) 

A number of studies have reported on how to develop intercalated or exfoliated nanocomposite 

structures with polyolefin/montmorillonite (MMT) (Yano et al., 1993, Meng et al., 2008, Durmus 

et al., 2007, Nikkhah et al., 2009, Corcione et al., 2008, Hong and Rhim, 2012, Rahnama et al., 

2014, Hotta and Paul, 2004, Golebiewski et al., 2008). These studies revealed that the 

incorporation procedure into a polymer matrix is important in order to obtain complete nanoclay 
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dispersion. To the best of our knowledge, there has been no work reported about the effect of 

organo-montmorillonite (OMMT) in the barrier property of polyolefin nanocomposite matrices 

against volatile mosquito repellents. However, two trials of this work were devoted to evaluating 

the barrier properties of polyolefin nanocomposite films against repellents and the use of exfoliated 

clay to reduce the repellent release rate from polyolefin strands. 

2.12 Microporous polymers 

Microporous polymer structures have been prepared by different methods, including non-solvent-

induced phase separation (NIPS) (Xin et al., 2012), solvent-induced phase separation (SIPS) (Chen 

and Shanks, 2007), thermally induced phase separation (TIPS) (Castro, 1981) and thermally 

assisted evaporation phase separation (TAEPS) (Hellman et al., 2004).  

2.12.1 The thermally induced phase separation (TIPS) method 

The TIPS method was introduced by Castro (Castro, 1981). Among all the methods mentioned 

above, TIPS has become one of the most useful for the preparation of microporous polymer 

structures (Liu et al., 2011, Lloyd et al., 1990). Due to its advantages such as ease of control and a 

low tendency towards production defects, TIPS is able to produce a variety of relatively thick 

isotropic microporous microstructures capable of producing suitable controlled release (Cha et al., 

1995, Liang et al., 2013). Microporous materials have been of great interest in many potential 

membrane applications in the fields of microfiltration, ultrafiltration, reverse osmosis, gas 

separation, clean energy, catalysis and storage media due to their extraordinarily high porosity and 

surface area (Kim and Lee, 2015). Various polymers were used to prepare microporous structures 

via the TIPs method. They included: (i) Polypropylene (PP) (Kim and Lloyd, 1991, Lim et al., 
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1991, Lloyd et al., 1990, Yang et al., 2006); (ii) Polyvinylidene fluoride (PVDF) (Li et al., 2008, 

Yang et al., 2008, Lin et al., 2009, Rajabzadeh et al., 2009); (iii) Poly(ethylene-co-vinyl alcohol) 

(EVOH) (Zhou et al., 2009, Shang et al., 2003); (iv) Polystyrene (Matsuyama et al., 2001, Kim et 

al., 2007); and (v) polyethylene (PE) (Wang et al., 2015, Lloyd et al., 1990, Akhtar and Focke, 

2015, Matsuyama et al., 2003, Liu et al., 2011, Shen et al., 2008, Yang et al., 2006, Israel et al., 

1995, Gong et al., 2012). Therefore, the preparation of microporous structures using polyolefins 

has been extensively studied owing to their good thermal and solvent resistance as well as their 

low cost. Generally, for the preparation of microporous polymer structures by the TIPS method, 

the steps listed below are followed (Lloyd et al., 1990, Wang et al., 2015, Liu et al., 2011): 

❖ In the TIPS process, a homogeneous solution is obtained at an elevated temperature by 

blending the polymer with the diluent or liquid. The liquid is usually a low molecular weight 

and high boiling point diluent in which the polymer is effectively insoluble at room 

temperature (Akhtar and Focke, 2015). 

❖ The solution is then cooled down or quenched to induce solid-liquid (S-L) or liquid-liquid (L-

L) phase separation.  

❖ After the solvent extraction and drying (typically by evaporation), a microporous polymer with 

the desired structure is formed. 

In the present study, the preparation of microporous polyolefin structures as reservoirs to trap large 

amounts of repellent via thermally-induced phase separation is discussed. A typical phase diagram 

showing the phase behaviour of a polymer-liquid repellent combination is shown in Figure 2.10. 



 
 
 
 

51 
 

The system exhibits an upper critical solution temperature (UCST) showing the stable single-phase 

region together with the metastable and unstable regions. 

The phase diagram indicates that the probability of forming a microporous matrix is high when 

the polymer is the minority phase. In polymer-repellent mixtures the loci of the phase boundaries 

can be described by the Flory-Huggins theory (Burghardt, 1989). At temperatures above the 

UCST, the system is fully miscible for all compositions. Below this temperature, phase separation 

can occur at a temperature which depends on the concentration of the system components (Charlet 

and Delmas, 1981). The compositions of the two phases in equilibrium at any temperature are 

defined by the binodal line. In the metastable region indicated in the phase diagram, the phase 

separation will occur via a nucleation and growth mechanisms (Nunes and Inoue, 1996). This is 

the usual scenario for liquid-liquid phase separation (Nunes and Inoue, 1996). If the polymer 

represents the minority phase, it may initially lead to the undesirable formation of separate polymer 

particles that are suspended in the continuous liquid repellent phase. 

 

 



 
 
 
 

52 
 

 

Figure 2.10: Phase diagram of a typical miscible polymer-repellent system. The solid line defines the 

binodal phase boundary and the broken line the spinodal envelope (Akhtar and Focke, 2015) 

Inside the two-phase region there is another set of phase envelope, the spinodal curves. In this 

region of the phase diagram, a homogeneous mixture is thermodynamically completely unstable. 

In contrast to the metastable bimodal region, the solution will spontaneously split into two phases 

via spinodal decomposition, a polymer-rich phase and a solvent-rich phase. Phase separation by 

this mechanism leads to a finely dispersed microstructure via diffusion processes that amplify 

intrinsic thermodynamic spatial composition fluctuations. Ultimately this co-continuous structure 

may be fixed by either the subsequent crystallization of the polymer, or by vitrification of the 

polymer-rich phase. This means that the majority liquid phase is trapped inside a solid polymer-

rich phase (which still may contain a minor amount of repellent) with a porous structure. In practice 

such microporous microstructures are often achieved by rapid quenching of a homogeneous melt 

in a cold-water bath. 
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2.13 Controlled-release system 

Controlled release is a technology which is used to protect the supply of the reagent and to allow 

the release of the agent to the target at a controlled rate, and to maintain its concentration in the 

system within the optimum limits over a prolonged or specified period (Kenawy et al., 1992, 

Akelah, 1996, Céspedes et al., 2007). The advantages of this technology are listed as: activity 

prolongation by providing continuous low amounts of a drug at a level sufficient to perform its 

function over a long period of time; environmental pollution reduction; cost reduction by 

eliminating the time and cost of repeated and over-applications (Kenawy et al., 1992). This reduces 

the undesirable side-effects of compound losses such as insecticides or repellents by evaporation 

and degradation; masking of any odour, since toxic material becomes chemically non-toxic when 

combined with polymers (Akelah, 1996, Kenawy et al., 1992, Dubey et al., 2011). In order to select 

the best system to release a sufficient quantity and to achieve the desired effect with minimum 

biological or ecological adverse risks, the following characteristics need to be considered: (i) the 

nature of polymer (degree of cross-linking, thermal behaviour, compatibility with the active 

agent); (ii) stability of the combination during processing; (iii) the desired release rate; (iv) shape 

and size of the final product; (v) duration of protection time; (vi) seasonal conditions; and (vii) 

cost and ease of formulation and application (Akelah, 1996). Brade and Davis (1983) investigated 

the release of chemicals from a porous polymer. They used methyl nonyl ketone (KNK), dimethyl 

phthalate (DMP) and DEET as repellents. The porous polymer used was made from 

polypropylene. The results showed that the release rate of DEET from porous polypropylene was 

constant for 90 days. 
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For protection against mosquitoes, the concentration of active ingredient in the repellent should 

have a constant rate of release during a sufficiently prolonged period. However, the efficacy of 

mosquito repellents is restricted by several factors, such as their fast volatility and their ability to 

penetrate the skin. For these reasons, new tools have been developed to achieve longer mosquito 

protection times (Sibanda et al., 2018). The controlled-release technology based on polymer 

matrices are largely used due their low cost and versatility (Tramon, 2014). The mechanisms 

involved in controlled release require polymers with a variety of physicochemical properties 

(Nogueira Barradas et al., 2016).  

Previous studies by Akhtar (2015), Sibanda and Focke (2014) and Sibanda (2016) show that 

polymers have been used as carriers for the controlled release of volatile compounds. A study by 

Licciardello et al. (2013) incorporated essential oil into packaged food. The effectiveness of coated 

packaging against red flour beetle (Tribolium castaneum) showed repellence results which ranged 

from 53 to 83% for citronella and rosemary. Arancibia et al. (2014) developed active biodegradable 

films based on soy protein, lignin and formaldehyde added to citronella. The results showed that 

the presence of 3 wt-% citronella in polymeric films had good antifungal activity against the 

pathogen Fusarium oxysporum in bananas. Chattopadhyay et al. (2015) evaluated the repellence 

activity of an essential oil-based polymeric patch against mosquitoes. The product provided up to 

3 hours protection. In addition, Islam et al. (2017a) evaluated the stability potential of matrix-type 

polymeric patches composed of volatile ethyl anthranilate for prophylaxis against vector-borne 

diseases. The polymeric matrix based on ethyl anthranilate was successful and the optimized 

polymeric patches remained stable for six months under the conditions studied without significant 

changes. These earlier studies demonstrated different ways of incorporating mosquito repellent in 
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polymer matrices and proved their effectiveness against insects. The polymeric materials used for 

designing different devices not only enhanced the physical-chemical stability but also the safety 

by entrapping the volatile compounds internally and releasing them at a desired controlled rate 

(Islam et al., 2017a). 

Therefore, kinetic modelling of controlled release systems is necessary to predict the volatile 

compound release and protection time against insects. If the model is consistent, the behaviour of 

different combinations of active ingredients of compound and polymeric materials can be 

simulated at a reduced cost to achieve the desired performance (Tramon, 2014). Mathematical 

modelling of controlled release systems reduces the time and resources necessary for experimental 

work in product and process development (Tramon, 2014). In the next section, a model of repellent 

release from microporous polymer strands is described. 
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2.13.1 Modelling for repellent release from polymer strands 

 

Figure 2.11: Model of the microporous strand showing the liquid core location, the vapour-filled 

microporous region and the outer skin layer that functions like a membrane that limits the rate at which the 

repellent is released 

Figure 2.11 shows a schematic of a long cylindrical microporous strand covered by a thin 

membrane-like outer skin layer, which serves as a model of the repellent-release characteristics. 

The geometric features of this model were informed by the FESEM results presented in Chapter 

IV. 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 completely 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. 
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In order 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 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. However, in this first-cut analysis these effects are ignored. The fact that the active 

ingredient must diffuse through a porous polymer maze also affects 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. In reality, 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. At present this is not taken into account. 

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. 

The mathematical model for the release of the repellent assumes that it is determined by vapour 

diffusion in the porous regions and by permeation through the outer skin layer. At the inner liquid 

surface, the repellent evaporates into the porous region. It then diffuses via the air-filled pores 

towards the membrane where it dissolves in the polymer and permeates to the outside. The 

assumptions forming the basis of the model can be summarised as follows: 

❖ The porosity of the microporous region is . 
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❖ The liquid-filled region is located concentric to the cylindrical strand of the main polymer. 

❖ The diffusion equation holds for both the porous region as well as for the membrane, but the 

effective diffusion coefficients differ. 

❖ The equilibrium vapour concentration at the liquid interface can be estimated from the ideal 

gas expression given by equation (2.24) 

 𝜌𝑒𝑞 =
𝑀𝐴𝑃𝐴

𝑠𝑎𝑡

𝑅𝑇
                                                                                                                                           (2.24) 

which expresses the equilibrium mass density (𝜌𝑒𝑞) of the repellent at temperature T in Kelvin in 

terms of its molar mass (MA) and its vapour pressure (𝑃𝐴
𝑠𝑎𝑡), where R denotes the gas constant. 

❖ The solubility of the repellent in the membrane is described by Henry’s law. 

❖ The evaporation rate is very slow so that quasi-steady state diffusion may be assumed. 

The initial mass of repellent inside a strand, for which the diameter of the porous region is RP, is 

given by equation (2.25): 

 𝑚𝑜 = 𝜌𝐿𝜀𝜋𝑅𝑃
2𝐿                                                                                                                                      (2.25) 

After some time, during which part of the repellent has evaporated, the fraction of remaining 

repellent will be according to equation (2.26):  

 𝑋 = 𝑚(𝑡) 𝑚𝑜⁄                                                                                                                                        (2.26) 
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and the remaining liquid is assumed to be confined to a co-axial cylindrical body with radius RL.  

The total amount of the repellent remaining in a filament of length L is given by equation (2.27): 

𝑋(𝑡) =
2

𝑅𝑃
2 𝐶𝐿

∫ 𝑟𝐶(𝑟, 𝑡)
𝑅𝑃

𝑅𝐿
𝑑𝑟 + (

𝑅𝐿

𝑅𝑃
)

2

                                                                                                (2.27)  

However, the first term is negligible compared to the second term because, compared to the liquid, 

the repellent vapour density is very low so that instead it is assumed that (equation 2.28) applies: 

𝑋(𝑡) ≈ (
𝑅𝐿

𝑅𝑃
)

2

                                                                                                                                          (2.28) 

       

The governing diffusion equation is given as equation (2.29) as follows: 

𝜕𝜌

𝜕𝑡
=

𝐷𝑒𝑓𝑓

𝑟
(

𝜕

𝜕𝑟
(𝑟

𝜕𝜌

𝜕𝑟
))                                                                                                                             (2.29) 

   

This equation holds for both the outer membrane and the vapour-filled porous region, but the 

effective diffusion coefficients in these two regions are assumed to be different. The initial and 

boundary conditions are: 

(1)   𝑡 = 0,              0 < 𝑟 < 𝑅𝑝            𝜌 = 𝜌𝐿 

(2)  𝑡 > 0,               𝑟 = 𝑅𝐿                     𝜌 = 𝜌𝑒𝑞 

(3)  𝑟 = 𝑅𝑃             𝜌𝑀(𝑅𝑃
+) = 𝐻𝜌𝑃(𝑅𝑃

−) 

(4) 𝑟 = 𝑅𝑃              𝐷𝑃

𝜕𝜌

𝜕𝑟
)

𝑟=𝑅𝑃
−

= 𝐷𝑀

𝜕𝜌

𝜕𝑟
)

𝑟=𝑅𝑃
+
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(5) 𝑟 = 𝑅𝐹              𝜌 = 0 

The assumption of quasi-steady state conditions is justified by the fact that the release rate is very 

low. This reduces the problem to solving the following differential equation, equation (2.30) as 

follows:  

𝑑

𝑑𝑟
(𝑟

𝑑𝜌

𝑑𝑟
) = 0                                                                                                                                            (2.30) 

       

The solution of equation (2.30), subject to the initial and boundary conditions, yields expressions 

for the concentration profiles in the membrane and the microporous regions for a given value of 

the stationary liquid core radius RL. The rate at which the repellent evaporates is related to the rate 

at which RL decreases. Equation (2.31) describes this phenomenon: 

𝜌𝐿
𝑑𝑅𝐿

𝑑𝑡
= 𝐷𝑃

𝜕𝜌

𝜕𝑟
)

𝑟=𝑅𝐿
+

                                                                                                                             (2.31) 

       

Taking this into expression into account, analysis yields an implicit expression that links the 

amount of repellent released (X) to the elapsed time (t). 

Model I is represented by equation (2.32). 

𝜅1𝑡 = 𝜅2(1 − 𝑋) + 𝑋ℓ𝑛𝑋                                                                                                                     (2.32)  

where 𝜅1 is obtained by equation (2.33):   
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𝜅1 =
4𝐷𝑃

𝑅𝑃
2

𝜌𝑒𝑞

𝜌𝐿
                                                                                                                                          (2.33) 

and 𝜅2 is obtained by equation (2.34): 

𝜅2 = [1 +
𝛼

𝐻
ℓ𝑛 (

𝑅𝐹

𝑅𝑃
)

2

]                                                                                                                          (2.34)  

Model I provides an approximate expression for the repellent content of the strand for the situation 

where both the membrane and the porous region influence the rate of release.  

Two possible limiting cases can be envisaged. When the outer skin-like membrane fully controls 

the repellent release, Model I, defined by equation (2.32), simplifies to Model II, which describes 

the case where permeation through the membrane is rate limiting: 

Model II is defined by equation (2.35). 

𝜅3𝑡 = 1 − 𝑋                                                                                                                                             (2.35) 

      

where 𝜅3 is represented by equation (2.36):  

𝜅3 =
2𝐻𝐷𝑀

𝑅𝑃
2 ℓ𝑛(

𝑅𝐹
𝑅𝑃

)
(

𝜌𝑒𝑞

𝜌𝐿
)                                                                                                                                (2.36) 

     

Model II also holds at the start of the repellent release when the porous regions of the strand are 

still filled with liquid.  
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Another limiting form is represented by Model III, which describes the situation where a rate-

controlling membrane layer is completely absent.  

Model III is given by equation (2.37): 

𝜅2𝑡 = 𝑋ℓ𝑛𝑋 + 1 − 𝑋                                                                                                                             (2.37) 

      

where 𝜅2 is obtained by equation (2.38): 

𝜅2 = 4
𝐷𝑃

𝑅𝑃
2

𝜌𝑒𝑞

𝜌𝐿
                                                                                                                                           (2.38) 

       

The rate of repellent mass release from a strand of length L, for which the membrane is rate 

controlling, is given by equation (2.39): 

𝐽 ≈ −𝜀𝜌𝐿𝜋𝑅𝐹
2𝐿

𝑑𝑋

𝑑𝑡
=

2𝜀𝜌𝑒𝑞𝜋𝐿𝐷𝑀𝐻

ℓ𝑛(
𝑅𝐹
𝑅𝑃

)
(

𝑅𝐹

𝑅𝑃
)

2

                                                                                             (2.39)  

In the more general case, the corresponding expression is represented by equation (2.40): 

𝐽 =
4𝜀𝜌𝑒𝑞𝜋𝐿𝐷𝑃𝐻(

𝑅𝐹
𝑅𝑃

)2

ℓ𝑛[𝑋−𝐻(
𝑅𝐹
𝑅𝑃

)
2𝛼

]

                                                                                                                                (2.40)  
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CHAPTER 3  

EXPERIMENTAL 

3.1 Materials 

3.1.1 Chemicals 

In this study the following chemicals were used: N,N-Diethyl-3-methylbenzamide (purity 97%) 

[CAS-No. 134-62-3], IR3535 (purity ≥ 99%) [CAS-No. 52304-36-6], ethyl anthranilate (purity ≥ 

96 %) [CAS-No. 87-25-2], Citriodiol (70.9% purity) [CAS-No. 1245629-80-4], Icaridin (purity ≥ 

97%) [CAS-No. 119515-38-7], dimethyl phthalate (purity ≥ 99%) [CAS-No. 131-11-3], decanoic 

acid (purity ≥ 98 %) [CAS-No. 334-48-5] and dichloromethane (99% purity) [CAS No. 75-09-2]. 

The molecular mass, 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. 
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Table 3.1:  List of chemicals, their properties and suppliers 

Chemical  MwA/(gmol−1) ρ/(gcm−3) Tb /(oC) Tm /(oC) Supplier 

DEET 191.27 0.998 288 - Sigma-Aldrich 

Ethyl anthranilate 165.19 1.117 268 13-15 Sigma-Aldrich 

Dimethyl phthalate 194.18 1.190 282 2 Sigma-Aldrich 

Decanoic acid  172.26 0.893 268 27-32 Sigma-Aldrich 

Icaridin  229.30 # 296 # Endura S.pA 

IR3535  215.29 0.998 292 # Merck-KGaA 

Citriodiol  * 0.946 267 # Citrefine 

International  

Dichloromethane 84.93 1.33 40 -95 Merck-KGaA 

* A mixture of components with isomers of p-menthane-3,8-diol as major constituents  

# No information available. 

3.1.2 Polymers  

Linear low-density polyethylene (LLDPE) (Sasol HR411) was obtained from Sasol. The density 

was 0.939 g cm−3 and the MFI was 3.5 g/10 min (190 °C/2.16 kg). Poly(ethylene-co-vinyl acetate) 

grade Elvax 760A ex DuPont pellets were pulverised by Dreamweaver. The VA content was 9%, 

the density 0.930 g cm−1 and the melt flow index (MFI) 2.0 g/10 min at 190 °C. 
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3.1.3 Nanofillers 

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 refractive index at 20 °C was reportedly 1.46; the BET surface was 

around 170–230 m2g−1 and the pH value of a 4% aqueous dispersion was around 3.8–4.3.  

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) 

was 7–9 µm and the bulk density was 0.40 g cm−3. The clay was organo-modified with dimethyl 

benzyl hydrogenated tallow ammonium. Figure 3.1. shows the chemical structure of the modifier 

intercalated in Dellite 43B organoclay. 

 

 

Figure 3.1:  Chemical structure of the organic modifier intercalated in Dellite 43B organoclay (Majeed et 

al., 2013) 
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3.2 Sample preparation  

3.2.1 Preparation of the polymer-clay nanocomposite films 

Polymer-clay nanocomposites were prepared by first dispersing the clay into the polymer powder 

with a Sigma spice grinder. The powder blends were then compounded on the TX28P 28 mm co-

rotating twin-screw extruder. The extruded strands were cooled by passing them through a water 

bath. The strands were granulated on a Chen Shin Machinery Co. Ltd model CT-300 pelletizer. 

The temperature profiles, from hopper to die, were set at 140 /160 /160 /160 C and 140 /160 /170 

/170 C for EVA- and LLDPE-based compounds respectively. The screw speed was varied in a 

range of 105 to 150 rpm.  

The films used for permeability measurements were blown on a Collin BL 180/400 blown film 

unit. It comprised a 30 mm  single screw extruder with L/D = 25. The blown film die had a 

diameter of 60 mm and featured a dual-lip cooling ring. The extruder was operated at a screw 

speed of 40 rpm. The temperature profiles from hopper to die were 

170/190/190/190/190/190/190/190 C and 190/200/205/205/205/205/205/195 C for EVA and 

LLDPE films respectively. The neat LLDPE and EVA films were also compounded before being 

blown into film to ensure that all the materials were subjected to the same thermal history. These 

were used as controls for the permeability study. Table 3.2 lists neat polymer and polymer-clay 

nanocomposite film and film information.  

 

 

 



 
 
 
 

67 
 

Table 3.2:  Nanocomposite film samples prepared by melt extrusion method 

Film samples Film information 

Control Neat LLDPE and EVA films 

LLDPE-Dellite 43B LLDPE film loaded with montmorillonite (5 wt.% Dellite 43B)  

EVA-Dellite 43B EVA film loaded with montmorillonite (5 wt.% Dellite 43B)  

 

3.3 Mosquito repellent polyolefin strands  

The objective of this study was to produce polyolefin strands impregnated with mosquito repellent 

(DEET, IR3535, Icaridin and ethyl anthranilate). The concept was to trap the insect repellents 

inside the polyolefin. 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 strands. 

3.3.1 Preparation of mosquito repellent LLDPE strands without a nanofiller 

The purpose of this trial was to compound polymer-repellent combinations. The objective was to 

compare the effect of the presence of nanofiller on the microstructures obtained using SEM 

micrographs. Before compounding and extrusion, the setting feeder for LLDPE and pump feed for 

repellents was calibrated. The calibration results are presented in Appendix V.  

Following instrument calibrations, the polymer repellent mixtures (50 wt.% each) were extrusion 

compounded on a Nanjing Only Extrusion Machinery Co. Ltd (Model TE-30/600-11-40) co-
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rotating twin-screw laboratory extruder with diameter of 30 mm, L/D = 40:1. The liquid repellents 

were dosed via a peristaltic pump (Cole-Parmer with Easy-Load 11 Masterflex L/S head using 

Masterflex platinum-cured silicone L/S 16 tubing). The temperature profile, from hopper to die, 

was set at 85/170/210/210/210/210/210/210 °C, and the screw speed was set at 46.65 rpm. The 

extruded strands were quenched in an ice-water bath. Additional information is presented in 

Appendix VI. 

3.3.2 Preparation of repellent polyolefin strands with added nanofiller 

All polymer-repellent compositions were done on a TX28P 28 mm co-rotating twin-screw 

laboratory extruder with a screw diameter of 28 mm 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 repellents did not leak from the polymer strands.  

Table 3.3 lists typical compounder settings, i.e. temperature profiles from hopper to die and screw 

speed. They were used to compound a composition comprising LLDPE (65 wt.%), organoclay (5 

wt.%) and Icaridin (30 wt.%). The conditions used for other LLDPE and EVA-compositions are 

given in Appendix VII. 
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Table 3.3:  TX28P extrusion conditions used for compounding LLDPE strands  

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Speed screw (rpm) 

Set 140 160 170 170 150 

Read 144.7 157 163.3 169.7 150 

 

3.4 Methods of characterizing repellents 

3.4.1 Thermal-oxidative stability of repellents by FTIR analysis 

Fourier transform infrared (FTIR) spectra were recorded before and after heat exposure in order 

to determine whether oxidative degradation occurred. A Perkin-Elmer Spectrum 100 fitted with a 

universal attenuated total reflection (ATR) sampling accessory was used. The FTIR spectra were 

recorded in absorbance of 4 000–400 cm−1 at a resolution of 4 cm−1. The reported spectra represent 

an average of 16 scans.  

During the preparation of mock anklets, the mosquito repellents were to be exposed to typical 

polymer processing temperatures, i.e. exceeding 180 °C. It was deemed necessary to determine 

whether the repellents could withstand short-time exposure to such high temperatures. Therefore, 

the heat stability was evaluated using the following procedure: Approximately 6.0 g of repellent 

was heated for 30 min in an open Polytop glass vial in an EcoTherm-Labcon or a Scientific Series 

9000 forced convection oven set at a temperature of 200 °C. In addition, the repellent thermo-

oxidative stability testing was conducted at 50 °C in a convection oven. The FTIR spectra were 

obtained after four months. Approximately 15.0 g of repellent was heated in an open Payne cup in 

an EcoTherm-Labcon or a Scientific Series 9000 forced convection oven. 
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3.4.2 Determination of chemical composition by X-ray fluorescence (XRF)  

The chemical composition of organoclay Dellite 43B was determined using a Thermo Fisher ARL 

perform’X Sequential XRF instrument with OXSAS software analyses. The samples were milled 

in a tungsten-carbide milling pot to achieve particles sizes < 75 µm. The samples were dried at 

100 oC and roasted at 1 000 oC to determine Loss on Ignition (L.O.I) values. 1 g of sample was 

mixed with 6 g lithium tetraborate flux and fused at 1 050 oC to make a stable fused glass bead.  

3.4.3 Thermogravimetric analysis and analytical conditions 

The TGA instruments, diameters, heights of pans and conditions used to estimate the evaporation 

of repellents are listed in Table 3.4. The records of mass loss and temperature were obtained and 

used to calculate the evaporation rate of the mosquito repellents. 

Table 3.4:  TGA instruments and pans used to predict the evaporation rate of the repellents  

TGA Instrument 
Hitachi STA 

7200 

Mettler Toledo 

SDTA851 

TA Instrument 

Q600 

Convection 

oven 

Pan material Alumina Alumina Alumina Alumina 

Dpan/(mm) 5.2 5.16 6.2 54.91 

Hpan/(mm) 5 4.56 3.64 19.71 

Temperature scan range 50 - 250 30 - 300 50 - 150 50 

N2 flow rate/(mLmin−1) 200 100 100 - 

 

3.5 Methods of characterizing nanocomposite films 

3.5.1 Fourier transform infrared (FTIR) analysis 

FTIR spectra were obtained on a Perkin-Elmer Spectrum 100 instrument fitted with a universal 

attenuated total reflection (ATR) sampling accessory. FTIR spectra were recorded in the 
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absorbance range of 4 000 to 400 cm−1 at a resolution of 4 cm−1. They represent averages of 16 

scans. FTIR spectra were taken for the neat polymer film as well as for the polymer-clay 

nanocomposite films.  

3.5.2 Thermogravimetric analysis (TGA) 

The thermal stability of the polymer-clay nanocomposite films was explored using 

thermogravimetric analysis (TGA) on a TA Instruments SDT-Q600 Simultaneous TGA/DSC. 

Samples weighing approximately 10 mg were heated from ambient temperature up to 900 °C at a 

rate of 10 °Cmin−1. The purge gas was nitrogen flowing at 50 mLmin−1. The mass loss was 

recorded as a function of temperature.  

3.5.3 Measurements of thicknesses 

The final film thicknesses were measured with a micrometer (dial thickness gauge # 013458, 

Mitutoyo Digital Co., Japan), with a sensitivity of ± 1 m. The reported film thicknesses represent 

the average of five separate measurements. The instrumentation is shown in Figure 3.2. 
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Figure 3.2:  Thickness measurement using a Mitutoyo Digital micrometer 

3.6 Polymer film permeability tests 

The permeability tests of the blown films were done using Payne permeability cups. The cup 

dimensions were: diameter 54.9 mm and depth 19.7 mm. They were partially filled with mosquito 

repellent before clamping the polymer films in place. The cups were placed in convection ovens 

set at a temperature of at 50 oC. Mass loss was recorded daily over a period of two weeks. The 

experimental set-up is shown in Figure 3.3. 
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Figure 3.3: Payne permeability cups, rings and polymer nanocomposite films used to study the 

permeability of the repellents through polymer film 

3.6.1 Determination of permeability  

The permeability of neat polymer and nanocomposite polymer films to the repellents was 

determined using equation (3.1). 

𝑃 =  𝑏𝐿𝑓 𝐴⁄                                                                                                                                                 (3.1)  

 



 
 
 
 

74 
 

where P is the permeability coefficient represented as (gµmday−1mm−2); 𝑏 is the slope of the 

linear mass loss vs. time plot represented as (gday−1); 𝐴 is the area of the film (mm2); Lf is the film 

thickness in (µm). Reported values are the results obtained from duplicate measurements. 

3.7 Characterization methods of the polymer strands  

3.7.1 Diameter measurement of the polymer strands 

The diameters of the polymers strands were measured with a Mitutoyo Digital Vernier caliper with 

a measurement range up to 150 mm. The instrumentation is shown in Figure 3.4. 

 

Figure 3.4: Mitutoyo Digital Vernier calliper 

3.7.2 Extraction of repellent from the polymer strands 

Polymer strands containing repellent were cut to lengths of approximately 70 mm and weighed 

using a Radwag Wagi Elektroniczne scale, PS 360/C/2, Nr 263678/09, and placed in Polytop glass 

vials. Approximately 40 mL dichloromethane was added, and the vials stoppered. The extraction 

solvent was replaced on a daily basis. After the fifth extraction, the strands were removed and 
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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 (3.2). 

𝐸(%) = 100 − (
𝑊𝑓

𝑊𝑖
∗ 100)                                                                                                                  (3.2)  

where E is the estimated repellent amount in per cent (%) that was in the polymer strand; Wi and 

Wf  are the weights of the strands before and after extraction of the repellent represented by (g).  

3.7.3 Estimation of membrane thickness covering the polymer strand 

The repellent release data, in combination with the permeability values measured for the films to 

repellent, allow estimation of the effective thickness of the skin-like membranes covering the 

strands. From the slope of the linear mass loss vs. time plot of the repellent release rate, the 

repellent flux was calculated which this passes through the microporous polymer strand. The 

formula is presented by equation (3.3). 

𝐽 = 𝑏 𝐴⁄                                                                                                                                                      (3.3) 

where J is the repellent flux (gday−1mm−2); b is the initial slope of repellent release rate from the 

polymer strand in (gday−1); A is the surface area of the polymer strand in (mm2). 

The thickness of the membrane that covered the polymer strand was estimated from the ratio of 

the permeability coefficient to the measured initial repellent flux (equation (3.4)) as follows: 
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 𝑧𝑚𝑒𝑚𝑏𝑟𝑎𝑛𝑒 =  𝑃 𝐽⁄                                                                                                                                    (3.4)  

where z is the membrane thickness that covers the polymer strand in (µm); P is the permeability 

coefficient represented as (gµmday−1mm−2); J is the repellent flux given in (gday−1mm−2). 

3.7.4 Absorption of repellent by the polymers 

Approximately 4.0 g of neat EVA and LLDPE pellets were weighed using a Radwag Wagi 

Elektroniczne scale, PS 360/C/2, Nr 263678/09, and placed in Polytop glass vials containing 

approximately 16 mL repellent (DEET or Icaridin). The vials were placed in either an EcoTherm-

Labcon or a Scientific Series 9000 forced convection oven set at a temperature of 30 °C or 50 °C. 

After three days 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 triplicate measurements of the mass 

gain of the pellets. The swelling of polymer was calculated using equation (3.5) (Mooss et al., 

2019). 

𝑄(%) = 100 ∗ (
𝑊𝑠 − 𝑊𝑑

𝑊𝑑
)                                                                                                                         (3.5)  

where Q is the estimated polymer matrix swelling by repellents in (%); Ws is the weight of the 

swollen of polymer pellets; Wd is the weight of the dry polymer pellets represented by (g).  
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3.7.5 Shrinkage of polymer strand 

Seven 70 mm lengths were cut from neat polymer strands and polymer strands containing 

repellents. The initial diameters were measured with a Mitutoyo Digital Vernier calliper with a 

measurement range up to 150 mm. The strands were placed in either an EcoTherm-Labcon or a 

Scientific Series 9000 forced convection oven set at a temperature of 50 °C for 23 days. The change 

in diameter of the strands was measured after twenty days. The rate of shrinkage of the polymer 

matrix was calculated by equation (3.6) (Li et al., 2008). 

𝑆𝑅(%) = 100 ∗ (
𝐷𝑖−𝐷𝑓

𝐷𝑖
)                                                                                                                         (3.6)  

where SR is the shrinkage of the polymer strands in (%); Di and Df are the diameters before and 

after the shrinkage process of the strands in (mm).  

3.7.6 Thermogravimetric analysis (TGA) 

The repellent content of the polymer strands was investigated with a TGA on either a Hitachi STA-

7300 or a TA Instruments SDT-Q600 Simultaneous TGA/DSC. Samples weighing approximately 

16 mg were heated from ambient temperature to 600 °C at a rate of 10 Kmin−1. The purge gas was 

nitrogen flowing at 50 mLmin−1. The first weight loss step of the polymer strand was associated 

with the loss of the repellent by volatilization.  

TGA was used to estimate the amount of the repellent initially trapped by the polymer matrix. It 

was also used to estimate the repellent remaining after the strands were oven-aged for 6 months at 
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50 C. The elevated storage temperature, ˃ 15 oC above the ambient, was chosen to accelerate the 

ageing. 

3.7.7 Scanning electron microscopy (SEM)  

Scanning electron microscopy was used to observe the microporous structure of the LLDPE 

strands, those only impregnated with repellents and those containing clay or silica. First the 

repellents were leached from the polymer matrices and then the repellent-free polymer strands 

were immersed in liquid nitrogen for approximately 1 hour and then fractured. The fracture surface 

was coated 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 at 

an acceleration voltage of 1, 2 and 5 kV.  

3.8 Repellent release rate studies  

The time-dependent repellent release of repellent from the strands was determined by ageing at 50 

°C in either a Scientific Series 9000 or 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. A four-decimal output scale (Radwag Wagi Elektroniczne, PS 360/C/2, Nr 

263678/09) was used to measure the mass loss of the strands. The repellent release kinetics from 

the microporous polymer strands in various formulations were investigated by fitting the release 

data into the mathematical model previously developed and described in Chapter 2. 
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3.9 Efficacy studies of the repellents 

In this trial the performance of repellents against Anopheles arabiensis incorporated in the polymer 

filaments was investigated. The polymer strands were first aged at 50 oC in forced convection 

ovens, a model Labcon FSOH 16 and a Scientific Series 9000. Every two weeks samples 

measuring 3.0 m in length 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. 

3.9.1 Volunteers 

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. 

3.9.2 Ethics approval  

Ethical clearance for the study was obtained from the Faculty of Health Sciences’ ethics committee 

of the University of Pretoria (Protocol No. 82/2016).  

3.9.3 Mosquitoes 

For this study, the insectary colony of Anopheles arabiensis was obtained from stock material 

maintained by the South African National Institute for Communicable Diseases (NICD). 
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3.9.4 Exposure of mosquitoes and conditions of insectary in terms of temperature and 

humidity 

The tests for mosquito repellent efficacy were conducted under controlled insectary conditions. 

Caged mosquitoes were offered a dual-choice opportunity for feeding on treated and untreated 

body parts of human volunteers (WHO, 2009, Barnard and Xue, 2004b). Three hundred mixed-

gender mosquitoes were placed in a large (1 200 mm  600 mm  600 mm) netting cage which 

had two entry portals on one side for the insertion of legs spaced about 500 mm apart. Every effort 

was made to ensure minimal disturbance of the mosquitoes prior to each test, and no blood-meals 

were offered for 72 hours prior to each trial to ensure that female mosquitoes were starved and 

would readily try to bite and feed. All the mosquitoes were kept and trials conducted inside the 

insectary, which was maintained at a constant temperature of 25  2 C and a 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 commencement of the repellent trials. 

3.9.5 Application of polyolefin repellent strands on the leg 

Selected strands with a microporous structure were subjected to repellency testing. The test strand, 

3.0 m long, was wound around the lower limb region of one leg of a volunteer (see Figure 3.5), 

leaving the other leg fully exposed. No socks or shoes or any other items of clothing were worn 

below the knee. Both legs were then inserted into the cage, one leg per entry hole, and the person 

stood still for five minutes. At the end of the five minutes two other people used flashlights to 

count the number of mosquitos present on the lower leg of the test person. The number of 

mosquitoes on the treated and untreated legs was recorded separately. Although in most cases it 

was possible to feel or see which mosquitoes were feeding, no distinction was made between 
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feeding or resting mosquitoes. As long as the mosquito was 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 foot and knee. To avoid possible build-up of repellent on any one ankle due to 

continuous use, each test person used the alternate ankle on every alternative test day. The tests 

were conducted at least three days apart at 15:00 to allow sufficient time for the mosquitoes not to 

become accustomed to any odour which may have lingered after each application. 

 

Figure 3.5:  A treated foot prepared for a foot-in-cage test 

Figure 3.6 shows the set-up for the foot -in-cage mosquito repellence test. At the top it has two 

entry ports for insertion of the feet. 
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Figure 3.6:  Photo of the foot-in-cage test  

3.9.6 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 (3.7). 
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 𝑝 (%) =  
(𝑁𝐶 −  𝑁𝑇)

(𝑁𝐶 +  𝑁𝑇)
 × 100                                                                                                                (3.7) 

The degree of protection was reported in percentage units. 

3.9.7 Statistical analysis 

Data collected during bioassay 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. More details about statistical analysis 

(ANOVA) are presented in Appendix XVI.  
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CHAPTER 4  

RESULTS AND DISCUSSION 

4.1 Characterization of repellents  

4.1.1 Thermo-oxidative stability of repellents  

Figure 4.1, Figure 4.2 and Figure 4.3 show FTIR spectra of DEET, Icaridin, ethyl anthranilate, 

IR3535 and dimethyl phthalate taken before and after thermo-oxidative stability testing by 

exposure to air for either 4 months at 50 C or 30 min at 200 °C. The infrared absorption bands for 

the repellents were not affected by short-term heat exposure at 200 C. This suggests that the 

chemical structures stayed intact or there was no structural degradation of DEET, Icaridin, ethyl 

anthranilate, IR3535 and dimethyl phthalate. Since the boiling points of these repellents ranged 

from 267 to 296 C, this implies that the repellents were stable at elevated temperatures. The 

presence of the alcohol (─OH stretching) functional group is observed between 3 200 and 3 500 

cm−1 for Icaridin, and as expected, is absent in the DEET, IR3535, ethyl anthranilate and dimethyl 

phthalate spectra since their molecular structures do not contain the (─OH) group.  

Additionally, most repellents such as DEET, Icaridin and ethyl anthranilate after long term 

exposure to air at 50 oC, they were stable. The exceptions were dimethyl phthalate and ethyl butyl 

acetylaminopropionate. For these two repellents new carbonyl bands developed at ca. 1690 cm−1 

and 1685 cm−1, respectively. However, these new peaks were very small compared to the carbonyl 

absorption bands of the neat parent molecules. This is illustrated in the FTIR spectra for ethyl 

butylacetylaminopropionate and dimethyl phthalate shown in Figure (4.3). The indications are that 

oxidative degradation had commenced when these two repellents were exposed to warm air at 50 
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C for four months. The apparently lower thermal-oxidative stability of ethyl 

butylacetylaminopropionate, compared to the other repellents, is tentatively attributed to its higher 

aliphatic character. Despite these observations, this study demonstrates that the repellents 

investigated were able to withstand typical polymer processing temperatures (often exceeding 180 

°C) for short periods of time. The fact that they also stayed essentially intact for several months at 

50 C suggests that they may retain repellent activity for comparable lengths of time. Furthermore, 

in Appendix I are presented the FTIR spectra of decanoic acid and citriodiol. 
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Figure 4.1: (a) FTIR spectra for the mosquito repellents DEET and Icaridin before and after thermal-

oxidative stability testing by exposure to air at either 50 C for four months or for 30 min at 200 oC. (b) 

Expanded view of the carbonyl absorption region proving the statement of the thermal stability of  DEET 

and Icaridin. 
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Figure 4.2: (a) FTIR spectra for the mosquito repellents ethyl anthranilate before and after thermal-

oxidative stability testing by exposure to air at either 50 C for four months or for 30 min at 200 oC. (b) 

Expanded view of the carbonyl absorption region proving the statement of the thermal stability of  ethyl 

anthranilate. 
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Figure 4.3: (a) FTIR spectra for the mosquito repellent ethyl butylacetylaminopropionate (IR3535) and 

dimethyl phthalate before and after thermal-oxidative stability testing by exposure to air at either 50 C for 

four months or for 30 min at 200 oC. (b) Expanded view of the carbonyl absorption region for IR3535 and 

dimethyl phthalate showing the development of a new band near 1690 cm−1 and 1685 cm−1, respectively. 
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4.1.2 Chemical composition determined by X-ray fluorescence (XRF)  

The XRF-determined chemical composition of the Dellite 43B organoclay, in form of the 

corresponding oxides, is presented in Table 4.1. As expected, these results revealed high Si, Al, 

Fe and Mg contents consistent with the fact that montmorillonite is a phyllosilicate.  

The organoclay analysis also revealed much organic material, shown by the high content of Loss 

on Ignition (LOI). This is related to the organic modifier (dimethyl benzyl hydrogenated tallow 

ammonium) of the Dellite 43B clay.  

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

SiO2 TiO2 Al2O3 Fe2O3 MgO CaO Na2O K2O P2O5 ZrO2 LOI Total 

43.54 0.08 14.29 3.26 1.57 0.47 0.11 0.01 0.37 0.01 36.22 99.93 

 

4.2 Determination of the volatility of repellents by thermogravimetric analysis (TGA) 

4.2.1 Vapour pressure correlations with experimental data in the literature 

An effective repellent should have low volatility. Volatility is usually associated with vapour 

pressure, but in fact the diffusivity in air also contributes (Focke, 2003, Pieterse and Focke, 2003). 

The volatility controls the duration of the effective action of the repellent. Ambrose and Ghiassee 

(1987) published vapour pressure data for decanoic acid and Roháč et al. (1999) published data 

for dimethyl phthalate. Figure 4.4 compares the experimental data for decanoic acid and dimethyl 

phthalate with predictions made using the Antoine, Wagner, Cox and Myrdal and Yalkowsky 

equations. Figure 4.4 shows that the performance of the Antoine equation (2.3 and 2.4) was 

unsatisfactory. This equation can only fit real data well over smaller temperature intervals. 
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However, the Wagner equation (2.2) gave good predictions for decanoic acid, and the Cox 

equation (2.5) gave satisfactory results for dimethyl phthalate. The Myrdal and Yalkowsky 

equation (2.6) performed well for estimating the vapour pressure for dimethyl phthalate but less 

so for decanoic acid.  

 

Figure 4.4:  (a) Comparison of the experimental vapour pressure values reported by Baccanari et al. (1968), 

Weast and Grasselli (1989) and Lide and David (2009) with the values theoretically determined by 

equations (2.2), (2.3) and (2.6) for decanoic acid. (b) Comparison of the experimental vapour pressure 

values reported by Roháč et al. (1999), O'Neil (2013) and  Daubert, (1989) with the values theoretically 

obtained by equations (2.4), (2.5) and (2.6) for dimethyl phthalate. 
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In these cases, the vapour pressure variations with temperature were predicted with the Myrdal 
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presented in Figure 4.5. The plot shows small differences between the predicted and experimental 

curves for Icaridin, DEET, ethyl anthranilate and IR3535. In summary, equation (2.6) proved 

satisfactory for estimating the vapour pressures of the liquid repellents. 

 

Figure 4.5:  The experimental vapour pressure values for (a) DEET reported by Drapeau et al. (2011), 

Haynes (2014) and Blaine (1976); (b) ethyl anthranilate reported by Lide (2004), Api et al. (2015), Weast 

and Grasselli (1989), Milwaukee (1990), Islam et al. (2017b); (c) IR3535 reported by O'Neil (2013) and (d) 

Icaridin reported by O'Neil (2013) are compared with the values estimated by equation (2.6). 
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4.2.3 Repellent evaporation 

Figures 4.6 and 4.7 show predicted and experimental thermogravimetric evaporation rate data. The 

experimental data calculated using equation (2.1) and the theoretical prediction determined by 

equation (2.19) agree over the full temperature range, except for DEET and ethyl anthranilate. The 

evaporation rates were predicted satisfactorily at high temperatures, i.e. above 100 oC and 120 oC 

for DEET and ethyl anthranilate respectively. However, at lower temperatures, the experimental 

values are higher than the predicted values for DEET and ethyl anthranilate.  

 

Figure 4.6:  Comparison of experimentally determined TGA evaporation rates by equation (2.1) and 

theoretically predicted rates (solid line) by equation (2.19) for: (a) IR3535; and (b) Icaridin 
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Figure 4.7: Comparison of experimentally determined TGA evaporation rates by equation (2.1) and 

theoretically predicted rates (solid line) by equation (2.19) for: (a) decanoic acid; (b) dimethyl phthalate; 

(c) DEET; (d) ethyl anthranilate. 
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conditions, was as follows: ethyl anthranilate > citriodiol > dimethyl phthalate > DEET > decanoic 

acid > ethyl butylacetylaminopropionate > Icaridin. Since Icaridin, ethyl 

butylacetylaminopropionate and DEET had the lowest evaporation rates, it is likely that they 

would be able to provide longer protection times against mosquitoes. In contrast, ethyl anthranilate 

and citriodiol showed higher evaporation rates, which may imply a shorter potential protection 

time depending on the concentration required for effective repellence. The results are reported and 

described in the next section. 

 

Figure 4.8: Air permeabilities of the repellents Icaridin, ethyl butylacetylaminopropionate (IR3535), 

decanoic acid, DEET, dimethyl phthalate, Citriodiol and ethyl anthranilate measured at 50 C using Payne 

cups. 
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4.2.4 Diffusion coefficient of repellents 

Figures 4.9 and 4.10 show the predicted diffusion coefficients calculated using equation (9). From 

Figures 4.9 and 4.10 it can be seen that the predicted data correlated well with the experimental 

data. However, Figure 4.9 (d) revealed a significant difference between the predicted and the 

experimental data for ethyl anthranilate repellent at low temperatures. In contrast, the Wilke-Lee 

equation showed good agreement with the result for decanoic acid, dimethyl phthalate, DEET, 

IR3535 and Icaridin. 
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Figure 4.9: Comparison of theoretically predicted diffusion coefficients (solid line) obtained by equation 

(2.9) and experimentally determined TGA diffusion coefficients calculated by equation (2.20) for: (a) 

decanoic acid; (b) dimethyl phthalate; (c) DEET; and (d) ethyl anthranilate 
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Figure 4.10:  Comparison of theoretically predicted diffusion coefficients (solid line) obtained by equation 

(2.9) and experimentally determined TGA diffusion coefficients obtained by equation (2.20) for: (a) 

IR3535; (b) Icaridin 

4.3 Characterization of polymer films  

4.3.1 Thermogravimetric analysis (TGA)  

Figure 4.11 shows TGA and DTG profiles of the neat polymer and its nanocomposite films. The 

mass loss trace for the neat LLDPE film overlaps with the mass trace for the LLDPE-43B 

nanocomposite film up to 360 oC. Above this temperature, the mass loss is less for the 

nanocomposite compared to that of the neat LLDPE. Both the LLDPE and the LLDPE-43B 

nanocomposite films showed a single degradation step with onset temperature of 364 oC and 

409 oC, while the maximum rate occurred at 474 oC and 477 oC respectively. This is attributed to 

the degradation and volatilization of the LLDPE and an overlap with the degradation of the clay 

for the nanocomposite filler, i.e. the Dellite 43B organoclay.  
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Similar behaviour was observed for the neat EVA film. The overlap of the mass loss traces 

extended to a temperature of 350 oC. Above 350 oC, the thermal stability increased when compared 

to neat EVA film. However, in this case both films featured a two-step degradation. The first step 

for the EVA film and EVA - 43B nanocomposite films had onset temperatures of 304 oC and 309 

oC respectively, while the maximum rate occurred at 362 oC and 367 oC respectively. This is 

attributed to the removal of acetate groups (Sefadi and Luyt, 2012). The corresponding values for 

the second step were 409 oC and 414 oC for the onset temperatures and 474 oC and 478 oC for the 

maximum mass loss rate for the EVA and the EVA-43B nanocomposite films respectively. This 

is attributed to the degradation of the polymer backbone and an overlap with the degradation of 

the 43B Dellite clay for the nanocomposite. 

 

Figure 4.11:  TGA and DTG profiles of (a) the neat LLDPE and LLDPE-43B nanocomposite films; and 

(b) the neat EVA and EVA-43B nanocomposite films 
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4.3.2 Fourier transform infrared spectroscopy (FTIR)  

Figure 4.12 shows FTIR spectra of the neat polymer and polymer-clay nanocomposite films. The 

absorption bands of neat LLDPE film are found at 2 850–2 920 cm−1 (C-H stretching), 1 472 cm−1 

(C-H bending), 1 366 cm−1 (C-H bending) and 720 cm−1 (C-H rocking). All these absorption bands 

are also present in LLDPE-clay nanocomposite film with an additional band between 956 and 1 

100 cm−1 (Si-O stretching). The FTIR spectra belonging to LLDPE film obtained in the present 

study were similar to those of previous studies (Tornuk et al., 2018, Morlat-Therias et al., 2008, 

Durmuş et al., 2007, Ismail et al., 2010).  

In addition, the typical absorption bands of EVA were observed at 1 734, 1 234, 1 018, and 607 

cm−1 which are assigned to ester groups, while the bands between 2916, 2848, 1460, 1367 and 720 

cm−1 are attributed to ethylene groups present in EVA. The absorption bands are in agreement with 

values in previous reports values (Adelnia et al., 2015, Khodkar and Ebrahimi, 2011). The 

absorption bands observed in neat EVA films are also present in EVA-clay nanocomposite film 

with an additional largest band appearing between 944 and 1 100 cm−1 (Si-O stretching). This band 

overlapped an absorption band of EVA film found at 1 018 cm−1. 
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Figure 4.12:  FTIR spectra of (a) the neat LLDPE and LLDPE-43B nanocomposite films, and (b) the neat 

EVA and EVA-43B nanocomposite films  

4.3.4 Determination of permeability of films to repellents 

Table 4.2 lists the polymer film thicknesses used to calculate the permeability to each repellent.  

Table 4.2:  Thickness of neat polymer and polymer-clay nanocomposite films in units of m 

Polymer film DEET Icaridin IR3535 Ethyl anthranilate 

Neat LLDPE 551 55.30.4 543 493 

LLDPE-43B 766 7413 787 836 

Neat EVA 442 485 517 635 

EVA-43B 471 472 481 493 

 

Table 4.3 lists the permeability of the neat polymer and polymer-clay nanocomposite films to the 

repellents as calculated with equation (3.1). The EVA films had a higher permeability than LLDPE 
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coefficient and the solubility of the permeant in the polymer matrix. The repellents are all polar 

molecules and should therefore be more soluble in the more polar EVA than in the highly non-

polar polyethylene. This behaviour is corroborated by the polymer swelling results shown in Table 

4.4. Secondly, permeants are only soluble in the amorphous fraction of a semicrystalline polymer. 

LLDPE has a higher crystallinity that EVA. These two factors explain the higher permeability 

shown by the EVA. Noteworthy is the observation that the permeability of Icaridin was lower 

compared to the other repellents studied in both the EVA and LLDPE films.  

Furthermore, Table 4.3 reveals that, compared to neat EVA film, the EVA nanocomposite films 

presented a higher barrier to all the repellents investigated. However, the same did not hold for the 

LLDPE nanocomposite films when ethyl anthranilate was the permeant. This behaviour is in 

contradiction to the conventional wisdom with respect to nanocomposites. It was expected that the 

impermeable clay platelets, if well dispersed in the matrix, should decrease the permeability by 

the tortuosity of the diffusion path effect. It is speculated that the observed opposite result could 

be attributed to poor matrix-filler adhesion which resulted in the formation of a porous structure 

that increased the mobility of the volatile repellents through the polymer film.  

Previous studies conducted by Choudalakis and Gotsis (2009) reported that a crucial factor that 

affects the permeation properties of the nanocomposites is the aggregation of silicate layers, which 

leads to a reduction of the aspect ratio of the nanoparticles. Furthermore, Manninen et al. (2005) 

showed that the processing path taken to prepare the nanocomposites may result in agglomeration 

of the layers of the organoclay. Such agglomerates may form large-scale holes (pores) in the 

matrix, which can act as low-resistance pathways for gas transport within the nanocomposite 

(Choudalakis and Gotsis, 2009). In summary, the present study demonstrated that the Dellite 43B 
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organoclay was more compatible with the EVA matrix than the LLDPE matrix, but it did not 

necessarily lead to a lowering of film permeability. 

Table 4.3:  Permeability of the neat polymer and polymer-clay nanocomposite films to the repellents in 

units of gmday−1m−2. Both properties were evaluated at 50 C. 

Polymer film DEET Icaridin IR3535 Ethyl anthranilate 

Neat LLDPE 31264 1264 14032 139161 

LLDPE-43B 30435 1193 1295 217631 

Neat EVA 40047 1586 16655 346654 

EVA-43B 37033 10721 1116 224527 

 

4.4 Release of repellents from microporous polymer strands 

4.4.1 Effect of repellent on swelling and shrinkage of the polymers 

 

Table 4.4 lists the amount of repellent absorbed by the two polymers at 30 and 50 C determined 

by equation (3.5). As expected, less of the polar repellents was absorbed by the semicrystalline 

and nonpolar LLDPE compared to the amorphous and polar EVA matrix. The polar repellents 

interacted more weakly with the LLDPE matrix compared to EVA. Charara et al. (1992) reported 

the absorption of essential oils in various polymeric packaging materials. They found that 

amorphous polymers absorbed more of the essential oils than the ones with higher crystallinity. In 

the present study, the solubility of Icaridin was just about half of that measured for DEET. This 

suggests that the latter is less compatible with the polymers than DEET. 
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Table 4.4:  Polymer swelling by repellents expressed in wt.% evaluated at 30 and 50 C 

Temperature (oC)  30   50  

Polymer  DEET Icaridin DEET Icaridin 

LLDPE 0.280.01 0.180.09 0.790.03 0.430.06 

EVA 1.730.20 0.960.26 5.490.12 3.440.29 

 

A polymer matrix swelled by a repellent will shrink over time as the active ingredient is lost by 

evaporation. Such dimensional instability is undesirable in products such as insect repellent 

bracelets and anklets (Akhtar and Focke, 2015). Therefore, it was important to determine the 

potential for shrinkage of polymer strands impregnated with repellents. Table 4.5 shows the 

shrinkage of neat polymer strands and polymer strands impregnated with DEET and Icaridin. The 

sample dimensions were measured after ageing for 23 days at 50 oC in a convection oven. 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 is due to the higher solubility of DEET, compared to 

Icaridin, in the polymers. Even the neat polymer strands showed a degree of shrinkage, indicating 

that some orientation had occurred during the extrusion process. However, the degree of shrinkage 

was much less than that of the repellent-filled samples. However, overall the LLDPE matrix 

showed better dimensional stability than the EVA matrix. 
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Table 4.5:  Shrinkage of polymer strands expressed in wt.% evaluated at 50 C 

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 

 

4.4.2 Repellent content of the extruded strands by TGA and solvent extraction 

Figure 4.13 shows TGA traces for the repellent, neat polymer and repellent content trapped in 

the polymer-clay nanocomposite strands. The first of mass loss is assigned to the loss of the 

volatile repellent component in polymer-based strands in all samples analyzed. Therefore, mass 

loss of the neat DEET by vaporization commenced just above 105 C and was complete by 268 

C, while evaporative mass loss of the neat Icaridin commenced just above 126 C and was 

complete by 294 C. However, the DEET and Icaridin mass loss is complete before the LLDPE 

starts to lose mass in earnest above 400 C. Therefore, the volatility of the repellents is suppressed 
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when they are trapped in the LLDPE filaments. Appendix IX lists the results for other LLDPE 

repellent formulations. 

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 polymer, while 

this behaviour was not observed for Icaridin and the mass loss by evaporation commenced just 

above 112 oC.  
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Figure 4.13: TGA mass loss traces for DEET, Icaridin, neat polymers and (a) and (b) LLDPE, and (c) and 

(d) EVA-based strands containing 5 wt.% Dellite 43B clay and either 20 or 30 wt.% DEET and 20 or 30 

wt.% Icaridin 

In addition, Figure 4.14 shows that trapping IR3535 and ethyl anthranilate in LLDPE strands 

suppresses their volatilization. Mass loss of the neat IR3535 commenced just above 102 C and 

was complete by 270 C, while evaporative mass loss of the neat ethyl anthranilate commenced 
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just above 95 C and was complete by 250 C before the LLDPE starts to lose mass in earnest 

above 400 C.  

 

Figure 4.14. TGA mass loss traces for IR3535, ethyl anthranilate and neat LLDPE. (a) LLDPE-based 

strands contained 5 wt.% Dellite 43B clay and either 30 or 40 wt.% IR3535. The formulation 40 wt.% 

IR3535 was loaded with 5 wt.% fumed silica. (b) LLDPE-based strands contained 5 wt.% Dellite 43B clay 

and either 30 wt.% ethyl anthranilate and formulation 40 wt.% ethyl anthranilate only contained 5 wt.% 

fumed silica. 

Table 4.6 shows the estimated amount of repellent determined by thermogravimetric analysis 

(TGA) and solvent extraction, calculated using equation (3.2). The results are in close agreement 

with the amount of repellent initially loaded in the compounding process. This shows that very 

little repellent mass was lost by evaporation during the compounding process. Appendix XI lists 

repellent contents estimated from solvent extraction and thermogravimetric analysis (TGA) 

experiments for other LLDPE formulations. 
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Table 4.6:  Nominal repellent content (in wt.%) and values estimated using solvent extraction and 

thermogravimetric analysis (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 AS503 

EVA-Icaridin  30 28.5 30.10.5 AS504 

LLDPE-IR3535 30 27.8 28.20.2 BM204 

LLDPE-IR3535 40 37.8 38.20.1 BM205 

LLDPE-EA 30 27.8 27.60.2 BM207 

LLDPE-EA 40 40.0 40.10.5 BM106 

 

Figure 4.15 shows the TGA curves for the LLDPE-Icaridin and LLDPE-Icaridin-clay strands. The 

mass loss proceeded stepwise in all samples. The mass loss is less for the nanocomposite strand 

compared to that of the LLDPE strand without clay. The mass loss of Icaridin by volatilization in 

the nanocomposite strand without clay is almost complete at approximately 380 oC and 420 oC. 

Additionally, the TGA curves for the LLDPE nanocomposite strand and the LLDPE strand without 
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clay initially containing 20 wt.% Icaridin had 19.94% and 17.01% of Icaridin trapped in the 

LLDPE. 

 

Figure 4.15:  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. 

Figure 4.16 shows the TGA profiles of the DEET and Icaridin-containing strands, before and after 

aging in a convection oven at 50 oC. The results present the same structure, demonstrating the 

stability of the LLDPE repellent strands for six months.  
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Figure 4.16:  TGA traces of LLDPE strands initially containing: (a) 30 wt.% DEET; (b) 30 wt.% Icaridin; 

(c) 20 wt.% DEET; and (d) 20 wt.% Icaridin at 0 month and 6 months. All strands initially contained 5 

wt.% Dellite 43B organoclay 

Table 4.7 lists the residual repellent present in LLDPE strands oven-aged for six months at 50 C. 

It compares the estimates obtained from actual mass loss measurements on full strands to TGA 

determinations on small samples. The TGA-derived values were found to be somewhat higher than 
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those determined from mass loss measurements on a full coil. It is not clear what the source of the 

discrepancy is. However, the TGA result reflects the repellent content of a sample taken from the 

middle of the aged coil, and it could be that the lower value recorded for the full coil reflects 

additional losses of repellent from the open ends of the strands. In either case the results show that, 

after six months of aging, more that 50% of the repellent was still present and trapped inside the 

strands, except for the LLDPE-DEET (20) composition. This demonstrates that the LLDPE strands 

extended the time of the repellent release.  

Table 4.7:  Nominal repellent content in (wt.%) and estimated values of repellent trapped in LLDPE 

strands after oven aging for 6 months at 50 C using thermogravimetric analysis (TGA) and mass loss of 

repellents from strands 

Polymer strand Nominal TGA Mass loss Sample code 

LLDPE-DEET (20)  20 9.0 7.1 BM402 

LLDPE-DEET (30) 30 15.9 13.0 BM403 

LLDPE-Icaridin (20) 20 14.6 13.5 BM400 

LLDPE-Icaridin (30) 30 23.3 22.2 BM401 

 

4.4.3 Structure of the internal region of the extruded polymer strands  

Figures 4.17 and Figure 4.18 show SEM micrographs of LLDPE strands prepared in the absence 

of the nanofillers (Dellite 43B and fumed silica). The open-cell foam structure of the polymer 

scaffold comprising the strands is clearly visible. It is clear that the type of repellent did affect the 

morphology of the strands, as it gave rise to different microporous structures in the interior of the 

strands.  
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Figure 4.17: SEM micrographs of LLDPE strands impregnated with: (a) 41 wt.% of DEET; and (b) 42 

wt.% of Icaridin. No fillers were added in the LLDPE strands.  

(a)

(b)



 
 
 
 

113 
 

 

Figure 4.18:  SEM micrographs of LLDPE strands impregnated with: (a) 41 wt.% of IR3535; and (a) 44 

wt.% of ethyl anthranilate. No fillers were added in the LLDPE strands.  

(a)

(b)
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Figure 4.19 and Figure 4.20 show the effect of fumed silica and insect repellent type on the 

structure of the internal microporous region of extruded LLDPE strands. The morphology of 

polymer strands changed with the incorporation of fumed silica into the microporous polymer 

strand. The micrographs reveal the presence of agglomerated fumed silica particles inside the 

cavities. This suggests that the fumed silica was primarily present in the repellent-rich phase after 

phase separation was complete. This behaviour was most visible in the LLDPE strand impregnated 

with Icaridin (see Figure 4.19a) where the pore sizes are bigger than those of other LLDPE-

repellent systems.  
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Figure 4.19:  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. 

(a)

(b)
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Figure 4.20:  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.% IR3535, and (b) 30 wt.% ethyl 

anthranilate. All strands contained 5 wt.% fumed silica. 

(a)

(b)
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Figure 4.21, Figure 4.22 and Figure 4.23 show the effect of the repellent type (DEET, Icaridin, 

IR3535 and ethyl anthranilate) and their concentration on the LLDPE clay phase morphology. The 

observed microporous polymer structure is quite evident on the inner polymer section with the 

interconnecting pores clearly visible. However, it is clear from the micrographs that the nature of 

the repellent, as well as the concentration that was used, did affect the final microstructure. For 

example, the DEET-derived polymer scaffold featured a filamentous structure (Figure 4.21(a) and 

(b)). It seems that the Icaridin-derived microstructure had a more cellular appearance comprising 

near-spherical voids interconnected by smaller holes (Figure 4.22(a) and (b)). In both cases, the 

scale of the voids 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. 

Additional results are presented in Appendix XIV. This experiment showed that the thermally 

induced spinodal decomposition route does in fact lead to a microporous polymer structure. 
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Figure 4.21:  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. 

(a)

(b)
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Figure 4.22:  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. 

(a)

(b)
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Figure 4.23:  SEM micrographs showing the effect of insect repellent type on the structure of the internal 

microporous region of extruded LLDPE strands. (a) 30 wt.% IR3535; and (b) 30 wt.% ethyl anthranilate. 

All strands contained 5 wt.% Dellite 43B clay. 

(a)

(b)



 
 
 
 

121 
 

Figure 4.24 shows SEM micrographs of the internal structure of EVA strands initially containing 

30 wt.% DEET or Icaridin. The interior of the strand did not have a uniformly porous structure. 

The connectivity of the porous structure was poor, showing numerous closed pores. This could 

have been caused by the shrinkage of the polymer scaffold after extraction of the DEET and 

Icaridin with dichloromethane. 

 

Figure 4.24:  SEM micrographs showing the internal structure region of extruded EVA strands. (a) 30 wt.% 

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

(a)

(b)



 
 
 
 

122 
 

4.4.4 Outer surfaces of LLDPE strands 

The outer surfaces of the LLDPE strands were also observed with the scanning electron 

microscope (SEM). Figure 4.25 shows a cross-section of a strand that clearly reveals the presence 

of a pronounced dense skin at the edge of the strand. Figure 4.26 provides views of the outer 

surface structure of the strand. Clearly there is evidence of a dense, smooth outer surface. The 

presence of a membrane-like skin covering the microporous polymer strands is also visible in 

Figure 4.27. This suggests that the skin may present a membrane-like barrier to outward migration 

of the actives. When diffusion of the active ingredient through the membrane is the mass transport 

limiting step, a more gradual reduction in the release rate over time is realized. The permeability 

of membranes with respect to an active ingredient can be engineered by adjusting the membrane 

thickness and judicious selection of the polymer system to be used as a matrix (Akhtar, 2015). 

Additional results are presented in Appendix XV.  
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Figure 4.25:  Cross-section evidently showing an outside skin covering of the strand: (a) 20 wt.% Icaridin; 

(b) 30 wt.% Icaridin; (c) 20 wt.% DEET; and (d) 30 wt.% DEET. All LLDPE strands contained 5 wt.% 

Dellite 43B clay. 

 

(a) (b)

(c) (d)
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Figure 4.26:  Side views of the outer surface structure of the strand: (a) 20 wt.% Icaridin; (b) 20 wt.% 

DEET and (c) and (d) initially containing 30 wt.% DEET. All LLDPE strands contained 5 wt.% Dellite 

43B clay.  

(a) (b)

(c) (d)
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Figure 4.27:  The outer surface appearance of the skin of the LLDPE strands: (a) and (b) 30 wt.% DEET 

and (c) and (d) 20 wt.% Icaridin. All the LLDPE strands contained 5 wt.% Dellite 43B clay. 

(a)

(c)

(b)

(d)
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4.4.5 Estimation of the membrane thickness  

The assumption was made that the permeability of the membrane covering the strands was the 

same as that for the blown film samples tested separately. Right at the beginning, all the pores of 

the strands are filled with liquid so that only the membrane covering presents a diffusion barrier 

to repellent release. This allowed the thickness of the membrane film covering the strands to be 

estimated from the initial release rate, i.e. the slope of the mass loss vs. time at time t = 0. Table 

4.8 lists the repellent content, polymer strand diameters, repellent release rate model parameters, 

initial evaporation rates and the estimated values of the thickness of the skin-like membranes 

covering the strands determined from the repellent release data in combination with the 

permeability values measured for the films (equation (3.4)). The estimated membrane thickness 

varied from 4 to 104 m for DEET-containing strands and from 12 to 186 m for the Icaridin-

filled strands. These values are in agreement by an order of magnitude with SEM observations as 

illustrated in Figure 4.25.  

The parameter (2) provides an indication of the effect of the membrane layer on the rate of release 

of the repellent. In the complete absence of the membrane layer, 2=1,  the rate is determined 

solely by the rate at which the repellent diffuses out of the porous polymer scaffold. In this case, 

the release of repellent will be relatively fast because there is no skin covering the strand. However, 

if 2 ˃> 1, the outer skin-like membrane fully controls the repellent release. In this case the 

repellent will be released slowly and at a constant rate until it is fully depleted. The time to 

complete repellent loss is proportional to 1 3⁄ =   
2
1⁄  =   

𝑅𝑝
2 ln (𝑅𝐹 𝑅𝑃⁄ )

2𝐻𝐷𝑚
(

𝐶𝐿

𝐶𝑒𝑞
). The link to the 

membrane thickness (zmembrane) comes via the expression 𝑅𝐹 𝑅𝑃⁄  = 1 + 𝑧 𝑅𝑃⁄ . Often the relative 
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thickness is very small and therefore one can use the approximation ln(1 + 𝑥)  ≈ 𝑥. With this 

approximation one obtains: 

 𝑡𝑓 = 1 2⁄ ≈  
𝑧𝑅𝑃

2𝐻𝐷𝑚
(

𝐶𝐿

𝐶𝑒𝑞
)                                                                                                                                    (4.1)        

         

This indicates that the time to complete depletion of the repellent from a given strand (for the case 

where a relatively thin membrane controls the release rate) is proportional, not only to the thickness 

of the membrane, but also to the diameter of the strand.  

In the complete absence of a membrane the time to complete depletion of the repellent will be 

given by equation (4.2): 

𝑡𝑓 = 1 1⁄ ≈  
𝑅𝑃

2

4𝐷𝑃
(

𝐶𝐿

𝐶𝑒𝑞
)                                                                                                                                           (4.2)        

         

In this case the total release time is proportional to the square of the strand diameter. Clearly, when 

both mechanisms together control the release rate, the proportionality will be the intermediate 

power of the strand diameter. 

Table 4.8 shows the range of parameter (1 and 2) values of the strands over several orders of 

magnitude. However, in all cases, reasonable fits to the experimental data were obtained. The 

adjustable model parameters were determined by least squares data fitting. For ethyl anthranilate 

based LLDPE strands the parameter 2 was indeed equal to unity (2=1) showing that there was, 

for practical purposes, an absence of a membrane. In contrast, the IR3535, DEET and Icaridin-

based strands presented parameter 2˃1, although most of them had values close to unity, 
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indicating that the strands had relatively thin membrane layers (see Table 4.8). In some cases, 3 

values are also listed in Table 4.8. This parameter (3) was estimated using a simpler expression 

(equation (2.35)) which provided adequate data fits.  In the next section, the solid lines in curves 

of the repellents released from strands show the trend lines based on equation (2.32).  
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Table 4.8:  Repellent content (wt-%), polymer strand diameters, release model parameters (1 and 2), initial evaporation rate (dX/dt) and 

estimated membrane thicknesses (zmembrane) of microporous EVA and LLDPE strands aged at 50 oC. 

Polymer 

strand 

Repellent Repellent content  

(wt-%) 

Strand diameter 

(mm) 

1 2 dX/dt 

 (day−1) 

zmembrane 

(µm) 

Sample 

Code 

 

LLDPE DEET 20.2  0.5 3.42  0.16 0.00295 1.137 0.0215 17 BM302B  

LLDPE DEET 19.3  0.6 4.39  0.17 0.00206 1.308 0.00668 44 BM402  

LLDPE DEET 20.2  0.5 4.61  0.17 0.00185 1.049 0.0376 7 BM302A  

LLDPE DEET 29.3  0.9 2.87  0.15 0.00205 1.087 0.0235 19 BM303B  

LLDPE DEET 30.0  0.8 4.08  0.12 0.00394 2.317 0.00299 104 BM403  

LLDPE DEET 29.3  0.9 4.66  0.21 0.00146 1.079 0.0185 15 BM303A  

LLDPE Icaridin 19.7  0.6 2.26  0.05 0.00143 1.168 0.00850 26 BM300B  

LLDPE Icaridin 18.5  0.8 2.89  0.10 0.00157 1.112 0.0141 12 BM500  

LLDPE Icaridin 20.2  0.5 3.84  0.18 0.164 175.0 0.000944 139 BM400  

LLDPE Icaridin 19.7  0.6 4.54  0.23 0.000545 1.080 0.00680 16 BM300A  

LLDPE Icaridin 31.0  0.6 2.15  0.06 0.000657 1.129 0.00509 46 BM301B  

LLDPE Icaridin 29.5  0.8 2.60  0.09  0.00121 1.128 0.00949 20 BM501  
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LLDPE Icaridin 29.0  0.2 3.96  0.17 0.269 397.5 0.000678 186 BM401  

LLDPE Icaridin 31.0  0.6 4.63  0.25 0.000351 1.055 0.00639 17 BM301A  

LLDPE DEET 27.7  0.2 3.17  0.41 0.00889 1.906 0.00981 41 BM103  

LLDPE Icaridin 27.4  0.3 3.74  0.31 0.305 337.9 0.000906 148 BM206  

LLDPE EA 26.6  0.2 3.63  0.73 0.0110 1.000 - - BM207  

LLDPE IR3535 25.5  0.2 3.59  0.39 0.847 494.9 0.00171 88 BM208  

EVA DEET 18.72  0.47 3.420.20 0.00651 1.262 0.000934 4 AS402  

EVA DEET 29.03  0.21 3.400.16 1.782 208.5 0.00844 8 AS403  

EVA Icaridin 19.55 0.19 4.160.21 0.250 65.97 0.000564 47 AS503  

EVA Icaridin 30.11  0.47 2.860.18 1.476 318.6 0.000784 26 AS504  
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This section deals with the following parameters that affect the rate of repellent release from the 

polymer strands: (i) the nature and concentration of the repellent; (ii) the nature of the nanofiller; 

(iii) the diameter size of the polymer strand; (iv) the temperature, and (v) the nature of the polymer. 

The repellent release curves obtained for the various polymer strands are shown and discussed 

below. It should be mentioned that the extrusion process that was used did not allow control over 

the thickness of the membrane skin that covered the strands. It is suspected that the rheology of 

the melt and the shear experienced by the polymer when passing through the shaping die were the 

most important factors that affected this thickness. In turn, these factors depended on the 

temperature profile that was used, the flow rate and the nature of the components, as well as the 

composition. These factors are believed to be highly nonlinearly related. It was not possible, in the 

present study, to disentangle these intricate connections between the factors. Therefore, the 

comments and results presented below are, with respect to their validity, limited to the samples 

that were actually extruded with the characteristics listed in Table 4.8. 

4.4.6 Factors affecting the release behaviour 

Figure 4.28 shows the release curves of DEET, Icaridin, IR3535 and ethyl anthranilate based 

LLDPE strands aged at 50 oC in a convention oven. Both strands contained 5 wt.% clay. Ethyl 

anthranilate was released fastest from the strands. The ethyl anthranilate-based strand was 

practically exhausted within the first 40 days of exposure; other repellents were released at an 

almost constant rate over a longer time. There are two reasons that explain the higher release rate: 

(i) the ethyl anthranilate release was not limited by the presence of a membrane (see Table 4.8), 

this means that the difference of membrane thickness covering strands containing repellents 

explains this reason. And (ii) ethyl anthranilate had a much higher vapour pressure compared to 
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neat DEET, IR3535 and Icaridin. This justified the choice of DEET and Icaridin-based strands for 

repellence testing against mosquitoes. Additional results on release rate and modelling of IR3535-

based LLDPE strands are listed in Appendix XII. 

 

Figure 4.28:  Release of 30 wt.% DEET (BM103), 30 wt.% Icaridin (BM206), 30 wt.% IR3535 (BM208) 

and 30 wt.% ethyl anthranilate (BM207) from strands. The LLDPE-based strands initially contained 5 wt.% 

Dellite 43B organoclay.  

Figure 4.29 shows the measured DEET release curves for samples aged in a convection oven at 50 

oC. The LLDPE strands contained two different concentrations of DEET (30 wt.% and 40 wt.%) 

and both strands contained 5 wt.% fumed silica. The repellent depletion happened fastest for the 

strand with the higher DEET loading. 55.0 g of DEET was originally used in the strands with 

higher DEET loading, but about 41.1 g was released. In the case of lower DEET loading, 44.8 g 
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was originally used in strands, but only 23.1 g of repellent was released. This difference in 

behaviour can be attributed to differences in (i) the membrane thicknesses (see Table 4.8); and (ii) 

the diameters of the strands (see Figure 4.29). 

 

Figure 4.29:  Effect of concentration of the DEET on release from the LLDPE strands. The amount of 

repellent initially incorporated into the LLDPE strands was: ( ) 40wt.% DEET (BM101) and ( ) 30wt.% 

DEET (BM102). Both strands contained 5 wt.% fumed silica.  

Figure 4.30 shows the effect of nanofiller (silica or Dellite 43B organoclay) on the repellent release 

from LLDPE strands aged in a convection oven set at a temperature of 50 °C. The release of the 

repellents was slightly lower for strands containing the clay. The differences in the membrane 

thickness of the strands may explain this behaviour. The repellent-based strands containing the 

fumed silica featured thinner membrane thicknesses (see Table 4.8).  
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Figure 4.30:  Effect of nanofiller on repellent release from LLDPE strands. (a) The LLDPE strands initially 

containing: ( ) 30 wt.% DEET and 5 wt.% fumed silica (BM102); and ( ) 30 wt.% DEET and 5 wt.% 

Dellite 43B clay (BM103); (b) The LLDPE strands initially containing: ( ) 20 wt.% Icaridin and 5 wt.% 

fumed silica (BM504) and ( ) 20 wt.% Icaridin and 5 wt.% Dellite 43B clay (BM300A).  

Figure 4.31 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-LLDPE composition. The release of DEET and Icaridin occurred fastest 

for LLDPE strands with a small diameter in contrast 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 covering or the structure of the 

internal porous regions (see Table 4.8). This behaviour was observed in all repellent-strand 

compositions. 

0

20

40

60

80

100

0 15 30 45 60 75 90

Ic
a

ri
d

in
re

le
a

s
e

d
, 
%

Time, days

LLDPE-Icaridin(20) - Silica

LLDPE-Icaridin (20) - Clay

0

20

40

60

80

100

0 10 20 30 40 50 60 70

D
E

E
T

 r
e

le
a

s
e

d
, 
%

Time, days

LLDPE-DEET(30) - Silica

LLDPE-DEET(30) - Clay

(a) (b)



 
 
 
 

135 
 

 

Figure 4.31: Effect of diameter sizes of LLDPE-strands on release of the repellent. (a) ( ) 20 wt.% DEET 

(BM302B) - diameter size (3.420.16 mm); ( ) 20 wt.% DEET (BM302A) - diameter size (4.610.17 

mm); ( ) 20 wt.% Icaridin (BM300B) - diameter size (2.260.05 mm); and ( ) 20 wt.% Icaridin 

(BM300A) - diameter size (4.540.23 mm). (b) ( ) 30 wt.% DEET (BM303B) - diameter size (2.870.15 

mm); ( ) 30 wt.% DEET (BM303A) - diameter size (4.660.21 mm); ( ) 30 wt.% Icaridin (BM301B) - 

diameter size (2.150.06 mm); and ( ) 30 wt.% Icaridin (BM301A) - diameter size (4.630.25 mm). All 

strands contained 5 wt.% Dellite 43B clay.  

Figure 4.32 and Figure 4.33 show the effect of temperature on the release of repellent from LLDPE 

strands aged in a convection oven at a temperature of 30 °C and 50 °C. As expected, the repellents 

were released at a faster rate at the higher temperature. The LLDPE repellent-based strands contained 

5 wt.% Dellite 43B clay. 
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Figure 4.32:  Effect of temperature on release of DEET-containing LLDPE strands. (a) LLDPE initially 

containing ( ) 20 wt.% DEET aged at 50 C and ( ) 20 wt.% DEET aged at 30 C; (b) LLDPE initially 

containing ( ) 30 wt.% DEET aged at 50 C and ( ) 30 wt.% DEET aged at 30 C. 

 

Figure 4.33:  Effect of temperature on release of Icaridin-based LLDPE strands. (a) LLDPE initially 

containing ( ) 20 wt.% Icaridin aged at 50 C and ( ) 20 wt.% Icaridin aged at 30 C; (b) LLDPE initially 

containing ( ) 30 wt.% Icaridin aged at 50 C and ( ) 30 wt.% Icaridin aged at 30 C.  
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Figure 4.34 shows repellent release curves for LLDPE and EVA strands aged in the convection 

ovens set at a temperature of 50 °C. Figure 4.34 (a) reveals that the release of DEET at similar 

concentrations occurred faster from EVA strands compared to LLDPE strands. This is in 

accordance with the much thinner membrane thicknesses estimated for the EVA strands that are 

reported in Table 4.8. The situation is more complicated for the Icaridin-containing strands. In this 

case, the fraction repellent release occurred fastest and slowest for the LLDPE strands containing 

20 wt.% and 30 wt.% Icaridin respectively. This can be attributed to a complex interplay of the 

effects of the differences in the strand diameters and membrane thicknesses of the EVA and 

LLDPE strands containing different loading levels of Icaridin. Besides the difference in the results, 

the repellents were released at a constant rate for the extended period that was investigated.  

 

Figure 4.34:  Repellent release curves during oven ageing at 50 C. The LLDPE- and EVA-based strands 

contained 5 wt.% Dellite 43B clay and either DEET or Icaridin as a repellent. (a) 30 wt.% DEET (BM403), 

20 wt.% DEET (BM402), 30 wt.% DEET (AS403), 20 wt.% DEET (AS402). (b) 30 wt.% Icaridin 

(BM401), 20 wt.% Icaridin (BM400), 30 wt.% Icaridin (AS504) and 20 wt.% 30 wt.% Icaridin (AS503)-

based strands. 
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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. It is known that acetic acid can act as a 

mosquito attractant (Allan et al., 2006) and that it is released in small quantities when EVA is 

processed at high temperatures, e.g. in the extrusion of the strands. This could explain the effect 

observed for the EVA strands. However, processing 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. 

Table 4.9 gives the results of the foot-in-cage tests. A statistical analysis of the results is presented 

in the supplementary material (see Appendix XVI). First a parametric analysis of variance 

(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, test person, treated foot, nor ageing time had a significant 

effect on the level of protection provided. Although no significant effects could be detected 
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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. Figure 4.35 shows the results of the foot-in-cage 

repellent tests of the LLDPE-based strands, all of which contained 5 wt.% Dellite 43B clay. The 

results presented in Figure 4.33 suggest that the best repellence performance was obtained with 

the LLDPE strands which initially contained 30 wt.% Icaridin. 
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Table 4.9:  Results of foot-in-cage mosquito repellent tests 

       

Number of bites on foot 

 
Polymer Repellent Level Ageing Test Foot 1st bite Untreated Treated Protection 

  

wt.% weeks person (L/R) s # # % 

LLDPE DEET 20 1 X R 10 49 6 78 

LLDPE DEET 20 3 Z L 23 39 4 81 

LLDPE DEET 20 5 Z L 48 16 0 100 

LLDPE DEET 20 7 Z R 103 20 6 54 

LLDPE DEET 20 9 Y R 30 11 0 100 

LLDPE DEET 20 11 Y L 54 26 6 63 

LLDPE DEET 30 1 Z R 20 26 8 53 

LLDPE DEET 30 3 Z R 21 98 12 78 

LLDPE DEET 30 5 X R 62 7 0 100 

LLDPE DEET 30 7 X R 79 40 1 95 

LLDPE DEET 30 9 Y R 27 7 2 56 
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LLDPE DEET 30 11 X L 26 47 4 84 

LLDPE Icaridin 20 1 Z L 13 47 1 96 

LLDPE Icaridin 20 3 X R 10 24 3 78 

LLDPE Icaridin 20 5 X L 51 45 0 100 

LLDPE Icaridin 20 7 Z R 35 18 1 89 

LLDPE Icaridin 20 9 X R 27 27 6 64 

LLDPE Icaridin 20 11 X L 43 41 15 46 

LLDPE Icaridin 30 1 X L 105 18 1 89 

LLDPE Icaridin 30 3 X L 15 62 0 100 

LLDPE Icaridin 30 5 Z L 29 24 0 100 

LLDPE Icaridin 30 7 Z L 57 20 0 100 

LLDPE Icaridin 30 9 X L 24 7 0 100 

LLDPE Icaridin 30 11 Y L 54 48 1 96 

EVA DEET 20 2 Z R 45 36 0 100 

EVA DEET 20 4 X R 50 33 0 100 
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EVA DEET 20 6 X L 32 11 0 100 

EVA DEET 20 8 Z L 115 65 13 67 

EVA DEET 20 10 X L 57 28 8 56 

EVA DEET 20 12 X R 21 29 2 87 

EVA DEET 30 2 X L 25 21 0 100 

EVA DEET 30 4 Z R 36 17 0 100 

EVA DEET 30 6 Z L 25 11 1 83 

EVA DEET 30 8 X R 90 20 1 90 

EVA DEET 30 10 Y L 75 43 16 46 

EVA DEET 30 12 Y R 13 55 8 75 

EVA Icaridin 20 2 Z L 20 22 0 100 

EVA Icaridin 20 4 Z L 115 7 1 75 

EVA Icaridin 20 6 Z R 34 78 4 90 

EVA Icaridin 20 8 Z L 28 24 0 100 

EVA Icaridin 20 10 Y R 29 13 0 100 
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EVA Icaridin 20 12 Y L 6 62 6 82 

EVA Icaridin 30 2 X L 40 23 0 100 

EVA Icaridin 30 4 X L 170 7 0 100 

EVA Icaridin 30 6 X R 40 57 3 90 

EVA Icaridin 30 8 X R 51 50 0 100 

EVA Icaridin 30 10 X R - 24 5 66 

EVA Icaridin 30 12 X L 6 71 12 71 
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4.5.1 Statistical analysis  

 

 

Figure 4.35:  Bar plot of results of foot-in-cage repellent tests for polymer strands containing either DEET 

or Icaridin as repellents. All the compositions utilized Dellite 43B clay as the thickening agent. The 

repellents-based polymer strands used are: 30 wt.% DEET (BM403), 20 wt.% DEET (BM402), 30 wt.% 

DEET (AS403), 20 wt.% DEET (AS402), 30 wt.% Icaridin (BM401), 20 wt.% Icaridin (BM400), 30 wt.% 

Icaridin (AS504) and 20 wt.% 30 wt.% Icaridin (AS503)-based strands. The strands were aged at 50 C in 

a convection oven and the bioassay tests were done every two weeks for up to 12 weeks.  
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CHAPTER 5  

CONCLUSIONS AND RECOMENDATIONS 

This study explored the possibility of making long-lasting insect repellent strands for outdoor 

protection against mosquito bites. The strands were produced by an extrusion-compounding 

process in which a homogeneous polymer melt, containing large amounts of a dissolved repellent, 

was rapidly quenched in an ice-water bath. Before compounding, it was ascertained that not only 

were the repellents sufficiently stable to withstand exposure to the high polymer processing 

temperatures of 180 C used, but also that they would survive long-term exposure to the 

atmosphere in the intended application of anklet or bracelet. This was confirmed by recording 

FTIR spectra of the repellents after exposure to (a) a temperature of 200 oC in a convection oven 

for 30 minutes; and (b) after storage in open containers for four months at 50 oC in a convection 

oven. The repellents investigated were able to withstand typical polymer processing temperatures 

for short periods of time. The fact that they also stayed essentially intact for several months at 50 

C suggests that they may retain repellent activity for comparable lengths of time. In general, this 

study proved that all the repellents considered were sufficiently thermally stable for polymer 

processing and end-use application. 

Next, the compatibility of the polymers and repellents was established. The LLDPE and EVA were 

exposed to the repellents at 50 C in a convection oven. The LLDPE swelled significantly less 

than the EVA. The latter absorbed as much as when 5.5 wt.% was exposed to the repellent DEET. 

As expected, the latter polymer also shrunk more when the absorbed repellent was lost, i.e. it had 

a poorer dimensional stability. 
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The permeability of neat and nanocomposite films made from LLDPE and EVA to the repellents 

was also determined. Compared to the LLDPE films, the EVA-based films had a significantly 

lower permeability to the repellents, i.e. DEET, Icaridin, IR3535 and ethyl anthranilate.  

To be effective, a repellent must be present near the skin of the body part to be protected. This 

means that the repellent is continuously lost to the atmosphere. Hence it must be continuously 

replenished, and large amounts are required for long-term protection. The latter requirements were 

achieved via the high-porosity microstructure of the extruded strands, which allowed significant 

amounts of the repellents to be trapped. Microporous polyolefin strands, containing significant 

quantities of mosquito repellent (20, 30, 40 and 50 wt.%) were successfully prepared via the TIPS 

method. Scanning electron microscopy confirmed an open-cell inner structure of the polymer 

strands. The type and concentration of repellent, and the nature of the nanofiller (fumed silica or 

clay), affected the scaffold morphology of the strands. SEM also revealed that, in most cases, the 

extrusion process also yielded a thin, integral skin-like membrane that covered the extruded 

strands. 

The repellent contents, measured by either solvent extraction or thermogravimetric analysis, were 

in close agreement with the amount of repellent initially loaded during the compounding 

process. This means that very little repellent was lost during processing.  

The volatilization of the repellents was studied in neat form and also from the extruded strands. 

For the former, the evaporation rate into air was determined by thermogravimetric analysis (TGA) 

and with open Payne cups. DEET, IR3535 and Icaridin were found to have the lowest volatility. 

These experiments also yielded estimates of the air permeability of the repellents. This parameter 
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is equivalent to the product of the diffusion coefficient and the vapour pressure. The experimental 

values were compared to the values predicted from calculation based on independent predictions 

of vapour pressure (using the Myrdal and Yalkowsky equation) and the diffusion coefficient (using 

the Wilke-Lee equation). The experimental data were only in approximate agreement with the 

prediction.  

The time-dependent volatilization of the repellents from the extruded strands aged at 50 oC in a 

convection oven was tracked gravimetrically for up to six months.  In some cases, and after six 

months of ageing, more that 50% of the repellent was still present and trapped inside the strands. 

This is attributed to a thick membrane-like skin that covered the strand and controls the release of 

the repellent at a low effective rate. This concept was lent support by a simple mathematical model 

that was developed for fitting data describing the repellent release over time.  

Two different repellents (DEET and Icaridin) were incorporated into either the EVA or the LLDPE 

at two different loading levels (20 and 30 wt.%). These samples were used for repellence testing 

against Anopheles arabiensis mosquitoes. The polymer strands that contained up to 30 wt.% of 

either DEET or Icaridin provided effective protection against mosquito bites up to 12 weeks of 

ageing in a convection oven set at a temperature of 50 oC.  

 

The results of this study suggested the possibility of developing long-life mosquito repellent 

anklets/footlets/bracelets that can be implemented in malaria-endemic regions outdoors. As 

recommendation, more work will be required to understand the formation and thickness control of 

the membrane-like skin found on the surface of the extruded strands. It is possible that the trapping 

of the repellents inside the microporous structures of the strands also reduces direct skin contact. 
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However, additional experimental exploration will be required to confirm this potential advantage. 

Clearly, it should be possible to produce strands that will last longer than several months in oven 

ageing tests at 50 °C and still show repellence. However, when actually worn by an active person, 

the bracelets will be subjected to both flexing and chafing. The effect of this on performance is 

unknown but it is likely that it will reduce the effective life. Nevertheless, the results do show that 

it may be worthwhile to consider development of actual bracelet products based on the 

microporous strand concept. 

Additionally, the study therefore emphasizes the physical and chemical elements and basic 

entomological impact. Although, more extensive and rigorous entomological and epidemiological 

testing will be required on products that are more refined before they could become commercially 

acceptable. 
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APPENDICES 

Appendix I: (a) FTIR spectra for the mosquito repellents decanoic acid and citriodiol before 

and after thermal-oxidative stability testing by exposure to air at 30 min at 200 oC. (b) 

Expanded view of the carbonyl absorption region proving the statement of the thermal 

stability of  decanoic acid and citriodiol. 
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Appendix II: Vapour pressure values reported in the literature for all pure compounds studied 

 

  Decanoic acid 

T/K PA (kPa) Source 

298.15 4.88E-05 Baccanari et al., 1968. URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

381.15 0.100 Lide and David, 2009. URL: https://wikivividly.com/wiki/Decanoic_acid#cite_note-pubchem-2 

398.15 0.133 CAMEO Chemicals. https://cameochemicals.noaa.gov/chemical/17804 

415.15 0.667 CAMEO Chemicals. https://cameochemicals.noaa.gov/chemical/17804 

422.2 1.50 (Weast and Grasselli, 1989). URL: https://webbook.nist.gov/chemistry/ 

433.15 2.03 https://wikivividly.com/wiki/Decanoic_acid#cite_note-pubchem-2  

541.85 101.325 CAMEO CHEMICALS https://cameochemicals.noaa.gov/chemical/17804 

  Dimethyl phthalate 

T/K PA (kPa) Source 

293.15 0.0002 CAS-No. 131-11-3, Sigma-Aldrich Co., Dimethyl Phthalate 

298.15 0.0004 (Daubert, 1989); URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~Ycadp8:2 

373.15 0.1300 CAS-No. 131-11-3, Sigma-Aldrich Co., Dimethyl Phthalate 

373.45 0.1333 (Roháč et al., 1999) 

404.93 0.6666 (Roháč et al., 1999) 

420.76 1.3332 (Roháč et al., 1999) 

437.15 2.6664 (Roháč et al., 1999) 

455.95 5.3329 (Roháč et al., 1999) 

466.106 8.3710 (Roháč et al., 1999) 

467.15 7.9993 (Roháč et al., 1999) 

474.85 11.1130 (Roháč et al., 1999) 

481.441 13.9670 (Roháč et al., 1999) 

483.15 13.3322 (Roháč et al., 1999) 

https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~Ycadp8:2
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487.539 16.8560 (Roháč et al., 1999) 

493.754 20.3600 (Roháč et al., 1999) 

500.261 24.6530 (Roháč et al., 1999) 

505.85 26.6645 (Roháč et al., 1999) 

506.556 29.4960 (Roháč et al., 1999) 

512.673 34.9410 (Roháč et al., 1999) 

518.54 40.9170 (Roháč et al., 1999) 

530.95 53.3289 (Roháč et al., 1999) 

555.2 101.3250 (Roháč et al., 1999) 

556.85 101.3250 (O'Neil, 2013) URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~Ycadp8:2 
 

 

  

  DEET 

T/K PA (kPa) Source 

293.15 1.10E-04 URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

298.15 7.47E-04 (Drapeau et al., 2011) 

298.15 2.67E-04 Blaine R.L. (1976). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

298.15 2.30E-04 CAS-No. 134-62-3, Sawyer Co., DEET 

298.15 2.27E-04 URL: https://www.cdpr.ca.gov/docs/risk/rcd/deet.pdf   

384.15 1.33E-01 CAMEO Chemicals.URL: https://cameochemicals.noaa.gov/chemical/20199 

433.15 2.533 (Haynes, 2014). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

558.15 101.325 CAMEO Chemicals.URL: https://cameochemicals.noaa.gov/chemical/20199 

 

 

 

  Ethyl anthranilate 

https://toxnet.nlm.nih.gov/cgi-bin/sis/search2/f?./temp/~Ycadp8:2
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T/K PA (kPa) Source 

293.15 8.00E-04 URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

293.15 8.47E-04 (Api et al., 2015) 

298.15 1.33E-03 (Islam et al., 2017b) 

298.15 1.37E-03 (Api et al., 2015) 

373.4 0.13 URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

402.7 1 (Milwaukee, 1990). URL: https://webbook.nist.gov/cgi/cbook.cgi? 

404.9 0.67 URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

419.2 2 (Weast and Grasselli, 1989). URL: https://webbook.nist.gov/cgi/cbook.cgi?  

420.8 1.33 URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

541.2 101.325 (Lide, 2004). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

 

  IR3535 

T/K PA (kPa) Source 

293.15 1.50E-04 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

381.15 0.027 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

383.15 0.02 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

399.15 0.067 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

400.15 0.067 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

565.15 101.325 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 
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  Icaridin 

T/K PA (kPa) Source 

293.15 3.40E-05 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

298.15 5.90E-05 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

323.15 7.10E-04 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 

569.15 101.325 (O'Neil, 2013). URL: https://toxnet.nlm.nih.gov/cgi-bin/sis/search2 
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Appendix III: Parameters calculated to predict diffusion coefficient for repellents 

DEET 

WILKE and LEE equation used. As suggested in the text by (Poling, 2000), for air air = 3.62 Å 

and /k = 97.0 K and M(air) = 28.97 g·mol-1. 

For DEET, from, Cameo data sheet:  https://www.chemeo.com/cid/13-638 9/Diethyltoluamide 

Parameters          Values          Units               Values                              Units 

Pc 2.520 Mpa 25.2 bar 

Tc 778.2 K - - 

Vc 0.6 m3·kg-·mol-1 600 cm3·mol-1 

Tb 561.15 K - - 

M(DEET) 191.3 g·mol-1 - - 

R 83.14 bar·cm3·mol-1·K-1     - - 

 

Thus the parameters for DEET were calculated. 

Zc= [(25.2)(600)/(83.14)(778.2) = 0.234 

(DEET)/k = (1.15)(561.15) = 645.323 K                 

Vb = (600)(0.234)[(1−561.15 778.2⁄ )2 7⁄ ] =  218.67 cm3 ∙ mol−1 

 (DEET) = (1.18)(218.67)1/3 = 7.109 Å 

Then, parameters for DEET combined with air as illustrated (DEET-air) were calculated: 

(DEET-air)/k = [(645.323)(97.0)]1/2 = 250.193 K 

(DEET-air) = (7.109+3.62)/2 = 5.363 Å 

As M(DEET) = 191 g·mol-1, then, M(DEET-air) = [(1/191)+(1/28.97)]-1 = 50.319 

 

https://www.chemeo.com/cid/13-638
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Dimethyl phthalate 

WILKE and LEE equation used. As suggested in the text by (Poling, 2000), for air air = 3.62 Å 

and /k = 97.0 K and M(air) = 28.97 g·mol-1. 

For DMP, from, Cameo data sheet: https://www.chemeo.com/cid/21-720 

8/Dimethyl%20phthalate  

Parameters          Values          units               Values                              units 

Pc 3.190 Mpa 31.9 bar 

Tc 831.5 K - - 

Vc 0.54 m3·kg-·mol-1 540 cm3·mol-1 

Tb 555.15 K - - 

M(DMP) 194.18 g·mol-1 - - 

R 83.14 bar·cm3·mol-1·K-1     - - 

 

Thus the parameters for DMP were calculated. 

Zc= [(31.9)(540)/(83.14)(831.5) = 0.249 

(DMP)/k = (1.15)(555.15) = 638.423 K                 

Vb = (540)(0.249)[(1−555.15 831.5⁄ )2 7⁄ ] =  195.82 cm3 ∙ mol−1 

 (DMP) = (1.18)(195.82)1/3 = 6.852 Å 

Then, parameters for DMP combined with air as illustrated (DMP-air) were calculated. 

(DMP-air)/k = [(638.423)(97.0)]1/2 = 248.851 K 

(DMP-air) = (6.852+3.62)/2 = 5.235 Å 

As M(DMP) = 194.18 g·mol-1, then, M(DMP-air) = [(1/194.18)+(1/28.97)]-1 = 50.418 

 

https://www.chemeo.com/cid/21-720


 
 
 
 

184 
 

Ethyl anthranilate 

WILKE and LEE equation used. As suggested in the text by (Poling, 2000), for air air = 3.62 Å 

and /k = 97.0 K and M(air) = 28.97 g·mol-1. 

For EA, from, Cameo data sheet:  https://www.chemeo.com/cid/32-146-

4/Benzoic%20acid%2C%202-amino-%2C%20ethyl%20ester 

Parameters          Values          units               Values                              units 

Pc 3.620 Mpa 36.2 bar 

Tc 812.1 K - - 

Vc 0.48 m3·kg-·mol-1 480 cm3·mol-1 

Tb 541.15 K - - 

M(EA) 165.19 g·mol-1 - - 

R 83.14 bar·cm3·mol-1·K-1     - - 

 

Thus the parameters for EA were calculated. 

Zc= [(36.2)(480)/(83.14)(812.2) = 0.257 

(EA)/k = (1.15)(541.15) = 622.323 K                 

Vb = (480)(0.257)[(1−541.15 812.1⁄ )2 7⁄ ] =  178.017 cm3 ∙ mol−1 

 (EA) = (1.18)(178.017)1/3 = 6.638 Å 

Then the parameters for EA combined with air as illustrated (EA-air) were calculated. 

(EA-air)/k = [(622.323)(97.0)]1/2 = 245.694 K 

(EA-air) = (6.638+3.62)/2 = 5.127 Å 

As M(EA) = 165.19 g·mol-1, then M(EA-air) = [(1/165.19)+(1/28.97)]-1 = 49.295. 
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Decanoic acid 

WILKE and LEE equation used. As suggested in the text by (Poling, 2000), for air air = 3.62 Å 

and /k = 97.0 K and M(air) = 28.97 g·mol-1. 

For DA, from Cameo data sheet:  https://www.chemeo.com/cid/13-638 9/Diethyltoluamide 

Parameters          Values          units               Values                              units 

Pc 2.1617 Mpa 21.617 bar 

Tc 720.53 K - - 

Vc 0.62 m3·kg-·mol-1 620 cm3·mol-1 

Tb 541.85 K - - 

M(DA) 172.27 g·mol-1 - - 

R 83.14 bar·cm3·mol-1·K-1     - - 

 

Thus the parameters for DA were calculated. 

Zc = [(21.617)(620)/(83.14)(720.53) = 0.224 

(DA)/k = (1.15)(541.85) = 623.128 K                 

Vb = (620)(0.224)[(1−541.85 720.53⁄ )2 7⁄ ] =  226.882 cm3 ∙ mol−1 

 (DA) = (1.18)(226.882)1/3 = 7.197 Å 

Then the parameters for DA combined with air as illustrated (DA-air) were calculated. 

(DA-air)/k = [(623.128)(97.0)]1/2 = 245.852 K 

(DA-air) = (7.197+3.62)/2 = 5.407 Å 

As M(DA) = 172.27 g·mol-1, then, M(DA-air) = [(1/172.27)+(1/28.97)]-1 = 49.599 

  

https://www.chemeo.com/cid/13-638
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IR3535 

WILKE and LEE equation used. As suggested in the text by (Poling, 2000), for air air = 3.62 Å 

and /k = 97.0 K and M(air) = 28.97 g·mol-1. 

Parameters             Values                                                    Units                

Tb 565.15 K 

M 215.29 g·mol-1 

 

Thus the parameters for IR3535 were calculated. 

(IR3535)/k = (1.15)(565.15) = 649.922 K        

Vb = 7*(11+21+3+1+2) = 266 cm3·mol-1       

(IR3535) = (1.18)(266)1/3 = 7.589 Å 

Then the parameters for IR3535 combined with air as illustrated (IR3535-air) were calculated. 

(IR3535-air)/k = [(649.922)(97.0)]1/2 = 251.083 K 

(IR3535-air) = (7.589+3.62)/2 = 5.603 Å 

As M(IR3535) = 215.29 g·mol-1, then, M(IR3535-air) = [(1/215.29)+(1/28.97)]-1 = 51.068 
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Icaridin 

WILKE and LEE equation used. As suggested in the text by Poling (2000), for air air = 3.62 Å 

and /k = 97.0 K and M(air) = 28.97 g·mol-1. 

Parameters             Values                                                   Units                

Tb 569.15 K 

M 229.3 g·mol-1 

 

Thus the parameters for Icaridin® were calculated. 

( Icaridin)/k = (1.15)(569.15) = 654.523 K        

Vb = 7*(12+23+3+1+1)-7 = 273 cm3·mol-1       

(Icaridin) = (1.18)(273)1/3 = 7.655 Å 

Then the parameters for Icaridin® combined with air as illustrated (Icaridin®-air) were calculated. 

( Icaridin-air)/k = [(654.523)(97.0)]1/2 = 251.969 K 

(Icaridin-air) = (7.655+3.62)/2 = 5.636 Å 

As M(Icaridin) = 229.3 g·mol-1, then M(Icaridin-air) = [(1/229.3)+(1/28.97)]-1 = 51.441 
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Appendix IV: Isothermal repellent evaporation from open cups 

 

The isothermal evaporation of the repellents from open Payne cups was conducted at 50 oC in a 

convection oven for 20 days. Ethyl anthranilate was the most volatile repellent followed by DEET, 

IR3535 and lastly Icaridin.  
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Appendix V: Calibration of setting feeder for LLDPE and pump feed for (a) DEET; (b) 

Icaridin; (c) IR3535; and (d) ethyl anthranilate 

The calibration setting feeder for the LLDPE was studied. However, the R2 value on the chart is 

0.9975, indicating accurate calibration. 
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The pump feed calibration for the DEET, Icaridin, IR3535 and ethyl anthranilate repellents was 

studied. The R2 value on the chart is one (1) for all repellents. These values on the chart indicate 

accurate calibration. 
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Appendix VI: Conditions of compounding of the LLDPE strands impregnated with repellent without clay 

Samples 
Setting 

Feeder  
Kg/h 

Pump 

Feed 

 

Kg/h 

 

LLDPE 

(wt %) 

 

 

Repellent  

(wt %) 

 

Screw speed 

(rpm) 
T/(°C) 

LLDPE Virgin 4 1.87212 0 0 100 0 147.74 210 

LLDPE/IR3535 4 1.87212 20 1.3404 58 42 46.65 210 

LLDPE/DEET 4 1.87212 20 1.324 59 41 46.65 210 

LLDPE/EA 4 1.87212 20 1.4763 56 44 46.65 210 

LLDPE/Icaridin 4 1.87212 20 1.3359 58 42 46.65 210 
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Appendix VII: Typical compounder settings, i.e. temperature profiles from hopper to die 

and screw speed used to compound polymer strands 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (60 wt.%), 

fumed silica (5 wt.%), organoclay (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 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (50 wt.%), 

fumed silica (5 wt.%), organoclay (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 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (60 wt.%), 

fumed silica (5 wt.%), organoclay (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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TX28P extrusion conditions used to compound a composition comprising LLDPE (50 wt.%), 

fumed silica (5 wt.%), organoclay (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 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (60 wt.%), 

fumed silica (5 wt.%), organoclay (5 wt.%) and IR3535 (30 wt.%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (%) 

Set 140 160 170 170 150 

Read 142.6 154.6 170.5 169.8 150 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (50 wt.%), 

fumed silica (5 wt.%), organoclay (5 wt.%) and IR3535 (40 wt.%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 170 170 150 

Read 142.6 154.6 170.5 169.8 150 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt.%), 

organoclay (5 wt.%) and IR3535 (30 wt.%). 
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Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (%) 

Set 140 160 170 170 150 

Read 142.6 158.6 171.5 169.8 150 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt.%), 

organoclay (5 wt.%) and ethyl anthranilate (30 wt.%). 

Conditions Zone 1 (oC) Zone 2 (oC) Zone 3 (oC) Die (oC) Screw speed (rpm) 

Set 140 160 170 170 150 

Read 142.6 159.6 170.5 170.8 150 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (75 wt.%), 

organoclay (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 
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TX28P extrusion conditions used to compound a composition comprising LLDPE (65 wt.%), 

organoclay (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 

 

TX28P extrusion conditions used to compound a composition comprising LLDPE (75 wt.%), 

organoclay (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 

 

 

TX28P extrusion conditions used to compound a composition comprising EVA (65 wt.%), 

organoclay (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 

 

 

TX28P extrusion conditions used to compound a composition comprising EVA (65wt.%), 

organoclay (5 wt.%) and DEET (30 wt.%). 
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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 
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Appendix VIII: Thermogravimetric analysis (TGA) of neat DEET and Icaridin, neat LLDPE 

and LLDPE nanocomposite strands impregnated with repellents 
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Appendix IX: Repellent content by solvent extraction and thermogravimetric analysis 

 

Samples Repellent 

content by 

TGA (%) 

Repellent content by 

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 - 

LLDPE-IR3535 (41) - 38.100.55 - 

LLDPE-EA (44) - 41.500.65 - 
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Appendix X: Diameter size of the LLDPE strands measured by Mutotoyo Vernier caliper 

 

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 
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Appendix XI: Strand diameters, release model parameters (1, 2, 3) and estimated 

membrane thickness (zmembrane) for LLDPE microporous strands aged at 50 oC 

 

Polymer DEET 

(wt.%) 

Diameter 

(mm) 

1103 

(day−1) 

2 

(-) 

3103 

(day−1) 

zmembrane 

(m) 

Sample 

No. 

LLDPE 40 3.290.50 15.493 1.359 - 10 BM101 

LLDPE 30 3.930.54 3.992 1.221 - 25 BM102 

LLDPE 30 3.470.41 10.52 2.048 - 29 BM103 

LLDPE 20 4.610.17 1.899 1.056 - 109 BM302A 

LLDPE 20 3.420.16 2.911 1.132 - 94 BM302B 

LLDPE 20 4.640.30 0.094 1.088 - 405 BM302C 

LLDPE 20 3.340.08 0.135 1.027 - 390 BM302D 

LLDPE 30 4.660.21 1.300 1.049 - 88 BM303A 

LLDPE 30 2.870.15 1.968 1.075 - 94 BM303B 

LLDPE 30 5.060.20 0.057 1.018 - 448 BM303C 

LLDPE 30 3.500.14 0.060 1.028 - 374 BM303D 

Polymer Icaridin 

(wt.%) 

Diameter 

(mm) 

1103 

(day−1) 

2 

(-) 

3103 

(day−1) 

zmembrane 

(m) 

Sample 

No. 

LLDPE 20 4.540.23 0.454 1.052 - 85 BM300A 

LLDPE 20 2.260.05 1.105 1.099 - 60 BM300B 

LLDPE 30 4.630.25 0.289 1.032 - 74 BM301A 

LLDPE 30 2.150.06 0.469 1.067 - 40 BM301B 
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Appendix XII: Modelling for IR3535 released from LLDPE strands. Release model 

parameters are also listed  

 

 

 

Sample BM104 BM204 BM208 BM205 Sample 

Oven temperature (°C) 50 50 50 50 Oven temperature (°C) 

IR3535 (wt-%) 39.96 28.16 26 37 IR3535 (wt.%) 

Average of IR3535 0.28 0.19 0.194 0.09 Average of IR3535 

Dellite 43B (wt.%) 0 5 5 5 Dellite 43B (wt.%) 

Fumed silica (wt.%) 5 5 0 5 Fumed silica (wt.%) 

Strand diameter (mm) 3.31 3.39 3.59 3.38 Strand diameter (mm) 

Std. of strand diameter 0.44 0.44 0.39 0.29 Average of strand diameter 

IR3535 (wt) 0.20 0.28 0.26 0.37 IR3535 (wt) 

k 1  = 1.90E-02 6.44E+00 7.65E-02 5.87E+00 

k 2  =  2.159 576.3298 45.5989 629.911 



 
 
 
 

202 
 

  

0

20

40

60

0 10 20 30 40 50 60

IR
3
5
3
5
 r

e
le

a
se

d
, %

Time, days

BM104

Fit

0

20

40

60

0 15 30 45 60 75 90

IR
3
5
3
5
 r

e
le

a
se

d
, %

Time, days

BM204

Fit

0

20

40

60

0 15 30 45 60 75 90

IR
3
5
3

5
 r

e
le

a
se

d
, %

Time, days

BM205

Fit

0

20

40

60

0 15 30 45

IR
3
5
3
5
 r

e
le

a
se

d
, %

Time, days

BM208

Fit

(a) (b)

(c) (d)



 
 
 
 

203 
 

Appendix XIII: Microporous structures of LLDPE impregnated with repellents and Dellite 

43B organoclay 

 

LLDPE microporous structures formed with 20 wt.% DEET 

 

(a) (b)

(c) (d)
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LLDPE microporous structures formed with 30 wt.% DEET  

 

 

(a) (b)

(c) (d)

(e) (f)
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LLDPE microporous structures formed with 20 wt.% Icaridin 

   

(a) (b)

(c) (d)

(e) (f)
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LLDPE microporous structures formed with 30 wt.% Icaridin  

 

(a) (b)

(c) (d)

(e) (f)
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LLDPE microporous structures formed with 30 wt.% IR3535 

 

   

(a) (b)

(c) (d)
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LLDPE microporous structures formed with 30 wt.% ethyl anthranilate 

 

 

 

 

 

 

(a) (b)

(c) (d)
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Appendix XIV:  Comparison of the inner and outer surfaces of the polymer strands  

 

 

 

 

(a) (b)

(c) (d)
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Appendix XV: DEET released from polymer strands aged at 50 oC. Initially 5 wt.% Dellite 

43B organoclay was added to the strand 
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Appendix XVI:  Protection Analysis 

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 ... 

 $ Protection: num  0.78 0.81 1 0.54 1 0.63 0.53 0.78 1 0.95 ... 
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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 insures 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 analyzed 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. 

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: 
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 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: 

 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. 
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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/. 
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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 

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 
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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 

H EVA Icaridin 30 12 X L 6 71 12 0.71 
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Appendix XVII: Specification sheets of polymers, fumed silica and Dellite 43B organoclay 

considered in this study 

Specification of LLDPE (HR411) 
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Specification of Pyrogenic Silica (HDK® N20) 
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Specification of Organoclay DELLITE® 43B 

 

Appendix XVIII: Physical properties of mosquito repellents 
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