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                                                                ABSTRACT 

Polystyrene is the fifth largest source of hazardous waste in the United States. Due to its 

demand for various commercial applications, this results in landfills, and pollution of our oceans 

and environment. Therefore, an attempt to recycle polystyrene waste to a new functional polymer 

is needed to combat this issue. The major limitation of polystyrene is unable to withstand high 

temperature applications requiring the need for improving flame retardancy. Also, in addition to 

its self-cleaning properties, it will be an added advantage to enhance the durability of the non-

wettability of the materials. Flame retardants can stay viable for a long time and provide higher 

safety properties in fires as well as self-cleaning applications. Therefore, this research paper is 

focused on improving two aspects, i.e. flame retardancy as well as surface wettability property 

using recycled extruded polystyrene (EPS), by addition of Boric acid (BA) and Silicon Dioxide 

(SiO2) via electrospinning methodology. A perfect combination of superhydrophobicity and flame 

retardancy is necessary to develop in order to enhance the durability of the non-wettability of the 

materials so that flame retardants can keep for a long time and provide higher safety properties in 

fires. The nanofibers with inclusions were successfully produced (0, 5, 10 and 15) wt% using 

dimethylformamide (DMF) and acetone (AC) solvent solutions. SEM, FTIR, TGA, WCA and 

flammability tests were performed to evaluate the morphology, thermal decomposition and fire 

performance. The water contact angle test was done to understand the low wetting properties of 

the produced fiber. From the results it is observed that combination of  both 10 wt% of BA and 

SiO2 inclusions in EPS lead to the best results of 156.98° WCA, with a  total burn time of 25 sec 

in  the Flame Test and 83.75% of % weight loss of residue compared to 98.34% weight loss of 

pure EPS from the TGA analysis. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

Styrofoam is famous for food packaging and insulation throughout the world. As it is 

lightweight, it is the most favorable property for food packaging, electrical, and beverage 

entrepreneurs. However, it causes adverse environmental and health effects. According to the 

Environmental Protection Agency, styrofoam is the 5th major source of hazardous waste in the 

United States, apart from other plastics which are evolving as a waste due to large consumption in 

different applications, such as food packaging and insulating material. In this research, an attempt 

is made to recycle polystyrene waste to a new functional polymer using electrospinning by 

incorporation of BA and SiO2 micro and nanoparticles to produce flame-retardant 

superhydrophobic nano-fiber mats. 

Styrofoam is one of the most extensively used polymers due to its lower density, higher 

chemical resistance, high performance-price ratio, and convenience of processing and molding. 

Brominated compounds such as hexabromocyclododecane (HBCD), etc. are imparted into the PS 

products as compensation for the high flammability and serious dripping during burning can be 

eliminated in industrial sectors [1]. Due to their carbon bonding, most of the styrenic polymers are 

easily flammable in the air with 21% oxygen. Therefore, to increase the resistance of polymer to 

melting, some additives are used as flame retardants. By using flame retardants, it can help to 

prevent the fire from spreading. Flame retardant materials are used to minimize the flame spread 

and to prevent continuous burning rather than inhibiting the flame. The most normal styrenic fire 

retardants are absolute natural halogens. These break down under heat and produce halogenated 

radicals that are associated with oxidation of varying energize generating toxic gases (such as 
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hydro bromic acid and hydrochloric acid) and high amounts of smoke [2]. These gases are very 

corrosive and act as environmental pollutants [3]. Presently, extruded polystyrene (EPS) foam has 

been extensively applied in construction, packing materials, cushioning, marine uses, and the 

automobile because of its appealing features. These include excellent thermal insulation properties, 

shock absorption, noise reduction properties, moisture resistance, good chemical resistance, the 

convenience of processing, lightweight, low cost, and so forth [4−6]. However, EPS foam is 

tremendously flammable because of its interior beehive structure with large surface areas, and 

abundant toxic smoke is released during combustion because of the existence of benzene in the 

molecules [7,8]. Therefore, it is imperative to improve the flame-resistance properties of EPS 

foams to ensure the safety of people’s lives and properties. Nowadays, flame retardation of EPS 

foams is mainly achieved in the industry by adding halogen-containing flame retardants. However, 

these halogenated flame retardants are now considered global pollutants with adverse effects on 

animal and human health [9−11]. Therefore, halogen-free flame retardation for EPS foams is an 

urgent issue. Among the “greener” halogen-free flame retardants, silicon, phosphorus, and 

nitrogen are the most popular elements [12−18]. Polystyrene and its copolymers depolymerize 

when exposed to fire inducing temperatures, and the volatile products are materials of high fuel 

value, namely styrene monomer, dimmer, and related hydrocarbons, such as benzene, lower-

alkylbenzenes, and a few percent of oxygen-containing aromatics [19]. Polystyrenes, unless 

blended with char-formers, by themselves form little or no char [20]. The volatiles burn instead 

with copious soot formation. In the vicinity of a polystyrene fire, visibility can be nil. Furthermore, 

while depolymerization is taking place, melt flow and drip is also occurring, and the drips may be 

capable of lighting other flammable objects on fire. If flaming drips are allowed by the test 

standard, as in the UL-94 V-2 rating, then the dripping may be useful to meet flame retardancy 
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requirements. It is also possible to retard the vapor phase combustion reaction by employing 

additives which reach the flame zone. For many uses of styrene, especially electrical equipment, 

the requirements are to prevent a small source of ignition, such as a hot or sparking wire, from 

igniting the item, or if ignited, causing it to self-extinguish quickly. The UL 94 test is the dominant 

one in the USA and indeed in much of the world, although other small-scale tests are also 

significant. 

There are two technologies used to make polystyrene foams [21]. One, expanded 

polystyrene (XPS) involves the preparation of polystyrene beads containing a blowing agent, 

typically a lower alkane, the beads are then placed in a mold or void to be filled, and expanded by 

heat. Extruded polystyrene foam (EPS) involves the expansion of a melt, containing the blowing 

agent and any other desired additives such as a flame retardant, through a slotted die from whence 

it expands. The processing temperature is higher for XPS than EPS requiring higher stability on 

the flame retardant system for XPS. Expandable polystyrene foam is a main material used for 

insulation of buildings, refrigerators, and the like. The maximum flame-spread and smoke-

developed ratings at a maximum (102 mm) thickness and 4.0 lb/cu. ft (64 kg/m3) density are   <25   

and   450 seconds,  respectively, is  measured  by  the  ASTM  E-84  25-ft  tunnel.  This and various 

other standards allow foam to  melt  and  flow  when  exposed  to  fire, provided that the drips are 

not burning, and melt-flow may be exploited as a mode of flame retardancy. As some pyrolysis to 

monomer and dimer takes place, apart from the flow of molten polymer out of the fire zone, a 

vapor-phase flame retardant  is needed.  The literature shows that this retardant is always  a  

brominated  aliphatic compound which   releases  HBr  (a   vapor-phase flame retardant).  At the 

relatively low processing temperatures for foamable polystyrenes, these aliphatic bromine 

compounds are generally stable enough with a fast enough  HBr release. 
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1.2 Motivation 

Flame retardants (FRs) are vital part in protecting homes, hospitals, schools, and other buildings 

from the life-threatening consequences of fire. In 2010, 482,000 structure fires happened in the 

U.S., harming 15,420 regular citizens and causing about in $9.7 billion in property damage [22]. ( 

shows fire incidents by type in the United States, by the year (1977-2017) and shows fires per  

thousand population (2017)) 

 

Figure 1. Fire incidents in the United States[22] 
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Figure 2. Fires per thousand population Vs community size [22] 

Number of Fires: Communal fire departments answered calls to 1,315,200 fires in 2017, a 

minor decrease of 2% from the preceding year. Of these, 499,000 flames happened in structures, 

an expansion of 5%. Of the structure fires in 2017, 357,000, or 72%, happened in home structures, 

which incorporate one-and two-family homes, fabricated homes, and condos. This was an 

expansion of 1%. There were likewise 168,000 flames in parked vehicles in 2017, a reduction of 

3% from the earlier year. The 623,000 other fires that happened in outside and different properties 

recorded a reduction of 6 %. The fire department in the United States reports an accident every 

24.25 seconds in the country and every 63.15 seconds for fires in structures, freeway automobiles 

at the rate of one every 3.12 minutes and specifically fires in the home occur every 88.63 seconds. 

Civilian Fire Deaths and Injuries [22]: 

• In 2017, 3,400 regular people died in fires, an increase of less than 1% from the previous 

year. 
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•  Out of which 2,350, or 76.99% of all fire decreases occurred in the home, a cut of 4% 

related to 2016.  

• Another 400 citizens died in vehicle fires, which represents 12.01% of all fire deaths.  

• Across the country, a regular citizen died in a fire every 2. 2 hours and 34.7 minutes, and 

a non-military personnel died in a home fire each 3. 01 hours and 20.02 minutes. 16,600 

nonmilitary personnel fire injuries happened in 2012, an abatement of 5.7%.  

• Last year, 14,670 civilian fire injuries recorded a minor rise over the former year.  

• Out of these, 12,160, or 83% of every non-military personnel injury, happened in structure 

fires. 

• House fires were responsible for 10,599 citizen injuries, or 72.01% of all citizen injuries.  

• Across the nation, there were regular citizen fire injuries every 36 minutes, and a non-

military personnel fire injury in home fires every 50 minutes 

 Property Damage [22]: 

• An estimated $23.01 billion in possessions damage occurred as a result of fires in 2017.  

• $10.768 billion in property damage occurred in structure fires, including $7.736 billion in 

property loss in home fires.  

• Freeway vehicle fires resulted in $1.45 billion in property loss last year 

Fire hazards have a great socio-economic impact on society. Polymeric materials that are readily 

combustible can serve as one of the ingredients in a fire and pose a serious threat to human life 

and property in fire accidents. To provide additional protection from and to increase escape time 

when a fire occurs, methods to enhance the flame retardancy of consumer goods have been 

developed. They either lower ignition vulnerability or lower fire spread once ignited. Flame-

retardation mechanisms occur by the following [23]: 
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1. Inert gas dilution, which produces large volumes of noncombustible gases on decomposition 

and, hence, weaken the oxygen source to the flame or thin the fuel absorption below the 

flammability limit. 

2. Thermal quenching, which is the result of endothermic decomposition. 

3. To diminish heat transfer from the flame to the polymer, the development of char which restricts 

the polymer available to the blaze forward-facing as a shielding layer  

4. Inert fillers and mineral deposits acting as thermal sinks to increase the heat capacity of the 

polymer. 

1.3 Objective  

• To synthesize flame retardant - superhydrophobic electrospun nanofibers from recycled 

extruded polystyrene (EPS) incorporated with BA and SiO2 for various industrial and 

commercial applications. 

• To study the thermal and hydrophobic properties of those nanofibers. 

• To characterize the properties of those nanofibers using different techniques. 

In the present study, polystyrene foam cups (polymer to solvent ratio 20:80) with BA 

microparticles and SiO2 nanoparticles at 0, 5, 10 and 15 wt% dissolved in DMF and AC at 

85:15 ratio. A higher acetone concentration in DMF usually makes the nanofibers more 

hydrophilic, while a lower acetone concentration in DMF makes the nanofibers 

superhydrophobic. Prepared solutions were electrospun at DC voltage of 25 kv, pump 

speed of 1ml/hr, and tip-to-collector distance of 20cm. The produced nanofibers were 

tested for flame retardancy and surface wetting properties. 
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 CHAPTER 2 

    LITERATURE REVIEW 

2.1 Flame Retardancy  

The advancement of science and innovation gives the accessibility of modern items yet 

simultaneously builds the utilization of flammable materials [24]. Polymeric materials with flame 

retardants are incorporated to limit their flammability as they are used in everyday life, increasing 

the threat of fire hazards. For instance, in 2004, there were 508 fire-related demises in the UK 

versus 593 in 2003 [25]. The highest number recorded was 1096 deaths in 1979. Through the 

1980s and 1990s there was a general downward pattern in fire-related deaths. This pattern can be 

connected to the toughening of the law as far as fire dangers joined with the developing utilization 

of fire retardants (worldwide demand for flame retardant is forecast to upsurge by 4.8% per every 

year by 2.2 million) [26]. 

The flammability of plastics is defined based on numerous processes and/or parameters, 

such as burning rates, spread rates, ignition features, product distribution [27], smoke production, 

etc. Three approaches are considered to reduce the flammability of polymers: (i) to use inherently 

flame retarded polymers (e.g. poly(tetrafluoroethylene), polyoxazoles, poly-(ether-ether ketone) 

or polyimides) [28] ; (ii) to chemically modify existing polymers (e.g. copolymerization of flame-

retardant monomer into PET chains [29] or organic/inorganic mixture of polymers [30];  or (iii) to 

incorporate flame retardants into polymers via usual procedures. 

2.1.1 Fundamental of flame retardancy 

Different techniques can be utilized to protect materials against fire accidents. FR polymers or 

high-performance polymers can be used as they exhibit very low combustion rates and are very 

effective. The subsequent technique is to artificially change the current polymers to create a FR 
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polymer. In this case, specific production processes are required and very often the new FR 

polymer remains only synthesized at the laboratory scale. The final method is to use flame 

retardants directly in the materials or in a coating covering their surface [31]. This methodology is 

regularly employed to give low combustibility to polymeric materials since it is a worthy trade off 

among cost and properties and on the grounds that it carries extraordinary adaptability to structure 

materials with multifunctional properties. 

2.1.1.1 Inherently flame-retardant polymers 

Before exploring details of the high-performance polymers, it is important to define their 

parameters. For this discussion, they are classified as polymers with a continuous operating 

temperature ranging from 180 uC to 300 uC (or higher) and a degradation temperature higher than 

350 uC. The flame retardant ability of the polymer is defined using usual fire testing methods (e.g., 

limiting oxygen index (LOI) [32], cone calorimetry [33], UL-94 [34], etc.). Development of high-

performance polymers started at the end of the 1950s with the event of space travel, and continued 

with military research. Polyimides for example, cannot be ignited and incandesce in the presence 

of a flame. They represent an important class of heterocyclic polymers and are used in the most 

diverse applications. On the other hand, several polymers among the so-called rigid-rod polymers 

a relatively new class of heat resistant polymeric material have been developed by the US Air 

Force Ordered Polymer Program (polyoxazole or polythiadiazole). These polymers are relatively 

difficult to manufacture and process, leading to high production costs, but they exhibit remarkably 

low flammability [35]. The tendency to char of the organic inherently FR polymers increases with 

their degree of linking: the formation of gaseous decomposition products and the tendency to burn 

with an open flame diminish consequently. Recently, a new family of p-phenylene-heterocyclic 

rigid-rod and extended chain polymers including poly(p-phenylene-2,6-benzobisthiazole) PBZT 
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and poly (p-phenylene-2,6- benzo isoxazole) PBO has attracted attention (Figure 3). It was 

demonstrated that these two polymers exhibit excellent mechanical properties and outstanding heat 

and flame resistance. Their long-term mechanical tensile performance at high temperatures was 

found to be critically associated with the stability of the C–O or C–S linkage at the heterocyclic 

rings on these polymers backbones. PBO polymers with the C–O linkages displayed substantially 

higher thermal stability compared to PBZT containing C–S linkages. Inorganic polymers are a 

broad class of polymers with backbones consisting of alternating different atoms including carbon, 

silica, phosphorus, nitrogen, boron, etc. Some of them are not flammable (e.g. potassium 

aluminosilicate, or poly- (sialate-siloxo) or geopolymer) [38] and they do not need any flame 

retardants or any flame retardancy treatment but others exhibit poor flame retardancy, needing FR 

treatment. Nevertheless, pure inorganic is non-flammable which is why they were not studied in 

terms of reaction to fire in the literature. A particular type of inorganic polymer attracted attention 

in the late 1990s, the so-called geopolymers, as potential low flammable materials for aircraft. 

 

Figure 3. Repeat units of PBZT (a) and PBO(b).[39] 
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2.1.1.2 Chemically modified polymers 

The incorporation of FR additives might require relatively high loadings to be effective (typically 

10–40 wt% except for the case of nanoparticles) and may result in adverse changes to the physical 

and mechanical properties of the polymer. An alternative approach is to incorporate FR species 

via copolymerization or some other type of chemical modification (e.g. grafting). The relatively 

low loadings required to achieve sufficient flame retardancy and the appropriate selection of the 

comonomer or other modifying group may keep detrimental changes to the physical and 

mechanical properties of the polymer to an acceptable minimum (e.g., FR in the polymeric chain 

including epoxy resins [40,41], polyesters [42] and polyurethanes) [43]. Late advancements in the 

science without halogen fire resistant polymers include polymers or receptive monomers that are 

innately fire hindering, for example, those containing P, Si, B, N and other miscellaneous elements 

[44]. Recent works report the incorporation of phosphorus into polymeric materials as part of the 

polymeric chain in particular in epoxy resins. Cured epoxy resins have a high absorption of 

hydroxyl groups and therefore, P-containing flame retardant compounds are effective because P 

reacts with OH groups [45]. Based on this approach, another author [46] synthesized epoxies and 

their curing agents (aromatic diamines) containing phosphorus to make FR epoxy preparations. 

They found that flame resistance is observed at a P concentration of 1.5% by weight and fire 

resistance is observed at P concentration of about 3% by weight. Combustibility decrease was 

credited to the advancement of scorching by P in the consolidated stage. Phosphorus acts as a 

reagent for carbonize formation, i.e. P endorses burn but is not used up in the chemical responses 

that form char [47]. The synthesis of amine can substitute for the traditional epoxy resin curing 

agents providing excellent flame retardancy. The incorporation of nanoclay into these systems 

improves thermal stability as well as the flame retardancy. Another author, recently reported [48] 
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the feasibility of introducing phosphorus-containing groups into the chemical backbone of 

thermoplastics, leading to the successful synthesis of a novel halogen-free flame retardant 

poly(sulfone) with a glass transition temperature exceeding 200°C and of a poly(ether-ether 

ketone) with improved thermal stability. The incorporation of these novel modifiers into an amine-

cured epoxy system showed promising flame retardancy. Based on those results [49], further 

evaluation of the potential of such a phosphorus-modified poly(sulfone) (P-PSu) as a flame 

retardant (Figure 4) was made. They found a significant improvement of flame retardancy for the 

epoxy resin modified by P-PSu. The suggested mechanism involves char enhancement in the 

condition of fire forming a protective barrier. They also noticed an additional effect in the gas 

phase depending on the concentration of phosphorus in the material. Silicon compounds are other 

molecules to be incorporated in polymeric chains to provide flame retardancy to the material. The 

flame retardant effect arises partly from the property that silicon compounds have in ‘‘diluting’’ 

the more combustible organic components and partly from the barrier that residues can form [50]. 

The use of silicon compounds as reactive components in flame-retardant systems seems to have 

been little explored, despite their relatively low combustibility, although interest has been shown 

in the use of POSS as both additives and reactive components in thermoplastics and thermosets 

[51]. POSS carries a notable mechanical reinforcing effect upon polymers in which they are 

incorporated, even at quite low loads, and they improve thermal stability and flame retardancy as 

well. 
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Figure 4. Phosphorus modified PSu synthesized 

Very few papers were published in the recent literature on Si-containing polymers. Investigation 

of flame retardancy of poly (methyl methacrylate) (PMMA) and polystyrene (PS) copolymerized 

with Si-containing acrylate monomers was published [52]. It was shown that introduction of Si-

containing groups resulted in a marginal increase in flame retardancy in both styrene and methyl 

methacrylate copolymers. They suggested that the flame retardancy mechanism depends on the 

nature of the Si-containing comonomer and arises mainly from a vapor phase mechanism except 

in the case of copolymers with monomers containing polydimethylsiloxane side chains in which 

case significant char yields suggest a condensed phase component. The flame-retardant action of 

the boron-containing compounds on polymeric materials is mainly in the condensed phase. It is 

found that these boron compounds promote char formation in the burning process. The mechanism 

involving the formation of the char is clearly related to the thermal action of boric acid with alcohol 

moieties [53]. Glass coatings can be also formed at the surface which contribute to a barrier effect, 

because they exclude oxygen and prevent further propagation of combustion. Another author [54] 

investigated the effectiveness of boron-containing monomers as flame retardant components in 

chain reaction polymers in styrenics. Two novel difunctional styrenic monomers 2,2-bis(4-

vinylbenzyl) propane-1,3-diol & 5,5-bis(4vinylbenzyl)-2-phenyl dioxaborinane were synthesized 

and copolymerized. They reported a significant improvement of flame retardancy via a mechanism 

involving the formation of a protective barrier of boron oxide, which prevents the degradation of 
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the polymer. This brief overview of recent works shows that good performance can be achieved 

using FR reactive monomers to synthesize polymers with acceptable low flammability.  

2.1.1.3 Polymers containing flame retardants 

Fire retardants interfere with ignition during a specific phase of this procedure, for example during 

heating, ignition or fire spread. They do not occur by themselves but require complex processes in 

which numerous distinct phases arise instantaneously with one of them directing. There are more 

than a few ways in which the burning process can be retarded by physical action: 

(a) By formation of a protective layer. 

(b) By cooling.  

(c) By dilution. 

2.1.2 Boric Acid as Flame-Retardant 

Boric acid (Figure 5) is a weak inorganic acid used widely in the medicinal and chemical trades 

and laboratory research work. It is famous as an antiseptic, insecticidal [55] and a shielding agent 

etc. It acts differently in different solvents as it is a weak acid. Boric acid, when dissolved in water 

acts as a lewis acid and accepts a OH- ion from a water molecule and generates a H+ ion. When 

the concentration of boric acid is less than or equal to 0.025 M equation No 1 is possible [56-60]. 

B(OH)3 + H2O → B(OH)4- + H+ (pK= 9.0)                                                           [equation No 1] 

Polyborates of either ring structures or chains in structure are formed at more than 0.025M. 

concentration. (equation No. 2) 

3B(OH)3 B3O3(OH)4- + H+ + 2H2O (pK = 6.84)                                              [equation No 2] 

Alkyl borates B(OR)3 are formed with alcohol. (equation No 3)  

B(OH)3 + 3 C2H5OH (C2H5O)3B + 3 H2O                                                           [equation No. 3] 
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Figure 5. Structure of boric acid [61] 

Boron components have been used frequently as a promoter due to poor leachability. However, 

fire retardant frameworks containing boron have stood out for indoor beautification material 

treatment since they are without halogen, colorless, odorless, inexpensive, low in mammalian 

toxicity, and of low volatility. Most of the boron compounds used as fire retardants in wood and 

bamboo-based ingredients have been extensively reported. Borax tends to reduce the flame spread, 

but it can promote smoldering or glowing. In contrast, boric acid defeats glowing but has slight 

effect on the blaze blowout. BA catalyzes the dehydration and other oxygen-eliminating reactions 

of wood at a relatively low temperature (100 °C to 300 °C). It catalyzes to form aromatic structures. 

This subsidizes with the impacts of boric acid promoting charring and the fire retardation of wood. 

Boric acid nanoparticles were incorporated into polyamide fibers to impart flame-retarding 

functions. The improvement in flame retardancy after the cotton fabric was coated with a very thin 

layer of functional nanocomposite fibers was assessed [62]. Different concentrations of boric acid 

nanoparticles were examined to optimize the flame-retarding functions. As we concluded based 

on a literature review of flame-retardant nanocomposites, nanoparticles of boric acid have not been 

used to impart flame retardancy of nanofibers, and hence, this is a novel approach for imparting 

flame retardancy through nanocomposite fibers of boric acid.  Futons, mattresses, upholstered 

furniture, insulation, and gypsum board are common consumer items that use boric acid as a flame 
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retardant. Plastics, textiles, specialty coatings, and other industrial products also contain boric acid 

to strengthen their ability to withstand exposure to flames. 

 

2.1.3 SiO2 as Flame Retardant 

SiO2 has long been recognized as an inert diluent and shows some flame-retardancy effects. 

However, a large amount of such components is needed to reach an appropriate flame-retardant 

requirement. We have reported the synergistic effect of SiO2 with an intumescent flame retardant 

in polypropylene (PP) [63]. One researcher, tested the flame retardant activity of various silicas 

and silica gels as additives to polypropylene and poly(ethylene oxide) [64], while another [65] 

examined the combination of silica gel and potassium carbonate in relation to their flame retardant 

activity, when combined with nylon, cellulose, etc. [66]. Inorganic materials are usually thermally 

stable. The inorganic nano-SiO2 (Figure 6), which has excellent heat-resistance and 1750 ℃ 

melting point, can be applied to improve the heat resistance of PLA filament. Almost all related 

references reported that the inorganic SiO2 was mixed with PLA to make into block or film or 

sheet shapes [67,68], not fiber or filament forms, so the study of PLA/SiO2 composite filament is 

vitally necessary. In this article the nano-SiO2 was pre-treated by silane coupling agents, so it was 

of nano-particle size and could be easy to extrude with melted-PLA through the holes of a 

spinneret. Meanwhile, the nano-SiO2 possesses good functions of environmental protection, 

harmless and nonpoisonous [69], so the PLA/nano-SiO2 composite filament maintains 

environment-friendly features. And the nano-SiO2 has very low price, so it can reduce the cost of 

composite filaments. In addition, the color of nano-SiO2 appears white, so the composite filament 

appears light and can be dyed almost all colors. Especially the inorganic glass or ceramic 

nanowires or nanofibers have the advantages of both high thermal stability and excellent 
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flexibility. Therefore, glass/ceramic nanowires or nanofibers are promising for fabrication of paper 

materials with fire retardant performance. This can be achieved by using solvothermal synthesized 

hydroxyapatite nanowires, fabricated as highly flexible free-standing inorganic paper via vacuum 

filtration. They can further impart such inorganic paper with high antibacterial activity, 

superhydrophobic property, luminescent property, etc. by post functionalization or in situ doping 

in the synthesis of nanowires. In addition to hydroxyapatite nanowires, some other inorganic 

nanowires, such as Si3N4 nanowire and SiC nanowire, are also employed to make flame-retardant 

paper [69]. Here, we propose a new method for fabrication of superhydrophobic and flame-

retardant paper by using electrospun fluorinated SiO2 nanofibers as building block. Previous 

research usually employed a post treating strategy for fluorination of inorganic materials. By such 

an approach, the fluoric molecules were merely grafted on the surface of fluorinated materials. 

Consequently, the hydrophobicity of the materials is not resistant to high temperature and cannot 

be preserved well in long-time use. The present research employed a different strategy for 

fluorination of SiO2 nanofibers. The fluoric agent is directly added in the silica sol for 

electrospinning. Therefore, the fluoric molecules are incorporated in the matrix of SiO2 nanofibers. 

Benefitting from the protection of SiO2 matrix, the fluorinated SiO2 nanofibers possess robust 

super hydrophobicity. By vacuum filtration of SiO2 nanofibers and methyl silicone resin, we 

demonstrate the fabrication of flame-retardant paper with high-temperature-resistant 

hydrophobicity. Superhydrophobic surface can find many applications in different fields of science 

and technology, such as water pipes, glass windows, fabrics, surface of satellite antenna, 

micro/nano electro-mechanical systems (MEMS/NEMS), and bio MEMS [70]. Polystyrene-silica 

nanoparticles were prepared by radical polymerization of silica nanoparticles possessing vinyl 

groups and styrene with benzoyl peroxide. Surface wetting properties of the polystyrene/silica 
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nanoparticles were assessed by estimating water contact angle. The superhydrophobic property 

increases possible applications of the superhydrophobic surfaces. 

 

Figure 6. Silicon dioxide chemical structure: a) tetrahedral structure, b) silica crystal and c) 

amorphous network [71] 

2.2 Electrospinning 

Electrospinning has gained incredible attention in the mainstream researchers, as well as in 

industry with global economic benefits [72]. There are numerous methods for the production of 

nanomaterials which include template-assisted synthesis, solvent casting, phase separation, 

drawing-processing, and electrospinning techniques [72]. With the increasing knowledge about 

nanotechnology, especially related to nanoparticles, nanostructures, and, more specifically, the 

preparation of scaffolds, electrospinning has become the most frequently used technique. This 

procedure is favored in light of the fact that the nanofibers delivered with electrospinning have a 

high surface nanofibers produced by electrospinning possess a high surface area to volume ratio 

and large number of inter-/intra fibrous pores and ease of use. Also, it helps in areas such as 

bioengineering, environmental protection, sensors, catalysis and electronics [72]. The importance 

of electrospun nanofiber in the biomedical field can be determined by the fact that numerous 
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articles are being published on a regular basis, highlighting its importance in the area of biomedical 

engineering using biocompatible and biodegradable polymers. Electrospun nanofibers scaffolds 

can be changed in agreement with the purpose of their use. Similarly, electrospun nanofibers 

scaffolds are also used as a drug delivery carrier for carrying drugs to their target sites [73]. Also, 

they are a found application in the protection of environment (both air and water) as an affinity 

membrane besides biomedical application [74],[75] and high-surface-area chemical and biological 

nanosensors [76]. Scientists have additionally underlined that sensors using electrospun nanofibers 

could show upgraded detecting capacities for different synthetic compounds such as a nitro 

compound (2,4-dinitrotoluene –DNT), mercury, and ferric ions, compared to a conventional thin 

film [77]. Highly sensitive polymeric nanofibers optical sensors have also been fabricated from 

fluorescent polymers in addition to chemical and biological sensors [78]. Furthermore, ultrafine 

electrospun nanofiber scaffolds had also been used for the preparation of nanotubes [79]. Physical 

and chemical vapor deposition technique has also been adopted using poly(L-lactide) (PLA) and 

poly (tetramethylene adipamide) (PA) as templates [80],[81].  

2.2.1 Electrospinning Process 

Electrospinning is a fiber creation method that uses electrostatic force to draw threads of polymer 

solutions up to fiber diameters, in the order of some hundred nanometers. Setup for 

Electrospinning (Figure 7a) mainly comprised of four main parts: A glass syringe containing 

polymer solution, the metallic needle, power supply, and a metallic collector.  The electrospinning 

process starts when electric charge is passed into the polymer solution using the metallic needle; 

this causes instability within the polymer solution. Simultaneously, the inverse repulsion of 

charges produces a force that opposes the surface tension, forcing polymer solution flow in the 

direction of the electric field (Figure 7b). A further increment in the voltage causes the spherical 
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droplet to distort, forming a conical shape - taylor cone. This distortion causes whipping of the 

liquid jet in the direction of the collector. This whipping motion allows the polymer chains within 

the solution to stretch and slide past each other, which results in the creation of fibers with 

diameters small enough to be called nanofibers [82]. 

 

Figure 7. Schematic depicting electrospinning setup and process[72]. 

Procedure: 

1) Clean the apparatus to make sure there is no dust. 

2) Check instrument power is plugged in and switch on the power.  

3) Fill syringe with the electromagnetically stirred solution, be careful not to induce air 

bubbles. 

4) Remove any air bubbles by reducing pressure in the syringe. 

5) Place the syringe in the syringe pump and lock it.  
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6) Connect high voltage supply wire to the needle, and other end to the collector mesh with 

heavy duty aluminum foil on it, making sure it’s well connected;  

7) Set the initial flow rate to 1ml/hr,  

8) Thoroughly clean the needle tip with acetone/water;  

9) Turn on the voltage power supply immediately after the needle is cleaned, set the voltage 

to around 25kV;  

10) Adjust the voltage and distance between collector and needle to 25 cm to ensure a stable 

spinning jet;  

11) If there is dry drop formation at the needle tip, turn off power supply and ground the 

apparatus before cleaning;  

12) When finished, zero the voltage indicator before turning off the power supply;  

13) Collect residual fluid into a recycling container;  

14) Dispose of the syringe, clean the needle thoroughly using acetone or formic acid for re-

use.  

2.2.2 Parameters that effect the nanofibers fabrication process 

There are numerous factors that affect the process and are classified as electrospinning, solution 

and environmental parameters. (Figure 8) 

a) Electrospinning parameters: 

i. Applied electric field or voltage 

ii. Flow rate 

iii. Distance between the needle and collector 

iv. Needle diameter 

b) Solution parameters include: 
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i. Solvent 

ii. Polymer concentration 

iii. Viscosity 

iv. Solution conductivity 

c) Environmental parameters include: 

i. Relativity humidity  

ii. Temperature 

 

Figure 8. Summary of factors affecting the fiber morphology. 
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2.2.2.1 Effect of applied voltage 

Generally, the flow of current from a high-voltage power supply into a solution via a metallic 

needle will cause a spherical droplet to form into a Taylor cone and deform into ultrafine 

nanofibers at a critical voltage (Fig. 9a–c) [83]. This basic value of applied voltage differs from 

polymer to polymer. The formation of smaller-diameter nanofibers with an expansion in the 

applied voltage is ascribed to the extending of the polymer arrangement by correlation with the 

charge repulsion within the polymer jet [84]. The rise in the applied voltage beyond the critical 

rate will increase the formation of beads. The increases in the diameter and formation of beads or 

beaded nanofibers with an increase in the applied voltage are attributed to the reduction in the size 

of the Taylor cone and rise in the jet velocity for the same flow rate [85]. Moreover, the 

measurement of the nanofibers was likewise increase incrementally with an expansion in the 

applied voltage. This rise in the diameter was attributed to an flow in the jet length with the applied 

voltage (Figure 10) [86]. 
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Figure 9. (a–c) Digital images showing the three-stage deformation droplet under the 

influence of increasing electric field and mechanism of charge flow.  

A charge is created on the surface of polymer solution, held by its surface tension due to 

the application of high voltage. Repulsive charge aversion and compression of the surface charges 

to the counter cathode cause power to legitimately inverse to the surface tension. As the 

concentration of the electrical field is amplified, the semicircular droplet formed at tip of the needle 

gets transformed into a tapering shape [87],[88]. 

 

Figure 10. Formation of several jets with increasing flow rate and SEM images 

2.2.2.2 Effect of solution flow rate 

The morphology of the nanofibers is determined by the flow of the polymeric solution through the 

needle tip. Uniform beadless electrospun nanofibers are prepared via a critical flow rate for a 

polymeric solution. This critical value varies with the polymer system, and could lead to the 

formation of beads if exceeded. Increasing the flow rate beyond a critical value not only leads to 

surge in the pore size and fiber diameter but also to bead formation [89]. A minimum flow rate is 

preferred to maintain a balance between the leaving polymeric solution and jet formation, because 

the increase and decrease in the flow rate affect the nanofiber formation and diameter [89]. As a 



 

 

 

25 

 

result of this phenomenon, nanofibers with a wide range diameter are formed (Figure. 10f). In 

addition to bead formation, elevated flow rate causes ribbon-like defects.  Unspun droplets (Figure. 

10g) have also been reported in the previous works [88]. The same effect could also be attributed 

to a rise in diameter of the nanofibers with an rise in the rate of flow [90].  

2.2.2.3 Effect of needle to collector distance and needle diameter 

The distance between the metallic needle tip and collector plays an essential role in determining 

the morphology of an Electrospun nanofiber. The nanofiber morphology could be easily affected 

by the distance because it depends on the deposition time, evaporation rate, and whipping or 

instability interval. Hence, a critical distance needs to be maintained to prepare smooth and 

uniform electrospun nanofibers, and any changes on either side of the critical distance will affect 

the morphology of the nanofibers. Numerous research groups have studied the effect and 

determined that defective and large-diameter nanofibers are formed when this distance is kept 

small, whereas the diameter of the nanofiber decreased as the distance was larger [72].  

2.2.2.4 Effects of polymer concentration and solution viscosity 

The stretching of the charged jet is significantly affected by concentration change in the polymeric 

solution. These fragments cause the formation of beads or beaded nanofibers. By increasing the 

concentration of the polymeric solution it’s viscosity can be increased, which results in increase 

of chain entanglement among the polymer chains. These chain result in the formation of uniform 

beadless electrospun nanofibers. Additionally, increasing the concentration beyond a critical value 

hinders the flow of the solution through the needle tip, which results in defective or beaded 

nanofibers [72]. The morphologies of the beads show shape change from a round droplet-like 

shape to a stretched droplet or ellipse to smooth fibers as the solution viscosity changes (Figure 

11a–d) [88]. Similar phenomenon was found, when varying the viscosity of the electrospun PEO 
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(Figure 11e–h). Another researcher studying poly (D,L-lactic acid) (PDLA) and poly(L-lactic acid) 

(PLLA) also observed that the shape of the beads changes with viscosity [91]. Hence, it can be 

determined that in totaling to the electrospinning parameters, the determination of the critical value 

of the concentration is also essential to obtain beadless nanofibers [86]. 

 

Figure 11. Variation in morphology of nanofibers with viscosity: (a–d) schematic and (e–

h) SEM images [72]. 

2.2.2.5 Effect of solution conductivity 

Solution conductivity helps in directing the diameter of the nanofibers and also affects the taylor 

cone formation. The surface of the droplet that has no charge will form a taylor cone which does 

not result in producing fibers with lower conductivity. Increasing the conductivity of the solution 

to a critical value will not only increase the charge on the surface of the droplet to form a taylor 

cone but also cause reduction in the fiber diameter. Electrospinning process is reliant on the 

coulomb power between the charges on the outside of the liquid and the force of the outer electric 
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field. The conductivity of a polymer solution is controlled by the addition of an appropriate salt to 

the solution which affects it in two ways: (i)  increases the number of ions in the polymer solution, 

which results in the intensification of surface charge density of the fluid and the electrostatic force 

generated by the applied electric field and (ii)  increases the conductivity of the polymer solution, 

which results in the reduction along the surface of the fluid. Coulomb and electrostatic forces 

together influence the elongating and thinning of the straight jet portion. They observed that after 

adding the salt to the polymer solution separately, the nanofibers were not only smooth, bead-less 

but were also of small diameter compared to pristine nanofibers [91].  

2.2.2.6 Role of solvent in electrospinning 

The choice of the solvent is one of the key variables for the arrangement of smooth and beadless 

electrospun nanofiber. Typically, two things should be remembered before choosing the solvent. 

First, use solvents that are completely soluble. Second, the use a solvent of moderate boiling point. 

Its boiling point gives an idea about the instability of a solvent. High evaporation of solvent rates 

encourage the ease of evaporation during their travel from the needle tip to collector. Similarly, 

because of high boiling point less volatile solvents are also avoided to prevent them from drying 

during the nanofiber jet flight [92]. Numerous research groups have studied the effects of the 

solvent and solvent system on the morphology of nanofibers (Figure 12) and concluded that similar 

to the applied voltage, the solvent also affects the polymer system [72]. The diverse evaporation 

rates of the solvent and non-solvent will lead to phase separation resulting high porous electrospun 

nanofibers (Figure 12f) [84]. Another researcher prepared porous nanofibers by varying the ratio 

of tetrahydrofuran (THF) and DMF [89]. 18 solvents were tested and came to the conclusion that 

out of the 18 solvents used, only five solvents (ethyl acetate, DMF, THF, methyl ethyl ketone, and 
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1,2-dichloroethane) could feasibly be used for the electrospinning of polystyrene polymeric 

solution, because these solvents exhibited better conductivity and dipole-moment values [93]. 

 

Figure 12. SEM images of PCL in different solvents: (a) glacial acetic acid, (b) acetic 

acid, (c) methylene chloride/DMF = 4/1, (d) glacial formic acid, (e) and formic acid/acetone, 

along with (f) SEM images of PVB nanofibers in THF/DMSO (9/1 v/v) [94]. 

2.2.2.7 Effect of humidity and temperature 

It has been reported that environmental factors such as relative humidity and temperature also 

affect the diameter and morphology of the nanofibers [95],[72]. Humidity cause changes in the 

nanofibers diameter by monitoring the solidification process of the charged jet. This phenomenon 

is dependent on the chemical nature of the polymer. They observed that the diameter of the 

nanofibers reduced from 667 nm to 161 nm (PVA) and 252 nm to 75 nm (PEO) with rise in 

moisture from 4% to 60%. Further rise in moisture levels led to bead fiber for individual polymers 
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and almost no electrospinning for the blends. A similar reduction in the nanofiber’s diameter of 

PEO with rise in humidity was noticed. PMMA and dichloromethane was also used in 8:2 ratio to 

produce highly porous nanofibers. Temperature causes two opposing effects to change the average 

diameter of the nanofibers: (i) it upsurges the rate of evaporation of solvent and (ii) it cuts the 

viscosity of the solution. The rise in the evaporation of the solvent and the reduction in the viscosity 

of the solution work by two opposite mechanisms leading to reduction in the mean fiber diameter.  

2.3 Concepts of Surface Wetting and Water Contact Angle  

Non-wettable surfaces with high water contact angles and sliding of drops, called 

superhydrophobic or ultra-hydrophobic, have received tremendous attention in recent years. It is 

an important characteristic of a solid surface, which is controlled by its chemical composition and 

geometrical structure. Superhydrophobic materials have surfaces with water contact angles larger 

than 150° compared to superhydrophobic materials having lesser than 5° and sliding angles of less 

than 10°. Various methods have been discovered to fabricate superhydrophobic surfaces, such as 

inorganic nanoparticle surface coatings, electrochemical polymerization, plasma-etching, and 

electrospinning [96]. Performance of water droplets on a solid surface can define as either 

hydrophobic or hydrophilic surfaces. Figure 13 shows these two aspects, whereby a hydrophilic 

material attracts water, while a hydrophobic material resists water molecules. This basic definition 

indicates the functionality of a wide range of solids with distinctive wetting qualities, normally 

considered in three-stage frameworks with air, water, and solids.  
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Figure 13. Schematic views of superhydrophilic, hydrophilic, hydrophobic, and 

superhydrophobic surfaces (left to right) 

2.3.1 Superhydrophobic Surfaces 

The two main important factors governing the wettability of materials are surface energy and 

surface roughness, with hierarchical micro/nanostructures and low surface-energy materials being 

essential in achieving super hydrophobicity. The lotus flower is considered to be a symbol of purity 

in the Eastern Asian countries. The reason behind this is the remarkable self-cleaning property 

shown by the leaves of the lotus plant. When the lotus leaf is immersed in muddy water and 

removed, its surface emerges clean and unsoiled. This self-cleaning property is attributed to the 

interaction between the surfaces of the lotus leaves and water, resulting in high water repellency 

of the surfaces (Figure 14). Due to the impressive demonstration of these self-cleaning and high 

water-repellency characteristics, this combined effect has been named as “lotus effect” by Prof. 

W. Barthlott, a botanist of the University of Bonn. By mimicking lotus leaves, numerous artificial 

super-hydrophobic surfaces were fabricated by various methods for a wide range of applications 
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Figure 14. Surface of a lotus leaf 

Many surfaces in nature are highly hydrophobic and self-cleaning. Examples include the wings of 

butterflies and the leaves of plants such as cabbage and Indian cress [97]. Electron microscopy of 

the surface of lotus leaves displays bulging cruces about 20–40 μm apart, each covered with a 

smaller scale rough surface of epicuticular wax crystalloids [97]. Numerous studies have 

confirmed that this combination of micrometer-scale and nanometer- scale roughness, along with 

a low surface energy material leads to apparent WCAs 150°, a low sliding angle and the self-

cleaning effect [97]. Surfaces with these properties are called “superhydrophobic”.  In the last few 

years, superhydrophobic materials and coatings have attracted attention from a large number of 

researchers all over the world. The superhydrophobic surface is a surface on which the water 

contact angle is at least 150° and the sliding angle does not exceed 5–10°. A common feature of 

superhydrophobic surfaces is their proper two-level topography, with micro and nanosized posts, 

similar to what was first observed on lotus leaves, and two hundred other water repellant plant 

species. Since surface roughness is a necessary feature of superhydrophobicity, it can be said that 
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the principle of this phenomenon is based on the different mechanisms of wetting on rough 

surfaces.  

2.3.2 Superhydrophilic Surfaces 

On the other hand, the hydrophilic surface attracts water, and the water contact angle should be 

less than 90° and a true 0° contact angle has very important implications for the surface energy. In 

the case of two liquids, the components of the equations are either liquid surface tension or liquid-

liquid interfacial tension and, are therefore, measurable. Applications of superhydrophilic surfaces 

include anti-fogging and fog-catching surfaces. The need for anti-fogging surfaces arises in 

response to the challenge of visualization under high humidity. Swimming goggles offer an 

obvious example of such a scenario. Since the relative humidity is a strong function of temperature, 

the vapor can easily reach its saturation limit due to the temperature fluctuation or at a relatively 

cold solid surface, such as a transparent wall. As a result, significant condensation in the form of 

tiny droplets can be induced. The originally transparent solid surfaces will then fog and lose their 

optical clarity. A superhydrophilic surface can prevent fog, as water spreads on the rough 

hydrophilic surface to form a thin film instead of droplets. Such an effect is demonstrated by 

placing a piece of superhydrophilic polyester film on top of a cup filled with hot water.  

The progress on fabrication and characterization of superhydrophilic surface and coatings, 

along with understanding how liquid spreads on materials, is driven by a broad application of 

superhydrophilic surfaces (Figure 15) in products with anti-fogging screens, windows, and lenses; 

microfluidic devices; and many others. Because the research of superhydrophilicity is a highly 

dynamic field, more interesting products with superhydrophilic surfaces are being developed for 

future use. The goal of this study is to explore a new approach to achieve superhydrophobicity. By 
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adding micro and nanoparticles into polymer nanofibers, a second level of roughness on the fiber 

surface is expected to improve the surface wetting properties. 

 

Figure 15. Showing the superhydrophobic and superhydrophilic behaviour 
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CHAPTER 3  

                                        EXPERIMENTAL PROCEDURE 

3.1 Materials 

EPS was collected from various sources such as general shipment packaging, electronics packaging, 

and laboratory chemicals packaging and then cleaned, rinsed, and chopped into smaller pieces. DMF 

and acetone were obtained from Fisher Scientific. SiO2 nano-powder with an average particle size of 

40 nm (anatase, 99.5%) was procured from U.S. Research Nanomaterials Inc and Boric Acid (BA) 

microparticles (99.7%, 10 μm) from U.S. Research Nanomaterials, Inc., Houston, TX, USA. The 

purchased SiO2 and BA nanomaterials used in this study were original, without any modifications to 

the supplier specifications. 

3.2 Fabrication of electrospun EPS nanocomposite fibers 

In general, there are two routes for fabricating superhydrophobic surfaces: (1) creating a 

rough structure on the surface of low-energy-surface material and (2) using low surface energy to 

modify ingredients that have a fine structure. Based on this, many techniques have been established 

to fabricate superhydrophobic surfaces, including sol-gel, self-assembly, phase separation, 

hydrothermal, electrospinning, etching and photolithography. Electrospinning is a simple and 

efficient scalable method to produce continuous nanofibers that can be spun into a mat and then 

applied to a substrate or directly spun onto a substrate. With this versatile process, it is possible to 

design hybrid fibers for specific applications by changing the solution materials or modifying the 

process parameters. Nanocomposite fibers with various weight percentages of SiO2 NPs and BA 

MPs were synthesized and fabricated by the electrospinning process. The concentration of the 

micro and nanomaterials in the nanocomposite and combination of both the particles was 0, 5, 10, 

and 15 wt%.Various factors influence the electrospinning process: (1) polymer properties, viz. 
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molecular weight, solubility; (2) polymer solution properties, such as conductivity, surface tension, 

additives, and pH; (3) processing conditions, such as applied voltage, feed rate, needle diameter, 

and distance between needle tip and the collector; and (4) ambient parameters, like relative 

humidity, temperature, and local atmospheric flow. Several experiments were done to optimize the 

electrospinning process for this material system. The typical fabrication process is as follows: The 

waste EPS was chopped into small pieces and dissolved in DMF and acetone solvent at a solvent 

and polymer weight ratio of 80:20, followed by stirring on a hot plate for 4 hours at a temperature 

of 45 C. Special care was taken to ensure a homogeneous blend/dissolution of the polymeric 

solution. The required amount of SiO2 (NPs) and BA (MPs) was added into the mixture while 

stirring. A probe sonicator was used to sonicate the mixture for 20 min and solution was transferred 

to a 10-ml plastic syringe attached to a needle having an inside diameter of 0.5 mm. A copper 

electrode with a 0.25 mm diameter was attached to the syringe at one end, while the other was 

attached to a high DC power supply. Then, the electrospinning process was carried out at 25 kV 

DC with a 1 ml/h feed rate at a 25 cm distance between the needle and collector screen. The 

fabricated electrospun nanofibers were dried on a screen collector for 24 h at room temperature 

followed by drying for 5 hours at 60 C in an oven to remove all residual solvent and trapped 

moisture. The electrospinning process parameters were kept constant for all samples fabricated in 

this study. Figure 16 shows a schematic diagram of the electrospun recycled EPS nanocomposite 

fibers fabrication process. 
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Figure 16. Step by step fabrication process of electrospun recycled EPS nanocomposite 

fibers 

3.3 Characterization of nanocomposite fibers 

A scanning electron microscopy (SEM) setup (FEI Nova Nano SEM 450) was used to 

characterize the morphology of the fiber. With SEM, several images were taken of areas to inspect 

the uniformity of the fiber diameters, which were measured by image analysis software (ImageJ v 

1.34, National Institutes of Health). Before SEM, the samples were vacuum-dried and sputter-

coated with a thin film of Au/Pd using a Leica EM ACE200 vacuum coater before SEM imaging 

since the samples were non-conductive. Chemical analysis was achieved by Fourier-transform 

infrared spectroscopy (FTIR) using a Thermo ScientificTM NicoletTM iN10 infrared microscope 

with 256 averaged scans and 4 cm-1 resolution over a range of 3500–500 cm-1 with an attenuated 

total reflectance mode. 
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3.3.1 Scanning Electron Microscopy (SEM) 

Using scanning electron microscopy device the morphological properties of EPS, BA and SiO2 

electrospun nanofibers have been studied. The SEM images were captured at four different locations 

on the nanofiber, without and with inclusions concentration of 0, 5, 10, and 15 wt% BA and SiO2 in 

EPS. In the first study, no additives were added with the EPS. Images with various magnifications of 

EPS nanofibers without any polymer inclusions are discussed in detail in the results section (Chapter 

4.1) prepared at a voltage of 25 kv DC, pump speed of 1 ml/hr, and spinneret-to-collector distance of 

25 cm.  

3.3.2 Fourier-transform infrared spectroscopy (FTIR) 

FTIR stands for Fourier-transform infrared spectroscopy; used to obtain an infrared 

spectrum of absorption or emission of the material. Thermo ScientificTM NicoletTM iN10 

infrared microscope with 256 averaged scans and 4 cm-1 resolution over a range of 3500–500 cm-

1 with an attenuated total reflectance mode have been considered. When infrared radiation is 

passed through a sample, some of the radiation is transmitted as well as absorbed by the sample. 

The resulting spectrum represents the molecular absorption and transmission, creating a molecular 

fingerprint of the sample. This makes infrared spectroscopy useful for several types of analysis. 

3.3.3 Thermogravimetric Analysis (TGA)  

Thermogravimetric Analysis (TGA), helps in understanding the thermal stability, 

decomposition rate of material and comparing the behavior of materials, when tested with different 

flame retardants. It helps to examine the weight loss of material as a function of time and 

temperature in an isothermal mode. A TGA Q5000 has been used to study the thermal stability of 

the prepared nanocomposite fibers. In TGA, the mass change is either measured in relative 

percentage or absolute value in milligrams, to show the change in time or temperature. TGA results 
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highly depends on heating rate and operating conditions. This valuable tool helps to conduct a 

quantitative analysis of the amount of moisture and volatile compounds present in the fibers and 

to study the degradation mechanism. The operating conditions of TGA analysis for the nanofiber 

are used at a temperature range of 20–600 °C with a flow rate of 60 ml/min in the presence of 

nitrogen gas and a heating rate of 10 °C/min. The approximate weight of the dried samples was 5 

g. 

3.3.4 Water Contact Angle (WCA) 

Water contact angle of the EPS nanocomposite fiber was measured using a goniometer 

(KSV Instruments Ltd., Model#CAM 100). It is a compact video-based instrument which 

measures contact angles between 1 and 180 with an accuracy of ± 1. Computer software provided 

by KSV Instruments Ltd. precisely recorded and measured the contact angles and took pictures of 

the measured contact angles. Figure 17 shows images of a schematic view of the water contact angle 

measuring device and the actual contact angle goniometer. 

 

Figure 17. Contact angle goniometer device used 
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A surface area is hydrophobic if it tends not to absorb water or the static contact angle (𝜃) 

is greater than 90 degrees. A surface area is supposed to be hydrophilic if it manages to absorb 

water or is wet by water by making a static contact angle less than 90 degrees. Superhydrophobic 

surfaces manifest high contact angles (𝜃 > 150o) with low contact hysteresis. Solid surfaces with 

water contact angle (𝜃 < 5 in 0.5 seconds) are superhydrophilic. These terms describe the 

interaction of the boundary layer of a solid phase with a liquid or vapor water. A surface is wet if 

water spreads over the surface evenly without the formation of droplets, commonly referred to as 

hydrophilic. However, on a hydrophobic surface, water forms distinct droplets that roll off 

smoothly without wetting the surface. Thermodynamically, water cannot interact with the surface 

on hydrophobic and superhydrophobic surfaces. 

 

3.3.5 Flammability Test Method  

One of the most widely recognized fire tests to decide the combustibility of plastic 

materials is the ASTM UL 94 standard test [97,98], which determines self-extinguishing properties 

or flame spread soon after the specimen is ignited. The tests results are expected to aid fundamental 

signs of the material's appropriateness regarding combustibility for a specific application, such as 

materials used for parts in electronic devices and appliances [98]. In the present study, vertical UL 

94 VTM tests (Table 1) and The National Fire Protection Association 705 (NFPA 705) have being 

carried out for determining the tendency of textiles and films to withstand burning of the 

application of a small open flame. Specimens are of 12.5 cm x 1.5 cm in size [98] as per the flame 

test standard. Three major ratings (V0, V1, and V2) are conducted for the typical UL 94 VTM test 

among which V0 is the best rating among all three ratings. 
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Procedure: 

• Specimens should be dehydrated and should be at least the size of 12.5 cm × 1.5 cm as in 

Figure 18(a). 

• The fire exposure should have equivalent flame properties of a matchstick for at least 3 

seconds. 

• The test should be performed in a safe location free from other combustibles. 

• The sample should be suspended with the help of a spring clip, tongs, or similar device 

with the long axis vertical and the flame applied from the bottom edge.  

• After 3 seconds of exposure, flame is to be removed gently away from the sample. 

• Total burning time along with dripping is noted using a stopwatch. 

   

Figure 18. Flame test Sample (a) before burning (b) while burning and (c) after burning 
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TABLE 1 

Flame Test Criteria as per UL 94 VTM (Thin Material Vertical Burning Test) 

Test Criteria VTM-0 VTM-1 VTM-2 

Total Burning time of 

each test specimen (s) 

≤10 ≤30 ≤30 

Dripping of burning 

specimens 

    No No Yes 

Specimen Completely 

burned 

    No No No 

                                 

Flame Test Criteria as per NFPA 705 

• Burning of sample should not spread over the complete length of the sample after it comes 

into contact with the flame. 

• The after flame should be not more than 2 seconds. 

• Samples that evidence breakdown or dripping should be rejected if they remain burning 

after reaching the ground after 5 seconds. 

• Total burning time should be at least 12 seconds to pass the test. 
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CHAPTER 4 

RESULTS AND DISCUSSION 

4.1 SEM Analysis 

The morphology of various fabricated nanocomposite fibers was studied by SEM images, captured 

from four different locations on the nanofibers, without and with additive concentrations of 0, 5, 10 

and 15 wt% with three different combinations of only micro-particles inclusions, i.e. with BA and EPS, 

only nano-particles inclusions, i.e. with SiO2 and EPS and combination of both micro-nanoparticles, 

i.e. with BA, SiO2 and EPS at various wt% respectively electrospun relatively at 25KV at a flow rate 

of 1ml/hr and tip to collector distance of 25 cm. The surface of the fibers was observed to be bead-free 

and exhibited ribbon-like morphologies relatively uniformly and a thin diameter and was a smooth 

surface of pure EPS without the micro-nano particle inclusions at various magnifications (a) 100X, (b) 

500X, (c) 2500X and (d) 5000X in Figure 19 taken at 15KV voltage. Fiber diameters are between 50 

nm and 400 nm, with an average of approximately 280 nm. The surface of the fibers seems relatively 

uniform and smooth with no evidence of bead formation and defects at lower magnifications as well 

as at higher magnifications. Also, with the addition of nanomaterials, the beading and agglomeration 

were significant at (5 wt%). However, nanocomposite fibers with 10 wt% nanomaterials have a 

uniform diameter and rough surface, and beading was not evidenced. Meanwhile, the addition of 15 

wt% nanomaterials produced non-uniform and more agglomerated fibers, fibers exhibited some beads, 

and there was evidence of fiber breakage. The solution properties such as viscosity, elasticity, 

conductivity, and surface tension greatly influence the transformation of the polymer solution into 

nanofibers which are discussed in detail in further on. 
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Figure 19. SEM images EPS nanofibers without any blends/additives at various 

magnifications (a) 100X, (b) 500X, (c) 2500X and (d) 5000X. 

 

Other SEM images are mainly of selected nanofibers with different polymeric inclusions. 

Figure 20 and Figure 21 displays the SEM images of EPS nanofibers inclusions with 5 wt% and 10 

wt% of Boric Acid at 250X, 500X and 2000X magnification. The SEM analysis revealed that surface 

morphologies of the nanofiber were slightly rough, non-uniform and noticed formation of beads at 5 

wt% BA compared to 10 wt% which is having somewhat smooth, uniform and beadless fibers, which 

may be because of the increase of the Boric Acid amount into the EPS polymer with solid bonding. 

Fiber diameters are usually between 60- 270 nm (5 wt%) and 71-298 nm (10 wt%) of Boric Acid 

inclusions. Viscosity may also have some influence as wt% of BA has increased above 10 in EPS 

polymers leading to chemical bonding between the materials. However, the addition of a larger 

quantity of nanoparticles of BA concentration to 15 wt% noticed rise in the polymer solution viscosity 
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and evidenced chemical reaction between BA and PS. Hence the reduced spinnability of the solution 

could not produce the nano-fibers. 

. 

 

Figure 20. SEM images EPS nanofibers with 5 wt% of BA at various magnifications (a) 

250X, (b) 500X and (c) 2000X 
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Figure 21. SEM images EPS nanofibers with 10 wt% of BA at various magnifications (a) 

250X, (b) 500X and (c) 2000X 
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Below figures (22, 23, and 24) show the SEM images of Recycled EPS nanofibers incorporated with 

5, 10, and 15 wt% of SiO2 nano-particle inclusions at low, medium and higher magnifications 

respectively. 5 wt% of SiO2 shows rough and nonuniform fiber with beads in it, and obtaining a fiber 

diameter ranging from 24-184nm. Moreover, the bead formation could be due to the high boiling point 

of the solvent, surface tension of the solutions, and insufficient resistance of the electrospinning 

solutions to resist the electrical force stretching caused by low viscosity, etc. 10 wt% of SiO2 shows 

beadless but uniform fibers ranging from 34-151 nm compared to 15 wt% which can be observed a 

rough, uniform but beaded fibers ranging between 34-164 nm. These images with 10wt% of SiO2 

confirm that the nanofibers have mainly uniform cross-sectional fibers with varying diameter and 

smooth surface at high magnification. However, the introduction of 15wt% results in well-developed 

coarseness and roughness of the nanocomposite fibers with higher diameters, as compared to 10wt% 

concentration nanofibers only. This increase in nanoparticles lead to rise in solution viscosity and 

surface tension ensuing rough, non-uniform and beaded nanofibers as per Figure 22 and Figure 23. 

Also, interestingly it did not evidence any coiling of fibers at all in the three different nanoparticles 

wt% concentrations. 
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Figure 22.  SEM images EPS nanofibers with 5 wt% of SiO2 at various magnifications (a) 

250X, (b) 500X and (c) 2000X 
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Figure 23. SEM images EPS nanofibers with 10 wt% SiO2 at various magnifications (a) 

250X, (b) 500X and (c) 2000X. 

 



 

 

 

49 

 

 

Figure 24. SEM images EPS nanofibers with 15 wt% SiO2 at various magnifications (a) 

250X, (b) 500X and (c) 2000X 

 

Figure (25, 26 and 27) exhibits the SEM images of EPS nanofibers incorporated with mixture of both 

BA micro and SiO2 nano-particle inclusions of three different 5, 10 and 15 wt% at low, medium and 

high magnifications respectively, and images resulted in a uniformly smooth diameter and evidenced 

beadless fibers for all the three concentrations. In figure 25, notice very few beads in the fiber along 

with smooth fibers with uniform diameters ranging from 36-220 nm with 5wt% inclusion 

concentration. In figure 25 and 26, the fibers are even and beadless with diameters between 34 and 253 
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nm above 10 -15wt% making it the perfect combination for smooth fiber production. The introduction 

of BA and SiO2 inclusions results in well-developed coarseness and roughness of the nanocomposite 

fibers with higher diameters, as compared to EPS nanofibers only. These hierarchical micro and 

nanostructures on the surface of fibers can provide enough unevenness for superhydrophobicity. It is 

obvious that nanocomposite fibers have higher surface roughness because of the agglomeration of both 

BA micro and SiO2 nano particle inclusions and strong bonding. 

 

Figure 25. SEM images EPS nanofibers with 5 wt% of SiO2 and BA at various 

magnifications (a) 250X, (b) 500X and (c) 2000X 
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Figure 26. SEM images EPS nanofibers with 10 wt% of SiO2 and BA at various 

magnifications (a) 250X, (b) 500X and (c) 2000X 
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Figure 27. SEM images EPS nanofibers with 15 wt% of SiO2 and BA at various 

magnifications (a) 250X, (b) 500X and (c) 2000X 
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4.2 Fourier Transform Infrared Analysis (FTIR)  

 

Figure 28. FTIR spectra of recycled EPS nanocomposite fibers containing SiO2 NPs and 

BA MPs 

Fourier Transform Infrared Spectroscopy, also known as FTIR Spectroscopy, is one of the material 

characterization techniques used to identify organic, polymeric, and inorganic materials. It uses 

infrared light to scan test samples and observe chemical properties. FTIR spectroscopy is done to 

understand the structure of the recycled EPS nanocomposite fibers. Figure 28 shows the FTIR 

spectra of the electrospun fiber from recycled EPS and EPS with nano and micro material 

inclusions. The characteristic peaks at 692.4, 736.3, 1095.35, 1638.16, 2234.08, and 3788.88 cm-

1 could attribute to the various absorption bands of the EPS. Peaks at 692.4 and 736.3 cm-1 (Figure 

28) reflect the out-of-phase ring deformation of monosubstituted single-bonded aromatic rings and 

the existence of the phenyl group. The peak centered at 1095.35 cm-1 can be assigned to C–O 

strong primarily alcohol group. The observed peaks at 1638.16 cm-1 have been attributed to the 
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stretching vibration of the strong C=C alkene bonds in the benzene ring of the EPS. Also, the peak 

at 2234.08 corresponds to absorption caused by double bonds such as C=O aldehyde group and 

3788.88 cm-1 prove the symmetric and asymmetric stretching vibrations of medium stretch of 

single-bond O–H alcohol group, respectively. Significantly, the strong and sharp peaks were 

observed in Figure 29 with the 10 wt% addition of BA micro due to good reinforcement. However, 

with the addition of 15 wt% nanomaterial, BA and EPS have undergone a chemical reaction and 

strongly bonded which was not homogeneously dissolving in the solvents for this research. Also, 

from Figure 30 and 31 the absence of a new peak with the introduction of SiO2 NPs and BA MPs 

indicates no chemical reaction or bonding during electrospinning, which implies the physical 

blending of SiO2 NPs and BA MPs with EPS. 

 

Figure 29. FTIR spectra of recycled EPS fibers containing 5% and 10% BA MPs 
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Figure 30. FTIR spectra of recycled EPS containing 5%, 10%, 15% SiO2 NPs 

 

 

Figure 31. FTIR spectra of recycled EPS fibers containing 5%, 10%, 15% BA and SiO2 

inclusions and only EPS without nanoparticle inclusions 
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4.3 TGA Analysis 

TGA was used to examine the quantitative analysis of the thermal decomposition of the 

fabricated EPS nanocomposite fibers at elevated temperatures. The TGA thermograph curves for 

the pure EPS and its nanocomposites with a different weight percentage of SiO2 NPs and BA MPs 

shown in Figure 32. The degradation reaction of the EPS includes depolymerization, 

intramolecular and intermolecular transfer reaction, and random scission, which reduces the 

molecular weight of the polymer [99]. However, the EPS nanocomposite fibers with the addition 

of nanomaterials generate distinctive mass loss profiles at various temperatures. The heating of 

nanofiber mats generate a new functional surface, thermal cross-linking, and degradation of 

properties, which is completely depends on the rate of heat and how nanoparticles have bonded 

with the nanofibers. All samples have similar thermal stability up to 100 °C, but higher temperature 

EPS nanofibers show lower stability than nanofibers with inorganic nanoparticles. The EPS 

nanofibers begin to decompose at about 100 °C, and (T5%) is 395.32 °C for 10 wt% (BA, SiO2 

and EPS) and around 394.95 °C for (BA and EPS) & (SiO2 and EPS). However, T 5% (Initial 

Decomposition) for the nanocomposite fibers is quite similar for all samples. Moreover, T 50% is 

significantly higher compared with pure EPS nanofibers. This move reflects that the incorporation 

of nanomaterials with the EPS enhances its thermal stability. The main degradation of the EPS 

nanofibers takes place around 380–450 °C, giving off mainly styrene monomer, benzene, toluene, 

and some dimers and trimers as volatile products. Besides, the char residue of the nanocomposite 

fibers at a higher temperature increases with the concentration of inorganic particles present in the 

fiber. The remainder of pure EPS nanofibers at 460 °C is 1.74%, while the value of micro-

nanocomposite fiber is 9.07% for BA and PS, 12.08 % for SiO2 and PS and 15.678% for BA, SiO2 

and PS fibers between 578 °C to 588 °C. The % weight loss of nanocomposite fibers with BA MPs 
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(91.04%) and SiO2 NPs (85.02%) and combination of both micro-nano particles is (83.75%). 

Which is substantially lower than that of the nanofibers without inclusion, (98.34%) for pure EPS 

fibers as per TGA data shown in Figure 32. The presence of BA MPs and SiO2 NPs in the 

electrospun nanocomposite fibers significantly improves the interaction between molecules, 

hinders the movement of polymeric chains, increases rigidity and the energy needed for moving 

and breakage of the polymeric chains, thus ameliorating the thermal properties of the electrospun 

nanocomposite fibers. 

 

Figure 32. TGA Curves of 10 wt% of micro-nano materials of EPS and pure EPS 
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4.4 Water Contact Angle Test 

Water contact angle tests are performed on the EPS nanofibers in the presence and absence 

of BA and SiO2 inclusions. After adding these inclusions into EPS, they were rapidly dissolved 

preceding the electrospinning process. Homogeneity, surface structure, and chemical composition 

are the main factors playing the roles in the wettability of a solid surface [101]. Hydrophobicity of 

the fiber surface is measured by the water contact angle method using a goniometer between the 

solid fiber surface and the water droplet. A hydrophobic surface has low wettability, which 

indicates that the static water contact angles are between 90° and 150°. Correspondingly, a 

superhydrophobic surface is one with minimal wettability, which has a static water contact angle 

greater than 150° with a sliding angle of less than 10°. Table 2 and Table 3 show the water contact 

angle values of the electrospun EPS fibers as well as EPS nanocomposite fibers embedded with 

BA MPs and SiO2 NPs without and with HT process. In order to get consistent and repeatable test 

results, the water contact angle values were measured five to seven times at different locations of 

the fabricated fibers, and the average is recorded. 

TABLE 2 

Illustrates water contact angle (°) of nanofibers at different wt % with no heat treatment 

(HT) 
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From the Table 2, the EPS fibers exhibit an average water contact angle of 112.56°±2.61 

without heat treatment. However, incorporating 5 wt% and 10 wt% micro and nanoparticles 

improves the water contact angle up to 142.83°±1.22 and 146.32°± 1.75 respectively. Surface 

wettability proved the hypothesis that micro and nanoparticles could affect the water contact angle 

of the surface. Further micro-nanomaterial inclusion, such as 15 wt%, reduced the water contact 

angle to 138.12± 2.89 possibly due to the addition of a larger quantity of micro-nanoparticles, 

which may change the surface structure and morphology, polymer solution viscosity, 

agglomeration, and spinnability. Similar trends were obtained for the individual addition of micro 

and nanoparticle in EPS. But observed BA in EPS (15 wt%) which was chemically bonded with 

EPS and made the solution of poor electro spinnability because of insufficient elasticity of the 

fluid. However, this phenomenon was not observed in SiO2 in EPS (15 wt%) which may be 

because of particle size and chemical structure. 

Before doing the heat treatment, it is important to know at what temperature and for how 

long the nanofibers should be heat treated in order to achieve a superhydrophobic properties. 

Therefore, the produced micro-nano particle samples are the area of interest and considered  heat 

treated at 50°C, 70°C and 90°C since beyond 100°C the EPS start to melt.  And was considered 

up to 90°C because the furnace temperature range is set as a setup temperature ±5°C for 4, 8, 12- 

and 16-hours duration to understand the best surface modifications. The wettability of the 

nanocomposite fibers can be conveniently improved by a heat treatment process. The micro-

nanocomposite fibers 5wt%, 10wt% and 15wt% inclusion are heat-treated at various temperature 

and time durations with measured water contact angles are illustrated in Figure 33 and Figure 34.  
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Figure 33. WCA of heat-treated electrospun recycled EPS nanofibers at different 

temperature for 12 Hours 

 

             

Figure 34. WCA of heat-treated electrospun recycled EPS nanofibers at different hours at 

70 °C 
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For both cases, the time duration of 12 h at 70°C maximizes the wettability of the micro-

nanocomposite fibers 151.02°C,156.98°C & 144.12°C at 5,10 & 15 wt%. Similar patterns were 

also observed in individual micro and nano inclusions at different wt%. Heat treatment may reduce 

the functional groups on the surface and hence reduce the polar structures to interact with the water 

molecules. Also, heat treatment may reorient the micro-nanoparticles on the fibers in a hierarchical 

way, in order to improve the micro- nanoscale roughness features. Excessive heat over a longer 

period may damage the surface functional groups, change the micro-nanoscale roughness, and 

cause oxidation and local melting to alter the fiber surface into a film surface. The other samples 

were heat-treated for 12 h at 50°C, 70°C, 90°C to study the effect of heat treatment on the 

wettability of the electrospun recycled EPS nanocomposite fibers. The greater water contact angle 

(156.98°) was observed for 10 wt% micro-nano inclusions and a heat treatment temperature of 70 

°C. Meanwhile, wettability was reduced for all samples that were heat-treated at 90 °C. Heat 

treatment at this temperature caused severe damage to the nanocomposite fibers, where beads 

vanished and melted into a relatively smooth surface. This can be attributed to the rearrangement 

of the molecular structure due to heat treatment over a long period of time at around the glass 

transition temperature (Tg). At room temperature, recycled polystyrene is a glassy solid; however, 

above the Tg, it is flexible and rubbery. The Tg for polystyrene was often reported as 95-100 °C 

in the literature [100]. Below the Tg, the polymer chain cannot move, and above the Tg, the chain 

segment undergoes rotation because the carbon–carbon bonds in the chain can be twisted easily 

[101]. Therefore, above the Tg, the morphology, porosity, surface roughness, and surface 

chemistry changed considerably for the nanocomposite fibers, which led to a reduction in the water 

contact angle. It was clear that the superhydrophobic characteristics of the electrospun EPS 
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nanocomposite fibers can only be maintained in a low-temperature range, which greatly confines 

its application in hot environments. 

TABLE 3 

Water contact angle (°) of Nanofibers at different wt % with (HT) for 12 hrs at 70°C 

 
 

From Table 3 EPS fibers exhibit an average water contact angle of 119.33°±1.71 with heat 

treatment which has improved the WCA and also by incorporating 5 wt% and 10 wt% micro and 

nanoparticles, which improves the water contact angle up to 151.02°±2.43 and 156.98°±1.95 

(Figure 35) respectively. Surface wettability proved the hypothesis that micro and nanoparticles 

could affect the water contact angle of the surface [99,100]. Further nanomaterial inclusion, such 

as 15 wt%, reduced the water contact angle to 144.12± 1.95, similar to that of results in Table 2 

possibly due to the addition of a larger quantity of nanoparticles. Which may change the surface 

structure and morphology, polymer solution viscosity, agglomeration, and spinnability. But 

certainly, we can conclude addition of heat treatment to nanofibers at 70°C and for 12 hours in 

furnace by slow air cooling has effectively increased the WCA by approximately ± 8° and resulted 

superhydrophobicity for 10 wt% (BA and EPS) and   5% & 10 wt% (BA,SiO2 and EPS ) as shown 

in Figure 35.                  
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Figure 35. WCA images (a) 10% BA and EPS, (b) 10% SiO2 and EPS, (b) 5% BA, SiO2 

and EPS and (c) 10% BA,SiO2 and EPS 

 

 

4.5 Flammability Test - ASTM UL 94 VTM and NFPA705 

The vertical ASTM UL 94 [103] test standard and NFPA705 [104,105] were followed 

which are intended to serve as a preliminary indication of the material’s suitability with respect to 

flammability for a particular application, such as plastic materials used for parts in electronic 

devices and appliances and textiles. And was employed to determine the flame retardancy of the 

prepared EPS nanocomposite fiber specimens as is indicated in Table 4 and Figure 36. All samples 

were weighed before the burning test is ensure uniformity in measurement. Based on the results, 

EPS with 0 wt% and 5 wt% of nanoparticles failed to withstand the flame in the first 12s burning 

period and the sample was burned completely along with dripping after the initiation of the flame. 

However, there was slight increase in total burning time from pure EPS to 5 wt% inclusions. From 
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Table 3, specimens containing 10 wt% (BA, SiO2, EPS) and 15 wt% (BA, SiO2, EPS) of all 

nanoparticles showed the better fire-retardant properties (up to 25 s and 33 s), compared to lower 

micro-nanoscale concentrations, as well as individual micro or nano particle inclusions (less than 

20 s). The flame test experiment is conducted as per UL-94 VTM-V0 [103],  the most widely used 

flammability test for determining relative flammability in thin plastic materials used for parts in 

electronic devices and appliances, which is the highest rating against burning among V-0,V-1 & 

V-2 and NFPA 705 (The National Fire Protection Association 705) Standard [104] which is a 

recommended practice for a field flame test for textiles and thin films to sustain burning subsequent 

to the application of a relatively small open flame. Results confirmed that the fire-retardancy 

properties improved as the concentration of nanofiller materials increased in the EPS samples. 

 

Figure 36. Fiber samples after the flame test (a) Only EPS Nanofiber (b) 5% BA and EPS 

(c) 10% BA and EPS (d) 5% SiO2 and EPS (e) 10% SiO2 and EPS (f) 15% SiO2 and EPS (g) 5% 

SiO2 , BA and EPS (h) 10% SiO2 , BA and EPS (i) 15% SiO2 , BA and EPS 
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                                                             TABLE 4 

The time taken for each sample in the flame test 

Sample 

No. 

Micro-Nano particles 

Concentration 

Flame Test Results Flame Test Criteria 

Burn Time 

(Seconds) 

Dripping 

Observed 
Pass/Fail 

UL-94 

VTM-0 

(s) 

NFPA 

705 (s) 

1 Only EPS Nanofiber 6 Yes Fail ≤ 10 ≤ 12 

2 5% BA and EPS 8 Yes Fail ≤ 10 ≤ 12 

3 10% BA and EPS 16 No Pass ≤ 10 ≤ 12 

4 5% SiO2 and EPS 10 Yes Fail ≤ 10 ≤ 12 

5 10% SiO2 and EPS 14 No Pass ≤ 10 ≤ 12 

6 15% SiO2 and EPS 17 No Pass ≤ 10 ≤ 12 

7 5% SiO2, BA and EPS 11 Yes Fail ≤ 10 ≤ 12 

8 10% SiO2, BA and EPS 25 No Pass ≤ 10 ≤ 12 

9 15% SiO2, BA and EPS 33 No Pass ≤ 10 ≤ 12 

                   

Figure 36 shows the samples after the flame test was performed (Sample a-i). Upon exposure to 

direct flame, the pure EPS fiber without inclusions ignited immediately, and the flame quickly 

spread. The flame on the pure EPS fiber was vigorous and bright at 2 s after ignition and observed 

less char production.  It was completely burned within 6 s resulting in failure to meet the 12 s 

criteria as per mentioned standards. Similarly, the flame on the EPS fiber with 5 wt% inclusions 

was strong at 4 s after ignition, and produced a smaller amount of char production.  It was 

completely burned within 8 s,10 s, 11 s respectively (Table 4), and observed dripping even after 

the reaching the floor, resulting failure to meet the flame test criteria (Table 1) as per mentioned 

standards. In contrast, the flame on the fibers with inclusions was suppressed at 4 s after ignition 

and self-extinguished after the flame source was removed. After burning, only 30% of the fiber 

burned and became charred and turned black, whereas most of the top of the fiber remained intact 

(Figure 36 c, e,f,h,i). Additionally, the surface of the burned fiber was covered with a dense char 

layer of bubbles and became very rough. Therefore, the 10 wt% and 15 wt% gave the electrospun 
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micro-nano fiber the flame-retardant property by producing a protective char layer. The time taken 

to completely burn for each case was calculated for the flame test and the values are tabulated 

(Table 4). 

 

 

Figure 37. Graphical representation of Total Burn time Vs Flame Test criteria 

 

From figure 37, it can be observed that the plain EPS sample lasted for only 6 seconds  

while the Sample 2, 4 and 7 which contains 5 wt% of inclusions lasted for less than 12 seconds 

and burned completely undergoing dripping and complete combustion, resulted in failing the 

NFPA 705 standard and UL 94 VTM V-0. Samples 3, 5, 6, 8 and 9 lasted for more time and 

according to the NFPA standard UL 94 VTM V-0 passed the flame test. But if compared with the  

BA and PS nanofiber (10 and 15 wt%) with SiO2 and PS nanofiber (10 and 15 wt%) which have 

also shown slow combustion,  and with a dense char layer of bubbles and slight increase in burning 

time. On the other hand, combination of both BA & SiO2 with PS nanofiber had better results of 
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increase in total burning time up to 25s and 33s undergoing complete burning but evidenced self-

extinguish of flame after ignition without dripping after the application of first flame exhibiting 

flame retardant property. 

Previous and Current methodology usage and its applications related to this research 

Table 5 illustrates the consolidated research on methodology usages and its applications 

related to this research. Apart from Electrospinning, there are other methodologies such as surface 

modification, sol-gel method, surface coatings and combination of them that can be used in order 

to improve the thermal and hydrophobicity of materials. However, this research can be considered 

as distinct to that of previous research, as the base material (EPS) and combination of BA and SiO2 

nano particles are new. This produced good results and extended the scope for various industrial 

applications such as protective clothing, medical devices, electronics, packaging and self-cleaning 

applications. It is observed that Static water contact angle (WCA) tests showed that samples with 

10wt% (BA in EPS) and 5wt% & 10wt% (BA and SiO2 in EPS without heat treatment greatly 

improved the WCA to 144.01°± 2.16 (10wt% BA in EPS)  and  142.83°± 1.22 (5wt% BA and 

SiO2)  & 146.32°± 1.75 (10wt% BA and SiO2) probably due to the barrier effect of BA 

microparticles and SiO2 nanoparticles. Heat treatment was used to modify the surface energy, 

further improving WCA to as high as 150.12°± 0.17 (10wt% BA in EPS) and  151.02°± 2.43 

(5wt% BA and SiO2) and  156.98°± 0.15 (10wt% BA and SiO2). However, fiber structure was 

partially etched away when exposed to the heat treatment. This etching effect increased the surface 

roughness which led to increase in WCA. Also from the Flame tests, it can concluded that the 

increase in total burning time from 6s to 33s, along with slow combustion using micro-nano 

inclusions, showed improved results than without any inclusions along with TGA characterization 
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helps to validate the thermal stability and slow decomposition of fibers with inclusions compared 

to that of pure EPS without inclusions. 

TABLE 5 

Various methodology usage and its applications related to this research 

S. 

No

. Topic 

Methodolog

y Base Material FR  used Outcomes Applications 

1 

Functional 

Nanocomposite 

Fibers through 

Electrospinning -

Flame Retardant 

and 

Superhydrophobi

c 

Electrospinni

ng  Nylon 6 

Montmorillonite 

(MMT) nanoclay & 

Exolit OP 1312 -FR 

additive  

Improved 

the 

burning 

time and 

WCA 

(160°) 

protective 

clothing -

laminate fire 

proof fabrics 

2 

Superhydrophobi

c and flame-

retardant cotton 

modified with 

DOPO and 

fluorine-silicon-

containing 

crosslinked 

Surface 

modification 

of cotton 

fabric with 

DOPO Cotton Fabric 

fluorine-silicon-

containing 

polymer networks 

and DOPO 

Improved 

the FR 

(burn rate 

4.05 ± 

0.19 mm/s 

to 

3.13 ± 

0.14 

mm/s) 

and WCA 

(154.8°) 

practical 

applications 

in self-

cleaning and 

heat 

resistance 

3 

Eco-friendly 

functionalized 

superhydrophobi

c recycled paper 

with enhanced 

flame-retardancy 

Papermaking 

method Re-cycled paper 

dopamine-silica 

trimethylsilyl 

modified gel powder 

and stearic acid 

modified Mg 

(OH)2 

Improved 

the 

ignition 

time from 

1s to 5s 

and WCA 

to 155° 

 

water-proof 

stationery/bo

ok and oil-

remove 

tissue 

research 

field. 

4 

Fabrication of 

superhydrophobi

c bamboo timber 

based on an 

anatase 

TiO2 film for 

acid rain 

protection and 

flame retardancy 

hydrotherma

l deposition 

of Bamboo 

 anatase TiO2 

nanoparticles and 

octadecyltrichlorosil

ane (OTS). 

Improved 

the 

ignition 

time from 

1s to 28s 

and WCA 

to 154° 

Acid rain 

protection 

5 

Fabrication of 

superhydrophobi

c and enhanced 

flame retardant 

coatings over 

cotton fabric 

coatings over 

cotton fabric Cotton Fabric 

2,5-Dimercapto- 

1,3,4-thiadiazole 

(DMTD), 

Octadecyltriethoxysi

lane (ODTS) 

Improved 

the 

ignition 

time from 

1s to 5s 

and WCA 

to 155° 

apparels, 

home 

furnishings, 

industrial 

products, 

medical and 

military 
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warfront 

applications 

6 

Mg(OH)2 

Complex 

Nanostructures 

with 

Superhydrophobi

city and Flame 

Retardant Effects 

biomolecule-

assisted 

hydrotherma

l  ABS 

Mg(OH)2 Complex 

Nanostructure  

Improved 

the 

ignition 

time from 

30s to 67s 

and WCA 

to 150.6° 

protecting 

cables in 

winter by 

avoiding ice 

formation on 

the surface 

of the cable 

7 

One-pot 

fabrication of 

superhydrophobi

c and flame-

retardant coatings 

on cotton fabrics 

via sol-gel 

reaction 

composite 

coating 

using sol-gel 

method Cotton Fabric 

Tetraethoxysilane, 

hydroxyl-terminated 

polydimethylsiloxan

e , ammonium 

polyphosphate 

Improved 

the 

ignition 

time from 

2s to 8s 

and WCA 

to 160° 

automotive 

interiors, 

indoor 

decorations, 

outdoor 

clothing and 

tents 

8 

A Highly 

Durable 

Silica/Polyimide 

Superhydrophobi

c 

Nanocomposite 

Film with 

Excellent 

Thermal Stability 

Performances  

Electrospinni

ng  polyimide silica 

Achieved 

Ultra-low 

thermal 

conductivi

ty and 

WCA to 

157° 

Replica of 

Lotus Effect  

paving its 

way into 

applications 

where harsh 

conditions 

would take 

place 

9 

Superhydrophobi

c Mats of 

Polymer-Derived 

Ceramic Fibers 

Electrospinni

ng  

polyaluminasilaza

ne/ 

polyethyleneoxide SiCNO ceramic 

Thermally 

stable 

properties 

are 

obtained 

with 

improved 

WCA to 

156° 

Extreme 

conditions as 

hot gas or 

liquid filters 

and 

protective 

clothing for 

fire fighters 

and soldiers. 

10 

Multifunctional 

Hybrid Fabrics 

with Thermally 

Stable 

Superhydrophobi

city 

Sol-gel and 

Electrospinni

ng  

Methyltriethoxysil

ane (MTES) 

Organically 

modified silicates 

Thermally 

stable 

properties 

are 

obtained 

with 

improved 

WCA to 

150° 

emerging 

applications 

such as 

smart filters 

and 

membranes, 

high-

performance 

automobile 

air filters.  
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                                                                       CHAPTER 5 

Conclusion  

In this study, two major areas of interest were explored; flame retardant and 

superhydrophobic properties. The fibers with various concentrations of FR were successfully 

synthesized using Electrospinning Process. Samples with 10wt% micro-nano particles passed as 

per UL-94 VTM V-0 and NFPA 705, with no dripping, while only polystyrene and 5 wt% 

inclusions samples failed. Higher wt% FR additives had more dominant effects on flame retardant 

properties and produced more char residue after combustion. This char residue acted as a thermal 

shield to protect the inner layers of the material. In addition to the flame test, TGA results validate 

less % weight loss of EPS fiber with inclusions (83-91%), compared to pure EPS fiber, which 

resulted in drastic % material loss of 98%. Therefore, flame retardant electrospun EPS fibers could 

have potential to be used as a functional layer in many industrial applications such as electronic 

devices, insulation, packaging and protective clothing systems or high efficiency filter membranes 

where flame retardant properties are needed. For the superhydrophobic function, micro-nano (BA-

SiO2) particles that incorporated EPS were successfully electrospun into nanofibers with typical 

diameter between 100-600nm. 10wt% of micro-nano particles even without heat treatment greatly 

improved the water contact angle due to the barrier effect. Micro-nano particles loaded samples 

have a better resistance to etching than only EPS, resulting in superhydrophobic properties ranging 

from 150.16 °±0.17 to 156.98 °±2.15  of water contact angle. Also, SEM images on all the 

electrospun fibers revealed that FR additives incorporated in these ultrathin fibers, typical 

diameters range from 100 to 600 nm. Also, it was noticed high concentrations of BA (15 wt%) 

rendered no electro spinnability because of insufficient elasticity of the fluid and chemical bonding 

of Boric Acid and EPS. 
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CHAPTER 6 

Future Work 

In the future, more characterization methods on mechanical properties of electrospun fibers 

should be developed to identify if there is any difference in terms of elongation at break. On the 

other hand, other functional nanocoatings/nanofiller such as 1H,1H,2H,2H-

Perfluorooctyltriethoxysilane and Polyhedral oligomeric silsesquioxane (POSS) and preparation 

of composites with micro-nano inclusions with comparison studies to that of micro-nanofibers 

could also be analyzed as an alternative to nanoparticles which may help to improve thermal and 

surface wetting properties, along with the elongation at break. Also, one may consider optimizing 

particle size, in order to create roughened fiber surfaces without compromising structural integrity. 

Finding out the influence of micro-nano particles and fiber diameter on hydrophobicity will also 

be of interest. Finally, cost effectiveness and environmental benefits are also some of the important 

factors to be studied in further extension of this research. 
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