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Abstract 

The superior oil sorption performance of electrospun polystyrene (PS)/PS-based fibres 

has rendered its use more competitive than the commercial melt blown polypropylene 

(PP) fibres. However, on a microscale level, the oil - sorbent interaction and its effect 

on the sorption behaviour is yet to be fully understood; considering PP polymer is 

known to have a lower surface energy than polystyrene. Furthermore, the 

commercialisation of electrospun PS sorbent has been hindered due to the poor 

mechanical strength of the fibre mats particularly after oil sorption. Therefore, the aim 

of this thesis is to (1) enhance the understanding of the oil sorption behaviour of 

electrospun PS fibres (single filament level) and (2) to explore ways to effectively 

enhance the mechanical properties of the PS fibre mat. 

The oil adherence potential of filaments of electrospun PS and subsequent comparison 

with filaments of the commercial melt blown PP sorbent was quantitatively evaluated 

using drop-on-fibre micro-sorption technique. This was preceded by a systematic 

optimisation of the electrospinning process, 20%w/w concentration of PS dissolved in 

DMF/THF (4:1) gave fibres with the best morphology for the micro-sorption test. 

Further experiments showed single filaments of electrospun PS to exhibit the strongest 

affinity to the two oils tested, with a mean adhesive energy of 18.0 x 10-13J and 26.2 x 

10-13J for sunflower and motor oil respectively. This represents values 3 – 6 times 

higher than those recorded for single filaments of the PP counterparts. The superior 

oil adsorptivity of PS fibre was attributed to its chemical structure i.e. the presence of 

aromatic phenyl group in its structure. 
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For the second aim of this thesis, a single step electrospinning method of blending PS 

and thermoplastic polyurethane PU polymers in different weight ratio of PSPU 

polymer blend was explored, using either a Flat Collector (FC) or a Drum Collector 

(DC) system. This was done in order to enhance the mechanical properties of PS 

fibres. The method is a simple, cost-effective engineering approach and exhibits great 

potential. The ultimate tensile strength (UTS) and elongation at UTS were seen to rise 

with increased PU content. Samples of PSPU ratio 6:4 fabricated using a DC system 

(PSPU_DC 6:4) and those fabricated using the FC system (PSPU_FC 6:4) recorded a 

600% and 1000% increase in tensile strength respectively, in comparison to the pure 

PS mat. The oil sorption and retention capacities was seen to be dependent on several 

variables including the fibre collection system. Post treatment of the fibre mat using 

heat treatment around the polymer glass transition temperature (110ºC) was seen to 

induce inter-fibre bonds, with the amount of bonds seen to rise with increase in 

treatment temperature. This causes a simultaneous increase in tensile strength. 

The work presented in this thesis has pioneered some key aspects that will take 

electrospinning of polymer fibres further. In terms of characterization, it is the first to 

quantitatively evaluate the oil adsorptivity of filaments of electrospun PS and melt 

blown polypropylene sorbents. This creates fundamental insight into the sorption 

mechanism at a micro-scale level to aid the design of future and improved electrospun 

sorbents. Also, the electrospinning of PS and PU presented in this thesis, is the first 

time polymer blend of both polymers is being electrospun for any application, with 

detailed characterisation of the bi-component fibres presented. 
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Research Impact Statement 

This research investigates the potential of electrospun polymer fibres as sorbents for 

oil spill remediation. The abstract has summarised the major content and key findings 

of the study, this section however, highlights the potential academic, economic and 

industrial impact of the research. 

The superior sorption performance of electrospun PS/PS-based mats over the 

commercial, melt blown PP sorbent has been well established in literature. These 

previous studies have been based on the macro-scale structure. The novelty of the 

study presented in this thesis lies in the microscale evaluation of the oil adsorptivity 

of single filaments of these mats. The research bridges the gap that exist in literature 

over the lack of data on the micro-scale level interactions between the oils and the 

fibres. It presents a quantitative means of estimating the oil adherence of fibres to 

selected oil types and also provides a basis for comparing the oil affinity of different 

polymer fibres down to the microscale level (of a single filament of the fibre). This 

will provide characterisation data for different polymer fibres and will help in the 

choice of polymers in the design of future electrospun sorbent. In this thesis, the 

superior oil adhesive energy reported for electrospun PS filaments, is an indication 

that in addition to the mat architecture, other factors such as polymer chemistry is a 

key consideration in the design of electrospun oil sorbents. 

In addition, the wetting envelope presented in chapter 4, further elucidates the 

importance of polymer inherent properties (chemistry) in the design of these oil 

sorbents. 
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Despite the increasing research on the use of electrospun polymer fibres as a possible 

replacement for the commercial PP sorbent, one of the limiting factors to its 

commercialisation has been its poor mechanical strength. Electrospinning of blends of 

PS and PU polymers presented in chapter 5, represents a frugal approach at enhancing 

the mechanical properties of electrospun sorbents down to a single filament level. The 

method avoids the use of complex needle configuration, multiple voltage and pump 

systems, and also allow molecular interactions between both polymers. This makes it 

an economical and efficient approach than the multi-nozzle and coaxial 

electrospinning of both polymers reported in literature. This will saves time and cost 

associated with the use of a post treatment method to enhance the mechanical 

properties of these fibres.  
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𝑓𝑎  Fractional area in contact with air 
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g/g  Grams per gram 

𝐻  Gap distance 

J  Joules 

K  Cell constant 

𝐿  Capillary tube length 

𝐿𝑟  Reduced drop length  

𝑚  Mass 

𝑛  Reduced drop height 

Ρ  Density  

𝑅  Radius 
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𝑟  Roughness factor 

Td  Decomposition temperature 

Tg  Glass transition temperature 

Tm  Melting temperature 

𝑉  Volume 

𝑉𝑎𝑐𝑡  Actual drop volume 

𝑉𝐶  Critical Potential 

Vr  Reduced drop volume 

w/w  Weight by weight 

w1   Weight of sorbent after draining 

wo  Weight of dry sorbent 

WA  Work of Adhesion 

ww  Weight of water 

𝜃  Static contact angle 

𝜃𝑎  Intrinsic contact angle in air 

𝜃𝑠  Intrinsic contact angle on solid 

𝜃∗  Apparent contact angle 

𝛿  Resistivity 

𝑞  Charge density 

𝜆  Wavelength 

𝛾  Surface tension 

γL
d  Dispersive component of liquid surface tension 

γS
d  Dispersive component of solid surface free energy 

γL
p
  Polar component of liquid surface tension 

γS
P  Polar component of solid surface free energy 

𝛾
𝑆
  Solid surface energy 

𝛾
𝑆𝐿

  Interfacial energy between the solid and liquid interface 

𝛾
𝐿
  Liquid surface tension 

𝑣𝑠  Poisson ratio of sample 

𝑣𝑡𝑖𝑝  Poisson ratio of tip 
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Abbreviations 

AFD  Average fibre diameter 

AFM  Atomic force microscopy 

ATR  Attenuated total reflectance 

BSE  Backscattered electrons 

BP   British petroleum 

CA  Contact angle 

CD  Cross direction 

DC  Drum collector 

DMF  N`N Dimethylformamide 

DMT  Derjaguin-Muller-Toporov 

DSC  Differential scanning calorimetry 

DWH  Deep water horizon 

EDX  Energy dispersive x-ray spectroscopy 

EtOH  Ethanol 

EU  European Union 

FC  Flat collector 

FESEM Field Emission Scanning Electron Microscope 

FTIR  Fourier transform and infrared spectroscopy 

HT  Heat treatment 

IARC  International agency for research on cancer 

MD  Machine direction 

MO  Motor oil 

OWRK Owen wendt rabel kaebel 

PAH  Polycyclic aromatic hydrocarbon 

PAN   Poly acrylonitrile 

PDLA  Poly (D, L-lactic) acid 

PEO  Polyethylene oxide 

PMMA Poly (methyl methacrylate) acid 
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PP  Polypropylene 

PS  Polystyrene 

PU  Polyurethane 

PVA  Poly (vinylalcohol) 

PVC  poly vinylchloride 

RPM  Rotation per minute 

QNM  Quantitative nanomechanical 

SC  Sorption capacity 

SE  Secondary electrons 

SEM  Scanning electron microscope 

SFE  Surface free energy 

SO  Sunflower oil 

TCD  Tip to collector distance 

TGA  Thermogravimetric analysis 

THF  Tetrahydrofuran 

TPE  Thermoplastic elastomer 

TPU  Thermoplastic polyurethane 

UT   Ultrasonic energy treatment 

UTS  Ultimate tensile strength  

WCA  Water contact angle 

XRD  X-ray Diffraction 
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1 Introduction  

1.1 Background and research motivation 

Oil is one of the most important sources of energy and raw material for most industrial 

processes (chemical, petrochemical and pharmaceutical plants). A rising trend in its 

global consumption has been seen and attributed to the increasing world’s population 

and the sudden rise of emerging economies [1]. Considering this, activities such as oil 

exploration, production, transportation and storage operations [2-4], will continue to 

make oil spill a potential risk to the environment. In 2013, the annual global 

petroleum-based and vegetable oil consumption was reported to be in excess of 100 

and 92 million tonnes respectively [5]. Also, between 2010 and 2013, an estimation 

of global marine oil spill was 22,000 tonnes, forming an oil film covering over 12 km2 

per tonne [6] of ocean surface.  

Though marine oil spills account for just a fraction of global incidences of oil spills, 

they have enormous economic and environmental impact; putting aquatic organism at 

risk. The Exxon Valdez oil disaster in Prince Williams Sound Alaska in 1989 was 

reported to have led to the death of over 250,000 marine birds, 2800 sea otters and 22 

killer whales [7, 8]. In the BP deep water horizon (DWH) disaster of 2010; 2200 

marine birds, fishes, sea weeds and shell were reported to have been affected in just 

two months following the spill, with clean-up cost, claims and litigation running to 

billions of dollars in both incidences [7]. Hence, it is imperative that when spills occur 

it is timely and effectively cleaned up. 
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Current strategies used in oil spill clean-up are categorized into chemical (in-situ 

burning and the use of dispersant), physical (skimmers, booms and sorbent) and 

biological methods (bioremediation techniques) [9-11]. In the event of an oil spill, 

these methods often complements one another, as no particular method best apply to 

all spill situations. However, the use of sorbent is regarded as one of the most 

economical and efficient ways of mopping up oil spills, due to its ability to facilitate 

oil recovery by concentrating and transforming the liquid oil into a semi-solid state [2, 

8, 12]. Sorbents also have the ability to completely eradicate oil spills if timely and 

effectively deployed. It is a technique applicable on both land and water, could be used 

as coalescing filters for separating oil in water emulsions[13] and in mopping up 

Polycyclic Aromatic Hydrocarbon (PAH)[14]; - a material classified by the EU and 

IARC as having carcinogenic, mutagenic and teratogenic effects[15]. The material 

commercially available for use as sorbent is melt blown polypropylene fibres, but this 

material suffers from low oil sorption capacity of approximately 15 - 20g/g, due to 

large fibre diameter and inter-fibre void spaces [12, 16-18].  

In a bid to develop a more efficient sorbent, electrospinning, a technology capable of 

producing fibres from polymer solution with fibre diameters in the range of tens of 

microns to sub-micron sizes, has been explored with polystyrene (PS) polymer [16, 

19]. This novel fibrous material exhibits a better sorption capacity of 5 – 9 times those 

of the commercial PP sorbent. Despite its superior sorption performance, it exhibits 

low mechanical strength particularly after sorption [20]. For electrospun PS/PS-based 

mat to become commercially viable, there is the need to enhance its mechanical 

strength. Also, having a better understanding of the sorption mechanisms of this 

fibrous mat will help facilitate the design of a more efficient electrospun sorbent that 

will address some of the present limitations. 
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1.2 Thesis aims and objectives 

Recent studies have shown the superior oil sorption performance of electrospun PS/PS 

based fibre mats over meltblown PP fibres [16, 19], with credit for this attributed to 

the mat architecture. The first part of this thesis aim to study the contributions of 

individual fibres of both sorbent to the oil sorption behaviour of the bulk (macroscale) 

fibre mats. This will be investigated through a microscale evaluation of the oil 

adsorptivity of individual filaments to selected oils, using the drop-on-fibre micro-

sorption technique. This is a novel approach being used for the first time to compare 

the oil affinity of both electrospun polystyrene PS and meltblown polypropylene PP 

fibre. It is hoped that fundamental insights into the sorption behaviour of both 

materials will be obtained, this will aid material selectin in the design of future 

electrospun sorbents.  

The second part of this thesis aim to explore different techniques that could enhance 

the mechanical behaviour of the electrospun fibre mat. Polymer blending with 

thermoplastic polyurethane (PU) will be explored, as this offers a simple approach that 

lacks the complexities of co-axial and multi-nozzle side-by-side electrospinning of 

both polymers previously reported in literature [21, 22]. Detailed physicochemical, 

thermal, mechanical and oil sorption characterisation of the resulting novel fibres will 

be presented. 

Two post treatment techniques - heat and ultrasonic treatment will also be explored 

with detailed sorption and mechanical characterisation also presented. 
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1.3 Thesis outline 

This thesis is comprised of seven chapters, with the first chapter (Chapter 1) 

detailing a brief background and motivation for the research, the novelty of the 

approach used and a more detailed thesis outline. 

Chapter 2 gives a detailed literature review with the first part covering 

electrospinning, the technology used for the fibre production.  A review of the theory 

governing the process and key parameters that could influence the process and 

morphology of the fibres produced are discussed.  An overview of oil spills, the 

polymers used and some key theoretical background for the concepts used in this 

thesis. 

Chapter 3 provides detailed materials and experimental methods. It describes parts 

fabricated for an experimental procedure and the characterisation studies carried out.  

Chapter 4 details the optimisation study of electrospinning PS polymer solutions. It 

shows the drop-on-fibre micro-sorption experiment, with the evaluation of oil 

adsorptivity and adhesiveness of both electrospun PS and melt blown PP fibres.   

Chapter 5 investigates the feasibility of enhancing the mechanical properties of 

electrospun fibres using polymer blend approach. Detailed physicochemical, thermal, 

mechanical and sorption characterisation of the novel composite fibre is presented.    

Chapter 6 explores the feasibility of using heat and ultrasonic treatments as two 

separate post treatment strategies to enhance the mechanical properties of electrospun 

PS fibre mats previously optimised in chapter 4. Detailed physico-chemical, 

mechanical and sorption characterisation of the fibres are also presented. 
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Chapter 7 concludes the findings of this this study and recommendations for further 

studies are also proposed.  
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2 Literature Review 

2.1 Introduction to electrospinning 

 Electrospinning is a fibre fabrication technique capable of producing continuous 

fibres using polymeric solution or molten polymers, with diameter ranging from tens 

of nanometres to micrometre scale range [23-25]. It is a technology that has been 

widely explored over the past two decades due to its versatility in producing fibres 

from a wide range of materials (mostly polymers), the low cost of setting up in the 

laboratory and the ease of altering the properties of the fibres produced [25]. Studies 

have shown that the morphological structure of fibres can easily be manipulated by 

altering the conditions under which the fibres are produced or by incorporating other 

materials into the polymer solution/melt. This alters the functionality of the 

nano/microfibers [26, 27] depending on the intended application. The technology is 

currently being used in a wide variety of disciplines/fields, ranging from tissue 

engineering, filtration, opto-electronics, photonics, and energy [25-27]. It is a 

technique that can be used for environmental applications as well, such as sorbents, as 

will be explored in this thesis.  

Schematic diagram of a typical laboratory electrospinning setup is illustrated in figure 

2-1. It comprises basically of four main components; a high voltage supply, a grounded 

or negatively charged collector, a spinneret which holds the polymer droplet and a 

syringe pump to maintain a constant polymer flow. It is important to note that due to 

the versatility of this technique and the quest to increase its productivity, a number of 

different variant of this process has been reported. Process such as coaxial 
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electrospinning, bubble electrospinning, melt electrospinning, multi-nozzle 

electrospinning and multi-jet needleless spinning[28]. 

The process often involves inducing a voltage on a polymer droplet held at the tip of 

a spinneret/needle by its surface tension, while the collector a short distance away 

remains grounded or oppositely charged. When the applied voltage reaches a critical 

value, the electrostatic repulsive force overcomes the surface tension of the polymer 

solution/melt and a spinning jet of polymer is seen to erupt from the tip of the spinneret 

towards the oppositely charged or grounded collector [29, 30]. The jet is characterised 

by a region of bending instability as in moves further away from the spinneret tip 

where an initial stable jetting occurs [31]. The whipping instability causes stretching 

and thinning of the polymer jet accompanied by solvent evaporation, while the 

polymer chain entanglement prevents the jet from breaking, leading to the collection 

of fine fibres on the collector surface. 

Setting up an electrospinning process in the laboratory may seems quite easy but the 

process of producing fibres with the desired properties is quite a complex one, owing 

to the need to balance the effect the of different parameters such as solution properties 

(concentration, molecular weight, viscosity, surface tension, conductivity), process 

conditions (Tip to collector distance, flow rate, and applied voltage) and ambient 

conditions (humidity and temperature). Hence, careful understanding of the 

fundamental principles that governs electrospinning, its theory and the influence of 

various contributory factors to jet evolution, propagation and the eventual fibre 

morphology needs to be understood. A detailed discussion of the aforementioned is 

presented in subsequent sections. 
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2.2 History of electrospinning 

The term electrospinning is derived from the words “electrostatic spinning” and was 

first coined around 1994 [26, 29], but the principle behind the technology could be 

traced back to the late nineteenth and the beginning of the twentieth century.  

One of the earliest detailed research on the excitation of liquids was carried out by 

Joseph Larmor in 1898 [32]. He derived an electrohydrodynamic theory that explains 

the excitation effect of an electric charge on a dielectric liquid. Four years later in 

1902, two (2) US patents; patent no 692,631 and 705,691 by J.F Cooley [33] and W.J. 

Morton [34] respectively were filed. This inventions paved the way for further 

research into the principle of electrostatic spinning. Cooley in his patent described a 

phenomenon where a viscous polymer placed on a positively charge electrode and an 

electrode of opposite polarity (negatively charged) is placed in close proximity to it. 

This generates a cob web like collection of polymer on the negative electrode [33, 35].  

Figure 2-1: Schematic diagram of an electrospinning set-up showing the key components of a 

laboratory based horizontal configuration; i.e. high voltage supply, collector, continuous flow 

pump and polymeric solution 
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Anton Formhal between 1934-1944, developed series of patent on electrospinning 

process and apparatus [36-39], with each successive patent being an improvement on 

the former. The first patent was on the production of polymer fibre on a movable 

collector from a solution of cellulose acetate, using acetone as solvent. Figure 2-2 

shows a schematic diagram of a variant of Formhal`s invention, with the movable 

collector system clearly illustrated [36]. The invention demonstrated the need to allow 

fibres to dry before being collected on the substrate.  In the1960`s, Sir Geoffrey Taylor 

described what is today known as a Taylor Cone by observing the behaviour of a 

polymer droplet placed on a positive electrode, when subjected to an induced electric 

field [40, 41]. Peter Baumgartner, in 1971 [42] developed a device that could 

electrospin acrylic polymer with fibre diameters in the range of 0.05 – 1.1µm, using a 

solution of acrylic copolymer dissolved in N`N-dimethyformamide.  The experimental 

setup by Baumgarten includes; a positive displacement pump, a capillary tube to hold 

the polymer droplet, a grounded electrode and a high DC voltage supply. This creates 

the basis for the present day electrospinning set up.  

Since the turn of the 21st century, there has been an upsurge in research on 

electrospinning, and it is estimated that there are over 200 research groups in different 

academic institutions and industries all over the world working on aspects of 

electrospinning technology [25, 30]. This could be attributed to the increasing 

popularity of nanotechnology and the acceptance of electrospinning as an important 

fibre fabrication technique, owing to its applicability in various fields of material 

research. 
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Figure 2-2: Anton Formhal patent describing the process and apparatus for preparing 

artificial thread. Taken from [36]. 
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2.3 Theory of electrospinning process 

Electrospinning as a process involves the complex interplay of rheological forces, 

electrical charges, temperature and mass transport, process and ambient conditions 

[43]. The process of jet formation to propagation and eventual solidification of the 

fibres, is an intricate electro-hydrodynamic process that needs to be carefully 

understood, in other to have control of the process for fibre morphology optimisation. 

It is a process that can be broadly categorized into three stages; jet initiation, jet 

elongation and jet solidification [44, 45]. 

2.3.1 Jet initiation 

Polymeric solutions usually contains ions; both cations and anions in an electrically 

neutral state. The application of an external voltage to a polymer solution held in a 

spinneret/needle, causes the migration of ions of opposite polarity towards the 

electrode. This leads to a build-up of charges of same polarity as the induced voltage 

on any polymeric solution held in the spinneret and at the exit orifice of the spinneret. 

If the spinneret is charge with a negative voltage supply, cations in the polymer 

solution will be attracted towards the electrode while negative ions will move into the 

solution causing a build-up of anions on polymer droplet held at the spinneret tip. An 

opposite effect will occur in the case of an induced positive voltage (see Figure 2-3). 
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Figure 2-3: Schematic diagram; a.) Shows the effect of positively charged electrode on the 

charge build up in the polymer solution, (b-d) effect of increasing the positive voltage on 

polymer solution droplet held at the tip of the needle/spinneret. Note that an opposite effect 

will occur if negatively charge. 

An increase in intensity of the induced voltage increases a charge build up on the 

polymer droplet at the tip of the spinneret, causing it to adopt a conical configuration, 

often called a Taylor cone [31, 44, 46]. The highest charge density is formed at the tip 

of the Taylor cone. When the applied voltage reaches a critical value, and able to 

overcome the inhibiting effect of surface tension and gravity, a spiral polymer jet 

erupts from the tip of the Taylor cone towards a collector, often grounded or charged 

with an opposite polarity. Sir Geoffrey Taylor, found the Taylor cone angle before jet 

initiation to be 49.3º[41], while the critical potential (𝑉𝐶) that needs to be overcome 

for jet initiation was given by the below Equation[40];  

VC = [4 (
H

L
)

2

(ln
2L

R
− 1.5) 0.117πRγ]

1
2⁄

 (2-1) 
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where 𝐻 represents the air gap distance, 𝐿 is the capillary tube length (in this case the 

spinneret), 𝑅 the radius of the capillary tube and  𝛾 the polymer surface tension in 

dyne/cm, while 𝐻, 𝐿 and 𝑅 measured in centimetres. 

Over the years since Taylor found the angle prior to jet formation to be 49.3º, 

contradictory reports have been reported in literature, with Larrondo et al [47] 

independently verifying the angle to be 50º, while Yarin et al [48] had reported an 

angle 33.5º in a separate study.  

It is worthy of note that after the jet initiation, the electrically driven jet travels in a 

straight line for a few centimetres[31] before spiralling radially into a conical jet 

during the jet elongation stage. During the straight jetting mode, the fibre diameter 

decreases monotonically with increasing distance from the tip [43] and this mode can 

occur with or without the formation of a Taylor cone depending on the process 

parameters employed. 

2.3.2 Jet Elongation 

This is the region where extensive jet thinning and instabilities (whipping or bending) 

occur and is characterised with a series of spiralling loops, with each successive loop 

having an increased circumferential diameter (conical envelop), while the cross 

sectional diameter of the jet thins out.  

2.3.2.1 Jet Thinning 

Electrical field and Coulombic forces created between the spinneret tip and the 

collector contributes to the stretching and jet thinning process[27],  and the mass of 

polymer per unit time passing through any point remains the same.  Dietzel el al [49] 

represented a volume element of an electrospinning jet, with a cylindrical geometry, 
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and presented a relationship between the jet radius and the volume as shown in 

Equation 2-2; 

A

V
 =  

2

R
 (2-2) 

where 𝐴 represents the cross sectional area, 𝑉 the volume and 𝑅 the jet radius. 

This implies that the larger the jet radius of a specific volume element, the smaller the 

specific surface area associated with that volume element.  

The relationship between the mass and charge density of a given volume element to 

the jet acceleration is given in Equation 2-3 below. This infers that an increase in the 

electrospinning jet radius causes a corresponding decrease in jet acceleration. 

𝑎 = 𝐸 (
𝑞

𝑚
) 

(2-3) 

where 𝑞 and 𝑚 represents the available charge and mass respectively of a given 

volume element, 𝐸 the electric field strength and  𝑎 the jet acceleration. 

The cylindrical model reported by Dietzel et al[49], represents a simplified model of 

the jet thinning process, and only illustrates the interplay of applied voltage, solution 

feed rate and charge to mass ratio. A more detailed approach will consider solvent 

evaporation rate, viscoelastic responses and the charge relaxation time which will 

further complicates the process[44].  

2.3.2.2 Jet instabilities 

The existence of instabilities in electrically driven jets has been well recognised from 

the early works of Taylor[40]. They occurs as a result of coupling of the Coulombic 

forces in the spinning jet with the electrical field generated between the spinneret tip 
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and the collector, and has been attributed largely for the formation of sub-micron size 

fibres [50]. Electrical charges in the form of uncompensated ions are carried along 

with the polymer jet during jet initiation. In order to keep the interior of the polymer 

in equilibrium, excess charge moves radially outwards towards the surface of the 

spinning jet. The redistribution of these excess charges and the subsequent Coulombic 

repulsion of the charges causes jet stretching in the direction of its axis until jet 

solidification [43]. As the bending instability is initiated, the increasing spiralling loop 

diameters is a direct effect of the same Coulombic repulsion charge which thins out 

and elongates the jet.  

Instabilities during electrospinning has been extensively researched by Hohman et 

al[50, 51] and Shin et al [52], and the possibilities of three modes of instabilities has 

been proposed, with the first two being the varicose (axisymmetric) instabilities and 

the third is the whipping instabilities. In the varicose instability, the jet remains 

axisymmetric about the jet centreline, while the radius is modulated. This instability 

comprises of the Rayleigh and the Conducting mode. The Rayleigh mode is the 

classical Rayleigh instability, which is the effect of opposing forces between the 

polymer surface tension which tends to have a cohesive effect on the jet surface area 

and the electrostatic repulsion which tries to increase its surface area [44, 53]. This is 

the instability responsible for droplet formation during electrospraying [54], due to 

low polymer chain entanglement and low applied electric field or surface charge 

density. In the case of sufficient viscosity or polymer chain entanglement with 

adequate fluid conductivity, the conducting mode instability or whipping instability 

will ensue and polymer fibres are formed. Hohman [50], described that the dominant 

instability will be a function of the fluid jet parameters (i.e dielectric strength, 

conductivity, solution viscosity) and the jet`s static charge density. The whipping 
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instability which is a non-asymmetrical mode as the jet centre line is kept modulated 

at this stage is also referred to as a conducting mode. It is the mode responsible for 

immense jet stretching prior to jet solidification. Figure 2-4, illustrates the conical jet 

path and the thinning process during whipping instability. 

 

Figure 2-4: An illustration of electrospinning jet propagation phase showing the conical jet 

path and the bending instabilities. Taken from [43]. Copyright permission obtained from 

Elsevier 
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Another phenomenon that could occur during jet elongation stage is the splitting of 

the spiralling primary loop (whipping jet) into multiple secondary loops known as 

splaying, branching or splitting [51, 55]. This occur as a result of solvent evaporation 

and jet elongation, causing changes in the shape and charge per unit area of the jet. 

This leads to jet instability and to overcome the charge build up per unit area of the 

jet, a secondary jet is released [44, 55]. It is believed to have lesser influence compared 

to the whipping instability in the formation of thinner or nano-size fibres.  

2.3.3 Jet solidification 

At this stage, solidification of the jet occurs as a result of solvent evaporation and the 

dry fibre are subsequently deposited on the collector. The rate of fibre deposition is 

dependent on polymer concentration, applied electrical field and the tip to collector 

distance [44]. Other parameters such as ambient condition (temperature and humidity), 

solvent vapour pressure will also affect the jet solidification rate. Conglutination has 

been reported to occur prior to jet solidification in some electrospinning process. This 

is a process where partially wet jet intercepts mid-air during whipping instability stage 

and form bonded joints upon solidification. The existence of point bonded structure in 

fibre scaffolds enhances the mat stiffness and influences the overall mechanical 

properties of the fibre structure. A nonwoven fibre mat with a network of point bonded 

fibres are known as Garlands [56]. 

2.4 Electrospinning parameters/ parameters that influences electrospinning 

The complexity of electrospinning is reflected in the number of different parameters 

that govern the morphology of fibres produced via the process. Studies have shown 

that by varying some of these parameters, it is possible to alter the morphology of the 
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fibres (from beaded to smooth ultrafine fibres or fibres with nano-structured surfaces) 

produced as may be required for different applications. The sensitivity of fibre 

morphology to variation in these parameter often differs from one polymer or polymer 

solution to another, hence optimisation of the process is important to achieve fibres of 

desired properties. These parameters can be broadly classified into; solution, process 

and environmental/ambient parameters [29]. Detailed breakdown and discussion of 

these parameters as it affects electrospinning is reviewed in this section. 

2.4.1 Solution parameters 

2.4.1.1 Molecular weight  

Molecular weight of a polymer is an important solution parameter due to its effect on 

the viscosity, surface tension, dielectric property and conductivity of the solution. 

Polymers are made up of repeated chains of monomers and the molecular weight of 

the bulk can be expressed as a summation of the molecular weight of each monomer. 

The higher the molecular weight of a polymer, the higher the viscosity, and hence the 

more the ability of the polymer to form entanglement chains of its molecules during 

jet propagation [57]. 

In 2005, Guptal et al [58] demonstrated the effect of molecular weight on fibre 

structure, by electrospinning poly(methyl methacrylate) acid (PMMA) of different 

molecular weights. They found out that the higher the molecular weight the lower the 

number of bead and the more uniform the fibres produced. Casper et al[59], 

investigated the effect of molecular weight on intra-fibre pore formation, using PS 

polymers of 190,000g/mol and 560,900g/mol. Solution from the latter was seen to 

produce larger intra-fibre pore sizes when both polymers solutions of the same 
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concentration were electospun at the same relative humidity.  This was attributed to 

either phase separation or difference in solution viscosity. 

2.4.1.2 Concentration 

Concentration of a polymer solution is closely linked to the viscosity and surface 

tension of the solution. It has been proven by various researchers that when a solution 

of low concentration is electrospun, they tend to produce beaded fibres. The shape of 

the beads formed changes from spherical to a spindle like structure with increased 

polymer concentration, while a further increase in the concentration will eventually 

lead to the formation of fine, uniform fibres with increased fibre diameter at the 

optimum concentration [29, 35, 57, 60, 61]. Dietzel et al in 2001 [62] in their study 

demonstrated the effect of concentration on fibre morphology by dissolving a 

400,000g/mol polyethylene oxide (PEO) in water, to form different concentration 

ranging from 4 – 10% PEO solution. They observed that at low solution concentration 

beaded fibrous structures were produced and when the concentration was increased 

while keeping other parameters constant, the fibre morphology changes to a bead free, 

uniform structure with an increase in fibre diameter. However, it is important to note 

that increasing the concentration well beyond the optimum level could lead to 

needle/spinneret blockage during electrospinning, which could ultimately lead to 

production of defective fibres. 

2.4.1.3 Viscosity 

Viscosity of a polymer solution affects not only the quality of the fibres produced, but 

also the ability of the solution to be electrospun into fibres. It is closely related to the 

molecular weight and concentration of the polymer solution. At very low viscosity, jet 

propagation and formation of continuous fibres becomes difficult, due to poor 
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entanglement of the polymer molecules[29]. This is one of the factors responsible for 

the formation of micro beads in a process known as electrospraying, due to insufficient 

entanglement during the Rayleigh instability stage. On the other hand a high viscosity 

beyond the optimum, can lead to poor fluidity during jet propagation. Fong et al [63] 

studied different polyethylene oxide (PEO) solution with varying viscosity, and they  

reported that the optimal viscosity to form uniform fibres for PEO solution is between 

100 – 2000 centipoise, but it is important to note that the optimal viscosity required to 

produce uniform fibres varies from polymer to polymer. Figure 2-5 below illustrates 

the morphology of fibres produced at different solution viscosities as reported by 

Fong[63]. Similar effect of solution viscosity on fibre morphology has been reported 

in other literature studies [64-66]. 

2.4.1.4 Conductivity/surface charge density 

Most polymers are conductive in nature with the exception of a few dielectric materials 

[29], and in solution, the polymer ions exists in an electrically neutral state if not 

excited. For jet initiation to occur during electrospinning, the polymer solution needs 

to be sufficiently conductive for the electrostatic repulsive charge to overcome the 

surface tension of the polymer, when induced with a voltage. The electrical 

conductivity of a polymer solution can be attributed to the solvent, the polymer and 

the presence of any ionisable salt in the solution. Electrospinning a polymer solution 

with enhanced conductivity increases the jet bending instability, leading to an 

increased flight path and a subsequent stretched fibre with reduced diameter. The fact 

that increasing the conductivity increases the charge density of polymer solution, 

reduces the critical voltage required for jet initiation. Zhong et al [67] demonstrated 

the effect of ionic salt addition on the morphology of electrospun poly (D, L-lactic) 
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acid (PDLA) using three different ionic salt of NaCl, NaH2PO4 and KH2PO4. A 

reduction in the fibre diameter was observed in all the solutions added with the 1%wt 

ionic salt, with the NaCl solution having fibres with the least diameter. This was 

attributed to its lower ionic radius giving it a higher charge density and increased 

mobility under an external charge. Similar effect was reported by Zhang et al [68] on 

PVA fibres, where the addition of NaCl to the polymer solution led to reduction in 

fibre diameter. This was ascribed to a higher electrical force being exerted on the 

polymer jet during electrospinning due to increased charge density with NaCl addition. 



 

51 

 

Figure 2-5: Effect of viscosity on fibre morphology of fibres electrospun with different 

PEO solution viscosity at 0.7kV/cm. Taken from [62] 
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2.4.1.5 Surface tension 

Surface tension of a polymer solution is a function of the solvent used in making the 

solution. The surface tension of the solution needs to be overcome by the induced 

electrostatic charge, for the jet to propagate. It influences the formation of polymer 

droplet, production of either beads on string or uniform fibres [29, 57]. A high surface 

tension is undesirable in electrospinning as it enhances Rayleigh instability leading to 

droplet formation (electrospraying) [51]. Fong et al reported that decreasing the 

surface tension of a polymer solution increases the viscosity and hence leads to the 

production of a uniform fibre structure  [63]. 

2.4.1.6 Dielectric strength of the solvent 

The use of a solvent with a high dielectric constant such as N`N Dimethylformamide 

generally reduces beads formation and also leads to the production of small diameter 

fibres. The decrease in fibre diameter can be attributed to the increased bending 

instability of the jet which causes an increased flight time, hence a reduction in fibre 

diameter [18]. An increased deposition area also occurs as a result of the enhanced 

bending instability. Sun et al[69] in 2012, demonstrated that the use of solvents with 

low dielectric strength such as chloroform can be used to prevent bending instability 

during electrospinning process, hence can be used in generating aligned fibres with 

appropriate collectors system. Luo et al [70], investigated the effect of solvent 

dielectric constant on the electrospinning of PCL by creating a solvent mix of acetic 

acid and formic acid. They found the optimum dielectric constant required to generate 

nanofibers to be ~19 and above, at a solution temperature of 20oC, values below this 

was found to results in larger fibre diameters. They also reported that increase in 
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dielectric constant causes an increase in the electric field strength required for stable 

jetting of the electrospinning process. 

2.4.2 Process parameters 

2.4.2.1 Applied voltage 

A minimum threshold voltage needs to be applied for electrospinning process to occur. 

The applied voltage need to be high enough to induce sufficient electrostatic charge in 

the polymer droplet to initiate jet propagation. There has been a number of variant to 

the effect of applied voltage on fibre formation. Zhang et al [68] in 2005 reported that 

increasing the applied voltage on a solution of poly (vinylalcohol) PVA, causes an 

increase in the amount of polymer ejected from the droplet, leading to the formation 

of fibres with increased diameter. Megelski et al [71] on the other hand reported that 

while electrospinning a solution of polystyrene, they observed that an increase in 

applied voltage causes a reduction in the diameter of the fibres produced. The reduced 

fibre diameter was attributed to increase stretching of the polymer jet due to a higher 

Coulombic forces. Zhao et al [72] also reported that an increase in applied voltage 

causes an increase in fibre diameter, while Dietzel et al [62] on its part reported that 

an increased voltage led to an increase in bead formation. 

2.4.2.2 Flow rate 

Flow rate determines the amount of polymer solution available per unit time for jet 

propagation. Megelski et al [71] demonstrated using polystyrene (PS) solution that a 

reduction in flow rate from 0.01ml/min to 0.07ml/min results in a reduction in beads 

formation as well as in the fibre diameter. Similar effect was observed by Zong et al 

[67] in an experiment conducted with 25% PDLA solution doped with 1%wt KH2PO4. 
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A high flow rate of 72µl/min was observed to result in large diameter fibres with large 

beaded structures, while a feed rate of 20µl/min led to smaller fibre diameters with 

spindle like beads. Zargham et al[73] in a separate study observed that increased flow 

rate could lead to the collection of wet, flattened fibres due to insufficient solvent 

evaporation.  

2.4.2.3 Tip to collector distance (TCD) 

This is the distance between the needle tip and the collector or substrate. Although it 

is believe to be of less significance when compared to other parameters, a minimum 

distance between the needle tip and the collector is required to allow adequate time for 

solvent evaporation, so as to prevent deposition of wet fibres on the collector. Also, 

an increase in the tip to collector distance may allow for an increased flight time 

thereby leading to the production of smaller diameter fibre [31, 72]. A short distance 

between the needle tip and the collector can cause the formation of inter-fibre bonds 

[74], thereby enhancing the strength of the fibre mat. Lee et al [75] reported the 

formation of beaded fibres at low TCD, and beyond the optimum TCD large diameter 

fibres were produced due to poor electrical field strength needed to cause jet 

stretching. 
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2.4.2.4 Collector 

A collectors is any substrate on which fibres can be deposited during electrospinning 

process, usually a grounded or a charged (negative or positively) metallic surface. 

Traditionally, aluminium is utilized as a collector during electrospinning experiment 

as it is cheap, readily available and has a high conductivity. A major drawback in using 

flat aluminium foil as a collector is the difficulty in transferring the collected fibres 

and its inability to enhance the production of aligned fibres. To mitigate this drawback, 

different configurations of collectors have been utilized by researcher ranging from; 

rotating disk, rotating drum[62], split electrodes, conductive cloth, conductive paper, 

wire mesh [29, 76, 77]. Figure 2-6 shows examples of the different collector 

configuration that could be used for electrospinning. 

 

Figure 2-6: Schematic diagram illustrating some of the different electrospinning collector 

systems 
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2.4.3 Ambient Parameters 

2.4.3.1 Humidity and temperature 

Temperature and humidity are two (2) key environmental parameters that can affects 

the morphology of electrospun fibres, as they could influence the electrostatic field 

generated between the needle and the collector.  A number of studies have shown that 

increasing the humidity of an electrospinning ambient condition will lead to the 

formation of intra fibre pores [21, 59]. In 2004, Caspers et al [59] demonstrated that 

electrospinning polystyrene polymer solution at a high ambient humidity will cause 

the formation of intra-fibre pores. The sizes of the pores were reported to increase with 

increasing humidity. Lin et al [21] in 2012 equally supports this claim, with the 

production of fibres with high intra fibre porosity at a relative humidity (RH) of 45%, 

when compared to the solid structures observed with fibres produced at 20% RH. 

Mit-Uppathan et al [78] in 2004 was able to demonstrate the effect of temperature on 

fibre morphology with a solution of polyamide-6 dissolved in formic acid. They 

observed that an increase in the ambient temperature from 30 – 60oC causes a 

reduction in fibre diameter. The decrease in fibre diameter was attributed to reduced 

in-flight jet viscosity and surface tension, with increased ambient temperature. Vrieze, 

et al [79] reported that ambient temperature creates two opposing effects; either an 

increased rate of solvent evaporation or an increase in jet viscosity, both of which 

affects the fibre diameter produced. 

2.5 Application of Electrospinning  

The application of electrospinning and its versatile nature can be seen in the amount 

of both on-going and proven research findings, which spans across different 
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disciplines, utilization a vast array of materials (polymers, metals and ceramics) and 

materials science skills. This could be attributed to the ease in which the process can 

be manipulated in achieving fibres of desired morphology and the different post 

treatment measures possible to enhance fibre functionality. Heat treatments, plasma 

treatment and chemical vapour deposition, and solvent processing [27, 80, 81] among 

others are some important post treatment methods that can be employed to 

enhance/modify fibre functions. An example is the use of solvent treatment to 

introduce porosity through selective dissolution of bi-component fibres.  All of these 

techniques makes it possible to produce fibres with vast array of functionalities for 

different application areas ranging from defence and security, energy, healthcare to 

environment applications [30]. Prominent among these application area is health care 

where it has been extensively used in tissue engineering[82-84], wound healing [85] 

and drug delivery application[86]. Research into its use for environmental applications 

has been more into filtration, and affinity membrane generation, only recently has 

studies into its use for oil sorbent application been explored. Figure 2-7 below shows 

the categorization of the different research areas as it relates to electrospinning 

technology, with characterisation and processing being the most researched areas. This 

implies that a better understanding of this technology as it relates to the different 

application areas still remains an ongoing interest.
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2.6 Overview of oil spill 

2.6.1 Oil spill and factors that influences spill clean-up 

Incidences of oil spill can occur either on land or water, but spills over water do have 

more damaging impact due to the absence of natural vegetation or surface 

topographies, which often hinders its spread on land limiting its impact [87]. When 

spills occur on water, they often undergo some physicochemical changes due to a 

number of simultaneous processes known as weathering [3, 4]. Weathering processes 

such as spreading, dissolution, evaporation, photo-oxidation, emulsification and 

biodegradation; do have significant influence on how the oil behaves in the aftermath 

of a spill [7, 88]. Other factors such as ocean/sea current and wind movement often 

Figure 2-7: Chart illustrating the proportion of electrospinning research areas. Adapted 

and modified from [28]  
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increases the spread of oil spill on water. In order to better understand the limitation 

of the various oil spill clean-up techniques and how these techniques could be used to 

complement one another, there is the need to have an understanding of the 

transformation profile of the oil under the prevailing ocean or weather condition. 

These factors could favour the use of a particular technique over the others, which is 

why no particular clean up method could be deemed to be ideal in all oil spill 

situations[89].  

Figure 2-8 below shows the relationship between all the different weathering 

processes in a marine oil spill. These processes affects the oil spill transport, the 

formation of emulsions and ultimately the overall fate of the spill. Spreading of the 

spilt oil starts almost immediately the spill occurs, and will depend largely on the 

volume and viscosity of the oil[90]. The rate of evaporation of the volatile 

components of oil will depend on the atmospheric condition and the wind speed. 

Dispersion on the other hand, can occur as a result of wave and sea turbulence 

breaking the oil spill into smaller droplets which can get dispersed and remain in the 

water column or coalesce on the surface as oil sheen[90]. Dissolution, pho-oxidation, 

biodegradation and emulsification are other key processes which can greatly affect the 
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fate of an oil spill and influences the choice of oil spill method that could be deployed 

[3, 17]. 

2.6.2 Methods of oil spill clean up 

The choice of clean-up strategies used for a particular oil spill will depend on the oil 

type and the surface where the spill has occurred. Clean up methods can be broadly 

categorized into; mechanical/physical, chemical and biological/bioremediation 

methods. Chemical method comprises of in-situ burning and the use of dispersant, 

while mechanical methods are the use of sorbent, oil booms and skimmers. 

Bioremediation involves the use of microorganisms in degrading the oil spill in 

processes such as bio-augumentation, biostimulation etc. The literature review in this 

thesis will be on sorbent as it is a method known to be applicable for both land and sea 

oil spills, and can effectively recover all spilt oil if timely deployed. This is in addition 

to the fact that the technology being explored in this thesis is on the use of electrospun 

fibres as sorbent. 

Figure 2-8: Illustration of weathering process undergone by oil spill at sea Taken from [84] 
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2.6.2.1 Sorbents 

Sorbents are materials that uses process of adsorption, absorption, capillarity or 

combination of these mechanisms to recover other liquids. One major advantage of 

this method is the fact that it can be used on both land and water, and it is the most 

effective and economical means of cleaning up spills on shorelines; one of the most 

difficult spills to clean and that also has quite an enormous economic and 

environmental impact [91]. Since oils often have a lower density that water, sorbent 

used in marine oil spill clean-up should have a good buoyancy. Other properties of an 

ideal sorbent are; good oil sorption and retention capacity, excellent oil-water 

selectivity and good reusability and recyclability [2, 8, 12]. These sorbent are generally 

disperse on the surface of the oil for sorption to occur. The soaked sorbent is 

subsequently retrieved for the oil to be recovered and sorbent reused or for outright 

disposal [7]. Sorbents used in oil spill clean-up can be categorized into; inorganic 

minerals, synthetic organic materials and organic sorbents [2].  

2.6.2.1.1 Inorganic mineral sorbent 

Examples of inorganic minerals that have been used as sorbents for oil spill clean-up 

are diatomite, perlite, vermiculite, sorbent clay, zeolite, graphite and activated carbon 

[2, 12]. Classifying activated carbon is a bit tricky as it can also be derived from 

organic sources (wood and fruit seeds), synthetic organic product (polymers and 

rubber) as well as from mineral products (peat, coal and lignite) [7]. Most mineral 

sorbent have a low sorption capacity but activated carbon and organoclay have been 

shown to have a high sorption capacity, due to its excellent pore structure and high 

surface area. In the studies carried out by Carmody et al and Adebajo et al, they 

reported that despite organoclay having an excellent sorption capacity, it has the 
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downside of being, expensive, non-biodegradable and non-reusable [2, 91]. Activated 

carbon on the other hand has the issue of pore clogging and regeneration[7]. 

Major disadvantages in the use of inorganic sorbent is its dense nature and low oil 

retention capacity[2]. The density causes the sorbent to sink to the ocean floor, 

releasing the sorbed oil in the process. Having saturated mineral sorbent on the 

sea/ocean floor also poses great danger to aquatic organisms[7].  

2.6.2.1.2 Natural Sorbent 

There has been quite a number of research on the use of natural agricultural product 

(kenaf, milkweed, cotton, straw, rice husk) as sorbents for oil spill clean-up [3, 4, 12, 

92]. These studies have shown that some of these materials have a higher sorption 

capacity when compared to the commercial polypropylene sorbent [93]. They are 

equally cheap and readily biodegradable. Annunciado et al in 2005 in their study of 

sorption behaviour of different vegetable fibres reported silk floss to have a high 

sorption capacity (85g/g), good oil retention capacity, excellent buoyancy and high 

oil/water selectivity [3]. However, limitations in the use of some of these natural 

sorbent such as straw is the cumbersome nature of broadcasting and retrieval in the 

case of marine spill clean-up. This makes the operation expensive and often limits its 

use to shoreline and small water bodies. They are also not readily available in the 

incident of an oil spill and most natural sorbent except a few (straw, silk floss and 

kapok) have low sorption behaviour [7].     

2.6.2.1.3 Synthetic Organic Sorbent 

The most widely used synthetic organic materials for oil spill clean-up are non-woven 

polypropylene fibres and polyurethane foams, largely due to their hydrophobic and 
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oleophilic nature. In 2003, Wei et al [17] evaluated the oil sorption behaviour of five 

different commercially available polypropylene fibres, with the difference being their 

method of fabrication. Each sample was tested in light crude oil as well as in 25% and 

50% weathered oil samples. It was observed that stitch bonded polypropylene fibres 

exhibits the highest sorption of 15g/g in the 25% weathered oil, which they attributed 

to the high porosity of the fibre sample. Duong et al [89] in 2006, observed that 

Ultralight Instapak, a brand of polyurethane foam could sorb close to 100 times its 

weight in an experiment conducted with naphthenic based crude oil. Despite the high 

sorption capacity of this brand of polyurethane, non-woven polypropylene fibre still 

remain the most widely used sorbent in oil spill clean-up due to its compact nature. 

Major limitation in the use of synthetic organic sorbent is low biodegradable nature of 

the polymer which had to be incinerated after use[2]. Creating a fibre or foam that 

could be reused will be a way in mitigating the short fall of this technique. Also despite 

the oleophilic nature of polyurethane foam and polypropylene fibre, they both exhibit 

poor hydrophobicity, while polypropylene sorbent generally have low sorption 

capacity [17, 19]. 

2.6.3 Use of electrospun fibres for oil spill clean-up 

The aftermath of the BP Deep Water Horizon (DWH) oil spill disaster of 2010 saw 

the quest to develop new and effective materials for oil spill clean-up [94]. One of the 

new method explored is the use of electrospun fibres as sorbents for oil spill clean-up. 

This method offers an alternative sorbent to the widely used PP fibres, fabricated using 

melt blown technology. The first research in this field was reported in 2011 by Zhu et 

al[19], in an experiment performed using fibres electrospun from polymer blend of 

polyvinyl chloride (PVC) and polystyrene (PS). The resulting mat was reported to 
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exhibit a sorption capacity 2 - 9 times higher than those recorded for commercial PP 

sorbent, with a maximum sorption capacity of 146g/g reported for motor oil.  

The use of electrospun pure PS polymers were recorded in three different studies [16, 

95, 96] with all the works reporting a similar high sorption performance as earlier 

recorded by Zhu et al. In one of the works, Lin et al [16] used different molecular 

weight PS to demonstrate the effect of fibre diameter and fibre morphology on oil 

sorption. Wu et al [96] on their part studied the effect of fibre diameter and fibre 

surface porosity on oil sorption, by varying the needle gauge/sizes used for the 

electrospinning experiment. Thinner fibres obtained using the smaller needle size was 

observed to possess better oil/water selectivity and a superior sorption performance. 

Lin et al [95], in another study further demonstrated the effect of microstructural 

properties of PS fibre on its sorption performance, by tuning the fibre morphology 

through a control of the solvent composition, polymer molecular weight and 

concentration.  

Despite the high sorption capacity of electrospun PS fibres, its poor strength and 

resiliency after oil sorption has been a major limitation to its commercialisation and 

reusability [94]. Methods such as polymer blending, coaxial and multi-nozzle side-by-

side electrospinning have been explored in literature in mitigating this short fall.  Peng 

et al [20] in 2015 reported the production of a composite blend of PS and poly 

acrylonitrile (PAN). Though an improvement in mechanical strength and high sorption 

capacity was achieved, the use of PAN being a hydrophilic polymer has the possibility 

of negatively impacting the oil-water selectivity of the mat. Jiang et al [97] in their 

study used a hydrophobic PVDF as a reinforcement polymer, while also incorporating 

iron oxide (Fe3O4) nanoparticles into the polymer matrix. They found the sorption 
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capacity to be between 35 – 45 g/g for the oils studied, with good mechanical strength 

recorded for the composite mats. The pioneering work of Zhu et al [19], which also 

created composite polymer blend fibre had no report of the mechanical properties of 

the mat. 

Lin et al [21] created a composite fibre mat by incorporating PU fibres into the PS 

fibre mat using a multi-nozzle side-by-side electrospinning method. This approach 

further enhanced the elasticity and recoverability of the mat while also enabling its 

reusability. In another study, Lin et al[22] used a coaxial electrospinning approach 

with PS polymer forming the sheath and PU in the core, to improve the mechanical 

performance of the fibre mat. The composite mat showed good reusability even after 

five sorption iterations and exhibited a high sorption performance, with a maximum 

of 64.4 g/g recorded for motor oil. These two approaches [21, 22] involves the use of 

complex needle configuration, with the need for additional voltage supply and syringe 

pumps, thereby increasing the production cost of the fibres.. 

The above works elucidates the need for further studies to actualise the goal of 

commercialising electrospun fibres as oil sorbents. Table 2-1, shows a summary of 

previous literatures in this field and the sorption performance achieved. 
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Table 2-1: Summary of previous work on the use of electrospun fibre in oil spill clean-up 

Author / Year Polymer Approach / Setup 
Oil Type 

Investigated 

Sorption 

Capacity (g/g) 
Remark 

Zhu et al 

(2011)[19] 

PVC/PS (1:9) 

 

Polymer blending / 

Single nozzle 

Ethylene Glycol 

Peanut Oil 

Motor Oil 

Diesel 

81  

119  

146  

38  

* Sorbent has a sorption capacity of about 5-9 

times that of commercial PP sorbent. 

* No study was done using crude 

* No mechanical study 

Li et al 

(2012)[16] 

20% PS (Mw=350,000) Pure PS / Single 

nozzle 

Motor Oil 

Bean Oil 

Sunflower Oil 

113.87  

111.80  

96.89  

* Sorbent has a sorption capacity of 3-4times 

that of commercial PP sorbent 

* No study was done using crude 

* No mechanical study 30% PS (Mw=208,000) Same as above  

Li et al 

(2012)[95] 

30% PS (Mw=208,000) 

 

 

Pure PS / Single 

nozzle 

Motor Oil 

Sunflower 

84.41 

79.62  

* Studied the effect of  solvent composition , 

polymer concentration  and molecular weight 

on fibre porosity and sorption 

* No study was done using crude 

* No mechanical study 

Wu et al 

(2012)[96] 
20% PS in DMF 

Pure PS / Single 

nozzle 

Motor Oil 

Peanut Oil 

Silicon Oil 

Diesel 

131.63 

112.30 

81.40 

7.13 

* Studied effect of fibre morphology and 

porosity  

* No study was done using crude oil 

* No mechanical study 

Li et al 

(2012)[21] 

20% PS (Mw=350,000)  

50 %PU resin  Multi-nozzle 

spinning of 

PS/PU(4:1) 

Motor Oil 

Sunflower Oil 

Motor Oil 

Sunflower Oil 

27.75 

23.84 

30.81 

24.36 

* Studied the effect of relative humidity on 

fibre porosity 

* Multi-nozzle spinning using different nozzle 

ratio of PS and PU  

* No study was done using crude oil 

30% PS (Mw=208,000) 

50 % PU resin in DMF 

Li et al 

(2013)[22] 

20% PS (Mw=350,000) 

100 %PU resin 

Coaxial / PS 

Sheath, PU Core 

Motor Oil 

Sunflower Oil 

64.40  

47.48  

* Studied coaxial spinning of PS/PU polymers. 

* No study was done using crude oil 

Peng et al 

(2015)[20] 

18%PS/PAN (1:1) in 

DMF 

Polymer blend / 

Single nozzle 

Pump oil 

Peanut Oil 

Diesel 

Gasoline 

194.85 

131.7 

66.75 

43.38 

* Polymer blending with hydrophilic PAN 

* No report on the mechanical strength of the 

fibre 

* No study was done using crude oil 

Jiang et al 

(2015)[97] 
20% PS/PVDF/Fe3O4 

Multi-nozzle 

spinning PS/ 

Fe3O4 and PVDF 

Motor oil 

Sunflower oil 

Soybean oil 

Diesel 

35 – 46 

* Fibre blending with magnetic properties 

* No study was done using crude oil 

* No mechanical study 
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2.7 Polymers 

Polymers are macromolecules made up of repeating units of monomers linked together 

by covalent bonds. A good example of this is polystyrene polymer, which is made up 

polymerized styrene (C6H5CH=CH2) monomers. The ability of polymers to form 

entanglement in solution makes it one of the few materials aside ceramics that can be 

electrospun[27].  There are large number of polymers and the choice of polymer 

selected for electrospinning will often depend on the intended application.  

Polymers used in electrospinning could be natural or synthetic polymers [98-102]. 

Natural polymers as the name implies are from natural sources (i.e chitin, chitosan, 

gelatine). They are often used in situations where biocompatibility and 

biodegradability is of high importance, particularly for tissue engineering and other 

biological applications [98]. Synthetic polymers on the other hand are man-made 

polymers, synthesized through chemical processes, such as; polyethylene, 

polystyrene, polypropylene, Poly (vinyl chloride) etc. They are classified based on 

their response to heat into thermoplastic and thermoset polymers[27, 103]. 

Thermoplastics polymers melts on application of heat and can be reversibly melted 

and dissolved, while thermosets are polymers that cannot be melted or dissolved and 

on application of heat or chemicals can undergo chemical reaction to form insoluble 

material [103].  

The choice of polymer to be electrospun will depend primarily on the application, the 

morphological structure of fibres/fibre mat desired as well as the ready accessibility 

of the polymer. For the production of fibre mat for oil sorption applications, polymer 

availability, low surface free energy polymer, and ability to be electrospun from 

solution were some of the factors considered in polymer selection [16, 104].  
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2.7.1 Polystyrene (PS) 

Polystyrene one of the most widely used thermoplastic polymers due to its low cost 

and good processing properties is produced from the polymerization of styrene 

monomers. It exists either in a glassy like solid form or as an extruded foam material. 

The chemical structure of polystyrene consist of a backbone of carbon atoms with 

attached phenyl group (benzene ring), the arrangement of the benzene ring attachment 

about the carbon atom determines the tacticity of the polystyrene polymer. The 

tacticity on the other hand determines the physical properties of the polymer. 

Depending on the processing method, three different tacticity of polystyrene exist; the 

atactic (amorphous) polystyrene and the crystalline; isotactic and syndiotactic 

molecular structures. Atactic polystyrene which is amorphous in nature has a 

stereochemical structure with the phenyl group randomly placed on both sides of the 

carbon chain. Most commercially available polystyrene are atactic in nature. Isotactic 

and syndiotactic PS on the other hand both have ordered spatial arrangement of the 

benzene ring, giving it a crystalline structure, with the degree of crystallinity 

determining the physical properties of the PS polymer. One of the major difference 

between the two crystalline forms of PS is its melting temperatures (Tm) and the degree 

and rate of crystallization, with isotactic PS having a melting temperature of 250º and 

syndiotactic being 270ºC. Syndiotactic PS also crystallizes at a much faster rate and 

to a level over 50% more than isotactic[105]. Figure 2-9 shows the different tacticity 

of polystyrene.  

The form of polystyrene used in this thesis is the commercial “amorphous” atactic PS, 

due to its low cost, low surface energy and ready availability. Its low surface energy 

has seen it being explored for the production of superhydrophobic surfaces by a 

number of researchers [101, 104, 106]  
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2.7.2 Thermoplastic Polyurethane (PU) 

Thermoplastic polyurethane are segmented block copolymer composed of alternating 

hard and soft segment and belong to the family of thermoplastic elastomers (TPE) 

[107, 108]. They are synthesized using poly diol as the soft segment and diisocynate 

and chain extender as the hard segment, while recent studies have shown that it can 

also be synthesized using diisocynate free methods[109]. The hard segment act as a 

Figure 2-9: Chemical structure of Atactic, Isotactic and Syndiotactic polystyrene 

Atactic 

a.

Isotactic 

b.

Syndiotatic 

c.
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physical crosslink below their melting point and offer TPU its elastomeric properties, 

while at temperatures above its melting point, it makes it possible for TPU to be 

processed [109, 110]. As a result of the chemical structure of TPU, they exhibit similar 

level of elasticity as cross linked elastomer (rubber), as well as the same level of 

process-ability and recyclability as regular thermoplastic polymers. They also have a 

glass transition temperature below 0ºC, and exhibit a wide range of properties from 

excellent abrasion resistance, biocompatibility, hydrolytic stability and tuneable 

mechanical properties. The properties of the resulting TPU can be tuned during 

synthesis by modulating the ratio of hard and soft segment present in the 

polymer[111].  Based on this, they have been used in a wide range of applications in 

several fields, automobile, biomedical devices, food packaging, cables and building 

materials etc. 

TPUs can be broadly classified into three based on the polyol type used in its synthesis; 

1.) Polyester-based; 2.) Polyether-based, and 3.) Polycaprolactone-based TPU.  

Polyether based TPU exhibits good hydrolysis resistant[112] making it hydrophobic 

and ideal for use in marine oil sorbent application as will be explored in this thesis. 

Figure 2-10 shows the chemical structure of typical thermoplastic polyurethane used 

in this research. In the rest of this thesis the abbreviation “PU” is used for 

thermoplastic polyurethane (TPU). 

 

Figure 2-10: Chemical structure of polyether-based polyurethane 

Hard Segment Hard Segment Soft Segment Chain Extender 
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2.7.3 Polymer Blending: Post treatment technique 

Polymer blending is the mechanical mixing of two or more polymers to form a 

polymer with a different or distinct physicochemical properties[113] from those of the 

homopolymers. It is the physical mixture of structurally different polymers or 

copolymers which interact with one another through secondary forces (hydrogen 

boding, dipole-dipole forces etc) without covalently bonding[114]. Blending offers an 

economical way of tailoring the properties of an existing polymer rather than 

synthesizing new monomers for polymerization, thereby achieving improvement cost 

savings and property maximization[114]. The properties and performance of the blend 

will depend on the properties of the homopolymers, their morphology and ratio in the 

blend. It is often done for specific property enhancement or modification such as 

tensile strength, modulus, improve process-ability or recyclability etc[113]. Polymer 

blends are classified according to the level of miscibility of the polymers, and this has 

a strong influence on the mechanical, thermal, rheological and other properties of the 

blend. These classification categories are; immiscible, miscible, compatible and 

compatibilized polymer blends[113]. 

Immiscible polymer blends consist of large size domains of dispersed phase with no 

or poor adhesion between the domains. In a case of a binary polymer blend, thermal 

analysis will reveal two separate glass transition temperatures of the constituent 

polymers. In miscible blends, just a single glass transition temperature will be 

observed under thermal analysis and these are cases where the polymers are 

homogeneously mixed to form a single-phase structure[115, 116]. Compatible blends 

are technically immiscible blends with strong interface interaction between the 

polymers[113, 117]. Macroscopically they exhibit uniform properties. Compatibilized 

polymer blends, on the other hand are another form of immiscible blends in which the 
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microstructural and physical properties can be stabilized, through the addition of 

surface active agents to aid the processes of deformation, breakup and coalescing of 

the polymer droplet[113]. 

For electrospinning of polymer blends, it is important that the constituent polymers 

are both soluble in the same solvent system in order to create the best form of 

miscibility possible and also to ensure the electrospinnability of the polymer 

solution[115].  

2.8 Contact Angle, Wenzel and Cassie-Baxter Theory/Equations 

Contact Angle is the angle formed by a line tangential to the liquid at the three point 

solid, liquid and gas interface, when a liquid droplet is place on the surface of a solid 

material. It is used to quantitatively determine the wettability of a solid material. When 

water is used as the probe liquid, it is a measure of the hydrophobicity/hydrophilicity 

of the surface. Thomas-Young derive a governing equation for the interfacial 

equilibrium force at the three phase boundary, known as the young equation. 

γS −  γSL =  γLcosθ (2-4) 

where; 𝛾𝑆, represents the solid surface energy, 𝛾𝑆𝐿 the interfacial energy between the 

solid and the liquid; and 𝛾𝐿 represents the surface tension of the liquid, while angle 𝜃  

is the angle at the three point interface[118].   

This equation represents the contact angle in an idealized chemical and structurally 

homogeneous surface, and hence not applicable in the case of a rough, heterogeneous 

surface. Wenzel in his equation factored in the roughness profile of surfaces in his 

expression for the apparent contact angle[118, 119].   
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cosθ∗ = rcosθ (2-5) 

Where; θ* is the apparent contact angle, θ the intrinsic contact angle and r the 

roughness factor; which is the ratio of the actual surface to the geometric surface. This 

equation is on the assumption that the wetting liquid penetrates through the grooves, 

which gives a value of r >1. Marmur et al,[120] proposes that for Wenzel equation to 

be applicable, the size of the liquid droplet must be 2-3 fold the roughness scale. 

However, in situation where the liquid seats right on top of the rough surface, the 

Cassie-Baxter equation becomes more applicable [118]. In 1944, Cassie and Baxter et 

al [121], extended the findings of Wenzel to porous surfaces and came up with an 

expression for the apparent contact angle; 

cosθ∗ =  fscosθs +  facosθa (2-6) 

𝑓𝑠 and 𝜃𝑠; represents the fractional surface area of the solid and intrinsic contact angle 

on an homogeneous solid surface, while contact angle for a liquid droplet suspended 

in air 𝜃𝑎 will be 180º and 𝑓𝑎 second fractional area in contact with air on the surface 

of the porous material.  

where; 𝑓𝑠  + 𝑓𝑎 = 1;  

𝑐𝑜𝑠𝜃∗ =  𝑓𝑠(𝑐𝑜𝑠𝜃𝑠 + 1) − 1 (2-7) 

Hence, surface modification makes an hydrophobic surface more hydrophobic and an 

hydrophilic surface more hydrophilic [118]. A separate study has shown that making 

a surface more hydrophobic could also increases the oleophilicity of the material 

[122]. Generally material with a water contact angle (WCA) above 90o, are termed as 

hydrophobic while those with WCA below 90o are hydrophilic surfaces. 

Superhydrophobic surfaces have a WCA above 150o.  
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The schematics in Figure 2-11 shows the difference between contact angle 

measurement on a smooth homogeneous, surface with both Wenzel and Cassie-Baxter 

models. 

 

 

Figure 2-11: Illustrates contact angle of a liquid droplet and the difference between Wenzel 

and Cassie-Baxter models 

2.9 Surface Free Energy (SFE) 

The interaction at a solid-liquid interface is an interplay between the forces of adhesion 

and cohesion. This interaction enables the determination of the surface free energy 

(SFE) of a solid, which is often determined empirically by measuring the contact angle 

of different probe liquids on the surface [123]. The SFE is referred to as the work 

required to increase the length of a surface (wetting); expressed as the energy required 

per unit area in mJ/m2. The term SFE is used for solids while surface tension is used 

for liquids. The terms are often used interchangeably due to the fact that they both 

have same units.  The contact angle measures the ability of a liquid to wet a surface 

and equally enables the discrimination between polar and dispersive interactions 

[123]. Fowkes [124], Owen [125], Neuman et al [126], have all proposed different 

methods of measuring the surface free energy (SFE) of solids. Owen et al 

[125]proposed a method for determining the SFE of polymers, using a pair of polar 
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(water) and non-polar (diiodomethane) liquid. The result obtained by Owen et al was 

found to be in good agreement with previous and more laborious methods; such 

Zissman and Fowkes methods[125]. Hence, this method has been widely used by 

researchers across different fields, as the knowledge of SFE and wetting is important 

in several industries such as; used in painting, bonding surface, surface coating, 

cleaning surface [127] etc.  

2.10 Theoretical Background 

2.10.1 Owens Wendt Rabel Kaebel (OWRK) 

A method widely used for measuring the SFE of polymers is the Owen Wendt Rabel 

Kaebel (OWRK) method[123]. It is derived from the classical Young`s equation 

which expresses the interfacial equilibrium force at the three point interface of a liquid 

droplet formed on a flat solid surface. 

γS =  γSL +  γLcosθ (2-8) 

where 𝛾𝑆 is the surface free energy of the solid, 𝛾𝐿 the surface tension of the liquid, 

𝛾𝑆𝐿 represents the interfacial tension between the solid and the liquid, and 𝜃 is the 

contact angle at the three point interface between the solid, liquid and air.  

Expressing the interfacial energy 𝛾𝑆𝐿 as the sum of the surface tension/energy minus 

the work of adhesion 𝑊𝐴; 𝑊𝐴 could then be expressed as; 

WA =  γL(1 + cos θ) (2-9) 

According to Fowkes [124] and Owen et al[125], the total SFE on the surface of a 

liquid or solid is a sum of different intermolecular forces and can be categorized into 

polar (𝑝) and dispersive (𝑑) components. Hence, both 𝛾𝑆 and 𝛾𝐿 can be expressed as;  
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γL =  γL
d + γL

p
 (2-10) 

γS =  γS
d +  γS

P (2-11) 

 

Owens [125] further expresses the 𝑊𝐴 in a reversible form using the geometrical mean 

as; 

WA = 2 (√γL
dγS

d + √γL
p

γS
p

) 
(2-12) 

From both equations 2-9 and 2-12, we have the OWRK expression as; 

(1 + cos θ)γL

2√γL
d

=  √γS
p√

γL
p

γL
d

  +  √γS
d 

(2-13) 

Equation 2-13 above exhibits a linear relationship. This enables the determination of 

the SFE component (dispersive and polar) of solids, when two or more liquids or 

known SFE components are used. 

2.10.2 Drop-on-fibre theory 

The drop on fibre theory developed by B.J Carrol [128] in 1976 was based on the 

barrel-shaped liquid droplet on a single fibre/filament. It states that in the event of an 

insignificant influence of gravity on a liquid droplet, its equilibrium on the fibre is 

determined by the Laplace excess pressure ΔP acting on the liquid-air interface, and 

Figure 2-12: Schematic diagram and symbol definition for barrel-shaped drop-on-fibre model 
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should be constant everywhere across the interface. Carrol then developed the 

following equations for the reduced drop length (𝐿𝑟) and reduced drop volume(𝑉𝑟). 

Figure 2-12 shows schematics of a barrel drop conformation on a single fibre filament. 

2.10.2.1 Reduced drop length  

If 𝑛 =  
𝑥2

𝑥1
; 𝑎 =  

𝑛𝑐𝑜𝑠𝜃− 1 

𝑛 − 𝑐𝑜𝑠𝜃
; and 𝑘2 =  (1 − 

𝑎2

𝑛2), then the reduced drop length (𝐿𝑟) can 

be obtained as follows; 

Lr =  2[aF(u1, k) + nE(u1, k)] =  
L

x1
   

(2-14) 

where 𝑢1 =  
𝑛2−1

𝑎2𝑛2   , and 𝐹(𝑢1, 𝑘) and 𝐸(𝑢1, 𝑘) are elliptical integral of the first and 

second kind respectively. 𝑥1 is the fibre radius; 𝑥2 the maximum drop height in the 

plane normal to the fibre axis; 𝑛 the reduced drop height and 𝜃 being the contact angle. 

2.10.2.2 Reduced drop volume  

The reduced drop volume (𝑉𝑟) can also be determined with the below expression; 

Vr =  
2

3
πn [(2a2 + 3na + 2n2)E(u1, k) − a2F(u1, k)

− 
1

n
{(1 −  a2)(n2 − 1)}

1
2 ] −  πL =  

Vact

x1
3  

(2-15) 

where 𝑉𝑎𝑐𝑡 and 𝑉𝑟 represents the actual and reduced drop volume respectively. 

2.10.2.3 Reduced adhesive energy  

McHale et al in 2002/1997 [129, 130], used a mathematical expression similar to the 

Cassie-Baxter [121] definition of net energy on porous fibre to define the reduced 

adhesive energy (𝐸𝑟) on a single fibre filament as;  
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Er =  γLAL + (γSL −  γS)ASL = γL(AL − ASLcosθ) (2-16) 

where 𝐴𝑆𝐿 being the area interface between the liquid droplet and the fibre; and 𝐴𝐿 the 

liquid surface area, both expressions can be calculated using the below equations; 

AL = 4πn(a + n)E(u1, k) (2-17) 

ASL = 2πLr (2-18) 

 

The above equation offers a means to quantitatively evaluate the oil 

adsorptivity of different filaments to selected oil types. It can also provide 

a basis for material selection based on filaments microscale oil affinity as 

will be explored in Chapter 4.  
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3 Materials and Methods 

This chapter provides an in-depth description of the common materials, experimental 

methods and analytical techniques utilized in this thesis. In cases where the method 

used in a particular result chapter differs, details of such method is further described 

in such chapter. 

3.1 Materials 

All chemicals and reagents used in this study were of the highest purity available and 

were either procured from VWR, (Leicestershire, UK) or Sigma Aldrich, (Dorset, 

UK). Polystyrene (PS) polymer pellets with molecular weight 3.5 x 105g/mol was 

purchased from Sigma Aldrich (Dorset, UK). The thermoplastic polyurethane; 

pellethane 2363 80AE, used for the polymer blend study was kindly provided by 

Lubrizol Advanced Materials (Flintsbach am Inn, Germany). The Pennsylvania light 

crude oil with an API gravity of 46.7o was purchased from Onta, (Ontario Canada). 

Shell Helix motor oil 15W-40 with a viscosity of 287.23 mPas.s was procured locally 

from a Shell gas station, while both the vegetable (Sunpride brand) and sunflower oils 

(Tesco brand) were procured from a local Tesco stores. 

3.2 Fibre Mat Fabrication 

3.2.1 Solution Preparation 

American Chemical Society (ACS) grade solvents; N`N dimethylformamide (DMF) 

and tetrahydrofuran (THF) were used to dissolve the polystyrene and polyurethane 
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polymer pellets used in this study, and both solvents were purchased from Sigma 

Aldrich, (Dorset, UK).  

Preliminary electrospinning experiments were carried out to determine the optimum 

PS concentration and solvent mix. 10%, 15%, 20% and 25% w/w PS concentrations 

dissolved in DMF/THF (4:1 ratio) respectively, while different DMF/THF weight 

ratios; 5:0; 4:1; 3:2; 2:3; 1:4 and 0:5 respectively were also studied. The optimum 

concentration and solvent mix were subsequently used as a basis for the polymer blend 

experiment. To fabricate the PSPU polymer blend fibres, different weight ratios of PS 

and PU pellets (10:0, 9:1, 8:2, 7:3 and 6:4) were dissolved in DMF/THF (4:1), with 

the polymer concentration kept constant at 20%w/w in all the polymer blend solutions. 

The solutions were stirred on a Stuart CB 302 magnetic stirrer (Staffordshire, UK) at 

room temperature, for a minimum of 24hrs. Prior to electrospinning, the solutions 

were subsequently agitated on a Stuart vortex mixer (Staffordshire, UK) for 

approximately 2mins before electrospinning to ensure a homogenous mix of the 

solution. Composition of all polymer solutions prepared is shown in Tables 3-1 and 3-

2. 

Table 3-1: Composition of polystyrene solution used for preliminary electrospinning 

experiments 

Polymer Solution 

Polymer 

Conc. (%) 

w/w 

Polymer Weight (g) Solvent Weight (g) Solvent Ratio 

(DMF:THF) 
PS DMF THF 

PS 10 4 28.8 7.2 4:1 

PS 15 6 27.2 6.8 4:1 

PS 20 8 25.6 6.4 4:1 

PS 25 10 24.0 6.0 4:1 

PS 20 8 32.0 - 5:0 

PS 20 8 19.2 12.8 3:2 

PS 20 8 12.8 19.2 2:3 

PS 20 8 6.4 25.6 1:4 

PS 20 8 - 32.0 0:5 
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Table 3-2: Composition of PSPU polymer blend solution 

Polymer Solution 

/ Polymer Ratio 

Polymer 

Conc. (%) 

w/w 

Polymer Weight (g) Solvent Weight (g) Solvent Ratio 

(DMF:THF) PS PU DMF THF 

PS 20 8 - 25.6 6.4 4:1 

PSPU 9:1 20 7.2 0.8 25.6 6.4 4:1 

PSPU 8:2 20 6.4 1.6 25.6 6.4 4:1 

PSPU 7:3 20 5.6 2.4 25.6 6.4 4:1 

PSPU 6:4 20 4.8 3.2 25.6 6.4 4:1 

PSPU 4:6 20 3.2 4.8 25.6 6.4 4:1 

PSPU 2:8 20 0.8 7.2 25.6 6.4 4:1 

PU 20 - 8 25.6 6.4 4:1 

 

3.2.2 Density 

The density of the oils were determined by first pipetting a 100ml of oil (using a 

borosilicate glass pipette and a Mettler Toledo pipette gun) into a glass beaker. The 

mass of the 100ml oil was subsequently measured on a digital Mettler Toledo scale 

and the density value calculated using the equation below;  

ρ =  
m

V
 

(3-1) 

where 𝑚 and  𝑉 represents the measured mass and volume of measured oil 

respectively, and 𝜌 the calculated density. 

Prior to the test, the oils were heated in a water bath to a temperature of 20oC and the 

temperature confirmed using an Oakton pH 6+ meter. All density values represents 

the mean value for 3 different measurements. 

3.2.3 Electrospinning Process  

The polymer solutions described in Section 3.2.1 were electrospun using either a 

conventional horizontal electrospinning setup or an electrospinning cabinet that was 
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designed in the course of this research, which is equipped with a rotating drum system 

and programmable linear actuator that carries the electrospinning nozzle head. Both 

setups are described in Section 3.2.2.1 and 3.2.2.2 respectively. 

3.2.3.1 Horizontal Electrospinning Setup 

Figure 2.1 shows the horizontal electrospinning configuration used in this study. This 

is tagged the flat collector (FC) system in this thesis. The setup comprises of a FC 

series high voltage supply; model PS/FC30R04.0-22 from Glassman Europe Limited 

(Hampshire, UK). A programmable syringe pump model 4400PSI from Harvard 

Apparatus (Cambridge, UK), a 21G needle connected to a 10ml plastic syringe both 

from Becton Dickinson (Oxfordshire, UK), and a stainless steel flat collector covered 

with aluminium foil. The needle tip to collector distance, flow rate and voltage were 

varied to obtain a stable jet propagation between the needle and the collector. All fibres 

were air dried in ambient condition before characterisation or further processing.  

3.2.3.2 Electrospinning Cabinet: Design and Fabrication 

An electrospinning cabinet equipped with a fully detachable rotating drum system and 

an actuator carrying the electrospinning nozzle head was designed and fabricated with 

the help of the UCL Mechanical Engineering workshop. The cabinet is to help prevent 

external interference on the electrospinning process, while the drum will ensure the 

production of a uniform, continuous fibre mat. The cabinet is made with a Nylon 6 

material and has a dimension of 490 x 550x 750mm (L x W x H), with a wall thickness 

of 30mm. For easy visual access to the electrospinning process, the front cover was 

made with a 10mm thick transparent acrylic material. 

The modular rotating drum system is made fully detachable and a drum or mandrel 

system of different configuration can be attached, depending on the intended 
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application. The drum is driven by a brushless DC motor, with a variable speed control 

range between 80 – 4000rpm, procured from Oriental Motors (Basingstoke, UK). 

Figure 3-1 shows a picture of the electrospinning cabinet with the fabricated modular 

rotating drum setup. 

3.2.3.3 Electrospinning Parameters 

Since PS can be electrospun over a wide range of parameters. For studies carried out 

in Section 4.2.1, a flow rate of 0.5ml/hr, tip to collector distance of 15cm and voltage 

of 15kV was used. For the polymer blend a flow rate of 2-3ml/hr, tip to collector 

distance of 15cm and a voltage 15kV was maintained in all the experiment, as these 

set of parameters gave a stable jet for all the polymer blend ratio. All experiment were 

carried out at room temperature of 21 ± 2 ºC and a relative humidity 50 ± 5%. 



 

84 

 

 

3.3 Solution Testing/Characterisation 

3.3.1 Conductivity 

The ability of the polymer solutions to conduct electrical current was measured using 

a SevenGo Duo pH/Conductivity meter by Mettler Toledo (Leicester, UK). The device 

was fitted with a 738-ISM conductivity probe with a conductivity range of 0.01 – 

500mS/cm. The probe comprises of a conductivity cell with a pair of fixed parallel 

Figure 3-1: Picture of the electrospinning cabinet showing the rotating drum collector setup 

with the programmable linear actuator, the syringe pump and the voltage supply 
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plates, which has an area (𝐴) and distance (𝐿) between the electrodes[131]. The probe 

prior to each experiment, was calibrated with a known standard. The conductivity (𝐶) 

is derived using the expression below, with (𝛿) being the resistivity;  

C =  
1

δ
=  

K

Rt
 

(3-2) 

where 𝐾 is the cell constant and is define as; 

K =  
L

A
 

(3-3) 

3.3.2 Surface Tension 

Surface tension were estimated using the capillary rise method [132]. The experiment 

was performed using a thin borosilicate glass tube by World Precision Instrument 

(Hitchin, UK), with internal diameter of 0.86mm. Immersing the tube into the polymer 

solution, the height (ℎ) rise after an equilibrium period of approximately 10 mins was 

recorded. Prior to this, the density (𝜌) of the solution was estimated using Equation 3-

3, from the mass (𝑚) of 1ml of the polymer solution. The surface tension was 

subsequently calculated using the below equation;  

γ =  
ρghr

2
 

(3-4) 

where 𝛾 is the surface tension, 𝜌 the density of the polymer solution, ℎ the height rise 

and 𝑟 the internal radius of the capillary tube. 

3.3.3 Viscosity 

Viscosity were measured using a Kinexus Lab+ rheometer by Malvern Instruments Ltd 

(Worcestershire, UK). The equipment is fitted with an appropriate measuring 

geometry, either a parallel plate (PU-50 or PU-20) or a cone and plate system, 
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depending on the expected viscosity of the measured fluid. For all the tests, a sample 

volume of 0.5ml was applied on the lower plate and using the system`s rSpace 

software a standard operating procedure was set. Measurements were carried out at a 

set temperature of 25oC and the shear rate varied between 100 – 1000rpm, to determine 

the rheological properties of the liquid. Viscosity recorded at the shear rate of 100 rpm 

was reported in this thesis. 

3.3.4 Porosity and Specific Surface Area (SSA) 

Porosity of the fibre mats were estimated using a method previously described in 

literature [133, 134]. For fibres electrospun using the horizontal flat collector (FC) 

system (Section 3.2.2.1), the fibres were loosely packed into a column box of 

approximately 80cm3, without compression. The density of the fibres was 

subsequently evaluated using Equation (3-3). For the PP sorbent and PS fibres 

electrospun using the rotating drum collector (DC) system (Section 3.2.2.3), the 

density was estimated through the mass and volume of a cut sample of the mat, with 

dimension 3.0 x 3.0 x 0.3cm for the PP mat and 3.0 x 3.0 x 0.1cm for electrospun PS 

mat. A bulk density value of 1.05g/cm3 and 1.2g/cm3 was used for the PS and PP 

polymers respectively, while the blend was evaluated based on the ratio of both 

polymers in the blend. The porosity was the estimated using the Equation (3-5) below; 

Porosity =  
ρfibre

ρbulk polymer
 

(3-5) 

Where 𝜌𝑓𝑖𝑏𝑟𝑒 represents the measured density of the fibre and 𝜌𝑏𝑢𝑙𝑘 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 density 

of the bulk polymer. 
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The specific surface area (SSA) was measured using an expression derived by lin et 

al[95], for a non-porous, circular cross section fibres of infinite length. The mean 

(average) fibre diameter (AFD) was used with the equation for SSA below; 

SSA =  
4

ρbulk polymer X D
 

(3-6) 

where 𝐷 represents the mean fibre diameter and 𝜌𝑏𝑢𝑙𝑘 𝑝𝑜𝑙𝑦𝑚𝑒𝑟 the polymer bulk 

density. 

3.4 Polymer Fibre/Mat Characterisation 

3.4.1 Fibre morphological and chemical analysis  

3.4.1.1 Scanning Electron Microscopy (SEM) 

Morphological characterisation of the fibres were carried out using a Field Emission 

Scanning Electron Microscopy (FESEM) model JSM-7401F manufactured by (JEOL 

limited, Japan). Scanning electron microscopy is an imaging technique capable of 

producing high resolution images of samples with resolution several order of 

magnitude greater than an optical light microscope. Images are generated through the 

interaction of an incident high energy electron beam and atoms at or close to the 

surface of a sample often coated with a conductive layer. This interaction generates 

several signals; secondary electrons (SE), backscattered electrons (BSE) and X-ray 

signals which are used for morphological, microstructural and chemical composition 

analysis of a sample [135]. The SEs are mainly used for morphological 

characterisation due to the high resolution of images produced. 

In this research, the FESEM model JSM-7401F manufactured by (JEOL limited, 

Japan) was used for the morphological study. All electrospun samples were left to 

completely dry and made free of residual solvent by drying under ambient condition, 
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before subsequently secured on an aluminium stub with a leit adhesive carbon tabs. 

Sputter coating of samples with Gold-Palladium (Au-Pd) film was done with a high 

resolution beam coater Model 681 (Gatan, USA). Scanning was done using a low 

accelerating voltage of 2-3 kV to prevent sample charging and for high resolution 

imaging. Image processing was done with ImageJ a free online software by NIH, USA. 

Due to equipment availability Hitachi (S3400) was used in some analysis and this is 

duly stated in such chapter. 

3.4.1.2 Attenuated Total Reflectance-Fourier Transform and Infrared 

Spectroscopy (ATR-FTIR) 

Fourier Transform and Infrared Spectroscopy (FTIR) is an analytical technique 

capable of identifying the chemical bonds (functional group) present in organic or 

inorganic compounds. It works on the principle that every poly-atomic molecule 

exhibits a unique fingerprint in the form of an infrared spectra when irradiated with an 

infrared signal [136]. The IR spectra peaks are formed as a result of molecular 

vibration between the atoms, which is dependent on the bond strength, the inter- and 

intramolecular attractions as well as the atomic masses of the constituent 

elements[136]. 

A Spectrum Two IR spectroscopy by Perkin Elmer (Buckinghamshire, UK), equipped 

with an attenuated total reflectance (ATR) accessory was used to characterise the 

electrospun fibres produce in this study. Samples were placed on a composite zinc 

selenide (ZnSe)-diamond crystal, with an applied force gauge of 80. Sample scans 

were done in the mid infrared region of 400 - 4000cm-1 and each IR spectra was 

produced from an average of 20 scans at a resolution of 4cm-1. 
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3.4.1.3 X-Ray Diffraction (XRD) Spectroscopy  

X-ray Diffraction (XRD) pattern of the fibre samples were obtained using a benchtop 

x-ray diffraction instrument; the MiniFlex Diffractometer by Rigaku (Tokyo, Japan). 

Analysis was carried out using a Cu-Kα radiation source, at 40kV and 40mA. All data 

were obtained under a scan range of ~3o to 70o 2𝜃.  

The X-ray diffraction provides data for quick identification of the structure 

(amorphous or crystalline nature) of a material. It works basically on the principle of 

Braggs Law; which is described by Equation 3-7 below;  

nλ = 2d sin θ (3-7) 

where 𝑛 is a positive integer representing the order of diffraction,  𝜆 is the wavelength 

of the incident X-ray beam, 𝜃 , the angle of incident or diffraction of the beam, while 

𝑑 represents the inter-planar spacing between successive planes.  

Figure 3-2 shows a schematic representation of Bragg`s law and the diffraction 

process.  

Figure 3-2: Schematic diagram illustrating Bragg`s Law 

3.4.1.4 Energy Dispersive X-ray (EDX) Spectroscopy 

Energy Dispersive X-Ray (EDX) Spectroscopy attached to a Hitachi S3400 scanning 

electron microscopy was used for elemental analysis of the electrospun polymer fibre 
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blend. Spot scan at three different positions along a single filament was carried out. 

Element identification and quantification of the fibres was done with the aid of an 

INCA energy software installed on an accompanying workstation. Prior to EDX 

analysis, all samples were affixed on an aluminium stub with a leit adhesive carbon 

tabs, and sputter coated with a carbon layer using a Turbo-pumped thermal evaporator 

K975X by Quorum Technologies (East Sussex, UK). 

3.4.1.5 Water Contact Angle (WCA) 

Contact angle measurements of the fibre and polymer thin films were measured using 

a DSA MK-10 contact angle measuring device. A 4 – 6µl droplet of the probe liquid 

was dispensed on the samples surface, and the reported value represents an mean of 

seven measurements at different points on the sample. 

3.4.2 Thermal Testing 

3.4.2.1 Thermogravimetric Analysis (TGA) 

Thermogravimetric analysis (TGA) measurements of the electrospun fibres (both pure 

and polymer blend fibres) were performed using a TGA 7 Thermogravimetric analyser 

by Perkin-Elmer (USA). Samples size of approximately 10mg was used for each 

analysis and were carried out under a nitrogen blanket at a temperature range of 50oC 

- 800oC, using a heating rate of 20oC/min. Data for the TGA were plotted as weight % 

versus temperature to obtain the onset and final decomposition temperatures. 

Thermograph of temperature versus derivative weight % was used to determine the 

decomposition temperatures.  
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3.4.2.2 Differential Scanning Calorimetry (DSC) 

The glass transition temperature of the composite PSPU fibres, as well as those of the 

pristine polymer fibres were measured using a differential scanning calorimeter DSC 

Q2000 by TA Instrument (Delaware, USA). The measurements were done in a 

nitrogen atmosphere at a temperature range of -80 and 150oC and a heat scan rate of 

10oC/min. Prior to the DSC analysis, a sample size of approximately 7mg was placed 

in a hermetic crucible (TA Instrument) and securely sealed on a hydraulic press with 

a matching hermetic lid. A pin hole slit was made at the top of each sample to allow 

the escape of any volatile vapour that may be emitted during the heating scan. In DSC 

analysis, results obtained are often sensitive to the scan rate, the pan type, the type of 

gas used and the sample weight [137]. All analyses were carried out in duplicates.  

3.4.3 Fibre/Mat Mechanical Property Evaluation/Testing 

3.4.3.1 Tensile Testing  

Mechanical properties of the fibre mats were evaluated with slight modification to 

ASTM D882 test method [138].  

The tests were conducting on a bench top uniaxial tensile testing machine, model 

H5KS by Hounsfield Test Equipment (Surrey, UK).  All data were recorded and 

exported through the device software (a product of Tinus Olsen) to plot the stress-

strain curve. The Young’s modulus, tensile strength, yield strength and elongation at 

ultimate tensile strength were subsequently determined from the stress strain curve. 

To determine the yield strength, a 0.2 % offset was applied to the elastic region. All 

data reported represents a mean from five specimens. Table 3-3 shows the settings 

used for the tensile test experiment.  
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Table 3-3: Experimental setting used in all tensile test 

Tensile Test Setting  

Load Cell 100N 

Gauge Length  20mm 

Strain Rate  2mm/min 

Specimen Dimension  60mm x 10mm 

 

For the specimen and test preparation, a pair of “U - channel” test grip; with two inner 

parallel plates was fabricated to securely hold the specimen during testing (see Figure 

3-3). For each fibre mat a sample size of 60mm x 10mm was prepared and placed on 

a special three part, cardboard test frame with dimensions as shown in Figure 3-4. The 

test frame holds the sample securely on the test grips and help prevent damage to the 

mat prior to testing. The mat thickness was determined from an average of five 

measurement taken at different position on the sample using a fabric thickness gauge.  

 

Figure 3-3: Photograph of the tensile test setup, showing the sample mounted on the test grips. 
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3.4.3.2 Peak Force Quantitative Nano Mechanical (QNM) Testing 

The variation in modulus of elasticity and adhesion property of the polymer blend 

fibres with the polymer ratio, was evaluated using the AFM Peakforce QNM method. 

The test was carried out on a single filament of each blend using a Bruker Multimode 

8 AFM (Coventry, UK). For each analysis a scan area of 1um x 1um was aimed at the 

top of the fibre filament at a measuring pixel of 256 x 256. In situation where a smaller 

scan area was utilized due to fibre size has been acknowledge in the appropriate 

chapter. Prior to measurement the cantilever tip was calibrated through an iterative 

process using a known reference sample. 

Peakforce QNM measures the Young’s modulus using the Derjaguin-Muller-Toporov 

(DMT) model; a modified form of the Hertzian model and takes into account the 

adhesion between the tip of the cantilever and the sample [139, 140] using the 

equations below; 

Figure 3-4: Dimensions of the tensile test frame 
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Ftip − Fadh =
4

3
E∗√R(d3) 

(3-8) 

where 𝐹𝑡𝑖𝑝 − 𝐹𝑎𝑑ℎ represents the force on the cantilever relative to the adhesion force, 

𝑅 the radius of the cantilever tip; 𝑑 is the sample deformation and 𝐸∗ the reduced 

modulus. The relationship between the reduced and sample modulus is expressed in 

the equation below;  

E∗ = [
1 − vs

2

ES
− 

1 − Vtip
2

Etip
] 

(3-9) 

𝐸𝑡𝑖𝑝 and 𝐸𝑆 are the modulus of the cantilever tip an sample respectively, while 𝑣𝑠 and 

𝑣𝑡𝑖𝑝 represents the corresponding poisson ratio. 

3.4.4 Oil Sorption Evaluation of Fibre Mats    

All static and dynamic sorption tests were performed with slight modification to 

ASTM F726-12 test standards [141]. To analyse the oil-water selectivity under static 

and dynamic conditions, 20g of oil was added to a 250ml glass beaker containing 

150ml of seawater to form an oil layer of approximately 8mm thickness. 

Approximately 0.1g of the fibre mat was placed on the oil-water medium for 30 mins, 

after which the wet mat was removed, drained for another 1min before weighing. For 

dynamic sorption analysis, the system was agitated at 250rpm. The sorption capacity 

was evaluated using the Equation below[19]; 

Sorption Capacity (SC) =
w1 −  (wo +  ww)

wo
 

(3-10) 

where 𝑊1 is the weight of the wet sorbent after draining, 𝑊0  is the initial weight of 

the dry sorbent and 𝑊𝑤 represents the weight of any sorbed water. In all the test, the 

amount of water sorbed was found to be negligible, hence 𝑊𝑤 was taken as zero.  
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For oil only system, the fibre mat was placed in a beaker containing 150ml of the test 

oil, while all other steps as stated above for the oil-water system was followed. For 

comparison of the oil sorption capacity of the polyblend mat with previous works, the 

test procedure reported in literature was used [22].  

Physical properties of the oils used for sorption analysis in this thesis is as shown in 

the Table 3-4 below; 

Table 3-4: Physical characteristic of the studied oils 

Oil Sample  Viscosity (mPa.s) Density (g/cm3) 

Pennsylvania Light Crude 0.13 0.794 

Vegetable Oil 28 0.861 

Sunflower Oil 37 0.894 

Motor Oil 95 0.812 

 

3.4.5 Buoyancy test 

The buoyancy of the fibre mats was simulated under both static and dynamic (500rpm) 

conditions. For the static test, a sorbent of ~1.5g was gently placed in a 250ml beaker 

containing 10ml of motor oil layered on a 150ml water. The sorbent was subsequently 

monitored over a period 30mins. The dynamic test was conducted on the basis of the 

static test but agitated at ~500rpm using magnetic stirrer. 

3.5 Surface Free Energy Measurement 

Surface free energy (SFE) evaluations was done using OWRK method described in 

Section 2.10.1. Two different probe liquids; water and diiodomethane were used. The 

static contact angle the probe liquid makes with the surface of the solid material (fibre 

or cast) were measured using the sessile drop method. The data were recorded and 

analysed on a Drop Shape Analyser-DSA MK10 by Kruss GmbH (Hamburg, 
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Germany). The reported static contact angle represents an average of at least 5 

measurements taken at approximately 4s of exposure to the test liquid. This value was 

subsequently used for SFE measurement using Owen Wendt Kaebel Rabel (OWRK) 

method. 

3.5.1 Sample preparation  

The polymer film used for the SFE measurement was drop cast from a 5% w/w PS  

dissolved in THF. The PP thin film was prepared from a PP sorbent melt. The sorbent 

was sandwiched between two polished aluminium sheet and heated to a temperature 

of approximately 250ºC, with a 10kg weight placed on the sample for approximately 

2mins. The fibres used in this study were the commercial PP sorbent and PS fibres 

electrospun using the horizontal flat collector system at the optimised parameter stated 

in Section 3.2.2.3. 

3.6 Drop on fibre analysis 

Drop-on-fibre analysis was performed on a DSA-MK 10 device. A single fibre 

filament was suspended on a special test jig designed for this experiments. Optical 

image of the test jig is as shown in Figure 3-5, below. Using the device syringe needle 

(Ø 650µm), approximately 6µl droplet of oil was allowed to drop through the 

suspended filament. Images of the interaction between the oil and the fibre was 

obtained via the device CCD camera. NIH free online software, ImageJ was used for 

image processing to obtain the drop contact angle, experimental drop length and 

reduced drop height. Further data processing (using Equation 2-14, 2-15 and 2-16 

obtain in section 2.10.2) to determine the theoretical reduced drop length, drop volume 

and adhesive energy, using a matlab codes. Analysis of each oil type was made using 



 

97 

 

measurements obtained from 50 barrel-shaped droplets on each fibre type. The matlab 

code used for the data processing is presented in the Appendix. 

 

3.7 Heat Treatment 

Thermal treatment of the electrospun fibre mats were performed using a Nabertherm 

Oven (Lilienthal, Germany). PS fibre mats with dimensions 240mm x 200mm were 

secured to the aluminium foil across the width of the mat, to prevent mat shrinkage. 

The treatments were carried out at temperatures around the polymer glass transition 

temperature and were done with air circulation. Heating temperatures of 90, 100, 110, 

120 and 130ºC were used for 5 mins to investigate the effect of treatment temperature 

Figure 3-5: Photograph of the test jig fabricated for the drop-on-fibre test. 
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on the mat. The effect of treatment time was evaluated at a treated temperature of 90ºC 

and at 5, 10 and 5mins heat treatment duration. 

3.8 Ultrasonic Treatment 

Ultrasonic treatment of the PS fibre mats were carried out by immersing a cut fibre 

mat secured at both ends into a 50% ethanol concentration in an ultrasonic bath CD 

4820. Treatment were carried out at approximately 65ºC for 5 and 10 mins, and fibre 

were removed and allowed to dry in ambient condition for at least 7 days before further 

use.
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4 Microscale oil adsorptivity evaluation  

4.1 Introduction 

Sorbents as material commonly used in oil spill remediation has proven to be an 

effective method of completely eradicating such spills, if timely and effectively 

deployed [7, 91]. The ability of fibrous sorbent to adsorb and retained oil pollutant is 

often attributed to its physicochemical properties (fibre/mat morphology, chemical 

composition of the fibre) as well as the properties of the oil (viscosity, surface tension 

and density) [142]. Recent studies have shown polystyrene (PS) fibres fabricated using 

electrospinning technique to possess better sorption performance than the 

commercially available melt blown polypropylene (PP) sorbent [19]. On a microscale 

level, the oil – sorbent (fibre) interaction and its effect on the sorption behaviour is yet 

to be fully understood; considering PP bulk material is known to have a lower surface 

energy than polystyrene. 

PP is a very unreactive polymer and insoluble in solvents at room temperature and 

therefore cannot be electrospun from solution[143]. Existing literatures on 

electrospinning PP was done via melting electrospinning, which involves complex 

electrospinning setup as fibre production has to been done at elevated temperatures 

[134, 143, 144] and in some cases involves the use of viscosity reducing additives 

[144]. This extra complexity and cost makes it an undesirable process, hence 

commercial PP sorbent used in oil spill clean-up is fabricated using melt blown 

technology 
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The primary aim of this chapter is to employ the drop-on-fibre micro sorption 

technique based on B.J Carroll’s theory [128], to quantitatively evaluate the 

adsorptivity and adhesive energy of a single electrospun PS fibre filament to selected 

oil types.  This will be further compared with commercial melt-blown PP fibres, using 

the droplet sizes and adhesive energy distribution of the oils on the fibres. As a prelude 

to carrying out this study, an evaluation of the factors that could affect the morphology 

of electrospun PS fibres were studied, to ensure fibres produced for the micro sorption 

experiment were of the desired morphology and global geometry. Consequently this 

chapter will be in two parts; first is optimising the electrospinning process followed 

by investigating the oil adsorptivity of electrospun PS fibres and PP fibres. In 

achieving the above, the specific objectives of this chapter are as follows; 

 To optimise the electrospinning of polystyrene fibre and investigate the effect 

of polymer concentration, solvent type, solvent mix ratio and flow rate on fibre 

morphology. 

 To investigate the water contact angle (WCA), wettability and surface energy 

of melt blown PP and electrospun PS fibres and the respective polymer thin 

films. 

 To evaluate the experimental drop length from the drop-on-fibre micro 

sorption experiment and compared to the theoretically derived values. 

 To evaluate the droplet size and adhesive energy distribution of both 

electrospun PS and melt-blown PP fibre.  

 To study the oil droplet size distribution on single the PS and PP filaments, and 

relate micro-sorption behaviour of the fibres to the macroscale mat sorption 

behaviour. 
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4.2 Optimisation of electrospun PS fibre fabrication 

This section looks at electrospinning experiment by evaluating the effect of polymer 

concentration, solvent type/mix ratio of DMF and THF, and the effect of flow rate on 

the morphology of the resulting fibres. Previous studies have shown these factors as 

some of the key parameters that could effects the morphological structure of 

electrospun fibres [145-147]. The subsequent sub-section details the solution 

properties and the optimisation experiments conducted using set up described in 

Section 3.2.2.1 

4.2.1 Investigating the effect of concentration on fibre morphology 

The effect of increasing polymer concentration on solution properties is shown in 

Figure 4-1, where the viscosity is seen to increase from 35.1 mPa.s at PS 10% w/w 

concentration to 1130 mPas.s as the concentration was increased to 25%. This effect 

could be attributed to an increase in polymer chain entanglement [148, 149]. Similarly, 

with the stepwise increase of 5% in polymer concentration (from PS 10% w/w), the 

solution conductivity decreases from 1.19µS/cm to 0.57µS/cm at 20%w/w conc. and 

0.63µS/cm at 25% concentration. The overall decreasing trend in conductivity with 

increasing PS concetration can be ascribed  to PS high electrical insulation properties.  

The influence of the above solution properties on the fibre morphology is seen in 

Figure 4-2 and Table 4-1, where 10% and 15% PS solutions produced beaded fibres. 

The morphology of the beads transformed from spherical in 10% PS to spindle-like 

shape in fibres spun from the 15%PS solution. This is a result of increase in polymer 

chain entanglement with increased polymer concentration, reducing the surface 

tension effect of the solvent on the polymer jet during electrospinning. 

Jarusuwannapoom et al, [149] in their study had attributed beads formation to the 
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Figure 4-1: Plot shows the effect of increasing PS concentration on the viscosity and 

conductivity of PS polymer solution dissolved in a solvent mix of DMF:THF (4:1). Error bar 

represents one standard deviation about the mean (n=5). 

surface tension, Coulombic and viscoelastic forces resisting the stretching of the 

polymer during jet propagation. At 20% PS concentration, uniform and bead free 

fibres were observed. This could be termed the optimum concentration given the 

solvent mix of DMF/THF (4:1) used in this set of experiments as other studies have 

reported beads formation at 20% PS concentration for other solvent or solvent mix 

[146, 148, 149]. The influence of increasing polymer concentration on mean fibre 

diameter (MFD) is shown in Table 4-1, using parameters stated in Section 3.2.2.3 (as 

PS fibres could be produced over a wide range of parameters). The AFD steadily 

increases from 0.51 ± 0.18µm with the 10% PS to 1.92 ± 0.45µm in the 20%PS 

solution. The observed drop in AFD to 1.06 ± 0.53µm at the 25% solution is a result 

of jet instability at a high solution viscosity, leading to a polydispersed fibre deposition 

as illustrated in Table 4-1 and SEM micrograph in Figure 4-2. The measured average   
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intra-fibre pore size was also seen to reduce with increasing polymer concentration 

(Table 4-1). 

In view of the above observation, subsequent electrospinning experiments in this 

thesis were performed at 20% PS concentration 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 4-1: Shows the maximum (max.), minimum (min.) and mean fibre diameter of 

electrospun PS solutions at different polymer concentration (n = 100). Average pore sizes on 

both fibre and beaded structure is also presented.  

  

Polymer 

Conc. (%) 

w/w 

Fibre  Beads 

Fibre Diameter (m)  Pore Diameter (m)  Pore Diameter (m)                        

Min. Max. Mean  Mean  Mean 

10 0.15 0.91 0.51  0.18  0.10  0.6 

15 0.62 2.01 1.16  0.27  0.10  0.08 

20 1.00 3.01 1.92  0.45  0.09  - 

25 0.31 2.50 1.06  0.53  0.04  - 

Figure 4-2: SEM micrograph showing the effect of concentration on morphology of electrospun 

PS fibre; a.) represents 10%w/w; b.)15%w/w; c.)20%w/w and d.)25%w/w PS concentration 

dissolved in a solvent mix of DMF/THF (4:1). 
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4.2.2 Investigating the effect of solvent mix on fibre morphology 

The solvent used in an electrospinning experiment often play a key role in the 

morphology of the resulting fibre. A mixture of solvents to a polymer (solute) could 

be used in modulating the property of the electrospinning process and the resulting 

fibre morphology. Figure 4-3 shows the effect of varying solvent mix of DMF and 

THF on the properties of 20% w/w PS solution. The introduction of THF in the 

(DMF:THF) 4:1 saw an increase in the viscosity from 376.9 mPa.s in the pure DMF 

solution to 385.5 mPa.s. Further increase in THF ratio saw a gradual deceasing trend 

in the viscosity reading. The conductivity on the other hand increases with THF 

introduction from 0.51µS/cm in the pure DMF and peaks at 1.44µS/cm in (DMF:THF) 

2:3 before dropping to zero in the pure THF solution, as THF has previously been 

reported to be a non-conductive solvent[149]. 

The influence of the above on the average fibre diameter and intra-fibre pore sizes is 

presented in Table 4-2, while the morphological structure of each fibre mat is shown 

in Figure 4-4. Fibres fabricated from 20% (w/w) PS in pure DMF solvent produced an 

AFD of 2.54 ± 0.59µm, with the presence of macro/meso-pores distributed over a 

fairly rough fibre surface. The addition of THF into the solution matrix, at a solvent 

mix ratio of DMF/THF (4:1) saw a drop in the AFD to 1.52 ± 0.31µm, this could be 

attributed to the sharp increase in viscosity observed in Figure 4-3, while the surface 

pore size was also seen to drop from 0.09 to 0.03µm. The variation in diameter 

distribution obtained for the 4:1 solvent mix in this set of experiment (Table 4-2), 

against those obtained in Table 4-1 can be attributed to difference in the time both 

experiments were conducted, as slight variation in ambient conditions could have 

effects on fibre morphology as earlier discussed in Section 2.4.3. A further increase in 

THF content saw a steady increase in the AFD to 6.76 ± 3.82µm in the pure THF 
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solvent. The increasing trend in AFD is a result of THF’s low dielectric strength and 

dipole moment of 7.58 and 1.8 respectively [150, 151]. This reduces the solution 

conductivity thereby reducing the stretching ability of the fibre through a reduction in 

the jet acceleration during the electrospinning process.  

Figure 4-3: Effect of solvent mix of DMF and THF on the viscosity and conductivity of 20% 

w/w PS concentration. Error bar represents one standard deviation about the mean (n=5 

Contrary to previous literature [146], fibres fabricated from pure DMF solvent (5:0) 

exhibits a bead free structure as shown in Figure 4-4a. It is believed the difference in 

morphological structure of the fibres could be a combined effect of difference in 

process and ambient conditions used in both studies. No intra-fibre pores were 

observed on fibres from ratios 3:2, 2:3 and 1:4 but they exhibit wrinkled, coarse 

surface morphology, which was found to be consistent with the literature [146]. Fibres 

from pure THF also exhibits similar structures to earlier reports [59, 78] with fibres 

having a ribbon-like shape, with densely packed meso- and macro-porous structure. 

This according to Carper et al [59] can be ascribed to the both vapour induced (VIPS)  
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Figure 4-4: Shows the effect of varying solvent mix of DMF and THF on the morphology of electrospun 20% w/w conc. of  PS polymer in; a.) 

DMF:THF (5:0); b.) DMF:THF (4:1); c.) DMF:THF (3:2); d.) DMF:THF (2:3); e.) DMF:THF (1:4); f.) DMF:THF (0:5). 
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and thermally induced phase separation (TIPS). Due to the need to have fibres with 

smooth morphology, as the existence of surface rugosities has been shown to impact 

the droplet conformation on single  fibres[152], electrospun PS solution in DMF:THF 

(4:1) was used in the drop-on-fibre experiment. 

 Table 4-2: Shows ave. pore size, max. min. and mean fibre diameter of electrospun 20% w/w 

concentration PS solution dissolved in different solvent mix ratio of N,N dimethylformamide  

and Tetrahydrofuran (THF). (n=100) 

 

4.2.3 Investigating the effect of flowrate on fibre morphology 

Feed rate determines the amount of polymer solution available for jet propagation. The 

effect of varying the process flow rate on PS fibre morphology is presented in Figure 

4-5 and Table 4-3. At the optimised TCD of 15cm in Figures 4-5 a, b and c, the AFD 

was seen to increase steadily from 1.00 ± 0.28µm at a flow rate of 1ml/hr to 3.30 ± 

0.37µm at 6ml/hr. Reducing the TCD down to 5cm at the same flow rate of 6ml/hr in 

Figure 4-5d saw a further increase in the AFD to 4.67 ± 0.60 µm. This is attributed to 

the reduced fibre stretching as a result of a reduction in the jet flight time. The fibres 

also appears fused together at the point of contact due to the presence of residual 

solvent upon fibre deposition [56, 153]. 

Solvent Mix 

(DMF:THF) 

Fibre 

Fibre Diameter (m)  Pore Diameter (m) 

Min. Max. Mean  Mean 

5:0 1.60 4.14 2.54  0.59  0.09 

4:1 0.90 2.50 1.52  0.31  0.03 

3:2 0.80 3.65 1.96  0.58  0 

2:3 0.77 3.58 2.07  0.31  0 

1:4 2.25 8.10 5.05  1.09  0 

0:5 2.25 18.32 6.76  3.82  0.19 
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It is important to note that due to equipment availability different scanning electron 

microscope (Hitachi S3400) was used for this analysis. The flow rate of 6ml/hr was 

subsequently used for the drop-on-fibre micro-sorption test. 

Table 4-3: Shows the min, max and average fibre diameter of electrospun PS fibre at different 

process flow rate. (n=100) 

Flow rate 

(ml/hr) 
TCD (cm) 

 Fibre  

Fibre Diameter (µm) 

Min Max Mean 

1 15 0.53 2.12 1.00 ± 0.28 

3 15 1.78 3.36 2.58 ± 0.41 

6 15 2.75 4.69 3.30 ± 0.37 

6 5 2.96 6.20 4.67 ± 0.60 

 

 

Figure 4-5:SEM micrograph showing the effect of process flow rate on the morphology of 

electrospun PS fibre; at a.)1ml/hr; b.)3ml/hr; c.)6ml/hr and d.)6ml/hr but at a lower TCD of 

5cm, while other were electrospun at 15cm. 
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4.3 Investigating the affinity and adsorption of electrospun Polystyrene fibre to 

selected oils 

Polypropylene (PP) polymer spun into fibres using melt blown technology has been 

the material widely available commercially as oil sorbent. Its use as a sorbent has been 

attributed to its non-polarity, low surface energy and good hydrophobicity, excellent 

mechanical properties, low density and low cost of the polymer [154]. Despite PP 

having one of the lowest surface free energy (SFE) among polymer, polystyrene (PS) 

which has a higher SFE and bears similar elemental properties as PP aside the presence 

of aromatic phenyl ring in its chemical structure, has been shown to have better oil 

sorption performance when electrospun [16, 19]. The superior sorption behaviour of 

electrospun PS fibre has been largely ascribed to its morphological/mat architecture 

[19]. No study exist in literature that has looked at the microscale interaction of these 

two fibres with selected oil samples.  

The subsequent sections of this thesis chapter, investigates the variation in SFE 

between of solid and fibrous form of these polymers using the Owens Wendt Rabel 

Kaeble (OWRK)[125] method. This is followed by a micro scale study of the 

interaction between single fibre filaments of electrospun PS and melt blown PP with 

oils of different viscosities.   

4.3.1 Morphology of electrospun PS and PP fibre 

Prior to investigating the SFE of PS and PP polymers, the morphology of both 

polymers sorbents were investigated under a scanning electron microscopy (SEM). 

Figures 4-5a and b shows typical SEM micrograph of electrospun PS and melt blown 

PP fibre mats respectively. Visual inspection of the two micrographs shows a marked 

difference in the morphology of the sorbents, with the possibility of making varying 
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inferences on their ability as oil sorbents. The electrospun PS fibre exhibits uniform 

fibre size distribution, with fibre diameter in the range of 1.5µm and 4.2µm, and an 

average fibre diameter of 3.02 ± 0.5µm, while a wide variation of sizes in the range of  

1.1µm and 19.5µm was observed for the melt blown PP fibre. In addition to the large 

variation in fibre diameter observed for the PP sorbent, a significant number of the 

fibres were observed fused together, unlike in the PS micrograph. This significant 

variation in the fibre morphology between the two samples could be the effect of the 

difference in processing techniques used in its fabrication. Large numbers of 

interconnected, interstitial void spaces were observed between the PS fibre with the 

void sizes ranging between 2.1µm and 36.2µm. The PP micrograph on the other hand 

had sizes between 3µm and 199.2µm which is over five times greater than values 

obtained for the PS sorbent. Gravimetric measurement of the porosity shows PP fibre 

mat with a 91.2% porosity in comparison to 99.8% obtained for the PS mat. High 

magnification examination of the surface of individual electrospun PS fibre filament 

shows the presences of meso- and macro-pores sparsely distributed on its surface, 

while PP surface exhibits a smooth morphology. 

Figure 4-6: a.) and b.) Shows a typical SEM micrograph of electrospun PS and melt blown PP 

fibre mats respectively. Insert shows a high magnification image of individual fibre filament. 
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The high porosity and interconnected pores of the PS mat could imply a good sorption 

and buoyancy characteristic when used in marine oil spill remediation. The presence 

of surface pores on the PS fibre surface could enhance good adherence of oil to the 

fibre filaments, although the presence of surface pores has earlier been reported not to 

have an influence in sorbent sorption performance[21]. 

4.3.2 SFE of PP and PS fibre and film: Comparison (WCA) 

Sorption behaviour of any porous material (such as polymeric fibrous sorbent) is 

closely related to its wettability and the capillarity of the material. For a given liquid 

to get sorbed into the interstitial void between the fibres, there has to be an initial 

intermolecular interaction between the liquid-fibre interface [118, 155, 156]. Wetting 

of the fibre surface will only occur if the surface tension of the liquid/ oil medium falls 

below the SFE of the sorbent[157], therefore an ideal sorbent should have its SFE 

below the surface tension of water but above that of the oil medium.   

Estimation of the SFE of a solid is often done by measuring the contact angle a probe 

liquid makes on the surface of the substrate. Hedja et al and Owens et al [125, 158] 

have earlier reported that a pair of polar and non-polar liquid gives a reliable 

estimation of SFE of a surface using the Owens Wendt Rabel Kaeble (OWRK) fit (see 

Section 2.10.1). Table 4-3 gives the contact angle measurements obtained for a pair of 

diiodomethane (DIM) and water on each surface. As seen in the table, there is a 

difference in water contact angle (WCA) between the film and fibrous sample of both 

polymers. The higher WCA angle recorded for fibrous samples could be attributed to 

the cassie-baxter effect[159] (see Section 2.8), as the water droplet seats on trapped 

air pocket; an effect of the porous nature of the sample. For the non-polar DIM on the 

other hand, a contact angle of 50.57 ± 2.8º and 35.3 ± 5.4º was recorded on PP and PS 
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thin films respectively, while for the fibrous sample of both polymers a 0º contact 

angle was recorded as the DIM was seen to spread and percolate through the fibre 

pores almost immediately. This indicates complete wetting due to a strong interaction 

at the interface as well as an effect of the porous nature of the material. 

Table 4-4: Water and Diiodomethane (DIM) static contact angle measurenets for electrospun 

PS and melt blown PP fibre mat and their respective thin films. Reported value represents an 

average of atleast five measurements at different positions on the samples. 

Polymer Sample 
Contact Angle (º) 

Water DIM 

PP Film 116.32  7.2 50.57  2.8 

PP Fibre 148.03  7.8 0 

PS Film 85.7  2.1 35.3  5.4 

PS Fibre 139.8  1.8 0 

 

Table 4-5: Surface free energy (SFE) of electrospun PS and melt blown PP fibre mats with 

the SFE of the respective polymer thin films obtained using Owens Wendt Rabel Kaebel  

(OWRK) method 

Polymer Fibre 

Mat 

Surface Energy 

Dispersive 

Component (mN/m) 

Polar Component 

(mN/m) 
Total  (mN/m) 

PS Fibre Mat  50.88 11.94 62.74 

PP Fibre mat   50.80 15.11 65.91 

PS Film 

PP Film 

41.89 

24.01 

1.56 

0.13 

43.45 

24.14 

Table 4-5 and Figure 4-7, illustrates the total SFE obtained for the melt blown PP and 

electrospun PS fibres alongside the dispersive and polar components using the OWRK 

fit. The thin film values is also presented for comparison. The SFE value of 43.5mN/m 

and 25.1mN/m obtained for the PS and PP thin films respective were consistent with 

previously reported literature values [125, 160]. For the electrospun PS and melt 

blown PP fibres, the SFE is seen to increase to 62.74mN/m and 65.91mN/m 

respectively. These surface energy values though high, still falls below those of water; 
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which is stated to be 72.75mN/m at 20ºC [161]. This indicates the hydrophobic nature 

of both fibre surfaces but the higher hydrophobicity of the PS mat in terms of the lower 

SFE value recorded could be the effect of the mats surface architecture. 

 

Figure 4-7: Shows a comparison of the surface free energy (SFE) components of 

electrospun PS and melt blown PP fibres with their respective thin film. SFE values 

were calculated from contact angle measurement of a pair of polar (water) and non-

polar (diiodomethane) probe liquids using Owens Wendt Rabel Kaebel (OWRK) 

method. 

The SFE obtained was further used to construct a wetting envelope as presented in 

Figure 4-8. The envelope characterises the wettability of a solid with respect to any 

liquid with known dispersive and polar surface energy composition. The figure 

illustrates the degree to which different standard alkane oils and water will wet the 

surface of the polymer fibre and thin films. As the data point for water falls outside 

the wetting envelopes in both figures, this implies that water will not wet the surfaces. 

Both fibre and thin films of PS (Figure 4-8b) will completely wet alkane fuels of n-
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decane, n-hexadecane, n-dodecane and n-hexane. Figure 4-8a, on the other hand 

shows that PP fibre will completely wet all the n-alkane fuels in contrast to PP films 

that will not wet n-hexadecane and n-dodecane.  However,it is important to note that 

the surface tension of oil varies depending on its composition but it is typically 

believed to be between 20 –30mN/m [142, 162]. Since oils are non-polar in nature it 

could therefore be said that complete wetting is expected for both PS surfaces, while 

the wetting of PP will be dependent on the composition of the oil. 

To investigate that there was no alteration in the chemical composition of the thin film 

during sample preparation. ATR-FTIR of the samples were carried out. All peaks 

observed in the fibre mats could be distinctly identified on the thin film. Figure 4-7, 

shows that functional groups CH, CH2 and CH3, which are known hydrophobic 

moieties could be seen to be present in all the samples investigated, both fibre and thin 

film. For the PP, peaks at 2836, 2864, 2919 and 2951cm-1 is assigned to the C-H 

stretching vibration, the distinct peaks at 1457cm-1 corresponds to CH2 bending 

vibration of PP, while peaks at 1380, 1170cm-1 and both 993 and 973cm-1 represents 

the bending vibration, symmetric deformation vibration and rocking vibration 

respectively of CH3 [163]. All of these peaks could be seen in both samples, an 

indication of no oxidation or alteration of the chemical composition of the samples
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Figure 4-8: Shows a comparison of the wetting envelope of a.)PP fibre mat and PP thin film; while b.) Compares wetting envelope of electrospun PS fibre mat and its 

thin film. Imbedded on each graph is the coordinate for water and other known hydrocarbon fuels indicating the level of wettability of the polymer surface 
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Figure 4-9: Compares the FTIR spectra of a.) Electrospun PS fibre mat and PS thin film, 

b.) melt blown PP fibre and PP thin film. The solid thin films were prepared as described 

in section 2.5. 
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4.3.3 Drop on fibre characterisation 

4.3.3.1 Oil droplet morphology on fibres 

A liquid drop which completely or partially wets a material having a flat configuration 

will instil either a barrel shaped (symmetric) or a clamshell (asymmetric) droplet 

geometry, on a cylindrical filament [129, 164] of the same material. Understanding 

the droplet morphology could give an insight into the level of affinity between the 

liquid and the fibre material. Figure 4-10, shows the geometrical structure of different 

oil types on both electrospun PS and meltblown PP fibres, with all the oils having a 

barrel-shaped morphology on the fibres. Due to the difficulty in pulling a single 

filament of the meltblown and electrospun mats, the PP fibre filament used in this 

analysis was obtained by drawing a fibre strand from a heated PP sorbent at ~200ºC. 

The PS fibre was obtained by picking a fibre mid-air during electrospinning jet 

propagation. Sunflower oil was seen to break up into more barrel shaped droplet on 

both fibres and seemingly exhibits less affinity to the fibres in comparison to motor 

oil. This is confirmed in Tables 4-6 and 4-7, where a higher average CA was observed 

for sunflower oil on both fibre type. The tables also shows the theoretical and 

experimental drop length, the reduced drop volume and adhesive energy, as well as 

the actual droplet sizes on the fibres. 
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Figure 4-10: Barrel shaped drop-on-fibre system of sunflower and motor oils on electrospun polystyrene and polypropylene fibres; a.) sunflower drop on 

polystyrene (PS_SO); b.) motor oil on polystyrene (PS_MO); c.)sunflower on polypropylene (PP_SO) and  d.) motor oil on polypropylene(PP_MO) 
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Table 4-6: Shows the contact angle, reduced droplet height (N), theoretical and experimental drop length, actual drop volume and adhesive energy of 

different oil samples on electrsopun PS fibre filament. Reported values represents a mean of 50 measurements 

Oil 
 

𝜃 (o) N 
Drop Length (L) 

V Vact (10-4 µl) E Eact (10-13 J) 
 Ltheo Lexp 

Sunflower Oil 

 

Mean 37.82 5.14 13.22 13.19 807.59 0.18 12.40 18.00 

SD 3.38 1.38 3.39 3.40 547.80 0.13 6.56 10.23 

Max 44.66 7.74 20.16 20.16 2135.70 0.58 28.36 49.68 

Min 30.70 2.62 6.69 6.69 81.71 0.03 1.97 4.68 

          

Motor Oil 

Mean 35.04 5.57 15.95 15.96 1157.79 0.90 15.34 26.18 

SD 4.45 1.62 4.21 4.16 1098.71 0.85 12.15 17.36 

Max 44.83 9.43 26.19 26.07 3793.70 2.88 45.93 71.01 

Min 30.69 2.45 7.25 7.29 67.38 0.05 1.73 7.10 

 

Table 4-7: Shows the contact angle, reduced droplet height (N), theoretical and experimental drop length, actual drop volume and adhesive energy of PP 

fibre filament. Reported values represents a mean of 50 measurements 

Oil 
 

𝜃 (o) N 
Drop Length (L) 

V Vact  (10-4 µl) E Eact (10-13 J) 
 Ltheo Lexp 

Sunflower Oil 

 

 

Mean 37.38 5.16 14.12 14.08 1324.90 1.99 14.61 5.48 

SD 6.15 1.71 4.14 4.14 2518.06 1.67 9.58 12.20 

Max 49.76 8.95 22.89 22.93 17054 7.31 35.40 35.33 

Min 23.75 1.98 6.51 6.78 52.90 0.10 1.73 -5.36 

          

Motor Oil 

Mean 29.84 3.79 11.54 11.54 417.93 5.01 7.53 4.42 

SD 6.29 1.44 3.67 3.67 503.96 5.48 6.08 7.90 

Max 43.19 8.52 22.78 22.72 2815.40 22.00 28.01 31.02 

Min 13.68 1.58 5.06 5.07 18.94 0.20 0.59 -1.72 
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4.3.3.2 Analysis of theoretical and experimental drop length of droplets on PS 

and PP fibres 

To establish the validity of using B.J Carrol`s theory of drop-on-fibres [128, 130, 142] 

to quantitatively evaluate the drop volume and adhesive energy between the fibres and 

the different oil types, a plot of the reduced drop height (N) against the theoretical and 

experimental reduced drop length was made and presented in Figure 4-10. The figure 

shows good overlap between the theoretical and experimental drop length and both 

exhibits a linear correlation with the reduced drop height. A good regression was 

recorded in all the plots, with motor oil showing a high regression value of 98.4% for 

both drop lengths on the PS fibre and 97.5% on the PP fibre. Sunflower oil on the 

other hand had a regression of 91% for both drop lengths (theoretical and 

experimental) on the PS fibre and about 91% correlation on the PP fibre. The lower 

regression recorded for the sunflower oil could be the effect of its lower viscosity and 

the subsequent formation of smaller cluster of barrel shaped droplet on the fibre 

reducing the accuracy of the measurements. 

Based on the strong correlation between the experimental and theoretical drop length 

distribution with the reduced drop height, this shows that the drop-on-fibre model can 

be used in analysing drop volume and adhesive energy of the fibres as presented in 

subsequent section of this chapter.
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Figure 4-11: Plots of the reduced drop height and both the theoretical (●) and experimental (○) drop length distribution for a.) 

Sunflower oil on PS fibre (PS_SO); b.) motor oil on PS fibre (PS_MO); c.) sunflower oil on PP fibre (PP_SO); d.) motor oil on 

PP fibre (PP_MO). Experimental drop length were obtained as described in section 2.6, while the theoretical value was obtained 

using equation 2-10, section 2.10.2 
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4.3.3.3 Analysis of volume of oil droplet on fibres 

In Tables 4-6 and 4-7, it could be observed that average drop volume recorded for both 

sunflower and motor oils on the electrospun PS fibre were in the same order of 

magnitude, but with motor oil having an average volume of 0.9 x 10-4µl. A value 5 

times higher than the average volume recorded for sunflower oil on the same PS fibre. 

Figure 4-12a and b further illustrate the actual drop volume distribution of sunflower 

and motor oils on the PS fibres.  Motor oil could be seen to exhibit a larger drop size 

range between 0.05 – 2.88 x10-4µl compared to 0.03 – 0.58 x10-4µl recorded for 

sunflower oil. Though image analysis reveals the average fibre diameter of electrospun 

PS fibre used for the sunflower oil analysis to be 5.8µm, while those used for the motor 

oil was 8.5µm. Such difference in fibre size cannot justify the increase in drop volume. 

It is believed the viscosity of motor oil as seen in Table 4-8 which is almost three times 

that of sunflower oil will be a major factor in its higher drop volume distribution on 

both fibres. T. Dong et al [142]reported similar effect of viscosity of motor oil on 

kapok and polyester fibres.   

Drop volume recorded on the PP fibres exhibited similar trend as the PS fibres but 

with sunflower oil having an average droplet size of 1.99µl, an order of magnitude 

higher that value recorded for PS fibre. Figures 4-12 c and d illustrates the drop volume 

distribution for the PP fibres, with sunflower and motor having a range of 0.1 – 7.31 

x 10-4µl and 0.2 - 22 x10-4µl respectively.  

Table 4-8: Properties of oil used in the drop-on-fibre analysis. Surface tension values were 

adapted from [142]viscosity values were obtained 25ºC using a Malvern rheometer 

Oil Sample  Viscosity (mPa.s) Density (g/cm3) Surface Tension (mN/m)* 

Sunflower Oil  37 0.894 33.45 

Motor Oil   95 0.812 31.67 
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Figure 4-12: Actual drop volume distribution of sunflower and motor oil on electrospun PS and PP fibres; a.) 

Sunflower oil on PS fibre (PS_SO); b.) motor oil on PS fibre (PS_MO); c.) sunflower oil on PP fibre (PP_SO); 

d.) motor oil on PP fibre (PP_MO). 
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4.3.3.4 Analysis of adhesive energy of fibres 

Understanding the adhesive energy of electrospun PS and PP fibre will help 

understand the influence of a fibre inherent ability to adsorb and retain oil as oppose 

to its mat architecture. Figure 4-13, shows the adhesive energy distribution of 

sunflower (so) and motor (mo) oil droplets on PS and PP fibres. Despite PS bulk 

polymer having a higher surface free energy (see Section 4.3.3), electrospun PS fibre 

exhibits the strongest affinity to the two oil types with an average adhesive energy of 

18.00 x 10-13 J and 26.18 x 10-13 J for sunflower and motor oil respectively. For the 

same oil types, the values recorded on the PP fibre were 5.48 x 10-13 J and 4.42 x 10-

13 J. This is contrary to the findings of T. Dong et al, which attributes low adhesive 

energy of fibres to high surface free energy [142]. Though both bulk PS and PP 

polymers are known, non-polar hydrocarbons, a plausible explanation for the higher 

adhesive energy distribution on the PS fibre could be the effect of the presence of 

aromatic benzene ring in its chemical structure (see Figure 2-9), thereby giving it a 

higher affinity to the oils.  Different oil types often vary in their composition, which 

invariably could affect their ability to be adsorbed on solids materials. Lubricating oils 

such as motor oil often comprises mainly of a mixed blend of; paraffinic-naphthenes, 

naphthenes, aromatic naphthenes, condensed naphthenes, and higher aromatics [165], 

while sunflower oil comprises primarily fatty acids and esters [166]. Similarities due 

to the presence of aromatics in the chemical structure of PS and motor oil could have 

led to a stronger Van der Waals interaction between the motor oil and PS fibre 

molecules, resulting in the higher adhesive energy distribution observed in Figure 4-

13 in comparison to sunflower.
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Figure 4-13: Actual adhesive energy distribution of sunflower and motor oils on electrospun PS and PP fibres; a.) Sunflower oil on 

PS fibre (PS_SO); b.) motor oil on PS fibre (PS_MO); c.) sunflower oil on PP fibre (PP_SO); d.) motor oil on PP fibre (PP_MO). 
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The high adhesive energy of electrospun PS  which falls between 3 – 6 times those of 

the PP, is an indication of its higher ability to adsorb and retain oils when used as a 

sorbent.  

4.3.3.5 Analysis of the adsorption behaviour of PS and PP fibres to different oil 

droplet size 

The ability of sorbent to completely eradicate oil spill have been widely reported in 

literature [7, 91] but often with no experimental justification of this fact. In this section 

we used the principle of same volume earlier reported by T. Dong et al [142] to convert 

the barrel shaped oil volume to spherical droplet sizes. Table 4-9 and Figure 4-14, 

shows the mean oil droplet size (µm) and droplet distribution range (µm) of sunflower 

and motor oil on both el ectrospun PS and meltblown PP fibres. The mean droplet 

diameter for sunflower and motor oils on the electrospun PS fibres were 2.83 ± 2.1µm 

and 14.36 ± 13.7µm respectively, this falls in the emulsified oil state of 0.5 – 25 µm 

droplet sizes. Interestingly for the PS fibre, despite the wide droplet distribution range 

as seen in the Figure 4-14, the frequency of droplet sizes below the mean value were 

60 – 75% of the mean value. The average droplet sizes adsorbed on the PP fibre were 

31.67 ± 26.9µm and 79.77 ± 88.0µm for both sunflower and motor oils respectively, 

with both mean values falling into the dispersed oil state (25 - 100µm). 

A combination of the high adhesive energy recorded for PS fibre in Section 4.3.4.4 

and its good adsorptivity for oil droplets in the emulsified state, make it an ideal 

sorbent for use in cleaning up oil sheen (< 1 µm thickness) often impossible to 

completely eradicate using other physical clean up techniques such as skimmers. In 

addition to the above, electrospun PS given its oil adherence potential would be 

suitable for use as membranes in coalescing filtration of  oil emulsion [142, 167, 168].
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Figure 4-14: A comparison of the distribution of oil droplet sizes adsorbed on each fibre filaments; a.) Sunflower oil on PS fibre (PS_SO); 

b.) motor oil on PS fibre (PS_MO); c.) sunflower oil on PP fibre (PP_SO); d.) motor oil on PP fibre (PP_MO). Principle of same volume 

was used in converting the barrel shaped drop volume to spherical diameters.  
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Table 4-9: Oil droplet size distribution on electrospun PS and Meltblown PP fibres 

Oil 

PS  Fibre  

  

PP Fibre 

Mean Drop 

Diameter (µm) 

Drop Size 

Distribution (µm) 

Mean Drop 

Diameter (µm) 

Drop Size 

Distribution (µm) 

Sunflower Oil 2.83 ± 2.1 0.47 – 9.30   31.67 ± 26.9 1.56 – 116.31 

Motor Oil 14.36 ± 13.7 0.82 – 45.84   79.77 ± 88.0 3.25 – 350.10 

4.4 Summary 

In this chapter, the effect of polymer concentration (Section 4.2.1), solvent mix of 

DMF and THF (Section 4.2.2) and solution flow rate (Section 4.2.3) on the 

morphology of electrospun polystyrene fibre were clearly demonstrated. Figure 4-2 

shows the optimum concentration for the production of uniform bead-free fibres as 

20%w/w concentration.  

A comparison of the morphology of typical electrospun PS fibre produced in Section 

4.2 and commercial PP sorbent were carried out, with PS fibre seen to exhibit lower 

fibre diameter and a high level of uniformity in its size distribution. An evaluation of 

the surface free energy (SFE) of electrospun PS and PP fibre mats with their solid thin 

film structure were evaluated using OWRK method in Section 4.3.2. The SFE 

recorded for the solid thin films were consistent with literature and the measured 

values of 43.45 and 24.14mN/m recorded for PS and PP thin film respectively were 

subsequently used in Section 4.3.3.4 in calculating the adhesive energy distribution 

on single fibre filaments using the drop-on-fibre technique. On the drop on fibre 

experiments, both PS and PP fibres exhibited a barrel shaped conformation as seen in 

Figure 4-10, while Tables 4-6 and 4-7 shows electrospun PS fibre to exhibit a slightly 

higher CA in both oils compared to PP fibre. Figure 4-11, Tables 4-6 and 4-7 shows 

a high level of congruence between the theoretical and experimental drop length, this 

confirms the suitability of using the theoretical drop-on-fibre model for subsequent 
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analysis. Despite the low oil drop volume on the PS fibre (Section 4.3.3.3; Figure 4-

12), the fibre exhibited the strongest affinity to both oils (Section 4.3.3.4, Figure 4-

13) with an average adhesive energy of 18.00 x 10-13 J and 26.18 x 10-13 J for sunflower 

and motor oil respectively, a value 3 – 6 times higher than adhesive energy obtained 

for PP fibres.  This result indicates the ability of electrospun PS fibre having a higher 

sorption performance to melt blown PP sorbent is more of the polymers inherent 

ability to adsorb other HCs, rather than the architecture of the sorbent mat.
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5 Electrospun PSPU polymer blend  

5.1 Introduction 

The poor mechanical properties of polystyrene (PS) fibres, particularly after oil 

sorption has been a major limiting factor facing its application and reusability as 

sorbents, in oil spill remediation [20, 22]. Previous efforts at improving the mechanical 

behaviour have explored coaxial and multi-nozzle side-by-side electrospinning of 

polystyrene (PS) and polyurethane (PU) polymers [21, 22]. These methods, despite its 

success at improving the mechanical performance of the mats, introduces extra 

complexities and cost to the fabrication process; requiring intricate nozzle 

configuration, additional continuous flow pump and voltage source for the fibre 

production. 

As described in Section 2.7.3, polymer blending offers a simple and effective means 

of modulating and improving the physicochemical, thermal and mechanical properties 

of polymers [169]. In a binary system, the properties of the blend being a function of 

the miscibility of the constituent polymers, occasioned by intermolecular interactions 

such as hydrogen bonding, dipole-dipole forces and ionic bonding [170]. So far, only 

a limited number of studies have been done creating a composite blend of PS with 

other polymers for oil spill application [19, 20, 97]. A composite blend of PS and poly 

acrylonitrile (PAN) previously explored in literature, has the potential of negatively 

impacting the oil-water selectivity of the polyblend fibre due to the hydrophilic nature 

of PAN [20]. 
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Consequently, the aim of this chapter is to explore polymer blending as a means of 

enhancing the mechanical strength of electrospun PS fibre, by blending the polymer 

in solution with an ether based thermoplastic polyurethane PU. The choice of PU is 

because of its good abrasion and oil resistance, excellent mechanical strength as well 

as good elastomeric properties.[151, 171]. This is expected to boost the mechanical 

performance of the resulting fibre both on a macro and microscale level. Hence, the 

key objectives of this chapter is: 

 To investigate the effect of varying PS and PU ratios on the solution properties, 

and compare its effect on the morphology of fibres fabricated with a flat (FC) 

(Section 3.2.2.1) and drum (DC) collector system (Section 3.2.2.2). 

 Investigate the effect of solvent type on the morphology of the polymer blend 

fibres. 

 To carry out detailed chemical characterisation of the polymer blend fibres, to 

demonstrate the formation of a polymer blend mat, down to a micro scale level 

of individual fibres using EDX and ATR-FTIR spectroscopy. 

 To study the effect of blending on the thermal properties of the resulting mat, 

using TGA and DSC analysis. 

 To investigate the influence of blending and fibre collector system on the 

mechanical properties of the fibre mat by carrying out uniaxial tensile testing 

of the mat. Also, use AFM testing to explore the mechanical and adhesion 

properties of a single fibre filament. 

 To compare the oil sorption capacity and retention behaviour of the polymer 

blend mat fabricated using the FC and DC collector systems, and also compare 

with SC of commercial PP sorbent. 
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 Lastly, demonstrate the buoyancy, reusability, and oil-water selectivity of the 

mat.   

It is important to state that this is the first time electrospinning polymer blend of PS 

and PU is being reported, with detailed characterisation.  

5.2 Solution Preparation and Electrospinning 

Solution properties such as viscosity, surface tension and conductivity play a key role 

in the morphological structure of electrospun fibres [27, 172, 173]. Solution properties 

of the pure and polymer blend used in this study are indicated in Table 5.1. The 

viscosity value of 6.826Pa.s recorded for PU (at 20% wt conc.) solution is seen to be 

over 18 times higher than those of PS polymer, while the polymer blend shows an 

increasing viscosity trend from 0.496 - 2.253Pa.s with increasing PU composition in 

the blend ratios PSPU 9:1 - 6:4. The high viscosity of the PU solution could be a result 

of a higher polymer molecular chain entanglement at the 20% concentration [151], 

this effect is transferred to the polyblend solution due to intermolecular interaction of 

the ternary PS-PU-Solvent system [173]. Similarly, the surface tension of the polymer 

blend solution increases with increasing PU from 35.7 – 66.2mN/m, with the highly 

viscous PU solution having the highest recorded surface tension of 164.9mN/m. 

Table 5-1: Solution properties of PS, PU and PSPU polymer blends (20% wt conc.) dissolved 

in a solvent mix of DMF and THF ratio 4:1 

Polymer Solution  Viscosity (Pa.s) Surface Tension 

(mN/m) 

PS  0.366 34.7 

PSPU (9:1)  0.496 35.7 

PSPU (8:2) 0.772 69.5 

PSPU (7:3)  1.074 66.2 

PSPU (6:4) 2.253 66.7 

PU 6.826 164.9 
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5.3 Physicochemical Characterisation 

 Morphology of electrospun PSPU polymer blend fibre 

In this section, morphological characterisation of fibres fabricated under 2 different 

collector system; vertical flat collector (FC) and rotating drum collector (DC) system 

are investigated. The solvent mix of DMF/THF (4:1) and solution concentration of 

20% (w/w) obtained in the previous chapter was maintained in all the PS, PU and 

PSPU polymer blend solutions. An applied voltage of 15kV and tip to collector 

distance of 15cm was used for all the electrospinning process, while a feed rate of 

3ml/hr and 2ml/hr was used for the FC and DC systems respectively, as these set of 

process parameters were observed to produce a stable jetting in all the polymer blends. 

Figure 5-1a and b, shows optical images of fibres obtained under the FC and DC 

systems respectively, while Figure 5-1c is an image of the commercial PP sorbent. 

The FC system promotes the formation of a 3D-like cotton structure with increased 

fibre deposition, while the DC system when carried out below the alignment speed 

produces a mat of randomly oriented fibre mat[27].  

Figure 5-1: Optical image of a.) electrospun PSPU_FC 8:2 fabricated using a flat collector, 

b.) electrospun PSPU_DC 8:2 produced using a rotating drum system, and c.) commercial PP 

sorbent 

Using methods described in Section 3.3.5, the estimated porosity and theoretical 

specific surface area (SSA) of the different fabricated sorbent is presented in Table 5-
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2. As expected fibres collected using the FC system have a higher porosity values in 

comparison to those fabricated using the DC system, with the porosity value under 

each system decreasing with increasing PU ratio. The difference in porosity value 

between the two systems could be ascribed to the speed of rotation of the drum, 

enhancing the fibre packing density under the DC system, which invariably reduces 

the inter-fibre void spaces as well as the porosity of the mat. The compositional effect 

of PU addition on the porosity is its higher bulk density, which also increases the fibre 

packing density. The PP sorbent despite having a relatively high SSA due to the high 

variation in fibre size, recorded the lowest porosity value. This is likely to be the effect 

of the melt blown technology used in its fabrication, creating the observed structural 

limitations.  

Figures 5-2 and 5-3 shows the FESEM micrographs of the nonwoven fibre mat 

obtained from varying PS/PU polymer blend ratios, indicating the effect of varying 

the polymer blend ratio on the fibre morphology. Average fibre diameter of the 

different blend under FC system was between 3-4µm, with the AFD showing a gradual 

increase with increasing PU concentration from 3.02µm in the pristine PS mat to 

3.86µm in PSPU (6:4) fibres, with the exception of PSPU 7:3 which shows a slight 

deviation from the trend. Similar trend was observed for the DC system (Table 5-2). 

The increasing fibre size could be attributed to the increased viscosity of the blend, 

which increases with increase in PU content. It is important to note that PU has a 

higher base polymer density of 1.2g/cm3 [174] as against 1.04g/cm3 for PS polymer 

[175]. This is believed to be a contributory factor in the viscosity level recorded with 

increased PU addition. The polydispersed nature of the pure PU fibre is a result of the 

unsteady nature of the jet at the optimised parameters used for the blend.  
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Macro and mesoporous pore structures could be seen on the surface of the PS fibres 

and fibres with a high PS ratio. This is believed was a result of the less dense PS 

polymer enabling the process of vapour induced phase separation (VIPS). During 

electrospinning process, VIPS occur when low boiling point solvent such as THF 

evaporates rapidly from the spinning polymer jet leading to a drop in temperature 

along the surface of the polymer jet [96, 150]. This causes ambient water vapour to 

condense on the surface of the polymer and subsequently form pores upon 

evaporation. Such pore structure could enhances the specific surface area of the fibre.  

An increase of the higher density PU in the blend as seen in ratio (6:4), slows down 

the rate of solvent evaporation leading to a reduction in pore formation as well as the 

appearance of inter-fibre bonding. This is more evident in pure PU fibre mat and mats 

with a higher PU concentration (PSPU 4:6 and PSPU 2:8) shown in figure 5-
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Figure 5-2: SEM micrograph of electrospun PS, PU and PSPU polymer blend mats fabricated using the flat collector (FC) system. Insert is a high 

manification image of the fibres 
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Figure 5-3: SEM micrograph of electrospun PS, PU and PSPU polymer blend mats produced 

using the rotating drum collector (DC) system. Insert is a high magnification image of the 

fibres 
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Table 5-2: SSA, Average/Mean fibre diameter and Porosity of electrospun polymer mat 

fabricated under both FC and DC system 

 

 

 

 

 

 

 

 Effect of solvent composition on polymer blend fibre 

To study the effect of solvent composition on the polymer blend, PSPU (8:2) was 

dissolved in 100% THF and 100% DMF respectively, using the optimised parameter 

described in Section 3.2.2.3. In 100% DMF, multi-jetting and rapid jet instability was 

observed during the electrospinning process at an applied voltage of 15kV, while a 

reduction in the applied voltage to 10kV results in single and stable jet propagation. 

The high dielectric strength, dipole to dipole moment and surface tension of DMF, 

increases the solution conductivity[149, 150], hence the instability observed in the 

100% DMF solution at 15kV, which had to be modulated by reducing the applied 

voltage. Figure 5-4a shows the SEM micrograph of a uniformly distributed fibre mat 

obtained at 10kV with an AFD of 3.17µm, while Figure 5-4b is a more polydispersed 

fibre mat at 15kV with an AFD of 2.60µm. On the other hand, electrospinning the 

polyblend in a 100% THF solvent was characterised with stable jetting over a wide 

Fibre Sample SSA Porosity (%) Fibre Diameter (µm) 

PS_FC 1.24 99.8 ± 0.05 3.06 ± 0.4 

PSPU 9:1_FC 1.15 99.7 ± 0.08 3.26 ± 0.5 

PSPU 8:2_FC 1.04 99.6 ± 0.05 3.56 ± 0.3 

PSPU 7:3_FC 1.05 99.6 ± 0.05 3.47 ± 0.4 

PSPU 6:4_FC 0.93 99.0 ± 0.08 3.85 ± 0.9 

    

PS_DC 1.81 97.5 ± 0.81 2.10 ± 0.3 

PSPU 9:1_DC 1.26 96.9 ± 0.08 2.99 ± 0.4 

PSPU 8:2_DC 1.14 95.9 ± 0.25 3.24 ± 0.4 

PSPU 7:3_DC 0,76 95.1 ± 0.16 4.80 ± 0.6 

PSPU 6:4_DC 1.13 94.4 ± 0.16 3.19 ± 0.3 

    

PP 1.10 91.2 ± 0.82 3.03 ± 3.9 
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range of applied voltages (10-15kV studied), while the polymer was observed to dry 

up rapidly at the tip of the needle due to rapid THF evaporation. Similar effect has 

been reported in literature [146, 150], which can be attributed to low boiling point and 

surface tension of THF. As seen in Figure 5-4c, fibre were similar to those produced 

from pure PS polymer dissolve in THF reported earlier in Section 4.2.2. 

 ATR-FTIR spectroscopy of the fibre mat 

Understanding the chemical composition of the polyblend fibres will gives an insight 

into its hydrophobicity and a proof of the formation of a bi-component polymer 

structure. Figure 5-5 displays the ATR-FTIR spectra of electrospun PS, PU and PSPU 

blend mat fabricated using the FC system. The spectra for the pristine PS mat clearly 

shows the characteristic absorbance peaks of the aromatic C-C bond stretching at 1493 

and 1452cm-1, benzene ring vibration at 1074cm-1; C-H out of plane bending vibration 

at 756cm-1 while the prominent band at 697 cm-1 can be attributed to CH2 rocking 

mode[176, 177]. The CH and CH2 stretching vibration of the main PS chain was 

observed at 2849 cm-1 and 2922 cm-1 respectively. On the other hand, the crowded 

spectra observed for pure PU fibre in the short wavelength band is due to the complex 

molecular structure of the polymer [178].  In the pure PU mat spectra, the distinctive 

peaks for the stretching vibration of N-H group was observed at 3325cm-1, the 

symmetric and asymmetric stretching of methylene groups (CH2 and CH3) at 2939 and 

Figure 5-4: SEM micrograph of electrospun PSPU_FC 8:2 a.) produced from a DMF only 

solvent with an applied voltage of 10kV, b.) fabricated from DMF only solvent, produced with 

an applied voltage of 15kV; c.) produced from THF only solvent 
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Figure 5-5: ATR-FTIR spectra of neat PS, PU and PSPU polymer mats fabricated using the 

flat collector system 

2854cm-1, while the peaks at 1731 and 1700cm-1 can be ascribed to the stretching 

vibration of the non-bonded and bonded carbonyl (C=O) group [178, 179]. 

In the spectra for the different polyblend mats, the presence of absorbance peaks that 

can be ascribed to the neat PS and PU fibre mat as indicated with red and blue arrows 

respectively (Figure 5-5), confirms the formation of bi-component mat structure of 

both polymers in the blend. CH2 and CH3 are functional group that are associated with 

hydrophobicity and can be seen in all the polymer fibre mat [180]. 
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 EDX analysis of single fibre filament 

In a polymer blend fibre, the structural arrangement of the constituent polymers in the 

filament will depend on the intrinsic properties of the pristine polymers, its molecular 

weight, surface tension of the blend solution and the relative weight ratio of the 

constituent polymers [169]. Electrospinning a polymer blend could instil either of the 

following morphologies; separately spun fibres, filaments with intermittent lump of 

the constituent polymers or a homogeneously dispersed  polymer mix where the 

polymers in the fibre matrix is separated in scale smaller than the fibre diameter[181]. 

Here the elemental analysis of the PS, PU and the different PSPU polymer blend fibre 

is investigated using energy dispersive x-ray spectroscopy. Secondary electron (SE) 

and backscattered electron (BSE) images are shown in Figure 5-6(a-c) and (a`-c`) 

respectively of the pure PS, pure PU and the PSPU (8:2) polymer blend mat. The 

polymer blend shows no sign of segregation of the different polymers. This could be 

deemed a confirmation of an intra-fibre blended structure, as BSE imaging has the 

ability to detect elemental difference at a sub-surface level of a sample.  

Elemental point analysis was conducted at three different regions along the length of 

a single fibre filament to ascertain any elemental changes. As the chemical structure 

of polystyrene (see Section 2.7.1) comprises solely of carbon (C) and hydrogen (H), 

the spectra of PS fibre in Figure 5-6 a” is seen to show just the presences of C-atom in 

addition to Al-atom from the Aluminium collector (N.B EDX can only identify 

elements heavier than beryllium, hence H is not detected). Spectra of pure PU fibre in 

Figure 5-6c” shows an O- atom peak in addition to C-atom, while spectra from the 

polymer blend fibres was observed to contain traces of O-atom. The spectra and 

atomic weight of the O-atom in the blended fibres, was observed to increase with 

increasing ratio of the PU in the different polymer blend studied. 
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Creating a polyblend fibre mat via co-spinning polymers from a single nozzle other 

than side-by-side or multi-nozzle (side-by side) electrospinning, ensures the molecular 

interaction of the polymers at a nano-scale level and the formation of intermolecular 

interaction between the constituent polymers[169]. Such nano scale interactions will 

help in the production of fibre mat where individual filament will have properties from 

both polymers and could impact new thermal and mechanical properties in the fibres. 

 

 XRD analysis of the fibre mat 

The X-ray diffraction pattern of the electrospun pure polymers and polymer blend 

fibres are shown in Figure 5-7. As expected the PS fibre mat exhibits the characteristic 

(a) 

(c) 

(b) 

(a`) (a``) 

(b`) 

(c`) (c``) 

(b``) 

PS PS 
PS 

PSPU 8:2 
PSPU 8:2 PSPU 8:2 

PU 
PU 

PU 

Figure 5-6: Shows a, b and c) secondary electron (SE) image, a', b' and c') back scattered 

electron (BSE)image and a'', b'' and c'') XRD spectra of electrospun PS, PU and PSPU 8:2 

polymer blend mat as indicated on the images. All fibres were produced using the FC system 
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broad halo amorphous peak of polystyrene at 2θ =19.6o [182].The additional peak 

between 9.8o and 11.2o have earlier been attributed to the 210 of the monoclinic 

structure [183]. This peak could also be seen in all the polymer blends as well as the 

pure PU fibre mat. The additional peaks observed in the PSPU 6:4 and pure PU fibres 

(at 37.9o and 44.1o) could be attributed to peaks of the aluminium crucible used in the 

experiment, which becomes detectable due to sample size[184]. Normalising these 

peaks would show that PSPU 6:4 and the pure PU fibre mat exhibits similar XRD 

spectra as PS fibre and the other PSPU polymer blend mats. This experiments shows 

that despite PU being regarded as having a semi-crystalline domain of hard segments 

in literature [110], the XRD pattern investigated in this study shows PU to be 

amorphous in nature. 
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 Hydrophobicity and Oleophilic Characterisation 

A key desirable property of an oil sorbent is its oil-water selectivity [12, 92]. To 

evaluate the hydrophobic-oleophilic property of the polyblend mat, 2µl droplet of 

water and sunflower oil was dropped on a PSPU 82 mat fabricated using the FC 

system. The oil was seen to spread out and penetrate through the inter fibre void spaces 

almost immediately, while the water droplet remained on the surface of the mat for 

the entire period of observation (20 minutes) as seen in Figure 5-8a. This is an 

indication of the affinity of the polyblend fibre for oil (oleophilicity) as well as a proof 

of its hydrophobicity.  

Figure 5-7: XRD spectra of electrospun PS, PU and PSPU polymer blend mat fabricated 

using the FC system 
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In Figure 5-8b, different drop sizes of water dyed with red food colouring was placed 

on a PSPU 82_FC mat, and in all cases the water was seen to remain on the surface of 

the mat. This shows that irrespective of the droplet size, the polymer blend mat 

remains hydrophobic. To quantitatively measure the level of hydrophobicity of the 

different mats, Water Contact Angle (WCA) measurements (Figure 5-9), were carried 

out as described in Section 3.4.6 The WCA measurement of 123.5o obtained for the 

pure PS fibre mat is consistent with reported values in literature [96], this value was 

observed to increase with the polyblend mats to 134o, 134o, and 133.5o for the PSPU 

82, 73 and 6:4 respectively. This could be attributed to the effect of a tighter packing 

of the polymer with increasing PU in the blend. 

 

Figure 5-8: Hydrophobic and oleophilic illustration of electrospun PSPU_FC 8:2 fibre mat, a.) Optical 

image of water dyed with red food colouring and vegetable oil (as indicated), b.) Shows the 

hydrophobicity of the PSPU_FC 8:2 mat irrespective of the water droplet size. 
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Figure 5-9: WCA of electrospun PS, PU, and PSPU polymer blend fibre mats fabricated with 

a FC system. Insert images were taken at approximately 4secs upon contact with the fibre mat. 

Error bars represents one standard deviation about the mean (n≥5) 

5.4 Thermal Characterisation 

 TGA 

Thermogravimetric analysis (TGA) is a thermal analysis technique that could be used 

to determine the maximum temperature the polyblend fibre mats can withstand while 

in service, before decomposition. The thermal degradation characteristics of the neat 

PS, PU and PSPU polymer blend fibres is depicted in both the TGA and DTGA 

thermograph in Figures 5.10 and 5.11. The neat PS fibre mat exhibits a one-step 

thermal degradation with a single transition temperature, while the neat PU mat shows 

a two-step decomposition profile (Figure 5.10). The first and second stage degradation 

of the neat PU fibre can be attributed to the decomposition of the polymer’s hard and 



 

147 

 

soft segment respectively [185]. The hard segment degradation peaks at 369.4oC and 

completely degrades at 397.5oC. This amounts to 45% of the PU composition, while 

at same temperature (397.5oC), only 7% degradation had occurred in the PS fibre mat 

despite both pure polymer mats having same weight loss (77%) at 433.3oC.  

Based on this and the onset of thermal decomposition of the pure polymer mats (Table 

5-3), it can be inferred that the PS mat exhibits a higher thermal stability at the onset 

of decomposition than the PU fibres. Also, the peak degradation temperature of PU1 

which could be ascribed to the soft segment was seen to be 3.1oC higher than the PS 

fibre counterpart. Similar degradation profile as observed for PU1 has previously been 

reported in literature for TPUs [186-188], where approximately 3-5% gaseous/residual 

weight is observed on the thermograph. The thermal degradation mechanism of 

polyether based TPU such as the one used in this study, has earlier been reported to be 

an oxidation process, which involves CO2 production when decomposed under 

nitrogen atmosphere [187]. 

All the polymer blend mat were observed to exhibits a two-stage degradation profile 

which is indicative of the presence of PU in the fibrous mat. Interestingly, the onset of 

thermal degradation of the blend were much lower than those obtained for the pure 

polymer fibres, while the peak degradation temperature with the exception of PSPU 

6:4 were formed between those of the neat polymer mat. This could be an indication 

of the existence of interaction between the two polymers in the blend. Similar effect 

was reported for PLA/PS polymer blend [37].   

 DSC 

The nature of the glass transition (Tg) temperature in a binary polymer blend relative 

to the Tg of the pure polymer is often used to determine the level of miscibility of the
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Figure 5-10: Shows a.) TGA and b.) DTGA thermograph of electrospun PS and PU fibre mats 

fabricated using the FC system. Experiments were persormed as indicated in section 3.4.2.1 
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Figure 5-11: Shows a.) TGA and b.) DTGA thermograph of electrospun PSPU polymer blend 

fibre mats fabricated using the FC system. Experiments were performed as indicated in section 

3.4.2.1 
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polymers in the blend. As a rule, polymer blends characterised by a single glass 

transition temperature which falls in between those of the constituent polymers are 

said to be miscible [115, 116]. A compatible or partially miscible blends has two 

distinct Tg which are composition dependent, while immiscible blend is characterised 

by two Tg`s which has the same value as those of the constituent polymer [117]. Figure 

5-12 shows the DSC thermograph of electrospun PSPU polyblend fibres.  

The glass transition temperature for the neat PU and PS fibre was observed at -40.5oC 

and 114.7oC respectively, which is consistent with previous work [116]. However, a 

bimodal endothermic transition was observed for the PS fibre which could be the effect 

of the high voltage causing some structural changes in the PS fibre as same transition 

was observed in repeated runs of the PS fibre. In all the polymer blend, the 

thermograph shows a distinctive, single transition temperature which falls between 

those of the neat PS and PU polymer.  We could infer that there is a strong interaction 

and miscibility between the two polymers, which could help in impacting new 

properties in the polymer blend fibres [117]. 

Table 5-3: Glass transition temperature (Tg), temperature at onset of degradation (Td onset) and 

peak degradation temperature (Td) for electrospun PS, PU and PSPU polymer blend fibres 

 
Polymer Fibre  Tg  (oC) Td onset (oC) Td (oC) 

PS  114.7 412.5 433.2 

PSPU1 (9:1)  112.5 292.9 435.3 

PSPU1 (8:2)  108.2 298.4 436.2 

PSPU1 (7:3)  107.1 299.6 436.0 

PSPU1 (6:4)  107.7 302.1 438.5 

PU1 -40.5 314.9 436.3 
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Figure 5-12: DSC thermograph obtained for PS, PU and the different polymer blend fibre mat 

electrospun using the FC system. Single Tg observed for the polymer blends is an indication 

of strong miscibility between the PS and PU polymers 

5.5 Mechanical properties of the fibre mat 

 Tensile test characterisation of the polyblend mat 

An ideal sorbent particularly for marine oil spill clean-up should have a relatively good 

mechanical strength and maintain its structural integrity during and after oil sorption 

[20]. The mechanical properties of electrospun polymer blend is dependent on the 

intrinsic property of the constituent polymer, the ratio of the polymers and its 



 

152 

 

interaction in the blend, the structural orientation of the fibres and the existence of 

inter fibre bonding in the mat[173].  

To study the effect of the thermoplastic polyurethane (PU) addition on the mechanical 

property of the fibres, uniaxial tensile test was carried out on the mats. Figure 5-13a 

shows the average tensile stress of mats fabricated using both the FC and DC systems. 

In both systems, the tensile strength of the fibre is seen to increase with increasing PU 

addition. PSPU_DC 6:4 and PSPU_FC 6:4 experienced approximately 600% and 

1000% increase respectively in tensile stress, in comparison to the pristine PS mats 

fabricated using the respective collector system. For polyblend ratio 8:2, despite the 

quantitative difference in value of the tensile stress in both systems, both experienced 

a 200% increase compared to the pristine PS mats. In general, the higher tensile 

strength value seen for the DC system can be attribute to the higher packing density 

of fibres fabricated using this system.  The increasing trend in mechanical properties 

seen in both systems could be attributed to the formation of a chemically point bonded 

structure with PU addition as well as microstructural interaction between molecules 

of both polymers at a micro/nano scale level. Similar point bonded structure have been 

reported for PVC/PU polymer blend[173]. 

A typical stress-strain curve of the polyblend mats fabricated using the DC system is 

shown in Figure 5-13b, while a quantitative evaluation of the variation in mechanical 

properties of the polyblend mats is presented in Table 5-4. All the fibres exhibit a 

linear elastic behaviour with the application of a stress load up to the yield point. Fibre 

mats with a higher PU ratio from PSPU_DC 8:2 shows a further non-linear elastic 

behaviour until break point. This could be attributed to the stretching and slippage of 

the polyblend mat [172] indicating the effect of PU on the mat. 
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Figure 5-13: Effect of varying the polymer blend ratio on the tensile strength of 

PSPU polymer blemnd fibre mats. Comparing tensile strength of FC and DC 

fabricated mats. Error bar represents one standard deviation about the mean (n=5), 

b.) stress-strain curve of typical PS and PSPU mat fabricated using the DC system. 
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Table 5-4: Mechanical properties of electrospun PS_DC and PSPU_DC polymer blend mats. 

Standard deviation about the mean (n=5).  

Sample  Modulus 

(MPa) 

Yield Stress 

(MPa) 

Elongation at 

UTS (%) 

Tensile Strength 

(MPa) 

PS_DC  4.92 ± 0.61 0.15 ± 0.03 6.68 ± 1.43 0.17 ± 0.03 

PSPU 9:1_DC  9.84 ± 1.35 0.20 ± 0.02 3.23 ± 0.80 0.21 ± 0.02 

PSPU 8:2_DC 7.35 ± 2.77 0.29 ± 0.02 21.69 ± 3.21 0.35 ± 0.01 

PSPU 7:3_DC 14.55 ± 1.12  0.38 ± 0.02 33.96 ± 2.81 0.44 ± 0.03 

PSPU 6:4_DC 19.03 ± 2.46 0.66 ± 0.13 109.16 ± 14.23 1.00 ± 0.18 

 

To further study the effect of PU addition on individual fibre, SEM micrograph of the 

fractured point on PSPU_FC 6:4 was taken after tensile testing and compared with 

micrograph of the same mat not tested (Figure 5-14a and b). Figure 5-14b shows 

plastic deformation of the polyblend fibre after tensile testing, with several localized 

fractured points observed along the twisted fibre filaments. A reduction in the average 

fibre diameter of about 50% (3.89µm to 1.96µm) was observed between the two 

micrographs (Figure 5-14c). This phenomenon further shows that aside the point 

bonding, the polymer fibre equally plays a role in the enhanced tensile strength, as the 

fibre filaments had undergone some loading prior to failure. The fractured point could 

be ascribed to the inability of the fibre filaments to support the applied load following 

the rearrangement of the fibres during tensile testing [169] 
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Figure 5-14: Effect of tensile test on electrospun PSPU_FC 6:4 fibre mats. a.) shows the 

morphology of the fibre mat prior to uniaxial tensile testing, b.) mat morphology at the point 

of fracture after the test, c.) comparison of the average fibre diameter obtained from both mats. 

Error bar represents one standard deviation about the mean (n ≥ 100).  

 

 Investigating the mechanical properties of DC fabricated mats along 

(MD) and across (CD) the axis of rotation of the drum 

Mechanical properties of fibre mat fabricated using the DC system were studied both 

along the axis of rotation of the drum tagged machine direction (MD) and the drum’s 

axial (Cross) direction (CD). Figure 5-15a and b shows the tensile strength and 

elongation at UTS respectively of PS, PSPU_DC 8:2 and PSPU_DC 6:4 fibre mat. 

Though all the fibres fabricated using the DC system exhibits a random orientation, 

the tensile strength in the CD was consistently higher than in the MD in all the fibre 

(a) (b) 

(c) 
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mats. It is believed this could be an effect induced by the transverse movement of the 

nozzle in the CD of the drum, which may have induced some fibre orientation in that 

direction, which may not have been easily noticeable on the SEM micrograph.  

The strain at UTS shows a reverse trend with both the PS and PSPU_DC 6:2 mat, 

having a greater elongation of 164% and 152% respectively along the axis of rotation 

of the drum (MD), while no significant difference was observed for PSPU_DC 8:2. 

Table 5-5 shows a detailed quantitative evaluation of the yield stress, modulus, 

elongation at UTS and tensile strength of the mat. Typical stress strain curve of the 

data presented in Table 5-5 can be found in the appendix.  



 

157 

 

  

 

Polymer Fibre  Modulus (MPa)  Yield Point (MPa) Elongation (%) Tensile Strength (MPa) 

CD MD  CD MD CD MD CD MD 

PS 10.33 ± 1.33 4.11 ± 0.88  0.17 ± 0.05 0.09 ± 0.01 6.20 ± 0.62 10.77 ± 1.33 0.21 ± 0.03 0.11 ± 0.02 

PSPU 8:2 8.02 ± 1.67 7.48 ± 0.76  0.17 ± 0.02 0.23 ± 0.03 41.47 ± 1.01 40.44 ± 3.61 0.47 ± 0.05 0.31 ± 0.05 

PSPU 6:4 15.40 ± 1.02 10.79 ± 2.59  0.33 ± 0.05 0.31 ± 0.10 62.80 ± 6.62 95.53 ± 10.63 0.66 ± 0.07 0.64 ± 0.15 

Figure 5-15: Comparison of the mechanical properties in the axial/cross direction of the drum (CD) and rotating direction (MD) of mats fabricated 

using the DC system, a.) Tensile strength and, b.) Elongation at UTS of the mats. Error bars represents one standard deviation about the mean (n=5). 

Table 5-5: Comparison of the modulus, yield stress, elongation at UTS and tensile stress of DC fabricated mats in the rotating direction (MD) and cross/axial 

direction (CD) of the mat 
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 Effect of crude oil on mechanical properties of electrospun polymer blend 

fibre mats 

The use of sorbents in oil spill remediation often involves leaving the sorbent at the 

spill site over a considerable period either to attain saturation as a protective 

barrier[156]. Hence, it is important that a sorbent maintains good mechanical integrity 

over a substantial period when exposed to the sorbed pollutant. The effect of light 

crude oil on the mechanical properties of PS_DC, PSPU_DC 8:2 and PSPU_DC 6:4 

is presented in Figure 5-16.  The tensile strength of the polymer blend mat is seen to 

reduce over the experimental period of 72 hours (3days), but remains between 150% 

- 200% higher than the tensile strength of the pristine PS fibre mats, while the % 

elongation increases with exposure to the light crude oil. The increased elongation 

could be the result of plasticization effect of the light crude oil on the polymer fibre or 

an enhanced fibre slippage due to reduced inter-fibre friction during testing. Overall, 

the polyblend mats shows good mechanical properties than the pure PS mat, indicating 

its suitability for use as sorbent in shore line protection.  
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Figure 5-16: Influence of light crude oil on the mechanical properties of electrospun PS and 

PSPU polymer blend mats fabricated using the DC system. a.) shows the tensile strength and 

b.) elongation at UTS of mats studied over a period of 3 days. Errors bars represents one 

standard deviation about the mean (n=3). 

 AFM Peak Force QNM analysis 

Evaluation of the mechanical properties of single fibre filaments fabricated using the 

FC system was investigated using the peakforce quantitative nanomechanical mapping 
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technique described in Section 3.4.8.2. This method enables the simultaneous 

investigation of the DMT modulus and adhesion properties of a filament down to the 

nanoscale level, while carrying out a topographic scan of the sample [189]. Figure 5-

17 shows the variation in the DMT modulus and adhesion properties with increasing 

PU content in the fibre filament. The DMT modulus value of 2.9GPa recorded for the 

pristine PS fibre filament is consistent and within margin of error of literature 

values[139], which is in the realm of the manufacturer`s reported value. This further 

validates the QNM approach reported in this thesis.  

The decreasing trend in DMT modulus with increasing PU observed in Figure 5-17 

may be the effect of the polyurethane soft segment, as the thermogravimetric analysis 

reported in Section 5.4.1 shows a 55% soft segment composition in the PU used in this 

study. However, a comparison of the moduli value reported in this section, shows a 

variation of 2 - 3 orders of magnitude, with values reported earlier in Section 5.5.1. 

This difference in value with the macro scale tensile testing method can be ascribed to 

the porosity of the fibre mats as well as the random orientation of the fibres [190, 191].  

Figure 5-17 equally shows a decreasing trend between the adhesion behaviour with 

increasing PU ratio, this indicates a decreasing affinity between the cantilever tip and 

the sample. The adhesion would have been more meaningful if the cantilever tip is 

functionalized [189] with a functional group such as the CH3- group, as this would 

have indicated the level of hydrophobicity of the surface.  
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Figure 5-18 shows the 2D and 3D height sensor and the DMT modulus mapping.  The 

contrast in a modulus scan could be an indication of the distribution of the constituent 

polymers, in the case of polymer blend [189]. Such conclusion cannot be inferred from 

the below DMT scan, as regions with lower stiffness recorded could be seen on both 

the pristine PS and polymer blend fibres which could be attributed to height variation 

on the fibre surface. Such height variation could be advantageous as it could provide 

more surface area for oil adsorption.
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Figure 5-17: DMT Modulus and Adhesion properties of peakforce QNM of 500nm - 

1µm scan area on a single fibre filament fabricated using the FC system. 
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Figure 5-18: Illustration of the 2D and 3D height sensor and the DMT modulus scan of electrospun PS and PSPU_FC fibre mats. 
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5.6 Oil sorption properties of the polymer blend mats 

 Evaluation of oil sorption and oil retention capacity of fibre mat (Oil Only 

System) 

To investigate the maximum oil sorption and retention capacity of the polymer blend 

fibre mats, sorption test were performed as described in Section 3.4.9.  Figure 5-19 

shows the oil retention behaviour of mats fabricated using both the FC and DC 

systems. Oil retention behaviour of commercial PP sorbent (mat) was equally studied 

for comparison with the DC fabricated mats.  

The oil retention curve of the different mats was observed to follow a similar trend, 

with at least 3 distinct zones observed in the desorption process. The first period which 

occurs within the first minute of drainage, saw rapid release of loosely adsorbed oil 

from the sorbent. The second period was observed between 5-15mins of desorption in 

most of the mat and it is the period where the mat experiences a sharp decline in 

desorption rate. This period could be regarded as the transition period as it occurs 

before the third stage where the process attains equilibrium in some of the mats. 

Similar trend has been observed in literature for PP mats [17] and recycled wool 

sorbent [192]. Although most of the PS and PSPU 9:1 fabricated mats were observed 

not to have attained steady state within the experimental period of 30mins. It is 

believed the desorption process will reach a steady state with an increase in 

observation time. 

In Figure 5-19, variation in sorption behaviour was observed in mats fabricated using 

the different collector systems.  FC fabricated sorbent, consistently exhibits a higher 

initial sorption capacity (at time; t = 0) and at the observed period of t=1 and t=30mins, 

when compared to DC fabricated mats, as seen in Figure 5-19 and Table 5-6.  Sorption 
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Figure 5-19: Oil retention behaviour of electrospun PS and PSPU polymer blend mats fabricated using both FC and DC systems in 

sunflower and motor oils. Oil retention curve of the commercial PP sorbent is also tested for comparison. Error bars represents one 

standard abot the mean (n=3) 
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capacity of 175g/g recorded for PS_FC at t=1, represents a value 177% higher than 

DC produced PS mat, while for the polymer blend fibres (PSPU); 9:1, 8:2, 7:3 and 

6:4, a higher SC of 168%, 216%, 297% and 322% respectively was recorded for the 

FC fabricated sorbent over the DC produced sorbents. The higher SC can be attributed 

to the loose architecture and higher porosity of the FC mats (see Figure 5-1 and Table 

5-6). Similar effect of porosity on sorption capacity have been reported in previous 

studies [134, 193]. A high fibre packing density and low mat porosity could be 

attributed to the decreasing SC with increasing PU ratio observed in all the different 

system. 

As illustrated in Table 5-6, the higher sorption capacity recorded for motor oil in all 

the different polymer blend sorbent can be ascribed to its higher viscosity which 

enhances intermolecular interaction between the oil and the fibre filament. Also, motor 

oil was observed to experience a lower desorption rate in mats with a high porosity, 

which is consistent with previous works [134], but as the porosity of the mats drops to 

95.9% and below in PSPU_DC 8:2, 7:3 and 6:4, a reversal in trend was observed.  The 

desorption rate for motor oil for  these mats  can be attributed to a combined effect of 

both porosity and SSA of the mat, as a dip in SSA was observed  in the three sorbents. 

The PS and PSPU polymer blend mats were seen to possess higher SC in both oils 

compared to the commercial PP mat.  The poor performance of the PP sorbent could 

be attributed to a combination of the mat architecture, fibre morphology, material 

chemistry and the crystalline nature of the polypropylene.
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Table 5-6: Relating the fibre mat/sorbent parameters with the oil desorption behaviours of the mats. Sorption capacity and desorption rates at time 0 min, 1 min 

and 30 mins is represented with t0, t1 and t30 respectively 

Fibre Sample 

 

Porosity 

(%) 

Motor Oil  Sunflower Oil 

SSA SC at t0 

(g/g) 

SC at t1 

(g/g) 

Desorption 

rate at t1 

(%) 

SC at t30 

(g/g) 

Desorption 

rate at t30 

(%) 

 SC at t0 

(g/g) 

SC at t1 

(g/g) 

Desorption 

rate at t1 

(%) 

SC at t30 

(g/g) 

Desorption 

rate at t30 

(%) 

PS_FC 1.24 99.8 215 175 19 87 60  170 122 28 47 72 

PSPU 9:1_FC 1.15 99.7 183 163 11 86 53  185 138 25 46 75 

PSPU 8:2_FC 1.04 99.6 133 97 27 47 65  134 81 39 36 73 

PSPU 7:3_FC 1.05 99.6 132 98 26 46 61  108 63 42 37 66 

PSPU 6:4_FC 0.93 99.0 107 74 31 43 60  68 37 46 25 63 

              

PS_DC 1.81 97.5 144 99 31 58 60  156 107 31 50 68 

PSPU 9:1_DC 1.26 96.9 131 97 26 52 60  97 64 34 37 61 

PSPU 8:2_DC 1.14 95.9 75 45 40 31 57  56 38 32 28 50 

PSPU 7:3_DC 0.76 95.1 62 33 47 21 66  39 25 36 17 56 

PSPU 6:4_DC 1.13 94.4 38 23 40 18 53  32 21 34 16 50 

              

pp 1.10 91.2 12 10 17 9 25  12 10 17 9 25 
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 Investigating buoyancy and oil sorption capacity in oil - water medium  

A key desirable property of a sorbent for marine is the ability to maintain buoyancy 

before and after oil sorption particularly when used in marine oil spill clean-up [3, 19]. 

Buoyancy tests were performed as described earlier in Section 3.4.4.  Figure 5-20, 

shows oil sorption process PSPU_FC 8:2 and PSPU_DC 8:2 sorbent under static 

condition. In both cases, the sorbent was seen to remain on the surface of the oil-water 

medium for the entire duration of the experiment (30 mins), even when completely 

saturated with oil. The same buoyancy level was experienced under dynamic 

condition, which demonstrated the suitability of the polyblend sorbent for marine oil 

spill remediation. Figures 5-20 c and d, shows the surface after the removal of the 

soaked sorbent. Good buoyancy was observed under dynamic condition for both fibre 

sorbents in result not shown in this thesis. 

Figure 5-20: Illustration of the buoyancy of PSPU 8:2 mats fabricated using FC and DC 

system. Test were conducted under static conditions and time indicated on image a.), b.), d.) 

and e.) represents duration of sorbent exposure to the oil-water medium, while  c.) and f.) 

shows water surface after the fibre mats were removed. 
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Figure 5.21, shows the average sorption capacity for PSPU_FC polymer blend fibres 

in  an oil-water medium, and a comparison with maximum sorption capacity recorded 

in literature for coaxial[22] and multi-nozzle[21] electrospun mat of both polymers, 

described in Section 2.6.3 

 

Test were conducted under similar test procedure as the previous literature work and 

as described in Section 3.4.9.  Generally, it can be seen from Figure 5-21, that the 

PSPU polymer blend mat exhibits a higher sorption capacity of between 2-5 times 

those obtained in the earlier reported literatures. The higher sorption behaviour in the 

polyblend mat could be a combination of greater intermolecular interaction between 

the PS-PU polymers, effect of polymers molecular weight, and the fibre packing 

density[134]. For the two oil types investigated, PSPU_FC (9:1) recorded the highest 

SC of 123.88g/g and 123.95g/g in motor oil and sunflower oil respectively. The 

Figure 5-21: Oil sorption capacity in motor and sunflower oils of electrospun PS and PSPU 

polymer blend mat fabricated using the FC system. Asterixed, are values for multi-nozzle and 

coaxial electrospun PS and PU mats reported in literature. All testes were carried out in oil-

water medium and under static condition 
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enhanced SC at this blend, could be the effect of intermolecular interaction between 

the polymers with the PS still playing a dominant effect in the blend. 

 Sorption behaviour under static and dynamic conditions (Oil-Water 

medium)  

The sorption behaviour of PSPU_FC polymer blend mat was investigated in an oil-

water system under both static and dynamics conditions as described in Section 3.4.9, 

using light crude and vegetable oil.  

Figure 5-22 shows oil sorption capacity for the PS and PSPU polymer blend mat under 

static conditions, the SC of the pristine PS fibre mat was 80.49g/g and 42.50g/g for 

vegetable and crude oil respectively. An addition of 10% PU in the polymer matrix 

(PSPU_FC 9:1) saw an increase of 16.7% and 5.5% in both vegetable oil and crude 

oil respectively. Further increase in PU ratio in the blend, saw a gradual decline in the 

sorption capacity. The initial rise in sorption behaviour as observed for PSPU_FC 9:1 

could be the elastomeric PU giving the mat some structural integrity that enhances its 

oil sorption, this effect was seen to collapses with further increase in the PU ratio in 

the blend. This could be a result of the high density of PU polymer and the introduction 

of point bonding between the fibres, thereby reducing void spaces available for 

sorption. The higher sorption capacity observed for vegetable oil could be attributed 

to the higher viscosity of the oil, which enhances the molecular interaction between 

the oil and the fibre filament, hence greater adsorption. Generally, a high viscous oil 

introduces either an increase adherence to the fibre or a decrease in the ability of the 

oil to infiltrate the void spaces between the fibre filaments [8, 11]. The same trend in 

sorption behaviour was observed under dynamic condition as seen in Figure 5-22b at 

an agitation speed of 250rpm, but with a lower sorption capacity for all the different 

mats. 



 

170 

 

Figure 5-22: Oil sorption capacity under static and dynamic conditions of 

electrospun fibre mats fabricated using FC system. Error bar represents one 

standard deviation about the mean (n = 3). 
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 Reusability and recoverability of the PSPU polymer blend mat 

A key aspect of oil spill clean-up process is the reusability of the sorbent and the ability 

to recover the sorbed oil [14]. The reusability of the electrospun polymer blend fibre 

was investigating using PSPU_FC 6:4, given its high mechanical properties as seen in 

Section 3.5. Figure 5-23 shows the result of five successive sorption cycle of the fibre 

mat using motor oil as test medium. A sharp decline of approx. 50% in sorption 

capacity was observed after the first cycle; from 72.7 g/g to 35.0 g/g. The SC was then 

seen to approach a limiting value afterwards. The sharp drop in SC capacity after the 

first cycle could be the effect of irrecoverable collapse in the mat porosity due to the 

manual desorption process used in this study. It is important to note that the sorption 

capacity of 28.9g/g recorded after 5th cycles, represents approximately 3 times the SC 

of the conventional PP sorbent (see Section 5.6.3) and about 2 times values recorded 

for both PP [17] and wool based sorbents [192] in literature. 

Figure 5-23: Demonstration of reusability of electrospun PSPU_FC 6:4 polymer blend, 

showing sorption and desorption of the fibre mat. 
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5.7 Summary 

As stated in Section 4.1, the aim of this chapter is to explore polymer blending as a 

means of increasing the mechanical properties of electrospun PS fibre. A blend of PS 

and thermoplastic polyurethane (PU) were studied and as shown in Figure 5-13, this 

overall objective was achieved. 

The morphological structure of the PSPU polymer blend fibres were studied for both 

flat collector (FC) and rotating drum collector (DC) system (Figures 5-2 and 5-3). In 

both cases, though not a linear effect, the average fibre diameter shows an increasing 

trend with increasing PU ratio (Table 5-2), this was attributed to the observed increase 

in the viscosity and surface tension of the blend solution with increase PU ratio as 

illustrated in Table 5-1. Also, increasing PU content in the blend results in a higher 

packing density and the formation of chemically point bonded structures, attributed to 

the higher density of PU, causes a reduction in rate of solvent evaporation. 

The formation of a bi-component PS-PU mat structure is confirmed in Figure 5-5, 

while EDX analysis in Figure 5-6, further confirms the creation of a polymer blend 

down to a single fibre filament. This effect could be attributed to intermolecular 

interaction between the binary polymer constituent. The formation of a single glass 

transition temperature in the DSC thermograph (Figure 5-12 and Table 5-3), further 

indicates the existence of a strong miscibility between the polymers. 

Oil viscosity, mat/sorbent porosity, polymer blend ratio, and fibre collection system 

were observed to be key to the oil sorption and retention capacity of the mat as seen 

in Table 5-6 and Figure 5-19. Despite the decreasing trend in oil sorption and 

retention capacities of the polyblend mats with PU addition, values obtained were 

between 2 – 9 times those of the commercial PP sorbent (Table 5-6).  
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In the same vein, SC of the polymer blend mat was between 2 - 5 times, those obtained 

for coaxial and multi-nozzle side-by-side electrospinning of PS and PU polymers 

reported in literature. Excellent buoyancy under both static and dynamic conditions 

were observed for the poly blend mats in Figure 5-22. Good reusability of the mat 

was shown with PSPU_FC 6:4 in Figure 5-23. 

It is believed that despite the contrasting trend in the mechanical and SC behaviour of 

the polymer blend mat, a compromise can be reached between these 2 key properties, 

depending on the viscosity of the oil to be sorbed. 
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6 Post Treatment of PS fibre mat: Heat and 

Ultrasonic Treatment 

6.1 Introduction 

One of the major constraint facing the exploitation of electrospun PS as oil sorbent is 

its poor mechanical strength, due to the lack of bonds between the fibres. In the 

previous chapter (Chapter 4), polymer blending was used to improve the mechanical 

properties of electrospun (ES) PS fibre mat.  Here, we will explore a two-step 

processing approach - fibre production and subsequent heat or ultrasonic treatment of 

the fibre mat. This will provide a basis for comparison between a single processing 

(polymer blend) and two-step approach (heat and ultrasonic treatment) in improving 

the mechanical properties of PS fibres.  

Heat treatment is an established technique often used in enhancing the mechanical 

properties of electrospun fibres [194, 195]. Only a limited number of studies on the 

thermal treatment of electrospun PS have been reported in literature [196, 197]. None 

of these studies have investigated the impact of thermal treatment on the mechanical 

or sorption behaviour of the fibres. Ultrasonic energy, a technology commonly used 

in the textile and apparel industry [198], has reportedly been used to enhance the 

mechanical strength of fibres. This has been achieved either by passing the fibrous mat 

through a pair of ultrasonic rollers [199] or exposing the fibres to ultrasonic energy in 

an ultrasonic bath, containing a liquid medium [200]. Ultrasonic technology is yet to 

be explored for electrospun fibre bonding. 
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This chapter therefore aim to explore the feasibility of using thermal and ultrasonic 

energy treatment to enhance the mechanical strength of electrospun PS mat, while also 

studying the effect on the physicochemical and sorption behaviour of the mat. Mats 

fabricated using the rotating drum set up discussed in previous chapter (Chapter5) will 

be used in this study. The specific objectives of this chapter are as follows; 

 To study the effect of heat treatment temperature on the morphology of 

electrospun PS fibre mats. 

 To study the effect of heat treatment on the chemical and thermal property of 

the fibre mat. 

 To evaluate the effect of thermal treatment temperature on the mechanical and 

sorption behaviour of the fibre mat. 

 To evaluate the effect of thermal treatment time on both the mechanical and 

sorption behaviour of the mat. 

 To study the effect of ultrasonic exposure on fibre morphology, sorption and 

mechanical properties of PS fibre mat. 

6.2 Heat treatment 

Previous literature studies on the thermal treatment of electrospun fibres, have shown 

that heat treatment could induce dimensional shrinkage of the mat. This has been 

attributed to molecular chain relaxation of the polymer`s amorphous region [173, 201]. 

To mitigate this, tension/restrained thermal treatment is employed in this chapter, as 

this has previously been demonstrated as a method that does not impact on the polymer 

mat`s dimension during heat treatment [202]. The effect of heat treatment on the 
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morphological, chemical, mechanical and sorption behaviour of the mat is described 

in subsequent subsection. 

6.2.1 Physicochemical properties of heat treated PS fibre mat 

6.2.1.1 Effect of heat treatment on fibre morphology 

The heat treatment process explored to enhance the mechanical properties of 

electrospun PS fibre mats were carried out using the thermal treatment process 

described in Section 3.7. The strengthening of the mechanical behaviour of 

electrospun polymer fibre mat after heat treatment had previously been associated to 

the formation of inter-fibre bonds between adjacent fibre at the point of contact[203], 

which could occur either below [204] or above [196, 197] the glass transition 

temperature of the polymer. Thermal analysis of electrospun PS fibre mat carried out 

earlier in Section 5.4 had shown the glass transition temperature (Tg) of the mat to be 

114.7oC, hence the thermal treatment was conducted between 90oC and 130oC at an 

incremental temperature of 10oC. 

Figure 6-1, shows the SEM micrograph of untreated and heat treated PS fibre mats. 

No inter-fibre bonds was observed in both the untreated and heat treated mats at 90oC 

and 100oC as seen in Figure 6-1b and c,  but with an increase in treatment temperature 

close to the Tg at 110oC (figure 6-1d,) the formation of inter-fibre bonds were 

observed. Further increase in the treated temperature above the Tg (Figure 6-1e and f) 

saw an in increase in the number of point bonding of adjacent fibres. The increased 

bonding could be attributed to the ability of the molecular chains to glide past one 

other at temperature above the glass transition temperature, thereby enhancing inter-

fibre bonds upon cooling. 
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Figure 6-1: SEM micrograph showing the effect of heat treatment on electrospun PS mat at different treatment temperature; a.) Untreated PS mat and heatreated 

at b.) 90ºC; c.)100ºC; d.) 110ºC; e.) 120ºC and f.) 130ºC
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Analysis of the SEM micrograph to evaluate the effect of HT on the fibre diameter 

(Table 6-1 and Figure 6-2), reveals that despite no change in the morphology of HT 

fibre at 90oC and 100oC a steady increase in the average fibre diameter (AFD) was 

observed. The AFD increased from 3.13µm in the untreated mat to 3.33µm when HT 

at 100oC. Similar effect was earlier reported by Shirazi et al [196]. Further increase in 

HT temperature above the Tg saw a gradual decline in AFD to 2.20µm at a HT 

temperature of 130 oC. The thinning of the fibre diameter is a combined effect of the 

tension heat treatment mode employed in this study and a rearrangement of the fibre`s 

molecular chain as the applied heat exceeds a certain activation energy, in this instance 

the polymers Tg.  

For a restrained heating mode, heating the fibre mat above Tg causes polymer chains 

to arrange along the axis of the applied external force leading to a reduction in the 

fibre diameter[202]. Also, HT above 100oC causes loose fibres on the polymer mat 

structure to relax, causing a reduction in mat thickness and subsequent reduction in 

the porosity of the mat as seen in Table 6-1. The gentle drop in the porosity level 

observed in Table 6-1 is a result of the gravimetric method employed in the porosity 

measurements, as the sample size of 3cm x 3cm used for this study had fairly the same 

mass. The only difference between the samples was the thickness as a result of fibre 

compacting upon increasing treatment temperatures. 

The surface hydrophobicity of the mats before and after heat treatments was evaluated 

using water contact angle (WCA) measurements. As shown in Figure 6-3, the 

untreated PS fibre exhibits the least hydrophobicity with an average WCA of 126.1º. 

It also recorded the largest variation in measured CA (112.6 – 136.6º) as illustrated in 

the standard deviation. This could be the effect of the loose nature of the sample 

surface. Heat treating the mat above 100ºC saw a rise in the measured WCA with a 
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    Table 6-1: Fibre diameter, mat thickness and porosity of electrospun PS mat before and after thermal treatment 

  Before Heat 

Treatment 

Heat treatment Temp 

 90ºC 100ºC 110ºC 120ºC 130ºC 

Fibre Diameter 

(µm) 

Mean 3.13 3.25 3.33 2.70 2.35 2.20 

SD 0.50 0.41 0.52 0.37 0.40 0.31 

Max 4.49 4.42 5.90 3.88 3.61 3.48 

Min 1.83 2.21 2.25 1.58 0.88 1.38 

        

Mat Properties 
Mat Thickness (µm) 1200 1200 700 410 220 200 

Mat Porosity (%) 99.7 ± 0.16 99.7 ± 0.08 99.5 ± 0.00 99.05 ± 0.24 98.5 ± 0.08 98.4 ± 0.00 

Figure 6-2: Average fibre diameter (AFD) distribution of electrospun PS fibre mat at different heat treatment temperatures. Error bars represents one standard 

deviation about the mean (n≥200). 
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Table 6-2: WCA for untreated and heat treated PS mat 

 
 

WCA ( 
o 
) 

PS Untreated 126.1 ± 9.21 

PS   90° HT 130.1 ± 4.72 

PS 100° HT  139.5 ± 3.48  

PS 110° HT  141.0 ± 5.25 

PS 120° HT  141.6 ± 5.03 

PS 130° HT  136.1 ± 1.54 

Figure 6-3: Water contact angle (WCA) distribution of 4µl of water on the surface of untreated and 

different heat treated PS mat. Inserted images were taken at approximately 4sec upon contact with the 

fibre mat. Error bars represent one standard deviation about the mean (n = 7) 
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peak value of 141.6º at a HT temperature of 120ºC. The mat surface also appears 

smoother with thermal treatment, due to an increased compactness and reduction in 

loose fibres on the mat surface. This result is contrary to the Wenzel theory[119] 

discussed in Section 2.8.  The increase in WCA of heat treated mat has earlier been 

attributed to a combined effect of capillary action and the Cassie-Baxter effect by 

Shirazi et al [197]. In the case of heat treated mat, Cassie-Baxter effect [159] being 

more dominant due to a reduction in mat pore sizes and surface roughness. 

6.2.1.2 Effect of heat treatment on PS chemical composition 

The effect of thermal treatment on the chemical composition of electrospun PS mat 

was investigated by carrying out FTIR analysis on the fibre mats. Figure 6-4 illustrates 

that no changes occurred in all the heat treated mats. Similar results reported earlier in 

literature [196] was attributed to the use of vacuum oven in the thermal treatment 

process. This result indicates that similar effect can be obtained using an air assisted 

oven and also illustrates the inherent ability of the mats to adsorbed oils due to its 

chemical structure remain unchanged, even after thermal treatment. Any changes in 

the oil sorption behaviour of the mats after thermal treatment will be a function of 

changes in the mat architecture such as porosity and its 3D structure. 

Despite the fact that heat treatment had no effect on the chemical composition of the 

thermally treated PS mat, DSC analysis of the mat reveal some microstructural 

movement of the polymer molecules before and after heat treatment. As seen in Figure 

6-5, untreated PS mat and mats heat treated at 90 and 100ºC exhibits similar 

exothermic peak earlier reported in Section 4.4, which was attributed to molecular 

orientation of the PS molecules during the electrospinning process. Heat treating the 

mat at temperatures from 110ºC and above saw a disappearance of this exothermic 
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Figure 6-4: ATR-FTIR spectra of untreated and heat treated electrospun PS fibre showing no 

changes in the chemical structure of the different functional group after heat treatment 

Figure 6-5: DSC thermograph of untreated and heat treated PS mat at different heat treatment 

temperature 
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peak and a drop in the measured Tg. An explanation to this will be heat treating the PS 

mat at temperature around the polymer glass transition temperature saw the PS 

molecules getting activated and able to flow, hence assumes their inherent randomized 

amorphous structure upon cooling. This also explains the SEM micrograph in Figure 

6-1, where inter-fibre bonds were observed on heat treated at 110 ºC and above. 

6.2.2 Investigating the effect of heat treatment on mechanical properties 

The effect of thermal treatment on the mechanical properties of PS fibre mat at 

different treatment temperature is shown in Table 6-3 and Figures 6-6. The results 

indicates that at treatment temperature of 90ºC (for 5 min), no change was recorded in 

the ultimate tensile strength (UTS), which was maintained at 0.15 ± 0.02 MPa, same 

as the untreated mat. The enhanced modulus and reduced elongation at UTS observed 

at this treatment temperature, indicates an increase in the PS mat stiffness, despite the 

UTS being unaffected. Further increase in treatment temperature led to a steady 

increase in UTS and the modulus, with the highest value of 123.77 ± 15.68 and 2.76 

± 0.58 MPa obtained at treatment temperature of 130ºC for both the Modulus and UTS 

respectively. The sharp increase in both parameters observed at heating temperature 

of 110ºC and above, could be ascribed to a combined effect of inter-fibre bonds, as 

observed in Figure 6-1 and the mat`s compactness or reduced porosity as seen in Table 

6-1. The effect of fibre compactness and porosity on electrospun fibre mat has been 

demonstrated in previous studies [205, 206]. It was reported that low porosity results 

in fibre densification, which inhibits fibre movement during tensile testing, resulting 

in higher UTS value[206]. A high porosity mat on the other hand will allow fibre 

movement and slippage, hence a lower strength material is created. The stress-strain 

curve in Figure 6-7, confirms the above statement as both untreated PS mat and mat 

heat treated at 90ºC, which earlier in Section 6.2.1.1 was shown to have a high porosity 
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Figure 6-6: A comparison of the maximum tensile strength and elongation at UTS of the 

different heat treated fibre mats. Tensile test were performed with test method described in 

section 3.4.3.1.  Error bar represent one standard deviation about the mean (n = 5) 

Figure 6-7: Stress - strain curve showing a typical untreated and heat treated PS fibre mat. 
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level, both exhibit a high fibre slippage and low tensile strength. The steep elastic 

deformation demonstrated by mats heat treated above the Tg, implies a rigid material 

which could impacts on the mats oil sorption behaviour.  

This results indicates that heat treatment at temperature around the Tg will induce 

inter-fibre bonds, fibre compacting and reduced porosity which enhances the 

mechanical properties of the mat. 

Table 6-3: Mechanical properties of untreated and heat treated PS mat after 5mins at different 

heat treatment temperatures. Standard deviation represents n =5 

  
Modulus (MPa) Ultimate Tensile Strength 

(MPa) 
Elongation at UTS 

(%)   
PS Untreated 3.84 ± 0.26 0.15 ± 0.02 12.23 ± 2.18 
PS 90ºC HT 6.29 ± 1.55 0.15 ± 0.02 4.36 ± 0.86 

PS 100ºC HT 12.24 ± 2.53 0.28 ± 0.05 2.17 ± 0.63 
PS 110ºC HT 40.39 ± 9.55 0.45 ± 0.16 1.40 ± 0.72 
PS 120ºC HT 70.66 ± 14.31 0.64 ± 0.27 1.04 ± 0.18 
PS 130ºC HT 123.77 ± 15.68 2.76 ± 0.58 2.62 ± 0.19 
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6.2.3 Effect of heat treatment on oil sorption behaviour 

The effect of different heat treatment temperature on the oil sorption capacity of 

electrospun PS mat is presented in Figure 6-8. Oil sorption test was conducted in an 

oil-water system using a test method previously described in Section 3.4.4, as WCA 

test presented earlier in Figure 6-3 indicates strong hydrophobicity of all the different 

heat treated mats. The result in Figure 6-8 shows a declining trend in sorption capacity 

(SC) of both motor oil and sunflower oil with increasing treatment temperature. At 

90ºC heat treatment, despite no apparent changes in mat porosity or fibre densification, 

a drop in SC of 33.49% was observed for motor oil from 116.08g/g in the untreated 

mat to 78.21g/g. Similarly for the same heat treated mat, a drop 24.21% was recorded 

for sunflower oil. This could be the effect of the slight increase in AFD recorded at 

this treatment temperature, probably due to polymer chain relaxation. Further increase 

in heating temperature led to a sharp drop in SC, resulting from reduced porosity and 

fibre densification. Jiang et al [97] has previously attributed high SC to high porosity 

fibre mats. It is important to note that the SC of the heat treated mat up to 110ºC remain 

higher than those of commercial PP fibres recorded in literature [17] and in section 

4.6.  

Heat treatment temperature of 90ºC was chosen for further analysis to investigate the 

effect of heating time on both mechanical and sorption capacity of the fibre mat, as 

mat heat treated at this temperature for 5mins exhibits the highest sorption behaviour 

of the thermally treat mats.  
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Figure 6-8: Effect of heat treatment on sorption capacity of untreated and heat treated PS mat. 

Error bars represent one standard deviation about the mean (n=3) 

6.2.4 Evaluating the effect of heat treatment time on oil sorption and 

mechanical behaviour of PS mat 

The results presented in Section 6.2.3 shows that heat treatment of the PS mat at 90ºC 

for the 5mins heating duration had no effect on the tensile strength of the mat. We 

hypothesis that this could be a result of inadequate heating time or heat exposure of 

the mat. An incremental heating duration of 5mins (to 10 and 15 mins) was explored 

at same heating temperature of 90ºC. Table 6-4 and Figure 6-9, shows the effect of 

increase in heating time on the mechanical properties of the mat, where an increase in 

treatment time to 10mins led to an 86.7% increase in UTS and over 100% increase in 

modulus. Further increase in heating duration to 15 mins, caused a drop in both UTS 

and modulus. Similarly, the elongation at UTS was seen to decrease steadily with 

increasing treatment time. Based on this, it could be inferred that the optimum heating 
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time at a heating temperature of 90ºC is 10 mins, as further increase in heat treatment 

duration weakens the interaction force between the polymer molecules, thereby 

reducing the mechanical properties of the mat. Zhang et al[202], reported a similar 

results for electrospun polysulfone (PSU), but in that case the optimum heating time 

was obtained after heat treatment for 3hrs. The impact of heat treatment duration on 

the mechanical properties of polymers can be better explained by the time-temperature 

equivalent principle[207].  

Figure 6-10 depicts a typical stress- strain curve for the different heat treatment 

periods, the steep elastic region for the 5 and 10mins treatment duration indicates a 

higher modulus, hence a stiffer material. It is important to note that for sorbent it is 

desirable to have a material with less stiffness as fibre movement could enhance 

sorption performance of the mat. 

The effect of increasing the treatment duration on the oil sorption capacity is presented 

in Figure 6-11. This figure compares the sorption behaviour with the mean tensile 

strength. Due to a reduction in mat porosity and enhanced fibre densification the 

sorption capacity of both sunflower and motor oil decreases with increasing treatment 

duration.  
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Figure 6-9: Effect of heat treatment time on the maximum tensile strength and elongation at 

UTS of of electrospun PS mat heat treated at 90ºC. Error bars represents one standard deviation 

about the mean (n=5) 

Figure 6-10: Stress strain curve of a typical heat treated PS mat heat treated at 90ºC at different 

heat treatment durations. 
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Table 6-4: Mechanical property of electrospun PS mat heat treated at 90ºC at different heat 

treatment duration. Standard deviation represents n =5 

  Modulus 

(MPa) 
Ultimate Tensile Stress 

(MPa) 
Elongation at UTS 

(%)   
PS 90ºC HT 5min  6.29 ± 1.55 0.15 ± 0.02 4.36 ± 0.86 
PS 90ºC HT 10min  13.66 ± 2.83 0.28 ± 0.05 3.07 ± 0.55 
PS 90ºC HT 15min  12.91 ± 1.32 0.27 ± 0.05 2.97 ± 0.65 

 

Figure 6-11: Comparison of both oil sorption capacity and mean tensile strength of PS mat 

heat treated for 5,10 and 15 mins. Error bars represent one standard deviation about the mean 

(n=5) 

6.3 Ultrasonic Bonding 

Ultrasonic energy in the form of ultrasonic sewing is often used in bonding nonwoven 

fibres [198, 199, 208]. The process involves the use of high frequency vibration which 

generates heat, that melts the thermoplastic polymers and bonds are formed between 

the fibres upon cooling. The melting of the fibres, and application of pressure on the 
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material under ultrasonic sewing compromises the porosity of the mat, which is a 

property desirable of sorbents. In this section we explore the use of an ultrasonic bath, 

by immersing the fibre mat into a liquid that is non-solvent to PS polymer and 

exposing it to ultrasonic frequency of 42,000Hz. This is to mitigate the effect of direct 

contacting of ultrasonic sewing. Kocak et al,[200] had applied a similar method to 

Luffa fibre and reported an increase in the mechanical properties of the ultrasonically 

treated fibres than the conventionally treated fibres. The effect of this treatment on the 

morphology and sorption behaviour of the mat is reported in the subsection below; 

6.3.1 Effect of ultrasound on fibre morphology 

To investigate the effect of ultrasonic energy on polystyrene fibre mat, the mats were 

immersed in a 50% ethanol (EtOH) solution, as both ethanol and water are known non 

solvent to polystyrene[209, 210]. Details of the experimental procedure is given in 

Section 3.8. SEM micrograph in Figure 6-12, indicates that for the two treatment time 

scale of 5 and 10 mins investigated, no obvious changes in morphology of the mat was 

observed in comparison to the two controls (PS untreated and 50% EtOH with no 

ultrasonic treatment - UT). Since no inter fibre bonds were observed, this implies that 

previous inter-fibre bonds reported for ultrasonic sewing were a result of the melting 

and pressure exerted by ultrasonic rollers[200]. Analysis of the SEM micrographs in 

Figure 6-13, reveals a slight drop in the AFD from 3.37µm in the untreated PS mat to 

3.20µm and 3.12µm after 5 mins and 10 mins treatment durations respectively. It is 

believed the EtOH could have caused a slight shrinkage in the fibre diameter but this 

cannot be conclusively ascertained as error bars falls within the range of the AFD for 

the control samples.
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Figure 6-12: SEM micrograph of a.) Untreated PS fibre mat; b.) PS mat immersed 

in EtOH with no ultrasonic treatment; c.) PS mat immersed in 50% EtOH and 

ultrasonically treated for 5mins; d.) PS mat immersed in 50% EtOH and 

ultrasonically treated for 10mins 

 

Figure 6-13: Average fibre diameter (AFD) of PS fibre mat comparing the untreated 

mat, control and mats ultrasonically treated for 5 and 10 mins. Error bars represents 

one standard deviation about the mean (n=100) 

 



 

193 

 

6.3.2 Evaluating the effect of ultrasound on mechanical and sorption properties 

of ES PS mat 

The effect of exposing PS fibre mat to ultrasonic energy and ethanol solution is 

presented in Figure 6-14. Immersing the fibre mat in ethanol solution for 5mins with 

no ultrasonic exposure, saw a drop in sorption capacity from 84.81g/g to 62.90g/g. 

Similarly, the mean tensile strength of the mat was also seen to drop from 0.12MPa to 

0.1MPa. This represent a 25.8% and 12% drop for the SC and mean tensile strength 

respectively. The drop in both parameters could be ascribed to the densification of the 

fibre mat following the immersion in 50% EtOH solution, as a fall of 9% in mat 

thickness was recorded after the immersion (see Appendix). Further treatment of the 

mat ultrasonically for 5min and 10 mins saw no appreciable difference in the sorption 

performance of the mats. The densification of the mat upon immersion in EtOH 

solution, unlike under thermal treatment, resulted in a drop in tensile strength of the 

mat. Ultrasonic treatment of the mats then saw a slight, steady rise in tensile strength, 

though the value after 10mins exposure still falls below the tensile value for untreated 

mat. It could be inferred that though EtOH is a non-solvent to PS, its exposure to PS 

causes a drop in mechanical properties probably due to increase lubricity between the 

fibres. Sorption capacity on the other hand remains fairly constant after the immersion 

which could be the effect of the mat thickness remaining constant in all the treatment 

conditions. This indicates a strong relationship between mat thickness/porosity and 

sorption capacity. 
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6.4 Summary 

The aim of this chapter as stated in Section 6.1 is to explore the feasibility of 

enhancing the mechanical strength of electrospun PS fibre mats using thermal 

treatment (Section 6.2) and ultrasonic energy (Section 6.3), while also studying the 

effect on the physicochemical and sorption properties of the mat. 

Figure 6-1, shows that thermal treatment of PS fibre mat at temperatures from 110ºC 

and above induces inter-fibre bonds in the mat structure, while at temperatures below 

this no bonding was observed. Analysis of the SEM micrograph (Figure 6-2 and 

Figure 6-14: Comparison of Sorption capacity and mean tensile strength of electrospun PS fibre 

mat under different ultrasonic treatment duration when immersed in 50% EtOH with mats with 

no ultrasonic treatments as control. Error bars for represent one standard deviation about the 

mean (n=5) 
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Table 6-1) reveals that despite no changes at heat treatment temperatures below 

110ºC, the average fibre diameter increases progressively at 90 and 100ºC, but starts 

to decline steadily at heat treatment temperatures above 110ºC. The effect of this on 

the mechanical property is illustrated in Figure 6-6 and Table 6-3, where the 

mechanical strength is seen to increase almost rapidly with increasing heat treatment 

temperature from 110ºC. This could be attributed to the decreasing porosity of the mat 

as the mat thickness decreases and become more compacted.  

Despite the increase in mechanical strength, thermal treatment was seen to have a 

negative impact of the sorption performance (Figure 6-8), as the sorption capacity was 

seen to decrease with increasing heat treatment temperature. Investigating the effect 

of heat treatment time on both sorption capacity and mechanical strength (Figure 6-

11), shows an increase in tensile strength when treatment time is increased to 10 mins 

at 90ºC HT temperature. Further increase in treatment duration causes a slight drop in 

strength. The increased strength could be attributed to the principle of time-

temperature equivalence. Conversely, the sorption capacity was seen to decreases with 

increasing treatment duration. On the chemical composition of the mats, HT with an 

air oven as used in this study was seen not to have no effect on the chemical 

composition/structure of the mat (Figure 6-5), while all mats surface was seen to 

remain hydrophobic (Figure 6-3). 

Ultrasonic treatment on the other hand, shows no effect on the sorption capacity with 

a slight increase in tensile strength observed with increasing UT time (Figure 6-14), 

though at the UT durations studied the tensile strength still falls below those of the 

pristine PS fibre mat.  
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7 Conclusion and Future Work 

7.1 Summary and overall conclusion 

The overall aim of this thesis as highlighted in Section 1.2 is in two parts, first is to 

comprehensively investigate the contribution of individual filaments of electrospun 

PS and melt blown polypropylene fibres to the oil sorption behaviour of the 

macroscale mat. This was successfully achieved in Chapter 4. The second aim of this 

project is to explore ways to address the poor mechanical strength of electrospun PS 

fibre [20]. This was achieved using a one-step improvement technique of 

electrospinning a polymer blend in Chapter 5 and a two-step approach of post treating 

the PS fibre mat using heat or ultrasonic energy treatment in Chapter 6.  

Specific objectives to achieve the above aims were highlighted in Sections 4.1, 5.1 

and 6.1. Details of some of the key findings and their effect on the physicochemical, 

mechanical and sorption behaviour of Polystyrene (PS) fibre mat as well as the 

microscale evaluation of the oil sorption of single filament of the sorbent are presented 

below; 

In Chapter 4, the optimisation process for electrospinning polystyrene was established. 

This was to ensure that fibres of the best morphological structure was produced for the 

drop-on-fibre micro sorption experiment. For the production of uniform, bead-free and 

smooth morphology fibres (Tables 4-1 and 4-2) and (Figures 4-2 and 4-4), an 

optimum concentration of 20%w/w polystyrene and solvent mix of DMF/THF ratio 

4:1 was established. The study also demonstrates the effect of varying concentration 

and solvent mix of DMF/THF on solution properties i.e. viscosity and conductivity 
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(Figure 4-1 and 4-3) and how this impacts the morphology of the fibres. Increased 

viscosity was attributed to the creation of smooth morphology fibres due to enhanced 

polymer chain entanglement, while both high viscosity and low conductivity was seen 

to cause an increase in average fibre diameter (AFD).  

Based on previous literature [16, 19], the higher oil sorption performance of 

electrospun polystyrene (PS)/PS-based fibre has been identified but the underlining 

factor behind the superior behaviour remain yet to be clearly understood. The 

establishment of a better understanding at the microscale level of the oil sorption 

behaviour of individual fibres will benefit the design and fabrication of future 

electrospun oil sorbent and also improve the chances of its future commercialisation. 

In an effort to achieve this, electrospun PS and melt blown PP mats were first 

characterised based on diameter and porosity. Electrospun PS mat showed uniform 

fibre distribution (1.5 to 4.2µm diameter) while melt blown PP exhibited 

polydispersed distribution (1.1 and 19.5µm diameters). With respect to porosity, the 

former exhibited high porosity of 99.8% while the latter showed low porosity 91.2% 

(Section 4.3.1). Inter-fibre void spaces for PP mat was also seen to be over 5 times 

higher than the PS mat. Previous study [19], has attributed these characteristics of 

electrospun PS mats to contribute majorly to the superior oil sorption behaviour.  

Considering the literature finding above [19], this thesis carries the study further by 

conducting a microscale evaluation of the oil adherence of filaments of both sorbents. 

Findings include a barrel-shaped oil droplet morphology on the fibres for both 

sunflower and motor oil (Figure 4-10), while a high level of congruence between the 

theoretical and experimental drop length was established (Figure 4-11, Tables 4-7 

and 4-8). This finding confirms the suitability of using the theoretical drop-on-fibre 

model for this study. Single filament of electrospun PS exhibits the strongest affinity 
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to both oils, with a mean adhesive energy of 18.0 x 10-13 and 26.2 x 10-13 J for 

sunflower and motor oil respectively (Figure 4-13, Tables 4-7 and 4-8). These values 

are 3-6 times higher than the mean adhesive energy obtained for melt blown PP fibres. 

These findings indicate that contrary to earlier literature which attributes the superior 

oil sorption performance of electrospun PS/PS based fibres to the mat architecture[16, 

19], the inherent properties of PS polymer (i.e. the presence of aromatic phenyl ring) 

plays a dominant role in its sorption behaviour.  

Chapter 5 studied polymer blending as a single step approach to enhance the 

mechanical properties of electrospun PS fibre. This was achieved by incorporating a 

thermoplastic polyurethane (PU) into the polymer solution matrix. Two fibre collector 

systems - a flat collector (FC) and rotating drum collector (DC) system (Figures 5-2 

and 5-3) were studied. Results presented in Figure 5-13 shows the attainment of the 

overall objective of the chapter with the mechanical strength of fibres from both 

systems increasing with increased PU addition. Samples of PSPU ratio 6:4 fabricated 

using a DC system (PSPU_DC 6:4) and those fabricated using the FC system 

(PSPU_FC 6:4) recorded a 600% and 1000% increase in tensile strength respectively, 

in comparison to the pure PS mat. However, oil sorption capacity shows a decreasing 

trend with increasing PU addition (Figure 5-19) due to an increase in fibre packing 

and reduced mat porosity (Table 5-6). Despite the reducing trend, the sorption 

capacity (SC) values recorded for the polymer blend still remain 2 – 9 times higher 

than the value recorded for the commercial PP sorbent (Figure 5-19 and Table 5-6). 

More so, 2 - 5 times higher sorption capacity values was seen when compared to 

literature values obtained for coaxial and multi-nozzle electrospinning of both 

polymers [21, 22].  
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Polymer blend presented in this thesis offers a simple and effective approach of 

enhancing the mechanical properties of electrospun PS-based sorbent. This is also an 

improvement to previous work where a blend of PS with hydrophilic polyacrylonitrile 

(PAN) was reported [20], as PAN has the ability of negatively impacting the oil - water 

selectivity of the mat. 

Chapter 6 of this thesis explored heat (HT) and ultrasonic treatment (UT) as post 

treatment strategies to enhance the mechanical properties of electrospun PS mat. Heat 

treatment around the polymer glass transition temperature (110ºC) was seen to induce 

inter-fibre bonds with the amount of bonds proportional to treatment temperature 

(Figure 6-1). However, in the ultrasonic treated mat, no inter-fibre bonds was 

observed in the SEM micrograph for the treatment conditions utilized (Figure 6-12). 

The tensile strength and sorption capacity of UT mat experienced a drop of 12% and 

25.8% respectively (Figure 6-14). HT mat on the other hand, recorded an increase in 

tensile strength from heat treatment temperature around Tg of a 110ºC (Figure 6-6 and 

Table 6-3), while a decline in SC was recorded with increasing treatment temperature 

(Figure 6-8). At 110ºC, over 80% was lost in SC, this value remain higher than those 

of commercial polypropylene (PP) sorbent. 

In terms of the wider application of the findings in this thesis, the establishment of a 

strong link between the chemical structures of the bulk polymer with the oil affinity 

of the fibres implies that it is a key factor to consider in future design of electrospun 

oil sorbent. This will influence the choice of polymer considered for this application. 

Comparing the approach explored in Chapters 5 and 6, the polymer blend offers a 

better prospect due to the gentle drop in SC recorded with increasing PU content and 

the lack of additional post treatment cost in comparison to UT and HT methods. A 
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compromise can always be reached between the level of mechanical strength and the 

sorption capacity desired when using polymer blend approach. 

7.2 Future work 

Section 7.1 highlighted some of the key findings of this study. This section will present 

suggestions for future work aimed at complementing and creating a better 

understanding of the findings of this thesis. These future studies are expected to 

facilitate the eventual commercialisation of electrospun sorbents as improved 

alternative to commercial PP sorbent. 

 As indicated in Section 4.3.3.1, due to the difficulty in picking out a single 

filament from the fibre mat, electrospun PS fibre was picked in-flight with a 

tweezer, leading to a bit of variability in the fibre sizes used in the drop-on-

fibre analysis. Future studies should investigate if there is any effect of fibre 

diameter (fibre size) on the oil adsorptivity of these fibres. 

 Polymer blends of other polyether-based thermoplastic polyurethane with 

different ratios of hard and soft segment should be explored with polystyrene. 

This should be aimed at enhancing the mechanical properties of the resulting 

fibre as well as positively impacting on the sorption performance. Microscale 

evaluation of the oil affinity of the resulting polymer bend fibres should also 

be explored.   

 Since the ability of electrospun polymer blend in enhancing the mechanical 

properties of fibre mat has been established, multi-nozzle electrospinning of 

the PSPU polymer blend reported in this study should be explored for higher 

production. 
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 Electrospun PS/PS based fibre should be explored for use as an oil sorbent as 

well as a bio-carrier of hydrocarbon degrading bacteria; this will serve dual 

purpose of sorbing and degrading of oil spills. 
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Appendix 

I.) Drop on fibre 

x_2=24.5225; 
x_1=4.2345; 
theta=32.17; 
y_sv=0.04345; 
y_lv=0.03167; 
n=x_2/x_1 
a=(n*cos(theta)-1)/(n-cos(theta)); 
k=sqrt(1-(a^2/n^2)); 
t_1=sqrt((n^2-1)/(a*n)^2); 
ellipticF(t_1,k); 
ellipticE(t_1,k); 
L=2*((a*ellipticF(t_1,k))+(n*ellipticE(t_1,k))); 
L 
V=(0.667*pi*n)*((((2*a^2)+(3*n*a)+(2*n^2))*ellipticE(t_1,k))-

((a^2)*(ellipticF(t_1,k))-((1/n)*((1-a^2)*(n^2-1))^0.5)))-pi*L; 
V 
A_sl=2*pi*L; 
A_lv=4*pi*n*(a+n)*ellipticE(t_1,k); 
E=y_lv*(A_lv-(A_sl*cos(theta))); 
E 
V_act=(((x_1/1000000)^3)*V)*1000000000 
E_act=(((E-(y_lv*A_lv))/A_sl)+y_sv)*A_sl*1e-12 
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II.) Stress-strain Curve
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III.) Mat thickness of Ultrasonic treat mat 

 

Sample PS Untreated 
50% EtOH 

No UT 
50% EtOH UT 

5min 
50% EtOH UT 

10min 

Mat Thickness (µm) 1200 1090 1090 1090 

 


