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Abstract 

Electrospun polystyrene (PS) fibre mat has been shown to have great potential as an oil sorbent 

due to its high sorption capacity and oil-water selectivity.  Poor mechanical properties, due to 

the lack of inter-fibre bonding, has been a limiting factor in its use in such applications.  In this 

study, mats of polymer blends of polystyrene (PS) and thermoplastic polyurethane (PU) fibres, 

in different polymer weight ratios, were produced and investigated for possible oil sorption 

application. 

A comprehensive physico-chemical, thermal, mechanical and sorption characterisation of the 

different polymer blends was undertaken, to examine the effect of blend ratio on the fibre mat.  

Characterisation was by field emission scanning electron microscopy (FESEM), energy 

dispersive x-ray (EDX) spectroscopy, attenuated total reflectance fourier transform infrared 

(ATR-FTIR) spectroscopy, differential scanning calorimetry (DSC), thermo-gravimetric and 

differential analysis (TG-DTA), mechanical tensile testing, and by sorption analysis.  

The microstructural properties of the fibres appeared significantly dependent upon the relative 

blend ratio.  DSC revealed that good interaction/miscibility existed between the two polymers.  

Tensile strength characterisation showed that a pure PS fibre mat had a poor tensile strength, 

but the value increased over one order of magnitude with the addition of PU in the polymer 

matrix, attributed to the formation of inter-fibre bonds.  Conversely, the sorption capacity (SC) 

decreased with increasing PU addition.  Modulating the blend ratio could therefore provide a 

balance between the desired sorption capacity and the mechanical behaviour of resultant mats.   

Sorption capacity is a complex interaction between fibre and mat characteristics but the 

polymer blend technique reported here offers a simple, effective and inexpensive method of 

addressing the poor mechanical properties of electrospun PS fibre, through enhancing 

micro/nano scale interactions between the two polymers in the blend. 
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1. Introduction  

Activities associated with oil exploration, production, transportation and storage pose 

significant risk of spillage and environmental damage[1, 2].  Oil spills can occur on either 

land or at sea, but spills over water often generate the greatest, environmental impact, 

damaging marine ecosystems for years or even decades[3].  A spill over water is not only a 

loss of a vital energy resource but a devastating blow to aquatic habitats, often times leading 

to the death of substantial quantities of sea life, as exemplified by events such as the Exxon 

Valdez Oil Spill of 1989, and the British Petroleum Deepwater Horizon (DWH) disaster of 

2010[1, 4] and more recently the MV Wakashio oil spill off the coast of Mauritius in July 

2020. 

Several methods exist for oil spill remediation, such as the use of dispersants, in-situ burning, 

use of sorbents, and the deployment of skimmers[5].  These methods are often used in 

combination, as no single method best covers all situations.  Amongst these, the use of 

sorbents is considered a very effective and economical method for oil spill remediation on 

both land [6] and on water.  In effect, the use of sorbents facilitates the transformation of oil 

from a liquid to a semi solid state making the removal and subsequent recovery of the oil 

possible[7, 8].  It has also been identified as an effective way of mopping up polycyclic 

aromatic hydrocarbons (PAHs) from water[9], which often are an accompanying problem in 

oil spill situations.  PAHs have been classified by the International Agency for Research on 

Cancer (IARC) and European Commission EC 2000 as priority pollutants, due to their high 

carcinogenic and mutagenic effect upon humans[10], and they often constitute a substantial 

part of crude oil[9].  

Sorbents used in oil spill remediation can be classified into; inorganic mineral sorbents, 

organic natural sorbents and synthetic organic sorbents[1, 4, 8, 11, 12].  In the case of oil 
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spills at sea, the use of inorganic minerals is less common due to their low sorption 

capacity[5] and inadequate/poor buoyancy.  Similarly, organic natural sorbents have a low 

sorption capacity and poor oil water selectivity[13, 14], so again are not widely employed.  

Meltblown polypropylene is the commercially available material widely used as oil sorbent 

but it exhibits low sorption capacity and poor oil-water selectivity[12, 14].   

In a bid to develop a mat based material with better sorption performance, electrospinning 

(ES), a technology capable of producing fibres with diameter in the nano/micro-meter range, 

has been used to produce polystyrene and/or polystyrene-based mat[12, 14].  The choice of 

polystyrene hinges on the low surface energy of the bulk polymer, as well as its ability to be 

electrospun from a solution.  Studies have shown that these materials have a better oil 

sorption capacity and oil water selectivity [14, 15] than commercial meltblown polypropylene 

(PP) sorbent.  Unfortunately, poor mechanical strength makes handling a challenge 

particularly after sorption has occurred.  The reason for the poor strength is not fully 

understood but it is probably due to an absence of physical interlinking between fibres, hence 

permitting interfibre movement and collapse under load. 

Coaxial needle[16] and multi-nozzle[17] side-by-side electrospinning of PS and polyurethane 

(PU) have been used to address the issue of poor mechanical strength.  These methods, 

however, use complex and expensive nozzle configurations and importantly do not guarantee 

a nano-level integration of the two polymers[18–20], which could be an important factor in 

generating optimum mechanical properties.  

In this study, a polymer blend of PS and an ether based (thermoplastic) polyurethane (PU), 

was fabricated into fibre mats using a conventional single nozzle electrospinning approach.  

The rationale here was to create a far more intimately blended, (and hence isotropic), polymer 

fibre whose formulation could be varied experimentally, whilst also characterising properties 
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and thereby shedding light on the mechanism by which PU appears to strengthen PS based 

mats. This is in contrast to previous studies, where co-axial or multi-nozzle side-by-side 

spinning (rather than blend spinning) was used as a means of “incorporating” the PU.  To this 

end, PSPU fibre mats of different PS/PU weight ratios were fabricated and a detailed 

morphological, thermal, mechanical, and sorption characterisation study was performed.   

 

2. Materials and Methods  

2.1 Electrospinning (ES) 

Solution electrospinning requires all polymers to be dissolved in an appropriate carrier 

solvent. This is then delivered to a spray head via a syringe pump.  The head is energized by 

a high voltage (HV) supply and liquid emerges from the nozzle as a jet.  It is both drawn and 

thinned out by the action of the voltage, and solidifies by evaporation of solvent.  

Polystyrene (PS) polymer of Mw~350,000g/mol, ACS grade solvents; N`N 

dimethylformamide (DMF) and tetrahydrofuran (THF) (Sigma Aldrich, UK) and two 

thermoplastic polyurethanes (TPU); pellethane 2363-80AE (PU1) and pellethane 5863-82AE 

(PU2) (kindly provided by Lubrizol Advanced Materials, Germany) were employed in this 

study. All polymers and solvents were used as supplied, without further purification.  The 

physical characteristics of the different oils used for the determination of sorption behaviour 

are as shown in table 1. 

Table 1: Physical properties of the oils used in this study 

Oil Sample  Viscosity (mPas) Density (g/cm3) 

Light Crude Oil   0.13 0.794 
Vegetable Oil  28 0.861 
Sunflower Oil  37 0.894 
Motor Oil 1   95 0.812 
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In conventional electrospinning, a mixture of solvents is often employed in order to obtain 

fibres of desired morphological structure[21]. The solvent mix ratio used in this study was 

determined from a preliminary experimental study by dissolving PS (20% w/w conc.) in 

different DMF/THF mixtures of weight ratios: 5:0; 4:1; 3:2; 2:3; 1:4 and 0:5.  

PS/PU polymer blend fibres of different weight ratios (10:0, 9:1, 8:2, 7:3 and 6:4) were 

fabricated by dissolving the supplied polymer pellets in DMF/THF (4:1), with the polymer 

concentration kept constant at 20%w/w.  All solutions were stirred using a Stuart Magnetic 

Stirrer at room temperature for a minimum of 24hrs. 

Viscosity was measured with a Melvern Kinexus Rheometer, at 25oC using a shear rate 100-

1000rpm.  Values reported here represent measurements taken at shear rate of 100rpm. 

2.1.1 Electrospinning Apparatus.  

A typical horizontal electrospinning configuration was used in this work to generate the mats.  

The setup comprised a high voltage supply (FC series) Model PS/FC30R04.0-22 (Glassman 

High Voltage Inc, UK), a programmable syringe pump model 4400PSI (Harvard Apparatus, 

UK), a 21G needle (BD, UK) connected to a 10ml plastic syringe (BD, UK), and a stainless 

steel collector covered with aluminium foil.  For the polymer blend, the needle tip to collector 

distance was maintained at 15cm, a precursor flow rate of 3ml/hr was employed, while the 

voltage was set at 15kV, to obtain stable jet propagation between the needle and the collector.  

All fibres were air dried in ambient conditions before characterisation or further processing.  

Figure 1 shows a basic schematic of the mat deposition apparatus.  
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2.2 Mat Characterisation 

In a polymer blend fibre, the structural arrangement of the constituent polymers in the fibre 

filament will depend upon the intrinsic properties of the pure polymers, such as molecular 

weight and their miscibility.  Additionally, surface tension of the blend precursor solution, 

miscibility of the solutions (as distinct from the polymers) and the relative weight ratio of the 

constituent polymers are also strong determinants[18].  Electrospinning a polymer blend 

could generate any of the following morphologies; a mixture of separately spun fibres, 

filaments with alternating “zones” of the constituent polymers, or a homogeneously dispersed 

polymer mix where the polymers in the fibre matrix are still separated but on a scale smaller 

than the fibre diameter[19].  Clearly the type of mixture generated will have a strong effect 

on the sorption properties of an electrospun mat, as well as its mechanical properties. 

2.2.1 Microstructural and Chemical  

Given the earlier stated link between sorption properties and fibre/mat morphology, surface 

morphology of both individual fibres and fibre mats were investigated using a Field Emission 

Scanning Electron Microscopy (FESEM), model JSM 7401F (JEOL Limited, Japan), at an 

accelerating voltage of 2-3kV.  Samples were coated with Gold-Palladium using a high 

resolution beam coater, model 681 (Gatan Ltd, USA).  The mean fibre diameter was 

determined from over 200 measurements taken from two different micrographs using ImageJ 

software (NIH, USA).  

To provide evidence for the existence of both polymer fractions in the resultant mats, ATR-

FTIR spectra of all the polyblend mats were recorded using a Spectrum 2 spectrometer (Per 

kin Elmer, USA).  Spectra were acquired at a wavelength range of 400 - 4000cm-1 using a 

resolution of 4cm-1 and total of 20 scans. 
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Figure 1: Schematic diagram of the electrospinning setup used in this study.
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To help understand whether the blending was on a microscale level (i.e. within individual 

filaments) or whether only on the macro (i.e. mat) level, Energy Dispersive X-Ray (EDX) 

Spectroscopy attached to a Hitachi S3400 scanning electron microscope was used to carry out 

spot elemental analysis of individual fibres in the polymer blend mat.  All samples were 

sputter coated with a carbon layer using a turbo-pumped thermal evaporator K975X (Quorum 

Technologies, UK).  The spot analysis has a scan area of 1μm x 1μm making it possible to 

focus on individual fibres, as the mean fibre diameter for fibres used in this study falls 

between 2-4μm.  Other analysis techniques such as XPS usually have a scan area between 10 

- 1000µm, making it unsuitable for single fibre elemental analysis. 

To further study the morphological structure of the fibres, DMT modulus mapping of the 

polymer blend fibres was performed using Atomic Force Microscopy (AFM) and Peakforce 

Quantitative Nanomechanical Mapping (PF-QNM).  Testing was carried out on a single 

filament of each fibre using a Bruker Multimode 8 AFM (Coventry, UK).  For each analysis, 

a scan area of 1µm x 1µm or 500nm x 500nm was chosen at the top of the fibre filament, 

depending on the fibre size, at a measuring pixel density of 256 x 256.  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 which takes into account the adhesion between 

the tip of the cantilever and the sample [22] using equations (1) and (2) below; 

F��� − F��� = 4
3 E∗�R�d��                                                         �1� 

where ���� − ���ℎ represents the force on the cantilever relative to the adhesion force, � the 

radius of the cantilever tip; � is the sample deformation and �∗ the reduced modulus.  The 

relationship between the reduced and sample modulus is expressed in equation (2) below; 
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E∗ = �1 − v !E" −  1 − v���!
E��� #                                                            �2� 

���� and �% are the modulus of the cantilever tip and sample respectively, while &' and &��� 

represents the corresponding Poisson’s ratio 

To assist with sorption characteristics, water contact angle measurements were taken using a 

DSA MK-10 contact angle device.  A 4µl droplet of deionised water was dispensed at 

different points on the fibre mat.  The reported value represents an average of seven 

measurements. 

2.2.2 Thermal and Mechanical Behaviour 

Thermal methods were used to characterise fibres given that a blended polymer could exhibit 

different thermal decomposition behaviour as well as a variation in glass transition 

temperature distinct from those present in the constituting homopolymer/copolymers.  This 

should allow a measure of the level of polymer miscibility to be obtained.  

Thermogravimetric Analysis (TGA) was performed using a TGA7 device (Perkin-Elmer, 

UK) under a nitrogen blanket at a temperature range of 30 - 800oC, and a heating rate of 

20oC/min.  

The glass transition temperature of both the pure polymer fibres and the blends were 

measured using a differential scanning calorimeter, DSC Q2000 (TA Instrument, UK). The 

measurements were performed in a nitrogen atmosphere at a temperature range of -80 to 

150oC and a heating scan rate of 10oC/min.  The glass transition (Tg) temperatures were 

analysed using the in-built TA instrument software. 
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The tensile properties of the polymer blend mats were investigated using a bench type tensile 

testing machine, model H5KS (Hounsfield Test Equipment, UK), equipped with a 100N load 

cell and a crosshead speed of 2 mm/min.  The tests were carried out with modifications to 

ASTM D882 test standard. Samples were collected after 30 mins of fibre deposition and each 

sample had a width of 10mm and a gauge length of 20mm. The modifications to the ASTM 

standard were necessary to deal with the small size of specimens and their fragility when in 

mat form.  A bespoke gripping arrangement was designed and constructed for the samples, 

and a clamping protocol, using a removable backing sheet, developed to ensure the 

specimens were not damaged by insertion into the grips.  Sample thickness was estimated 

from five measurement taken at different points on the mat using a fabric thickness gauge.  

Tensile values reported represent an average from 5 specimen tests.   

2.2.3 Specimen Identification 

Unless otherwise stated, specimens were identified by their PS/PU ratio (by mass).  Thus 

PSPU 8:2 refers to a starting composition prior to electrospinning of 80% PS and 20% PU.  

Two different PU precursors were employed, referred to as PU1 and PU2 (see Section 2.1). 
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2.2.4 Mat Sorption Properties.  

All static and dynamic sorption tests were performed with slight modification to the ASTM 

F726-12 test standard in order to account for the small specimen sizes that were electrospun.  

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 7mm thickness.  Approximately 0.15g of the bi-component fibre mat 

(accurately weighed) was placed on the oil-water medium for 2 mins, after which the wet mat 

was removed, drained for another 2 mins before weighing again.  The sorption capacity was 

evaluated using equation (3) below[12];  

%()���(* +���,��- �%+� ./
/0 =  123 �14  5 16�

14     (3) 

Where 78 is the mass of the wet sorbent after draining, 79  is the initial mass of the dry 

sorbent and 7: represents the mass of any sorbed water.  In all tests, the amount of water 

sorbed was found to be negligible, hence 7: was taken as zero.  For the dynamic system, the 

oil-water medium was agitated at 250rpm.  Additionally, to aid comparison of the oil sorption 

capacity of the polyblend mat with previous literature, the tests were conducted using directly 

comparable oils.  

3. Results and discussion 

3.1 Morphological characterisation 

3.1.1 Preliminary electrospinning test 

Preliminary tests were performed to determine the optimum concentration and solvent mix to 

generate electrospun PS fibre (in terms of uniformity).  The use of DMF and THF as solvents 

for PS has previously been reported in literature[23, 24].  Whilst a previous study on the 

effect of concentration on fibre morphology was done over a wide range of PS 
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concentration[25], here a shorter concentration (15%-25%) range was used, in order to 

capture the critical concentration as well as the morphological transformation more 

effectively.  The DMF/THF ratio was maintained at a mass ratio of 4:1.  Fibres produced with 

a polymer concentration below 20% were observed to have a beaded structure (see Figure 

S1).  The shape of the beads became elongated with increased polymer concentration (15-

17.5% PS wt.), while at 20% PS w/w, continuous uniform fibres were obtained.  The mean 

fibre diameter was seen to increase steadily with increasing polymer concentration.  This 

could be ascribed to an increase in the solution viscosity, which in turn causes an increased 

polymer chain entanglement and a greater resistance to chain stretching, during the jet 

propagation phase of electrospinning[26].  

To investigate the effect of solvent composition on PS fibre morphology, the study was also 

carried out using DMF/THF ratios; 5:0; 4:1; 3:2; 2:3; 1:4 and 0:5(w/w) respectively.  A 20% 

polymer mass concentration was maintained in all the solvent mixes, an applied voltage of 

15kV was used on the ES apparatus with a precursor flowrate of 2ml/hr and a collector 

distance of 17cm.  Fibres produced with a solvent mix of DMF/THF 0:5, exhibited a 

“collapsed” structure due to the high vapour pressure of THF with small meso/macroporous 

pores observed on the surface of the fibres (see Figure S2).  All fibres produced with a higher 

level of THF in the solvent mix (i.e. DMF/THF 1:4 and 2:3), were observed to exhibit ribbed 

and wrinkled like structures respectively.  Similar structures have been reported in the 

literature[25], and could be attributed to the rapid evaporation of THF, being the major 

solvent in the mix, thereby creating a porous structure and a buckling instability during 

electrospinning[19, 25, 27]. DMF/THF (4:1) was observed to produce the smallest mean fibre 

diameter of 1.52µm while pure DMF (5:0) produced a uniform fibre structure, in contrast to 

previous work[25], possibly due to differences in environmental conditions within the 

electrospinning apparatus.  
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3.1.2 Morphology of electrospun PS/PU polymer blend mat 

The observation in the preliminary study that fibre morphology was greatly dependent on 

solution parameters such as the solvent mix, solvent properties, and solution concentration, 

resulted in the optimized solvent mix of DMF/THF (4:1) and solution concentration of 20% 

(w/w) being chosen, and maintained, in all subsequent PSPU polymer blend production runs.  

Process and ambient parameters (voltage, flow rate, tip to collector distance, temperature) are 

regarded, however, to be of lower influence on fibre morphology in comparison to solution 

properties[26].  An applied voltage of 15kV, nozzle/tip to collector distance of 15cm and a 

feed rate of 3ml/hr was utilized for the PS, PU and PS/PU polyblend fabrication, given that 

these settings were observed to produce a stable electrospinning jet in all of the polymer 

blends.  

Figure 2 shows the FESEM micrographs of the nonwoven fibre mat obtained from varying 

PS/PU polymer blend ratios, indicating the effect of varying the blend ratio on fibre 

morphology.  Mean fibre diameter of the different blends was between 3 - 4µm, with the 

mean diameter showing a gradual increase with increasing PU (PU1) concentration from 

3.02µm in the pure PS mat to 3.86µm in PSPU (6:4) case, with the exception of PSPU 7:3 

which showed a slight deviation from the trend.  The increasing fibre size could be attributed 

to the increased viscosity of the blend, which rises with increasing PU content (PU has a 

higher base polymer
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Figure 2: FESEM micrograph of the different PSPU1 polymer blend fibres, showing the microstructural attributes of the fibres, average fibre diameter and solution viscosity 
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density (1.2g/cm3) than PS (1.04g/cm3) polymer).  The polydisperse nature (in terms of fibre 

diameter) of the pure PU fibre was probably a result of the unsteady nature of the jet at the 

optimized parameters used for the blend.  

Significantly, meso- and macroporous pore structures could be seen on the surface of the PS 

fibres and on the polymer blend fibres with a high PS ratio.  This was believed to be a result 

of the less dense PS polymer enabling the process of vapour and thermally induced phase 

separations (VIPS and TIPS)[28] - during the electrospinning process, VIPS occur when low 

boiling point solvents such as THF evaporate rapidly from the spinning polymer jet leading to 

a drop in temperature (through evaporative cooling), along the surface of the jet[15, 29].  This 

causes ambient water vapour to condense on the surface of the polymer and subsequently 

form pores upon evaporation.  Such pore structure, however, could enhance the specific 

surface area available for oil adsorption.  An increase in 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 the 

pure PU fibre mat. 

To study the effect of solvent composition on the polymer blend, PSPU1 (8:2) was dissolved 

in pure THF and pure DMF respectively, using the optimized parameters as given in Section 

2.1.1.  In pure DMF, multi-jetting and rapid jet instability was observed during the 

electrospinning process at the applied voltage of 15kV, while a reduction in applied voltage 

to 10kV resulted in single and stable jet propagation.  The high dielectric strength, dipole to 

dipole moment and surface tension of DMF, is known to increase the solution 

conductivity[29, 30], hence the instability observed in the pure DMF solution at 15kV was 

mitigated by reducing the applied voltage and Figure 3a shows the SEM micrograph of an 

uniformly distributed fibre mat so obtained.  The mean fibre diameter (MFD) is 3.17µm.  

Figure 3b shows a more polydisperse (and hence undesirable) fibre mat generated at the 
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higher applied voltage (15kV) with an MFD of 2.60µm.  The behaviour in pure THF was 

noticeably different, with the electrospinning process generating stable jetting over a wide 

range of applied voltages studied (10-15kV).  The polymer was, however, observed to dry up 

rapidly at the tip of the needle due to rapid THF evaporation.  A similar effect has been 

reported in the literature[25, 29], and can be attributed to the low boiling point and surface 

tension of THF.  Figure 3c shows that the fibres were similar to those produced from pure PS 

polymer dissolved in THF only solvent (as seen in Figure S2f).  

3.2 Hydrophobicity/Oleophilicity 

As discussed above, a key desirable property of an oil sorbent is its oil-water selectivity and 

in order to evaluate the hydrophobic-oleophilic property of polyblend mats, 2µl droplets of 

both of oil and water were applied to each mat.  In all cases, the oil was seen to spread out 

and penetrate into the mat through the inter fibre void spaces almost immediately. 

Conversely, as expected, water droplets remained on the surface throughout the observation 

period of 20 minutes, as can be seen in Figure 3d for the PSPU 8:2 mat.  This is an indication 

of the affinity of the polyblend fibre for oil (i.e. its oleophilicity), and of a commensurate 

repulsion for water (i.e.  hydrophobicity).  Figure 3e, shows that irrespective of the water 

droplet size, the polymer blend mat remained hydrophobic.  Water Contact Angle (WCA) 

measurements confirmed the hydrophobicity of the polyblend mat, as all WCA values were 

found to be above 90o.  The variation of WCA with blend composition is shown in Figure 3f.  

The WCA values of pure PS and PU1 fibres are approximately equivalent, however it can be 

seen that a modest rise (approx. 10%) in WCA was observed in a number of the mats 

fabricated from the blended polymers. This is a significant observation as it suggest 

hydrophobicity (and concomitant oleophilicity) [31] which is greater than the sum of its parts.  

This could be interpreted as a synergistic effect present in the blended polymer fibres.  As 
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postulated above however, sorption capacity is likely to be a complex function of bulk 

properties and morphological factors, including fibre 

Jo
urn

al 
Pre-

pro
of



(a) (b) (c) 

(d) 

Water Oil 

(e) 

2µl 3µl 4µl 5µl 

Figure 3: FESEM micrograph of 20% PSPU1 (8:2) dissolved in DMF with applied voltage (a) 10kV (b) 15kV; (c) micrograph of 20% PSPU1 (8:2) dissolved 
in pure THF at 15kV(d) water dyed with red food colouring and vegetable oil droplets on PSPU1 (8:2) fibre mat (e) different water droplet size on the same 
fibre mat all exhibits hydrophobicity (f) illustrate the WCA for the different pure and polyblend fibre mats of PS and PU polymers  
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(i.e. micro) and mat (i.e. macro) morphology.  Thus the rise observed in WCA could also be 

ascribed to these latter factors.  In particular, the high magnification images of fibres in 

Figure 2, do show high levels of meso- and macro- level porosity, which is not otherwise 

present in the PU1 fibres.  In addition, the interfibre void spaces between the polymer blend 

fibres appears less compacted in comparison to the PU1 fibre mat.  These are significant 

observations, as the structure of a porous material is known to play a key role in its 

hydrophobicity[32, 33]. Similarly, there are strong differences in the mat morphology. 

3.3 ATR spectroscopy of the fibre mat 

Understanding the chemical composition of the polymer blend fibre mats should give an 

insight into the origin of their hydrophobicity, as well as provide confirmation that both 

polymers exist in the electrospun mat.  For example, the presence of CH2 and CH3 functional 

groups have been associated with hydrophobicity in previous studies[34].  Figure 4 displays 

the ATR-FTIR spectra of electrospun PS, PU1 and PSPU1 blend mats.  The spectra for the 

pure 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 the 

CH2 rocking mode[35, 36].  The CH and CH2 stretching vibration of the main PS chain was 

observed at 2849 cm-1 and 2922 cm-1 respectively.  The crowded spectra observed for pure 

PU fibre in the short wavelength band is due to the complex molecular structure of the 

polymer[37].  In the pure PU spectra, the distinctive peaks for the stretching vibration of N-H 

group was observed at 3325cm-1, the asymmetric and asymmetric stretching of methylene 

groups (CH2 and CH3) at 2939, and 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[37, 

38].  
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In the PSPU1 polyblend mats, the presence of absorbance peaks that can be ascribed to pure 

PS and PU1 polymers (as indicated with arrows (Figure 4)), confirms the formation of a bi-

component mat structure which contains both polymers within the mat.  It is recognised, 

however that this says little about how these polymers are combined and importantly whether 

or not this occurs at the fibre level.  

 

Figure 4: ATR-FTIR spectra of pure PS, pure PU1 and PSPU1 polymer blend fibre 
mat. Peaks of the pure polymer that can be distinctly observed in the polymer blend are 
indicated with the red arrow 
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3.4 EDX and AFM (PF-QNM) Analysis of the fibres 

Secondary electron (SE) and backscattered electron (BSE) images of the pure PS, pure PU1 

and the PSPU1 (8:2) polymer blend mat, are shown in Figure 5 (a-c) and (a`-c`) respectively.  

There were no signs of segregation of the different polymers in the case of the PSPU1 (8:2) 

fibre mat.  This could be deemed a confirmation of an intra-fibre blended structure, given that 

BSE imaging has the ability to detect elemental differences at sample surfaces and at a sub-

surface level.  Elemental point (spot) analysis was therefore conducted at three different 

regions along the length of a single fibre filament.  As the chemical structure of polystyrene 

(C8H8)n comprises solely of carbon (C) and hydrogen (H), it is not surprising to see the 

spectra from the PS fibre (in Figure 5a”) reveal only the presence of C (in addition to Al from 

the aluminium substrate).  The spectra from one of the pure PU1 fibres is given in Figure 5c”, 

and this shows an O atom peak, in addition to C.  Similarly, spectra from the polymer blend 

fibres also indicated traces of O (see Figure 5b”), and significantly, the intensity of the O 

peak in the blended fibres, was observed to increase with increasing ratio of PU in all the 

ratios studied (results not shown). 

These results were encouraging as they strongly implied that co-spinning polymers from a 

single nozzle (as opposed to side-by-side multi-nozzle or coaxial electrospinning) resulted in 

a microscale integration of the polymers (i.e. at the intrafibre level), and possibly at the nano 

level[18].  Such close mixing could give rise to fibres which will combine properties from 

both polymers, nominally under a simple rule-of-mixtures regime but also possibly 

generating  synergistic interactions which, in turn, could create new and unexpected thermal 

and mechanical properties in the fibres, and hence in the mats. 
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Results from AFM Peakforce Quantitative Nanomechanical Mapping (QNM) further 

strengthen the assertion that the polymers mixed well.  The technique is capable of providing 

both micro/nano morphological information and mechanical properties of materials.  The use 

of modulus mapping for the morphological study of polymer blends has been widely reported 

in the literature[39, 40] as it offers excellent spatial resolution, at a cost effective and faster 

rate in comparison to other morphological analysis methods such as transmission electron 

microscopy (TEM) [41].  The DMT modulus imaging of individual fibre filaments revealed 

no phase segregation in the PS/PU polymer blend fibres as shown in Figure S3 (a-f).  This is 

in spite of the large difference in DMT modulus of the constituent polymers (2.9GPa for pure 

PS fibre and 0.34GPa for PU1 fibre).  The lighter shade areas, as seen in images of both the 

(a) 

(c) 

(b) 

(a`) (a``) 

(b`) 

(c`) (c``) 

(b``) 

Figure 5: (a - c) Shows secondary electron image of pure PS, PSPU1 (8:2) and neat PU1 electrospun fibres 
respectively, while (a`-c`) and (a”-c”) shows the corresponding backscattered and EDX spectra of the fibres. 
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PS and PS/PU polymer blend, can be ascribed to the uneven surface of the electrospun fibres 

used in this analysis, as can also be seen in the 3D height images in Figure S3(g-k).   
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3.5 Thermal Analysis 

The results of the thermal degradation measurements of pure PS, PU1 and PSPU1 polymer 

blend fibres are summarised in both the TGA and DTGA thermographs in Figure 6a and 6b 

and in Table 2.  The pure PS fibre mat exhibited a one-step thermal degradation with a single 

transition temperature, while the pure PU1 mat showed a two-step decomposition profile (see 

insert in Figure 6a).  The first and second stage degradation of pure PU1 fibre can be 

attributed to the decomposition of the polymer hard and soft-segments respectively[42], (as 

expected in a typical thermoplastic elastomer). The hard-segment degradation reaches a 

maximum at 369.4oC and the polymer completely degrades by 397.5oC.  This amounts to 

approximately 45% of the mass of the hard-segment in the PU1 composition.  At the same 

temperature (397.5oC), only 7% degradation is observed in a pure PS fibre mat.  Both pure 

PS and PU1 exhibits the same weight loss (77%) at 433.3oC.  Based on these observations 

and on the onset of decomposition of pure PS and PU1 polymer mats (as additionally shown 

in Table 2), it can be inferred that PS mats exhibit a higher thermal stability than their pure 

PU1 counterparts. 

Turning to the mats fabricated from blended polymers (Figure 6b), all were observed to 

exhibit a two-stage degradation profile. This is further confirmation of the presence of PU in 

these fibrous mats.  Interestingly, the onset of thermal decomposition of the blends occurs at 

much lower temperature than those obtained for the pure polymer cases, while the peak 

degradation temperature (with the exception of PSPU1 6:4) was between those of the two 

pure polymers. This is possible evidence for a synergistic interaction between the two 

polymers at the fibre level, rather than a simpler rule of mixtures relationship.  Similar effects 

was reported for a PLA/PS polymer blend in the literature[43].  
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Figure 6: (a) TGA and (b) DTGA curves of electrospun PS/PU1 polymer blend fibres. Insert (a) TGA  and (b) DTGA of pure PS and PU1 
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The position 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 polymers in 

the blend.  As a rule, polymer blends characterised by a single glass transition temperature 

which falls in between the Tg values of the constituent polymers are said to be miscible[43, 

44].  A partially miscible blend has two distinct Tg values which are composition (ratio) 

dependent, while an immiscible blend is characterised by two separate Tg values which are 

the same as those of the pure constituent polymers[45].  Figure 7 is a summary of the DSC 

thermographs of electrospun PSPU1 polyblend fibres, at the various blend ratios. 

The glass transition temperature for the neat PU1 and PS fibre was observed at 40.5oC and 

114.7oC respectively, which is consistent with previous work[43].  In all the polymer blends, 

however, the thermographs show a distinctive, single transition, temperature which falls 

between those of pure PS and PU1 polymer.  It should be noted however that a bimodal 

exothermic transition was observed for the PS fibre which could be the effect of the high 

voltage (during spinning) causing some structural changes in the PS fibre, given the same 

transition was observed in repeated runs of the PS fibre. 

Notwithstanding the bimodal PS behaviour, these results are further evidence that there is a 

strong interaction and concomitant good miscibility between the two polymers.  Such a 

degree of blending can often be used to a great effect in allowing materials to be 

“engineered” to achieve a specific set of desired properties – or to even exhibit new or 

amplified properties if any synergistic effects occur[45].   
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3.6 Tensile properties of the polyblend mat 

An ideal sorbent, particularly for marine oil spill clean-up, should have a relatively good 

mechanical strength [46] and maintain its structural integrity during and after oil sorption so 

as to aid subsequent removal and disposal.  The mechanical properties of an electrospun 

polymer blend is expected to be dependent on the intrinsic properties of the constituent 

polymers, the ratio of these polymers, and their degree of interaction in the blend, as well as 

the structural orientation of the fibres and the existence of inter fibre bonding in the mat[47].  

Tensile tests were therefore performed on various PS and PU1 combinations to study the 

effect of the addition of the thermoplastic polyurethane on the mechanical properties.  A 

second thermoplastic PU (PU2) was also employed in the mechanical property study, as the 

manufacturer`s datasheet suggest a higher mechanical strength than PU1, which potentially 

provided a way of deconvoluting any strength contribution from polyurethane per se.  Figure 

8a shows a graphical representation of the average tensile strength taken from five samples, 

while analysis of the mechanical properties is presented in Table S1.  
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Table 2: Glass transition temperature (Tg), temperature at onset of decomposition (Td onset) and 

decomposition peak temperature (Td) for electrospun PS, PU1 and PSPU1 polymer blend fibres

Polymer Solution  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 

Figure 7: DSC thermograph obtained from PS, PU1 and PSPU1 polymer blend fibres Jo
urn
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Pre-
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From Figure 8a, it can be seen that the pure PS mat exhibits a low tensile strength of 0.06 ± 

0.01MPa with an elongation at the UTS of 21.06 ± 6.4 %.  The addition of thermoplastic 

polyurethane into the PS matrix saw the tensile strength increase steadily with an increase in 

PU ratio, to 0.62 ± 0.07MPa in PSPU1 (6:4) and 1.26 ± 0.43 MPa in PSPU2 (6:4).  This 

represents a 933% and 2000% increase respectively from the pure PS fibre mat.  Data for a 

pure PU mat is not presented here as the experimentally produced mats were much denser 

and flatter than for the polyblend constituent, at the optimised process parameters.  However, 

the results of the polyblend test clearly shows a marked improvement in strength with 

increasing PU content.  The increasing trend in mechanical properties could be attributed to 

the formation of interfibre bonds as a result of PU additions.  The authors cannot discount the 

possibility of an improvement in individual fibre strength via interactions between molecules 

of both polymers, at a micro/nano level.  However, similar interfibre bonding has been 

reported for PVC/PU polymer blends[47] which tends to support this as the predominant 

mechanism. Figure S4, shows a typical stress strain curve for PS and PSPU1 polymer blend 

mat. The PS fibre mat is seen to exhibit a non-linear elastic behaviour in the first stage of the 

plot, most likely due to fibre slippage and the absence of interfibre bonds.  This changes with 

the addition of PU1 into the polymer matrix, with a more distinct elastic behaviour in the first 

stage and an increase in UTS observable with increasing PU1 addition.  The changes in the 

mechanical behaviour of the mat can be attributed largely to the interfibre bonds that PU adds 

to the mats, as clearly illustrated in Figure S4.  The presence of inter-fibre bonds increases 

with PU addition and was observed to be greater in PSPU2 64 in comparison to PSPU1 64, 

which could be the reason for the higher UTS observed (see Figure 8).  In addition, a lower 

mean fibre diameter of 2.64μm was recorded for PSPU2 64 in comparison to 3.85μm 

recorded for PSPU1 64.  This could also be the reason for the higher UTS[48], as previous 
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studies have shown that a decrease in fibre diameter results in both higher modulus and 

higher UTS[49].  

To help clarify the origin of the rise in strength, SEM micrographs of mats were recorded 

after tensile testing and these can be compared to the mats prior to testing.  In Figure 2 and 

Figure 8b, the PS/PU 6:4 ratio fibres do show some evidence of interfibre links.  Figure 8c 

shows plastic deformation of the polyblend fibre after tensile testing, with a number of 

localized fractured points observed along the twisted fibre filaments. A significant reduction 

in the average fibre diameter of about 50% (3.89µm to 1.96µm) was observed between 

micrographs before and after mechanical testing, as illustrated in Figure 8d.  This shows that 

aside from the visual evidence of interfibre bonding, deformation and yielding is present.  

Such yielding could only occur if interfibre bonds existed, else the fibres would have slipped 

easily over each other, rather than resist the load.  Comparison with failed PS fibre mats (see 

Figure S6) shows slight deformation with no localized fractured points on the fibres.  Fibres 

were also seen to align along the axis of pull, suggesting mat failure was predominantly via 

the relative slippage of the fibres. 

Maintaining the stability and integrity of a sorbent during an oil spill clean-up is essential, as 

often times sorbent recovery (after sorption) is not immediate.  To investigate the stability of 

the polymer blend in oil, the blend with the highest mechanical strength (PSPU2 6:4) was 

selected for further study.  Mats were immersed in a light crude oil and the previous tensile 

measurements were repeated at various time intervals.  Figure 9a and b shows the average 

tensile strength and a typical stress-strain curve, respectively, of individual fibre mats taken at 

0, 18 and 42 hrs of immersion.  All fibre mats, under each condition, exhibited a substantial 

level of linear elastic behaviour followed by a region of plastic deformation.  The tensile 

stress reduced by approximately 50% (from 1.07 ± 0.06 MPa without immersion) to 0.55 ± 
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0.01 MPa after 42 hrs of immersion, while an increase in permanent elongation of about 

150% was observed in the same mat sample.  The observed increase in “plastic” behaviour 

coupled with the decreasing tensile strength with period of immersion, could be ascribed to 

the absorption of the lower molecular mass constituents of 
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Figure 8: Tensile strength of PS and PSPU1 polymer blend fibres (b) SEM thermograph of PSPU1 6:4 fibre mat before tensile test (c) 
Sample from same mat after test, (d) Average fibre diameter before and after failure 
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Figure 9: (a) Average tensile strength of electrospun PSPU2 (6:4) fibre immersed in light crude oil over 
18hrs and 42hrs (SD n=5) (b) typical stress-stress curve from samples test in (a). 
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crude oil potentially causing plasticization of the fibre, hence affecting fibre properties.  The 

observed mechanical strength of the blend after 42hrs of immersion still remained higher than 

that obtained for the pure PS fibre mat – suggesting that interfibre crosslinks remained in 

place, and that it was a change in fibre properties, per se, that generated the drop in strength.  

Detailed analysis of the mechanical testing is presented in Table S2.  

 

It is clear from the mechanical testing that the addition of PU to PS, by blending prior to 

electrospinning, produces a greatly improved mat based product, when compared to a pure 

PS version, and that this improvement is almost definitely due to an increase in interfibre 

bonding. 

3.7 Oil sorption capacity of the polybend mat 

The improvement in mechanical properties and the enhancement in contact angle suggested 

that the PSPU 6:4 ratio might be an optimum combination for oil sorption.  However, the 

sorption capacity of a mat is likely to be a complex multi-variable ‘property’.  Accordingly, 

the sorption behaviour of the various PSPU polymer blend mats was investigated in an oil-

water system as described in section 2.2.3, using light crude and vegetable oil.  Due to the 

hydrophobic nature of all the blended fibre mats and, as previous work had reported no 

difference between the sorption capacity in pure oil and in an oil-water system[12], the 

sorption behaviour in oil-water was used to determine the maximum oil sorption capacity of 

the different mats.  This is much closer to the conditions that might be encountered “in-field”. 

Figure 10a shows oil sorption capacities (SC) for the PS and PSPU1 polymer blended mats 

under static conditions.  The SC of the pure PS fibre mat was 80.49g/g and 42.50g/g for 

vegetable and crude oil respectively.  An addition of 10% PU1 into the polymer matrix 

(PSPU1 9:1) saw an increase in SC for both oils (16.7% in Vegetable oil and 5.5% in crude 
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oil). Interestingly, further increase in the PU1 ratio in the blend, saw a gradual decline in the 

sorption capacity.  The initial rise in sorption behaviour as observed for PSPU1 (9:1) could be 

due to the previously observed ability of the PU1 to give some structural integrity via the 

formation of interfibre crosslinks, which could prevent the collapse of interfibre void spaces.  

Such spaces would act to capture and hold onto oil.  It could also be due to the start of the 

improvement in WCA (as discussed above), leading to better oleophilicity[31].  The observed 

subsequent reduction in sorption capacity could (ironically) be due to the same inter-fibre 

bonding, which could either reduce the available void spaces, or hinder the expansion of the 

mat as oil is sorbed – again limiting the capacity to hold oil.  Figure S5 shows the presence of 

interfibre bonds in both PSPU1 64 and PSPU2 64 fibre mats.  This effect eventually 

dominates over the improvement in WCA, hence creating a peak in sorption capacity at the 

lower PU ratio. The reduced or absence of meso- and macro-porous structure on the surface 

of fibres with a higher PU ratio could also lead to lower surface area for oil adsorption (See 

figure 2), hence the observed reduction in SC with increasing PU addition.  

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 

filaments.  Generally, a high viscosity 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 

[9, 12] thus, in this case, an argument based on adherence would fit the data better.  The same 

trends in sorption behaviour were observed under dynamic conditions, as seen in Figure 10b 

(at 250rpm), but with lower sorption capacity in all mats.  Similar trends under static and 

dynamic conditions were observed for PSPU2 fibre mats (in result not shown).  The 

possibility exists that under dynamic conditions, oil already sorbed is displaced due to the 

agitation, hence the importance of dynamic testing. 
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Figure 10c and 10d, show a comparison between the sorption capacity of the PSPU polymer 

blend mats reported in this study with those of previous studies in the literature.  The 

maximum recorded data for coaxial[16] and multinozzle[17] side-by-side electrospun mats of 

PS and PU polymers is given.  Generally, it can be seen from the figure that the PSPU 

polymer blend mats produced in the present work exhibit a sorption capacity 2 - 5 times 

higher than those obtained in the reported literature, consistent with the notion that blending 

rather than co-spinning is more effective for application to sorption mats.  It should be noted 

that this comparison was made using motor and sunflower oil with same test duration to 

maintain compatibility with the literature[16, 17].  The SC under these oils follows a similar 

pattern to the results reported for vegetable and crude oil (In Figure 10a and 10b), with 

PSPU2 (9:1) recording the highest sorption values of 144.52g/g and 110.89g/g in motor and 

sunflower oil respectively, while PSPU1 (9:1) recorded the highest SC of 123.88g/g and 

123.95g/g respectively in the same oil type.  The fundamental mechanism(s) for the improved 

sorption capacity of the present polymer blend mats is not absolutely clear, however it is 

probable that the electrospinning of a blend, as opposed to coaxial and multinozzle side-by-

side electrospinning of two individual polymers, is at the heart of these differences.  On the 

basis of the evidence presented, it is likely that the fibres are formed from intimately mixed 

polymers, thereby generating a greater homogeneity in properties, as well as the possibility of 

synergistic effects which overall act to improve sorption behaviour.
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Figure 10: Sorption capacity of PSPU1 fibre under (a) static condition, (b) dynamic condition at 250 rpm, (c) comparison of 
maximum sorption capacity of PSPU1 with coaxial and multinozzle mats from literature (with asterisk), (d) same as (c) but using
PSPU2 
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4. Conclusion 

Polymer blend fibre mats of different PSPU weight ratio were successfully electrospun in 

DMF/THF (4:1) under laboratory conditions.  Microstructural properties of the individual 

fibres were seen to be dependent upon the relative polymer ratio, solvent composition and 

applied voltage.  Morphological characterisation revealed that fibres produced at optimized 

parameters (flow rate 3ml/hr, voltage of 15kV and TCD of 15cm) exhibited an AFD between 

3-4µm, with macro and mesoporous pore structures on the polymer blend fibres.  ATR-FTIR 

and EDX analysis showed the successful formation of a bi-component fibre mat, with EDX 

elemental spot analysis confirming the presence of a bi-component structure down to a single 

filament level.  DSC provided further evidence that strong miscibility exists between the two 

polymers at the fibre level, with the creation of a single glass transition temperature.  

Uniaxial tensile strength measurements showed that the addition of PU in the blend improved 

the mechanical properties of the mat, while causing a gradual reduction in the oil sorption 

behaviour potentially as a consequence of tighter packing of the fibres or greater restriction in 

the fibre freedom.  Nevertheless, the polymer blend fibre reported in this study exhibited a 

sorption capacity 2–5 times higher than those reported in the literature for coaxial and multi-

nozzle spinning of PS and PU polymers, a fact which easily mitigates the reduction in the 

absolute sorption behaviour with increasing PU content. All sorption capacities were at a 

practicable level for the mats produced. 

Overall, this study suggests that there is an optimum blend of PS and PU, especially when 

“practical” sorption capacity is considered.  This will be a function of many different factors 

which include oleophilicity as well as mechanical behaviour and integrity in the field, so 

seeking out a “sweet spot” of properties is a highly likely outcome if a commercially viable 

product is the end goal.  
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Highlights 

• Bi-component structure of PS and PU polymer blend was successfully electrospun. 

• Fibre structure was dependent upon the blend ratio, solvent type and applied voltage  

• DSC analysis shows strong miscibility existed between the two polymers (PS and PU) 

• PU addition into the polymer matrix caused a significant boost in tensile strength 

• Sorption capacity was 2-5 times higher than previous reports with other methods 
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