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Abstract

Electrospinning is an effective technology for the preparation of nano and micro scale fibres for diverse application 
in oil recovery, medical devices, and filters. It is achieved by injecting a charged solution of polymeric material 
through a needle into a region of high electric field. Under these conditions, the expelled jet follows a chaotic, whip-
like trajectory towards a grounded collection plate. At low polymer concentrations, the high forces experienced by 
the jet prior to becoming grounded on the collection plate, result in the formation of undesirable discrete droplets of 
material, rather than fibres. At higher concentrations, above the critical entanglement limit for the polymer, the 
polymer chains are stretched and orientated whilst the solvent rapidly evaporates, delivering high aspect ratio fibres.
The resulting mesh of overlapping fibres frequently has useful properties such as high surface area and porosity, 
which has led to their investigation for a range of applications including filtration membranes and tissue scaffolds.
One of the major challenges in the development of electrospinning as a manufacturing technology is the use of 
organic solvents. Typically, fibres are spun from relatively dilute solutions containing 95% solvent. It is clear that 
systems which use water as a solvent offer many advantages in terms of safety, cost and sustainability. In this work 
we optimise the conditions for effectively preparing nano/micro fibres of polyethylene oxide from aqueous 
solutions. We contrast the fibres produced with those prepared using volatile organic solvents.
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1. Introduction

Electrospinning is a technique that has gained significant attention in the past decades due to the ease of 
production of microscale to nanoscale sized polymer fibres along with the potential applications that these fibres can 
offer. The technique is relatively simple requiring a polymer and a suitable solvent (that is one possessing a 
sufficiently high dielectric constant), a high voltage source, a grounded target electrode and a syringe pump to 
provide a constant flow of material [1]. The polymer is dissolved in the solvent and then loaded into a syringe with a 
needle attached. The syringe containing the solution is then placed into the syringe pump with the high voltage 
probe attached at the needle. As the voltage is applied the droplet of polymer solution at the needle tip will deform 
above a threshold voltage into a conical shape, often referred to as a Taylor cone [2], from which a jet will be 
extruded towards a target at a lower potential. Typically a grounded flat electrode is used which will collect material 
in a randomly orientated non-woven mat, alternatively if a common alignment of the fibres is desired a grounded 
rotating collector is used [1,3,4]. On moving from the needle tip to the collector the polymer jet will experience what 
is referred to as a bending instability, which is a whipping back and forth of the polymer jet [5]. This tends to result 
in stretching of the material as it transits towards the collector, thinning the jet diameter significantly, 
simultaneously solvent will be forced off the jet and solidification occurs on route. The fibres produced with this 
technique exhibit diameters of the order of several micrometres down to ten's of nanometres, with a degree of 
controllability offered through selecting parameters such as the polymer molecular weight, solution concentration 
and the solvent used, which will all influence the solution viscosity [6,7]. Other parameters such as the applied 
voltage and needle tip to collector distance will also have an impact, but to a lesser extent than control of the 
solution parameters [6]. The control over solution parameters is key in the development of solutions with sufficient 
chain entanglements to develop smooth continuous fibres. At low concentrations solutions tend to produce discrete 
droplets, with increasing concentrations of polymer leading to the development of beaded fibres and finally smooth, 
continuous fibres above a critical entanglement limit [6-10].

The properties of these fibres offer many diverse potential applications such as electronics [11], textiles [12], 
filtration [13], catalysts [14], oil recovery [15], reinforcement agents in composite materials [16], and biomedical 
applications such as drug delivery [17], wound dressings [18] or tissue engineering scaffolds [19]. The wide variety 
of possible applications can make them particularly attractive to industry, however there are notable drawbacks. 
Large scale production of materials requires scaling up of equipment to achieve significant enough throughput for 
industrial needs. There are now industrial scale production methods currently available such as the Elmarco 
Nanospider which offer significantly higher throughput than lab scale production methods [20]. Another drawback 
to the technique relates to the issues of sustainability. In many cases organic solvents are used to dissolve the 
polymer, the volatilization of these during the spinning process may exacerbate the hazards associated with the use 
of such solvents including flammability toxicity and in some cases even carcinogenicity; in addition the process is 
wasteful. As a consequence of this large scale use of such solvents in industry can be unattractive. There are 
alternative options such as melt electrospinning where no solvent is required; however the majority of research 
articles report on fibre diameters in the micrometre range with few exceptions [1]. The best and most sustainable 
route aspect is the use of a water soluble polymers in the electrospinning process.

1.1. Water soluble polymers

Of the range of water soluble polymer that are available, some of the most common ones that have been used in 
the electrospinning process are polyvinylpyrrolidone (PVP) [21,23], polyvinyl alcohol (PVA) [24,25], polyacrylic 
acid (PAA) [26,27], Gelatine [28] and polyethylene oxide (PEO). For this particular study we have selected to use 
polyethylene oxide. PEO is a low toxicity material currently used in a variety of applications, for example, for 
pharmaceutical products. The material is often available in a variety of molecular weights, ranging from 20,000 Da 
up to several million Da [molecular weights that are lower than 20,000 Da are often referred to as polyethylene 
glycol (PEG)]. In terms of electrospinning a sufficiently long chain length is required for entanglements to form in 
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solution to facilitate the formation of fibres rather than droplets. Thus the wide variety of molecular weights 
available for PEO can give many options, the real benefit of the material however is its water solublity providing a 
more sustainable less hazardous route to nanofibre production. Furthermore, the high dielectric constant of water 
makes it particularly suited to the electrospinning process often aiding in producing fibres with a reduced diameter
[29]. Table 1 shows a list of commonly used solvents in the electrospinning process that can be used for the 
dissolution of PEO or have been used in the electrospinning of PEO on previous occasions, either on its own or as a 
co-solvent.

Table 1: List of solvents that have been previously used in the electrospinning of PEO with a few properties listed. [30] 

Solvent Formula Boiling 
point 
(°C)

Dielectric 
constant

Surface 
Tension 
(mNm-1)

Dipole 
Moment 
(D)

Hazardsa

1.1.1. PEL (TWA 8 

hours)b

Acetic acid [31,32] CH3COOH 118 6.2 27.8 1.74 Corr 10 ppm (25 mg/m3)
[33,34]

Chloroform  [29,35] CHCl3 61 4.8 27.14 1.04 K/P. Carc 50 ppm (240 
mg/m3) [36]

Dichloromethane [37] CH2Cl2 40 8.9 26.52 1.6 F, P. Carc, 
Tox

25 ppm (87 mg/m3)
[38,39]  

1,2-Dichloroethane C2H4Cl2 84 10.4 38.75 1.80 Carc 50 ppm (200 
mg/m3) [40]

Dimethylformamide 
[29]

C3H7NO 153 38 37.1 3.82 F, Ter 10 ppm (30 mg/m3)
[41,42]

Ethanol [29,43-45] C2H6O 79 30 22.75 1.69 F 1,000 ppm (1,900 
mg/m3)[46,47]

Isopropanol [48] CH2OH 82 18 21.7 1.66 F, Tox 400 ppm (980 
mg/m3)[49]

Water [29,45,50] H2O 100 80.1 73.05 1.85

a (Corr - corrosive, Carc - Carcinogen, K/P. Carc - Known or possible carcinogen, F - flammable Ter - Teratogen and Tox - Toxic). (PEL -

Permissible exposure limit, TWA - Time weighted average).

From Table 1 the various dangers and permissible exposure limits over an 8 hour period can be seen for several 
organic solvents, further emphasising the benefits of the use of a water soluble material. In addition to the benefits 
of having a water soluble material for use in an industrial setting, there is also the added benefit for obtaining 
approved use of materials in the biomedical sector, where materials processed from hazardous chemicals are less 
likely to be approved for use. PEO is currently used in pharmacy for oral drug delivery due to its biocompatibility
[51].

Previous studies of electrospinning of PEO have shown that it readily produces fibres on length scales from 
nanoscale to microscale from organic solvents as well as water (Several references provided in Table 1). Not only 
has it proved to be a useful material for electrospinning on its own, but it has proven to serve as a binding agent to 
aid in the electrospinning of biomaterials that are not readily spinnable, such as silk [52], lignin [53], alginate 
[54,55],  whey protein isolate [56] and eggshell proteins [57]. 

In this article we describe the optimization of conditions for electrospinning PEO from water by examining the 
impact that changes in polymer concentration has on the fibre morphology, and contrast this to PEO fibres prepared 
from two organic solvents, namely dichloromethane (DCM) and acetic acid (AcOH). We also examine any potential 
impact on the polymer morphology due to the spinning process as well as the effect that any potential change in 
solvent may incur. These are important considerations to take into account as the morphology developed can impact 
on the applicability of such fibres for their intended uses.   
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2. Materials and Methods

2.1. Polymers and Solvents

Polyethylene oxide with a molecular weight (Mv) of 200,000 Da, was purchased from Sigma-Aldrich. The 
solvents used were deionised water (DIW), dichloromethane (DCM) (Sigma-Aldrich) and acetic acid (AcOH) 
(Sigma-Aldrich).

2.2. Solution Preparation 

Solutions were prepared by measuring the appropriate quantity of polymer into a sample bottle, then adding the 
desired volume of solvent to produce specific concentrations. The material was left up 2 days to allow it sufficient 
time to dissolve. After dissolution the solution was placed on a vortex mixer for several minutes to ensure the 
solutions were homogeneous. Here the solutions percentages are defined as the quantity of polymer weight in 10 
mL, for example 10% is 1 gram of polymer in 10 mL of solvent and 20% is 2 grams in 10 mL.

2.3. Electrospinning 

Electrospinning was performed using a Glassman’s high voltage power supply capable of delivering 0 – 30 kV 
with respect to ground. Solutions were loaded into a 5 ml glass syringe fitted with a 22 gauge Luer lock metal needle 
(0.413 mm internal diameter) of length 50 mm to which the high voltage supply was attached. The syringe 
containing the polymer solution was loaded onto a Razel scientific syringe pump and a solution flow rate of 1.78 
ml/hr was used to supply the needle tip with a constant supply of fresh material. The distance between the rotating 
collector and needle tip was 15 cm and the applied voltage of 10 kV was used. Samples were collected onto a 
rotating collector at varying surface tangential velocities between 0.7 ms-1 to 4.7 ms-1.

2.4. Microscopic analysis

Scanning electron microscopy (SEM) was performed at 20kV using a SEM 360 (Cambridge Instruments). 
Samples of foil coated with the fibres were sectioned from the electrospinning collector plate and mounted onto 
small SEM aluminium stubs via sticky conducting carbon tabs. Samples were then sputter coated with a thin layer of 
gold prior to examination in the SEM. Image-analysis was conducted with the software packages, Scandium and 
ImageJ to determine the diameters/sizes and orientations of the various fibrous/non-fibrous products. An ImageJ 
macro, OrientationJ was used to aid in measurements of the fibre orientations [58, 59].   

2.5. Small Angle and Wide Angle X-ray Scattering

Small angle x-ray scattering (SAXS) and wide angle x-ray scattering (WAXS) experiments were performed on 
the Bruker AXS Nanostar in the University of Reading Chemical Analysis Facility, UK. The equipment has a 
compact 3 pin hole collimation and a beam size less than 1 mm (0.4 mm to 0.8 mm). SAXS and WAXS data were 
collected simultaneously with the small angle data collected on to a 2D 2048 x 2048 pixel frame detector 
approximately 66 cm distance from the sample. 2D WAXS patterns were collected onto an image plate placed 
approximately 10 cm from the sample position. A hole in the centre of the WAXS image plate allows for the 
simultaneous collection of SAXS data. Data was collected from Q = 0.015 Å-1 – 5 Å-1 where , is the 
wavelength and 2 is the scattering angle. A wavelength of 1.54 Å was employed. Sample data was collected for 15 
– 30 minutes. For calibration of the SAXS data a silver behenate standard was used and a corundum standard was 
used for WAXS calibrations to obtain the sample to detector distance using the known Q values of the diffraction 
rings of these standards. Calibrations and data reductions to 1D plots were performed in imageJ using the macro 
YAX 2.1 [58, 60]. 
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Results and Discussion

3.1. Scanning Electron Microscopy

Examination of the fibre morphology was conducted using SEM with samples collected at varying solvent, 
polymer concentrations and surface tangential speeds of the rotating collector. The SEM micrographs presented in 
Fig. 1 are for the samples collected at a surface tangential velocity of 2.7 ms-1 whilst the polymer concentration and 
solvent used in fibre preparation were varied. From the micrographs it can be observed that the samples prepared 
from DIW (Fig. 1a - 1c) reveal the structural development from beaded material at 10% (Fig. 1a), to beaded fibres at 
15% (Fig. 1b) and finally to that of aligned arrays of smooth, continuous electrospun fibres at 20% (Fig. 1c). 
Measurements of the fibres spun from DIW with a polymer concentration of 15% possess an average fibre diameter 
of (169 ± 72) nm, whilst at 20% the fibre diameter has increases to an average of (186 ± 50) nm. The transition from 
the beaded form to smooth continuous fibres has been associated with a required chain entanglement necessary for 
their production [8-10].

 

Fig. 1. Electrospun fibres prepared at increasing solution concentration (from left to right) and different solvents. a - c) samples prepared 
from DIW at 10%, 15% and 20% d - f) samples prepared from DCM at 10%, 15% and 20% g - i) samples prepared from AcOH at 10%,

15% and 20%

Samples that were prepared from DCM (Fig. 1d - 1f) show significantly larger diameters than those spun from 

(Fig. 1e). The 15% samples also exhibits some twisting/curling of the deposited fibres and a larger diameter 
distribution than those spun at 10%. For the samples prepared from 20% in DCM a severely reduced fibre yield was 
observed with only a few very large and several smaller fibres produced (Fig. 1f), with the average fibre diameter 

difficulties in pumping the solution through the syringe, insufficient force to overcome the surface tension effects of 
the polymer droplet, or the droplet at the needle tip rapidly dries up stopping the spinning process [61]. For the 
material that is successfully pulled from the droplet at the needle tip, it appears that less stretching occurs resulting 
in the larger fibre diameters that are observed. This may be attributed to a combination of the droplet drying out 
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along with the high viscosity of the material preventing sufficient whipping of the material. The spinnability of the 
solutions were significantly improved at polymer concentrations less than 20%, with 10% showing generally smaller 
diameter fibres and a narrower fibre diameter distribution.

The samples that were prepared from AcOH (Fig. 1g - 1i) exhibited a smaller average fibre diameter than those 
produced from DCM, but the average fibre diameters still remained larger than those prepared from DIW for similar 
concentrations. Fibres spun at 10% were (480 ± 212) nm (Fig. 1g). At 15% the fibre diameters measured in the 

this study all exhibited smooth, continuous features, with no signs of larger fibres produced as was observed with 
DCM, and no beading at the lower concentrations as observed when fibres were spun from DIW. Fig. 2a shows a 
plot of the how the concentration and solvent influences the average fibre diameter for samples collected at a surface 
tangential velocity of 2.7 ms-1. The results of Fig. 2a reiterate the information stated above that the samples prepared 
from DCM show the largest diameters, those from AcOH are smaller, but remain larger than those samples prepared 
from DIW.
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Fig 2: a) Plot of average fibre diameter as a function of solution concentration that the samples were prepared from for samples collected on a 
rotating collector with surface tangential velocity at 2.7 ms-1. Symbols represent samples prepared from DIW ( ), DCM ( ) and AcOH ( ). b) 
Plot of average fibre diameter vs. solvent dielectric constant for samples prepared from 15% PEO in solvent, collected on the rotating collector at 
a surface tangential velocity of 0.7 ms-1

Figure 2b shows a plot of the dielectric constant of the solvent vs. the average fibre diameter. The results suggest 
that the higher dielectric constant is beneficial to the spinning process, as was previously shown in work conducted 
by Son et al. [29]. Son et al. examined a series of different solvents from the study here and one observation that 
differs in this work relates to the fibres prepared from DCM. In this study fibres prepared from DCM exhibited a 
larger fibre diameter than those spun from AcOH, despite DCM having a slightly larger dielectric constant. This 
may be due to the boiling point of DCM being quite low (40°C) which results in a rapid evaporation of the solvent 
and significantly less stretching of the jet as compared to AcOH which is not as easily removed as DCM.

Examination of micrographs for fibres prepared from the same concentration solution, but increasing collector 
speed show an improvement in orientation from a nearly randomly orientated sample, to that of well aligned arrays 
of parallel fibres. Figure 3 shows an example of improving alignment with increasing collection speed for samples 
prepared from 20% PEO in DIW.



72   Mohamed Alazab et al.  /  Procedia Manufacturing   12  ( 2017 )  66 – 78 

Fig 3: Electrospun fibres prepared from a 20% PEO in DIW collected at various surface tangential velocities of the rotating collector. 
Samples were collected at a) 0.7 ms-1 b) 2.7 ms-1 and c) 4.7 ms-1.

Due to the erratic nature of the electrospinning process, which is attributed to charge repulsion along the 
elongating jet, the fibres are whipped back and forth in different directions and as a result, they are deposited in a 
random orientation against a flat collector surface [5,62]. The rotating collection system allows for the fibres to be 
aligned in an orientated fashion, with the level of orientation dependent on the rotational speeds of the collector used 
and the transition speed of the jet between the needle tip and collector surface. At surface tangential velocities that 
are lower than the jet transition velocity, the polymer jet is being extruded and deposited faster than the collectors 
rotation, resulting in no tension on the fibre and a more random orientation is observed. At higher surface tangential 
velocities, the surface of the collector is moving at a speed that is more comparable to the transit speed of the jet, 
allowing for a level of tension on the fibres and orientation to be developed. At higher speeds still, the level of 
tension is capable of stretching the polymer jet thereby deforming and thinning the fibres [63,64].

We can determine an orientation parameter, P2 f calculated from (3 cos2 -1)/2 describing the level of 
orientation of the fibres. For fibres that are perfectly aligned vertically 2 =1 and for a randomly orientated 
sample P2 f = 0. For samples that are aligned horizontally P2 f = -0.5. Using the SEM micrographs, we can 
determine P2 f values for the sample by measuring the variation in the angle from that of the direction of rotation 
for the collector (defined here as vertical on page). The fibre diameters (Fig. 4a) and orientation parameter (Fig. 4b) 
as a function of the surface tangential velocity of the rotating collector is shown in Fig. 4 for the various samples 
spun.
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Fig 4: a) Average fibre diameter and b) Orientation parameter for the fibre axes as a function of rotating collector for PEO solutions spun 
from DIW, DCM and AcOH at concentrations of 10%, 15% and 20% for increasing surface tangential velocities of the rotating collector

Figure 4a corroborates the information stated earlier that the fibres prepared from DIW exhibit the smallest 
diameter, whilst those spun from DCM exhibited the largest diameters in this study. There is little impact on the 
observed fibre diameters as a function of collection speeds used in this study for the samples prepared from DIW 
and 10% PEO in DCM. The samples prepared from AcOH did display some changes in the fibre dimensions as the 
rotational velocity of the collector increased, with the fibre diamet -1
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at 4.7 ms-1 for the 15% PEO solution. A similarly observable trend was apparent for samples prepared from the 20% 
s-1

4.7 ms-1. There was also a decrease in the standard deviation of the fibre diameter distribution with the increasing 
collection speed for both of these data sets, indicating a narrowing of the fibre diameter distribution. This would 
indicate that the samples may be experiencing a level of mechanical deformation imparted from the rotating 
collector, similar to observations previously made by Edwards et al. [64] and Mohan et al. [63]. Unusually the 
samples prepared at 15% PEO in DCM exhibited an increasing fibre diameter with increasing tangential velocity, 
the opposite of what would be expected. These observations may be the result of a combination of high viscosities
reducing the spinnability and an impact on fibre formation from the increased airflow due to the higher rotating 
collector velocities, either disrupting fibre formation or causing a more rapid drying of the droplet at the needle tip.
It was observed by eye that during the spinning of these samples, large droplets would form at the needle tip, 
apparently drying out before falling off and then droplets reformed; thus the samples collected at the higher 
velocities showed reduced fibre output as well as a larger average fibre diameters. 

Figure 4b shows that there is a substantial improvement in the orientation of the alignment of the fibres with an 
increasing surface tangential velocity of the rotating collector. The data shows that at surface tangential velocities of 
0.7 ms-1 the sample show little in terms of orientation with P2 f values lying between -0.2 to +0.2. At this surface 
tangential speed there is insufficient tension applied on the electrospinning jet to wind the fibres up as they are 
produced, hence the low level of orientation that is observed. The slightly negative P2 f value for some of the 
prepared samples is an indication of some preferential deposition of the fibres along the length of the collector 
surface, possibly the result of electric field interactions. The samples that were prepared from DIW and DCM reach 
a P2 f ~ 0.5 at the higher surface tangential velocities. It is possible that higher orientations are achievable at 
greater tangential velocities than those used in this study. The data for 10%, 15% and 20% PEO in AcOH show 
alignment developing at relatively low tangential velocities of 2.7 ms-1 where P2 f ~ 0.5. As stated previously, the 
development of the orientation is dependent on the rotational velocity of the collector being comparable to the jet 
transition speed. Development of orientation at low rotational velocities would indicate that the jet speed for the 
samples prepared from AcOH were relatively low. At higher velocities the collector surface may be moving faster 
than the jet and so the sample is being mechanically deformed, which would account for the decrease in average 
fibre diameter for the 15% and 20% PEO in AcOH solutions. The samples that exhibited the highest level of fibre 
orientation in this study were those prepared from AcOH, where P2 f values range from 0.63 - 0.73.

3.2. SAXS/WAXS Data

Selected samples were subjected to examination with SAXS/WAXS. These samples were all prepared from 
solution concentrations of 15% in DIW, DCM and AcOH, with the collector’s surface tangential velocity at 4.7 ms-

1, the samples that exhibited the highest degree of fibre alignment. The scattering patterns, S(|Q|, ) will exhibit 
uniaxial symmetry so we can describe the level of anisotropy in the samples by using the coefficients of a series of 
even ordered Legendre polynomials P2n. In this case we restrict our attention to the second term, P2 which can be 
evaluated using:

90

0

90

0 2

02

sin)|,(|

sin)(cos)|,(|

dQS

dPQS
P

(1)

Equivalent expressions apply for the 3 symmetry related quadrants of the scattering pattern. The level of
preferred orientation of the crystals in the fibres P2 c  can be obtained using the methodology based on the Legendre 
Addition Theorem [64-66]; P2 c = P2 / P2 f  where P2 is the result of the crystalline orientation obtained from 
the experimental scattering pattern with respect to the collection direction and P2 f is the orientation parameter of 
the fibre samples measured earlier (fig. 4b). 2D WAXS data shows a low level of orientation of the diffraction ring 
at Q = 1.36 Å-1 ([120] scattering plane) for which the P2 values for the samples were evaluated. To improve the 
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measure of anisotropy related to the orientation of the scattering pattern, the fibre samples that exhibited the highest 
alignment were chosen.
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Figure 5: 2D WAXS data for fibres spun from 15% PEO in a) DIW, b) DCM and c) AcOH at 4.7 ms-1. Insets are the SEM micrographs of the 
samples spun. d) 1D scattering intensity as a function of azimuthal angle for the  diffraction ring at Q ~ 1.36 Å-1. The solid black line 

represents the data for DIW, the red dashed line DCM and the blue dashed line AcOH. 

Fig 5 a-c shows the obtained 2D WAXS patterns for the samples collected onto the rotating collector at a surface 
tangential velocity of 4.7 ms-1 for fibres prepared from 15% PEO in DIW (fig. 5a), DCM (fig. 5b) and AcOH (fig. 
5c). P2 c values of the diffraction ring at Q ~ 1.36 Å-1 were determined from the 2D patterns in fig. 5a-c by 
measuring P2  of the diffraction ring with background subtracted, then correcting for the fibre alignment. The 
values obtained for P2 , P2 f and P2 c for these 3 samples are shown in table 2 below:

Table 2: Crystal P2 , fibre ( P2 f) and corrected crystal orientation ( P2 c) parameters for the samples prepared from 15% DIW, DCM and 
AcOH collected at a surface tangential velocity of 4.7 ms-1

Solvent P2 P2 f P2 c

DIW 0.198 0.513 0.386
DCM 0.218 0.454 0.480
AcOH 0.296 0.686 0.431

Fig. 5d provides a scaled version of the intensity variation with angle around the diffraction ring, offering a 
visual representation to the orientation measured in the scattering patterns. The scattering pattern of the sample spun 
from DIW revealed the lowest measured orientation whilst the sample spun from AcOH exhibited the highest level 
of orientation. The higher level of orientation measured in the scattering pattern for the fibres prepared from AcOH 



75 Mohamed Alazab et al.  /  Procedia Manufacturing   12  ( 2017 )  66 – 78 

may relate to the mechanical deformation imparted during the collection process. Similar observations have been 
previously made by Edwards et al. [64]. The samples prepared from DIW exhibited no noticeable changes in fibre 
diameter with increasing surface tangential velocity of the rotating collector, only an improvement in alignment, 
therefore we can assume that the level of anisotropy measured in the electrospun fibres is intrinsic to the spinning 
process itself. The fibres prepared from DCM displayed the inverse trend, with the fibres becoming larger at higher 
surface tangential velocities of the collector. Despite the larger average fibre diameter as compared to other samples, 
the orientation of the crystals is still comparable to that of those spun from DIW. This may be due to a deformation 
still being imparted from the collector onto the fibres despite their larger size. 

The level of orientation measured in the scattering patterns would indicate that the impact between the different 
solvents does have an influence in the level of crystalline anisotropy developed within the fibres and hence may 
impact on certain applications the materials are designed for. This stems from the solvent used influencing the jet 
transition speed from needle tip to collector, which will impact on the stretching and thinning of the jet and the 
orientation developed within the sample. If the samples are being collected under tension to create aligned arrays of 
fibres, then mechanical deformation may result as seen here and in previous studies by Edwards et al [64]. For 
samples that would not be collected under tension, the induced crystalline orientation would be attributed to the 
electrospinning process itself, in which case samples spun from DIW exhibit a decent level of crystal orientation, 
where as the samples prepared from AcOH and DCM may require mechanical deformation to achieve similar levels.  

2D SAXS data (fig. 6) reveals the preferential alignment of structures within the fibre samples. For the sample 
that was spun from DCM (fig. 6b) the scattering related to the lamellae is visible, with a higher scattering intensity 
present along the meridional plane. The increase of the intensity along the meridian indicates that the crystalline 
lamellae are stacked parallel along the length of the fibre axis. The 1D radial plot the scattering intensity vs.
scattering vector for this data (fig. 6e) shows fall off in intensity at low to intermediate Q values varying as I(Q) ~ Q-

3, indicative of scattering from rough interfaces. The SEM micrographs show fairly smooth fibre surfaces, therefore 
it is possible that this scattering relates to the rough interface between the crystalline and amorphous phases, or 
possibly internal voiding within the fibres. After this fall off in intensity a small peak is observable at Q ~ 0.03 Å-1,
which arises from the crystalline lamellae (referred to as the long period, Lp). For this sample Lp ~ 21 nm ( Lp = 
2 /Q).     



76   Mohamed Alazab et al.  /  Procedia Manufacturing   12  ( 2017 )  66 – 78 

0.01 0.1
1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

 Vertical
 Horizontal

I(
Q

)

Q (Å-1)

d

 
0.01 0.1

1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

 Vertical
 Horizontal

I(
Q

)

Q (Å-1)

e

 
0.01 0.1

1E-5

1E-4

1E-3

0.01

0.1

1

10

100

1000

I(
Q

)

Q (Å-1)

 Vertical
 Horizontalf

 
Fig. 6: 2D SAXS data and 1D SAXS of intensity vs. scattering vector for fibres spun from 15% PEO in a) DIW (1D plot of data in d) DCM 

(1D plot of data in e) and c) AcOH  (1D plot of data in e) and collected onto the rotating collector at a surfance tangential velocity of 4.7 ms-1.

The samples spun from DIW and AcOH (fig. 6a and 6c) exhibit no scattering related to crystalline lamellae. The 
fibres prepared from DIW may be sufficiently small (ave. diameter (144 ± 50) nm) that they do not exhibit lamellar 
stacks, with the crystalline structure possibly growing in a fibrillar form along the length of the fibre axis [67]. 
Despite the larger average fibre diameter of the fibres spun from AcOH (Ave. diameter (1102 ± 355) nm), there 
appears to be a similar lack of scattering from crystalline
being sufficiently small enough that they do not develop the typical lamallae structure, or the mechanical 
deformation caused during the collection process was sufficient in inducing a similar fibrillar like crystal structure. 
The 1D plot of intensity vs. the scattering vector (fig. 6d and 6e), reveals that the scattered intensity falls off as I(Q)
~ Q-4 in the low Q to intermediate Q regimes for the samples prepared from DIW and AcOH. This power law fall 
off is indicative of samples that have sharp interfaces [68,69] and has been observed in fibres previously due to 
internal voiding in large microscale fibres [63,64,69]. The internally voided structures are usually associated with 
large microscale fibres that develop a skin during the spinning process and experience vapour induced phase 
separation [70,71]. However, the samples spun from DIW in this case are much smaller and are less likely to form 
an internal voided structure, where as those spun from DCM and AcOH may develop such structures. The Q-4

scattering observed for the fibres spun from DIW is possibly due to a combination of the scattering from the small 
scale fibres themselves as well as elongated crystal structures, whereas the samples spun from AcOH are more likely 
a combination of internal voids and elongated crystals.  

4. Conclusions

Nanoscale fibres were produced using aqueous solutions of PEO and compared to those prepared from organic 
solvents, DCM and AcOH. Fibres spun from organic solvents tended to produced larger diameter fibres than those 
prepared from aqueous solutions. It was possible to adjust the spinning parameters so that arrays of nanoscale fibres 
were produced with a common macroscopic alignment through use of a rotating collector with surface tangential 
velocities comparable to the electrospinning jet transitions speed. The effects of the PEO concentration on 
electrospun fibre diameter was dependent on the solvent. The behavior of  the aqueous solutions was markedly 
differemnt to the organic solvents. PEO nanoscale fibres showed a preferred alignment of the crystals which formed 
with the c-axis parallel to the fibre axis; Higher levels of alignment was achieved with acetic acid as the solvent 
probably as a greater result of an enhanced level of deformation during the collection process.
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