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Abbreviations  

Abbreviations 

% (w/w) percentage by weight 

a.R. after rheometer 

AMIBM Aachen-Maastricht Institute for Biobased Materials 

ANOVA  analysis of variance  

DSC differential scanning calorimetry 

DF drawn filament 

DIN  Deutsches Institut für Normung 

GPC gel permeation chromatography 

HT-SEC high temperature size exclusion chromatography 

MFI melt flow index 

MFR melt flow rate 

PDI polydispersity index 

PF partially oriented filament 

POM polarized optical microscopy 

SD standard deviation 

SEM scanning electron microscopy 

TGA thermogravimetric analysis 

 

Material abbreviations 

A compounds containing alizarin  

H compounds containing hematoxylin  

HFIP hexafluor-2-isopropanol 

LA compounds containing alizarin and liquid plasticizer 

LH compounds containing hematoxylin and liquid plasticizer 

LQ compounds containing quercetin and liquid plasticizer 

NaCl sodium chloride 

NaOl sodium oleate 
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NaSt sodium stearate 

PCL polycaprolactone 

PES  Here: viscosity-reducing modified polyester 

PLA polylactic acid 

PLAG poly(lactic-co-glycolic) acid 

PP polypropylene 

PU polyurethane 

Q compounds containing quercetin 

 

Physical variables  

F ratio of the mean-square value for that source of 

variation to the residual mean square 

FC Coulombic force 

FEF  electrical field strength 

FG gravitation 

ℓ distance/length 

m power law index 

Mn number-average molar mass 

Mw weight-average molar mass 

n power law 

Tcc cold crystallization temperature 

Tg glass transition temperature 

Tm melting temperature/point 

X, Y, Z charges in the jet 

Xc percentage crystallinity 

ΔA additional surface area 

ΔW work to enlarge the surface area 

γ̇. shear rate 

γ̇c critical strain rate  

η effect strength 
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A new prototype melt-electrospinning device for the production 

of biobased thermoplastic sub-microfibers and nanofibers 

Abstract 

Sub-microfibers and nanofibers have a high surface-to-volume ratio, which makes them 

suitable for diverse applications including environmental remediation and filtration, 

energy production and storage, electronic and optical sensors, tissue engineering, and 

drug delivery. However, the use of such materials is limited by the low throughput of 

established manufacturing technologies. This chapter provides an overview of current 

production methods for sub-microfibers and nanofibers and then introduces a new melt-

electrospinning prototype based on a spinneret with 600 nozzles, thereby providing an 

important step towards larger-scale production. The prototype features an innovative 

collector that achieves the optimal spreading of the fiber due to its uneven surface, as 

well as a polymer inlet that ensures even polymer distribution to all nozzles. We prepared 

a first generation of biobased fibers with diameters ranging from 1.000 to 7.000 µm using 

polylactic acid and 6% (w/w) sodium stearate, but finer fibers could be produced in the 

future by optimizing the prototype and the composition of the raw materials. Melt 

electrospinning using the new prototype is a promising method for the production of high-

quality sub-microfibers and nanofibers. 

Introduction 

Nanotechnology can be generally defined as the development, handling and control of 

structures or materials with at least one dimension within the size range 1–100 nm, and 

the advent of precision tools for nanoscale engineering has promoted great interest in 

this emerging field over the last 30 years [1, 2]. Nanotechnology exploits the properties 

of materials that depend on size or structure, particularly properties that differ from the 

behavior of individual atoms/molecules or larger masses of the same material [2]. The 

term “nanofiber” is frequently used in the literature to describe very thin fibers without a 

specified size limit, but a stricter definition as used by the Deutsches Institut für Normung 

(DIN) standard among others is a structure with two external nanoscale dimensions and 

a third external dimension that is considerably larger than the nanoscale [3]. However, a 

comparison of many studies shows that the same term is often used as soon as the fiber 

diameter falls below 1 µm [4]. Although such fibers are not nanofibers according to the 

DIN standard, the designation has become established and consolidated in recent years. 

With respect to the DIN standard, another term used to describe fibers with a diameter 

in the hundreds of nanometers range is “sub-microfiber”. 
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The small diameter of sub-microfibers and nanofibers provides a high surface-to-volume 

ratio while maintaining or even improving flexibility compared to conventional fibers. 

Additionally, many production methods yield porous fibers thus increasing the surface 

area even further [5]. These properties make such fibers extremely versatile. Their 

diverse applications include air and water filtration [6, 7], the separation of water/oil and 

air/oil mixtures [4, 8], technical uses such as the development of lithium-air batteries [9–

12], optical sensors [13] and textiles [5, 14], and medical applications such as tissue 

engineering [15–23], drug delivery [18, 19, 24–30, 31–36], and the diagnosis and 

treatment of cancer [27, 36–40] (Figure 1.1).  

 

Fig. 1.1: Applications of sub-microfibers and nanofibers [41]. 

The applications of sub-microfibers and nanofibers depend on their physical and 

mechanical properties, which in turn depend on the manufacturing process and type of 

chemistry. This chapter provides an overview of current production methods before 

describing a novel and scalable melt-electrospinning prototype device and its 

deployment for the processing of biobased materials into fibers. 
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Current manufacturing processes for sub-microfibers and 

nanofibers 

Sub-microfibers and nanofibers can be produced from a range of biological materials, 

such as polysaccharides (e.g. chitosan, cellulose, or alginate) and proteins (e.g. gelatin, 

keratin, or collagen), as well as synthetic polymers, such as polycaprolactone (PCL), 

polyurethane (PU), polylactic acid (PLA), and poly(lactic-co-glycolic) acid (PLGA). 

Figure 1.2 provides an overview of current major nanofiber production technologies and 

the fiber diameters that have typically been achieved using those methods. Only the 

most common processes are mentioned and there are many variants of these methods 

that are not discussed in detail [42-50]. 

 

Fig. 1.2: Nanofiber production technologies and the corresponding fiber diameter 

range: melt blowing [4], nanoval [42, 43], Laval [42], centrifugal spinning [44], 

electroblowing [45], drawing [46], island-in-the-sea [47], electrospinning [4], 

solution electrospinning [4], melt electrospinning [4], self-assembly [48, 49], 

template synthesis [50]. 

Electrospinning is the most common production method for sub-microfibers and 

nanofibers, and two fundamental techniques can be distinguished: solution 

electrospinning and melt electrospinning. Electrospinning combines a strong 

electrostatic field with the principle of Taylor cone formation. When a droplet of a liquid 

becomes charged in a field of sufficient strength, the electrostatic repulsion is strong 

enough to overcome the surface tension and the droplet is stretched. If the charge 

reaches a certain threshold, a jet erupts from the liquid droplet and this is known as a 

Taylor cone [51–53]. If the liquid is viscous and cohesive, the jet does not break up into 

droplets (the principle of electro-spraying) but forms an electrically charged laminar jet, 

which elongates due to electrostatic repulsion. The jet dries (in the case of solution 

electrospinning) or cools sufficiently to become solid (in the case of melt electrospinning) 
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and a nanoscale fiber is produced [54]. The basic setup for electrospinning is shown in 

Figure 1.3. 

 

Fig. 1.3: Basic setup of the electrospinning production method. 

Solution electrospinning is used more frequently than melt electrospinning for the 

production of nanofibers because a smaller fiber diameter can be achieved (high 

hundreds of nanometers), and the equipment has a simpler design and higher 

productivity compared to current melt-electrospinning devices [55]. The finest fiber 

produced by melt electrospinning thus far was 80 nm in diameter [56], although this in 

not yet routine and typically the fiber diameter is > 2 µm [45]. The major advantage of 

melt electrospinning is that it does not require a solvent, avoiding any risk of toxic 

solvents being carried over into the mature fiber [57]. Electrospinning is compatible with 

many different polymers and multiple applications (Table 1.1).  
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Tab. 1.1: Overview of electrospinning methods, typical fiber diameters and applications. 

Publication Production 

method 

Polymer Fiber 

diameter 

(nm) 

Application 

Wang 2002 [12] Solution Poly(acrylic 

acid)−poly(pyrene 

methanol) 

100-300 Optical 

sensors 

Li 2012 [87] Melt (laser 

melt) 

Poly(L‐lactic acid)  2000-7000 Biomedical 

Dalton 2006 

[89] 

Melt Poly(ethylene 

glycol) and 

poly(epsilon-

caprolactone) 

- - 

Yoon 2013 [90] Melt and S/M-

hybrid 

Silk fibroin and 

poly(L‐lactic acid) 

PLA: 8900 

SF: 820 

Biomedical 

(scaffolding) 

Zhou 2006 [91] Melt Poly(L‐lactic acid)   Filtration 

Kim 2010  S/M hybrid Poly(lactic-co-

glycolic acid) 

2800 (S) 

530 (M) 

 

Biomedical 

(scaffolding) 

Scholten 2011 

[7] 

Solution Polyurethane Low 1000s Air filtration  

Another common method for nanofiber production is fiber drawing. Here, a solid tip is 

placed in contact with a liquid polymer and then drawn away, leaving behind a string of 

polymer liquid that solidifies into a fiber (Figure 1.4). 

 

Fig. 1.4: Basic setup of the fiber-drawing production method. 
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Like electrospinning, this method is compatible with polymer melts [58] and polymer 

solutions [46]. One of the main advantages of this method is that it allows the evaluation 

of single fibers [59]. Drawing typically produces narrower fibers than electrospinning, with 

diameters of tens of nanometers (Table 1.2). 

Tab. 1.2:  Overview of non-electrospinning methods, typical fiber diameters and 

applications. 

Publication Production 

method 

Polymer Fiber 

diameter 

(nm) 

Application 

Xing 2008[58] Drawing Poly(trimethylene 

terephthalate) 

60 Optical 

fibers 

Ma 2016 [46] Drawing Polyethylene 40 - 

Nakata 2007 [61] Island in the 

sea 

Polyamide 

6/poly(ethylene 

terephthalate) 

39 - 

Uppal 2012 [63] Melt-blown  290 Filtration 

Luo [97] Template 

synthesis 

Silver/cross-

linked poly(vinyl 

alcohol) 

Sub-micro Various 

Wang 2010 [98] Template 

synthesis 

Carbon 20 Various 

Rolandi 2014 [99] Self-assembly Chitin various Various 

Xu 2017 [100] Self-assembly Polypeptide  Drug 

delivery 

Hammami 2014 

[74] 

Centrifugal Polyamide 6 200-800 Various 

The island-in-the-sea method (Figure 1.5) is a subtype of conventional melt spinning, but 

two different polymers are involved. One of them (the sea polymer) is spun into a thick 

fiber within which multiple thinner fibers of the other (the island polymer) are suspended. 

Following primary extrusion, the sea polymer is removed to leave the nanoscale island-

polymer fibers behind [60]. This method has been used to create polyamide 

6/polyethylene terephthalate nanofibers with a consistent diameter of 39 nm [61]. 



General introduction     

 

8 

 

Fig. 1.5: Island-in-the-sea nanofiber production method. 

Melt-blown fibers are produced by extruding a polymer melt through small nozzles 

surrounded by high-speed flowing gas, typically resulting in microfibers approximately 

2 µm in diameter (Figure 1.6). However, individual sub-microfibers/nanofibers with 

diameters of ~100 nm have been produced using an ideal setup comprising an annual 

air die, Finaplas polypropylene (PP) with a melt flow rate (MFR) of 35 as the polymer, a 

polymer temperature of 290 °C, a gas temperature of 400 °C and a feed rate of 

4.11·10- 6 kg/s [62]. Like electrospinning, which can be scaled up by multiplying the 

number of jets, melt blowing can be scaled up by multiplying the number of nozzles to 

reduce costs [63]. However, unlike electrospinning, which can produce aligned fibers, 

melt-blown fibers are deposited randomly into nonwoven sheets. These are particularly 

suitable for filtration applications, but melt blowing cannot be used for applications that 

require oriented fiber sheets. 

 

Fig. 1.6: Basic setup of the melt-blowing production method. 

A derivative of the melt-blowing technique is the Laval spinning method, which also uses 

an airstream to draw the fiber from the nozzle [64]. However, the shape of the longitudinal 
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melt blowing. Furthermore, a cold airstream is used rather than the hot airstream of the 

conventional method (Figure 1.7). 
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Fig. 1.7: Airflow through the Laval longitudinal nozzle. 

The laminar airstream enters the nozzle from the back. The nozzle narrows just beyond 

the entrance channel for the polymer, which accelerates the air stream and the fiber to 

supersonic velocity. The main advantage compared to conventional melt blowing is that 

the nozzle diameter can be much larger, allowing spinning with a high mass throughput 

per nozzle [64]. The proprietary Nanoval process is similar to the Laval method but it 

produces a multitude of smaller-diameter fibers that erupt from the original drawn string 

when the steadily increasing laminar airflow reaches a particular threshold [65]. 

Electroblowing is essentially a hybrid of electrospinning and blowing [64, 66]. The voltage 

at the spinning nozzle is sufficient to allow Taylor cone formation. The fiber is then caught 

by a low-velocity airstream that carries it away from the spinneret in a manner similar to 

conventional melt blowing. However, in contrast to conventional melt blowing, 

electrostatic repulsion is the main force that pulls the fiber from the nozzle and the 

purpose of the airflow is to reduce interference from the electric field of adjacent nozzles, 

making the process easier to scale up [64]. Like electrospinning, electroblowing has two 

variants: solution electroblowing and melt electroblowing, the latter illustrated in 

Figure 1.8. In both cases, the airstream also cools down the liquid fiber to solidify it (melt 

electroblowing) or to dry it and remove the solvent (solution electroblowing).  

 

Fig. 1.8: Basic setup of the hybrid melt-electroblowing production method. 
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Flash spinning is a special form of solution spinning, in which the solvent is a 

hydrocarbon such as butane or isobutene, which would exist as gas under normal 

atmospheric pressure at room temperature. The spinning solution is maintained under 

very high pressure at temperatures of 130–500 °C. When the spinning solution is ejected 

into an environment with a much lower pressure and temperature, the fiber dries 

immediately [67, 68]. 

Other, lesser-used production methods include template synthesis and self-assembly. 

Template synthesis is suitable for the production of both fibers and tubules [50, 69]. It 

uses the pores of a host material as a template to control the growth of new materials 

[57]. For example, polymers can be produced electrochemically by applying a metal layer 

to a membrane with pores within which the polymers are synthesized [57]. Figure 1.9 

demonstrates the procedure and shows how the fiber diameter and length are controlled 

by the pore dimensions. [70] 

 

Fig. 1.9: Overview of template synthesis. 

Self-assembly is used for the production of nanofibers comprising polypeptides with an 

intrinsic capacity for self-assembly [71]. The method is based on the spontaneous 

organization of individual macromolecules into an ordered and stable nanoscale 

structure [41]. A solution is necessary to create the appropriate environment for the 

formation of these structures, which have a potential minimum diameter of 3 nm [72]. 

Although very small diameters can be achieved, this technology is complex and has a 

low throughput, making it difficult to scale up and thus unsuitable for industrial 

applications [41]. 

Whereas melt blowing and its variations are easy to scale up, these methods cannot 

produce oriented fibers. In contrast, the other methods can produce oriented fibers but 

are hampered by their low throughput. Centrifugal spinning can overcome this challenge 

by mounting the spinneret on a centrifuge with the nozzles facing outward [73, 74]. When 

the centrifugal force (dependent on the rotor diameter and angular velocity) is sufficient 

to overcome the drag caused by the viscosity of the polymer solution or melt, a steady 

polymer jet streams from the nozzle to the collector [73, 74]. The centrifugal spinning 

method is shown in Figure 1.10.  
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Fig. 1.10: Basic setup of the centrifugal spinning production method. 

A derivative of this method is split-fiber production, where the nozzle is split into several 

smaller nozzles to produce narrower fibers or flat bands [75]. The throughput is up to 

500-fold higher than conventional solution electrospinning [76]. However, the use of 

solvents and the strong dependence on the elasticity of the polymer solution and the 

evaporation rate of the solvents make this process difficult to control [77]. 

Development of a new melt-electrospinning prototype for sub-

microfibers and nanofibers 

Work leading up to the prototype – state of the art 

Electrospinning methods allow the production of single or multiple nanofibers (depending 

on the number of jets) using a simple apparatus with relatively low setup and operating 

costs, so electrospinning can be an economically competitive production method [78]. 

The presence of solvent in the solution electrospinning process adds an expensive 

recovery step to the overall manufacturing process, and the potential carryover of toxic 

solvents or solvents with undesirable optical activity makes solution electrospinning 

unsuitable for medical and filtration applications or the production of optical sensors. 

Although the high temperature, high viscosity and low conductivity of the molten polymer 

is a challenge that must be addressed during melt electrospinning [79, 80], the absence 

of solvent ensures stable jet formation, allowing the direct deposition of micrometer to 

sub-micrometer range fibers and the reproduction of three-dimensional structures [81-

85]. Melt electrospinning is not compatible with non-thermoplastic materials, including 

biological polymers such as collagen, but is ideal for sparingly-soluble polymers such as 

PP and polyethylene. Other commonly used polymers include PCL, PU, PLA, and PLGA 

[86-92]. 
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In order to produce nanoscale fibers, the polymer delivery rate during melt 

electrospinning must be significantly lower than during solution electrospinning, which 

explains the absence of melt electrospinning as an industrial manufacturing method for 

nanofibers [4]. However, only 2–10% of the liquid processed during solution 

electrospinning is the polymer (the rest is solvent that evaporates) whereas 100% of the 

processed liquid solidifies into fibers during melt electrospinning, indicating that the 

industrial use of this method could be achieved by scaling the process up [4]. 

Accordingly, recent device innovations, such as multiple-needle and needleless 

configurations, have demonstrated a roadmap to overcome the low throughput of melt 

electrospinning, typically in the µg/h range [4]. Prototypes with umbellate nozzles 

containing 60 spinnerets can achieve maximum product deposition rates of ~36 g/h 

[93, 94]. The largest multi-nozzle spinning device described in the literature thus far 

features 64 nozzles [95].  

Prototype for the scaled-up melt electrospinning of sub-microfibers and 

nanofibers 

The Aachen-Maastricht Institute for Biobased Materials (AMIBM) at Maastricht University 

has cooperated with Fourné Maschinenbau GmbH (Alfter-Impekoven, Germany) and 

Pötter-Klima Gesellschaft für Nanoheiztechnik mbH (Georgsmarienhütte, Germany) to 

develop a functional prototype of a melt-electrospinning device featuring a spinneret with 

600 nozzles, which vastly exceeds the capabilities of any state-of-the-art technologies. 

The nozzle plate of this device is shown in Figure 1.11. Each nozzle has a diameter of 

0.3 mm and the nozzles are spaced 8 mm apart. 

 

Fig. 1.11: The 600-nozzle melt-electrospinning prototype developed at the AMIBM. 

One of the major challenges when scaling up a melt-electrospinning device from a 

smaller number to a larger number of spinnerets is the uniform distribution of the melt to 

all nozzles. The low volume flow of the polymer melt during melt electrospinning may 

lead to incomplete nozzle filling, resulting in sporadic and unpredictable pressure losses 

within each nozzle. Inside the prototype nozzle, melt flow has been improved by taking 

this design consideration into account and introducing a three-plate construction and two 

symmetrically designed polymer inlets. A distributor plate combined with a finely porous 
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sintered plate ensures the optimum melt distribution and a uniform pressure build-up 

over the entire nozzle cross-section. A relatively high specific contact load at the sealing 

line as well as the use of aluminum flanges guarantees the sealing of the nozzle plates. 

The constant supply of polymer melt is ensured by a speed-adjustable single-screw 

extruder and spinning pump.  

Another challenge addressed by the new prototype is the tendency for solidified polymer 

to block the capillaries. The integration of heating elements around the spinneret 

achieves a uniform polymer melt flow from the nozzles to prevent this common problem 

during fiber production. A collector with an uneven surface is used instead of a 

conventional plate collector to facilitate the optimal spreading of the collected fibers 

(Figure 1.12). With the nozzle/collector pairing installed in the prototype, nonwovens can 

be produced continuously over a width of 340 mm. The collector is connected to an Eltex 

KNH65 source supplying a positive high voltage (1–60 kV) while simultaneously 

grounding the spinneret.  

 

Fig. 1.12: Comparison of (a) a conventional collector and (b) the novel collector 

designed for the 600-nozzle AMIBM melt-electrospinning prototype. 

Initially, the device was used to produce PP fibers containing conductive additives, and 

the finest fiber had a diameter of 6.64 µm. This was produced using high-flow PP 

HL508FB (Borealis AG, Vienna, Austria) containing 2% (w/w) sodium stearate (Alfa 

Aesar, Karlsruhe, Germany). The distance between the collector and the nozzle plate 

was 11 cm, a positive voltage of 60 kV was applied to the collector, the nozzle was 

heated to 210 °C and the polymer flow rate was defined by a spinning pump speed of 

16 rpm [96]. Having verified the function of the device, we then attempted the production 

of biobased fibers using Ingeo Biopolymer 6201D, a commercial spinning-grade PLA 

(NatureWorks LLC, Minnetonka, Minnesota, USA) containing 6% (w/w) sodium stearate. 

We maintained the distance between the collector and nozzle plate at 11 cm but reduced 

the nozzle temperature to 190 °C and the spinning pump speed to 2 rpm, yielding fibers 

ranging from 1.000 to 7.000 µm in diameter (Figure 1.13). 

a ba b
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Fig. 1.13: PLA microfibers containing 6% (w/w) sodium stearate produced using the 

600-nozzle AMIBM melt-electrospinning prototype. 

Outlook 

Several methods can be used to produce nanofibers and sub-microfibers, but melt 

electrospinning is among the most promising technologies in terms of fiber structure and 

the breadth of downstream applications due to the absence of solvents in the 

manufacturing process. The major drawback of melt electrospinning is its low throughput, 

resulting in the adoption of solution electrospinning as the principal industrial process 

technology. Although some attempts have been made to scale up the electrospinning 

method, an industrial process has yet to be established. At the AMIBM, a promising, 

scaled-up melt-electrospinning prototype was developed that bridges the gap between 

laboratory-scale and pilot-scale manufacturing. Thus far, PLA fibers ~1 µm in diameter 

have been produced, but this was achieved without comprehensive optimization of the 

apparatus, the process parameters or the polymer substrate and additives. There are 

many opportunities to improve the performance of the device by adding new features 

such as a controllable climate chamber around the spinneret to improve jet stretching 

before the collector, delaying the solidification of the melt and thus producing thinner 

fibers with uniform diameters. In the future, individually controlled collector tips in a multi-

nozzle structure with the writing ability of melt electrospinning could lead to the 

development of truly innovative microfiber and nanofiber products. 
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Outline of this thesis 

The aim of this thesis is to develop a melt-electrospinning process for the production of 

nanofibers based on a novel, scaled-up, melt-electrospinning prototype through 

commissioning and further development of the device as well as targeted material 

modification.  

In Chapter 1, the new developed scaled-up melt-electrospinning prototype featuring 600 

nozzles, bridging the gap between laboratory-scale and industrial-scale nanofiber 

manufacturing, is presented. Herewith tackling the industry-relevant key challenge of 

increasing the production of nanofibers for various applications such as filtration and 

medicine in a sustainable and efficient way.  

Chapter 2 focuses on the technical principles of melt electrospinning. This is intended 

to identify the main factors influencing the fiber formation, such as the forces acting on 

the polymer melt, process parameters and different electrospinning setups. The first 

preconditions are set, therefore the influence of the parameters, polymer flow rate and 

temperature on the fiber diameter as well as material modifications resulting in an 

increased electrical polymer conductivity and/or decreased polymer viscosity, can be 

investigated and validated. 

In Chapter 3, the feasibility of fabricating polypropylene nanofibers is investigated using 

the conductive additives sodium stearate, sodium oleate and Irgastat during melt 

electrospinning with a single-nozzle lab-scale and the 600-nozzle pilot-scale device. A 

comparison is made between the two devices with regard to the effects on the fiber 

diameter and the material behavior.  

In Chapter 4, the manufacturing of biobased polylactic acid sub-microfibers by melt 

electrospinning using a single-nozzle laboratory-scale and the novel 600-nozzle pilot-

scale device combined with the conductive and viscosity-reducing additives: sodium 

stearate, sodium chloride and a polyester-based plasticizer is investigated. Additionally, 

a two-way variance analysis is performed to determine the influence of the independent 

parameters spin pump speed, temperature and additive concentration on the fiber 

diameter. Since the added salts can potentially increase the hydrolysis and degradation 

of the moisture-sensitive PLA, the use of the biobased dyes alizarin, hematoxylin and 

quercetin as conductivity-enhancing additives and a biobased plasticizer in laboratory-

scale melt electrospinning is also investigated. 

In Chapter 5, the effects on the fiber diameter by the integration of a climate control 

system in form of a glass chamber are investigated, thus aiming for a nanofiber 

production comparable to the more conventional solution-electrospinning process. The 

factors, viscosity behavior of the melt-electrospun materials at different temperatures 

and spin pump speed, are again taken into account.
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Chapter 6 deals with the economic relevance of an upscaled melt-electrospinning 

process, classifies the novel process into existing production processes and gives first 

product examples for which the process can be a sustainable substitute. 

Chapter 7 provides an overview of the results achieved and an outlook on possible 

further development steps. Further material modification possibilities as well as plant-

specific developments are pointed out. 

The initial situation, objectives, methods and key results are summarized in Figure 1.14. 

 

Fig. 1.14: Outline of this thesis. 

Initial situation

 Solution electrospinning is the most commonly used process for the production of nanofibers

 Drawback: Toxicity of solvents, expensive solvent recovery step

 Alternative eco-friendly process: Melt electrospinning

 Drawback: No industrial process available, low electrical polymer conductivity and higher viscosity 

results in lager fiber diameters, complex device design due to high temperatures

Development steps

 Process optimization

 Material modification

 Device design

Outcome

Aim

 Industrial upscaling of the melt-electrospinning 

process

 Tailoring the fiber diameter via process, 

material and device optimization

 Obtaining a process comparable to the solvent-

electrospinning process with average fiber 

diameters below 1 µm

Syringe

Collector

Fibers

Single nozzle device 600-nozzle device

Fiber diameterTemperature

Flow rate

2 µm 

Viscosity-reducing,

conductivity-increasing

additives

Fiber testing

Melt electrospinning

PP & PLA

Adjustable pin collector

Integration of a climate

system

An average fiber diameter of 810 nm is achieved using PLA Ingeo

Biopolymer 6252, and the finest individual fiber (420 nm in

diameter) was produced at a spin pump speed of 5 rpm (1.6 cm3)

and spinneret set temperature of 230  C

The fiber diameters achieved are the smallest fiber diameters yet

achieved with an upscaled multi-nozzle melt-electrospinning device

of this size
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Technical principles of melt electrospinning 

For a stable fiber spinning process, it is important to understand the complex physical 

and chemical interrelations of melt electrospinning in detail. Chapter 2 focuses on the 

forces acting on the polymer melt, process parameters and electrospinning setups 

influencing the fiber formation. 

Physical and chemical principles of melt electrospinning 

When an electrical potential is applied to the polymer melt, the melt is electrostatically 

charged and a drop with a defined curvature, the so-called Taylor cone, is formed at the 

tip of the nozzle. The Taylor cone is a phenomenon caused by the equilibrium state on 

the surface of the polymer melt between electrostatic Coulombic forces and surface 

tension forces. While the surface tension of the fluid prefers spherical shapes with 

minimal surface area due to an energetically favorable state, Coulombic forces promote 

large surface areas [1]. Only at a certain applied voltage, at which the electrostatic 

repulsion of the charges on the droplet surface exceeds the surface tension, a 

continuous jet is formed [2]. Figure 2.1 depicts the different forces having an impact on 

the formation of the jet when it is electrostatically charged [3].  

 

Fig. 2.1: Forces acting on the jet when it is electrically charged. 

The surface tension and the viscosity of the polymer melt are acting against the electrical 

stress. This is expressed in the formula of surface tension σST: 

 σST = 
ΔW

ΔA
 

The surface tension σST is defined as the work ΔW that has to be done to enlarge the 

surface, divided by the additional surface area ΔA [4]. Thus, a higher surface tension 
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requires a higher electrical voltage/work to overcome the existing attraction forces 

between the molecules and build a new surface area. A higher melt viscosity impedes 

the cone formation and thus reduces the surface area, leading to a higher surface 

tension. In contrast to this, gravity and the electrical polarization stress accelerate the 

formation of a polymer jet [3, 5].  

Once a jet has been formed, various instabilities act and influence the jet during the flight. 

Those instabilities – axisymmetric Rayleigh instability, axisymmetric conducting 

instability and non-axisymmetric whipping instability – are the dominant factors for the 

stretching and thinning of the jet [6]. As those factors are called instabilities, they can 

influence the jet in favor of building a fiber or working against it. For instance, the 

Rayleigh instability describes the breakup of the polymer jet into multiple droplets with 

the aim of reducing the free surface energy [7]. This phenomenon is used and wanted 

for the corresponding electrospraying process in which the droplets are desired. In 

contrast to melt electrospinning, the occurrence of Rayleigh instability must be 

suppressed. This instability, driven by surface tension, can mainly be prevented by an 

additional elongational stress from an external electric field and a higher surface charge 

density of the polymer melt [6]. 

The other two instabilities are electrically driven and are independent of the surface 

tension in comparison to the Rayleigh instability [6]. The axisymmetric conducting 

instability leads to an elongation and thinning of the jet along the axis by Coulombic 

forces and the repulsion of adjacent charges along the polymer jet [1]. Until then, the jet 

remains symmetrically arranged along the axis. Further away from the nozzle a non-

axisymmetric bending instability occurs, which leads to whipping [1, 8]. According to 

previous publications, the whipping has a significant influence on the fiber diameter [6]. 

Reneker et al. [9] have reported different mathematical and physical phenomena that are 

responsible for the bending instability and the whipping. Firstly, the electrical charges of 

the jet can be considered as a static system of charges, which mainly interact by 

Coulombic forces, unless an additional external field is present. According to Earnshaw´s 

theorem, all magnetic and electric fields are known to be unstable, i.e. there is a small 

displacement or disturbance that interferes with the stability of the system. In Figure 2.2 

the phenomenon of bending/whipping is illustrated. 
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Fig. 2.2: Bending instability. 

Three adjacent equal charges (X, Y, Z) are aligned on a common axis and are oriented 

in the polymer jet. Due to a random displacement of the charge Y towards Y´, two 

Coulombic forces (FC) acting against Y´ resulting in the force FC1 which pulls the charge 

Y´ further away from the axis. Consequently, the bending increases with a growing 

curvature of the jet [9]. The bending causes an elongation of the distance, which the jet 

has to travel until it reaches the collector, resulting in higher stretching and therewith 

thinner fiber diameters are achieved [1]. In addition, the polymer has more time to solidify 

[8]. These present physical principals depend to a certain degree on the used parameter 

settings. According to Bubakir et al. [10], the non-axisymmetric whipping instability can 

only be observed at low melt viscosities and is far less pronounced in melt 

electrospinning than in solution electrospinning. 

Correlation of melt-electrospinning parameters 

In the following the impact and interrelationships of three parameter groups - material, 

process and environmental parameters – relevant for the melt-electrospinning process 

are discussed. The fundamental parameters for melt electrospinning are given in 

Table 2.1. 
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Tab. 2.1: Fundamental parameters in melt electrospinning. 

Material parameters 

Polymer properties Melt characteristics 

Molecular weight Conductivity 

Molecular weight distribution Viscosity 

Tacticity Surface tension 

Secondary valences Crystallization 

 

Process parameters Environmental parameters 

Temperature Air humidity 

Electrical field strength Ambient air temperature 

Electrical voltage Air velocity 

Flow rate  

Nozzle diameter  

Distance spinneret to collector  

Due to the complex correlation of the parameters, many publications analyze the 

influence of those on the final fiber properties [11-14]. Although lots of research has been 

done and is still ongoing, not all the resulting effects, especially the impact of the 

environmental parameters, are yet fully understood [15]. An overview of the most 

important relations and their consequences on the fiber diameter is given below.  

As already discussed, whipping has a high impact on the fiber diameter. Without the 

presence of this instability, the jet is drawn in a straight line, preventing elongation and 

thus stretching of the jet. This has an enormous influence on the mechanical properties 

of the fiber as well as on the fiber diameter. Thus, the parameters primarily influencing 

the whipping instability are shown in Table 2.2. In addition, the effects of decreasing or 

increasing the parameters that influence the whipping motion with the aim of reducing 

the fiber diameter are given and explained in the following. 
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Tab. 2.2: Parameters influencing whipping instability. 

 

Material parameters 

It is known that the molecular weight is a crucial parameter influencing viscosity during 

melt electrospinning and thus the formation of the jet. At high molecular weights, the 

viscosity is higher, which requires higher electrical forces to form a jet. On the other hand, 

if the molecular weight is too low the jet will break and no continuous fiber will be 

produced.[16] This also explains the impact on the whipping motion. With a high 

molecular weight, the whipping is not so strong because higher forces are necessary to 

initiate the whipping. With a higher conductivity of the polymer the whipping is supported 

due to a higher charge repulsion [17]. The same phenomenon occurs with a lower 

viscosity. The molecular motion increases with decreasing viscosity, which also leads to 

greater charge repulsion and whipping [18]. However, due to high viscosity and low 

conductivity of the polymer melt in melt electrospinning, the whipping is not always 

observed, which leads to thicker fiber diameters than in solution electrospinning [19]. 

Process parameters 

Higher melt temperatures decrease the viscosity of the polymer melt and simultaneously 

the conductivity is increased. The electrical conductivity increases, since the mobility of 

charge carriers increases with increasing temperature. Therefore, heating zones along 

the spinning zone are a good opportunity to regulate the process [14]. Furthermore, the 

electrical field strength and the throughput adjustable via the flow rate and nozzle 

diameter are important parameters to guarantee a stabilized spinning process [6]. On 

the one hand, the electrical field strength must be strong enough to form a jet and to 

induce the bending instability. On the other hand, if the electrical voltage is too high the 

whipping is suppressed because the speed of the jet increases and there is not enough 

time to start the whipping process [20]. To overcome this obstacle, a higher flow rate is 

required. However, if the flow rate is too high compared to the electrical voltage, the 

Whipping 

Material parameters Process parameters 

Molecular weight Temperature  

Conductivity Electrical field strength  

Viscosity Electrical voltage  

 Flow rate 

 Distance spinneret to collector 

 Parameter change: 

Effect: 

Increase Decrease 

First positive, then negative
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amount of supplied material increases, resulting in an increased fiber diameter [12]. 

Accordingly, it is essential to find the correct setting for these two parameters. 

The distance between the nozzle and the collector creates space for the whipping 

motion, leading to thinner fiber diameters with increased distance. At the same time the 

electrical field strength decreases with an increase of the distance, and therefore effects 

the whipping negatively [21]. 

Environmental parameters 

Ambient temperature above the melting temperature of the polymer between the nozzle 

and collector prevents the jet from solidifying, increases the whipping motion and 

therewith the elongation of the jet due to a lower viscosity, resulting in a reduced fiber 

diameter. Therefore, climate control systems are already being used in small-scale melt-

electrospinning devices [14, 19]. In addition, the relative humidity, which is usually 65% 

when testing textiles, must be significantly lower, otherwise negative effects such as 

voltage discharge can occur [11]. 

Melt electrospinning setups 

An important factor in melt electrospinning is a high voltage supply for the formation of 

continuous fibers. The functionality of the process requires two poles between which an 

electric field can be formed. In many melt-electrospinning devices, either the nozzle or 

the collector is statically charged (positively or negatively) while the opponent is 

grounded [22]. Only a few studies report that both machine parts are charged [23]. 

Figure 2.3 shows the three different possibilities for generating an electrical field [22].  
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Fig. 2.3: Melt-electrospinning set up: a) syringe charged, collector grounded; 

b) syringe grounded, collector charged; c) syringe and collector charged. 

According to Brown et al. [11], charging the jet leads to the build-up of electrical charges 

on machine parts and electrical equipment, e.g. an integrated extruder, and 

consequently to irreversible damage due to the risk of flashovers. Therefore, the nozzle 

must be shielded to prevent damage to other machine parts. Alternatively, the collector 

is statically charged and the nozzle and adjacent machine parts are grounded. 

Investigations of Kilic et al. [22] show that changing the poles result in a different process 

efficiency and fiber diameters. Reasons are different electrical forces, resulting from the 

sum of the Coulombic force and the electric field strength. While the electric field strength 

(FEF) and the gravitation (FG) is equal for both setups, the polarization of the polymer melt 

and correspondingly the Coulombic forces (FC) differ, shown in Figure 2.4 [22].  
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Fig. 2.4: Electrical forces acting on the jet: a) syringe charged, collector grounded, b) 

syringe grounded, collector charged. 

When charging the collector instead of the nozzle, the polymer melt is now charged via 

the gap between the collector and the nozzle. The dielectric properties of the polymer 

melt resist the charge resulting in the difference of the electrical forces. Furthermore, the 

surface area of the collector is significantly larger compared to the nozzle, reducing the 

charge density for a given applied voltage. [11]. Accordingly, charging the collector leads 

to a thicker fiber diameter or, in the case of polymers with extremely low conductivity, a 

jet cannot be formed. Those effects cause a very low process efficiency [22]. In this case, 

only the increase of the high voltage empowers the formation of the jet. 

Overall, it is obvious that the existing machine configuration plays an important role and 

influences the fiber diameter. Depending on the available machine configuration, the 

power supply needs to be adjusted. In addition, as the conductivity of the polymer 

increases, the lower electric field caused by charging the collector can be compensated.  

Preconditions for this thesis 

As described above, when integrating an extruder into the melt-electrospinning setup, it 

must be ensured that the electrical components are protected from the high voltage 

applied. Therefore, in all attempts described hereafter, the collector of the pilot-scale 

melt-electrospinning device is positively charged and the spinneret is grounded 

(Fig. 2.4b). The distance between the collector and the spinneret (11 cm), as well as the 

applied voltage (60 kV) are kept constant. Thus, the influence of the parameters, polymer 

flow rate and temperature on the fiber diameter as well as material modifications resulting 

in an increased electrical polymer conductivity and/or decreased polymer viscosity, can 

be investigated and validated.  

In Chapter 3 and Chapter 4, the materials polypropylene and polylactic acid used in this 

study and their significance for the melt-electrospinning process are described. 
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Polypropylene in melt electrospinning 

In the following, we will take a closer look at the importance of polypropylene in the textile 

industry and explain how it found its way to melt electrospinning. 

Polypropylene is the first stereoregular polymer to have achieved industrial importance. 

The fibers from polypropylene were introduced in the textile sector in the 1970s, have 

become an important member of the rapidly growing family of synthetic fibers, and rank 

themselves directly after the three main classes of fibers, polyester, polyamide and 

polyacrylic. Polypropylene staple fibers are mainly used as nonwovens for geotextiles, 

filter fabrics, in disposable goods like wipes and diapers, hygiene products, insulation, 

construction as well as carpets [1]. The size of the global polypropylene nonwovens 

market was estimated at USD 21.39 billion in 2018 and is expected to register a 

compound annual growth rate of 6.5% over the forecast period until 2025 [2]  

When the melt is extruded or spun, it retains the key characteristic of polypropylene [3]: 

 Total absence of hydrophilicity 

 Lower specific weight among all fibers. The density of polypropylene ranges from 

0.895 to 0.92 g/cm³, thus it is 34% lighter than polyester and 20% lighter than 

nylon.  

 Outstanding resistance to non-oxidizing bases and acids 

 Insolubility in common solvents 

 Totally resistant to mold and bacteria 

 Abrasion resistance 

 Lowest thermal conductivity of any natural or synthetic fiber 

Due to these special material properties and the fact that polypropylene is not soluble in 

most organic solvents at room temperature (soluble in xylene, tetralin and decalin at 

higher temperatures) and thus cannot easily be used in the solvent electrospinning 

process, the polymer was the first polymer used for the melt-electrospinning process in 

1981 by Larrondo and Manley [4]. They demonstrated that continuous filaments of 

rapidly crystallizing polymers, such as polypropylene, can be spun from the melt using 

an electric field as the only driving force. The fiber diameters obtained ranged from 20-

180 µm. Polypropylene is known to be a good electrical insulator and is therefore non-

conductive. Furthermore, the viscosities in melt electrospinning are between 20-

500 Pa·s depending on the polymer and shear rate used, which is much higher 

compared to solvent electrospinning with viscosities between 5-20 Pa·s [5]. These two 

circumstances make it challenging to use polypropylene in its initial state, if small fiber 

diameters in the nanometer range are desired, using the melt-electrospinning process, 

so that various studies have been carried out on the use of additives to improve 

processability. Two additive groups are described hereafter. On the one hand, salts or 

other conductive additives are used to increase the conductivity of polymer melts, which 

usually have no or low polarity, and on the other hand plasticizers, which reduce the 

viscosity of polymer melts [6, 7]. 
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Conductive additives 

To increase the polarity and conductivity of the polymer melt, sodium oleate, stearic acid, 

sodium stearate and sodium chloride were used in various studies [7-10]. All additives 

have reduced the fiber diameter due to higher charge repulsion in the jet and stronger 

induced whipping instability. However, the effect of the additives is different. Stearic acid, 

which is a fatty acid and compared to the other additives not a salt, has a lower 

polarization effect on the polymer melt. According to Liu et al. [11], salts can easily be 

ionized in an electric field in which the positive and negative ions move to opposite ends 

and generate an electric force along the direction of the electric field. In contrast, in 

stearic acid, under a strong electric field, only a shift occurs in the electron cloud, which 

leads to a much lower polarization. However, Nayak et al. [7] have investigated that the 

use of sodium chloride and sodium oleate increases the viscosity of the polymer melt, 

which is undesirable at first sight as low viscosities are required for melt electrospinning. 

Despite the higher viscosity, the fiber diameter could be reduced by the additional and 

stronger conductivity. Sodium chloride has a greater influence on the diameter, since the 

smaller radius of the ions and the higher mobility of the ions (compared to sodium oleat) 

lead to a higher charge density and thus to a higher charge repulsion. In comparison to 

this, Malakhov et al. [9] have used sodium stearate, which decreased the viscosity. 

Viscosity-reducing additives 

Another possibility to reduce the fiber diameter of melt-electrospun fibers is the use of 

viscosity-reducing additives, so called plasticizers. Plasticizers are small molecules 

compared to the polymer chains and they reduce the secondary binding forces by 

penetrating into the free volume around the polymer chains. In addition, the 

intermolecular distance increases, resulting in a larger free volume. These two 

phenomena lead to higher chain mobility and lower viscosity. With a lower viscosity, 

smaller fiber diameters are achieved as the polymer molecules can move more easily 

and thus fewer forces are required to stretch and elongate the jet [12]. The best quality 

polypropylene fibers, with regard to homogeneity and small diameter deviation, have 

been electrospun at viscosities of 30 to 55 Pa·s [6]. However, the thinnest fiber diameters 

achieved in this study have not reached the nanometer range compared to the use of 

salts (conductive additives), with which the fiber diameter could be reduced to the 

nanometer range [8]. 

In Chapter 3, the feasibility of fabricating polypropylene nanofibers is investigated using 

the conductive additives sodium stearate, sodium oleate and the antistatic agent Irgastat 

during melt electrospinning with a single-nozzle lab-scale and the 600-nozzle pilot-scale 

device. A comparison is made between the two devices with regard to the effects on the 

fiber diameter and the material behavior.
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From lab to pilot scale: Melt-electrospun nanofibers of 

polypropylene with conductive additives 

Abstract 

In Chapter 3, the feasibility of fabricating polypropylene (PP) nanofibers was investigated 

using conductive additives such as sodium stearate (NaSt), sodium oleate (NaOl) and 

the antistatic agent Irgastat during melt electrospinning with a single nozzle lab and a 

600-nozzle pilot-scale device. Varying PP grades of high melt flow indices (MFI = 450-

1200 g/10min) were used with different amounts of additives. The effects of the additives 

on the fiber diameters, thermal properties, electrical conductivity and polymer 

degradation were investigated. On a lab scale, fiber diameters of less than 500 nm were 

achieved with the compound of PP HL712FB, 4% (w/w) NaSt and 2% (w/w) Irgastat. 

The lab scale device was extended by a heatable spinning chamber, which affects fiber 

diameter reduction. The fabrication of nanofibers was in principle attributed to the 

increase in electrical conductivity with the introduction of the additives. On a pilot scale, 

the smallest fiber diameter of 6.64 µm could be achieved with PP HL508FB and 

2% (w/w) NaSt. The comparison between the production of the fibers with a single nozzle 

and the pilot scale device has revealed that a transfer of results is not possible without 

further ado. Due to the higher dwell time in the nozzle, a strong thermal degradation of 

the polymer could be detected with the high temperature size exclusion chromatography, 

whereby NaOl had the strongest influence on the thermal degradation. The high melt 

flow PP HL712FB and its compounds could not be processed with the pilot-scale device 

due to its low viscosity, resulting in an insufficient pressure built up within the spinneret. 

Another reason for the non-spinability of the material is the higher thermal and 

mechanical stress caused by the preceding melt preparation in an extrusion step. Further 

adjustments to the pilot-scale device are necessary to ensure a constant temperature 

distribution in the nozzle plate to achieve uniform fiber cross-sections. The 

implementation of an uneven collector has successfully led to an even deposition of the 

fibers to obtain an isotropic nonwoven fabric. 

Introduction 

Nano- and submicrofiber webs offer the advantageous property of an enormous specific 

surface area combined with high flexibility. Electrospinning is a widely-used process for 

the production of these nanofiber webs with a large surface-to-volume ratio and porosity 

with both micro- and nanopores [1]. Within the process, a polymeric fluid is stretched by 

electrostatic attraction under the presence of an external electric field. There are two 

different ways to produce nanofibers with this method, namely solution electrospinning 

and melt electrospinning [2]. Laboratory research and industrial production use these 
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advantages of nanofibers in a wide variety of applications, such as medicine, energy and 

electronics, filtration and separation and textiles [1, 3]. Melt electrospinning is a 

particularly interesting process for polymers that are poorly soluble and since no solvent 

is used, possible toxicity issues caused by the carry-over of the solvent into the final fiber 

product are also avoided. A further advantage of the melt electrospinning given by the 

absence of the solvent and thus a stable jet formation is the direct writeability, which is 

currently being increasingly investigated in the field of tissue engineering. The fiber 

diameters achieved are in the low micrometer to sub-micrometer range, whereby 

targeted three-dimensional structures can be reproduced [4-8]. Various thermoplastic 

polymers have been investigated for melt electrospinning, e.g. polyethylene, 

polypropylene, polycaprolactone, polyurethane, polylactic acid and poly (glycolide-co-

lactide) [9–15]. Nevertheless, with melt electrospinning limiting factors such as difficulties 

resulting from the high temperature influence, high viscosity and low conductivity of 

polymer melts have to be taken into account compared with its counterpart process 

solution electrospinning [14, 16, 17]. In order to overcome polymer conductivity issues, 

a few studies on diverse additives – including sodium oleate, sodium chloride and sodium 

stearate – have been carried out, resulting in lower fiber diameters compared with an 

additive-free fiber production [18-20]. A key challenge for industry is the ability to upscale 

the nanofiber production within the melt-electrospinning process. Recent device 

developments such as multiple needle and needleless configurations have 

demonstrated a roadmap to overcome the low flow rate of melt electrospinning – typically 

in the µg/h range – and therefore increase the fiber productivity [21]. Prototypes with 

umbellate nozzles containing 60 spinnerets can achieve maximum product deposition 

rates of ~36 g/h [22, 23]. In literature, the multi-needle configuration by Hacker et al. is 

currently the largest upscaled melt-electrospinning device with 64 nozzles installed [19]. 

The main objective of this study is to fabricate nanofibers based on PP and conductive 

additives with a novel, pilot-scale melt-electrospinning device. Challenges, solution 

approaches and achievements within the development of the 600-nozzle melt-

electrospinning device are presented. A comparison with the production of nanofibers 

with a conventional, single jet laboratory melt-electrospinning device is drawn. The 

effects of viscosity and electrical conductivity as well as the influence of using different 

polymer grades and varying percentage (% (w/w)) of the additives on the fiber diameter 

are investigated. In addition, thermal properties and polymer degradation issues are 

discussed. 

Experimental 

Materials 

The isotactic PP melt blowing grades PP HL504FB, PP HL508FB and PP HL712FB with 

increasing MFI (450 g/10 min, 800 g/10 min and 1200 g/10 min at 230 °C and 2.16 kg) 
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from Borealis AG, Vienna, Austria were used for melt electrospinning [24]. The PP 

grades used have a narrow molecular weight distribution and a melting temperature of 

158 °C. The conductive additives used here include sodium stearate from Alfa Aesar, 

Karlsruhe, Germany, sodium oleate from Carl Roth GmbH + Co. KG, Karlsruhe, 

Germany and the antistatic agent Irgastat P16 supplied by BASF, Ludwigshafen am 

Rhein, Germany in powder state. Irgastat is a polymeric system based on 

polyamide/polyether block amide. The materials were processed using a laboratory 

extruder Haake MiniLab II of Thermo Scientific Inc., Waltham, United States for pre-

examinations. Selected material combinations were subsequently processed using a 

two-screw extruder LSM 34 GL from Leistritz AG, Nürnberg, Germany and granulated 

using a cutting mill C13.20sv from Wanner Technik GmbH, Wertheim-Reicholzheim, 

Germany. In addition to the additives used for melt electrospinning known from literature, 

the selection of additive concentrations and composition is based on the dissertation 

results of Hacker, who used the melt blowing polymers PP HL504FB, PP HL508FB and 

PP HL712FB for upscaling to the 64-nozzle system [25]. The results of the following five 

compounds will be discussed in further detail below:  

 PP HL504FB / 4% (w/w) NaSt / 2% (w/w) Irgastat 

 PP HL508FB / 2% (w/w) NaSt 

 PP HL712FB / 4% (w/w) NaOl 

 PP HL712FB / 2% (w/w) Irgastat  

 PP HL712FB / 4% (w/w) NaSt / 2% (w/w) Irgastat 

Characterization of polymer compounds 

The data for polymer analysis in terms of rheological, thermal and molecular properties, 

as well as electrical conductivity were provided and interpreted by Jonas Daenicke of 

University Erlangen (Erlangen, Germany). The results are used to support the spinning 

process development and plant design.  

Rheological characterization of the materials was performed with a focus on determining 

the zero shear viscosity. Frequency sweep measurements were performed on a Gemini 

Advanced Rheometer from Bohlin Instruments Ltd., Cirencester, United Kingdom. For 

the experiments, plate-to-plate geometry was used. The evaluation of the zero shear 

viscosity η0 was carried out by fitting the experimental data with the Carreau-Yasuda 

equation [26]: 

η'(γ̇) =
η
0

(1+ (
γ̇
γ̇
c

)
n

)
m 

The equation is a generalization of the Newtonian model and it describes the variation 

of viscosity η' with shear rate γ̇. The zero shear viscosities of the materials were 

determined at a measurement temperature of 210 °C. The dependency of the zero 

viscosity on the temperature was investigated as an example for PP HL712FB in a 
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temperature range of 170-250 °C. Further rheological experiments were carried out to 

investigate the degradation behavior of the material. For this purpose, time sweeps 

measurements were made exemplary for PP HL508FB / 2% (w/w) NaSt over a period of 

one hour at a constant shear rate and a temperature of 210 °C. The temperature was 

adapted to the temperature of the laboratory melt-electrospinning experiments. 

In order to analyze the conductivity σ of the polymer melts of the various compounds, 

electrical resistance measurements with a modified setup were made using a Gemini 

Advanced Rheometer of Bohlin Instruments Ltd., Cirencester, United Kingdom, 

performed with a 25 mm plate-to-plate geometry. For electrical conductivity 

measurements, the rheometer was equipped with a resistance measurement device 

2400 Source Meter from Keithley Instruments, Cleveland, Ohio, United States, where 

the contact was made via the measuring geometry. The polymer conductivity was 

calculated via the determined electrical resistance. The measurements were carried out 

at a temperature of 210 °C.  

Molecular analysis of the samples was performed with high temperature size exclusion 

chromatography (HT-SEC; PL-GPC 220, Polymer Laboratories Limited, United 

Kingdom) combined with a multi-angle laser light scattering (MALLS; Dawn EOS, Wyatt 

Technologies, United States). The number average molecular weight Mn, the weight-

average molecular weight Mw and the polydispersity index (PDI) for the polypropylenes 

and the compounds used were determined. Additionally, investigations of melting 

temperatures and enthalpies were performed by differential scanning calorimetry (DSC). 

A Q2000 DSC from TA Instruments, Newcastle, United Kingdom was used for the 

measurements. Overall, two heat runs and one cooling run were carried out in a 

temperature range between -40 and 200 °C with a heating rate of 10 K/min. While for 

polyolefin the first heating run primarily serves to eliminate the thermal history, only the 

second one is relevant for the evaluation. 

Melt-electrospinning equipment 

In order to evaluate the general processability and fiber formation of the materials, a 

laboratory, self-made single-fiber melt-electrospinning system was used. Typically, the 

system comprised the five major components: a temperature controller, high-voltage 

power supply, heating elements, syringe pump and collector. EW 1133-4 temperature 

controllers from Eurotherm, Worthing, United Kingdom and NiCr-Ni thermocouples were 

used to control the melting and climatic chamber temperature. In order to apply a voltage 

between 30.0 and 50.0 kV, the HVG-P60-R-EU high-voltage generator from Linari 

Engineering, Pisa, Italy with a voltage range of 0.0 to 60.0 kV was used. In this melt-

electrospinning experiments, the voltage was applied to the collector with simultaneous 

grounding of the spinneret. The syringe pump type BSP-99M from Linari Engineering, 

Pisa, Italy is suitable for syringes between 5.0 ml and 50.0 ml, whereby the delivery rate 

could be varied. Cannulas from Unimed SA, Lausanne, Switzerland with an inner 

diameter of 0.4 mm and a blunt end were used as nozzles. A flat aluminium plate 
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(Ø 7.0 cm) served as a collector, which could be placed at different distances. A 

schematic diagram of the system is shown in Figure 3.1.  

 

Fig. 3.1: Schematic diagram of the laboratory melt-electrospinning system. 

The single-fiber melt-electrospinning trials were carried out at a melt outlet temperature 

of 210 °C, a collector distance of 10 cm and an applied voltage of 45 kV. Experiments 

were carried out with and without a climatic chamber, using a temperature of 100 °C. 

The climate chamber provides an insulated spinning space and is tempered by hot air. 

Upscaling the melt-electrospinning process beyond current state-of-the-art technologies 

was carried out with a newly-developed prototype including a spinneret with 600 nozzles. 

The nozzle plate of the developed melt-electrospinning device is shown in Figure 3.2. 

 

Fig. 3.2: 600-nozzle plate of the melt-electrospinning prototype. 

Each nozzle had a diameter of 0.3 mm and the nozzles were 8 mm apart of each other. 

A three-plate spinneret construction comprising a polymer inlet, distribution and nozzle 

plate was used. A fine-pored sinter plate was installed between the distributor and the 

nozzle plate. The plates were sealed against each other through a high specific contact 

load and additional aluminum seals at the polymer inlet. The constant supply of polymer 

melt was ensured by a speed adjustable single-screw extruder and spinning pump. 

Heating elements around the spinning unit were integrated. A collector with an uneven 

surface was used instead of a conventional plate collector. With the nozzle/collector 

pairing installed in the melt-electrospinning prototype, nonwovens over a width of 

Heating system Heating chamber Collector

High voltageSyringe pump

Grounding
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340 mm could be continuously produced. The distance between the collector and the 

nozzle plate was 11 cm. A positive voltage of 60 kV was applied to the collector using a 

high-voltage supply (Eltex KNH65). As with the laboratory system, the voltage was 

applied to the collector with simultaneous grounding of the spinneret.  

The results obtained from the experiments with the conventional single-fiber melt-

electrospinning system were transferred to the prototype device. The fiber formation, 

process stability and thus specifically-optimized process parameters such as the 

spinning temperature and throughput were investigated. 

Characterization of fibers 

The resulting fiber diameters were investigated via digital light microscopy (VHX-2000; 

Keyence Corporation, Osaka, Japan) using an VH-Z250R objective with a magnification 

between 250 and 2,500 and a Gemini scanning electron microscopy (SEM) (Carl Zeiss 

AG, Oberkochen, Germany) with an accelerating voltage of 3 kV. The samples were 

attached to the sample holders with an adhesive pad and sputtered with gold for 30 

seconds prior to the SEM analysis using a Q150T S sputter coater (Quorum 

Technologies, Lewes, United Kingdom). The SEM images were evaluated using the Fiji 

ImageJ software. Molecular analysis of the fibers was again performed by HT-SEC. The 

number average molecular weight Mn, the weight-average molecular weight Mw and the 

polydispersity index (PDI) of the fibers were determined to draw conclusions about the 

degradation behavior of the materials used during the spinning process. 

Results and discussion 

Effects of viscosity 

The results of the frequency sweep measurements to determine the zero shear 

viscosities and standard deviations (SD) of the basic materials PP HL508FB and 

PP HL712FB as well as their fabricated compounds are summarized in Table 3.1. 

PP HL712FB has a significantly lower zero shear viscosity, which was expected due to 

the significantly higher MFI value. Compared with PP HL508FB, the zero shear viscosity 

of PP HL712FB is about one-third smaller. The results of the compounds reveal – 

especially with sodium stearate and sodium oleate – an increase of the zero shear 

viscosity, whereas Irgastat P16 has only a minor influence on the viscosity. Increasing 

the zero shear viscosity of the material by using sodium stearate is contrary to 

expectations, given that the additive also acts as a lubricant between the polymer chains 

[27]. 
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Tab. 3.1: Zero viscosities of the base materials PP HL508FB and PP HL712FB and their 

compounds. 

Material  Zero viscosity η
0
  

(Pa·s) 

SD (η
0
) 

(Pa·s) 

PP HL508FB 15.18 0.27 

PP HL712FB 9.62 0.38 

PP HL508FB/ 2% (w/w) NaSt 19.02 0.36 

PP HL712FB/ 4% (w/w) NaOl 22.35 1.13 

PP HL712FB/ 2% (w/w) Irgastat  10.35 0.26 

Since a higher viscosity usually leads to larger fiber diameters within the melt-

electrospinning process, a reduction of the fiber diameter can still be achieved through 

increasing the electrical conductivity by the additives added [19]. The complex viscosity 

curves for PP HL712FB – considering the dependency on the temperature – are shown 

in Figure 3.3.  

 

Fig. 3.3: Dependence of the zero viscosity on the temperature for PP HL712FB. 

A significant reduction in viscosity can be seen with increasing temperature. The value 

of the zero shear viscosity at 250 °C can only be considered as an approximation given 

that the determination only relates to the high frequency range of the measurement. 

Since the initial frequency range shows an excessive decrease in viscosity, no clear 

Newtonian plateau is formed. The reason for this could be the variation in viscosity in the 

range of low frequencies due to the onset of degradation of the material due to both 
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thermal and shear stress, while the resulting low viscosity values could be outside the 

possible measuring range. Using the example of PP HL712FB and PP HL508FB/ 

2% (w/w) NaSt, the additional, rheological time sweep measurement carried out to 

investigate the degradation of the material shows a steady decrease in viscosity over 

time at a constant shear rate due to thermal and mechanical material stress (Figure 3.4).  

 

Fig. 3.4: Time sweep measurement of the compound PP HL508FB with 

2% (w/w) NaSt at 210°C. 

As expected, the PP HL712FB is characterized by a lower viscosity curve. In addition, a 

stronger decrease in viscosity is apparent at the beginning, which may indicate a 

stronger degradation of the material. Since the zero shear viscosity is directly related to 

the weight-average molecular weight, the decrease can be justified by a degradation of 

the material. Therefore, it seems necessary to optimize the compound used, including 

regarding the degradation and supplementary to ensure a short residence time of the 

material within the development of the melt-electrospinning prototype device. This 

material behavior can be observed with all selected additives and base materials and is 

subsequently assigned using the GPC data.  

Effects of electrical conductivity 

The conductivity measurements show the expected increase in conductivity with the 

addition of an additive. The measurements results are summarized in Table 3.2.  
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Tab. 3.2: Results of the electrical conductivity measurements. 

Material  Conductivity σ 

(S/cm) 

SD (σ) 

(S/cm) 

PP HL508FB 3.07E-10 1.25E-10 

PP HL712FB 1.82E-10 3.95E-11 

PP HL508FB/ 2% (w/w) NaSt 2.12E-09 1.10E-10 

PP HL712FB/ 4% (w/w) NaOl 1.18E-08 2.26E-09 

PP HL712FB/ 2% (w/w) Irgastat 4.44E-10 1.06E-10 

PP HL712FB/ 4% (w/w) NaSt / 2% (w/w) Irgastat 8.73E-09 1.78E-09 

PP as a well-known good electrical insulator showing an electrical conductivity in the 

range of 10-10 S/cm at a temperature of 210 °C. The additives NaSt and NaOl lead to a 

significant increase depending on the concentration, whereas the antistatic Irgastat P16 

shows only a small influence on the material parameter. For this purpose, further 

investigations were carried out depending on the additive concentration, although these 

are not considered in detail here. Figure 3.5 provides an overview of the electrical 

conductivity of the analyzed materials. 

 

Fig. 3.5: Electrical conductivity in relation to the compounds and their additive 

concentrations. 
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The electrical conductivity in the polymer material is determined by the generation and 

mobility of the charge carriers or ions. As previously described by Lin et al., the increase 

in the electrical conductivity can be ascribed to the effect of ions from the dissociation of 

the additives. The charge-carrying capacity is thus increased during melt 

electrospinning, which causes increased whipping instabilities through an increased 

charge repulsion in the polymer jet. Consequently, the jet is exposed to stronger 

stretching forces, resulting in finer fiber diameters [28]. 

Thermal properties 

Determination of the melting temperatures and enthalpies was carried out by DSC. In 

Figure 3.6, the curves of the materials PP HL508FB, PP HL712FB and PP HL508FB/ 

2% (w/w) NaSt are exemplary shown.  

 

Fig. 3.6: DSC curve of material PP HL712FB - 2nd heating run and 1st cooling run. 

The curves present the second heating run and the first cooling run of the DSC 

measurement. The double peak in the melting range of the PP HL712FB appears due to 

a beta-phase formation [29]. The melt blowing polypropylene grades used with high MFI 

values already contain appropriate beta-phase nucleating agents. Depending on the 

application, beta-phase formation is desired in nonwoven fabric and fiber production due 

to the influence on the material properties. This effect is not that strong for PP HL508FB, 

which can be seen in Figure 3.6. The corresponding values for the base materials 

PP HL508FB and PP HL712FB and their compounds used are listed in Table 3.3. The 

addition of additives to the base materials causes no apparent change in the melting 

point, although an increase in melt enthalpies can be observed. 
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Tab. 3.3: Melting temperatures and enthalpies of the base materials and their 

compounds. 

Material  Melting Point Tm 

(°C) 

Melting enthalpy 

(J/g) 

PP HL508FB 158.9 78.7 

PP HL712FB 156.5 73.9 

PP HL508FB/2% (w/w) NaSt 158.0 93.8 

PP HL712FB/ 4% (w/w) NaOl 156.6 91.0 

PP HL712FB/ 2%(w/w) Irgastat 156.4 97.3 

Molecular weight distribution 

The evaluation of the GPC analysis shows that the values for the number average and 

weight-average molecular weight are in a small order of magnitude range, which is 

justified due to the choice of polypropylene with a low viscosity and high MFI value 

optimized for the melt blowing process. The compounds produced have slightly lower 

values due to thermal and shear stresses during the manufacturing process. A further 

decrease of the molecular weight can be observed for the manufactured fiber products 

in laboratory scale as well as with the pilot-scale melt-electrospinning device. With the 

prototype plant, a molecular weight loss of about 25% can be determined due to an 

average dwell time of 50 min. Furthermore, the GPC evaluation reveals that the material 

degrades more in the presence of NaOl compared with the other additives, even though 

different additive concentrations were used. 

The molecular weights of the base materials, compounds and the resulting fiber products 

are summarized in Table 3.4. 
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Fiber diameters and distribution 

The processability of the materials was investigated with the single-fiber melt-

electrospinning device. The modified materials are characterized by a constant fiber 

formation. Fiber diameters in the low μm range could be achieved. In addition, the typical 

formation of a Taylor cone as well as a typical fiber deposition for electrospinning can be 

observed. The fibers of PP HL712FB + 4% (w/w) NaOl show a strong variation in the 

fiber diameter (a), while the additive Irgastat leads to a more uniform diameter 

distribution (b) (Figure 3.7).  

 

Fig. 3.7: SEM images of the fibers from the laboratory spinning processes; 

PP HL712FB with 4% (w/w) NaOl (a) and PP HL712FB with 2% (w/w) 

Irgastat (b). 

This is due to the previously-described increased material degradation caused by the 

influence of the additive NaOl. On a laboratory scale, the finest fiber diameter of less 

than 500 nm was achieved with the material PP HL712FB + 4% (w/w) NaSt and 

2% (w/w) Irgastat in the presence of the climatic chamber. However, with the material 

PP HL508FB, a fiber diameter of 2.07 µm was also achieved on average. 

Different challenges such as a uniform melt flow in the spinneret and an even distribution 

of the spun fibers on the collector must be considered when upscaling a melt-

electrospinning device from a smaller to a higher number of nozzles. The transfer of the 

results from laboratory to pilot scale is not easily applied, mainly due to the longer dwell 

time in the nozzle compared with the syringe and the lower shear rates. For this reason, 

it was – for example – not possible to gain a homogeneous process with the compound 

PP HL712FB / 4% (w/w) NaOl. Due to the stronger degradation of the material, drops of 

the low-molecular decomposition products had to be removed and the nozzle plate had 

to be cleaned or rinsed after each series of tests. Furthermore, the low viscosity of the 

material and the low shear rates prevent the necessary pressure build-up for a uniform 

fiber formation over the entire nozzle cross-section, despite the targeted three-plate 

nozzle design and the additional fine-pored sinter plate. Without a corresponding 

pressure in the nozzle, the polymer is not pressed out of the nozzle during spinning but 

only attracted by the electric field. Consequently, no sufficient polymer flow can be 

ensured and the filaments tear off. On a laboratory scale, PP HL712FB with Irgastat and 

NaSt reveals the best results and fiber finesses of less than 500 nm. The same material 

a b

10 µm10 µm
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does not lead to filament formation on the pilot-scale system, but only to droplet 

formation, which can be explained by the lower viscosity of the material itself on the one 

hand and on the other hand by a higher thermal and mechanical stress on the material 

in the pilot-scale spinning device due to the preceding extrusion step. This process step 

is responsible for the melt preparation and leads to material degradation due to the 

applied stress. These factors lead to a more difficult pressure build-up in the nozzle plate. 

Due to the differences in melt preparation between the lab and the pilot-scale system, 

the thermal prehistory of the material cannot be compared. Due to this problem, the 

higher viscous material PP HL504FB and PP HL508FB were used on a pilot scale. 

Additionally, the polymer throughputs were increased, resulting in a low pressure build-

up within the spinneret and a stabilized fiber formation. However, at the same time, the 

filament diameters obtained are not in the sub-micrometer or nanometer range. Without 

additives, no fiber formation on the pilot scale was obtained at all. The material-adapted 

spinning parameters in laboratory/pilot scale and resulting fiber diameter are 

summarized in Table 3.5.  
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For PP HL508FB, a fiber diameter of 6.48 µm was obtained on a pilot scale after process 

parameter optimization. In order to reduce the filament diameter, it is necessary to stretch 

the material jets in the area to the collector more efficiently. This can only be realized by 

a stronger interaction with the electric field or a climatic chamber around the spinning 

unit as used on a laboratory scale to avoid a rapid solidification of the polymer jets. In 

addition, the climatic chamber would favor a homogenization of the temperature 

distribution on the nozzle plate, whereby the variation of the fiber diameter could be 

reduced. The temperature distribution on the nozzle plate measured with an infrared 

thermometer at a set temperature of 230 °C is shown in Figure 3.8. Fifteen different 

measuring points distributed symmetrically over the nozzle plate were measured. With a 

heating time of 4 hours at 230 °C, a temperature drop of up to 40 °C can be measured 

from the polymer inlet to the front edge of the nozzle plate. 

 

Fig. 3.8: Temperature distribution on 600-nozzle plate, measured after 2h and 4h at 

set temperature of 230 °C. 
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Due to the uneven collector, a more even distribution of the fibers on the collector could 

be achieved compared to a plate collector. An optimal arrangement of the pins could not 

be determined, although tendencies can be recognized. A collector pin can be placed 

every 8 mm. A narrow and offset pin order (a) with a diagonal distance of 2.6 cm ensures 

an even fiber deposit. An arrangement in a row with a horizontal distance of the collector 

pins of 2.4 cm and a vertical distance of 1.6 cm created a linear distribution (b) 

(Figure 3.9). 

 

Fig. 3.9: Fiber distribution on collector plate with (a) narrow and offset pin order and 

(b) arrangement in a row. 

Conclusion and further perspective 

With the new pilot-scale melt-electrospinning device, the first polypropylene-based fibers 

in the low micrometer range were successfully produced. The experiments have shown 

that a transfer of the results from the lab to the pilot-scale melt-electrospinning device is 

not possible without further ado. The major issues are the dwell time in the spinneret 

compared to the syringe and the different shear rates. The high melt flow PP HL712FB 

could not be processed with the pilot-scale device due to its low viscosity, resulting in an 

insufficient pressure built up within the spinneret, which led to droplet formation instead 

of a continuous fiber formation. The additives – in particular sodium oleate – led to a 

strong degradation of the polymer, which required extensive cleaning of the devices from 

degradation products and impaired the formation of fibers. The integration of the climate 

chamber led to the finest fibers on a laboratory scale with a fiber diameter of less than 

500 nm using the material combination PP HL712FB + 4% (w/w) NaSt and 

2% (w/w) Irgastat. On a pilot scale, the smallest fiber diameter of 6.64 µm could be 

achieved with PP HL508FB + 2% (w/w) NaSt, which yields a fiber diameter of 2.07 µm 

on a laboratory scale. In order to reduce the fiber diameter on a pilot scale, further plant-

5 cm5 cm

5 cm5 cm

a b
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specific adjustments are required. This includes the integration of a climate chamber, 

which has already been successfully implemented on a laboratory scale and has made 

a decisive contribution to fiber formation in the nanometer range. Regarding the thermal 

degradation problem, the spinneret has to be optimized to reduce dwell times as well as 

maintaining a constant pressure loss and sufficiently low polymer throughputs. Through 

targeted regulation of the applied electrical voltage at the individual collector tips, the 

process could also be made accessible to other applications where a definite rather than 

a random fiber deposit is necessary, e.g. tissue engineering. 
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Polylactic acid in melt electrospinning 

The biobased polymer polylactic acid (PLA) is introduced below and the advantages of 

this polymer versus polypropylene in the melt-electrospinning process are explained.  

Polylactic acid is an environmentally friendly, plant-derived thermoplastic and thus can 

be used in conventional fiber extrusion processes. At least 85% (w/w) lactic acid ester 

units derived from naturally occurring sugars (sugar beets and corn) are contained in a 

lactic acid polymer. Although compostable and biodegradable according to EN 13432, 

PLA does not readily degrade unless it is exposed to high humidity and elevated 

temperatures (≥ 60 °C) which are usually just found in industrial composting plants [1]. 

The tensile strength of PLA fibers is comparable to those of polyethylene terephthalate 

fibers [2]. However, PLA has a low glass transition temperature of only 55 – 60 °C and 

thus, is less heat resistant than polyethylene terephthalate. In addition, the associated 

degradation of the polymer starts at temperatures 10 °C above its melting temperature, 

which is between 130-175 °C [2, 3]. It is also more flammable and less abrasion resistant. 

During processing, the high affinity to moisture and the possibility of hydrolysis when the 

polymer is exposed to ambient air must be taken into account [4].  

NatureWorks (Minnetonka, United States) is the market leader in polylactic acid 

technology. Other manufacturers are Total Corbion PLA (Gorinchem, The Netherlands), 

Synbra (Etten-Leur, The Netherlands) and Hisun Biomaterials (Zhejiang, China) [5]. 

Worldwide, more than 400 million tons of plastic are produced annually, and in 2016, the 

quantity of PLA produced reached 217 thousand tons. By 2021 the production of PLA is 

expected to increase to 607 thousand tons [6]. Commercially available PLA fibers are 

mostly staple fibers and are offered by several companies such as Trevira (Bobingen, 

Germany), Toray Industries (Chuo, Japan), MiniFibers (Johnson City, United States) and 

Fiber Innovation Technology (Johnson City, United States). They are sold at the market 

in different fineness and cut length with tensile strength up to 40 cN/tex [1].  

Due to the biodegradability and biocompatibility [7, 8], PLA fibers are attractive for 

medical applications like wound dressing and tissue engineering. The fiber is also useful 

as an eco- and people-friendly alternative to existing textile fibers for industrial and 

consumer apparel applications such as filtration media, automotive interior fabrics, 

activewear, shoe linings, and disposable products like diapers and wipes, either at 100% 

or in blends with natural fibers such as cotton [2, 9]. 

PLA is the most commercially available biobased and biodegradable thermoplastic 

polymer, and is therefore an important substrate for melt-electrospinning technology. 

Nevertheless only a relatively small number of studies on melt electrospinning of PLA 

have been carried out. Most PLA-based sub-microfibers have been fabricated using 

small-scale devices, which are not suitable for sustainable, industrial-scale 

manufacturing and the majority of fiber diameters achieved have been in the micrometer 

range [10]. A detailed overview of the state of research on PLA in melt electrospinning 

is given in the introduction of Chapter 4 (The effect of additives and process parameters 
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on the pilot-scale manufacturing of polylactic acid sub-microfibers by melt 

electrospinning). In comparison to polypropylene, polylactic acid has a higher polarity 

due to its chemical structure, which has a positive effect on the process functionality. 

Similar to polypropylene, the properties of PLA can be tailored by the manufacturing 

parameters [10, 11].  

Due to its chemical structure, which in contrast to polypropylene contains a dipole 

moment, and natural polarity, PLA can be used for melt electrospinning without 

conductive and viscosity-reducing additives. Taking into account the fiber diameter 

achieved, mainly in the micrometer range, a transfer of the results of the 

polypropylene/additive research in melt electrospinning is of great interest and offers the 

possibility to further reduce the fiber diameter.  

In Chapter 4 (The effect of additives and process parameters on the pilot-scale 

manufacturing of polylactic acid sub-microfibers by melt electrospinning), we therefore 

investigate the manufacturing of biobased polylactic acid sub-microfibers by melt 

electrospinning using a single-nozzle laboratory-scale device and the novel 600-nozzle 

pilot-scale device combined with the conductive and viscosity-reducing additives: sodium 

stearate, sodium chloride and a polyester-based plasticizer. 

Since the added salts could potentially increase the hydrolysis and degradation of the 

moisture-sensitive polymer, we also investigate the use of the biobased dyes alizarin, 

hematoxylin and quercetin as conductivity-enhancing additives in PLA laboratory-scale 

melt electrospinning in Chapter 4 (Biobased dyes as conductive additives to reduce the 

diameter of polylactic acid fibers during melt electrospinning). 
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The effect of additives and process parameters on the pilot-

scale manufacturing of polylactic acid sub-microfibers by melt 

electrospinning 

Abstract 

Sub-microfibers are polymer filaments less than 1 µm in diameter that can be fabricated 

into highly-flexible materials with a large specific surface area. They are often produced 

by solution or melt electrospinning. The former is a scalable process that produces 

thinner fibers but requires hazardous solvents, whereas the latter is more 

environmentally sustainable due to the absence of solvents but is more challenging to 

scale up. Here we investigated the manufacturing of biobased polylactic acid (PLA) sub-

microfibers by melt electrospinning using a single-nozzle laboratory-scale device and a 

novel 600-nozzle pilot-scale device combined with conductive and viscosity-reducing 

additives: sodium stearate (NaSt), sodium chloride (NaCl) and a polyester-based 

plasticizer. We determined the effect of different additive concentrations on fiber 

diameter, thermal properties, polymer degradation, and fiber deposition. At the 

laboratory scale, the minimum average fiber diameter (16 44 µm) was accomplished by 

adding 2% (w/w) NaCl, but a stable spinning process was not achieved and the 

plasticizer did not reduce the melt viscosity. NaSt was the most effective additive in terms 

of adapting the material properties of PLA for melt electrospinning, but extensive polymer 

degradation occurred at higher temperatures and with higher concentrations of the 

additive. At the pilot scale, the minimum average fiber diameter (3.77 µm) was achieved 

by adding 6% (w/w) NaSt, with a spinneret temperature of 195 °C and a spin pump speed 

of 0.5 rpm (0.16 cm3), without further improvements such as the integration of a heating 

chamber. The smallest single fiber diameter (1.23 µm) was achieved at the same 

conditions but using a spin pump speed of 2 rpm. The scaled-up melt-electrospinning 

device therefore offers significant potential for the production of biobased sub-

microfibers, bridging the gap between laboratory-scale and pilot-scale manufacturing. 

Introduction 

Sub-microfibers are filamentous structures with diameters below the microscale range. 

This confers unique material properties, such as high flexibility and an enormous specific 

surface area, making such materials suitable for applications in diverse fields including 

medicine [1-5], energy and electronics [6, 7], filtration and separation [8, 9], and the 

manufacture of textiles [10, 11]. Electrospinning has attracted much attention as an 

efficient method for the fabrication of sub-microfibers because it is simple and 

inexpensive [12-15]. During the fabrication process, a polymer fluid is stretched by 
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electrostatic attraction in the presence of an external static electric field and is deposited 

on a collector as fine fiber web [11]. Two forms of this method are distinguished: solution 

electrospinning, where the polymer is initially mixed with a solvent that subsequently 

evaporates to produce the fibers, and melt electrospinning, where molten polymer is 

initially held at a high temperature and cools to produce the fibers [12]. Solvent 

electrospinning is used more widely because it produces thinner fibers and is more 

scalable, but it often requires toxic solvents. For example, sub-microfibers from polylactic 

acid (PLA), an environmentally friendly and biodegradable polymer, are usually prepared 

by solution electrospinning using dichloromethane, chloroform or N,N-dimethyl-

formamide [16]. The presence of these solvents adds an expensive recovery step to the 

manufacturing process [17], and the potential carryover of toxic solvents into the final 

product raises an additional risk for biomedical applications [18, 19]. It is therefore 

desirable to improve melt-electrospinning technology, aiming to reduce the fiber 

diameter by overcoming limitations caused by the high temperature, high viscosity and/or 

low conductivity of the polymer melt compared to the dissolved polymers used in solution 

electrospinning [20-22]. Another key challenge is the scalability of melt electrospinning, 

which is currently insufficient for the industrial production of sub-mircofibers [12]. The 

devices used for melt electrospinning have undergone incremental improvements, and 

recent innovations such as needleless and multiple-needle configurations have provided 

a roadmap to overcome the low flow rate (typically in the µg/h range) and thus increase 

fiber productivity [12]. Prototypes with umbellate nozzles containing 60 spinnerets can 

achieve maximum product deposition rates of ~36 g/h [23, 24]. Until recently, the largest 

multi-needle configuration was a device with 64 nozzles [25], but our latest prototype 

features 600 nozzles and therefore provides the basis for pilot-scale melt electrospinning 

[26, 27]. 

The manufacture of fibers in the lower micrometer and sub-micrometer range has been 

achieved with various polymers, including polyethylene, polypropylene, 

polycaprolactone, polyurethane, PLA and poly(glycolide-co-lactide),[20, 28-33] 

combined with diverse melt-electrospinning configurations (but predominantly single-

fiber devices). Thinner fibers require further modifications, such as the integration of an 

additional gas stream [34]. Moreover, additives such as sodium oleate, sodium chloride 

(NaCl), sodium stearate (NaSt) and plasticizers have been used in previous studies to 

modify the melt properties of polymers, producing thinner fibers compared to additive-

free production [12, 21, 25, 35]. In addition to the need for polymer modification to obtain 

higher conductivity and lower viscosity, salts are also used as pore-forming agents in the 

manufacture of scaffolds with increased surface roughness to improve cell adhesion, 

thereby demonstrating a potential for using melt-electrospun materials in medical 

applications [36, 37]. 

PLA is the most commercially available biobased and biodegradable thermoplastic 

polymer, and is therefore an important substrate for melt-electrospinning technology [16]. 

PLA fibers produced by melt electrospinning have been modified by adding a plasticizer 
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[16, 32], and by adjusting the device during fabrication to facilitate airflow [38] or 

incorporate laser heating [39]. These approaches led to the production of fibers with 

diameters in the range 0.2–50 µm (Table 4.1) [16, 20, 24, 38-44]. Nevertheless, most 

PLA-based sub-microfibers have been fabricated using small-scale devices, which are 

not suitable for sustainable, industrial-scale manufacturing. 

Tab. 4.1: Development status of PLA used for melt electrospinning and corresponding 

fiber diameters. 

PLA type Fiber 

diameter 

(µm) 

Type of 

nozzle 

Technology Reference 

 

NatureWorks 4060D 3–42 Triple - [43] 

NatureWorks 6201D 19-49 Triple - [43] 

Cargill Dow 0.8–17 Single Heated spinning 

chamber 

[20] 

Cargill Dow 10–28 Single Heated spinning 

chamber 

[40] 

Cargill Dow 0.2–3.5 Single Heated 

compressed air 

[38] 

Cargill Dow 0.7–4 - Rotating disc 

collector, laser 

heating 

[39] 

Cargill Dow 10–25 Single Heated spinning 

chamber 

[44] 

NatureWorks 2002D 7.6 Cone - [24] 

NatureWorks 4060D 0.9–5 - - [41] 

NatureWorks 4060D 3.1–8.4 Triple - [42] 

Shenzhen Esun 

Industrial 

0.2–3.5 Cone Compressed air [16] 

Here we set out to fabricate PLA-based sub-microfibers using our 600-nozzle pilot-scale 

melt-electrospinning device with conductive and viscosity-reducing additives to learn 

more about the impact of such additives on multi-nozzle electrospinning in the context of 

industrial production. The spinning trials were carried out without post-heating or 

additional air flow, which are typically used with smaller-scale devices (Table 4.1), so 

that system-specific adaptations could be introduced if necessary. Material pre-selection 

and additive testing were carried out using a conventional single-nozzle melt-

electrospinning device before the results were transferred to the pilot-scale setting, 
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allowing the comparison of production methods at scale. We investigated the influence 

of polymer melt viscosity and different concentrations of additives on the fiber diameter, 

and the effect of different process parameters on the thermal properties of the polymer 

and its susceptibility to degradation. 

Experimental 

Materials 

The material used for melt electrospinning was Ingeo biopolymer 6201D (NatureWorks 

LLC, Minnetonka, USA), a granular, thermoplastic PLA fiber-grade resin with a melt flow 

index of 15–30 g/10 min at 210 °C and a crystalline melt temperature of 155–170 °C [45]. 

We used NaCl as conductive, NaSt as conductive and viscosity-reducing additive as well 

as a viscosity-reducing modified polyester (PES). The company Preluna (Ludwigshafen, 

Germany) advises to use the plasticizer with 1-8% (w/w) to achieve an improved flow 

behavior. The properties of the additives are summarized in Table 4.2. 

Tab. 4.2: Properties of additives used in our melt-electrospinning experiments. 

Additives Molecular 

formula  

 

Supplier  

 

Molecular 

weight 

(g/mol) 

State 

Sodium stearate (NaSt), 

≥99% 

C18H35NaO2 Baerlocher 306.42 Solid 

(powder) 

Sodium chloride (NaCl), 

99.5% 

NaCl Acros Organics 58.44 Solid 

(crystals) 

Plasticizer (PES) - Preluna - Solid 

(granulate) 

All materials were vacuum dried at 60 °C for 12h before compounding and were 

processed using a ZSK 18 MEGAlab twin-screw extruder (Coperion, Stuttgart, 

Germany). The temperature of the nine individual heating zones was set to 130–210 °C. 

The materials were compounded at a screw rotation speed of 250 rpm. PLA compounds 

were produced containing 2%, 4%, 6% and 8% (w/w) NaSt, 2%, 4%, 6% and 8% (w/w) 

NaCl, and 2%, 4% and 6% (w/w) PES. The extruded string was granulated using an 

SP 500 HD strand granulator (Coperion). 

Characterization of polymer compounds 

Rheological characterization of the materials, focusing on the frequency-dependent, 

complex viscosity ƞ*, was performed using a Discovery HR1 hybrid rheometer (TA 

Instruments, New Castle, USA). We carried out two frequency sweeps, the first from 628 
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to 10 rad/s and the second from 100 to 0.1 rad/s. For all experiments, we used a 25-mm 

plate-to-plate geometry. The gap distance was set to 1000 µm, and the strain amplitude 

and environment temperature were maintained at 1% and 200 °C, respectively. To 

improve the comparability of the results, the viscosity of the different compounds is 

presented at the same frequency of 10 rad/s. The rheological investigation was 

performed on both virgin and compounded material, both of which were subjected to the 

same physical compounding procedure in order to ensure the thermal influence was the 

same for all samples. 

Differential scanning calorimetry (DSC) was carried out using a Q2000 device (TA 

Instruments), focusing on changes to the glass transition and melting temperatures 

caused by the presence of additives. Pre-dried samples of 3–5 mg were tested by 

increasing the starting temperature of 30 °C at a rate of 10 °C/min under nitrogen at a 

flow rate of 50 ml/min until the temperature reached 250 °C. Data were visualized using 

Universal Analysis Software (TA Instruments). 

Thermogravimetric analysis (TGA) was carried out using a Q5000 device (TA 

Instruments). The samples (10–15 mg) were heated at a constant rate of 10 °C/min 

under nitrogen at a flow rate of 50 ml/min until the temperature reached 700 °C. In any 

case the DSC and TGA measurement was repeated three times. The initial temperature 

of degradation and the weight share (or mass proportion, which is defined as the mass 

of a component divided by the total mass of the mixture, multiplied by 100%) at 200 °C 

were determined, and thermogravimetric curves were plotted using Universal Analysis 

Software. 

The TGA tests did not incorporate a time factor (more specifically, a dwell time) during 

the melt-electrospinning process, so we investigated the degradation of the polymers 

after compounding and rheological characterization to determine the influence of 

prolonged exposure to a temperature of 200 °C. The tests were carried out by gel 

permeation chromatography (GPC) using a 1260 Infinity GPC/SEC System (Aligent 

Technologies, Santa Clara, USA) with hexafluor-2-isopropanol (HFIP) containing 0.19% 

sodium trifluoroacetate as the mobile phase flowing at a rate of 0.33 ml/min. The polymer 

sample (5 mg) was dissolved in HFIP for 2h before injection into a PFG combination 

medium column with 7 µm particle size (Polymer Standards Service, Mainz, Germany). 

The relative molecular weight and polydispersity were determined using refractive index 

detectors following calibration with a polymethacrylate standard (1.0 × 105 g/mol). 

Melt-electrospinning equipment 

To evaluate the general processability of the PLA compounds and their fiber formation 

characteristics, we used an in-house laboratory-scale single-fiber melt-electrospinning 

device with five major components: temperature controller, high-voltage power supply, 

heating elements, syringe pump, and collector (Figure 4.1). The device was fitted with 

JCS-33A temperature process controllers (Shinko Technos, Osaka, Japan) and PT 100 

platinum thermocouples (Omega Engineering, Deckenpfron, Germany) to control the 
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melting temperature. The temperature was set to 190 °C for the NaSt compounds and 

250 °C for the PES and NaCl compounds. We used a KNH65 high-voltage generator 

(Eltex-Elektrostatik, Weil am Rhein, Germany) with a voltage range of 6–60 kV. During 

the melt-electrospinning experiments, the voltage was kept constant at 50 kV for the 

single-fiber device. A positive voltage was applied to the collector while grounding the 

spinneret. A flat aluminum plate (6 cm) was used as a collector. The distance between 

the spinneret and collector was set at 10 cm for all tests. An 11 Plus spin pump (Harvard 

Apparatus, Cambridge, USA) was used with a constant delivery rate of 4 ml/h. The 

spinneret was constructed from a 2-ml glass syringe (Poulten & Graf, Wertheim, 

Germany) with a nozzle orifice of 1 mm. 

 

Fig. 4.1: Single-fiber melt-electrospinning setup. 

To scale up the melt-electrospinning process beyond current state-of-the-art 

technologies, we used a newly-developed prototype pilot-scale setup including a 

spinneret with 600 nozzles, each 0.3 mm in diameter and spaced at 8 mm intervals [27]. 

The new device development is based on the concept idea of Christoph Hacker et al. 

[46, 47], whereby a nozzle revision to reduce dwell times, a more efficient heating 

system, and a new collector design and fiber deposition concept were integrated [27]. A 

schematic of our pilot-scale melt-electrospinning device is shown in Figure 4.2. A 
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constant supply of polymer melt was ensured by a speed-adjustable single-screw 

extruder with three heating zones based on integrated heating elements and a spinning 

pump. An aluminum collector with an uneven surface was used instead of a conventional 

plate collector. The adjustable collector pins can be placed 8 mm apart. A narrow and 

offset pin order with a diagonal distance of 2.6 cm was used. With the nozzle/collector 

pairing installed in the melt-electrospinning prototype, nonwovens up to 340 mm in width 

could be produced continuously. The distance between the collector and the nozzle plate 

was set to 11 cm. A positive voltage of 60 kV was applied to the collector. As with the 

laboratory-scale system, the voltage was applied to the collector with a simultaneous 

grounding of the spinneret.  

 

Fig. 4.2: Schematic of the pilot-scale device used for melt electrospinning. 

Characterization of fibers 

Fiber diameters were determined by reflected light microscopy using a DM4000 M 

instrument (Leica Microsystems GmbH, Wetzlar Germany) at 100–200× magnification, 

and images were captured using Leica Application Suite software. In each case the fiber 

diameter was measured fifty times at different sections in the nonwoven sample. The 

surface morphology, formation and distribution of fibers was investigated by scanning 

electron microscopy (SEM) using an XL 30 device (FEI/Koninklijke Philips, Amsterdam, 

The Netherlands) with an accelerating voltage of 10 kV. The samples were attached to 

a stub with double-sided carbon tape and sputtered with gold prior to SEM to produce a 

conductive surface. 
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Results and discussion 

Effects on viscosity 

We investigated the effect of different additive concentrations initially using the 

laboratory-scale melt-electrospinning device. The complex viscosity curves of virgin PLA 

and PLA compounds with increasing weight ratios of the additives PES, NaSt and NaCl 

are shown in Figure 4.3, corresponding to a frequency of 10 rad/s and a set temperature 

of 200 °C. The time until the point of complex viscosity is recorded for a frequency of 

10 rad/s differs over all compounds by a maximum of 70 sec (Appendix: Fig. A1). A 

distinction of the thermal degradation behavior due to the longer exposure time is not 

made here, since the time factor is estimated to be small compared to the actual spinning 

process and the shear forces occurring. 

 

Fig. 4.3: Complex viscosity of PLA and PLA compounds with increasing weight ratios 

of PES, NaSt and NaCl determined at a frequency of 10 rad/s and a 

temperature of 200 °C. 

The addition of NaSt caused a substantial reduction in the viscosity of the melt. The 

presence of 2% (w/w) NaSt reduced the viscosity of pure PLA (414 Pa·s) to 29 Pa·s, a 

difference of 93% (385 Pa·s). Increasing the weight ratio further had a smaller but still 

significant influence, and at the highest concentration of 8% (w/w) NaSt the viscosity of 

the melt was only 2 Pa·s. NaSt acts as a lubricant between polymer chains, so a lower 

melt viscosity was anticipated [48].  

In contrast to NaSt, the addition of NaCl and PES caused the melt viscosity of PLA to 

increase. In the case of PES, the increase was contrary to expectations because the 

polyester-based plasticizer is specifically designed to reduce the viscosity of polyesters, 

polypropylene, polyamides and PLA. A small reduction in viscosity was observed at 
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6% (w/w) PES, so a larger weight ratio of the additive may be necessary to achieve a 

significant effect at our measurement temperature of 200 °C. NaCl did not dissolve in the 

polymer, so an increase in viscosity was anticipated. Nevertheless, NaCl can reduce the 

fiber diameter during melt electrospinning by increasing the electrical conductivity, which 

can compensate for the increase in viscosity [49].  

Thermal properties 

The glass transition and melting temperatures of PLA and its compounds were 

determined by DSC, and the presence of additives appeared to have little effect on these 

values (Table 4.3) 

Tab. 4.3: Glass transition and melting temperatures of PLA and its compounds. 

Material Glass transition 

temperature 

(°C) 

Melting temperature 

(°C) 

NatureWorks PLA 6201D 64.8 ± 0.2 166.8 ± 0.3 

PLA + 2% (w/w) PES 61.7 ± 0.4 167.9 ± 0.2 

PLA + 4% (w/w) PES 61.5 ± 0.2 167.9 ± 0.3 

PLA + 6% (w/w) PES 61.2 ± 0.3 168.2 ± 0.5 

PLA + 2% (w/w) NaCl 59.8 ± 0.9 167.6 ± 0.7 

PLA + 4% (w/w) NaCl 61.0 ± 0.6 167.1 ± 0.4 

PLA + 6% (w/w) NaCl 61.8 ± 0.7 167.0 ± 0.8 

PLA + 8% (w/w) NaCl 64.2 ± 0.7 166.2 ± 0.1 

PLA + 2% (w/w) NaSt 64.6 ± 0.5 166.7 ± 0.5 

PLA + 4% (w/w) NaSt 62.5 ± 0.8 164.4 ± 1.2 

PLA + 6% (w/w) NaSt 64.1 ± 0.2 165.8 ± 0.7 

PLA + 8% (w/w) NaSt 63.5 ± 1.1 165.5 ± 0.9 

As an example, the thermographs in Figure 4.4 show the first heating cycle of virgin PLA 

and its compounds containing different weight ratios of NaSt. A double peak is present 

in the thermographs of the semi-crystalline PLA as well as the compounds, which is 

consistent with a crystallization temperature that supports the simultaneous formation of 

α′ and α type crystals [50]. 



    Chapter 4 

 

79 

 

Fig. 4.4: Thermographs of virgin PLA and PLA containing 2–8% (w/w) NaSt. 

The decomposition temperatures of virgin PLA, the additives and compounds were 

investigated by TGA, and the initial degradation temperatures and weight shares at 

200 °C are summarized in Table 4.4. The decomposition temperature for pure PES 

(369.2 °C) was 39.4 °C higher than that of virgin PLA (329.8 °C). The decomposition 

temperature was therefore higher for compounds containing larger amounts of PES, but 

the materials began to decompose earlier than the base materials PLA and PES and 

thus the degradation temperature was lower. The same behavior was observed for the 

weight share at 200 °C, and similar profiles were apparent for the compounds containing 

NaCl. Nevertheless, there was no overt temperature fluctuation among the compounds. 

NaCl did not show any significant degradation at temperatures up to 700 °C whereas 

PES degraded almost completely in this range, but all compounds still contained a weight 

share at 700 °C. The lowest decomposition temperatures were observed for NaSt 

(Figure 4.5). A small loss of weight was observed starting at 208.6 °C, but massive loss 

and degradation was apparent at 417.2 °C. The initial degradation temperature of the 

PLA compounds containing NaSt decreased with larger weight ratios of NaSt, which 

contrasts with the behavior of the PLA compounds containing PES and NaCl. The PLA 

compounds containing NaSt showed negligible weight loss at 200 °C, as similarly 

observed for compounds containing the other additives. 
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Tab. 4.4: Initial degradation temperatures and weight shares at 200 °C for PLA and its 

compounds. 

Material Initial degradation temperature 

(°C) 

Weight share 

(%) 

NatureWorks PLA 6201D 329.8 ± 2.3 99.8 

PES 369.2 ± 1.7 99.8 

PLA + 2% (w/w) PES 310.2 ± 3.1 99.5 

PLA + 4% (w/w) PES 323.4 ± 2.7 99.5 

PLA + 6% (w/w) PES 327.8 ± 1.6 99.5 

NaCl 393.3 ± 0.9 99.9 

PLA + 2% (w/w) NaCl 312.9 ± 3.4 99.5 

PLA + 4% (w/w) NaCl 306.7 ± 2.8 99.6 

PLA + 6% (w/w) NaCl 311.6 ± 2.7 99.7 

PLA + 8% (w/w) NaCl 310.7 ± 3.2 99.6 

NaSt 417.5 ± 1.5 98.2 

PLA + 2% (w/w) NaSt 277.7 ± 1.6 99.2 

PLA + 4% (w/w) NaSt 269.8 ± 2.0 99.0 

PLA + 6% (w/w) NaSt 263.6 ± 0.8 99.1 

PLA + 8% (w/w) NaSt 255.1 ± 1.3 98.2 

 

Fig. 4.5: TGA curves of virgin PLA and PLA containing 2–8% (w/w) NaSt. 
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Because no time factor was taken into account for the TGA measurements, the effects 

of heat input at 200 °C on the molecular distribution and weight after compounding and 

rheological characterization were investigated by GPC. For PES and NaCl, no significant 

change in molar mass was observed after compounding or rheological characterization 

(Appendix: Fig. A2 and Fig. A3), but this was not the case for PLA and its compounds 

containing NaSt (Figure 4.6).  

 

Fig. 4.6: GPC curves of virgin PLA and PLA containing 2–8% (w/w) NaSt after 

compounding and after the time influence of the rheometer test (a.R.). 

In contrast to the TGA data, which indicated no degradation at temperatures below 

250 °C, GPC revealed that compounding of the virgin PLA and compounds containing 

NaSt with the twin screw extruder led to a shift towards lower molar masses, exacerbated 

by the time influence during rheological characterization. When determining the 

temperature for the spinning process, it should be taken into account that a material 

degradation at 200 °C could be detected after the time influence of the rheology 

measurement. The process window should therefore be chosen above the melting point 

and, if processing allows, below 200 °C to prevent premature material degradation. 

Further tests to define the lower temperature limit of degradation and influence of the 

actual shear forces in the spinning process in dependence of the machine design were 

not performed here.  

Fiber diameters and distribution 

The processability of the materials and the influence of additives on the fiber diameter 

were investigated by producing fibers using the single-fiber melt-electrospinning device. 

The formation of a Taylor cone followed by typical fiber deposition was observed at a 

temperature of 190 °C for the NaSt compounds and at 250 °C for pure PLA and PES. 

The compounds containing NaSt and PES supported constant fiber formation, whereas 

undissolved NaCl crystals were attracted by the high voltage field, resulting in an 
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unstable melt flow that prevented continuous fiber deposition for compounds containing 

NaCl. Furthermore, the compounds containing 6% and 8% (w/w) NaCl could not be 

pressed through the syringe due to high frictional forces. At temperatures exceeding 

190 °C, materials containing NaSt could not be processed because degradation had 

already begun and the weakened melt could only produce droplets. To achieve a better 

comparison with the NaSt compounds and to investigate the influence of temperature, a 

virgin PLA sample was collected at 190 °C. Given that no whipping or stretching of the 

PLA melt was visible, a larger standard deviation was observed because a constant 

process could not be achieved (Figure 4.7).  

 

Fig. 4.7: Fiber diameters of PLA and PLA compounds containing NaSt produced at 

190 °C using the single-fiber melt-electrospinning device. 

The addition of 2% or 4% (w/w) NaSt reduced the fiber diameter significantly from 

183.24 to 23.34 µm, which is the lowest average fiber diameter we achieved in the 

laboratory-scale device. The 4% (w/w) NaSt compound also produced the lowest single 

fiber diameter (19.50 µm) and the lowest standard deviation of 2.43 µm. In the presence 

of 6% and 8% (w/w) NaSt, the average fiber diameter increased again to 34.33 and 

34.01 µm, respectively. This weight ratio of additive reduced the viscosity and melt 

strength of the material too much, promoting faster material flow under gravity and thus 

allowing less time for whipping instabilities to occur, ultimately reducing the whipping 

motion and inhibiting the elongation and strengthening of the jet, resulting in thicker fiber 

diameters. 

The fiber diameters and standard deviations for PLA and its PES and NaCl compounds 

at 250 °C are shown in Figure 4.8. Despite the increase in viscosity at 200 °C, the fiber 
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diameter could be reduced at a process temperature of 250 °C by adding 2% (w/w) PES. 

Nevertheless, the fiber diameter increased again in the presence of 4% (w/w) PES. The 

influence of PES on the spinning process and thus the fiber diameter could not be 

determined after the trials because no clear tendencies were observed. The analysis of 

the NaCl compounds revealed that the increase in conductivity has a more significant 

effect on the fiber diameter than reducing the viscosity. NaCl has a lower molar weight 

than NaSt and more NaCl molecules are therefore incorporated into PLA compounds at 

a constant weight ratio, resulting in a larger number of ions on the prerequisite that the 

salt fully dissolves. Rheometry shows that this is not the case for concentrations above 

2% (w/w) NaCl, but even if 2% (w/w) NaCl dissolves, there are likely more sodium ions 

compared to sodium stearate. Although the viscosity of compounds containing 2% and 

4% (w/w) NaCl was higher than that of virgin PLA, the average fiber diameter was much 

smaller, reaching a minimum of 16.45 µm in the presence of 2% (w/w) NaCl. 

 

Fig. 4.8: Fiber diameters of PLA and PLA compounds containing NaCl and PES 

produced at 250 °C using the single-fiber melt-electrospinning device. 

Figure 4.9 shows SEM images of PLA fibers containing 4% (w/w) NaSt (Figure 4.9a, b) 

and 2% (w/w) NaCl (Figure 4.9c, d) produced using the single-nozzle device. The NaSt 

fibers are distributed more homogeneously, whereas the NaCl fibers appear as clumped 

‘beads’ in which crystals of NaCl are clearly embedded. 
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Fig. 4.9: SEM images of PLA fibers produced with the single-nozzle electrospinning 

device. (a, b) PLA containing 4% (w/w) NaSt: (a) ×100, (b) ×5000. (c, d) PLA 

fibers containing 4% (w/w) NaCl: (c) ×100, (d) ×5000.  

Given that NaSt significantly reduced the fiber diameter and also achieved a stable 

melt-electrospinning process, materials containing 2–8% (w/w) NaSt were tested using 

the pilot-scale melt-electrospinning device at spinning temperatures of 195 and 205 °C 

and at different spin pump speeds. As discussed above, higher weight ratios of NaSt 

promoted the degradation of PLA compounds, so the compound containing 8% (w/w) 

NaSt could not be processed at 195 °C with a longer dwell time of up to 50 min because 

droplets of the decomposing material prevented the constant formation of fibers. The 

average fiber diameters (and standard deviations) achieved using compounds 

containing 2–6% (w/w) NaSt at 195 and 205 °C are shown in Figure 4.10, which also 

compares spin pump speeds of 10 rpm (3.2 cm3) and 5 rpm (1.6 cm3).  
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Fig. 4.10: Diameters of PLA fibers containing 2–6% (w/w) NaSt produced at 195 and 

205 °C with spin pump speeds of 10 and 5 rpm using the 600-nozzle melt-

electrospinning prototype. 

Reducing the nozzle diameter from 1 mm on the laboratory-scale device to 0.3 mm in 

the pilot-scale spinneret generally achieved a significant reduction in fiber diameter as 

expected from previous publications. However, a direct comparison of the devices must 

be considered critically due to the different polymer melt flow, shear forces and heat 

distribution. The slower spin pump speed also reduced the fiber diameter by over one 

third at 195 °C, although the effect was less noticeable at 205 °C. The fiber diameter 

(and standard deviation) also decreased in the presence of higher weight ratios of NaSt. 

Furthermore, at least in the case of compounds containing 2% or 4% (w/w) NaSt, the 

fiber diameter was also reduced by the lower viscosity at higher process temperatures. 

For PLA containing 6% (w/w) NaSt the effect of temperature was minimal, as observed 

with the single-nozzle syringe. The degradation that occurs and thus the increase in 

mass flow must be taken into account, which results in slightly higher average fiber 

diameters at 205 °C. This effect was even more apparent when PLA containing 6% (w/w) 

NaSt was processed by further reducing the spin pump speed to 2 rpm (0.64 cm3) and 

then 0.5 rpm (0.16 cm3) (Figure 4.11). 
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Fig. 4.11: Diameters of PLA fibers containing 6% (w/w) NaSt produced at 195 °C with 

spin pump speeds of 10, 5, 2 and 0.5 rpm using the 600-nozzle melt-

electrospinning prototype. 

The smallest average fiber diameter (3.77 µm) was achieved by processing PLA 

containing 6% (w/w) NaSt at 195 °C with a spin pump speed of 0.5 rpm. The smallest 

single fiber diameter (1.23 µm) was achieved with the same additive concentration and 

temperature but with a spin pump speed of 2 rpm. The corresponding images are shown 

in Figure 4.12.  

 

Fig. 4.12: Images of PLA fibers containing 6% (w/w) NaSt: (a) SEM image ×1000, (b) 

reflected light microscopy image ×200 indicating the smallest fiber diameter, 

and (c) unmagnified image showing the appearance of the nonwoven fibers 

produced using the 600-nozzle melt-electrospinning prototype. 
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All measured average fiber diameters and standard deviations are summarized in 

Table 4.5. 

Tab. 4.5: Average fiber diameters and standard deviations produced with the pilot-

scale melt-electrospinning device at 195 °C and 205 °C and reducing spin 

pump speed from 10 rpm to 0.5 rpm. 

In order to ensure that the reduction in fiber diameter when reducing the spin pump speed 

is not associated with the substantial degradation of the PLA due to longer dwell times, 

GPC measurements were carried out on the nonwovens produced at spin pump speed 

from 10 rpm to 0.5 rpm. No significant reduction in molecular weight could be detected 

(Appendix: Fig. A4). 

To support our observations using the pilot-scale melt-electrospinning device, we have 

worked out the relationship between additive concentration, temperature, spin pump 

speed and the resulting average fiber diameter using a Minitab 19 design of experiments 

(DOE) evaluation. The one-dimensional relationships are shown in Figure 4.13. As 

described above, the fiber diameter decreases with a reduction in spin pump speed, an 

increase in temperature, or an increase in additive concentration. The visibility of this 

trend declines at the highest additive concentration, but is still discernible (Figure 4.11). 

The effect of uncontrolled environmental factors should also be considered, particularly 

for the minimal deviations between the fiber diameters at higher additive concentrations.  

Material Fiber diameter (µm)  

depending on spin pump speed 

10 rpm 5 rpm 2 rpm 0.5 rpm 

PLA + 2% (w/w) 

NaSt  

1
9
5

°C
 

24.97 ± 4.92 14,66 ± 3.80 - - 

PLA + 4% (w/w) 

NaSt  

14.91 ± 3.35 8.77 ± 2.13 - - 

PLA + 6% (w/w) 

NaSt  

5.71 ± 2.73 4.90 ± 1.58 3.99 ± 1.50 3.77 ± 1.20 

PLA + 2% (w/w) 

NaSt  

2
0
5

°C
 

16.43 ± 4.83 11.79 ± 3.59 - - 

PLA + 4% (w/w) 

NaSt  

8.38 ± 3.64 6.35 ± 2.08 - - 

PLA + 6% (w/w) 

NaSt 

6.46 ± 1.89 6.11 ± 1.64 5.30 ± 1.68 4.66 ± 1.83 
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Fig. 4.13: One-dimensional DOE evaluation of the effects of additive concentration, 

temperature and spin pump speed on the average fiber diameter produced 

with the pilot-scale device. 

Figure 4.14 shows the surface plots of fiber diameter versus (a) additive concentration 

(NaSt) and spin pump speed, (b) temperature and spin pump speed, (c) additive 

concentration (NaSt) and temperature. If the temperature remains the same, the 

increase in additive concentration has a greater effect than the reduction in spinning 

pump end speed (Figure 4.14a). With constant additive concentration, the temperature 

influence is higher than the reduction of the spinning pump speed (Figure 4.14b). 

Furthermore, it can be shown that the temperature influence on the fiber diameter 

decreases with increasing additive concentration and constant spin pumps speed 

(Figure 4.14c). 

Additionally, a two-way analysis of variance (ANOVA) based on the data set of 

Figure 4.10, 4.11 and 4.14 was conducted to proof statistical relevance of the observed 

phenomena using IBM SPSS statistics software. The effect of the independent factors 

spin pump speed, additive concentration and temperature on the fiber diameter was 

examined. The Test of Between-Subjects Effects revealed a main effect for the factor 

additive concentration, F(2,784) = 767.32, p < .001, ƞ2 = .66, a main effect for the factor 

spin pump speed, F(3,784) = 99.57, p < .001, ƞ2 = .28, and a main effect for the factor 

temperature, F(1,784) = 128.70, p < .001, ƞ2 = .14. There was a statistically significant 

interaction between the effects of additive concentration and spin pump speed, 

F(2,784) = 78.39, p < .001, ƞ2 = .17, spin pump speed and temperature, 

F(2,784) = 75.52, p < .001, ƞ2 = .16, as well as temperature and spin pump speed, 

F(3,784) = 19.97, p < .001, ƞ2 = .07. Comparing the effect strength ƞ, the independent 

factor additive concentration has the greatest influence on the fiber diameter. The 

ANOVA analysis does not consider the effect of material degradation over time; this 

should be considered in future studies. 
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Fig. 4.14: Surface plot of fiber diameter versus (a) additive concentration (NaSt) and 

spin pump speed, (b) temperature and spin pump speed, (c) additive 

concentration (NaSt) and temperature produced with the pilot-scale device. 

In our previous study based on polypropylene (Chapter 3), we found that fiber deposition 

can be influenced by the pin order of the collector. A diagonal arrangement of pins 

achieved a more uniform deposition, whereby the gaps between collector pins remained 

visible in the nonwoven when arranged in rows.[26] Due to the higher polarity of PLA, 

the PLA fibers are attracted more strongly by the collector pins at which the electric field 

lines emerge, resulting in slight accumulations that leave a visible structure in the PLA 
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nonwoven (Figure 4.12c). To overcome this phenomenon and improve the overlap, the 

distance between the pins can be reduced in future studies. 

Conclusion and further perspectives 

Using our new pilot-scale melt-electrospinning device, we have produced the first PLA-

based fibers in the low micrometer range. The addition of 6% (w/w) NaSt was required 

to produce the smallest average fiber diameter (3.77 µm) using a spinneret temperature 

of 195 °C and a spin pump speed of 0.5 rpm (0.16 cm3). The smallest single fiber 

diameter (1.23 µm) was achieved at the same conditions but using a spin pump speed 

of 2 rpm. A higher quantity of additive promoted material degradation due to the 

processing and dwell time, which inhibited fiber formation. Fibers with diameters in the 

low micrometer range were achieved, comparable with previous reports, without the 

integration of a heated spinning chamber or additional air flow, which are already widely 

used at the laboratory scale to achieve further stretching of the fibers. The 600-nozzle 

melt-electrospinning device thus offers significant potential for the further development 

of thermoplastic, biobased fibers in the sub-micrometer range. The effects of the additive 

on envisaged nonwoven products and the applicability for biomedical purposes such as 

scaffolds still needs to be investigated. 

The carried out ANOVA revealed statistical significance for all examined, independent 

factors (spin pump speed, additive concentration and temperature). Evaluated by the 

effect strength ƞ, the additive concentration has the greatest influence on the fiber 

diameter. 

At the laboratory scale, we determined the effect of viscosity-reducing additives (NaSt 

and PES) as well as NaCl, which increases the conductivity of the polymer melt. The 

smallest average fiber diameter (16.44 µm) was achieved by adding 2% (w/w) NaCl but 

the spinning process could not be stabilized. The formation of a Taylor cone followed by 

fiber deposition was achieved with compounds containing NaSt or PES, but the latter did 

not reduce the viscosity of the melt at the concentrations we tested and its influence on 

fiber diameter therefore could not be determined. We conclude that the additive NaSt 

has the greatest potential to optimize the material properties of PLA for melt 

electrospinning and that further improvements to the process could reduce the minimum 

fiber diameter even further. In future attempts a combination of the two salts, NaCl and 

NaSt, could also be tested in order to combine the respective positive effects of 

increasing conductivity and lowering viscosity. 
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Biobased dyes as conductive additives to reduce the diameter 

of polylactic acid fibers during melt electrospinning 

Abstract 

Electrospinning is widely used for the manufacture of fibers in the low micrometer to 

nanometer range, allowing the fabrication of flexible materials with a high surface area. 

A distinction is made between solution and melt electrospinning. The former produces 

thinner fibers but requires hazardous solvents, whereas the latter is more 

environmentally sustainable because solvents are not required. However, the viscous 

melt requires high process temperatures and its low conductivity leads to thicker fibers. 

Here we describe the first use of the biobased dyes alizarin, hematoxylin and quercetin 

as conductive additives to reduce the diameter of polylactic acid (PLA) fibers produced 

by melt electrospinning, combined with a biobased plasticizer to reduce the melt 

viscosity. The formation of a Taylor cone followed by continuous fiber deposition was 

observed for all PLA compounds, reducing the fiber diameter by up to 77% compared to 

pure PLA. The smallest average fiber diameter of 16.04 µm was achieved by adding 

2% (w/w) hematoxylin. Comparative analysis revealed that the melt-electrospun fibers 

had a low degree of crystallinity compared to drawn filament controls, resembling 

partially-oriented filaments. Our results form the basis of an economical and 

environmentally friendly process that could ultimately provide an alternative to industrial 

solution electrospinning. 

Introduction 

Electrospinning is a simple, versatile and cost-effective method to produce fibers in the 

low micrometer to nanometer range, thus making a significant contribution to the 

booming nanotechnology industry [1-3]. The beneficial properties of such fibers include 

their flexibility and enormous surface area, leading to applications in medicine [4-8], 

filtration and separation [9, 10], electronics and energy [11, 12], and textile manufacturing 

[13-15].  

Electrospinning involves the exposure of liquids to strong electric fields. When a large 

potential difference (tens of kilovolts) is applied to a liquid flowing through a capillary, the 

liquid forms a jet that may undergo whip-like movements, stretching the fluid and yielding 

microscale or nanoscale fibers that are deposited on a collector [15]. The two principal 

types of electrospinning are solution electrospinning, where the polymer is dissolved in 

a solvent that evaporates to produce the fibers, and melt electrospinning, where a molten 

polymer is cooled to produce the fibers [1]. Solution electrospinning is easier to 

implement, has been studied more widely, and is favored by industry, despite the 
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environmental hazards posed when toxic solvents are required. In contrast, research 

and technology uptake in the field of melt electrospinning has been held back by complex 

equipment requirements [16], the problem of electric discharge [17], and the high 

temperature, high viscosity and low conductivity of the polymer melt [18]. Accordingly, 

parameters that affect the viscosity, conductivity, thermal and structural properties of 

solution-electrospun fibers are well understood, allowing the production of finer fibers, 

whereas equivalent studies focusing on melt electrospinning are still at an early stage 

[1, 19].  

The wider adoption of melt electrospinning could help to reduce the environmental 

footprint of current industrial electrospinning processes, which require an expensive 

solvent recovery process and present a high risk of toxic solvent carryover into the final 

product. For example, one of the commonly used materials in industrial electrospinning 

process is polylactic acid (PLA) because it is a sustainable polymer made from 

renewable agricultural resources and is reported to be industrial compostable. 

Commercial low molecular weight PLA was reported to have a biodegradation degree of 

72% after 110 days under aerobic conditions [20]. However, PLA sub-microfibers are 

usually prepared using the toxic solvents dichloromethane, chloroform or N,N-dimethyl-

formamide [21]. It is therefore desirable to improve melt-electrospinning technology, 

aiming to reduce the fiber diameter by overcoming the limitations described above. One 

promising approach is the use of additives to increase the conductivity of polymer melts, 

and plasticizers to reduce their viscosity, in order to produce thinner fibers [22-24]. PLA 

is the most commercially available biobased and biodegradable thermoplastic polymer 

with increasing use in the textile sector to replace petroleum-based polymers [25]. It is 

therefore an important substrate for melt-electrospinning technology. PLA fibers 

produced by melt electrospinning have been modified by adding a plasticizer [21, 26], 

and by adjusting the device during fabrication to facilitate airflow [27] or incorporate laser 

heating [17]. These approaches led to the production of fibers with diameters in the range 

0.2–50 µm [17, 18, 21, 27-33]. However, most of the additives used thus far are 

unsustainable chemicals that offset the environmental advantages of biobased 

polymers. They are difficult to disperse in the polymer melt, or they adsorb water and 

therefore interfere with high-temperature melt-electrospinning processes [21, 26, 34].  

Sustainable colorants are used extensively in the textile industry, offering a promising 

alternative to conventional additives [35]. Colorants can be classified as dyes or 

pigments. Dyes are molecules that can be solubilized in a polymer substrate, they have 

good chemical affinity for the polymer, and therefore retain transparency; in contrast, 

pigments are insoluble in the polymer substrate and are dispersed as very fine particles 

(Figure 4.15).  
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Fig. 4.15: Schematic representation of dye solubilization and pigment dispersion. 

Common organic textile dyes include alizarin and curcuma, whereas common pigments 

include copper phthalocyanine and carbon black [36]. Colorants such as alizarin, 

purpurin and phthalocyanine have already been used to manufacture electronics such 

as field effect transistors and dye-sensitized solar cells [37] because the presence of 

functional groups and/or π-conjugation improves conductivity, and charge carrier 

mobility may exceed 1 cm2/Vs [38]. 

The aim of this study was to investigate the ability of three biobased dyes to increase the 

conductivity of molten PLA during melt electrospinning, combined with a biobased 

plasticizer to reduce melt viscosity for an overall reduction of the obtained fiber 

diameters. We selected the biobased dyes alizarin, quercetin and hematoxylin, which 

have not previously been used in a melt-electrospinning process, and determined their 

effect on the diameter of PLA fibers manufactured using a single-nozzle melt-

electrospinning device. We compared fibers incorporating different weight percentages 

of dye with or without the biobased plasticizer. We determined the influence of the 

additives on viscosity, conductivity, degradation and thermal behavior. We also 

compared the morphology and crystallization behavior of melt-electrospun fibers to melt-

spun fibers with different draw ratios. Our results can be used to develop an 

environmentally beneficial melt-electrospinning process for the manufacture of 

microscale and nanoscale fibers. 

Experimental 

Materials 

PLA grade L130 (Total|Corbion, Gorinchem, Netherlands) was used as the base polymer 

for all experiments. The following specifications were reported by the manufacturer: L-

content ≥ 99%, glass transition temperature (Tg) ~60 °C, and melt flow 

index = 24 g/10 min at 210 °C/2.16 kg. The chemical structures and melting points of the 

biobased dyes alizarin, quercetin, and hematoxylin (Sigma-Aldrich, Zwijndrecht, 

Netherlands) are presented in Table 4.6.  

Dye solubilization

Pigment dispersion
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Tab. 4.6: Chemical structures and melting points of the dyes alizarin, hematoxylin and 

quercetin. 

Dye Chemical structure Melting point (°C) 

Alizarin 

          

279–283 

Hematoxylin 

         

200 

Quercetin 

 

320 

Liquid dyes (Rowasol, Pinneberg, Germany) were prepared by stirring 25% (w/w) of the 

biobased dyes with a plasticizer based on vegetable oil. The dyes were used without 

plasticizer to test their effect on melt conductivity and with plasticizer to determine the 

combined effect of increasing the conductivity and reducing the viscosity of the melt. 

Micro-compounder 

PLA was vacuum dried at 80 °C overnight before compounding. PLA compounds were 

made by mixing with 1% or 2% (w/w) of each additive in a micro-compounder (Xplore, 
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Sittard, Netherlands) at 200 °C with a screw speed of 100 rpm for 2 min. The list of 

compounds and their abbreviations are presented in Table 4.7. 

Tab. 4.7: Compound abbreviations according to the dye and weight percent. 

Compound 

abbreviation 

Dye % (w/w) of dye % (w/w) of plasticizer 

A1 Alizarin 1 0 

A2 Alizarin 2 0 

LA1 Liquid Alizarin 0.25 0.75 

LA2 Liquid Alizarin 0.5 1.5 

H1 Hematoxylin 1 0 

H2 Hematoxylin 2 0 

LH1 Liquid Hematoxylin 0.25 0.75 

LH2 Liquid Hematoxylin 0.5 1.5 

Q1 Quercetin 1 0 

Q2 Quercetin 2 0 

LQ1 Liquid Quercetin 0.25 0.75 

LQ2 Liquid Quercetin 0.5 1.5 

In the subsequent evaluation and discussion, it must be taken into account that a direct 

comparison of results is only feasible between the individual dye compounds or liquid 

dye compounds due to the changed dye concentration of the liquid dyes. 

Melt-spinning equipment 

Partially-oriented filaments (PFs) were prepared using a KETSE 20/40 twin-screw 

extruder (Brabender, Duisburg, Germany) with a spinning head. Melt spinning was 

performed at 200 °C using a spinneret with 24 holes, each 0.4 mm in diameter, and a 

length to diameter ratio of two. A constant throughput was maintained and the multi-

filaments were wound at 150 m/min. The PFs were post-drawn at 100 °C with a draw 

ratio of 5 to obtain drawn filaments (DFs). The crystallinity of these filaments was 

compared to the melt-electrospun fibers. 

Melt-electrospinning equipment 

We used a self-configured laboratory-scale single-fiber melt-electrospinning device 

consisting of five major components: temperature controller, high-voltage power supply, 

heating elements, syringe pump, and collector (Figure 4.16). The device was equipped 

with JCS-33A temperature process controllers (Shinko Technos, Osaka, Japan) and PT 
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100 platinum thermocouples (Omega Engineering, Deckenpfron, Germany) to control 

the melting temperature. The temperature was set to 275 °C for the pure polymer and 

polymer with additives. A KNH65 high-voltage generator (Eltex-Elektrostatik, Weil am 

Rhein, Germany) with a voltage range of 6–60 kV was used. During the melt-

electrospinning experiments, the voltage was kept constant at 50 kV. A positive voltage 

was applied to the collector while grounding the spinneret. A flat aluminum plate (6 cm) 

overlaid with a thin paperboard was used as a collector. The distance between the 

spinneret and collector was set at 10 cm for all trials. An 11 Plus spin pump (Harvard 

Apparatus, Cambridge, USA) was used with a constant delivery rate of 4 mL/h. A 2-mL 

glass syringe (Poulten & Graf, Wertheim, Germany) with a nozzle orifice of 1 mm served 

as the spinneret. 

 

Fig. 4.16: Laboratory single-fiber melt-electrospinning setup. 

Characterization of compounds 

Differential scanning calorimetry (DSC) was performed using a Q2000 device (TA 

Instruments, New Castle, USA) to determine the influence of the additive on the different 

thermal transition temperatures of PLA. The tests were carried out at a heating rate of 

10 °C/min between 25 and 200 °C with a sample size of ~5 mg. The parameters were 

kept constant for all samples to ensure comparability. TA universal analysis software 

was used to visualize and compare the data. We compared the Tg, cold crystallization 

temperature (Tcc), melting point (Tm), and percentage crystallinity (Xc). The melt enthalpy 

of 100% crystalline PLA was considered to be 93.7 J/g [39]. The Xc was determined 

through the following formula: 

Spin pump

Syringe

Polymer melt

Collector

Thermocouples

Fibers

High-voltage 

generator

+ 

Temperature 

controller

kV

 C
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Xc = (Hm-Hc)·100/Hm0 

Hm0 is the melt enthalpy of the material at 100% crystallinity, Hm is the melting enthalpy 

at Tm and Hc is the enthalpy of cold crystallization at Tcc. Since the reorganization peak 

prior to melting peak was caused by rearrangement of imperfect crystals, this was not 

included in calculating overall crystallinity. All compounds as well as the virgin PLA were 

processed identically and prepared using the same protocol, so any differences in 

material properties should primarily reflect the nature and quantity of additives. 

A Q5000 device (TA instruments) was used to carry out thermogravimetric analysis 

(TGA) at a heating rate of 10 °C/min under nitrogen flow up to 500 °C. The temperatures 

at 5% and 50% weight loss were determined using TA universal analysis software and 

the values were compared to determine the influence of additives on the thermal stability 

of PLA. 

Rheological characterization was carried out using a Discovery HR1 hybrid rheometer 

(TA Instruments). We performed one flow sweep using a 25-mm plate with an increasing 

shear rate (0.01–500 rad/s). The gap between the plates was maintained at 1000 µm, 

and the strain amplitude and environment temperature were maintained at 0.5% and 

200 °C, respectively. For better comparability, the viscosity of the pure PLA and all the 

compounds are presented at a shear rate of 5 rad/s.  

The TGA experiment was not isothermal and could only determine the weight loss, so 

we also measured actual degradation in terms of molecular weight after compounding 

and melt electrospinning by gel permeation chromatography (GPC) using a 1260 Infinity 

System (Agilent Technologies, Santa Clara, USA). We used hexafluor-2-isopropanol 

(HFIP) containing 0.19% sodium trifluoroacetate as the mobile phase at a flow rate of 

0.33 mL/min. Solutions were prepared by dissolving 5 mg of pure PLA and the various 

compounds in HFIP for ~2h, passing the solutions through a 0.2-µm polyetrafluoro-

ethylene filter, and injecting them into a modified silica column filled with 7-µm particles 

(Polymer Standards Service, Mainz, Germany). The experiment was calibrated against 

a standard polymethyl methacrylate polymer (1.0×105 g/mol) and the relative molecular 

weight (Mw), number average molar mass (Mn), and polydispersity index (PDI) of each 

polymer were recorded and compared. 

The electrical resistance of the pure polymer and compounds was measured at an 

elevated temperature of 325 °C using a Keithley 617 electrometer (Tektronix Inc., 

Beaverton, USA) as shown in Figure 4.17. The experimental setup has been previously 

used for conductivity measurements of polymer melts [19]. The polymer granulate was 

melted using band heaters, and two electrodes, 6 mm apart, were dipped in the melt and 

connected to the electrometer. The electrical current flowing between the electrodes was 

measured by applying a constant 10 V.  
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Fig. 4.17: Configuration used for the measurement of electrical resistance. 

Characterization of the fibers 

Fiber diameters were determined by reflected light microscopy using a DM4000 M 

instrument (Leica Microsystems, Wetzlar, Germany) at 100–200× magnification, and 

images were captured using Leica Application Suite software. Ten images representing 

different areas of each nonwoven were used to determine the average fiber diameter. 

DSC was performed on all melt-electrospun fibers to determine the effect of additives 

and the electrospinning process. DSC was also carried out on the PFs and DFs, as well 

as the melt-electrospun PLA fibers under the same testing conditions. The thermal 

transition temperatures and Xc values were compared. Polarized optical microscopy 

(POM) was used to investigate the crystallinity of the melt-electrospun filaments, PFs 

and DFs. An Olympus BX53 microscope and DP26 camera (Olympus BV, Leiderdorp, 

Netherlands) were used to capture the images at 50× magnification. The images were 

screened for birefringence. The relationship between the electrical resistance, melt 

viscosity, and average fiber diameter was visualized in surface plots using Minitab19 

analysis software. 

Cost analysis 

Only 2–10% of the liquid processed during solution electrospinning is the polymer (the 

rest is solvent that evaporates) whereas 100% of the processed liquid solidifies into fibers 

during melt electrospinning [1]. The cost of PLA is 2–4 €/kg depending on the grade, and 

we used a nominal value of 2.1 €/kg in our cost model. In solution electrospinning, PLA 

is prepared as a 10% solution in chloroform, which costs ~100 €/liter. Accordingly, 10 L 

of chloroform is required to make 1 kg of PLA fiber. The total material cost of 1 kg of PLA 

fiber is therefore ~1000 € for the first production cycle without recovery of the solvent 

and solvent disposal according to standards.  For an off-site solvent recovery the cost is 

estimated to be ~100 € per 200 L of solvent [40]. Considering the case of production of 

1 kg of PLA fiber, when 90% of the solvent used can be recovered, 9 L of the solvent 

can be reused and it would cost ~ 4.5 €. For the remaining 10%, the cost of purchasing 

new solvent would still be ~100 € and the overall solvent cost would be more than 100 €. 

In contrast, organic dyes as conductive additives are much less expensive. For example, 

Band heater

Metal block 

Beaker

ElectrodePolymer melt

Electrometer
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alizarin costs ~900 €/kg and 1 kg of PLA fiber containing 2% (w/w) of this dye would cost 

3 €. Therefore, using organic dyes not only makes the process more sustainable, it is 

also economical. 

Methodology 

Our overall workflow is summarized in Figure 4.18. The PLA was characterized and dried 

before melt electrospinning, and the diameter of the melt-electrospun pure PLA fiber was 

measured. We then tested various combinations of additives (dyes with or without 

plasticizer) to reduce the viscosity of the melt and increase its conductivity, in order to 

produce thinner fibers. We prepared 12 compounds in total (Table 2) representing each 

of the three dyes at concentrations of 1% w/w (A1, H1 and Q1) and 2% w/w (A2, H2 and 

Q2), as well as the liquid dyes in plasticizer also at additive concentrations of 1% w/w 

(LA1, LH1 and LQ1) and 2% w/w (LA2, LH2 and LQ2). The compound names were 

based on the initial letter of each dye: A = alizarin, H = hematoxylin and Q = quercetin, 

with L referring to the liquid form. Melt electrospinning was carried out with the 

compounds and the diameter of the resulting fibers was measured. All other process 

parameters (e.g., temperature, throughput, electric field strength) were kept constant.  

 

Fig. 4.18: Overview of the experimental workflow. 

Results and discussion 

Thermal properties of the PLA compounds 

The DSC thermograms of PLA and A1 are compared in Figure 4.19 as a representative 

example of the experiments because all the compounds behaved in a similar manner.  
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Fig. 4.19: DSC thermogram of PLA and compound A1. 

The Tg, Tcc, Tm and Xc values of each compound are compared visually in Figures 4.20 

and 4.21. The Tg and Tm did not change significantly and remained at ~60 °C and 

~173 °C, respectively, regardless of the additive and weight percent. The temperature 

values for PLA are consistent with those previously reported in literature [41, 42]. In 

contrast, the additives had a significant effect on Tcc. The Tcc of PLA was ~101 °C but 

this declined to 91.30 °C for A1 and 87.20 °C for A2. Furthermore, the Xc of PLA was 

21.47%, but this increased to 30.72% for A1 and 29.60% for A2. The Xc of the liquid 

alizarin compounds also increased compared to pure PLA. Although the Tcc of the 

hematoxylin and liquid hematoxylin compounds was not much lower than the value for 

pure PLA, the Xc of these compounds increased compared to pure PLA. There are two 

possible explanations for this behavior observed in the cases of these compounds. First, 

the dye may induce nucleation, as previously reported for polypropylene samples 

containing colorants [43, 44]. Second, the dye may trigger the degradation of PLA, 

leading to shorter and more mobile polymer chains that are more likely to undergo 

crystallization. This was explored by GPC analysis (Section “Effects of additives on 

polymer degradation”). The Tcc of compounds Q1 and Q2 was similar to that of PLA, but 

the Xc decreased from 21.47% to 18.47% and 12.97%, respectively. Also in the case of 

quercetin, two possible explanations should be considered. The first is that the added 

quercetin affects the chain mobility and thus disturbs the crystallization process. Similar 

observations were reported when adding nigrosine dye to polyamide 66 [45]. In case of 

LQ, since the overall content of quercetin is lower, the hindrance to crystallization is also 
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lower. The second possible explanation is the degradation theory as explained earlier in 

the case of hematoxylin. This was also explored by GPC analysis (Section “Effects of 

additives on polymer degradation”). 

 

Fig. 4.20: Thermal transition temperature of PLA and the PLA/dye compounds. 

 

Fig. 4.21: Crystallinity (Xc) of PLA and the PLA/dye compounds. 
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The decomposition temperatures of pure PLA and its compounds were determined by 

TGA. The temperatures at which 5% and 50% weight loss occurred are compared in 

Figure 4.22.  

 

Fig. 4.22: Temperature at 5% and 50% weight loss of PLA and the PLA/dye 

compounds. 

The maximum 5% weight loss temperature was observed for compound LH1 at 355 °C 

and the minimum was observed for pure PLA at 350 °C. Similarly, the maximum 50% 

weight loss temperature was observed for compound LH1 at 386 °C and minimum was 

observed for pure PLA at 381 °C. There was no significant difference in the temperature 

range over which these weight losses occurred. Since the TGA could only measure the 

weight loss in the form of the released volatile gases, we characterized the degradation 

leading to molecular weight reduction and oligomer formation by GPC (Section “Effects 

of additives on polymer degradation”) and rheological analysis (Section “Effects of 

additives on melt viscosity”). 

Effects of additives on melt viscosity 

The shear viscosities of pure PLA and its compounds at a set temperature of 200 °C and 

a shear rate of 5 rad/s are summarized in Figure 4.23. The viscosity of the polymer melt 

increased by ~22% following the addition of alizarin, from 493 Pa·s (PLA) to 

601 Pa·s (A1) and 595 Pa·s (A2). Higher melt viscosity tends to increase fiber diameters 

during melt electrospinning, but narrower fibers can still be achieved if the additives 

increase the electrical conductivity of the melt [19]. The addition of quercetin had a 

plasticizing effect on the PLA and reduced the melt viscosity by ~37%, from 493 Pa·s 
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(PLA) to 308 Pa·s (Q1) and 312 Pa·s (Q2). However, the addition of hematoxylin 

achieved the most dramatic effect, reducing the melt viscosity by ~91% at both 

concentrations, to 42 Pa·s. The melting point of hematoxylin (200 °C) is much lower than 

that of the other dyes, so the low viscosity of the compounds containing hematoxylin may 

reflect the melting of the dye along with the polymer. The other possible hypothesis for 

reducing the viscosity of both hematoxylin and quercetin compounds is polymer 

degradation. The degradation hypothesis was addressed by GPC analysis 

(Section “Effects of additives on polymer degradation”).  

 

Fig. 4.23: Shear viscosity of pure PLA and the PLA/dye compounds, corresponding to 

a set temperature of 200 °C and a shear rate of 5 rad/s. 

Overall, there was little difference in viscosity between compounds containing 1% or 

2% (w/w) of a given dye. This was not the case for the liquid dyes, where the plasticizer 

showed a significant concentration-dependent effect. In the case of alizarin, the dye itself 

increased the melt viscosity whereas the plasticizer has the opposite effect, so the 

combination showed only a slight reduction in viscosity compared to pure PLA (7% for 

LA1 and 9% for LA2). In contrast, because hematoxylin and quercetin reduced the melt 

viscosity, the addition of plasticizer was expected to enhance this effect. Surprisingly, 

this was not the case – the viscosity of the liquid hematoxylin and quercetin compounds 

was significantly higher than the compounds prepared with pure dyes taking into account 

that also the dye concentration is significantly lower. For example, the viscosity of Q1 

was 30% lower than PLA, and the viscosity of H1 was 81% lower than LH1. Normally 

the polar group of the plasticizer interacts with the polar group of the polymer, swelling 

the polymer chains and increasing the free volume. Such interactions would reduce 
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intermolecular cohesion and increase polymer chain mobility, thus reducing the viscosity 

of the melt [46]. The unexpected behavior of the quercetin and hematoxylin compounds 

may reflect a stronger interaction between these dyes and the plasticizer compared to 

the interaction between the polymer and plasticizer. The interaction between dye and 

plasticizer molecules generates bulky particles that could hinder the motion of the 

polymer chains and ultimate increase the viscosity. Since the three dyes used are 

chemically different, they interact differently with the plasticizer. 

Effect of additives on polymer degradation 

GPC analysis of PLA and its compounds (Figure 4.24) revealed Mw, Mn and PDI values 

of 184,000 g/mol, 107,000 g/mol and 1.72, respectively, for pure PLA. There was no 

significant change from these values in the alizarin and liquid alizarin compounds. This 

confirms that the increase in Xc observed for the alizarin and liquid alizarin compounds 

is a result of the nucleating effect of alizarin. In the quercetin and liquid quercetin 

compounds, there was a slight reduction in Mw and Mn. A more apparent change was 

observed in compound Q2, where the Mw and Mn values were 15.12% and 14.01% lower, 

respectively, compared to pure PLA. The PDI increased for both LQ1 and LQ2, and the 

highest PDI was observed for LQ2. However, since the change in molecular weight is 

not as drastic as for the hematoxylin compounds, the viscosity of both quercetin and 

liquid quercetin compounds was observed to be similar. Hence, in this case, the increase 

in crystallinity of LQ1 and LQ2 can be attributed to the fact that a lower quantity of 

quercetin was present compared to Q1 and Q2. In the hematoxylin compounds, the 

changes were more significant. For example, the Mw and Mn of compound H2 decreased 

by 40.71% and 40.74%, respectively, compared to pure PLA. As the percentage losses 

in Mw and Mn were the same, their PDI ratio remained unaffected. The GPC 

measurements confirmed that the degradation of compounds containing hematoxylin led 

to the observed reduction in viscosity and increase in Xc (Section “Effects of additives on 

melt viscosity”). However, in case of the liquid hematoxylin compounds, the Mw and Mn 

are higher compared to the Mw and Mn of the hematoxylin compounds. The hematoxylin 

content of LH1 and LH2 compounds is only 25% (w/w) compared to that of H1 and H2 

compounds. This could have led to lesser degradation. Furthermore, the interaction 

between the dye and the plasticizer might have led to bulky particles hindering the flow 

of polymer chains. This combined effect could have led to higher viscosity reported for 

these compounds in the previous section. 
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Fig. 4.24: Molecular weight (a) and PDI (b) of PLA and the PLA/dye compounds. 

GPC analysis was also carried out on the melt-electrospun fibers, but no significant 

reduction of the molecular weight could be detected due the short dwell time of the 

polymer melt in the syringe of less than less than thirty seconds (Appendix: Fig. A5). 

Effect of additives on melt conductivity 

The electrical resistance of pure PLA its compounds was measured at a set temperature 

of 325 °C (Figure 4.25). The higher temperature compared to the spinning process was 

chosen because more heat energy is lost over the larger surface of the beaker and thus 

more energy must be supplied to achieve the same melting conditions. However, it 

should be taken into account that the dyes could melt at the selected temperature and 

this would most likely influence the electrical conductivity behavior. Electrical conductivity 

requires freely movable charge carriers, so the electrical resistance of pure PLA (5.0 GΩ) 
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decreased by a factor of five in the presence of any of the additives. In the compounds 

containing dyes but no plasticizer, the electrical resistance was also inversely related to 

the dye concentration. Because alizarin increased the viscosity of the melt, the higher 

conductivity is likely to favor the melt-electrospinning process and reduce the fiber 

diameter. Furthermore, electrical resistance in the liquid alizarin compounds was lower 

than in compounds containing alizarin but no plasticizer, indicating that the plasticizer 

also contributes to the higher conductivity, as reported in earlier studies [47, 48]. We 

observed similar behavior in the liquid hematoxylin and liquid quercetin compounds, 

although the overall effect of quercetin on electrical conductivity was weakest. The 

synergetic effects of viscosity and conductivity on fiber diameter are described in more 

detail in Section “Fiber diameters achieved using different PLA compounds”.  

 

Fig. 4.25: Electrical resistances of pure PLA and PLA/dye compounds. 

Physical properties of PLA fibers under different processing conditions 

The physical properties of the melt-spun PFs and DFs were compared to the melt-

electrospun PLA fibers by DSC (Table 4.8) and the corresponding thermograms are 

presented in Figure 4.26.  

Tab. 4.8: Properties of PLA fibers, comparing partially orientated and drawn filaments 

with melt-electrospun fibers. 

Material Tg (°C) Tcc (°C) Tm (°C) Xc (%) 

Partially-oriented PLA filament 62.90 95.70 174.10 25.26 

Drawn PLA filament - - 175.70 58.83 

Melt-electrospun PLA fiber 62.10 108.90 174.30 8.87 
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Fig. 4.26: DSC thermograms of partially-orientated filaments, drawn filaments and 

melt-electrospun PLA fibers. 

The Tg, Tm and Tcc values were similar for the PFs and melt-electrospun fibers, but we 

were unable to determine Tg or Tcc values after fiber drawing. Furthermore, the Xc of the 

PFs and melt-electrospun fibers were very low (17.93% and 8.72%, respectively), 

whereas the Xc after fiber drawing was 58.83%. The absence of a glass transition in DSC 

thermograms often occurs when the crystalline fraction is more abundant than the 

amorphous fraction, and the Tcc value is absent because the DF is fully drawn, in 

agreement with previous studies [49]. The melt-electrospun fibers are therefore more 

similar to a PF than a DF. 

POM analysis of the melt-electrospun fibers, PFs and DFs revealed the extent of 

crystallinity compared to pure PLA fibers produced under different processing conditions 

(Figure 4.27). Optically anisotropic materials such as crystalline materials give rise to 

birefringence due to the difference in their axis length [50]. Although individual crystals 

could not be observed by POM, very little to no birefringence was detected in the melt-

electrospun fibers and PFs, whereas birefringence was observed in the DFs because 

the degree of crystallinity was increased by drawing. The same technique was previously 

used to show that the degree of crystallinity in PA66 tensile bars was dependent on the 

mold temperature [51]. Our combined DSC and POM data therefore indicate that the 

PLA fibers produced by melt electrospinning are similar to PFs produced by melt 

spinning, which have a much lower Tcc value than DFs. 
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Fig. 4.27: POM images. (a) Melt-electrospun PLA fiber. (b) Partially-oriented PLA 

filament. (c) Drawn PLA filament. 

Fiber diameters achieved using different PLA compounds 

The processability of the compounds and the influence of additives on the fiber diameter 

were investigated by producing fibers using a single-fiber melt-electrospinning device. 

For pure PLA, the formation of a Taylor cone followed by typical fiber deposition was 

observed at a set temperature of 275 °C. Fiber formation was possible with all 

compounds at this temperature and the corresponding fiber diameters could therefore 

be determined under the same conditions. 

The average fiber diameter for pure PLA was 70.6 µm (Figure 4.28). All compounds 

produced thinner fibers, indicating that all the additives affected viscosity and/or 

conductivity in a beneficial manner.  

 

Fig. 4.28: Fiber diameters and standard deviations of PLA and the PLA/dye 

compounds produced by melt electrospinning at 275 °C using a single-

nozzle laboratory device. 

Despite the increase in viscosity caused by the addition of alizarin, the fiber diameters of 

compounds A1 and A2 were reduced by 33% and 50% respectively, compared to pure 

PLA. The increase in electrical conductivity conferred by alizarin therefore compensated 

for the increase in viscosity and the influence of conductivity was dominant, especially at 

higher alizarin concentrations. The presence of plasticizer in addition to alizarin reduced 

100 µm

a

100 µm

b

100 µm

c

70.59
±1.76

47.23
±3.22

34.68
 1.83

23.81
 5.51

25.58
 9.73

23.25
 2.04 16.04

 3.36

37.49
 9.78

21.56
 1.62

43.51
 10.09

38.23
 3.44

51.14
 3.81

36.72
 4.02

0

10

20

30

40

50

60

70

80

PLA A1 A2 LA1 LA2 H1 H2 LH1 LH2 Q1 Q2 LQ1 LQ2

Alizarin Hematoxylin Quercetin

Compound

F
ib

e
r 

d
ia

m
e
te

r
(µ

m
)



Polylactic acid in melt electrospinning     

 

116 

the viscosity of the melt, and the smallest fiber diameter of all alizarin compounds was 

therefore achieved by LA1 (23.8 µm, 63% narrower than pure PLA). There was no 

significant difference between the fiber diameters of LA1 and LA2. 

The addition of hematoxylin led to a significant reduction in viscosity, and the degradation 

of the polymer (and thus a reduction in Mw) was detected by GPC. As expected, this 

resulted in the most profound reduction in fiber diameter among all compounds. The 

finest fibers (16.04 µm, 77% narrower than pure PLA) were achieved for compound H2. 

The increase in fiber diameter in the presence of the plasticizer matched the unexpected 

increase in viscosity of liquid hematoxylin compared to hematoxylin compounds without 

a plasticizer, and the fall in electrical conductivity due to the overall lower concentration 

of hematoxylin when the plasticizer was present. 

Finally, the effect of quercetin on fiber diameter was similar to that of alizarin when each 

dye was presented in the absence of plasticizer. Interestingly, the dyes had opposite 

effects in the presence of plasticizer, with the liquid alizarin compounds LA1 and LA2 

reducing the fiber diameter further than compounds A1 and A2, but the liquid quercetin 

compounds LQ1 and LQ2 producing fibers that were similar in diameter or thicker than 

those based on compounds Q1 and Q2. As discussed above, this mirrors the opposing 

effects on viscosity: the plasticizer reduced the viscosity of compounds containing 

alizarin but increased the viscosity of those containing quercetin. These data also 

suggest that quercetin has a less significant effect on conductivity than alizarin.  

We plotted the relationship between the electrical resistance, melt viscosity and average 

fiber diameter using Minitab 19 analysis software. Figure 4.29 presents surface plots of 

fiber diameters in relation to the electrical resistance and viscosity of the alizarin, 

hematoxylin and quercetin compounds. It has to be considered that the set temperature 

of the viscosity and resistance measurement deviates from the set temperature of the 

spinning process, as explained in Section “Characterization of compounds”, so that only 

a trend can be described. As the temperature increases, the viscosity decreases as well 

as the resistance [34], so that a further reduction of the fiber diameters is to be expected, 

The fibers prepared from all three compounds became finer with decreasing melt 

viscosity and electrical resistance. For the alizarin compounds, the increasing 

conductivity was the decisive factor controlling fiber diameter because there was little 

variation in viscosity. The minimum fiber diameter was always achieved using 

compounds with the lowest viscosity and the lowest electrical resistance. 
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Fig. 4.29: Surface plots of fiber diameters in relation to the electrical resistance and 

viscosity of the melt. (a) PLA/alizarin compounds. (b) PLA/hematoxylin 

compounds. (c) PLA/quercetin compounds. 

The fiber diameters we have achieved are still in the micrometer range, like the majority 

of fiber diameters previously reported in literature. However, it should be stated that we 

have not made any device-specific modifications, such as the integration of an 

accelerated airflow or a heating system as it is already used for other melt-

electrospinning systems [27]. Furthermore, the fiber diameter is strongly influenced by 

the flow rate of the polymer [1], so that the use of a nozzle with a smaller orifice can 

significantly reduce the fiber diameter in future attempts. 
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Conclusion and further perspectives 

We have successfully tested the biobased dyes alizarin, hematoxylin and quercetin as 

conductive additives in the melt-electrospinning process, and have produced fibers in 

the micrometer range. All dyes and dye/plasticizer combinations contributed to the 

desirable reduction of fiber diameter compared to pure melt-electrospun PLA fibers, 

which will facilitate the development of an economical and environmentally friendly 

process for the production of microfibers and nanofibers that could ultimately replace 

solution electrospinning. The formation of a Taylor cone followed by continuous fiber 

deposition was observed for all dyes and dye/plasticizer combinations. The finest fibers 

(16.04 µm in diameter) were produced by adding 2% (w/w) hematoxylin, reducing the 

average fiber diameter by 77% compared to pure PLA. However, hematoxylin induced 

polymer degradation at a spinning temperature of 275 °C, which reduces the Mw and 

therefore favors the production of finer fibers. In future experiments, the process 

temperature should be lowered when using hematoxylin to prevent degradation. The 

addition of alizarin produced finer fibers than pure PLA despite the increase in melt 

viscosity, indicating that alizarin has a profound effect on the electrical conductivity of the 

melt. A combination of alizarin (to increase conductivity) and a plasticizer (to reduce 

viscosity) reduced the fiber diameter to 23.8 µm, which is 63% narrower than the pure 

PLA fibers. The addition of quercetin reduced the melt viscosity but had a limited effect 

on electrical conductivity compared to alizarin, and the finest fibers containing this 

additive (achieved by adding 2% (w/w) liquid quercetin) were 36.72 µm in diameter. The 

analysis of fibers produced by melt spinning, melt spinning with post-drawing, and melt 

electrospinning revealed that the melt-electrospun fibers had a similar degree of 

crystallinity to PFs and are not comparable to drawn filaments. 
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Pilot-scale production of polylactic acid nanofibers by melt 

electrospinning  

Abstract 

Melt electrospinning has been used to manufacture fibers with diameters in the low 

micrometer range but the production of sub-micrometer fibers has proven more 

challenging. In Chapter 5, we investigated the feasibility of fabricating polylactic acid 

nanofibers using polymer grades with increasing melt flow rates (15–85 g/10 min at 

210 °C) by melt electrospinning with a 600-nozzle pilot-scale device featuring an 

integrated climate control system realized as a glass chamber around the spinneret. 

Previous experiments using this device without appropriate climate control produced 

fibers exceeding 1 µm in diameter because the drawing of fibers was inhibited by the 

rapid cooling of the polymer melt. The integrated glass chamber created a temperature 

gradient exceeding the glass transition temperature of the polymer, which enhanced the 

drawing of fibers below the spinneret. An average fiber diameter of 810 nm was achieved 

using PLA Ingeo Biopolymer 6252, and the finest individual fiber (420 nm in diameter) 

was produced at a spin pump speed of 5 rpm and a spinneret set temperature of 230 °C. 

We have therefore demonstrated the innovative performance of our pilot-scale melt-

electrospinning device, which bridges the gap between laboratory-scale and pilot-scale 

manufacturing and achieves fiber diameters comparable to those produced by 

conventional solution electrospinning.  

Introduction 

Electrospinning is the most common method for the production of polymer fibers with 

diameters in the low micrometer to nanometer range [1, 2]. There are two main variants 

of the method [1, 3]. In solution electrospinning, the polymer is dissolved in an organic 

solvent that evaporates as the fiber is spun. In melt electrospinning, the polymer is 

heated to above its melting point and solidifies as the fiber is spun. In both cases, a 

strong electric field is applied during spinning to stretch the polymer, typically resulting in 

fibers that are several hundred nanometers in diameter after drawing [4]. Solution 

electrospinning is the simplest of the two processes because it does not require high 

temperatures or coagulation chemistry, but a solvent recovery step must be included and 

there is a risk that toxic solvents may be carried over into the final product [3, 5]. There 

are no such risks in melt electrospinning, and the entire process is therefore more 

environmentally sustainable [6]. However, due to the high viscosity and low electrical 

conductivity of the polymer melts, the resulting fibers have a slightly larger average 

diameter than those produced by solution electrospinning [3, 7]. 
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Industry currently favors solution electrospinning not only because it produces finer fibers 

but also because the method is more scalable than melt electrospinning, and fiber 

manufacturing processes are therefore more economical despite the need for solvent 

recovery [3, 6, 8, 9]. To address the limited scalability of melt electrospinning, recent 

innovations such as multiple-needle and needleless device configurations have 

demonstrated a roadmap to overcome low flow rates (typically in the µg/h range) and 

thus increase productivity [3, 10]. Prototypes with umbellate nozzles containing 60 

spinnerets can achieve maximum product deposition rates of ~36 g/h [11, 12]. A polymer 

melt differential electrospinning system with a linear slot spinneret achieved an output of 

75.6 g/h, which was improved further by increasing the slot width [8]. Until recently, the 

largest multi-needle configuration was a device with 64 nozzles [13, 14], but in our 

previous report we described a prototype with 600 nozzles that provides the basis for 

pilot-scale melt electrospinning [15].  

Although our prototype addresses the limited scalability of melt electrospinning, the 

resulting fibers are still coarser than those produced by solution electrospinning. Using 

a commercial spinning-grade polylactic acid (PLA) resin (Ingeo Biopolymer 6201D) 

supplemented with 6% (w/w) sodium stearate to increase electrical polymer conductivity, 

we were able to produce fibers ranging from 1.00 to 7.00 µm in diameter, which are the 

finest biobased fibers manufactured thus far using our pilot-scale melt-electrospinning 

device [15]. So far achieved fiber diameters in PLA solution electrospinning are in the 

range of 0.14 to 2.1 µm [16-20] and in melt electrospinning 0.2 to 50 µm [6, 12, 21-28]. 

In individual cases, fiber diameters in the sub-nanometer range have already been 

achieved using solution electrospinning [29]. However, it should be taken into account 

that mainly small-scale devices are used and especially in melt electrospinning but also 

in solution electrospinning additional device modifications such as an integrated airflow 

are used to achieve fine fiber diameters and a higher process productivity [22, 30].  

The fibers using our pilot-scale device were produced without a climate control system, 

although climate control is common for other device configurations [31-33]. Climate 

control prevents the rapid cooling of the fibers, so that diameters in the nanometer range 

can be achieved by drawing before the polymer solidifies. We therefore integrated a 

climate control system into our pilot-scale melt-electrospinning device by surrounding the 

spinneret with a glass chamber. We investigated the influence of climate control on the 

temperature distribution below the spinneret, the melt viscosity of three different PLA 

grades with increasing melt flow indices (MFIs), and ultimately on the diameter of the 

resulting fibers at different spin pump speeds. We were able to optimize our pilot-scale 

device in order to produce fibers with a diameter below 1 µm for the first time, thus 

offering an industrial solution for the preparation of melt-electrospun nanofibers.  
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Experimental 

Materials 

Melt electrospinning was carried out using three granular, thermoplastic PLA fiber-grade 

resins: Ingeo Biopolymer 6201D, 6260D and 6252D (NatureWorks LLC, Minnetonka, 

Minnesota, USA). The materials are characterized by different MFIs and crystalline melt 

temperatures. The standard fiber-spinning grade (Ingeo Biopolymer 6201D) has a MFI 

of 15–30 g/10 min at 210 °C and a crystalline melt temperature of 155–170 °C. The first 

melt-blown grade (Ingeo Biopolymer 6260D) has a MFI of 65 g/10 min at 210 °C and a 

crystalline melt temperature of 165–185 °C. The second melt-blown grade (Ingeo 

Biopolymer 6252D) has a MFI of 70–85 g/10 min at 210 °C and a crystalline melt 

temperature of 155–170 °C. All materials were vacuum dried at 60 °C for 12 h before 

processing.  

Melt-electrospinning equipment 

We used our prototype pilot-scale melt-electrospinning device including a spinneret with 

600 nozzles, each 0.3 mm in diameter and spaced at 8-mm intervals. We integrated a 

glass chamber around the spinneret to achieve climate control. A schematic 

illustration (a) and picture (b) of the device including the glass chamber is provided in 

Figure 5.1.  
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Fig. 5.1: Schematic illustration (a) and picture (b) of our pilot-scale melt-

electrospinning device including the glass chamber. 

A constant supply of polymer melt was ensured by a speed-adjustable single-screw 

extruder with three heating zones based on integrated heating elements and a speed-

controlled spinning pump. Spinning was carried out at an adjusted nozzle temperature 

of 230 °C without the glass chamber, and at 220 °C and 230 °C with the integrated glass 

chamber using spin pump speeds of 10, 5 and 2 rpm. Preliminary experiments have 

shown that at 220-230 °C a stable fiber formation is ensured over all 600 nozzles and no 

droplet formation occurs. The statistical relevance of the independent and in this study 

investigated factors spin pump speed and temperature on the fiber diameter was 

previously proven with a two-way analysis of variance [34]. An aluminum collector with 

an uneven surface was used instead of a conventional plate collector. The adjustable 

collector pins can be placed 8 mm apart, and we used a narrow and offset pin order with 

a diagonal distance of 2.6 cm. With the nozzle/collector pairing installed, nonwovens up 

to 340 mm in width could be produced on a continuous basis. The distance between the 
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collector and nozzle plate was maintained at 11 cm to allow comparison with our 

previous results. A positive voltage of 60 kV was applied to the collector with 

simultaneous grounding of the spinneret. 

Polymer characterization 

The rheological properties of the materials, focusing on the frequency-dependent 

complex viscosity ƞ*, were characterized using a Discovery HR1 hybrid rheometer (TA 

Instruments, New Castle, USA). We carried out two frequency sweeps, the first from 628 

to 10 rad/s and the second from 100 to 0.1 rad/s. For all experiments, we used a 25-mm 

plate-to-plate geometry. The gap distance was set to 1000 µm, and the strain amplitude 

was maintained at 1%. Measurements were taken at environmental temperatures of 200, 

230 and 250 °C. To improve the comparability of the results, the viscosity of the different 

PLA grades is presented at the same frequency of 10 rad/s. 

Gel permeation chromatography (GPC), using a 1260 Infinity GPC/SEC System (Aligent 

Technologies, Santa Clara, USA) with hexafluor-2-isopropanol containing 0.19% sodium 

trifluoroacetate as the mobile phase flowing at a rate of 0.33 ml/min, was carried out to 

determine the relative molecular weight (Mw) and number average molar mass (Mn). The 

polymer sample (5 mg) was dissolved in hexafluor-2-isopropanol for 2h before injection 

into a medium column with 7 µm particle size (Polymer Standards Service, Mainz, 

Germany). The experiment was calibrated against a standard polymethyl methacrylate 

polymer (1.0 × 105 g/mol). 

Fiber characterization  

Fiber diameters were measured using a DM4000M reflected light microscope (Leica 

Microsystems, Wetzlar, Germany) and by scanning electron microscopy (SEM) using a 

LEO 1450VP instrument (Carl Zeiss, Oberkochen, Germany). The samples were 

attached to a stub with double-sided carbon tape and sputtered with gold prior to SEM 

to produce a conductive surface. In each case, the fiber diameter was measured one 

hundred times at different sections in the nonwoven sample. 

Results and discussion 

Effects on viscosity 

The complex viscosity curves of Ingeo Biopolymer 6201D, 6260D and 6252D are 

compared in Figure 5.2, corresponding to a frequency of 10 rad/s and set temperatures 

of 200, 230 and 250 °C. There was little difference in viscosity between the two melt-

blow grades (Ingeo Biopolymer 6260D and 6252D) but the viscosity of the standard 

spinning-grade PLA (Ingeo Biopolymer 6201D) was approximately three-fold higher at 

all set temperatures. 
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Fig. 5.2: Complex viscosity of Ingeo Biopolymer 6201, 6260 and 6252 determined at a 

frequency of 10 rad/s at set temperatures of 200, 230 and 250 °C. 

Table 5.1 presents the relative molecular weight (Mw) and number average molar mass 

(Mn) of Ingeo Biopolymer 6201, 6260 and 6252. The decrease in molecular weight 

correlates with the increasing MFI values of the individual grades given by the polymer 

manufacturer. 

Tab. 5.1: Relative molecular weight (Mw) and number average molar mass (Mn) of Ingeo 

Biopolymer 6201, 6260 and 6252. 

Material  Mw 

(g/mol) 

Mn 

(g/mol) 

Ingeo Biopolymer 6201 147700 86170 

Ingeo Biopolymer 6260 117500 72540 

Ingeo Biopolymer 6252 103400 66730 

Temperature distribution 

At a set spinneret temperature of 230 °C, the average surface temperature of the 

spinneret was 112 °C after 2 hours of operation and 117 °C after 4 hours of operation 

without the glass chamber, as determined using an infrared thermometer. The polymer 

inlet was one-sided, so temperature differences of up to 30 °C were detected over the 
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spinneret surface [31]. Table 5.2 shows the temperature profiles at spinning 

temperatures of 220 and 230 °C using the glass chamber. 

The heat accumulation within the chamber caused the surface temperature of the 

spinneret to increase by 30 °C at a set temperature of 220 °C and by 40 °C at 230°C. As 

the distance to the spinneret increased, the temperature slowly declined until the 

temperature at the edge of the glass chamber reached 38 and 49 °C at set temperatures 

of 220 and 230 °C, respectively. This means that both temperature profiles fell below the 

glass transition temperature of the three PLA grades we used (55–60 °C), thus avoiding 

the sticking and deformation of the fibers during deposition on the conveyor belt. 

Furthermore, the temperature remained above the glass transition temperature up to a 

distance of 4 cm from the spinneret, which allows further stretching of the fibers. 

Tab. 5.2: Temperature profiles at spinning temperatures of 220 and 230 °C with the 

glass chamber installed. . 

Distance from spinneret 

(cm) 

Temperature below spinneret (°C) at set 

spinneret temperatures of: 

220 °C 230 °C 

0 144 158 

2 89 103 

3 74 88 

4 62 73 

5 55 62 

6 47 56 

Outer edge 38 49 

Fiber diameters 

Next we investigated the processability of the three PLA grades and the influence of the 

temperature profile induced by installing the glass chamber on the fiber diameter. 

Table 5.3 shows the average fiber diameters (± standard deviations) produced at a set 

spinneret temperature of 230 °C without the glass chamber, and at 220 and 230 °C with 

the glass chamber, at three different spin pump speeds.  
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Tab. 5.3: Average fiber diameters (±standard deviations) produced at 230 °C without 

the glass chamber (GC), and at 220 and 230 °C with the glass chamber 

installed, at spin pump speeds of 10, 5 and 2 rpm. 

Material Fiber diameter (µm) at spin pump speeds of: 

10 rpm 5 rpm 2 rpm 

Ingeo Biopolymer 6201  

(230 °C, without GC) 

15.12 ± 2.68 11.29 ± 1.15 8.29 ± 1.49 

Ingeo Biopolymer 6201  

(220°C, with GC) 

25.20 ± 5.92 5.66 ± 1.42 1.75 ± 0.54 

Ingeo Biopolymer 6201  

(230°C, with GC) 

24.31 ± 5.71 3.06 ± 1.15 1.04 ± 0.15 

Ingeo Biopolymer 6260  

(230°C, without GC) 

13.67 ± 3.16 11.03 ± 1.50 7.74 ± 1.26 

Ingeo Biopolymer 6260 

(220°C, with GC) 

22.88 ± 5.27 2.57 ± 0.86 1.78 ± 0.50 

Ingeo Biopolymer 6260 

(230°C, with GC) 

5.21 ± 1.23 1.60 ± 0.40 1.12 ± 0.43 

Ingeo Biopolymer 6252 

(230°C, without GC) 

13.99 ± 2.30 11.72 ± 1.12 7.25 ± 1.16 

Ingeo Biopolymer 6252 

(220°C, with GC) 

13.70 ± 4.52 2.10 ± 0.76 2.58 ± 0.94 

Ingeo Biopolymer 6252 

(230°C, with GC) 

5.14 ± 1.16 0.81 ± 0.24 1.13 ± 0.40 

Comparing the diameter of fibers produced from Ingeo Biopolymer 6201 (Figure 5.3), 

Ingeo Biopolymer 6260 (Figure 5.4), and Ingeo Biopolymer 6252 (Figure 5.5), revealed 

no significant difference between the PLA grades at a set spinneret temperature of 

230 °C without the glass chamber, but a 50% reduction as the pump speed was reduced 

from 10 rpm (~15 µm) to 2 rpm (~ 7 µm). 
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Fig. 5.3: Diameters of Ingeo Biopolymer 6201 fibers produced at 230 °C without the 

glass chamber (GC), and at 220 and 230 °C with the glass chamber 

installed, at spin pump speeds of 10, 5 and 2 rpm.  

 

Fig. 5.4: Diameters of Ingeo Biopolymer 6260 fibers produced at 230 °C without the 

glass chamber (GC), and at 220 and 230 °C with the glass chamber 

installed, at spin pump speeds of 10, 5 and 2 rpm. 
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Fig. 5.5: Diameters of Ingeo Biopolymer 6252 fibers produced at 230 °C without the 

glass chamber (GC), and at 220 and 230 °C with the glass chamber 

installed, at spin pump speeds of 10, 5 and 2 rpm. 

Figure 5.6 shows the microscope images of the melt-electrospun fibers at a set 

temperature of 230 °C without the glass chamber at a spin pump speed of 10 and 2 rpm; 

(a) Ingeo Biopolymer 6201 at 10 rpm, (b) at 2 rpm; (c) Ingeo Biopolymer 6260 at 10 rpm, 

(d) at 2 rpm; and (e) Ingeo Biopolymer 6252 at 10 rpm, (f) at 2 rpm. 
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Fig. 5.6: Microscope images of the melt-electrospun fibers at a set temperature of 

230 °C without the glass chamber at a spin pump speed of 10 and 2 rpm; 

(a) Ingeo Biopolymer 6201 at 10 rpm, (b) at 2 rpm; (c) Ingeo Biopolymer 

6260 at 10 rpm, (d) at 2 rpm; and (e) Ingeo Biopolymer 6252 at 10 rpm, 

(f) at 2 rpm. 

Finer fibers were anticipated at lower spin pump speeds and melt flow rates, as observed 

during previous studies [3, 32, 33]. Exemplary, Figure 5.7 shows the nonwoven of Ingeo 

Biopolymer 6260 melt-electrospun without the glass chamber at a set temperature of 

230 °C and a spin pump speed of (a) 10 rpm and (b) 2 rpm. A droplet formation could 

not be observed with or without the glass chamber. 
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Fig. 5.7: Nonwoven of Ingeo Biopolymer 6260 melt-electrospun without the glass 

chamber at a set temperature of 230 °C and a spin pump speed of 

(a) 10 rpm and (b) 2 rpm. 

The nonwovens were deposited on a blue cellulose substrate. At lower spin pump 

speeds, the PLA fibers are attracted more strongly by the collector pins at which the 

electric field lines emerge, resulting in slight accumulations that leave a visible structure 

in the PLA nonwoven. To overcome this phenomenon and improve the overlap, the 

distance between the pins can be reduced in future studies. 

The differing viscosities of the three materials appeared to have no effect. Contrary to 

expectations, the diameter of Ingeo Biopolymer 6201 fibers increased significantly at a 

pump speed of 10 rpm and at set temperatures of 220 and 230 °C following the 

integration of the glass chamber, possibly because the higher melt flow rate resulting 

from the lower viscosity does not give sufficient time for drawing. The same phenomenon 

was observed for Ingeo Biopolymer 6260 at a set temperature of 220 °C. However, the 

diameter of Ingeo Biopolymer 6252 fibers at 220 °C remained almost the same with or 

without the glass chamber. Nevertheless, the diameter of Ingeo Biopolymer 6260 and 

6252 fibers could be reduced by more than 50% at a spinning temperature of 230 °C and 

a spin pump speed of 10 rpm by installing the glass chamber. Otherwise, the fiber 

diameter declined with slower spin pump speeds and the lowest average fiber diameter 

of 1.04 µm was achieved for Ingeo Biopolymer 6201 at a spinning temperature of 230 °C 

with the glass chamber installed and a spin pump speed of 2 rpm. For the first time, 

individual fibers with diameters of less than 1 µm were observed, improving on our 

previous results for PLA supplemented with 6% (w/w) sodium stearate, which generated 

individual fibers with a minimum diameter of 1.23 µm [15]. 

For all three PLA grades, we achieved the lowest fiber diameters at a spinning 

temperature of 230 °C with the glass chamber installed. The diameter of Ingeo 

Biopolymer 6260 fibers could be reduced by 86% at a spin pump speed of 2 rpm 

compared to spinning in the absence of the glass chamber. In this case, we also 

observed individual sub-micrometer fibers. The minimum average fiber diameter was 

0.81 µm, which was achieved using Ingeo Biopolymer 6252, a spinneret temperature of 

230 °C, a spin pump speed of 5 rpm, and the glass chamber installed (Figure 5.8).  

a b
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Fig. 5.8: SEM image of (a) Ingeo Biopolymer 6201, (b) Ingeo Biopolymer 6260 and (c) 

Ingeo Biopolymer 6252 fibers at a set temperature of 230 °C and a spin 

pump speed of 5 rpm using the glass chamber. 

The finest individual fiber was 0.42 µm in diameter. We were therefore able to achieve 

the production of nanofibers as fine as any previously achieved by solution or melt 

electrospinning on a device which comes closer to industrial-scale melt electrospinning 

than any described in the literature before. The scalability of our process therefore brings 

industrial melt electrospinning one step closer. The installment of the glass chamber did 

not appear to affect the electric field during spinning, although this should be examined 

more closely in future experiments. 

Conclusion 

We have previously reported the use of our prototype melt-electrospinning device for the 

production of biobased thermoplastic sub-microfibers and nanofibers. The finest PLA 

fibers we were able to produce were ~1 µm in diameter, but this was achieved without 

comprehensive optimization of the apparatus, the process parameters, or the polymer 

substrate. Now we have integrated a climate control system realized as a glass chamber, 

which generated a temperature gradient to ensure efficient heating and therefore 

prolonged the drawing of the fibers. We tested three different PLA grades and produced 

individual fibers with diameters in the nanometer range when the glass chamber was 

integrated, although the average fiber diameters remained predominantly above the 

threshold of 1 µm. Nevertheless, an average fiber diameter of 0.81 µm was achieved 

with polylactic acid Ingeo Biopolymer 6252, and the finest individual fiber (0.42 µm in 

diameter) was produced from this polymer at a spin pump speed of 5 rpm and a spinneret 

set temperature of 230 °C. In contrast to other systems, our device does not require (hot) 

compressed air or additional heating of the glass chamber. Furthermore, no additives, 

as usual in melt electrospinning, were used, which enables easier approval for 

pharmaceutical and biomedical products. We have therefore demonstrated the 

innovative performance of our pilot-scale melt-electrospinning device, which bridges the 

gap between laboratory-scale and pilot-scale manufacturing and achieves fiber 

diameters comparable to those produced by conventional solution electrospinning. 
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Valorization 

The unique properties of nanofibers, such as high flexibility and an enormous specific 

surface area, making them suitable for applications in various fields such as medicine, 

energy and electronics, filtration and separation, and the manufacture of textiles, have 

significantly increased research interest in efficient nanofiber manufacturing processes 

[1]. Nevertheless, a key challenge for industry is the ability to upscale nanofiber 

production. Several methods, as described in Chapter 1, can be used to produce 

nanofibers and sub-microfibers, but melt electrospinning is among the most promising 

technologies in terms of fiber structure and the breadth of downstream applications due 

to the absence of solvents in the manufacturing process [2]. The major drawback of melt 

electrospinning is its low throughput, resulting in the adoption of solution electrospinning 

as the prevailing industrial process technology. Recent device developments such as 

multiple needle and needleless configurations have demonstrated a roadmap to 

overcome the low throughput in melt electrospinning, although an industrial process has 

yet to be established [3]. In this thesis, a new developed scaled-up melt-electrospinning 

prototype featuring 600 nozzles, bridging the gap between laboratory-scale and 

industrial-scale nanofiber manufacturing, has been presented. The prototype device 

vastly exceeds the capabilities of any state-of-the-art technology and has been 

successfully used to produce nanofibers with the same quality and properties compared 

to nanofibers produced with the more conventional solution electrospinning process. 

In addition, we were able to make a decisive contribution to the still necessary material 

development for melt-electrospinable polymers [3, 4] based on polypropylene 

(Chapter 3) and the biobased polymer polylactic acid (Chapter 4). With the approach of 

adding additives such as salts like sodium stearate, oleate and chloride as well as the 

biobased dyed alizarin, hematoxylin and quercetin in combination with plasticizers [5], 

we were able to overcome the obstacles of poor polymer conductivity and insufficient 

viscosity of the initial polymers, thus successfully approaching fiber production in the 

sub-micro range [2]. For the first time, the correlation between spin pump speed, 

temperature/viscosity and additive concentration/conductivity on the reduction of the 

fiber diameter could be statistically validated for a pilot-scale melt-electrospinning device 

using SPSS two-way analysis of variance [2]. This validation will facilitate further material 

development, as basic principles such as a decrease in fiber diameter with decreasing 

viscosity and decreasing spin pump speed, can be assumed to be known. Thus, it is 

possible to focus on the investigation of the polymer melt conductivity in order to achieve 

a classification of melt-electrospinable polymers. By introducing the climate control 

system in the form of a glass chamber (Chapter 5), fiber diameters, which are 

comparable to those produced by conventional solution electrospinning, could be 

achieved, thereby emphasizing the innovative performance of the prototype. 

For a better comprehension of the fiber diameter dimensions achieved in this thesis, the 

fiber diameters produced with the pilot-scale melt-electrospinning device have been 
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related to the fiber diameters depending on the nanofiber production methods described 

in Chapter 1 (Figure 6.1). 

 

Fig. 6.1: Fiber diameters obtained from pilot-scale melt electrospinning compared to 

other production methods. 

It has to be taken into account that most melt-electrospun sub-microfibres are produced 

using small devices that are not suitable for sustainable, industrial production [3, 6, 7]. 

For a multi-nozzle melt-electrospinning device with 600 nozzles, as presented in this 

thesis, the average fiber diameter of 810 nm and single fiber diameter of 420 nm is the 

smallest fiber diameter achieved so far. 

In the following, the utilization of the novel prototype melt-electrospinning device will be 

evaluated based on two product examples with industrial relevance, which are currently 

manufactured using the solvent electrospinning process. The aim is to show that the 

current production process can be advantageously replaced by melt electrospinning. The 

two examples considered here are nanofibers for air filtration, as well as nanofiber 

scaffolds as medical product. 

Hardly any other topic has gained so much attention in Central Europe in the recent past 

as environmentally friendly road transport due to the high level of air pollution especially 

inside big cities. The biggest public debate was triggered by the "diesel scandal". 

Increased car exhaust emission levels have been observed in various diesel models. 

Highly efficient surface filters could be a key technology for solving this problem. An 

important feature of filter materials is their specific surface. Figure 6.2 shows the 

relationship between the specific surface area and the diameter of the fibers. As the fiber 

diameter increases, the specific surface area decreases. Conversely, the smaller the 

fiber, the larger the specific surface area.  
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Fig. 6.2: Relationship between the specific surface area and the diameter of fibers. 

Nanofibers with their large surface area per fiber mass and simultaneously high porosity 

improve filter performance and naturally occurring nanoparticles such as viruses and 

microscopic particles such as bacteria and fine dust can be filtered [8]. Already in 1965, 

Paul Dutch investigated the influence of fiber diameter on the ability to separate particles 

of different sizes in an air stream. It could be shown that the binding forces between fiber 

and dirt particles are always maximal when the diameters of fiber and particles are about 

the same size [9]. In addition to the separation efficiency, a filter medium is also 

characterized by its pressure drop. In the world of nanofibers and nanoparticles, physical 

effects occur which positively influence the flow resistance of these filter media. 

Considering the behaviour of air that can be observed while flowing around a microfiber, 

the flow velocity directly at the surface of the fiber is zero, which results in a 

correspondingly high flow resistance. For fibers with diameters smaller than 500 nm, the 

so-called slip-flow effect occurs, which ensures that the flow velocity does not drop to 

zero at the surface for such small fibers, resulting in a comparatively low flow resistance 

[10]. This is of crucial importance for the filter industry, since instead of increasing flow 

resistance by increasing the surface area, flow resistance is reduced by increasing the 

surface area by using nanofibres. 

MANN+HUMMEL (Ludwigsburg, Germany) developed nanofiber coated filter media for 

highly efficient particle separation, even of fine particles below one micrometer. These 

filter media are characterized by demonstrably higher separation efficiency with a high 
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dust holding capacity. With diameters below one micrometer, these filter-coating fibers, 

produced using the solvent electrospinning process, are much smaller than the 10-30 µm 

thick carrier fibers (Figure 6.3) [11]. 

 

Fig. 6.3: MANN+Hummel filter-coating fibers on carrier material. 

The comparison of the nanofiber filter medium with the pure carrier material shows the 

efficiency of nanofiber technology in filtering. In tests of filter elements according to 

standard ISO 5011, the nanofiber filter medium achieves up to 10 times less dust 

passage compared to the pure carrier material. Standard cellulose media enable the 

separation of 99.9% of the total mass of dust particles from the air. The close-meshed 

nanofiber layers increase the so-called separation efficiency to up to 99.99% [11]. 

Furthermore, the service life of such filter elements with their fabric-like nanofiber 

technology is two times longer than that of conventional filter media, which offers a 

considerable high potential for cost savings [8].  

With our lowest average fiber diameter of 810 nm achieved using the 600-nozzle melt-

electrospinning device (Chapter 5), we meet the requirements for the fiber diameters of 

less than 1 µm needed for the filter coating and can directly substitute the previously 

used manufacturing process. This is desirable from an economic and environmental 

point of view because only 2–10% of the liquid processed during solution electrospinning 

is the polymer (the rest is solvent that evaporates) whereas 100% of the processed liquid 

solidifies into fibers during melt electrospinning [1]. In Chapter 4 we were able to show 

that a process change from solution to melt electrospinning leads to a cost reduction of 

99.7% in the first production cycle if only material costs are considered and no solvent 

recovery step is taken into account. The cost reduction results primarily from the absence 

of expensive solvents such as chloroform with a price of 1000 euro/kg. For the production 

of 1 kg of PLA fibers, 97% of the material costs can be saved from the second production 

cycle onwards compared to solution electrospinning with an estimated solution recovery 

of 90% [5]. 

Not only the filtration industry benefits from the use of nanofibers. Nanofibers from 

polylactic acid, an environmentally friendly and biodegradable polymer, are usually 

prepared by solvent electrospinning using dichloromethane, chloroform or N,N-

dimethylformamide [2]. Besides the high cost for the solvents and the elaborate solvent 
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recovery process, as described above, the potential carryover of toxic solvents into the 

final product raises an additional risk for biomedical applications (Chapter 4) [4]. 

DiPole Materials (Baltimore, United States) produces solution-electrospun BioPapers. 

BioPapers are nanofiber cell scaffolds composed of biologically-derived materials that 

create a cell microenvironment for drug screening, 3D bioprinting or tissue engineering 

[12]. Electrospun nanofiber nonwovens are structurally similar to the human extracellular 

matrix and thus promote successful cell growth [12]. Available are PLA scaffolds as 

6 mm discs with a fiber diameter of approx. 650 nm, randomly aligned with a pore size 

between 1-15 µm. When changing for the melt-electrospinning process, a toxicity of the 

materials caused by solvent residues can be excluded [2]. The product required fiber 

diameters are a little smaller than the previously achieved smallest average fiber 

diameter of 810 nm. Nevertheless, single fiber diameters of 420 nm have already been 

produced with the prototype melt-electrospinning device. Further increasing the 

temperature slightly and therewith reducing the material viscosity or reducing the spin 

pump speed can further reduce the average fiber diameter. 

The increasing environmental awareness of the population and the resulting political 

goals are obliging the industry more and more to deal with the production of sustainable 

products. If existing product materials can be replaced by biobased polymers such as 

PLA, the production methods have also to be adapted sustainably. The presented 

upscaled melt-electrospinning process for the manufacture of microscale and nanoscale 

fibers prevents the use and disposal of toxic solvents, as well as a possible carry-over of 

the solvent into the final product, making a decisive contribution to a truly sustainable 

process chain. It could thus be shown that the device technology developed can be used 

advantageously compared to previous processes for the manufacture of actual 

industrially relevant product examples. Furthermore, the prototype melt-electrospinning 

device can serve as a model for a further scaling up in order to produce large-scale 

nonwovens with a width of more than actual 34 cm. 
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Summary  

In this thesis, a new developed scaled-up melt-electrospinning prototype featuring 600 

nozzles, bridging the gap between laboratory-scale and industrial-scale nanofiber 

manufacturing, is presented (Chapter 1). Herewith tackling the industry-relevant key 

challenge of increasing the production of nanofibers for various applications such as 

filtration and medicine in a sustainable and efficient way. The prototype device vastly 

exceeds the capabilities of any state-of-the-art technology and is successfully used to 

produce nanofibers with comparable quality and properties to nanofibers produced with 

the more conventional solution electrospinning process. 

Chapter 2 focuses on the forces acting on the polymer melt, process parameters and 

electrospinning setups influencing the fiber formation. Based on the technical principles, 

the following assumptions are made for this work: The collector of the pilot-scale melt-

electrospinning device is positively charged and the spinneret is grounded, the distance 

between the collector and the spinneret (11 cm), as well as the applied voltage (60 kV) 

are kept constant for all trials. Hence, the influence of the parameters polymer flow rate 

and temperature on the fiber diameter as well as material modifications resulting in an 

increased electrical polymer conductivity and/or decreased polymer viscosity can be 

investigated and validated uninfluenced by these parameters. 

In Chapter 3, the feasibility of fabricating polypropylene nanofibers is investigated using 

the conductive additives sodium stearate, sodium oleate and Irgastat during melt 

electrospinning with a single-nozzle lab-scale and the 600-nozzle pilot-scale device. A 

comparison is made between the two devices with regard to the effects on the fiber 

diameter and the material behavior. The experiments have shown that a transfer of the 

results from the laboratory- to the pilot-scale melt-electrospinning device is not possible 

without further ado. The major issues are the dwell time in the spinneret compared to the 

syringe and the different shear rates. The high melt flow PP HL712FB cannot be 

processed with the pilot-scale device due to its low viscosity, resulting in an insufficient 

pressure built up within the spinneret, which leads to droplet formation instead of a 

continuous fiber formation. The additives – in particular sodium oleate – lead to a strong 

degradation of the polymer, which requires extensive cleaning of the devices from 

degradation products and impairs the formation of fibers. The integration of a climate 

chamber leads to the finest fibers on a laboratory-scale with a fiber diameter of less than 

500 nm using the material combination PP HL712FB + 4% (w/w) NaSt and 2% (w/w) 

Irgastat. At the pilot scale, the smallest fiber diameter of 6.64 µm is achieved with 

PP HL508FB + 2% (w/w) NaSt, which yields a fiber diameter of 2.07 µm on a laboratory 

scale. 

In Chapter 4, the manufacturing of biobased polylactic acid sub-microfibers by melt 

electrospinning using a single-nozzle laboratory-scale and the novel 600-nozzle pilot-

scale device combined with the conductive and viscosity-reducing additives: sodium 

stearate, sodium chloride and a polyester-based plasticizer is investigated. Additionally, 
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a two-way variance analysis (ANOVA) is performed to determine the influence of the 

independent parameters spin pump speed, temperature and additive concentration on 

the fiber diameter. The first PLA-based fibers in the low micrometer range are sucessfully 

produced. The addition of 6% (w/w) NaSt is required to produce the smallest average 

fiber diameter (3.77 µm) using a spinneret temperature of 195 °C and a spin pump speed 

of 0.5 rpm (0.16 cm3). The smallest single fiber diameter (1.23 µm) is achieved at the 

same conditions but using a spin pump speed of 2 rpm (0.64 cm3). A higher quantity of 

additive promotes material degradation due to the processing and dwell time, which 

inhibited fiber formation. Fibers with diameters in the low micrometer range are achieved, 

comparable with previous reports, without the integration of a heated spinning chamber 

or additional air flow, which are already widely used at the laboratory scale to achieve 

further stretching of the fibers. The carried out ANOVA reveals statistical significance for 

all examined, independent factors (spin pump speed, additive concentration and 

temperature). Evaluated by the effect strength ƞ, the additive concentration has the 

greatest influence on the fiber diameter. At the laboratory scale, the effect of viscosity-

reducing additives (NaSt and plasticizer) as well as NaCl, which increases the 

conductivity of the polymer melt, are determined. The smallest average fiber diameter 

(16.44 µm) is achieved by adding 2% (w/w) NaCl but the spinning process cannot be 

stabilized. The formation of a Taylor cone followed by fiber deposition is achieved with 

compounds containing NaSt or plasticizer, but the latter does not reduce the viscosity of 

the melt at the concentrations tested and its influence on fiber diameter therefore cannot 

be determined. Concluded is that the additive NaSt has the greatest potential to optimize 

the material properties of PLA for melt electrospinning. 

Since the added salts can potentially increase the hydrolysis and degradation of the 

moisture-sensitive PLA, the use of the biobased dyes alizarin, hematoxylin and quercetin 

as conductivity-enhancing additives and a biobased plasticizer in laboratory-scale melt 

electrospinning is also investigated in Chapter 4. All dyes and dye/plasticizer 

combinations contribute to the desirable reduction of fiber diameter compared to pure 

melt-electrospun PLA fibers, which facilitates the development of an economical and 

environmentally friendly process for the production of microfibers and nanofibers that 

could ultimately replace solution electrospinning. The formation of a Taylor cone followed 

by continuous fiber deposition is observed for all dyes and dye/plasticizer combinations. 

The finest fibers (16.04 µm in diameter) are produced by adding 2% (w/w) hematoxylin, 

reducing the average fiber diameter by 77% compared to pure PLA. However, 

hematoxylin induces polymer degradation at a spinning temperature of 275 °C, which 

reduces the Mw and, therefore, favors the production of finer fibers. The addition of 

alizarin produces finer fibers than pure PLA despite the increase in melt viscosity, 

indicating that alizarin has a profound effect on the electrical conductivity of the melt. A 

combination of alizarin (to increase conductivity) and a plasticizer (to reduce viscosity) 

reduced the fiber diameter to 23.80 µm, which is 63% narrower than the pure PLA fibers. 

The addition of quercetin reduced the melt viscosity but had a limited effect on electrical 

conductivity compared to alizarin, and the finest fibers containing this additive (achieved 
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by adding 2% (w/w) liquid quercetin) were 36.72 µm in diameter. The comparison of 

fibers produced by melt spinning, melt spinning with post-drawing, and melt 

electrospinning reveals that the melt-electrospun fibers had a similar degree of 

crystallinity to partially-oriented filaments and are not comparable to drawn filaments. 

In previous experiments, using the pilot-scale melt-electrospinning device without 

appropriate climate control, fibers exceeding 1 µm in diameter are produced, because 

the drawing of fibers is inhibited by the rapid cooling of the polymer melt. In Chapter 5 

the effects resulting of an integration of a climate control system in form of a glass 

chamber are investigated. The glass chamber creates a temperature gradient exceeding 

the glass transition temperature of the polymer, allowing the further drawing of fibers 

below the spinneret. An average fiber diameter of 810 nm is achieved using PLA Ingeo 

Biopolymer 6252 (Figure 7.1), and the finest individual fiber (420 nm in diameter) was 

produced at a spin pump speed of 5 rpm and a spinneret set temperature of 230 °C. The 

fiber diameters achieved are the smallest fiber diameters yet achieved with an upscaled 

multi-nozzle melt-electrospinning device of this size. 

 

Fig. 7.1: PLA Ingeo Biopolymer 6252 fibers with an average fiber diameter of 810 nm. 

The presented upscaled melt-electrospinning process for the manufacture of microscale 

and nanoscale fibers prevents the use and disposal of toxic solvents, as well as a 

possible carry-over of the solvent into the final product, making a decisive contribution to 

a truly sustainable process chain. With the valorization (Chapter 6) it is shown that the 

device technology developed can be used advantageously compared to previous 

processes for the manufacturing of actual industrially relevant product examples such as 

filtration nonwovens and medical tissues. 

Outlook 

There are still opportunities for further improvement of the performance of the device and 

material. In future attempts a combination of the two salts, NaCl and NaSt, might also be 

tested in order to combine the respective positive effects of increasing conductivity and 

lowering viscosity. Thus, lowering the fiber diameter even further. The experiments with 

PLA and alizarin should be transferred to pilot scale, as they have shown promising 

2 µm 
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results on laboratory scale. Other polymers such as the biobased, biodegradable 

polybutylene succinate seem promising to be tested in the melt-electrospinning process. 

Preliminary tests have shown that the fiber diameter can be halved compared to pure 

PLA using the same process conditions in laboratory scale. Regarding the thermal 

degradation problem, the spinneret has to be optimized to reduce dwell times. 

Furthermore, individually controlled collector tips in a multi-nozzle structure with the 

writing ability of melt electrospinning could lead to the development of truly innovative 

microfiber and nanofiber products.
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Additional figures 

Chapter 4 

 

Fig. A1: Time until the point of complex viscosity is captured for a frequency of 

10 rad/s. 

 

Fig. A2: GPC curves of virgin PLA and PLA containing 2–8% (w/w) NaCl after 

compounding and after the time influence of the rheometer test (a.R.). 
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Fig. A3: GPC curves of virgin PLA and PLA containing 2–6% (w/w) PES after 

compounding and after the time influence of the rheometer test (a.R.). 

 

 

 

Fig. A4: GPC curves of PLA with 6% (w/w) NaSt after compounding and after melt 

electrospinning with spin pump speeds from 10-0.5 rpm at a temperature of 

205 °C (normalized to 1). 
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Fig. A5: Molecular weight of PLA, PLA/dye compounds and the melt-electrospun 

fibers (F).  
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It took engineering genius and hard work. 

It took teamwork and individual skill. 

It took courage and sacrifice. 

 

Not everyone can explore space. But we all have our own moons to reach for. 

If you set your sights high, you may accomplish more than you ever 

dreamed was possible. 

 

- Buzz Aldrin - 

Reaching For The Moon, 2005 
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