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ABSTRACT 

Electrospun Nanofibrous Mats Obtained from Green Resources 

Diana Gulyas Oldal 

 

The fabrication of electrospun nanofibers has sparked great interest in both 

academia and industry owing to their unique properties, such as a high surface area to 

volume ratio, porosity, interconnected porous structure, or controllable fiber morphology. 

They are highly desired in numerous application areas such as filtration, biotechnology, 

and energy storage. Cellulose acetate is an ester of cellulose, one of the most abundant 

natural polymers, that is biodegradable, non-toxic, and has good stability. Electrospinning 

of cellulose acetate has received significant interest in a broad spectrum of applications, 

including membranes and air filters, drug-delivery systems, scaffolds for tissue 

engineering, sensors, and batteries. The electrospinning of cellulose acetate predominantly 

suffers from the use of toxic and hazardous solvents, which makes the final products less 

suitable for application in biosystems. In this work, the sustainable electrospinning of 

cellulose acetate has been shown using renewable-based green solvents, dimethyl 

carbonate, and cyclopentanone. A binary system consisting of these solvents has been 

applied. The addition of green salts and biosurfactants substantially improved the 

spinnability of the cellulose-based solutions. Altering the composition of the solvents 

allowed tuning of the fiber texture from highly porous to smooth fiber morphology. The 

thermal analysis revealed that the polymer’s thermal behavior had not been influenced by 

the salt in nanofibers. Incorporating additives into the polymer matrix resulted in enhanced 

mechanical properties of nanofibers. Uniform cellulose acetate-based porous nanofibers 
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from green solvents and additives could be successfully fabricated, which has not been 

reported yet. Based on the reported advantageous properties of electrospun CA nanofibers, 

it may serve as a possible green and biodegradable porous support layer in thin-film 

composite membranes replacing the conventional fossil-derived polymeric membrane 

supports. 
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Chapter 1: Introduction 

Nanotechnology is an emerging field, and it has been extensively studied over the 

past few decades. The term nanotechnology refers to the field of science and engineering 

dedicated to the design, production, characterization, and application of materials, 

structures, devices, and systems occurring on the nanometer scale. Materials that are 

reduced to the nanoscale can exhibit different and unusual functionalities than what they 

show on a macroscale, such as the transition from inert materials to catalysts, solids turning 

into liquids, or insulators becoming conductors. Furthermore, nanomaterials show a large 

specific surface area, which makes them an attractive research area in numerous 

applications such as separation processes, environmental remediation, catalysis, energy 

storage and harvesting, and biomedical or food safety field, to name a few [1]. Nanofibers 

are nanomaterials with fiber shape and diameters in the nanometer range. They represent 

the forefront of nanotechnology owing to their unique properties, such as a very large 

surface area to volume ratio, low density, high porosity, controllable fiber morphology, 

and pore size and shape [2]. Nanofibers can be fabricated through various techniques such 

as thermal-induced phase separation [3,4], drawing [5,6], template synthesis [7], self-

assembly [8], or electrospinning [2,9]. Nevertheless, electrospinning is the most commonly 

used method because of its simplicity and versatility, straightforward setup, mild operating 

conditions, low cost, large-scale production possibility, and controllable fiber composition, 

diameter, and orientation for addressing the targeted application [10]. 

The need for green nanomaterials is increasing with the fast development of 

nanotechnology [11]. The beneficial properties of nanomaterials applied in environmental 

remediation, biomedical, and food safety area, as well as with efficient energy conversion 
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and storage, are highly desired. These advantages may appear in numerous improved 

technologies that are essential in the 21st century. However, the benefits associated with 

these nanomaterials might impose some environmental, safety, and economic drawbacks. 

The ultimate fate of nanomaterials ending up in the environment is still not well–known 

[12], therefore, there is a great call for the development of green and inherently safe 

nanomaterials.  

Electrospinning is recognized as an efficient technique to produce nanofibers. 

Nevertheless, most applied setups for solution electrospinning rely on solution processing 

from hazardous and toxic solvents or additives. Due to the intensification of environmental 

regulations over recent years, the demand to scale up and produce nanofibers in an 

environmentally friendly way through the harmless process has increased tremendously. 

One of the possible approaches is seeking and replacing the conventional solvents with 

green ones that possess minimal hazards [13]. The solvent selection guides offer a thorough 

analysis of recommended solvents and their potential impact [14]. Moreover, the GHS 

hazard pictograms can also serve as a great solvent selection guide.  

The optimization of electrospinning parameters discussed in detail in Section 2.3 is 

of crucial importance in developing uniform nanofibers. In some cases, the introduction of 

additives, such as salts, is required for improving the solutions’ spinnability. The fine-

tuning of the salt content in fibers can control fiber diameter and morphology [15]. Green 

and safe electrospinning is one of the essential directions to achieve sustainable practice in 

the fabrication of nanofibers in line with green chemistry and engineering principles. The 

main aim of green electrospinning is to replace toxic and harmful substances with benign 

ones. This approach includes switching from petroleum-based polymers to naturally 
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occurring and degradable molecules and applying suitable green solvents. For example, 

cyclodextrin-based membranes were fabricated through electrospinning to remove 

industrial pollutants from water [16]. The cyclodextrin molecules were dissolved in water 

and cross-linked with a green graphitic acid linker preventing the membrane’s dissolution 

during its application. All of the used materials involved an entirely safe and clean nature, 

which is the desired goal in electrospinning. 

1.1. Objectives 

The electrospinning of fossil-based polymers, such as polyacrylonitrile, is well-

reported in the literature. In order to mitigate the nondegradable plastic waste generation 

and accumulation, a shift from petroleum-based polymers to biopolymers is desired. 

Moreover, during electrospinning, numerous organic solvents are used, which are 

predominantly toxic and harmful. The electrospun fibers solidify on the collector by the 

evaporation of solvent from the fiber jet. The amount of toxic solvent vapors in the 

environment may cause severe health and safety issues in large-scale production. In 

addition, solvent residues can remain in the produced fibers, requiring post-modification 

for their application in biologically active systems. So, the application of green solvents in 

the electrospinning of nanofibers is a promising approach to alleviate the risks associated 

with non-benign solvents. 
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The goal of my work was to develop inherently green electrospun nanofibers. This 

work is focused on the following objectives: 

 Choosing a suitable biopolymer or naturally occurring molecule that can 

be electrospun. The material should be readily available, cheap, and 

possess biodegradable properties. 

 Screening of the possible green solvents that can be used in electrospinning. 

The scientific community continuously seeks novel green solvents 

applicable for electrospinning, but it is difficult to find green solvents that 

meet the criteria for electrospinning. Therefore, my aim is to screen the 

green solvents that can be used for solution electrospinning. 

 Optimization of the electrospinning system to result in uniform and bead-

free fibers. 

o Studying the effect of solvent composition on the obtained fiber 

morphology. 

o Introduction of green additives, such as green salts or 

biosurfactants, for improving the solution spinnability. 

o Investigation whether biosurfactants can enhance the solution 

spinnability. 

o Analysis of the influence of salt and biosurfactant addition on the 

fiber morphology. 

 Studying the physical properties of resulting nanofibers. 

 Proving the biodegradable nature of produced fibers. 
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Chapter 2: Literature Review 

2.1. Brief History of Electrospinning  

Electrospinning is a versatile technique for the fabrication of nanofibers. It is 

closely related, i.e., a particular type of more established electrostatic spraying referring to 

the use of electrostatic forces to control the formation of droplets [17]. However, during 

electrospinning, a small droplet is created under a specific concentration and conductivity 

that leads to the stretching of a droplet in the electrostatic field, and then it deforms into a 

jet that can undergo any number of instabilities, eventually landing on the collector.  

Electrospraying dates back to 1745, when Bose first successfully prepared a highly 

dispersed aerosol by applying a high voltage on the fluid surface [18]. In 1882, Rayleigh 

described the critical conditions for the formation of jets, i.e., that a jet in an electrostatic 

field can only be formed if the electrostatic repulsions on the surface of the solution 

overcome the surface tension [19]. The term electrospinning first appeared in 1902 in the 

patent of J. F. Cooley [20], where he described the process of dispersing liquids using 

electrostatic force. In 1934, Formhals contributed to the development of the field of 

electrospinning through his patents presenting those devices capable of fabricating 

nanometer-scale polymer fibers using high voltage [21]. Followingly, in the ‘60s, Taylor 

has described the mathematical model of electrospinning, i.e., that the electrostatically 

charged liquid droplet picks up a peculiar cone shape, named after its discoverer, Taylor 

cone [22,23]. In 1995, Reneker proved that numerous organic polymers could be 

electrospun into nanofibers [24], which led to the high popularity of electrospinning. Since 

then, the number of research concerning electrospinning has been increasing exponentially 

year after year, as illustrated in Figure 2.1. 
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Figure 2.1 Number of publications with the keyword “electrospinning” from 1995 to 2022 in Scopus 

Database. 

2.2. Fundamental Aspects of Electrospinning 

Electrospinning is a versatile and straightforward process to fabricate nanofibers. 

Electrospun nanofibers possess a high surface area to volume ratio, large specific surface 

area, high porosity, interconnected pore structure, and flexibility. Numerous material types, 

such as polymers, ceramics, or metals, have been successfully made into electrospun 

nanofibers. Furthermore, a variety of structures can be obtained using the electrospinning 

technique, including single-strand nanofibers [25], yarns [26], membranes [27], or even 3D 

nanofiber scaffolds [28,29]. In addition, the alignment of fabricated nanofibers can be 

controlled and tuned to obtain the desired alignment by applying the suitable collector for 

deposition resulting in randomly oriented fibers (e.g., with a flat-plate collector) or orderly 

aligned fibers (e.g., with a rotating drum collector). Last but not least, nanofibers can be 

produced on a large scale using electrospinning, reaching 450 g h-1 in some cases [30], 

making them suitable for production on a commercial scale. 
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Electrospinning is driven by an electrohydrodynamic process in which a liquid 

droplet is electrically charged to generate a jet that afterward undergoes stretching and 

elongation in order to produce fibers. The basic electrospinning setup consists of the 

following major components: a high-voltage power supply, syringe pump, spinneret 

(usually needle), and a conductive collector. It is a mild process that can be carried out on 

atmospheric pressure and ambient temperature. However, melt electrospinning requires the 

transformation of the polymer into a melted form, which implies the need for the input of 

heat energy. Moreover, during the solution process, the electrical current ranges from a few 

hundred nanoamperes to microamperes [31], making electrospinning a minimally energy-

intensive technique. Figure 2.2 illustrates the process of generation of electrospun 

nanofibers by applying a high voltage to the polymeric solution. Electrospinning involves 

pumping the polymer solution or melt (using the syringe pump) through a spinneret to form 

a pendant droplet that is the result of surface tension. From a practical point of view, 

solution electrospinning is much more widespread than melt electrospinning, so the 

principle of electrospinning will be discussed through the former method. The electrostatic 

field is formed using high voltage (5–40 kV), where the positive electrode is the spinneret, 

and the negative one is the grounded collector. Upon the formation of the pendant droplet, 

it enters the electrostatic field, where the droplet becomes electrified. The positive and 

negative charges will separate in the liquid jet due to the electric potential difference 

between the spinneret and the collector. The charges of the same sign as the spinneret’s 

polarity will move toward the droplet's surface, resulting in the generation of excess 

charges. In the presence of continuously increasing voltage, more charges will accumulate, 

leading to an increasing density of surface charges located on the droplet. Even though the 
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surface tension prefers the spherical shape of the droplet to minimize its surface free 

energy, the electrostatic repulsion among the charges of the same sign deforms the 

spherical droplet into a cone shape named Taylor cone. The Taylor cone (Figure 2.2) 

possesses a higher surface area than the spherical-shaped droplet, which eventually leads 

to the attenuation of repulsion forces [32]. The fiber jet is discharged from the Taylor cone, 

and it is first extended along a straight line that is followed by the thinning of the jet with 

the presence of bending instabilities. Simultaneously, the fiber jet solidifies on the collector 

with the evaporation of the solvent. 

 

Figure 2.2 The basic setup for electrospinning consists of the feed polymer solution, high voltage power 

supply, and grounded collector. The formation of the Taylor cone at the spinneret is illustrated as a result of the same 

sign charge repulsions. 

2.3. Parameters Affecting the Process of Electrospinning 

The electrospinning process is influenced by numerous factors, which can be 

classified into three major groups: the characteristics of polymer solution, the processing 
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parameters, and the environmental conditions, summarized in Table 2.1. The joint interplay 

of these three factors affects the fiber morphology and diameter, porosity, fiber surface 

roughness, and mechanical properties [33–35]. 

Electrospinning has been used for nanofiber production from various material 

sources. As the feed solution for electrospinning has to be relatively viscous, polymers are 

the most frequently used material class in this process. Nevertheless, the electrospinning 

of small molecules directly into nanofibers is also possible if they self-assemble and 

generate sufficient chain entanglement [2]. The molecular weight of the polymer has a 

major effect on the rheological behavior of the solution, which influences its spinnability. 

A lower molecular weight mainly implies limited chain entanglement, leading to 

electrospraying rather than electrospinning due to the lack of a continuous feed jet. Polymer 

solution viscosity is one of the factors that have a strong influence on fiber morphology. 

Polymer solution viscosity and concentration are dependent on each other, i.e., the 

viscosity is directly proportional to the concentration. A minimum concentration has to be 

reached to obtain the necessary chain entanglement required for the shift from beads to 

fibers [36]. The favored value for the polymer solution viscosity varies depending on the 

polymer and solvent used. Below this concentration, the interactions of polymer chains are 

too weak to suppress the Rayleigh instability, which is driven by the surface tensions trying 

to minimize the surface area by forming droplets. Therefore, the solution jet will split into 

droplets resulting in polymer beads or nanoparticles. This process is known as 

electrospraying. However, with higher polymer concentration, the chain interactions 

become stronger, and the solution jet will not break up, but it will eventually result in fibers, 

the process referred to as electrospinning. The difference between electrospinning and 
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electrospraying is shown in Figure 2.3. With too high polymer concentration, the 

electrostatic forces cannot overcome the viscoelastic force, and therefore the solution jet 

cannot be generated. Surface tension in liquids is defined as the force that attracts surface 

molecules to the bulk, thus minimizing the liquid's surface area. In general, with too high 

surface tension, it is challenging to perform the electrospinning since the force opposing 

jet elongation in the electrostatic field is greater than the surface tension, and therefore it 

may not be electrospun, or there is a high possibility that the jet will split into droplets or 

generate beads [37]. Decreasing the surface tension leads to thin fibers and the gradual 

disappearance of beads [38]. 

 

Figure 2.3 The difference between electrospinning (upper) and electrospraying (bottom). Reprinted from 

[39]. 

The properties of the used solvent(s), i.e., the vapor pressure, dielectric constant, 

and solubility, also significantly affect the resulting fiber morphology. The volatility of 

solvent determines the evaporation and thus the jet solidification rate. A solvent with too 

high vapor pressure is not adequate for electrospinning because, due to its fast evaporation, 

it can lead to instantaneous solidification of jet after exiting the spinneret, therefore causing 

the blockage of the nozzle. On the other hand, using a solvent with too low volatility will 
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not be able to evaporate during the process, thus leaving the exiting fibers still wet. The 

dielectric constant of the solvent regulates the electrostatic repulsion between surface 

charges on the solution jet. Because a solvent with a high dielectric constant has a higher 

net charge density in solution, higher elongation forces are imposed on the jet, resulting in 

fewer beads and thinner fiber diameters [40]. 

Table 2.1 Parameters that affect the electrospinning process are divided into three major classes. 

Solution Parameters Operation Parameters Environmental Conditions 

Molecular Weight Feed Rate 

Temperature Concentration/Viscosity Applied Voltage 

Surface Tension Tip-to-Collector Distance  

Type of Solvent Spinneret Diameter 

Relative Humidity 

Electrical Conductivity Collector Type 

 

The electrical conductivity of the solution is essential for electrospinning. The 

increase in the electrical conductivity of a solution usually results in a significant drop in 

the fiber diameter as the solution jet carries more charges leading to extensive thinning of 

the jet [41]. The addition of salts can increase the conductivity of the polymeric solution. 

Perfectly insulating solutions, i.e., with zero conductivity, are challenging to carry out the 

electrospinning because the solution will not have enough charges in bulk to migrate to the 

surface. As a result, the electrostatic force of the surface charges generated by the tangential 

component of the external electric field will not be sufficient to initiate the formation of a 

Taylor cone. Even though an increase in solution conductivity results in a decrease in 

tangential external electric field, too high conductivity may lead to extensively reduced 
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tangential electric field and eventually lowered electrostatic force along the liquid surface 

without the formation of a Taylor cone [42].  

The applied voltage affects the amount of charges carried by jet. The higher the 

voltage, usually the thinner fibers are [43]. However, the increasing voltage might result in 

the discharge of more solution, favoring the generation of thicker fiber diameters [44]. 

Direct current high voltage is the most commonly applied [45], but the alternating current 

has also been used for nanofiber fabrication [46–48]. The flow rate of the feed solution 

exhibits a critical value for uniform fiber preparation, which varies from solution to 

solution [42,49]. Generally, lower flow rates lead to smaller fiber diameters, whereas 

higher flow rates result in thicker fibers. Too low flow rates may induce an overcharging 

of the solution, causing electrospraying [50]. On the contrary, flow rates above a critical 

value may lead to bead formation since the electrostatic field cannot generate an electric 

bending instability, and therefore the fiber jet cannot get completely dry. The distance 

between the spinneret and collector has a significant role in the fiber morphology. The 

typical distance in conventional setups ranges from 10 to 20 cm. A critical value determines 

the optimum for fiber formation, which is long enough to ensure the full extension and 

solidification of the jet.  When this distance is too short, the flight time of the jet will be 

reduced, and it may result in incomplete solvent evaporation. On the contrary, longer 

distances usually imply deposition of thinner fibers, but too long distances will increase 

the flight time of the jet, which may lead to an increase in corona discharge and Rayleigh 

instability, and thus thick fiber diameters and beaded fibers [51]. In nozzle-electrospinning, 

the spinnerets are usually made from metals, as they need to be conductive. A narrower 

spinneret diameter can facilitate thinner and bead-free fiber formation, but it is usually 
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more susceptible to being blocked. The type of used collector determines the alignment of 

the collected fibers; however, it has a low impact on the fiber morphology. Nonwoven 

fibrous mats can be obtained using a flat plate collector, whereas rotating drum is used for 

collecting aligned nanofibers. 

The ambient conditions, such as the temperature and relative humidity, can also 

influence the electrospinning process, therefore, it is important to control and keep them 

nearly constant. At higher ambient temperatures, the viscosity and surface tension of the 

solution will be decreased, whereas the electrical conductivity will increase, which may 

lead to thinner fiber formation. However, at elevated temperatures, the rate of solvent 

evaporation is accelerated, limiting the fiber elongation. The relative humidity of the 

environment affects the solvent evaporation rate, hence the jet's solidification. The solvent 

evaporation rate is proportional to the difference between the solvent and the surrounding 

atmosphere’s vapor pressure, which implies that higher humidity slows the evaporation. 

Too high relative humidity can cause the atmospheric water to disturb the fiber jet, resulting 

in either bead or deposited wet fibers. Lower relative humidity generally promotes the 

formation of thinner fibers since jet drying is favored [52]. 

2.4. Application of Electrospun Nanofibers 

Owing to the excellent properties of electrospun nanofibers, such as high specific 

surface area, high porosity, tunable voids, and pore size, they are used in filtration and 

separation [53,54], biomedical area [55], energy conversion and storage [56], catalysis 

[57], sensors [58]. The application area of electrospinning within separation technology 

involves the development of various membranes for wastewater treatment, including heavy 

metal removal [59] or oil/water separation [60]. Moreover, highly efficient adsorbents can 



26 

 

be produced using electrospun nanofibers for adsorbing different types of dyes, metals, and 

oils [61]. Nowadays, nanofiber mats are used for numerous air filtration applications, 

including the production of face masks capable of capturing the incredibly harmful PM2.5 

and other adverse particles such as viruses, bacteria, pollen, or different allergens [62]. In 

the biomedical area, electrospinning is extensively used for the development of scaffolds 

for tissue engineering due to the strong resemblance between electrospun fibers and the 

native tissues [63]. Significant attention has been attributed to the fabrication of electrospun 

wound dressings [64,65] and drug delivery systems [66]. Since electrospun nanofibers 

possess micro to nanoscale topography and high porosity, they are similar to the natural 

extracellular matrix, and together with fibers’ high surface area to volume ratio, they can 

promote cell growth, adhesion, and proliferation [67]. Furthermore, the drug encapsulation 

efficiency is high in electrospun nanofibers compared to other drug delivery systems, such 

as nanoparticles or microspheres; additionally, the release kinetics of the system can be 

tailored by the adequate selection of polymeric contribution to the delivery of a specific 

drug [68]. Numerous research is allocated to the development of nanofibrous materials for 

supercapacitors [69], batteries [70], and solar cells [71]. Electrospun nanofibers are able to 

shorten the carrier transportation path and improve the carrier collection ability, acting as 

an electron highway in the axial direction [72]. Electrospun nanofibers have a great role in 

heterogeneous catalyst and enzyme immobilization. Due to their advantageous properties, 

nanofiber-based supports can provide immobilized catalysts with intensified activity, 

selectivity, and stability [2]. Electrospun nanofibers are used for enzyme immobilization 

[73] and immobilization of catalytic nanoparticles [74]. They represent a broad research 

area in photocatalysis, electrocatalysis, and thermocatalysis [75]. Electrospun materials 
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have been investigated in several sensor applications because of the versatility of 

applicable materials and simple incorporation of the active agent, which can be used as gas 

[76] or biosensors [77]. 

2.5. Electrospinning Types 

Different types of nanofiber morphology can be designed by adjusting the 

electrospinning process conditions and the feed solution composition. Figure 2.4 illustrates 

the possible fiber configurations and their broad application areas discussed in Section 2.4. 

Coaxial electrospinning is used to produce core-sheath (or core-shell) and hollow 

nanofibers [78]. A crucial advantage of core-sheath fibers is that the fibers produced from 

multiple polymers will be a blend of their properties, whereas the individual components 

will retain their unique characteristics. Hence, electrospun fibers can be obtained from 

electrospinnable and nonspinnable materials [79]. Triaxial electrospinning is a technique 

usually applied in drug delivery systems by applying a trilayer system to address the 

challenge of limited drug solubility, protect biomolecules from harsh media, and control 

the drug release kinetics [80].  

Nowadays, electrospinning can be carried out in numerous ways ranging from 

laboratory to commercial scale. The conventional electrospinning laboratory setup has 

around 0.01–1 g h–1 using one spinneret [45]. Increasing the spinneret number, i.e., 

introducing multi-needle arrays, is one of the applied methods for increasing the 

productivity rate [81]. Moreover, free surface electrospinning makes fiber production 

possible without nozzles, avoiding common blockage issues [45]. The nanofiber 

production, in this case, happens from an open surface rather than from a spinneret. Nagy 

et al. achieved a 450 g h–1 production rate by applying a moving free surface [30], fulfilling 
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industrial production requirements. Moreover, an approximately six times higher 

productivity rate was reported using an alternating current power source instead of a direct 

current [82]. The increase in the solution processing can be explained by the multiple jets 

formed on the droplet surface [83], while only one jet is formed during the direct current 

system. 

 

Figure 2.4 Versatile nanofiber structures and their characteristics with their broad application area. Reprinted 

from [84]. 

 

2.6. Green Electrospinning 

The electrospinning of fossil-based polymers is straightforward and well-reported 

in the literature [2]. However, the waste generated after the use of these polymeric fibers 

significantly contributed to environmental pollution due to their non-biodegradable nature. 

Based on a study reported by Geyer et al., only 9% of disposed plastic waste is recycled, 

12% is incinerated, and incredibly high, 79% of nondegradable plastic waste ends up in 
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landfills or in the ecosystem [85]. During incineration, a significant amount of greenhouse 

gases, such as carbon dioxide and other sulfur, halogenated, and nitrogen compounds are 

released into the environment. The accumulation of non-biodegradable plastic waste may 

lead to splitting into microplastics, eventually ending up in the living organisms 

endangering human health and the environment [86]. Therefore, it is crucial to switch from 

petroleum-based polymers to biodegradable biopolymers. Biopolymers are materials that 

can readily decompose in the environment, they are non-toxic, and there is no need for 

their removal after their use. Biodegradable polymers can be degraded by means of 

microbial activity, i.e., with enzymes, when the polymer breaks into small molecules that 

can incorporate into the biological cycle. Some of the naturally occurring molecules that 

have been used for the fabrication of electrospun nanofibers are chitin, chitosan, cellulose, 

gelatin, silk, starch, cyclodextrins, alginate, and collagen. Many biodegradable and 

biocompatible synthetic polymers have been electrospun, such as polylactic acid, 

polycaprolactone, or poly(vinyl alcohol). Recycling polymeric waste is another viable 

approach for alleviating waste generation; however, the process can be, in some cases, 

energy and material intensive. Hence, extensive research and development of 

biodegradable materials and their incorporation into green nanofibers became an important 

goal toward sustainable development. 

Besides the application of green biodegradable polymers, the applied solvent also 

has a major role in the overall process sustainability. The most commonly used solvents in 

electrospinning involve dichloromethane, chloroform, dimethylformamide, acetone, 

tetrahydrofuran, alcohols, dimethyl sulfoxide, hexafluoroisopropanol, and trifluoroethanol 

[2], due to their favorable properties for the electrospinning discussed in Section 2.3. Most 
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of these solvents are toxic and harmful; for example, halogenated compounds became 

strongly regulated by the Chemical Control Regulation in the European Union due to their 

adverse effects [87]. The majority of the solvents used in electrospinning are classified as 

problematic or hazardous according to the GSK’s solvent selection guide [14]. Thus, the 

evaporation of the applied solvent, particularly ones with toxic and harmful nature, greatly 

limits large-scale production [88]. Therefore, the non-benign solvent accumulation from 

solution evaporation can cause severe environmental and health issues. In addition, solvent 

residuals may be present in fibers, which can consequently limit numerous promising 

applications [89]. Thereafter, the electrospinning process has to be further optimized in line 

with the environmental and health sustainable development goals to obtain inherently green 

nanofibers that do not endanger our ecosystem. 

2.7. Cellulose Acetate and its Electrospinning 

Cellulose is one of the most abundant naturally occurring biopolymers, with 

remarkable bioavailability, biocompatibility, low cost, non-toxicity, and excellent 

mechanical and chemical resistance [90]. However, its processing is complex because of 

its limited solubility in numerous solvents [91]. Therefore, because of its inherited 

biocompatibility, biodegradability, non-toxic nature, low cost, good chemical resistance, 

and mechanical properties, CA has been extensively studied and used in the preparation of 

electrospun nanofibers [92]. Moreover, CA has a good fiber-forming ability owing to its 

solubility in many solvents, hence CA electrospun nanofibers can be prepared. The 

cellulose ester can be obtained from different starting materials, such as cotton [93], 

sugarcane straw [94], and sorghum straw [95]. CA is commonly used as a membrane for 

ultrafiltration [96], wound dressing [97], or food packaging [98]. 



31 

 

CA electrospun nanofibers have been used in numerous fields, however, water 

treatment, tissue engineering, and sensing area extensively utilize this cellulose ester [99]. 

Zhou et al. [100] prepared ultrathin fibrous cellulose acetate membranes for high-water 

flux filtration. They reported comparable filtration efficiency of porous electrospun fibrous 

CA membranes with commercially available membranes. Hamad et al. developed an 

effective, low-cost, and environmentally friendly adsorption system for heavy metal 

removal with CA nanofibers [101]. Due to the carbonyl and hydroxyl groups, CA has a 

high affinity for the adsorption of heavy metals. [102]. In addition, due to the negatively 

charged CA, the electrostatic force can be established between positively charged heavy 

metal ions and CA molecules, further improving adsorption efficiency [103]. CA 

electrospun nanofibers have also been extensively used in biomedical applications since 

electrospun fibers can absorb wound exudates, ensure a moist environment and oxygen 

permeation to the wound, and provide a good platform for cell proliferation [92]. Dos 

Santos et al. [104] successfully prepared annatto-loaded CA nanofiber scaffolds for wound 

healing applications. Their study confirmed the preservation of CA nanofiber 

biocompatibility, demonstrating its potential application in wound healing. 

Nevertheless, by taking a closer look at the preparation process of CA nanofibers, 

harmful and toxic solvents are used in numerous cases. The most common solvents used 

in the electrospinning of CA are acetone, chloroform, dimethylformamide (DMF), 

dichloromethane (DCM), N,N-dimethylacetamide (DMAc), acetic acid, and their blends 

[105–107]. The molecular weight of CA was found to greatly influence the fiber diameter 

in a solvent mixture of DMAc and acetone [107]. Conventional solvents, such as 

chloroform, DMF, DCM, methanol (MeOH), formic acid, and pyridine were examined for 
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their suitability in the electrospinning of CA [106]. However, only a solvent mixture 

consisting of chloroform–MeOH and DCM–MeOH resulted in smooth fiber formation. For 

replacing the toxic and non-benign solvents, the Hansen solubility parameters (HSP) were 

used to screen possible less toxic alternatives [108]. 

2.8. Green Solvents  

In this work, the focus has been placed on finding green solvents for the 

electrospinning of CA. Dimethyl carbonate (DMC) and cyclopentanone (CPO) were found 

to be suitable for the electrospinning of CA, which is discussed in detail in Section 4.1. 

The green nature and characteristics of DMC and CPO are favored in numerous 

applications. According to the solvent selection guide [109], DMC is ranked in the 

recommended green class because of its biodegradable and non-toxic nature [110]. 

Moreover, it can be directly produced by utilizing CO2 greenhouse gas and methanol [111]. 

Due to the beneficial environmental and safety properties of CPO, it is classified under the 

green, most favorable category in solvent selection guides [14]. CPO is produced in a clean 

and sustainable way from biomass-derived furfural through the aqueous phase 

hydrogenation rearrangement of furfural [112,113]. 

2.9. Additives in Electrospinning 

Different types of additives can be added to the polymeric solution to improve its 

spinnability. Ionic compounds are usually used for increasing electrical conductivity, such 

as salts or mineral acids [114]. They can carry the charges and improve the conductivity of 

a solution, hence enhancing their spinnability. Inorganic and organic salts are both used, 

most commonly NaCl, CaCl2, quaternary ammonium salts, and NaNO3, among others 
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[115,116]. Tetrabutylammonium bromide (TBAB) is an organic salt capable of dissolving 

in organic solvents, and it is commonly used as a green, deep eutectic solvent [117,118]. 

Additionally, TBAB has been applied as a green and environmentally friendly extracting 

agent of rare earth elements from industrial sludge [119]. 

The addition of surfactants can also improve the spinnability of solutions and the 

morphology of the resulting fibers. The majority of conventional surfactants are derived 

from petrochemical sources, and they are usually toxic and difficult to biodegrade, and 

their production can result in the generation of toxic waste [120]. Furthermore, their 

application can lead to severe ecological problems due to their accumulation in the 

environment [121,122]. Biobased surfactants are another class of surface-active agents that 

can be obtained through chemical synthesis using renewable resources such as fats, amino 

acids, or sugars. In contrast, biosurfactants are produced directly by microorganisms, 

commonly by fungus, yeast, and bacteria, without the need for organic synthesis [123]. 

Microbial biosurfactants are preferred over their chemically synthesized equivalents due 

to their higher biodegradability and biocompatibility, lower toxicity, and preserved 

effectiveness at diverse environmental conditions of temperatures, pH values, and salt 

concentrations [124]. A sophorolipid was selected for another green additive, as they are a 

type of glycolipid biosurfactants produced by a non-pathogenic yeast, such as a naturally 

occurring yeast found in honey [125]. 
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Chapter 3: Experimental  

3.1. Materials 

Cellulose acetate (CA) with a molecular weight of 50,000 g mol–1, cyclopentanone 

(CPO, 99%), tetrabutylammonium bromide (TBAB, 98%), and esterase from porcine liver 

and cellulase from Aspergillus niger (0.8 U/mg) were purchased from Sigma Aldrich. 

Dimethyl carbonate (DMC, 99%) was obtained from Alfa Aesar. HoneySurf High Foaming 

(HS HF) was purchased from Holiferm. Novatexx 2471 polypropylene fibrous membrane 

was purchased from Freudenberg Filtration Technologies. Glacial acetic acid, tris base, as 

well as hydrochloric acid, were obtained from Fisher Scientific. Sodium acetate was 

purchased from VWR Chemicals. All chemicals were used as received without further 

purification. 

3.2. Electrospinning Process 

CA at various concentrations and solvent ratios was dissolved in DMC and CPO at 

different concentrations and ratios (Table 3.1). The solution was transferred into a plastic 

syringe (Normjet Thermo Scientific) equipped with a blunt metallic needle (Luer Stub 

Adaptors, SAI Infusion 30G). The syringe was placed on a syringe pump (KD-Scientific-

Legato®) and used with a flow rate of 0.5 mL h–1. Electrospun nanofibers were deposited 

on a grounded metal collector covered with aluminum foil. The needle tip to the collector 

distance was set at 12.5 cm each time. A high-power voltage supply (SRS, Stanford 

Research System) was used as the voltage source with a constant electric potential of 15 

kV. The electrospinning process is illustrated in Figure 3.1. The electrospinning was 

carried out at room temperature and humidity. The relative humidity in the surrounding 

environment was 55±5%, and the temperature was 21±0.5 °C. 
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Table 3.1 Parameters for the electrospinning of CA nanofibers 

Constituent Unit Quantity 

Polymer concentration % (w/v) 5, 7.5, 10, 12.5, 15 

DMC ratio vol% 0, 25, 50, 75, 100 

CPO ratio vol% 100, 75, 50, 25, 0 

TBAB wt%a 0, 1, 2.5, 5, 10 

HS HF wt%a 0, 1, 2.5, 5, 10, 15 

aRespective to the polymer concentration 

 

Figure 3.1 The electrospinning setup used in this work illustrating the used equipment and materials: the polymer, 

solvents, and additives. 

3.3. Characterization Techniques 

3.3.1. Scanning Electron Microscopy  

The morphology of the CA fibers was investigated by scanning electron 

microscopy (SEM) (Magellan SEM, FEI). Before SEM characterization, the fibers were 

coated with 5 nm platinum using a sputtering system. The mean fiber diameters of 
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nanofibers were calculated from the respective SEM images from approx. 100 fibers using 

ImageJ (NIH, US). 

3.3.2. Conductivity 

Conductivity measurements were carried out using Accumet Excel XL20 (Fisher 

Scientific). The data was collected in triplicates, and the mean values were reported with 

standard deviation. 

3.3.3. Rheological Behavior 

The rheology of solutions of CA polymer in DMC and CPO were investigated using 

AR 1500 ex rheometer (TA Instruments). A cone plate geometry with a 20 mm diameter 

and 0.9897° was used for the measurements. All measurements were carried out at 25 °C 

and at shear rates from 0.1 until 500 s–1. 

3.3.4. Thermal Analysis of Nanofibers 

The thermal properties of CA nanofibers were studied using differential scanning 

calorimetry (DSC) and thermal gravimetric analysis (TGA). DSC tests were performed 

using DSC Discovery 250 (TA Instruments); the temperature was ramped from 25 to 300 

°C at a rate of 10 °C min–1. TGA measurements were carried out with TGA Discovery 

5500 (TA Instruments) to investigate the thermal decomposition profile of nanofibers. The 

temperature was increased from 25 to 800 °C with a heat rate of 10 °C min–1. 

3.3.5. Thermal Analysis of Nanofibers 

A dynamic mechanical analyzer (DMA, Q800, TA Instruments) was used to 

measure the mechanical properties of nanofibrous mats. The investigated samples were 

rectangular shaped, and their dimensions were around ~20 mm (length), ~ 10 mm (width), 
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and ~ 0.15 mm (thickness). Stress-strain curves were measured for six replicates with 0.5 

N/min. force ramp. Young’s modulus was calculated from the linear region of these curves. 

3.4. Biodegradability Tests 

The pristine CA mat (12.5% (w/v) 75:25 = DMC:CPO vol%), the optimized CA 

mat with salt (12.5% (w/v) 75:25 = DMC:CPO vol% + 2.5 wt% TBAB), and the mat with 

the biosurfactant (15% (w/v) 25:75 = DMC:CPO vol% + 15 wt% HS HF) along with a 

polypropylene control were subjected to biodegradability tests. The samples were cut into 

small pieces (about 1 x 1 cm2). 

Combined deacetylation and hydrolysis of CA were investigated since it was 

previously reported in the literature as a successful method for CA biodegradation 

[126,127]. For deacetylation, the samples were treated with esterase in 50 mM Tris-HCl 

buffer at pH 8.0. The enzyme concentration was 46 μg mL–1. The samples were soaked in 

a Petri dish containing approx. 10 mL of buffer enzyme solution were incubated at 28 °C 

and 120 rpm in an incubator shaker. After 16 hours, the samples were taken out from the 

Petri dishes, washed with deionized water, and filtered. Subsequently, the samples were 

subjected to enzymatic hydrolysis with cellulase in 100 mM acetate buffer at 4.8 pH. The 

cellulase concentration in the acetate buffer solution was 5.9 mg mL–1. The samples were 

immersed in a Petri dish containing 10 mL and 45 units of cellulase and incubated at 28 °C 

and 120 rpm for 24 h, as reported previously [127]. 
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Chapter 4: Results and Discussion 

4.1. Electrospinning of Cellulose Acetate in Green Solvents 

Following the screening of fifteen green solvents that can be used for electrospinning, the experiments revealed that CA is soluble 

in DMC and CPO (Table 4.1).  

Table 4.1 The performed dissolution tests of CA in different green solvents (+ dissolved, ± partially dissolved on a higher temperature, - not dissolved) 

The used green solvents are indicated in the header (CPME = Cyclopentyl methyl ether, DMC = Dimethyl Carbonate, 2-MeTHF = 2-Methyltetrahydrofuran, 

CPO=Cyclopentanone) 

Solvent / 

Polymer 

Water n-Heptane n-Butyl acetate 

Isopropyl 

acetate 

CPME 

3,3-Dimethyl-2-

butanone 

1-Heptanol DMC 

Cellulose 

Acetate 

- - - - - - ± + 

α-Pinene Isobutyl acetate 

tert-Butyl 

acetate 

2-MeTHF CPO (R)-Limonene p-Cymene 

- - - - + - - 
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CA concentration was adjusted between 5 and 15% (w/v) to obtain the optimum polymer concentration for fiber fabrication. Both 

DMC and CPO have been used for the electrospinning of CA, and the resulting structures are shown in Figure 4.1. The fiber morphology 

was irregular at 15% (w/v) CA using both DMC and CPO solvents, which prompted the use of solvent mixtures. 

 

Figure 4.1 SEM images showing the influence of polymer concentration and the used solvent system during the electrospinning of cellulose acetate. 
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The solvent composition was modified from 100 vol% to 0 vol% with a 25 vol% 

increment by adding the other solvent. Different fiber morphologies are obtained by 

changing the solvent ratio between DMC and CPO, as shown in Figure 4.2. The 

experiments indicated that the porous structure of nanofibers is due to the presence of 

DMC. Increasing the amount of CPO in the solvent mixture (from 50 vol%) resulted in a 

smooth surface without noticeable pores. The presence of pores on the surface of the fibers 

may be explained by DMC's lower boiling point and higher volatility than CPO, resulting 

in its faster evaporation rate from the jet during electrospinning. 

 

Figure 4.2 (a) The structure and properties of applied green solvents. Using a constant polymer concentration 

of 15% (w/v), the composition of the solvent (DMC:CPO vol%) was varied from (b) 100:0 vol% (c), 75:25 vol% (d), 

50:50 vol% (e), 25:75 vol% (f) 0:100 vol%. The insets show SEM images of fiber surfaces at high magnification. 

The structures obtained using the solvent mixture of DMC and CPO did not lead to 

good fiber formation, therefore, the use of additives was required for improving the 

solution spinnability. Some of the commonly used salts for enhancing spinnability along 

with several biosurfactants, were screened by their solubility in both solvents (Table 4.2). 
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The solubility tests showed that TBAB and HS HF could be dissolved in both solvents, and 

they were therefore chosen as the additives for electrospinning. 

Table 4.2 Additive selection based on their solubility in DMC and CPO. (+ indicates the material dissolved, - 

material did not dissolve). 

Additive Dissolution in DMC Dissolution in CPO 

Sodium dodecyl sulfate - - 

Sodium chloride - - 

Lithium chloride - - 

Calcium chloride - - 

Zinc chloride - + 

Tetraethylammonium bromide - - 

TBAB + + 

HS HF + + 

Honeysurf Low Foaming - - 

Rhamnolipids - - 

 

4.2. Electrospinning with the Addition of Salt 

The experiments confirmed the theory explained in Section 2.3, i.e., that electrical 

conductivity significantly impacts the solution electrospinning. In Table 4.3 are presented 

the measured conductivity values. The CA (75:25 = DMC:CPO vol%) solution had a low 

conductivity of 0.083 ± 0.001 μS cm–1, which limited the electrospinning process. The 

electrospinning process was hindered because the solution surface did not have sufficient 

charges to interact with the electrostatic field. To increase the conductivity of the solution 

and thus improve the spinnability, TBAB was added to the solution. At 25 vol% CPO, 

adding TBAB from 0 to 10 wt% resulted in a remarkable increase in conductivity to 26.573 
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± 0.668 μS cm–1 (Figure 4.3a). As the concentration of TBAB is maintained constant, an 

increase in CPO concentration to 75 vol% resulted in a significantly higher conductivity of 

167.2 ± 0.1 μS cm–1. The significant increase may be explained by the higher dielectric 

constant of CPO (εr = 13.58) compared to that of DMC (εr = 3.87). Even though 

conductivity is necessary for electrospinning, solutions with too high conductivity may 

discharge the surplus charges in the air, which can lead to unstable fiber jet formation. 

Therefore, 2.5 wt% TBAB concentration is considered to be the optimal concentration. 

Table 4.3 Mean and standard deviation of CA solutions’ electrical conductivity with gradually added TBAB. 

The solvent ratios are expressed in vol%. bRelative to the polymer concentration. 

TBAB content 

(75:25 = DMC:CPO) 

(wt%)b 

Conductivity  

(μS cm–1) 

TBAB content 

(25:75 = DMC:CPO) 

(wt%)b 

Conductivity  

(μS cm–1) 

0 0.083 ± 0.001 0 0.324 ± 0.005 

1 2.650 ± 0.156 1 21.557 ± 0.146 

2.5 5.517 ± 0.043 2.5 49.320 ± 0.881 

5 12.157 ±0.142 5 79.620 ± 0.280 

10 26.573 ± 0.668 10 167.2 ± 0.1 

 

Electrospinning is also affected by the rheological property of polymer solutions. 

Figure 4.3b presents the flow behavior of 12.5 %(w/v) CA solution with changing TBAB 

content. In all cases, the viscosity of CA solution decreased with increasing shear rate, 

which is in line with the previously reported findings in the literature, i.e., that CA has a 

shear-thinning behavior [128]. In this case, TBAB served as a viscosity reducing agent for 

the 75:25 = DMC:CPO vol% system. As a result of the addition of 1 wt% TBAB, zero-

shear viscosity decreased by 27% (Table 4.4), and the viscosity dropped by 76% at 125 s–
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1, which was followed by further decreases in viscosity with increasing shear rate. The 

zero-shear viscosity in the 2.5 wt% TBAB system was 24% lower than that in the salt-free 

system, suggesting that the system with 1 wt% TBAB had a slightly higher zero-shear 

viscosity. It is hypothesized that this may be attributed to the increasing interaction between 

the polymer and the higher amount of salt. The viscosity of the 2.5 wt% TBAB system 

decreased by 72% at 125 s–1 and decreased further as the shear rate increased. The addition 

of 5 wt% salt led to a 45% drop in zero-shear viscosity compared to the salt-free system 

(Table 4.4), which reached a 75% decrease at 125 s–1. Compared to the salt-free system, 

the 10 wt% TBAB solution showed only a 6 % decrease in zero-shear viscosity. The 

decreasing zero-shear viscosity trend with increasing salt content, in this case, was 

discontinued. An 85% viscosity drop was observed at 125 s–1, resembling a 5 wt% TBAB 

system profile. 

 

Figure 4.3 The influence of salt addition on the (a) conductivity and (b) rheological behavior at a constant 

polymer concentration of 12.5 %(w/v). 

The solvent composition switch to 25:75 = DMC:CPO vol% (for the TBAB-free 

system) resulted in lower viscosity–shear rate values in comparison to its counterpart 
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(75:25 = DMC:CPO vol%), even though CPO has a viscosity almost twice that of DMC at 

room temperature. A possible contributing factor could be the HSP parameters of DMC 

and CPO and their interaction with CA. Based on the HSP values (Table 4.5) and the 

calculated relative energy differences for the DMC–CA and CPO–CA solvent–polymer 

pairs, the CPO solvent has a stronger affinity for CA than DMC. The polymer chain 

extension of the same amount of CA can occur in a larger volume of CPO, i.e., there is 

enough space for the more even dispersion of CA within the mixture, and the CA molecules 

are less adhered to each other in the 25:75 = DMC:CPO vol% system, which leads to lower 

viscosity. 

Table 4.4 The zero shear-rate viscosities (η0) of CA solutions with the gradual addition of TBAB presented 

in Figure 4.3b. 

TBAB content  

(wt%) 

DMC:CPO 

(vol%:vol%) 

η0 

(Pa s) 

DMC:CPO 

(vol%:vol%) 

η0 

(Pa s) 

0 

75:25 

25.86 

25:75 

11.38 

1 18.88 14.25 

2.5 19.58 17.43 

5 14.21 10.48 

10 24.33 7.14 

  

The addition of TBAB to 25:75 = DMC:CPO vol% mixture modifies the 

rheological behavior of the solution. As TBAB is polar, we hypothesize that it will dissolve 

slightly better in CPO (polar aprotic solvent) than in DMC (nonpolar aprotic solvent). 

TBAB will be better dispersed in CPO than in DMC based on the like-dissolves-like 

principle. As a result, more TBAB ions may fill the spaces between a polymer molecule 

and its solvent, which leads to higher viscosity. The addition of 1 wt% TBAB to 25:75 = 
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DMC:CPO vol% mixture resulted in 25% higher zero-shear viscosity than the system 

without TBAB. The zero-shear viscosity of 2.5 wt% TBAB increased by 35% compared 

to the salt-free system, but after applying stress to the solution, its viscosity decreased by 

61% at 125 s–1. 

Table 4.5 HSP and the calculated relative energy difference values (RED). 

(δT = total solubility parameter, δD = dispersion solubility parameter, δP = dispersion solubility parameter, δH = hydrogen 

bonding solubility parameter, Ra = radius in the Hansen space, R0 = interaction radius). HSP values taken from 

[129].cValues were taken on 25 °C. 

Polymer

/Solvent 

δT 

(MPa1/2) 

δD 

(MPa1/2) 

δP 

(MPa1/2) 

δH 

(MPa1/2) 

Ra or 

R0 

RED 

(Ra/R0) 

Boiling 

pointc  

(°C) 

Vapor 

pressurec 

(kPa) 

Dielectric 

constantc  

(-) 

Viscosityc 

(mPa s) 

CA 24.5 18.2 12.4 10.8 7.4 - - - - - 

DMC 18.7 15.5 3.9 9.7 10.1 1.37 90.11 [130] 7.57 [131] 3.087 [130] 0.58 [132] 

CPO 22.1 17.9 11.9 5.2 5.7 0.76 130.5 [130] 1.55 [130] 13.58 [130] 1.084 [133] 

 

The SEM images shown in Figure 4.4 present the influence of TBAB salt addition 

on the electrospinning of the 12.5% (w/v) CA in the 75:25 and 25:75 = DMC:CPO vol% 

solution. TBAB greatly improved the spinnability of CA solutions and the fiber formation 

process. With adding 1 wt% of TBAB in the 75:25 = DMC:CPO vol%  system,  the 

resulting fibers were thinner than the salt-free system, with an average diameter of 479 ± 

435 nm. When the TBAB content was increased to 2.5 wt%, uniform fibers with a mean 

diameter of 286 ± 140 nm were obtained. Fiber branches started to appear at 5 wt% of 

TBAB, and the fiber size distribution shifted to less uniform fibers with diameters of 296 

± 206 nm. Fibers with a mean diameter of 81 ± 56 nm were obtained after adding 10 wt% 

TBAB, and numerous fiber branches could be observed. When TBAB was added, the 
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porosity of the fibrous structure was altered and increasing the TBAB concentration 

resulted in a decrease in pore size, eventually disappearing at 10 wt%.  

 

Figure 4.4 SEM images of electrospun CA nanofibers (series i) at a constant concentration of 12.5 %(w/v) 

with varying TBAB contents of 0 (a, f), 1 (b, g), 2.5 (c, h), 5 (d, i) and 10 (e, j) wt% in a 75:25 (a–e) or 25:75 (f–j) 

DMC:CPO vol% solvent system. The graphs below show the fiber diameter distribution (series ii). The TBAB 

concentration is indicated with respect to the polymer content. The insets show the surface morphology of the porous 

and smooth nanofibers under high magnification. 

Due to the increased conductivity of the solution (Figure 4.3a, Table 4.3), fibers 

became thinner when the solvent ratio was changed from 75:25 to 25:75 (DMC:CPO 

vol%). In the presence of 1 wt% TBAB, fibers were more uniform, with a mean diameter 

of 130 ± 97 nm. Increasing TBAB to 2.5 wt% resulted in fiber branching and an even 

smaller fiber diameter (68 ± 65 nm). Both 5 and 10 wt% TBAB led to significantly thinner 

fibers and numerous fiber branches with an average fiber diameter of 71 ± 65 nm and 43 ± 

20 nm, respectively. In this case, the fibers' surface did not show a porous structure. The 



47 

 

smooth surface can possibly be attributed to the low DMC content in the solvent system, 

and thus its alleviated evaporation rate from the jet. 

4.3. Electrospinning of Cellulose Acetate with Biosurfactant 

As an alternative to TBAB salt, HS HF sophorolipid biosurfactant was added to the 

CA solution to improve its spinnability. The polymer concentration used in electrospinning 

with TBAB was utilized (12.5 %(w/v)) and investigated how the increase of HS HF 

concentration from 1 to 10 wt% would affect the fiber morphology (Figure 4.5). The 

resulting structures were beads or beaded fibers, therefore, the concentration of CA had to 

be increased to 15 %(w/v).  

 

Figure 4.5  SEM images of electrospun CA fibers with a constant polymer concentration of 12.5 % (w/v) and 

varying biosurfactant concentration (with respect to the polymer content). 

Figure 4.6 shows SEM images of the obtained fibrous structures of 15% (w/v) CA 

with the addition of HS HF. The biosurfactant demonstrated better solubility and 

spinnability in the solvent system containing more CPO, i.e., in 25:75 = DMC:CPO 

vol%. By adding 10 wt% HS HF, the fibers were thinner but still beaded, with a diameter 
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of 650 ± 630 nm, compared to those obtained from a 75:25 = DMC:CPO vol% solution, 

which had an 876 ± 554 nm diameter. Higher HS HF concentration (12.5 wt%) resulted in 

a smaller diameter of 395 ± 354 nm, whereas 15 wt% of HS HF led to the thinnest fibers 

with an average diameter of 394 ± 287 nm. The nanofibers with 15 %(w/v) CA and 

25:75=DMC:CPO vol% and 15 wt% HS HF were selected as the most uniform and 

optimized ones with the addition of biosurfactant and were further investigated. 

 

Figure 4.6 Electrospun CA fibers with varying sophorolipid biosurfactant concentrations (with respect to 

polymer content). The bar graphs next to the SEM images show the corresponding fiber distribution and fiber diameter. 

4.4.  Thermal Analysis of Nanofibers 

DSC analyses were carried out (Figure 4.7a) to investigate the thermal behavior of 

the electrospun CA nanofibers in comparison to the CA powder and to analyze the effect 

of TBAB and HS HF on the thermal performance of the nanofibers. A broad endothermic 

event was observed near 90 °C in the samples, which is most likely due to the water 

desorption from the polymer. This temperature was found for the CA powder at 82 °C, and 

it had the lowest associated enthalpy (Table 4.6), suggesting the least amount of water was 
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adsorbed. The CA sample produced using the HS HF biosurfactant shows the broadest 

endothermic event, indicating that most sites are available for water adsorption. Water 

evaporation enthalpies of high values may be explained by the existence of strong hydrogen 

bonds between the water molecules and the hydroxyl groups of the CA [134]. Electrospun 

fibers exhibit a glass transition temperature approximately 15 °C lower than CA powder, 

possibly due to the rapid solidification of the polymer during electrospinning [135]. The 

CA nanofibers obtained with TBAB exhibited the widest melting endotherm and highest 

melting enthalpy, indicating the highest levels of order and crystallinity for the investigated 

samples, which is in line with the results reported in the literature [105]. This observation 

could also possibly serve as an explanation for obtaining the most uniform fibers with this 

composition. The introduction of additives has reduced the melting temperatures of 

samples as expected since they became incorporated within the polymer molecules. 

 

Figure 4.7 (a) DSC curves of CA polymer and its nanofibers with different compositions showing the phase 

transitions between 25 and 300°C (exo indicates exothermic flow); (b) TGA thermograms of CA polymer and 

electrospun nanofibers presenting the degradation steps. 
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The TGA thermograms are shown in Figure 4.7b for CA powder, neat CA, TBAB, 

and HS HF nanofibers. CA powder and neat CA electrospun fibers displayed similar 

thermal degradation characteristics. At 390 °C occurred the thermal degradation of the 

polymer with a weight loss of 85%, and beyond this temperature happened the polymer 

backbone cleavage with significantly lower weight loss (9%). Nanofibers may contain 

residual solvents that might explain the slight difference between the CA powder and 

fibers. Introducing additives into a polymer matrix resulted in a significantly different 

thermal profile. CA nanofibers prepared with TBAB exhibited the first stage of degradation 

around 250 °C, while this temperature was around 200 °C for CA fibers with HS HF. 

Afterward, a thermal degradation happened at around 390 °C for TBAB-based fibers and 

360 °C for HS HF-based nanofibers. The less thermally stable nature of these fibers may 

be explained by the successful incorporation of additives that weaken the hydrogen bonds. 

Neat and TBAB-added CA fibers showed comparable thermal profiles, which may suggest 

that the salt did not affect the thermal stability of the polymer, but the biosurfactant 

influences the thermal behavior of nanofibers. 

Table 4.6 Temperatures and enthalpies obtained from the DSC curves (Tev – water evaporation temperature, 

ΔHw –evaporation enthalpy, Tm = melting temperature, ΔHm – melting enthalpy) 

CA content 

%(w/v) 

Solvent 

(DMC:CPO vol%) 

Additive  

(wt%) 

Tev 

(°C) 

ΔHw 

(J g-1) 

Tm 

(°C) 

ΔHm 

(J g-1) 

100 - - 82.40 109.87 234.14 5.37 

12.5 75:25 - 92.24 126.49 229.63 1.36 

12.5 75:25 2.5 (TBAB) 91.25 112.81 228.63 7.49 

15 25:75 15 (HS HF) 88.94 134.29 227.16 5.19 
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4.5. Mechanical Analysis of Nanofibers 

Stress-strain analysis was used to study the mechanical properties of pristine CA, 

TBAB-, and HS-based CA nanofibers (Figure 4.8). According to the experimental results, 

the introduction of additives implied significant improvement in the mechanical properties 

of the fibers. For the neat CA, TBAB- and HS HF-added CA fibers, Young's modulus was 

1.32 ± 0.53 MPa, 8.36 ± 0.83 MPa, and 2.92 ± 1.28 MPa, respectively. A noticeable 

improvement in the mechanical properties of TBAB-added CA nanofibers may be 

explained through the stiffening caused by the salt, which led to the increased mechanical 

performance. 

   

Figure 4.8 Stress-strain curves of pristine CA, CA and TBAB, and CA and HS HF nanofibers. 

4.6. Biodegradation Tests  

The biodegradability of pristine, TBAB- and HS HF-based CA nanofibrous mats 

using naturally occurring enzymes was examined since their decomposition is critical from 

the environmental perspective and in order to prove the intrinsic green nature of the mats. 

A polypropylene fibrous membrane was used as a control since it did not degrade after four 
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weeks of testing. The electrospun CA fibers demonstrated excellent biodegradability due 

to the combined degradation by esterase and cellulase enzymes. Figure 4.9 shows that the 

disintegration of the additive-based fibers was observed after 16 h of testing, whereas the 

degradation of neat CA nanofibers was only initiated. As a result of switching to cellulase 

enzyme, further degradation was observed in every CA mat, and the pristine CA fibers’ 

disintegration was intensified. 

 

Figure 4.9 Biodegradation tests of the electrospun CA nanofiber mats using the combination of esterase and 

cellulase enzymes. The left upper is the polypropylene control, the right upper represents 12.5% (w/V) CA 75:25 = 

DMC : CPO vol%, the lower left is 12.5% (w/V) CA 75:25 = DMC : CPO vol% + 2.5 wt% TBAB, and the lower right 

is 15% (w/V) CA 25:75 = DMC:CPO + 15 wt% HS HF. 

A gravimetric biodegradability performance was calculated based on the weight of 

fibers before enzyme treatment and after finishing the treatment with cellulase. The 

polypropylene fibrous control did not lose from its initial weight, while the CA fibers 

exhibited weight loss. Particularly, the CA fibers obtained using additives rapidly and 

significantly lost their weight; more precisely, the TBAB- and HS HF-added nanofibers 

showed 71% and 84% weight loss, respectively. It is possible that enzymes had better 

access to the polymer backbone with additives incorporated within its matrix, weakening 

the bonds. 

Chapter 5: Conclusion and Future Work Suggestions 

Green CA nanofibers have been obtained with DMC and CPO green solvents. A 

single-solvent system has not led to fibrous structure formation, therefore, the combination 
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of these two solvents has been considered. The ratio in the solvent mixture influenced the 

resulting fiber morphology and diameter. The results indicated that porous fibers could be 

obtained by adjusting the solvent composition. The solvent possessing higher volatility and 

lower boiling point, DMC, was found to determine the pore formation, i.e., porous 

structures could only be observed where the DMC was in a larger ratio. TBAB salt and HS 

HF biosurfactant were introduced for enhancing the solution spinnability. With the addition 

of salt, the conductivity of the solution and its spinnability increased, which allowed the 

fabrication of uniform nanofibers. Moreover, the porosity of nanofibers could also be tuned 

with the TBAB concentration together with the solvent ratio. In general, higher salt content 

led to thinner fibers and smaller pores. However, after reaching a critical value, the pores 

on the fiber surface disappeared. The addition of biosurfactant resulted in thicker fibers on 

average compared to the TBAB system. The thermal analysis of nanofibers revealed that 

the TBAB-added fibers exhibited the most crystalline structure and that the salt did not 

crucially influence the thermal behavior of the polymer. The mechanical tests showed that 

the TBAB-based system possessed the highest Young’s modulus and mechanical 

resistance. The degradation of optimized nanofibrous mats was examined by enzymatic 

biodegradability tests using esterase and cellulase. The tests showed that CA electrospun 

fibers biodegraded within 24 h. The presented work demonstrates the development of 

inherently green electrospun nanofibers as suitable candidates in numerous applications. 

Electrospinning is an emerging technique to fabricate porous membrane support 

layers showing inferior properties compared to the phase inversion-prepared supports 

[136,137]. The obtained cellulose acetate nanofibers could serve as green porous support 

in fabricating thin-film composite membranes. Our future work will be based on testing 
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the optimized CA nanofiber mat as a porous support layer of a thin-film composite 

membrane. 

Moreover, we aim to investigate the correlation between the degree of acetylation 

of CA and its electrospinnability in green solvents, initially in DMC and CPO. Further 

expansion of green solvents for the solubility of CA with different degrees of solubility is 

expected since the CA solubility depends on its degree of acetylation [138]. 
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