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PREFACE 

The thesis topic was initiated by Dr. Anna-Liisa Kubo of National Institute of Chemical 

Physics and Biophysics and the majority of thesis work was done at Tallinn University 

of Technology, with the help of Senior Lecturer Dr. Natalja Savest and engineer Mihkel 

Viirsalu of the Laboratory of Polymers and Textile Technology. 

Within the project, of which the thesis was a part of, the following people were of vital 

importance in research capacities in their respective fields, helping contribute to this 

thesis in data collecting capacities - Anna-Liisa Kubo, Research Fellow of Laboratory of 

Environmental Toxicology at National Institute of Chemical Physics and Biophysics, Kai 

Rausalu, Research Fellow of Institute of Technology at University of Tartu, Eva Zusinaite, 

Associate Professor of Virology at the Institute of Technology at University of Tartu, 

Grigory Vassiliev, Laboratory of Environmental Toxicology PhD student at the National 

Institute of Chemical Physics and Biophysics, Andres Krumme, Head of Laboratory at 

the Laboratory of Polymers and Textile Technology in Tallinn University of Technology, 

Andres Merits, the Professor of Applied Virology of Institute of Technology at University 

of Tartu, Olesja Bondarenko, Senior Researcher of Laboratory of Environmental 

Toxicology at National Institute of Chemical Physics and Biophysics. The source of 

funding for the project was COVSG16 "Novel nanoparticle-based filter materials and face 

masks for SARS-CoV-2 inactivation (1.10.2020−31.12.2021)", Olesja Bondarenko, 

National Institute of Chemical Physics and Biophysics. I would like to extend my deep 

gratitude to all those mentioned, especially Dr. Natalja Savest. 

 

Master’s thesis “Electrospun Filter Materials with Enhanced Protective Properties” 

succeeded in its aim to produce electrospun filter material with improved protective 

properties against viruses like SARS-CoV-2 by the means of electrospinning. Out of the 

three electrospun filter materials which had excellent test results, electrospun material 

produced from the solution of CA + CuSO4 in Acetone-DMAc (2:1) showed the most 

promising results to be used as electrospun filter material with enhanced protective 

properties. 

 

Keywords: Electrospinning, filter material, antimicrobial properties, nanoparticles, 

master’s thesis  
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List of abbreviations and symbols 

Ag - silver 

CA - cellulose acetate 

Cu – copper 

CuI – copper (I) iodide 

CuO - copper oxide 

Cu2(OH)2CO3 – basic copper carbonate 

Cu(OH)2 - copper (II) hydroxide 

CuSO4 – copper sulphate 

DLS - Dynamic Light Scattering 

DMAc – dimethylacetamide 

E. coli - Escherichia coli 

EtOH - ethanol alcohol 

MNPs - metallic nanoparticles 

MRSA - methicillin-resistant Staphylococcus aureus 

NaOH - sodium hydroxide 

NP – nanoparticle 

S. aureus - Staphylococcus aureus  

SARS-CoV-2 - severe acute respiratory syndrome coronavirus 2 

SEM - Scanning Electron Microscopy  

TEM - Transmission Electron Microscopy 

VOC - Volatile Organic Compounds  
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1. INTRODUCTION 

Viruses like severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) have 

recently become a serious concern on a global level. It has been noted that such viruses 

are transmissible by air, the spread of these viruses is also directly linked to air pollution, 

which in itself is a great challenge of this century [1]. RNA viruses like SARS-CoV-2 are 

known to mutate into new variants, which are proving to be unpredictable in terms of 

resistance to vaccines, rate of spread and severity [2]–[4], thus using masks is critical 

for preventing the spread of SARS-CoV-2 [2], [5]. Electrospinning method has been 

studied as a potential method to produce nanofibrous filter materials [6]-[11], as 

nanofibers have shown exceptional results in removing viruses, airborne nanoparticles, 

bacteria and volatile organic compounds (VOC) from air stream [6], [12]. Various 

electrospinning solution additives can be used to create nanofiber materials with 

enhanced protective properties, such as transition metals copper, silver, copper oxides 

and other copper compounds. These additives are known for their antimicrobial 

properties and thus could enhance the protective properties of electrospun filter material 

[13].  

The main problem to be solved is to create a method of producing electrospun filter 

materials with enhanced protective properties which are effective against serious 

respiratory viruses like SARS-CoV-2. 

The aim and objective of this thesis is to successfully produce electrospun filter material 

with antiviral properties against viruses like SARS-CoV-2 by the means of 

electrospinning. The novelty of this thesis is based on using antimicrobial nanoparticle 

and metal compound additives in electrospinning solution to create nanofibrous filter 

materials with enhanced protective properties. 

Within this thesis, a thorough overview of the electrospinning method is given, including 

parameters affecting the electrospinning process, advantages and uniqueness of the 

electrospinning method, materials used for electrospinning, including biobased filter 

materials. The topics of filter materials and viruses is discussed. Then an overview of all 

the materials, including the materials used to produce the electrospinning polymer 

solution and nanomaterials added to increase protective properties of the electrospun 

material is given. The methods and experimental part are discussed in detail, including 

polymer solution preparation process, ultrasound method, dispersion analysis of 

additives, scanning electron microscopy, thickness and air permeability measurements 

of electrospun materials, aerosol filtration efficiency test, contact angle measurement, 

deacetylation method, Fourier-Transform Infrared Spectroscopy, quantification of metal 

content, microbiological and antiviral tests. Finally, all test results are analysed before 

drawing the final conclusions.  
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2. LITERATURE OVERVIEW 

2.1 Electrospinning 

Electrospinning was patented in 1934 and is currently considered a very popular method 

for producing fibers with very small diameters. The scale of electrospun fiber diameters 

can range from micrometres (μm) to nanometres (nm) [14], [15]. Electrospinning 

method is preferred over other methods of nanostructure production, because it can be 

used to produce nanofibers with exceptionally high specific surface area [16] and the 

overall structure of the process is simple. Improvements in the electrospinning process 

has helped make notable advancements in the fields of bioengineering, energetics, 

environmental protection and medicine. 

 

In addition to the classic nanofiber electrospinning process, there are alternative 

nanostructure electrospinning processes as well, for example wet, molten, emulsion, 

and coaxial electrospinning [14], [15], [17]. In the case of wet electrospinning, the 

usually solid collector is replaced with a tub filled with collector-liquid. This serves the 

purpose of achieving fibers with fluffy structures [14]. Molten electrospinning does not 

use the toxic solvents that are characteristic to classic electrospinning [15], instead 

difficult to dissolve polymers [17] are deposited to the collector in an oriented fashion 

[14]. Molten electrospinning is considered an environmentally friendly option, as it does 

not require the use of solvents [14]. Emulsion electrospinning creates two layered 

nanofibers, which have a core and surrounding layer that are made from different 

polymer solutions [15]. Coaxial electrospinning uses coaxial capillaries to spin multiple 

polymer solutions [17]. 

 

The equipment used in a typical electrospinning process (Figure 2.1) consists of a 

syringe filled with electrospinning solution, that is connected to a power supply and fixed 

to a needle pump, as well as a DC motor that is connected to the grounded spinning 

collector [14]. 
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Figure 2.1 Set-up of electrospinning process [14] 

 

Electrospinning process uses high voltage to create electrostatic forces in the viscose 

electrospinning polymer solution, which in turn helps create a conical droplet to the tip 

of the needle. This conical drop is called Taylor's cone (Figure 2.2), which ensures an 

effective electrospinning process [17]. 

 

Figure 2.2 Creation of Taylor's cone [18] 

 

After Taylor's cone has been created, the electrostatic forces exceed the surface tension 

of the drop [15] and the polymer solutions creates a jet and moves onto the spinning 
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grounded collector. Due to the forces subjected to this jet, before reaching the collector 

it acts in an unstable fashion (vibrates and stretches into a thinner jet) [17]. If the 

polymer concentration in the solution is too low, there is a chance that the jet will break 

down into droplets. If the concentration is sufficiently high, a uniform and constant jet 

is formed. As the solvent evaporates, the fiber diameter decreases, creating a solid and 

continuous fiber. The diameter of electrospun fibers can range from microscale to 

nanoscale [18]. 

 

In most cases, electrospun fibers land on the collector in a disorderly fashion, creating 

a non-woven nanofiber material. To achieve oriented nanofiber material, controlled fiber 

deposition methods are used, which are mostly based on a combination of mechanical 

rotation and electric field manipulation [15], [17]. 

 

Electrospun nanofibers may have a smooth or porous surface, a hollow core, or a side-

by-side structure. Due to their diverse set of properties, electrospun nanofibers are 

being used in the fields of energetics, sensors, filtration systems and medicine [18]. 

 

2.1.1 Parameters Affecting Electrospinning 

Both the electrospinning process and the properties of the fibers are affected by many 

parameters, mainly the speed of pumping the solution [19], solution viscosity, solution 

conductivity, the distance between the tip of the needle and the collector, temperature, 

humidity and the applied voltage [15]. These parameters can be categorized as process 

parameters and environmental parameters. 

 

Process parameters 

The distance between the tip of the needle and the collector affects the properties of 

the fiber, as the precipitation time and the rate of evaporation of the solution depend 

directly on the distance between the needle and the collector. To achieve a uniform 

fiber, an optimal distance should be determined [17]. Although a few instances have 

been noted where the distance has not affected the morphology of the fiber [18], 

increasing the distance is still associated with decreased diameters of the fibers, 

whereas shorter distance is associated with increased fiber diameters. Matabola et al 

has found, that 28 wt% polyvinylidene fluoride (PVDF) solution electrospun with 12 kV 

voltage created 397 nm diameter fibers when 15 cm distance was used, and fibers with 

an average of 314 nm diameter were achieved when 16 cm distance was used [19]. 
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When the applied voltage is above the critical level, uneven morphology of the fiber 

surface has been noted (bead formation) and fiber diameter is increased. Deitze et al 

found, that electrospinning of a solution of polyethylene oxide (PEO) and water (H2O) 

at 5.5 kV applied voltage created nanofibers with defect free morphology. However, 

when 9 kV voltage was applied, high bead concentration was noted on the surface of 

the fibers. It was found, that for the PEO/H2O system, critical level of voltage is 7 kV. 

Exceeding that voltage level caused electrospun fibers to have an uneven morphology 

[15]. Increasing the voltage causes the Taylor's cone size to decrease [17], and in some 

rare cases retreat back inside the needle tip [18]. However, using a voltage that is too 

low, will not allow for the charged jets of polymer solution to be ejected from the Taylor’s 

cone, thus no electrospinning will occur [20]. 

 

Pumping speeds above the critical limit also affect the morphology of the fibers, causing 

the formation of beads. The reason behind this phenomenon is the insufficient drying of 

the fiber, as it moves between the needle tip and collector. Exceeding the critical limit 

of pumping speed also causes larger fiber diameters. As a rule of thumb, the lowest 

possible pumping speed is preferred, as it ensures an even creation of Taylor's cone 

[19]. 

 

Environmental parameters 

Fiber morphology and diameter are also affected by various environmental parameters, 

such as temperature and humidity. Humidity affects the rate at which the fiber hardens 

and dries, but the chemical properties of the polymer also play an important role. An 

increase in humidity reduces the diameter of the nanofiber, for example, when the 

humidity increases by 56%, the diameter of the polyvinyl alcohol (PVA) fiber decreases 

by 76%. The decrease in humidity causes the diameter of the electrospun nanofibers to 

increase. At low humidity levels, the solvent evaporates faster, which causes the 

polymer concentration in the solution jet to rise sharply. The solution becomes more 

viscous and the voltage-induced stretch of the jet and polymer chains is reduced, as a 

result of which the fibers solidify rapidly and have a larger diameter [15]. However, for 

CA there is data suggesting the opposite – increasing humidity increases fiber diameters 

[21]. As electrospinning CA at ambient humidity creates the need for repetitive cleaning 

of the needle tip due to constant formation of large solution drop on the needle tip [22], 

increased humidity might be considered necessary for continuous and smooth 

electrospinning process.  

An increase in temperature causes opposite effects - it increases the rate of evaporation 

of the solvent, but reduces the viscosity of the solution, which reduces the diameter of 

the formed fiber [17], [21]. Thus, a suitable combination of temperature and humidity 
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must be determined, at which the electrospinning process is continuous and without 

interruptions, yet smallest possible fiber diameters are obtained. 

 

If the electrospinning solution has low conductivity levels, the droplet at the tip of the 

syringe does not have sufficient surface tension to form a Taylor’s cone under the 

influence of an electric field, which in turn makes the electrospinning process 

unsuccessful. A similar problem arises with a solution that has conductivity above the 

critical limit, which prevents the Taylor’s cone from being formed and thus no 

electrospinning process takes place [18]. 

 

2.1.2 Materials Used in Electrospinning 

Most electrospun materials are made of natural or synthetic polymers, but also metallic, 

bioactive, ceramic particles and other organic and inorganic materials can be added to 

the electrospinning system and thus be included in the composite nanofiber structure 

[14], [17]. The base polymer is mixed with a solvent to produce a homogeneous 

polymer solution. A second polymer can also be added to the base polymer solution, 

creating a hybrid nanofiber material. By including various additives in the electrospun 

material, the properties of the additives will also affect the overall properties of the 

eletrospun nanofibrous material. For example, adding less than 10 wt% of commercial 

minerals to a polymer solution, helps create an electrospun material with significantly 

higher thermal resistance. Altering the electrospinning process itself can also have 

significant effect on the properties, structure and create new possible fields of 

applications of the electrospun material [23]. 

Electrospun materials can also be flexible, they can act as a passive supporting material 

such as a substrate or a template, or be used as an active material, like an electrolyte 

separator in an energy storage device [24]. As electrospinning is highly effective method 

to produce nanostructures, which also has many fields of scientific applications, such as 

supercapacitors, drug delivery systems and wound dressings, filtration devices, 

protective clothing development and biosensors [14], [17]. 

 

2.1.3 Biobased filter materials 

The majority of face masks found on the market today consist of fossil raw material-

based polymers, such as polypropylene, polystyrene, polycarbonate, polyethylene, 

polyester [25]. As fossil materials are considered finite, finding more sustainable 

material alternatives is highly relevant [26]–[30]. Bio-based polymers are a promising 
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category of materials for that purpose, as their source material is biomass and thus can 

provide a more sustainable alternative to common polymers [26], [31]. Common bio-

based polymers that can be electrospun include polylactides (PLA) [32]–[34], 

polyamides [35], [36] and cellulose acetate (CA) [26], [37], [38]. 

In the light of the global pandemic caused by the SARS-CoV-2 virus and the massive 

increase in face masks production, use and disposal [39]–[42], masks made out of 

polyethylene and polypropylene could pose a serious issue in the form of ocean pollution 

and remaining in landfills, even entering the human food chain as microplastic [43], 

[44]. Finding alternative materials to produce equally efficient yet biodegradable face 

masks has become increasingly important [45]. Thus, developing filter materials 

containing bio-based CA for face masks by the means of electrospinning has gained 

movement [45]–[48]. 

For electrospinning purposes, dimethylacetamide (DMAc) in combination with acetone 

have been used to create CA solution [49]. 

2.1.4 Advantages and Uniqueness of Electrospinning 

Electrospinning has many advantages, like the overall simplicity of the process [16], 

[50], small fiber-to-fiber distance [51], its versatility, low cost [52], ease of surface 

modification [53]. Electrospinning enables the production of fibers with very small 

diameters, high surface area and with diverse structures, such as a smooth or porous 

surface, a hollow core structure, or a side-by-side fiber structure [18]. These 

characteristics add to the uniqueness of the electrospinning process, making it suitable 

for a diverse set of applications.  

Electrospun material properties can be improved with additives such as nanoparticles 

[23]. The structure of nanofibers can also be altered with a variety of additives, such as 

thymol (C10H14O) [54], [55], [56]. Thymol is known for its antibacterial, antimicrobial, 

antifungal, as well as antiparasitic properties and it has been proven effective against 

S. typhimurium, E. coli and S. aureus. For electrospinning purposes, thymol is used to 

increase porosity for both electrospun CA nanofibers as well as nanofibers obtained by 

other methods [57]–[59]. Increasing nanofiber surface area by making it porous helps 

to ensure, that added nanoparticles are not capsulated inside the fiber surface, to ensure 

maximum effect of nanoparticle properties [60]. 
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Additives in Electrospinning Solutions and Their Use in The Medical Field 

Electrospinning process allows the use of electrospinning solutions with enhanced 

properties. Different additives can be added into polymer solutions to improve the 

properties of electrospun materials.  

Using antimicrobial additives to create electrospun filter materials would improve its 

protective properties. Additives in the form of nanoparticles are preferred for 

electrospinning [61]–[65], because well dispersed nanoparticles reduce the risk of 

clogging the electrospinning needle. Nanomaterials, including nanoparticles have at 

least one dimension of 1-100 nm [49]  

Antimicrobial substances are effective against a large variety of microorganism groups, 

such as bacteria, viruses, mold, algae and mildew. Antibacterial substances are effective 

against bacteria [66], [67]. Examples of antimicrobial nanomaterials, also known as 

nanoantimicrobials (NAMs), are transition metals, for example copper (Cu) and silver 

(Ag), as well as compounds of these transition metals [13]. Copper (Cu) itself has shown 

antimicrobial properties against a wide array of microorganisms such as E. coli, 

Staphylococcus aureus, and Salmonella. It is considered a cheaper option when 

compared to other metal elements with antibacterial properties such as silver [14][68]. 

Copper also has the ability to generate reactive oxygen species (ROS), which helps 

cause the death of microorganisms [69]. Copper has shown antibacterial properties, 

thanks to its ability to inactivate enzymatic pathways, generate ROS, damage bacterial 

proteins, modify the cell walls of bacteria and destroy or alter the synthesis of nucleic 

acids, without it becoming mutagenic. These advantages have led to its use in hospital 

surfaces [70]. Copper and copper alloy surfaces have proven effective against enveloped 

viruses like the coronavirus [68], [71]-[73], merely 5-minute exposure causing 

coronavirus infectivity to drop below detectable levels [68]. 

Copper oxide (CuO) has shown excellent antimicrobial properties, for example its 

suspension has shown antibacterial activities against pathogens like methicillin-resistant 

Staphylococcus aureus (MRSA) and E. coli [71], [74]. US Environmental Protection 

Agency (EPA) officially recognizes CuO as an antimicrobial material and it has been used 

as an additive in antimicrobial electrospun nanofibers [14] and as anti-microbial fabric 

treatments substance [49]. Basic copper carbonate (Cu2(OH)2CO3) has also been 

applied as an antimicrobial agent [74]. 

Similar to CuO and Cu2(OH)2CO3, copper sulphate (CuSO4) salts have also shown 

excellent antimicrobial and antibacterial properties and it can be used against multi-

drug resistant nosocomial pathogens [15]. Surfaces that have been coated with copper 
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sulphate or Cu, have demonstrated 90 to 95% less bacteria present. Like CuO, copper 

sulphate has also been effective against pathogens such as MRSA and E. coli, but also 

Clostridium difficile, among others [70]. Copper (II) hydroxide (Cu(OH)2) is used in the 

agricultural field for its antimicrobial properties [75], [76]. 

Ag compounds are commonly used to treat burns, wounds as well as infections, as Ag 

has very good antimicrobial properties against bacteria, fungi, algae and viruses. For 

this reason, Ag has many applications in the field of medicine throughout history [77]. 

The high surface area of Ag and CuO helps to intensify the antimicrobial properties of 

these substances [14], [77]. 

 

2.2 Studying and Altering Electrospun Materials 

2.2.1 Dispersion Analysis of Nanoparticle Additives 

For the added nanoparticles (NPs) and metal compounds to have maximum effect on 

the characteristics of the final product, homogeneous dispersion is required. However, 

this is still considered a problem in many areas using NPs, like coating, paints, inks, 

drug delivery, ceramic and nanocomposite processing. To study and analyse the size of 

metal clusters and NPs in polymer solutions, Dynamic Light Scattering (DLS) method is 

used. This method helps to examine the effect that many variables may have on the 

dispersion of the sample, such as solid concentration, surfactants and polymers [78].  

NP clusters can also be studied with the use of Transmission Electron Microscopy (TEM). 

After the ultrasonication process is completed, a drop of the sample suspension is placed 

on a carbon film coated copper grid and dried at room temperature. The average cluster 

diameters are measured manually from the TEM images. Scanning electron microscopy 

(SEM) can also be used to study NP dispersion in suspensions [14]. 

Polydispersity index (PDI) is used to show the heterogeneity of a sample and its value 

is based on the size distribution of the particles. It can be used to determine 

agglomeration or aggregation. The exact value of PDI can be determined by different 

instruments such as dynamic light scattering (DLS) [78]. Maximum numerical PDI value 

is 1, which shows that the degree of non-uniformity within the sample is very large, 

which means the particles in the solution have very different sizes, which could be 

caused by agglomerates in the sample. The lowest possible PDI value is 0, which 

characterises a sample containing particles with extremely uniform sizes [79]. 
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When metal compounds are added to base fluid, they form a nanofluid, which can be 

considered a colloidal solution [80]. Nanoparticles in nanofluids are prone to 

agglomeration, instead of fully dispersing in the base fluid. The size distribution of these 

agglomerates can vary on a large scale. This is due to a phenomenon called Brownian 

motion [81], which causes nanoparticles that are present in a stationary base fluid to 

move in a random and uncontrolled fashion, causing the particles to constantly collide 

with other molecules, particles [82] or agglomerates, resulting in the creation of 

agglomerates or clusters. The presence of nanoparticle agglomeration can be studied 

with the help of DLS, which enables to determine the size of the particles and thus also 

agglomerates that are present in the base fluid, as well as PDI [81]. 

2.2.2 Deacetylation Of Cellulose Acetate for Improving 

Hydrophilicity 

To achieve the protective properties of filter materials against viruses, the hydrophilicity 

of filter material is an important factor. Although cellulose diacetate has hydrophilic 

properties due to the hydroxyl group present in each glucose unit of its structure, 

increased hydrophilic properties could increase electrospun materials’ suitability to be 

used as a filter material [83], especially in humid conditions caused by respiration [84]. 

Cellulose diacetate was treated with deacetylation for this purpose. 

Hydrophilic membranes and filter materials are used in many applications, such as 

masks and other gas filtering systems, that have a tendency to develop condensation. 

Hydrophilic properties of the material help avoid possible contamination and other 

failures [85] 

Studies have determined, that filters used in high humidity, such as masks which come 

in contact with humidity due to respiration of the wearer, have better filtration efficiency 

(of hygroscopic nanoparticles and respiratory droplets containing viruses, such as SARS-

CoV-2) if the fabric is hydrophilic [84]. Higher hydrophilic properties also help lessen 

the time it takes for the droplets on and in the filter material to dry, which in turn helps 

to lessen the risk of the viruses reaching the wearer of the mask, as well as lessening 

the virus survival chances. Some sources claim, that droplets on hydrophilic filter 

materials dry four times faster than those on hydrophobic materials. Studies have also 

drawn the conclusion, that improving hydrophilic characteristics of filter materials that 

already have hydrophilic properties, can improve the filter materials anti-virus 

properties significantly [86]. 

To raise the hydrophilic properties of cellulose acetate, the process of deacetylation can 

be used. This process uses sodium hydroxide (NaOH) [87], which essentially replaces 
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the acetate groups of CA with hydroxyl groups, transforming cellulose acetate back to 

cellulose (Figure 2.3) [88], creating regenerated cellulose nanofiber material with 

excellent hydrophilic properties [89].  

The reason why cellulose itself cannot be easily electrospun, is due to poor solubility of 

cellulose in common solvents, making it necessary to use cellulose derivatives for 

electrospinning purposes [90].  

 

Figure 2.3 Cellulose diacetate [91] and cellulose comparison [92] 

 

Deacetylation (Figure 2.4) can be done using 0.05M NaOH/ethanol alcohol (EtOH) (4:1) 

solution, which is added to the cellulose acetate sample. Deacetylation is done with 

ultrasound treatment for 1 hour at room temperature, with minimal solution to nanofiber 

mass ratio of 50:1. Once the deacetylation process is done, the hydrolysed sample is 

washed with deionized water. If necessary, the pH level of the sample might be tested 

after washing. Then the sample can be dried overnight in a vacuum at 60 oC [88], [93]. 

 

Figure 2.4 Deacetylation process [94] 

 

Studies have shown, that the average fiber diameters of cellulose material, that was 

obtained after 1 h of deacetylation, remained very similar to the values of the cellulose 

acetate fibers, measured prior to deacetylation [88]. 
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2.2.3 Fourier-Transform Infrared Spectroscopy 

To determine the success of deacetylation, the regenerated cellulose nonwoven 

nanofibrous materials are known to be studied using Fourier-transform infrared 

spectroscopy (FTIR) [88]. The working principle of FTIR uses materials ability to absorb 

some of the infrared wavelength emitted by the FTIR machine, which then registers the 

spectrum of wavelengths emitted from the material, where some wavelengths have 

been absorbed by the material studied [95]. FTIR is used to determine the chemical 

structures or chemical changes in many fields, such as polymer science, 

pharmaceuticals, for analysing food and many more [96]. 

As can be seen in Figure 2.5, FTIR graphs of cellulose acetate and cellulose (for both 

pure cellulose or cellulose obtained by deacetylation of cellulose acetate) have some 

very clear differences, which can be used to determine the chemical composition of the 

material. For cellulose acetate, characteristic peaks are present at 1745 cm-1 (stands 

for C=O), 1375 cm-1 (stands for C-CH3), as well as 1235 cm-1 (stands for C-O-C). As 

the acetate group is removed by the deacetylation process, these characteristic 

absorbance peaks are not present for the FTIR graph representing cellulose obtained by 

deacetylation of cellulose acetate [88]. 

 

Figure 2.5 FTIR graph comparison for cellulose acetate, pure cellulose and deacetylated 

cellulose acetate (regenerated cellulose) [97]  
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Another way to determine the success of deacetylation with FTIR, is to look for the 

absorbance peaks of the hydroxyl group (-OH), that replace the acetate groups during 

the deacetylation process. As can be seen in Figure 2.5, both cellulose FTIR graphs have 

a rather flat, yet distinct arc in the region of 3200-3500 cm-1, which is not present for 

the cellulose acetate FTIR graph. This broad curve represents stretching of the hydroxyl 

groups, obtained by the deacetylation process [98]. Hydroxyl groups are known for their 

broad curves on the FTIR graphs, which make it easy to recognize. However, it has been 

noted that hydroxyl groups absorb differently depending on their environment [99]. 

2.3 Air Filter Materials 

Airborne particles 

Air filtration is the most commonly used technology to remove airborne particles from 

air [100]. These particles include airborne bacteria and viruses, which have recently 

become a serious concern on a global level. It has also been noted that spreading of 

viruses is directly linked to air pollution, which in itself is a great challenge of this century 

[1]. Viable aerosolized virus particles can be as small as few nanometres and they are 

created when an infected person sneezes or coughs, or by an air flow that helps the 

virus particles become airborne from a contaminated surface [101]. Small airborne virus 

particles can be transported to other locations with airflow. When inhaled, small virus 

particles can be easily transported into lower lungs which can cause worse outcomes, 

compared to virus particles that remain in the upper respiratory tract once inhaled 

[101], [102].  

Airborne virus particles of influenza or upper respiratory tract infection range between 

<0.1 μm to 10 μm and the highest particle concentration was in the range of 0.35–2.5 

μm [14], [104], [105]. Studies of COVID-19 patients have shown that 7.18×10−4 % of 

respiratory fluid particle from the infected patients contained SARS-CoV-2, smallest 

possible respiratory particle size that is able to contain SARS-CoV-2 was estimated as 

4.7 μm [103], [106] and aerosol particles containing SARS-CoV-2 remain airborne for 

hours, which is significantly longer than that of other respiratory infection aerosol 

particles [106], [107]. 

Viruses 

The filtration efficiency of filter material is closely linked with the structure of airborne 

particles, such as viruses and microbes, and their work mechanism. Thus, it is essential 

to have an overview of its parameters, including the structure of the particle, its surface 

coating, its size and shape [108].  
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Virus consists of DNA or RNA surrounded by protein. Although it contains genetic code, 

it is unable to replicate by itself, they rely on infecting host cells by penetrating them, 

and using the host to replicate, after which the host cell is killed [109], [110], [111]. 

Viruses are significantly smaller than bacteria, for example the hepatitis virus is about 

45 nm, which is approximately 40 times smaller than Escherichia coli (E. coli). Viruses 

gain access to the host organism by the means of open wounds, bug bites and 

respiratory passages [112].  

The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) particle (Figure 

2.6) consists of a core containing RNA polymers, which is surrounded by nucleocapsid 

protein molecules. The core of RNA and nucleocapsid molecules is covered by a 

membrane, containing envelopes of hydrophobic lipids with hydrophilic proteins [110], 

[113], [114]. The membrane of the coronavirus particle is covered in spike proteins 

[110]. These proteins are covered with polysaccharides, helping to hide the virus 

particle from the immune system of the host [102]. The outer layer of the virus particle 

can be considered hydrophobic with varying degrees of hydrophilic properties added due 

to the structure of the glycoproteins on the outer surface [102], [115]. 

 

Figure 2.6 The structure of the SARS-CoV-2 virus [110] 

 

During the worldwide pandemic which started in December 2019 [3], [103], [116], 

notable effort has been made to reduce the spread of SARS-CoV-2 and COVID-19. The 

main way of transmission for the virus is considered to be airborne respiratory particles 
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(<5–10 μm diameter) produced by infected subjects [103]. SARS-CoV-2 particle size 

has been determined to fall in the range of 50-140 nm [117]. 

As with all RNA viruses, new variants of SARS-CoV-2 are emerging constantly, with each 

being more easily spreading than the previous variant, especially the Delta and Omicron 

variants [118], [119]. The resistance to vaccines, rate of spread and severity [2]–[4] 

of RNA viruses is unpredictable, thus using masks is critical for preventing the spread 

of SARS-CoV-2 [5] [2]. Easier transmission of SARS-CoV-2 might be caused by its 

spikier outer coating proteins (Figure 2.6), which attaches the virus tightly to the cells 

in lungs, nose or other body parts of humans. Mutations with spikier outer proteins are 

able to make a tighter connection with the cells [2].  

As SARS-Cov-2 virus is considered transmissible by air, particulate matter (PM) could 

potentially create favourable means of transportation to it, that could exceed the 

commonly accepted close contact distance of 2 metres (m). As PM in itself has been the 

cause of lung inflammation, the effects of PM combined with COVID-19 could prove to 

be much more severe [1]. 

2.3.1 Air filtration mechanisms 

Air filtration can be divided into two main states – steady state and non-steady state. 

Steady state, which is also known as the first state, has a constant efficiency rate of 

particle capture and filtration pressure drop level, as its efficiency only depends on the 

properties of the filter material, particles and the air flow. The steady state can be 

subdivided into five different mechanism types, which are interception, inertial 

impaction, Brownian diffusion, the electrostatic effect and the gravity effect [7]. For the 

non-steady state, which is also known as the second state, the flow resistance and 

overall efficiency change over time, as the filter material surface becomes saturated 

with filtered particles [7]. 
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Air filtration systems and methods 

Air filtration systems use materials that can be divided into two main groups - fabric 

and fibrous filters. Fabric filters collect airborne particles on the surface of the filter and 

they are primarily made of felted woven fabrics. Fibrous filters collect airborne particles 

throughout the cross-section of the filter instead of the surface. They are made of a 

nonwoven material that in turn consists of individual fibers, which are oriented randomly 

while being perpendicular to the air flow. Fibrous filters use fibers with diameters as 

small as 1 micrometre (μm) to as large as hundreds of micrometres, which can be made 

from many different materials, such as fiberglass and polymers [100]. 

In recent years, electrospinning has been studied as a potential method to produce 

nanofibrous air filter materials [6]-[10], [120]. Electrospun nanofibrous membranes 

(ENMs) have a delicate structure and as filter materials have many different fields of 

application to them, such as air filtration or general filtration systems (for example 

biotreatment sewages), medical field and energy. The reason for this is the great 

performance of nanofibers in air filtration, they also have good surface-to-volume ratio 

[9], small diameters and have the ability to incorporate necessary additives [7]. 

Nanofibers have also shown exceptional results in removing airborne viruses, 

nanoparticles (NPs), bacteria as well as volatile organic compounds (VOC) from filtered 

air [6][12]. This is due to the combination of Brownian diffusion and interception [9]. 

Main characteristics of electrospun filter materials are air permeability [mm/s], filtration 

efficiency [%] and pressure drop [Pa] [9]. 

It has been noted that lower fiber diameter means improved filtration efficiency. This is 

due to the size of the particles that are being collected - submicron particles are easier 

to catch with nanofibers than with larger ones [19]. Porosity of nanofibers is also known 

to improve the air filtration properties of the electrospun material [121]–[123]. Polymer 

concentration in the electrospinning solution has an essential role to play in affecting 

the filter materials fiber diameters. The higher the polymer concentration in solution, 

the thicker fibers are achieved, thus minimal polymer concentration should be chosen 

in order to achieve small diameters. Still, the polymer concentration should be as high 

as necessary to guarantee the development of Taylor’s cone on the needle tip. Flow rate 

also plays an important role in changing the fiber diameter – the higher the flow rate, 

the smaller the fibers. The reason for this lies in viscosity reduction with rising shear 

rates. The needle generates lower resistance to stretching with higher speed and fiber 

diameter is reduced while it travels between the tip and the collector [17], [124]. For 

producing electrospun nanofiber filter material, using a substrate material is required, 

nonwoven fabrics are especially widely applied for this purpose [125]. Electrospinning 



24 

 

nanofiber filter materials can be made of polyacrylonitrile, polycaprolactone, 

polypropylene, polyvinylidene fluoride [7], [126], polyvinyl alcohol [127] as well as 

cellulose acetate [9]. 

2.3.2 Electrospun filter materials in medicine field 

Personal protective equipment (PPE) is used in the medical field to prevent the spread 

of microbes, including bacteria, viruses, fungi, which cause infections and diseases 

[128], [129] and protect health care workers and patients [130]. PPE is also used to 

reduce the risk of transmitting health care workers’ microorganisms onto patients. PPE 

includes a variety of masks such as surgical masks or respirator masks, also gloves, 

aprons, long sleeved gowns, goggles and face visors [131]. 

Electrospun materials can have many applications in the medical field, such as 

electrospun protective materials for antiviral protection, which can be used to produce 

surgical gowns with both passive and active protective properties [126], [132] as well 

as face masks for filtration purposes [133]. Electrospun materials can also be used for 

virus detection as well as drug encapsulation and delivery [126]. 

PPE usually has various standards and regulations for its design and manufacturing. 

Some of these regulations that specifically apply to disposable masks include the 

wearer’s ease and ability to breathe while wearing the mask, as well as the fit and 

overall comfort of the mask. As these disposable masks are meant to be used once and 

then disposed of, it is sensible for the manufacturing levels of these PPEs to be as low 

as possible [134] or to use biodegradable materials to produce PPEs [45]. 

In terms of efficiency of disposable masks and more specifically the filter materials used 

in them, smaller fiber diameters have shown improved filtration capabilities compared 

to the results of increased fiber diameters [15]. To achieve the smallest possible 

diameter for any electrospinning system, the parameters of the electrospinning process 

and the corresponding fiber diameters are statistically analysed and the parameters with 

the best results are determined [135]. With this correlation in mind, filters consisting of 

electrospun nanofibers have shown excellent results as high efficiency particulate air 

(HEPA) and ultra-low penetration air (ULPA) filters [15]. HEPA and ULPA filters are both 

used to remove particles as small as 0.1 µm (ULPA) and 0.3 µm (HEPA) from air [136]. 
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3. EXPERIMENTAL PART 

3.1 Materials and Methods 

Materials 

Cellulose acetate (CA), purchased from Sigma-Aldrich, with average Mn ~30,000 by 

GPC, impurities ≤3.0% water, has been chosen as a polymer matrix to produce filter 

materials with enhanced protective properties by electrospinning method. Acetone 

(Honeywell, assay (GC) ≥ 99.5%) and dimethylacetamide, DMAc, (Sigma-Aldrich, 

ReagentPlus®, assay (GC) ≥ 99%) were used to prepare the mixture of the solvents in 

ratio of 2:1 for polymer electrospinning solutions based on literature data results [137]. 

To increase protective properties against viruses and microbes, the following additives 

were used – copper oxide (CuO) from Sigma-Aldrich, copper sulphate (CuSO4) from Alfa 

Aesar, basic copper carbonate (Cu2(OH)2CO3), copper (ll) hydroxide (Cu(OH)2) as well 

as silver (Ag) from Sigma-Aldrich. Also, the combination of several nanoparticles in one 

solution was used to increase the protective properties. Thymol (Fisher Scientific) was 

used as a special additive in the polymer solutions to increase the porosity of electrospun 

materials. The choice of thymol was based on the literature data [57].  

Methods 

Polymer solution preparation 

All base polymer solutions were prepared with CA concentration of 17 wt% and the 

concentration of polymer matrix did not change. The weight concentration method was 

used (3.1). 

𝐶 =
𝑚𝑠𝑜𝑙𝑢𝑡𝑒

𝑚𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛

∗ 100  (3.1) 

where C – weight concentration, % 

msolute - mass of solute, g 

msolution – mass of solution, g 

 

The polymer solutions were prepared by mechanical mixing using a magnetic stirrer at 

room temperature for 24 hours to achieve homogeneity of solution. 

 

The concentrations of the additives used were calculated on the dry matter in the 

polymer solution. The additives concentrations were chosen basing on the viscosity of 

the polymer solution to achieve successful electrospinning, but no less than that one to 
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achieve the copper, Cu, concentration in the chosen additive to be 7,5%. The used 

solutions are presented in Table 3.1.  

Table 3.1 Electrospinning polymer solutions (17% CA in Acetone-DMAc mixture) with additives 
used in the study 

No Nominal concentration of additives, % Nominal content of pure Cu in the 
solution, % (calculated) 

1 (Reference solution, without additive) - 

2 18.75% CuSO4 7.5 

3 12.5% CuO 10 

4 18.75% CuSO4 + Ag (1/8 of CuSO4 mass) 7.5 

5 18.75% CuSO4 + Ag (1/4 of CuSO4 mass) 7.5 

6 9.5% Cu(OH)2 7.5 

7 14.7% Cu2(OH)2CO3 7.5 

8 10% Thymol in reference polymer solution 
(without any metal compound additive) 

- 

9 18.75% CuSO4 and 10% thymol 7.5 

 

Ultrasound method  

To achieve the dispersion of the additive in basic polymer solution the treatment by 

ultrasound was done using Branson Digital Sonifier 450 device. Firstly, the additive was 

dispersed in DMAc solvent by ultrasound for 45 min. When the dispersion was ready CA 

and acetone were added and mixed mechanically by magnetic stirrer at room 

temperature for 24 h. Acetone was added in the final stage of preparation process to 

avoid the evaporation of the volatile solvent from the polymer solution. 

Electrospinning 

Electrospinning was performed by using a handmade set-up (Figure 3.1) at room 

temperature and air humidity of 60% (relative humidity, RH) [138]. It was observed, 

that lowered humidity levels caused noticeable fluid build-up at the tip of the needle. 

The same was not observed with 60% humidity while using the same pumping rate. 

This observation is confirmed by literature, where similar fluid droplet build-up was 

observed in ambient humidity [22]. However, electrospinning in the presence of too 

high humidity, might result in deposition of wet fibers that fuse together before drying 

[21].  
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Figure 3.1 Electrospinning setup 

Electrospinning of all solutions was performed using a syringe with 0.4 mm diameter 

needle, distance between the needle tip and collector of 15 cm, voltage of 10-15 kV and 

pumping rate of 0.2-0.9 ml/h. The choice of electrospinning parameters was dependent 

on the electrospinning solution properties, such as viscosity and used additives. 

Achieving proper nanofibrous morphology of the electrospun materials was required, 

process parameters were chosen accordingly to meet this goal. The electrospinning 

solution amount was calculated and electrospun in such a way that all produced 

materials had the most similar thickness. 

 

Dispersion Analysis of Additives 

Sufficient dispersion of additives is an important factor for the creation of stable 

nanofluids containing well dispersed additives [139]. Additives such as NPs prone to 

agglomeration will most likely be distributed unevenly throughout the electrospun fibers 

and subsequently cause other issues in the electrospinning process, like blocking of the 

needle [16]. Agglomeration of additives in the solvent system could be caused by the 

additives’ aim of reducing free energy, resulting in particles of varying sizes [140]. 

Dispersion analysis of the solutions with additives was used to estimate the compatibility 

of the additive with the chosen solvent system. Same additive concentrations were used, 
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as in the electrospinning polymer solutions. Then the solutions were diluted 20 times in 

order to achieve accurate measurement results [141]. Dispersion was examined with 

Malvern DLS instrument, which studies the Brownian motion of particles in suspension 

and deduces particle sizes and size distributions based on velocity of the particles, 

enabling dispersion and agglomeration estimation [136].  

 

Scanning Electron Microscopy (SEM) 

Hitachi TM-1000 Tabletop Microscope SEM device was used to estimate the morphology 

of electrospun materials and to measure the fibers’ diameter. An advanced SEM device 

was used to study the electrospun fibers surface in greater detail to analyse morphology 

and porosity changes caused by the addition of thymol. 

 

Thickness of Electrospun Filter Material 

The thickness of the electrospun filter materials was measured with Sony thickness 

measurement device. The measurements were done in eight different places and the 

average thickness was calculated. The thickness of the substrate material was 

considered in the electrospun material thickness calculation. The thicknesses of all 

produced electrospun materials were 0.017 – 0.163 mm. 

Air Permeability Testing 

Air permeability analysis is significant in filter material characterization. Prior to the air 

permeability testing, test specimens were preconditioned at temperature of 20 ± 2 oC 

and air relative humidity of 65 ± 4 % for 24 hours to achieve uniform humidity of the 

materials [142] according to ISO 139:2005 [143]. Air permeability was estimated using 

FX 3340 MinAir device, which draws air through the sample at a constant rate and 

measures the air exchange pressure of the sample. Air flow speed during these tests 

was 8 l/min, test area was 4.9 cm2. 

To study the air permeability, also known as breathability, a device capable of measuring 

differential pressure needed to draw air through the sample at a constant air flow is 

required. This device then measures the air exchange pressure of the mask. Water 

based or digital manometer in combination with a mass flow meter can be used for this 

purpose [142]. 

 

Aerosol Filtration Efficiency 

Aerosol filtration efficiency is a highly important characteristic of filter materials. 

Estimation of the aerosol filtration efficiency of electrospun filter materials was done at 

Estonian Environmental Research Centre (EKUK) according to EVS-EN 13274 and ASTM 

F2299/F2299M. Polydisperse aerosol with particle range of 11.8-429.4 nm was used in 
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this test, covering the 300 nm particle size which N95 masks are certified to filtrate 

[144]. Scanning Mobility Particle Sizer (SMPS) TSI model 3082 and Condensation 

Particle Counter (CPC) TSI model 3775 were used to determine the aerosol 

concentration before and after passing through the electrospun materials. Aerosol 

filtration efficiency was calculated using formula 3.2. 

 
𝑒𝑓𝑓 =

𝐶𝑎 − 𝐶𝑝

𝐶𝑎
∗ 100 

(3.2) 

where 𝑒𝑓𝑓 – filtration efficiency, % 

Ca – aerosol concentration before passing through 

electrospun material, #/cm3 

Cp – aerosol concentration after passing through 

electrospun material, #/cm3 

 

Contact angle measuring 

To estimate the hydrophilicity or hydrophobicity of the produced electrospun filter 

materials contact angle was measured by using Sessile drop method [145], [146] with 

the device DataPhysics OCA 20 and SCA 20 software. Distilled water was used as a 

liquid agent to create the drop on the measured surface of the material. All 

measurements were performed at room temperature and the air humidity of 40%. 

 

 

Deacetylation Of CA Electrospun Materials  

To raise the hydrophilic properties of cellulose acetate, the process of deacetylation was 

used [87]-[89].  

Electrospun materials were deacetylated by mixing 1-part EtOH with 4 parts of alkaline 

0.05M NaOH solution and submerging the cellulose acetate material in this mixture. 

Deacetylation with ultrasound treatment was done for 1 hour. The solution amount was 

selected based on the size of the container, in order to fully submerge the sample. After 

deacetylation, the hydrolysed samples were carefully rinsed with distilled water. The 

washed samples were dried in the vacuum oven at 60 oC for 24 hours.  

Fourier-Transform Infrared Spectroscopy (FTIR) 

To determine the success of deacetylation, the regenerated cellulose nonwoven 

nanofibrous filter materials were analysed using the Interspec 200-X FTIR Spectometer.  
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Metal Test 

Determining the amount of metal particles in electrospun filter materials, X-ray 

analytical instrument S2 PICOFOX was used. The working principle of this device uses 

X-ray excitation to identify substances based on the specific energy level of substances, 

which is expressed by measuring the fluorescence of that substance. Electrospun 

material with known dimensions is cut and dissolved in HNO3. The diluted solution is 

applied to a polished sample carrier and dried until a thin film is created, creating a test 

specimen which is then analysed for metal concentration. 

 

Microbiological Test (Agar Diffusion Assay) 

To determine the effect of the additives of copper compound on the increasing of 

protective properties of the electrospun material, antibacterial properties against Gram-

negative Escherichia coli (E.coli) and Gram-positive Staphylococcus aureus (S.aureus) 

were studied [147], [148]. The choice of E.coli and S.aureus was also based on the 

pathogenic strains of these bacteria being the cause of infections in hospitals, E.coli and 

S.aureus have also shown resistance to antibiotics [149]. Typical microbiological test to 

determine the antibacterial properties against E.coli and S. aureus includes overnight 

cultivation of the bacteria, followed by incubation in the nutrient broth, causing the 

bacteria to grow. The suspension of bacteria in a specific concentration is then spread 

on a LB agar Petri dish. Samples of the electrospun filter materials are placed onto the 

Petri dish for 24 hours and kept at 37 oC for incubation. The antibacterial properties are 

estimated by visual inspection of the growth of the bacteria on the surface of the 

electrospun materials. 

Antiviral efficiency test (Plaque Assay) 

Electrospun filter materials were tested against SARS-COV-2 in collaboration with 

Professor Andres Merits group at University of Tartu, testing was done by Associate 

Professor Eva Žusinaite. Human coronavirus SARS-CoV-2 propagated from a qPCR-

positive sample was used with Vero-E6 cell line (the cell culture library of University of 

Tartu Institute of Technology) and was grown in a virus growth medium. After 

incubating, the virus was titrated by plaque assays. To analyse the antiviral efficiency 

of additives used in electrospun filter materials, 2x2 cm sized material pieces of select 

samples were evaluated with weight difference less than 10%. The virus titers were 

then calculated at 0-h time as well as at 1-h time point. 
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3.2 Results and discussion 

3.2.1 Dispersion Analysis of Additives 

Additive dispersion was examined with Malvern DLS instrument, overview of the results 

can be seen in Table 3.2.  

Table 3.2 Dispersion estimation of additives based on DLS test results 

No Additive Dispersion 

1 CuSO4 Dispersed, minimal precipitation 

2 CuO Dispersed 

3 CuSO4 + Ag Dispersed, minimal precipitation 

4 Cu(OH)2 Dispersed 

5 Cu2(OH)2CO3 Well dispersed 

 

Addition of NPs to CA solution mixture presented no significant agglomerates, however 

the mixture with CuSO4 did show some precipitation. This was successfully removed by 

ultrasound sonication mixing for 30 minutes. Basic copper carbonate Cu2(OH)2CO3 

presented promising results, having the smallest average particle diameter of 265 nm 

and lowest PDI value of 0.256, which is most likely linked to the lowest number of 

agglomerates. 

All of the tested compounds and NPs were dispersed in electrospinning solutions and 

electrospun into filter material, in order to further study their suitability as additives for 

filter materials with enhanced protective properties.  

3.2.2 Electrospinning of filter materials 

The success and possibility of electrospinning CA polymer solution with different 

additives to produce filter materials with enhanced protective properties were estimated 

on a SEM analysis. The results of SEM images with the measured fiber diameters are 

demonstrated in Table 3.3. 

From Table 3.3 it can be seen that the morphology of the electrospun materials is 

smooth without large agglomerates. It indicates that the added nanoparticles and 

copper compounds are well dispersed into the polymer solutions. The fibers have 

random orientation with average diameter from 463 nm up to 913 nm. From Table 3.3 

it can be observed that the variability in fiber diameter depends on the copper 
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nanoparticles added into CA polymer solutions. Thus, the filter material electrospun from 

the pure CA solution shows one of the smallest average fiber diameters of 470 nm (a). 

Presence of additives causes the average diameter to increase. The increase may be 

explained with the size of nanoparticles added and the dispersion level achieved in the 

polymer solution, as using NP additives can increase fiber diameters of electrospun 

materials [150], [151]. From the images d, e, f of Table 3.3 the decrease of fiber 

diameter with some agglomerates can be seen. It can be explained by using one more 

additive of silver (Ag) in the polymer mixture that is not well dispersed in the solution 

and shows precipitation (d, e). The same is demonstrated in the morphology of the 

electrospun material with added copper hydroxide, 9.5% Cu(OH)2 (f). Some sources 

claim that beaded nanofibers are best for creating deep filtration instead of surface 

filtration. Because surface filtration is usually characteristic to nanofibrous filters, and 

as the presence of beads or particles could improve the deep filtration properties of the 

materials, these materials could have significantly improved filtration capabilities [152]. 

However, there is no distinct correlation between the distribution of fiber diameters and 

materials antimicrobial values or air permeability which would impact the materials 

success as filtering material, as will be discussed in following chapters. 

Table 3.3 figure g shows fibers of material containing Cu2(OH)2CO3 with distinct grooves 

on their surface. Materials with CuSO4 and Ag additives (d-e) as well as only CuSO4 

additive (b) also have slightly grooved surfaces. Grooved fibers are known to have 

improved filtration efficiency, compared to smooth fibers [153], [154]. As no pattern in 

the electrospinning process parameters of these materials compared to smooth fiber 

materials can be drawn, the cause for fiber surface structure changes lies in the 

additives themselves.  
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Table 3.3 SEM images and average diameters of electrospun filter material fibers 

No Additive SEM 

1 - 

 

dav = 469.50 ± 123.66 nm 

2 18.75% CuSO4 

 

dav = 519.31 ± 201.95 nm 

3 12.5% CuO 

 

dav = 463.19 ± 144.76 nm 
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Table 3.3 continued 

 
No Additive SEM 

4 18.75% CuSO4 and Ag (1/8 of 
CuSO4 mass) 

 

dav = 913.38 ± 327.31 nm 

5 18.75% CuSO4 and Ag (1/4 of 
CuSO4 mass) 

 

dav = 603.77 ± 179.88 nm 

6 9.5% Cu(OH)2 

 

dav = 637.47 ± 135.01 nm 
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Table 3.3 continued 

 
No Additive SEM 

7 14.7% Cu2(OH)2CO3 

 

dav = 613.39 ± 85.30 nm 

8 10% thymol 

 

dav = 511.78 ± 145.42 nm 

9 18.75% CuSO4 and 10% thymol 

 

dav = 481.67 ± 103.97 nm 
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As expected, adding NPs and metal compounds to the electrospinning solution results 

in some structural change in the materials general appearance, as for example NPs 

appear on the surface of the fibers.  

 

Thymol was used as an additive to improve the porosity of electrospun filter material 

[55], [60], which is confirmed by the SEM images (h, i).  

 

The fiber diameter values of most of the electrospun filter materials are suitable for air 

filtering purposes as they are suitably small. As mentioned in a previous chapter, lower 

fiber diameter can also improve the filtration efficiency of the material. This is due to 

the size of the particles that are being collected - submicron particles are easier to catch 

with nanofibers than with larger ones [19]. Based on this, electrospun filter materials 

containing CuSO4 and Ag NP additives show the poorest results, having the largest fiber 

diameters. All other electrospun filter materials have similar fiber diameters, suitable 

for filtering purposes. 

 

As previously mentioned, materials with grooved fiber surfaces are most suitable for 

filtration purposes. Based on the SEM images, it can be concluded that materials 

containing Cu2(OH)2CO3, CuSO4 and Ag additives are the best for this reason, as they 

have the most grooved fiber surface morphologies. As low fiber diameters are excellent 

for filtration of submicron particles, it can be concluded that the materials containing no 

additives, CuSO4 or CuO additives have the best test results in this area. Because the 

material containing Cu2(OH)2CO3 NPs has middling fiber diameters compared to other 

electrospun filter materials and its fibers have grooved surface morphologies, this 

electrospun material has the best overall properties for filtering purposes based on SEM 

analysis. 

 

3.2.3 Analysis of Hydrophilic Properties of the Elecrospun 

Materials  

The hydrophobicity may have a significant effect on the microbiological protective 

properties of the filter materials, especially against SARS-CoV-2 with its hydrophobic 

lipid bilayer envelope [114], [155]. As mentioned in previous chapters, filters used in 

high humidity have better filtration efficiency and lower the virus survival chances if the 

fabric is hydrophilic [84][86]. Hydrophilicity is also known to improve the bioactivity of 

antimicrobial polymers. Thus, the best result for antimicrobial properties would be to 

achieve a balance between hydrophobic and hydrophilic properties for polymers [156].  
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In the present study, the contact angle of the electrospun filter materials was measured 

to estimate the hydrophobicity/hydrophilicity. Contact angle measurements above the 

90° threshold level shows hydrophobic properties of the material, whereas contact angle 

below 90° means that the material is hydrophilic [157], [158]. The results are presented 

in Figure 3.2-3.3 and Table 3.4.  

 

Figure 3.2 Contact angle measurements before treatment by deacetylation 

 

As presented in Figure 3.2, electrospun filter materials before treatment by 

deacetylation have very uniform contact angle measurement results throughout the 40 

second testing time frame, presenting mainly hydrophobic properties. The only 

electrospun materials which have hydrophilic properties before the treatment by 

deacetylation are the ones containing hydrophilic Ag nanoparticles [159] (Samples 4-5) 

and thymol (Sample 8), which has both hydrophobic and hydrophilic properties [160]. 

  
Figure 3.3 Contact angle measurements after treatment by deacetylation 
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As presented in Figure 3.3, all of the electrospun materials have changed into hydrophilic 

by deacetylation, except Sample 3 with CuO nanoparticles added. However, as success 

of deacetylation was determined by FTIR analysis, as will be discussed in a following 

chapter, the most likely cause for this phenomenon is hydrophobicity of CuO itself [161], 

[162]. As shown in Table 3.4 in metal content quantification chapter, CuO NPs had the 

highest measured metal concentration of all additives, which is the likely explanation 

for its continuous impact on the wettability of the electrospun material, even after 

deacetylation. 

 

Table 3.4 Hydrophobicity/hydrophilicity of electrospun materials based on the contact angle 

analysis 

No Sample 

Hydrophilicity/hydrophobicity 

Before 
deacetylation 

After 
deacetylation 

1 Pure CA without any additive hydrophobic hydrophilic 

2 CA + CuSO4 hydrophobic hydrophilic 

3 CA + CuO hydrophobic hydrophobic 

4 CA + CuSO4 + Ag (1/8 of CuSO4 mass) hydrophilic hydrophilic 

5 CA + CuSO4 + Ag (1/4 of CuSO4 mass) hydrophilic hydrophilic 

6 CA + Cu(OH)2 hydrophobic hydrophilic 

7 CA + Cu2(OH)2CO3 hydrophobic hydrophilic 

8 CA + thymol hydrophilic hydrophilic 

9 CA + CuSO4 + thymol hydrophobic hydrophilic 

 

3.2.4 FTIR analysis 

To increase the hydrophilic properties of cellulose acetate, the method of deacetylation 

was applied for the electrospun filter materials [87]-[89]. The success of deacetylation 

was estimated by FTIR analysis. FTIR analysis was performed on the electrospun filter 

materials before and after deacetylation. For the two electrospun materials containing 

Ag NPs, only one sample is presented, as their results were similar. The results can be 

seen in Figure 3.4-3.11 Comparing the FTIR diagrams of cellulose acetate electrospun 

filter materials before and after deacetylation shows very clear differences between the 

peaks marked with red arrows as shown in Figure 3.4, confirming the success of 

deacetylation.  
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Figure 3.4 FTIR analysis of pure CA material (Sample 1) 

 

 
Figure 3.5 FTIR analysis of CA + 18.75% CuSO4 material (Sample 2) 
 

 

 
Figure 3.6 FTIR analysis of CA + 12.5% CuO material (Sample 3) 
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Figure 3.7 FTIR analysis of CA + 18.75% CuSO4 + Ag (1/8 of CuSO4 mass) material (Sample 4) 

 

 

 
Figure 3.8 FTIR analysis of CA + 9.5% Cu(OH)2 material (Sample 5) 

 

 

 
Figure 3.9 FTIR analysis of CA + 14.7% Cu2(OH)2CO3 material (Sample 6) 
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Figure 3.10 FTIR analysis of CA + 10% thymol material (Sample 7) 

 

 

 

Figure 3.11 FTIR analysis of CA + 10% thymol + 18.75% CuSO4 material (Sample 8) 

 

 

For all of the samples, the cellulose acetate curves (blue) have all of the characteristic 

peaks of cellulose acetate, that were also described in literature, such as peak at 1745 

cm-1, representing C=O bond, the peak representing C-CH3 bond at 1375 cm-1, as well 

as the peak at 1235 cm-1, which stands for C-O-C bond. As was confirmed by literature, 

these peaks should disappear if deacetylation is successful and regenerated cellulose is 

achieved (orange curves), and the acetate group has been removed [88]. The success 

of deacetylation is confirmed by the disappearance of these peaks. 

The diagrams in Figures 3.4-3.9 also confirm the success of deacetylation with the broad 

and rather flat curve at approximately 3200-3500 cm-1, which is distinct for the 

absorbance of the hydroxyl group (-OH), that have successfully replaced the acetate 
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groups during the deacetylation process [98] [99]. However, for the samples containing 

thymol in Figures 3.10-3.11, no flat curve at approximately 3200-3500 cm-1 can be 

seen. It has been noted in literature that hydroxyl groups absorbance in FTIR can have 

variations based on environmental factors [99]. As all the other characteristic cellulose 

acetate peaks are not present in the post-deacetylation blue graph in Figures 3.10-3.11 

and success of deacetylation is thus confirmed, it can be argued, that addition of thymol 

might have caused this unexpected phenomenon, as well as the extra noise observed 

in Figures 3.10-3.11, in the form of small and frequent peaks. 

 

During deacetylation, it was observed that the delicate structure of electrospun filter 

materials might require a more careful and refined process for deacetylation to be 

created, in order to produce deacetylated electrospun filter materials. This was 

especially critical during rinsing of the electrospun filter materials following the 

deacetylation process, before they were dried. It was also observed, that deacetylation 

caused the electrospun layer to lose some of its elasticity.  

 

In conclusion, using deacetylation to improve hydrophilic properties of the electrospun 

filter materials is plausible only if method for rinsing the materials post deacetylation 

can be made gentler, such as a water bath system with constant and slow water flow 

perpendicular to the material surface. 

3.2.5 Measurement of Metal Content of the Materials 

Metal concentration in electrospun filter materials was studied with X-ray analytical 

instrument S2 PICOFOX. The results can be seen in Table 3.5. Differences between 

theoretical metal concentration based on the nominal concentration of additive used and 

measured metal concentration can be explained by various reasons: during 

electrospinning process, when the needle is stationary the previously well dispersed 

metal particles could form colloids and sediment to the bottom half of the syringe barrel, 

thus being a cause of altered actual metal concentration in the polymer fibers. However, 

the measured Cu concentrations are sufficiently high to improve the antimicrobial 

properties of the electrospun filter materials, as will be discussed in the following 

chapters. 
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Table 3.5 Measured metal particle concentration results in electrospun filter materials 

No Additives Nominal 
concentration of 

pure Cu, % 

Measured 
concentration 

of Cu, % 

Measured 
concentration of 

Ag, % 

1 - - - - 

2 18.75% CuSO4 7.5 5.5 - 

3 12.5% CuO 10 7.7 - 

4 18.75% CuSO4 + 
2.34% Ag (1/8 of 

CuSO4 mass) 

7.5 5.8 0.2 

5 18.75% CuSO4 + 
4.69% Ag (1/4 of 

CuSO4 mass) 

7.5 2.42 0.003 

6 9.5% Cu(OH)2 7.5 3.84 - 

7 14.7% Cu2(OH)2CO3 7.5 4 - 

8 10% thymol - - - 

9 18.75% CuSO4 and 
10% thymol 

7.5 4.95 - 
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3.2.6 Air Permeability of Electrospun Filter Materials 

To characterise the air permeability of the produced filter materials, an air permeability 

test was used. The air permeability is estimated by measuring differential pressure (ISO 

139-2005 and EVS-EN 14683:2019). All electrospun materials including the ones 

treated by deacetylation process were tested. The results can be seen in Table 3.6 where 

differential pressure is used as the characteristic of the air permeability of the material. 

The higher the differential pressure the lower the air permeability of the tested material.   

 

Table 3.6 Air permeability testing of the electropsun filter materials 

No Sample Differential pressure [Pa/cm2] 

Before treatment by 
deacetylation 

After treatment by 
deacetylation 

1 Pure CA without any additives 125 125 

2 CA + CuSO4 54.1 94.5 

3 CA + CuO 47.4 31.9 

4 CA + CuSO4 + Ag (1/8 of 
CuSO4 mass) 

19.7 1.3 

5 CA + CuSO4 + Ag (1/4 of 
CuSO4 mass) 

16.8 3.9 

6 CA + Cu(OH)2 - - 

7 CA + Cu2(OH)2CO3 22.7 0.82 

8 CA + thymol 45.4 61.9 

9 CA + CuSO4 + thymol 55.9 2.5 

 

 

Air permeability of the electrospun materials without added metal NPs and compounds 

does not seem promising to be used for filtering purposes, as differential pressure result 

of 125 Pa shows that the differential pressure is out of the scope of measurable values 

for the device. However, the use of additives improves the air permeability of the 

electrospun materials demonstrating the differential pressure results of 54.1 Pa and 

47.4 Pa.  

According to literature, optimal differential pressure results for good breathability should 

remain under 49 Pa [163]. This guideline is met by five electrospun filter materials, as 

can be seen in Table 3.6. The material containing Cu(OH)2 (Sample 6) presented 

inconclusive results due to structural damage to the material during deacetylation and 
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cannot be compared in this area. Although the breathability levels of some electrospun 

filter materials exceeded the 49 Pa guideline very slightly, this can refer to the 

electrospun materials’ nonuniformity of thickness along the tested area.  

Addition of thymol (Samples no 8-9) to the electrospinning solution reduced air 

permeability of electrospun materials significantly. When comparing Sample 7 (without 

thymol) and Samples 8-9 (with thymol), exactly the same amount of solution was used 

to electrospin these materials. The resulting electrospun materials also had very similar 

thickness measurement results, ranging between 0.026 mm and 0.029 mm. Yet the air 

permeability of Sample 8 and Sample 9, containing Thymol, is twice as high as the air 

permeability for Sample 7. 

Electrospun filter materials have a delicate structure [9], which sustained some damage 

during deacetylation and washing in case of Samples 3-7 and 9, which lowered the air 

permeability test result values. Unfortunately, these measurements cannot be analysed. 

Sample 2 and Sample 8 were the only ones, whose structure remained sufficiently 

uniform, to provide trustworthy measurement results. As can be seen in Table 3.6, 

deacetylation raised the differential pressure significantly (Sample 2, Sample 8). 

If deacetylation is used to improve hydrophilic properties of the samples, the 

electrospun layer of the filter materials needs to have a very low thickness in order to 

balance out the decrease in air permeability and breathability, which can be associated 

with deacetylation. As it has been noted, that electrospun materials have a very delicate 

structure, it is suggested to develop the deacetylation process further, to make it more 

gentle for the electrospun filter material. 

For the purpose of increasing filtering efficiency of the electrospun material while 

retaining good breathability, various processes have been suggested in literature. 

Modifications of the electrospinning material structure to obtain better interfiber porosity 

can achieve this goal. Corona treated (charged) electrospun material could also have 

the same effect, as this process creates higher charge densities, promoting a stronger 

electrostatic mechanism of the filter material, resulting in improved filtering properties. 

When comparing the same basis weight (g/m2), improved breathability can also be 

obtained, if electrospun fiber diameters are adjusted and multi-layer approach is used, 

meaning that the same basis weight is divided between many layers, which are stacked 

together, instead of using just one layer with the same basis weight. It has been also 

noted, that altering the order of the layers in the multi-layer approach can change the 

breathability of the material. For nanofibrous filter materials, lower basis weight is 

usually preferred, for high filtration performance and low pressure drop [125], however 
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some sources do claim, that thicker filter materials are linked to increased filtration 

efficiency [164]. 

3.2.7 Effectiveness Of Aerosol Particles Filtration 

Aerosol particles filtration effectiveness is a highly important characteristic of filter 

materials, which was estimated according to EVS-EN 13274 and ASTM F2299/F2299M, 

using polydisperse aerosol with particle range of 11.8-429.4 nm. The 300 nm particle 

size represents the particle range which N95 masks are certified to filtrate [144]. N95 

masks are able to filtrate 95% of particles with diameters as small as 300 nm [165]. 

The main way of transmission for the SARS-CoV-2 virus particles is considered to be 

airborne respiratory particles (<5–10 μm diameter) produced by infected subjects 

[103]. SARS-CoV-2 particle size has been determined to fall in the range of 50-140 nm 

[117], which is covered by the whole range of aerosol particles filtration effectiveness 

test. The results of aerosol particles filtration efficiency test can be seen in Table 3.7, 

which estimates the filtration effectiveness by comparing the aerosol concentration 

before and after passing through the electrospun materials. 

Table 3.7 Aerosol particles filtration test results 

No Sample 

Sample 

thickness, 
mm 

Effectiveness of aerosol particles filtration, 
% 

Whole range 11.8-
429.4 nm 

300 nm 

1 
Pure CA without 

any additives 
0.051 99.3 99.6 

2 CA + CuSO4 0.062 84.3 85.5 

3 CA + CuO 0.163 78.4 81.6 

4 
CA + CuSO4 + Ag 

(1/8 of CuSO4 

mass) 

0.034 65.8 60.4 

5 
CA + CuSO4 + Ag 

(1/4 of CuSO4 

mass) 
0.017 66.9 62.4 

6 CA + Cu(OH)2 0.047 95.5 98.2 

7 CA + Cu2(OH)2CO3 0.026 65.3 61.7 

 

The only electrospun materials that exceeded the N95 masks 95% filtration requirement 

for minimum 300 nm particles were pure CA electrospun material and the CA 

electrospun material that contained Cu(OH)2 additive. 
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Predictably the aerosol particle filtration efficiency is linked with sample thickness, with 

both of the high filtration efficiency materials having thicknesses ranging between 

0.047-0.051 nm. Materials with lowest test results in the aerosol particles filtration 

efficiency test had thickness values roughly twice as low, ranging between 0.017 

(Sample no 5) to 0.034 mm (Sample no 4).  

Based on these observations, CA electrospun material that contains Cu(OH)2 additive 

has the best aerosol particle filtration efficiency compared to all the other electrospun 

materials containing other additives. 

 

3.2.8 Antibacterial Properties of Electropsun Filter Materials 

Antibacterial properties of filter materials were studied against bacteria. Bacteria can be 

divided into two major groups based on the structure of the cell membranes – Gram-

negative and Gram-positive [166]. An example of a Gram-negative bacteria is 

Escherichia coli (E.coli) whereas Staphylococcus aureus (S.aureus) belongs to the 

Gram-positive bacteria category [147], [148]. Pathogenic strains of E.coli and S.aureus 

are also the cause of infections in hospitals and are proven to develop resistance against 

antibiotics [149]. Antibacterial properties against E.coli and S.aureus were studied by 

evaluating the growth of these bacteria on the surface of the electrospun filter materials, 

as can be seen in Table 3.8. Tight growth of bacteria after incubation (C) indicates that 

the material does not possess antibacterial properties, as tight bacterial growth can be 

seen on the surface of the sample. For the samples showing no growth (A) or slight 

growth (B) of bacteria, it can be concluded that these materials have antibacterial 

properties, inhibiting bacterial growth on these materials [167].  
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Table 3.8 Visual evaluation of bacteria growth on electrospun filter materials 

 A) No growth B) Slight growth C) Tight growth 

Before 
incubation 

   

After 

incubation 

   

 
 
Table 3.9 Electrospun material antibacterial efficiency 

 

 

As it can be seen from Table 3.9 the electrospun filter materials with metal additives 

have shown very promising results in terms of antibacterial efficiency, with only Sample 

6 containing Cu(OH)2 showing tight growth with S. aureus and Sample 5 containing CA 

+ CuSO4 + Ag (1/4 of CuSO4 mass) showing tight growth with E. coli. 

 

No Name Antibacterial efficiency against 

E. coli S. aureus 

2 CA + CuSO4 Yes Yes 

3 CA + CuO Yes Yes 

4 CA + CuSO4 + Ag (1/8 of CuSO4 mass) Yes Yes 

5 CA + CuSO4 + Ag (1/4 of CuSO4 mass) No Yes 

6 CA + Cu(OH)2 Yes No 

7 CA + Cu2(OH)2CO3 Yes Yes 

8 CA + thymol Yes Yes 

9 CA + CuSO4 + thymol Yes Yes 
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It could be argued, that in the case of the Sample 5, CA + CuSO4 + Ag (1/4 of CuSO4 

mass), the E. coli growth sample was cut from an area of the material, where 

electrospun fibers with antimicrobial additives were not sufficiently high. This is because 

Sample 4 material containing the same additives with lower concentration of Ag showed 

antibacterial properties against both E. coli and S. aureus. 

 

Based on a closer evaluation of each materials’ growth with both bacteria, the following 

compounds had the best antibacterial properties - CuSO4, CuO and Cu2(OH)2CO3. As 

these compounds have excellent antimicrobial properties, it was suggested that 

electrospun filter materials containing them would also have antiviral properties. 

 

3.2.9 Antiviral Properties of Electrospun Filter Materials 

Antiviral properties of electrospun filter materials were evaluated against the SARS-

CoV-2 Delta (Indian) isolate using the plaque assay. Three samples of the same dilution 

were used. Titers illustrating the plaque forming units per millilitre (PFU/ml) were 

calculated and compared after 5 minutes and 60 minutes. The results can be seen in 

Figure 3.12. The choice of conducting antiviral tests with the electrospun materials 

containing CuO and CuSO4 additives was based on the highest measured Cu 

concentration in electrospun material determined by measuring and comparing all 

copper compound additives used in the present study. These antimicrobial additives 

have also proven activity against many pathogens including MRSA and E. coli [70], [71], 

[74]. The antibacterial tests in this thesis also confirmed this activity. The hypothesis of 

this thesis is that the antimicrobial additives that have antibacterial efficiency are also 

effective against viruses such as SARS-CoV-2. 
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Figure 3.12 Antiviral properties of the selected electrospun filter materials against SARS-CoV-2 

Delta (Indian) isolate 

Comparison of Sample 1 of pure CA electrospun material to the control (an electrospun 

material without additives) illustrates that pure CA material does not have any antiviral 

properties. Also, the addition of CuO NPs does not give the antiviral properties to the 

CA electrospun material (Figure 3.12 Sample 3 titer calculations). 

The addition of CuSO4 on the other hand gives significant antiviral properties to CA 

electrospun filter material (Sample 2), showing excellent antiviral properties after only 

5 minutes and total elimination of SARS-CoV-2 after 60 minutes. The combination of 

thymol and CuSO4 in CA nanofibers (Sample 9) has also good antiviral properties against 

SARS-CoV-2. 

As stated in literature [57]–[59] and confirmed by the antiviral tests in this thesis, using 

antimicrobial additive thymol increases the antiviral properties of CA electrospun filter 

material (Sample 8) but is not as efficient as CuSO4 additive. 
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4. SUMMARY 

The aim of the current master’s thesis “Electrospun Filter Materials with Enhanced 

Protective Properties” was to successfully produce electrospun filter material with 

improved protective properties against viruses like SARS-CoV-2 by the means of 

electrospinning. RNA viruses like SARS-CoV-2, which caused a global pandemic, are 

known to mutate into new variants and proved to be unpredictable in terms of resistance 

to vaccines, rate of spread and severity [2]–[4], thus masks are highly important for 

preventing the spread of SARS-CoV-2 [2], [5]. The novelty of this thesis is based on 

using antimicrobial nanoparticle and metal compound additives in electrospinning 

solution to create nanofibrous filter materials with enhanced protective properties.  

 

To achieve the aim of this thesis, electrospun materials with a variety of additives were 

produced, followed by a selection of tests and analysis to determine the suitability of 

these materials to be used as filter materials with enhanced protective properties. 

Conducted analysis and tests on all filter materials helped to understand different 

aspects of using copper compound additives in electrospinning and how these affect the 

electrospinning process and electrospun material properties. 

 

Although the concentration of added metal NPs and metal compounds was very small, 

its effects on the electrospinning process, fiber structure and other characteristics was 

notable. The effects of each metal compound additive on the material thickness and air 

permeability was different and most likely closely linked to the specific metal NPs and 

metal compounds used. The effect of the metal additive on the electrospinning process 

for the material production is an important topic, that is essential to be studied further.  

 

Deacetylation process, aiming to improve hydrophilic properties of new electrospun filter 

materials, was successful, as confirmed by the FTIR results and hydrophilicity 

estimations. Electrospun filter materials have a delicate structure [9] and some samples 

were damaged during deacetylation and washing. To use deacetylation on electrospun 

filter materials, possibilities to develop the deacetylation process further and make it 

more gentle for the electrospun filter material could be researched. 

Based on the cross-examination of analysis results, three electrospun filter materials 

containing antimicrobial metals had excellent test results, confirming the successful 

production of electrospun filter materials with antiviral properties. Electrospun material 

produced from the solution of CA + Cu2(OH)2CO3 in acetone-DMAc (2:1) had excellent 

antibacterial properties against E.coli and S.aureus, good breathability, suitable fiber 
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diameters and slightly grooved fiber surface which improves the filtration efficiency of 

the material.  

Electrospun material produced from the solution of CA + Cu(OH)2 in acetone-DMAc 

(2:1) had excellent aerosol filtration efficiency, antibacterial properties against E.coli 

and suitable fiber diameters with lightly grooved fiber surface which was a contributing 

factor for achieving best filtration efficiency. 

Electrospun material produced from the solution of CA + CuSO4 in acetone-DMAc (2:1) 

had outstanding antiviral properties against SARS-CoV-2, good aerosol filtration 

efficiency, excellent surface morphology with grooved fibers and small fiber diameters 

as well as excellent antibacterial properties against E.coli and S.aureus. Increased 

breathability of this material could be studied further, as the differential pressure of this 

material was slightly over the optimal differential pressure limit proposed by literature 

for good breathability [163]. 

 

The electrospun material containing CuSO4 additive has shown the most promising 

results to be used as electrospun filter material with enhanced protective properties. 

However further research is required to determine the best method to achieve increased 

breathability of this material.  
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5. KOKKUVÕTE 

Magistritöö “Parendatud kaitseomadustega elektrokedratud filtermaterjalid” eesmärk oli 

luua parendatud viiruste vastaste omadustega elektrokedratud filtermaterjal, mis 

omaks antiviraalset toimet näiteks SARS-CoV-2 vastu. Ülemaailmse pandeemia 

põhjustajaks olnud SARS-CoV-2 on RNA-viirus, mis muteerub pidevalt ning uute 

mutatsioonide levik, ohtlikkus ning allumine vaktsiinidele on ettearvamatu [2]–[4]. 

Seepärast on maskid olulised takistamaks SARS-CoV-2 levikut [2], [5]. Käesoleva 

magistritöö uudsus seisneb antimikroobsete nanoosakeste ja metalliühendite 

kasutamises elektroketruse lahuste lisanditena, et luua elektrokedratud filtermaterjale 

millel on parendatud kaitseomadused.  

 

Magistritöö eesmärgi saavutamiseks loodi elektrokedratud materjalid, mis sisaldavad 

erinevaid lisandeid. Elektrokedratud materjalidega sooritati erinevaid teste ja analüüse, 

et tuvastada materjalide omaduste sobilikkus parendatud kaitseomadustega 

filtermaterjalidena kasutamiseks, mis aitasid saada ülevaadet lisanditena kasutatud 

metalliühendite mõju kohta elektroketruse protsessile ning elektrokedratud 

materjalidele. 

 

Kuigi lisandina kasutatud metallist nanoosakeste ja ühendite kontsentratsioon oli väga 

väike, avaldasid nad suurt mõju elektroketruse protsessile ja kiu struktuurile. 

Spetsiifilistest lisanditest tingitud variatsioone oli märgata muuhulgas materjali läbilõike 

paksuse ja õhuläbilaskvuse puhul. Metalliühendite poolt avaldatud mõju elektroketruse 

protsessile ning elektrokedratava materjali omadustele on oluline teema, mida tasub 

põhjalikumalt uurida tulevikus.  

 

Deatsetüleerimise protsessi eesmärk oli parandada elektrokedratud filtermaterjalide 

hüdrofiilseid omadusi. Protsessi edu kinnitasid FTIR tulemused ning hüdrofiilsuse 

mõõtmise tulemused. Elektrokedratud filtermaterjalide õrna struktuuri [9] tõttu said 

mõned elektrokedratud materjalid deatsetüleerimise protsessi ning sellele järgnenud 

loputamise käigus kahjustada. Elektrokedratud materjalide deatsetüleerimiseks oleks 

vaja protsessi arendada ning muuta seda õrnatoimelisemaks. 

 

Sooritatud testide ja analüüside põhjal paistsid oma heade omaduste poolest silma kolm 

antimikroobseid lisandeid sisaldavat elektrokedratud filtermaterjali, kinnitades 

parendatud omadustega elektrokedratud filtermaterjalide loomise õnnestumise.  

Elektrokedratud materjal mis loodi CA + Cu2(OH)2CO3 + atsetoon-DMAc (2:1) 

lahusest, oli antibakteriaalse mõjuga E.coli ja S.aureus bakterite vastu, hea 



54 

 

hingavusega, väikese kiu läbimõõtudega ning kiu pinnal oli märgata soonelist ja poorest 

tekstuuri, mis panustas materjali filtreerimise efektiivsusesse.  

Elektrokedratud materjal mis loodi CA + Cu(OH)2 + atsetoon-DMAc (2:1) lahusest, 

näitas häid tulemusi filtreerimise efektiivsuse testis, oli antibakteriaalse mõjuga E.coli 

bakteri vastu, materjali kiud olid väikese läbimõõduga ning kiu pinnal oli märgata 

soonelist ja poorest tekstuuri, mis aitas kaasa materjali väga heale filtreerimise 

efektiivsusele.   

Elektrokedratud materjal mis loodi CA + CuSO4 + atsetoon-DMAc (2:1) lahuses, oli 

väga heade antiviraalsete omadustega SARS-CoV-2 viiruse vastu ja näitas häid tulemusi 

filtreerimise efektiivsuse testis, oli sobiva morfoloogiaga ning väikese läbimõõduga 

kiududega millel oli sooneline ja poorne tekstuur. Materjalil olid ka väga head 

antibakteriaalsed omadused E.coli ja S.aureus bakterite vastu. Käesoleva 

elektrokedratud materjali õhuläbilaskvus vajab parendamist, sest diferentsiaalrõhu 

mõõt ületas vähesel määral soovituslikku optimaalset näomaskide diferentsiaalrõhu 

ülemmäära [163]. 

 

Elektrokedratud materjal mis sisaldas CuSO4 lisandit oli kõige sobivamate omadustega, 

et kasutada seda parendatud kaitseomadustega elektrokedratud filtermaterjalina. 

Edasist põhjalikumat uurimist ja arendust vajab materjali õhuläbilaskvus.  
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